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FOREWORD 
of the First Edition 

The subject matter of this book includes a wealth of 
information for physicists, chemists and engineers who need to know more about 
thin films for research purposes, or who want to use this special form of solid 
material to achieve a variety of application-oriented goals. 

This particular publication is exceptional because the author makes available his 
extensive theoretical and practical experience which has been acquired over more 
than 20 years of intensive work on thin films. He has been concerned with all details 
that have an influence on the final product and can thus describe with great 
thoroughness the properties of all glass-type substrates, dealing also with very 
difficult questions concerning surface physics. 

Glass can be produced by a variety of methods. The manufacturing process and 
the chemical composition determine how resistant a particular glass is to its 
environment. There are also different processes for finishing the surface of glass and 
this, together with the two aforementioned factors, determines the surface 
characteristics. Apart from inorganic glass also organic glass and plastic materials 
are considered. 

Today there are two preferred groups of methods for the production of thin 
films: Chemical vapour deposition and physical vapour deposition under vacuum; 
the three major technologies of the latter being sputtering, evaporation, and ion 
plating. These are discussed in detail. The author's wide experience allows him to 
give many valuable tips in the discussion of how to produce a vacuum with a desired 
residual gas atmosphere using appropriate vacuum techniques. He has also studied 
mechanical and optical film properties as well as film thickness measurement 
methods, and this too is included in the book. Information on calculation methods 
which allow complex film systems to be developed is also given. Precise 
calculations and extremely accurate measurements are the basis for the production of 
thin films in computer controlled coating systems. 

Applications of thin films are also given an important place in the book. The 
company in which the author works is world famous for its thin film products. 

In summary, this work could be called a sort of formulary on the subject of 
glass and thin films written by a scientist for scientists and technical people. It goes 
beyond the subject matter indicated by the title, filling in the gap which has existed 
until now in the available technical literature. 

M. Auw~rter 
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PREFACE 
of the First Edition 

Hans K. Pulker is an old friend for whom I have always had the highest regard. 
He is also a thin-film worker with a well-deserved international reputation for 
careful and original scientific work. I was delighted, therefore, when I heard that he 
was in the course of writing a book on coatings on glass. It is a source of great 
satisfaction and pleasure to me to write the preface so that I can be associated even 
in this minor way with what promises to be one of the standard works of reference in 
this important and ever-growing field. 

All of us who work in the field of thin films have had more than our share of 
frustrating experiences with apparently inexplicable failures of a coating process. 
Frequently these involve well-developed techniques which have been running 
quietly and efficiently for some time. Suddenly coatings no longer adhere to the 
substrates although we are apparently following our standard procedure. Or stains 
appear in coatings on carefully prepared substrates. Sometimes absorption is high 
when it should be low, or cloudy scattering is apparent. Occasionally the problems 
are even more insidious, appearing only at a much later stage when components 
have already been supplied to a customer and are already in an optical system. I 
dwell on optical coatings because that is my own particular field but similar 
problems plague other areas of thin-film work. Apart from the weather, bad luck has 
often seemed the only reason for such troubles and even lucky charms have been 
seen in coating shops. 

The past decade has seen considerable changes. We still suffer from unforeseen 
problems but gradually we are coming to understand the complex physics and 
chemistry governing the phenomena. We are used to dealing with thin films on a 
macroscopic scale and indeed it is their macroscopic properties in the main that we 
seek to produce with our coatings. These macroscopic properties, however, are 
entirely determined by film microstructure and it is only when we begin to 
understand the microstructure on an atomic scale and the physics and chemistry 
associated with it that we can appreciate the source of our problems and begin 
constructively to overcome them and to advance. 

Films and substrates are held together by very short range forces, the bonds 
between one atom and the next. The mechanical properties of the films, including 
their intrinsic stress, are ultimately determined by these same bonds and their 
interaction with the microstructure. Their behaviour at surfaces can be greatly 
modified by minute quantities of impurity and they can be blocked completely by 
one molecular layer of contaminant. Adsorption is a particularly important process 
in thin films which must also be understood on an atomic scale. 

Our understanding of film systems must begin with the nature of the surface on 
which they are deposited. Glass surfaces, the subject of this book, are particularly 
complex because of the nature of glass itself. Because of the gross effect of even 



minute contamination, cleaning is extremely important. Significant sections of the 
book are devoted to these topics followed by surveys of the bewilderingly extensive 
array of processes for thin-film deposition, techniques for measurement and 
characterization, fundamental film properties and optical coatings. 

Hans K. Pulker himself has made notable contributions to the improvement of 
our understanding of the physics and chemistry of thin films and to deposition 
processes. The subject is vast and the literature extensive but scattered through 
journals in many different disciplines. It is difficult to know where to begin a study 
of the subject. I should say that it difficult because the situation has changed 
with the publication of this book. 

H. A. Macleod 
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AUTHOR'S PREFACE 
of the First Edition 

When the Elsevier Scientific Publishing Company first invited me to write a 
monograph on I was hesitant because of the enormous amount 
of work involved. However, after critically examining my own collection of 
literature on thin films and glass, and considering the amount of pertinent 
information available in the scientific libraries of both the Balzers AG and the Swiss 
Federal Institute of Technology in Ztirich, I changed my mind. 

Dr. A. Ross, President of the Balzers AG until the end of 1982, encouraged me 
with the project, and his successor Dr. G. Zinsmeister, continued this support. I was 
thus able to notify the publisher that I could accept their invitation. 

Much of the material in the present work was originally prepared for lectures 
presented at the Institute of Physical Chemistry at the University of Innsbruck in 
Austria. However, to limit the length of the work some elementary material has been 
eliminated, leaving room for new information and details on technical processes so 
that the topic could be covered comprehensively. It was not my intention to publish 
in-depth studies of any particular area but rather to provide a well founded 
background from which individual interests in various directions could be developed 
by the specialist or the newcomer to the field. 

Following a history of glass and films presented as an introduction in Chapter 1, 
the Chapters 2 to 4 of this monograph attempt to outline the present-day knowledge 
of glass, with particular attention given to such factors as structure and composition 
and how they influence the properties of the material. The condition of the substrate 
surface is of primary importance in the coating process and therefore the generation, 
cleaning and properties of the glass surface is treated extensively. In addition to 
inorganic glass, organic glass and plastics are also discussed. 

There has been a close interrelation between glass and thin films for a long 
time. Thin films on glass are used both for scientific and industrial purposes. One of 
the most important requirements placed on industrial coatings is that they adhere 
well to the substrate surface, particularly if they are to be subjected to extreme 
environmental conditions. This topic is treated in Chapter 5. 

There are many chemical and physical methods for producing thin films with 
reproducible characteristics on a variety of substrates. A distinction is also made 
between wet and dry film formation methods. In some of these methods the 
depositions are carried out in air at normal atmospheric pressure or in the presence 
of protective gases and still others are carried out under vacuum. However, not all 
these methods are suitable for coating glass substrates because of their insulating 
nature and the relatively low thermal stability of many inorganic and practically all 
organic glasses. In Chapter 6 suitable coating methods and the plants for them are 
described. The various methods for the determination of film thickness and 
deposition rate are treated in Chapter 7. 
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Thin films generally have large surface to volume ratios, and consequently the 
extended surface usually has a large influence on the film properties. Structure, 
microstructure, chemical composition, mechanical and optical properties, etc. of 
films deposited by different methods are described and discussed in Chapter 8. 

Finally, in Chapter 9, relevant industrial and scientific applications for thin 
films on glass are given. 

The bibliography for this monograph does not pretend to be more than a 
selected one. The references cited are mainly original investigations, but review 
articles and books containing supplementary references are also listed. 

Acknowledgements are made to Prof. Dr. M. Auw~rter and Dr. A. Ross 
(Balzers AG) as well as to Dr. H. Dislich (Schott Glaswerke) for valuable 
discussions and advice. 
Further thanks are given to the scientists and technologists of various other industrial 
companies and scientific institutes who gave their support to the author, making 
available many figures and valuable information. Here particularly must be 
mentioned: Dr. Ian Seddon (Optical Coating Labs. Inc., Santa Rosa, CA, USA), Dr. 
G. Kienel and Ing. G. Deppisch (Leybold Heraeus GmbH, KNn, FRG), Dr. K. 
Deutscher (Leitz, Wetzlar, FRG), Dr. H. Bach (Schott, Mainz, FRG), Dr. F. 
Geotti-Bianchini (Stazione Sperimentale del Vetro, Murano-Venezia, Italy), Dr. C. 
Misiano (Selenia SpA, Roma, Italy), Prof. Dr. R. W. Hoffman (Case Western 
Reserve University, Cleveland, OH, USA), Prof. Dr. R.Th. Kersten (Technische 
Universit~it, Berlin), Prof. Dr. H. A. Macleod (Optical Sciences Center, University of 
Arizona, Tucson, AR, USA) and Dr. E. Pelletier (Ecole Nationale Supgrieure de 
Physique, Marseille, France). 

The author is also very much obliged to friends and colleagues for their 
engaged assistance during the preparation of this book. Special thanks are due to Dr. 
O. Winkler, Dr. E. Ritter, Dr. G. Trabesinger and Prof. H.A. Macleod for critical 
reading of the manuscript and for their stimulating comments, and to Mr. W. 
Frischknecht (Fri-Grafik, Vaduz, Liechtenstein) for drawing most of the figures and 
to Mr. and Mrs. L. Hilty (printing offfice, Schaan, Liechtenstein) for preparing the 
camera-ready manuscript. 

Last not least it is a pleasure to acknowledge the assistance of the staff of 
Elsevier Science Publishers in Amsterdam and to thank Mrs. A. Ruhe-Lodge, Miss 
K. O'Day and Dr. A.J. Perry for language corrections. 

Hans. K. Pulker 
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AUTHOR'S PREFACE 

The importance of inorganic and organic glass in numerous technical and 
scientific applications is rapidly growing. Glass in its broadest sense is an important 
substrate for thin film coatings. Chemistry and physics occupy a central position in 
the treatment of both materials. It is therefore assumed that the reader -  students, 
engineers, scientists- already has suitable knowledge in this field. 

Coatings on glass and polymers are found today in an increasing number 
ranging from the architectural and automotive sector, the diverse applications in 
technical and scientific optics to various sophisticated high-tech structures. Coatings 
are used in practically all optical and electro-optical devices. They are frequently the 
ultimate determinants of performance. 

The first edition of this book started in 1984 and had four unchanged 
impressions 1984, 1985, 1987 and 1996. It was translated into Chinese and printed 
in China 1987. Now its content is revised and updated. The emphasis was and still is 
pragmatic providing closer insight into the coating business and the properties of 
glass and thin films, particularly for optical purposes. 

There are many people that have given me their support and advice, and the 
names of the people noted here have played a major role in the success of this 
edition. 

I would like to acknowledge the support given to me by the management of the 
Balzers and Leybold Group during preparation of the manuscript, in particular, 
Mr. Andreas Vogt. I also thank Dr. Elmar Ritter and Dr. Gtinter Br~iuer, also at 
Balzers and Leybold, and Dr. Angela Duparr6 at the Fraunhofer Institute in Jena, 
Germany for their unflagging encouragement during the writing of the manuscript. 

My friend, Dr. Carlo Misiano, President of the Centro Tecnologie del Vuoto in 
Carsoli, Italy as well as my colleagues at the University of Innsbruck, Austria were 
also very generous with their time and, through many stimulating conversations, 
helped me work through numerous questions that came up during the writing. 

Special thanks are due to Mrs. Iris M. Ktindig-H~inni, who gave me critical 
support in the technical preparation of the manuscript. Dr. Nanning van der Hoop, 
Publication Manager for Physics and Astronomy at Elsevier Science BV in 
Amsterdam, The Netherlands, deserves sincere thanks for his suggestion to actually 
undertake the update of this book. 
Finally, my deepest thanks to my wife, Marianne, who has supported me with 
patience, quiet encouragement and understanding during the writing. 

Hans K.  Pulker 
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CHAPTER 1 

1. INTRODUCTION AND HISTORY 

Glass is the general term for a number of special materials of varying composition 
and properties. In our time, glass is of considerable importance for the production of 
scientific, technical, architectural and decorative objects and many articles used in 
daily life. The material, however, was also very important in former times. Glass has 
been known since the earliest times in history. Molten minerals containing SiO2, 
A1203, Fe203, FeO, MgO, CaO, Na20, K20, TiO2 and H20 extruded from inside the 
earth and quickly cooled down formed a natural glass, obsidian. The appearance of 
this mineral glass is translucent, usually coloured and sometimes also transparent. 
Worked objects such as spear heads and knives from the Stone Age and obsidian mir- 
rors and objects for ceremonial purposes and jewelry from later periods have been 
found almost everywhere that the mineral occurs. 

When and where glass was first made artificially is an open question. It would ap- 
pear, however, that it took place in Asia Minor and Egypt about 4500 years ago. In- 
cluding glazed pottery, it might be more than 7000 years ago. 

Glass was used first as a gem and then later for hollow vessels, especially unguent 
jars and small vases, which were not blown but moulded. The Egyptians used mostly 
coloured glass with little brilliance because of its low refractive index. Transparent 
glass was rare and it always contained small bubbles as a consequence of insufficient 
melting temperatures. For a long period the art of making glass was limited by the 
primitive firing technique. The development of better glass melting furnaces brought 
about an improvement in glass quality. 

With the invention of glass blowing, which is assumed to have occurred at the be- 
ginning of the Christian era, glass objects became more utilitarian than purely decora- 
tive and luxurious. About 100 years after the birth of Christ, in Alexandria colourless 
glass was obtained by the addition of manganese oxide to the glass melt. In the Roman 
Empire, glass had become a common household material. Besides tableware, toilet 
bottles and unguent vases, it was also used for storage of wine and other liquids and 
for seals and signets. The first glass windows are mentioned at the end of the third 
century. In this period, glass manufacture spread throughout the Empire. After the fall 
of Rome, glass manufacture was carried on in the Eastern Roman Empire. 

In the Islamic world, besides tableware and decorative glass elements, the use of 
glass for weights was developed to high accuracy by about the year 780 A.D. At the 
time of the Crusades and after the fall of the Eastern Empire at the beginning of the 
eleventh century, Venice became famous for glass manufacture. Excellent glasses, the 
crackled ware and coloured types based on oxide coloration, were made in Murano. 
The highest point in Venetian glass manufacture at this time was the creation of an 



extraordinarily pure crystal glass. Although not invented there, the art of making mir- 
rors with mercury layers was known by about 1369. Glass manufacture spread from 
Venice to many other European countries in the following centuries and the develop- 
ment of glass was now rapid. 

In 1600, the art of cut glass was developed and many beautiful objects were made 
using this technique. Flint glass, having a higher refractive index and greater disper- 
sive power than the crown glass, as a consequence of lead oxide content, was invented 
in England in 1675. The invention of gold-ruby glass and the development of a com- 
mercial process for the production of such glasses occurred in about 1680. 

Progress in glass manufacture during the nineteenth century was made by the use 
of selected and purified raw materials and the construction of new and better melting 
furnaces. 

New types of glass, known as optical glasses, were created in the glass factories of 
Germany, England and France. Compared with ordinary glasses, optical glasses are 
free from physical imperfections and have a wide range of refractive indices and dis- 
persion. Very important studies of the properties of glass as a function of its composi- 
tion were performed mainly in Germany in about 1890. Art and experience in glass- 
making were enlarged by scientific knowledge. 

The production of hollow and flat glass, however, was still very difficult. The out- 
put depended greatly on the skill of the individual workman. More details concerning 
the history of early glass production can be found in refs. [ 1-8]. The revolution in glass 
manufacturing in the twentieth century was and is the trend towards mechanization of 
the glass industry. The Fourcault process (Belgium, 1905) was the basis for the first 
machine-drawn plate glass production in 1914 [8]. Some years later, Colbum in the 
USA invented another drawing method which became known in 1917 as the Libbey- 
Owens process [8]. The advantages of both older processes were combined in a very 
rapid new drawing technology used since 1928 and known as the Pittsburgh process 
(Pittsburgh Plate Glass Company, USA). 

Most plate glass was drawn in continuous sheets directly from a melting tank 
using these processes. 

At the beginning of 1960, a completely new and very powerful technology, the 
float glass process, became famous, replacing extensively the older drawing tech- 
niques. It was developed in England by Pilkington Brothers Ltd. [8]. Casting and 
pressing of glass is also entirely mechanized. The hand process was replaced step by 
step by machines, leading to today's computer-controlled automatic production plants. 

Plastic Materials must be included in the most important inventions of our century. 
Although plastics differ in chemical composition, method of manufacture and many 
properties from traditional inorganic glasses, some of them are transparent and in other 
optical properties similar to glass [9]. Thin foils can be made which are interesting for 
special applications. Organic glasses offer unique possibilities in design of optical 
elements [ 10]. They therefore become more and more a valuable complement to inor- 
ganic optical glass. 

Finally, it must be stated that there are very few applications of glass in research 
and industry where the surface properties of the glass can be neglected. Thus the de- 



velopment of processes for surface treatments such as grinding, polishing, cleaning 
and coating has been of immense importance. 

There are only few monographs available concerning the properties of glass sur- 
faces [11,12]. Particularly in the case of organic glasses, published data are rare. 
Marked differences between inorganic and organic materials, however, are one reason 
for different surface properties. Other factors influencing the nature of a surface, even 
with the same material, are the various methods used to produce a surface. The success 
of further surface treatment operations often depends on previous grinding, polishing 
and cleaning procedures. Proper coating includes all the procedures before film depo- 
sition. 

Coatings on various glasses are made to produce controlled special variations of 
their optical, electrical, chemical and mechanical properties. The glass to be coated 
may have two different functions: it can be an active element (e.g. a lens) or a passive 
element (e.g. a substrate for an interference filter). The deposited Films may be either 
functional or decorative in their technical applications. 

It is interesting to note that the first antireflection layer on glass was made inci- 
dentally 1817 by Fraunhofer [ 13] in Germany by treating polished glass with concen- 
trated sulphuric or nitric acid. But no technical application was tried at that time. 

In 1935 Strong [14] in the USA and Smakula [ 15] in Germany developed the sin- 
gle layer antireflection coating produced by evaporation and condensation of calcium 
fluoride under vacuum onto glass surfaces. In 1938 Cartwright and Turner [16] sug- 
gested the use of a number of further suitable compounds. The list contained magne- 
sium fluoride and cryolite among other fluorides. Although optically excellent, the 
mechanical and environmental stability of these coatings was poor. An exception was 
magnesium fluoride which could be rendered water resistant by baking at high tem- 
perature. In 1942, however, in the USA the first stable and abrasion resistant single 
layer antireflection coating of magnesium fluoride was made by deposition onto pre- 
viously heated glass by Lyon [17]. After World War II, this material and deposition 
technique became standard procedure. 

Attempts to develop multilayer a.r. coatings had already been made in 1938 in the 
USA [ 181 and a little later also in Europe [ 19]. But a technically satisfactory solution 
with a double layer system was first achieved in 1949 by Auw~irter [20]. The superior 
quality of this antireflection double layer coating named <<Transmax| (Balzers) 
caused it to soon be in high demand. 

Broadband, triple layer antireflection systems became available in 1965. Film sys- 
tems could be designed easier and faster by that time with the aid of modem electronic 
computers. 

The industrial development of highly reflective coatings started earlier than that of 
a.r. coatings. Great enhancement of glass reflectivity can be obtained using high re- 
flecting metal films. Silver mirror films deposited by wet chemical processes were 
produced before 1835 [21 ]. The deposition of surface mirror films by the evaporation 
and condensation of various metals under vacuum was first attempted in 1912 by Pohl 
and Pringsheim [22]. They used ceramic crucibles as their evaporation sources. 
Evaporated silver mirrors were also made by Ritschl [23] in 1928. A technically sim- 



ple but very effective solution for aluminum evaporation was found by Strong [24] in 
1933 who used aluminum loaded helical tungsten filament evaporators, a technique 
which is still often used today. Mirrors made from aluminum by an evaporation tech- 
nique are superior to silver in several respects. The reflectivity of aluminum is nearly 
the same as for silver in the visible, but much higher for the ultra violet [25]. AI mir- 
rors adhere to glass more tenaciously than silver, and when exposed to atmosphere 
show no tarnish. Other features, such as its uniformity of reflectivity and transmission 
in the visible make AI films important for many technical and scientific applications. 
The first aluminized lamp, for instance, was made by Wright [26] at General Electric, 
USA, in 1937. During that period the first evaporated corrosion resistant and hard 
rhodium mirrors were also made by Auw~irter [27] at W.C. Heraeus GmbH. Such 
mirrors became important for medical applications. Several years later in 1941 
Walkenhorst [28] noticed increase in reflectivity of AI films for the visible with in- 
creasing deposition rate. Fast deposition was later also found to be necessary to 
achieve a high ultra violet reflectance. 

At the same time Hass [29] invented the silicon oxide protected aluminum surface 
mirror. Protection against mechanical damage became important in mirror fabrication 
with the exception of AI mirrors for astronomical applications. And finally, for use in 
the near ultra violet range, pure aluminum films have to be protected primarily against 
degrading oxidation on exposure to air by covering them with layers of MgF, or LiF, 
as was found out by Hass et al. [30] in the time between 1955 and 1961. 

At Schott und Genossen in Germany, Geffcken [31 ] deposited the first thin film 
metal dielectric narrow band interference filter of the Fabry-Perot type in 1939; 
Geffcken also made valuable contributions to the theory of thin film interference sys- 
tems which were important for the later development of thin film interference system 
design. The practical realization of environmentally stable complex thin film interfer- 
ence systems, such as e.g. multilayer antireflection coatings, various interference mir- 
ror stacks, beam splitters and some high and low pass edge filters require hard and 
resistant coating materials. Such materials became available in the form of a variety of 
oxide films which can be easily deposited by the reactive gas deposition process in- 
vented by Auw~irter [32] in 1952. 

From that time there has been very intensive development. This has been con- 
cerned primarily with the conception and detailed development in the fields both of 
computer aided coating design as well as in coating production methods. 

In general, coatings are desirable or may even be necessary for a variety of reasons. 
These include unique optical and electrical properties, materials conservation and 
economics or the engineering and design flexibility. Weight reduction is important in 
the automobile industry. Therefore heavy metallic parts such as grills are being re- 
placed with light-weight plastic parts which have been coated with chromium, alumi- 
num and other metals or alloys. Thin films are also used extensively in aluminum- 
coated plastic foils for heat insulation, decorative and packaging purposes. Another 
rather new application is to coat glass panes or plastic foils with indium tin oxide films 
or special cermet films which are used as architectural coatings to improve the energy 
efficiency and performance of buildings. 



For this purpose large, high volume, in-line glass coaters routinely sputter coat 
sheets of glass up to three meters in width [33]. But also chemical vapour deposition in 
form of pyrolysis is in use. Sputtering and pyrolysis are still in competition [34]. 

The capacities of both techniques may range up to some millions of square meters 
per year. 

The hermetically sealing of sensitive surfaces from water vapour is of great practi- 
cal importance and can be performed to a high degree of effectiveness with thin films. 
Using polymeric organic coatings of polytetrafluoroethylene and vinylidene chloride 
the best barriers are achieved with a water vapour transmission rate of only 4.8 g 
mil/m2/24hr. Whereas polymethyl methacrylate has a hundred times greater and cel- 
lulose acetate a more than even two hundred times greater value, for comparison. 

For flexible packaging applications thin polymer foils are widely used. Generally 
gas and vapour permeation of such foils is decreased by aluminization. To avoid, 
however, the opaque appearance of a metal layer for food and medical packaging 
purposes transparent thin film barrier layers based on vapour deposited oxidic materi- 
als like SiOx and A1203 are often preferred [35-39]. A 120 A thick SiOx coating on a 
0,5 mil thick polyethylene terephthalat, PET, foil provides excellent barrier perform- 
ance of less then 1 g/m2/24hrs for water vapour and less than 1 for oxy- 
gen [40]. 

These few examples may illustrate the broad spectrum of possibilities offered by 
coating glass and plastic with thin films. 

It is the aim of this book to review the production and the nature of glass surfaces 
together with the various film deposition and measuring techniques and to describe the 
properties of the films. In a last passage a survey is presented about most of the typical 
technical thin film products. 
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CHAPTER 2 

2. COMPOSITION, STRUCTURE AND PROPERTIES OF INORGANIC AND ORGANIC 
GLASSES 

The scientific investigation of composition and properties of inorganic glass started 
in the last century. By comparison, the development of organic glass is just in its early 
stages. The question of the structure of glass led to a discussion of whether it exists in a 
microcrystalline or in an amorphous state. From the thermodynamic point of view, all 
condensed substances at zero temperature in equilibrium conditions should be crystal- 
line. There are, however, also noncrystalline solids in a metastable state. Relaxation 
times for crystallisation of these solids are extremely long and they therefore remain 
amorphous in practice. Crystals are rare and their structures are limited in number and 
can be reduced to only 14 Bravais lattices. The number of possible non-crystalline 
structural arrangements, however, is infinite. This diversity of the positions of atoms 
and molecules does not affect their thermodynamic and transport properties. On the 
whole, disordered structures are macroscopically presented as homogeneous and iso- 
tropic media. It is generally assumed today that glass belongs to the predominant non- 
crystalline solids. 

2.1 GLASS-FORMING INORGANIC MATERIALS 

The glassy state is known in some elements, notably selenium and tellurium. Sele- 
nium also forms glassy mixtures with phosphorus. There are also some semiconductive 
glasses of compounds like As2. Se3 A number of salts may exist as glass. The best 
known is BeF2. Complex types of glass have been prepared containing BeF2 together 
with NaF, KF, LiF, CaF2, MgF2 and A1F3. Some nitrates (Na, K), sulfates and chlo- 
rides have been obtained as small glassy droplets by spraying the molten material onto 
cold plates. More details on such glasses can be found in ref. [ 1 ]. Most of these types of 
glass, however, have little technical significance. This is not true of the glassy metals. 
Amorphous alloys or metallic glass containing two or three components such as PdSi, 
FeB, TiNi, NiPB etc., are new materials that have interesting mechanical and magnetic 
properties that are highly desirable in modern technical applications. They are produced 
in the form of strips by quenching the melt extremely rapidly [2]. The most important 
material termed as glass is formed, however, by oxides [1,3,4]. 

The central difference between metallic, semiconductive and oxide glasses lies in 
the relative strengths of their chemical bonds as measured by the energy gap between 
occupied and unoccupied electronic states. In oxide glasses this gap is more than 5 
electron volts, that is, it lies in the vacuum ultraviolet so that such glasses are transpar- 



ent and colourless, apart from impurities. The semiconductive glasses have energy gaps 
near 1,5 eV and are coloured yellow or red, while in metallic glasses the energy gap is 
zero. 

Typical and possible glass-forming oxides are listed in Table 1. 

TABLE 1 

GLASS-FORMING OXIDES 

Typical glass formers: B203 SiO2 P205 
As203 GeO2 As203 
Sb203 

Possible glass formers: Bi203 ZrO2 V205 

Silica is the constituent material in technical glass. Commercial glass is almost 
exclusively silicate glass. Oxides that apparently do not form glass but may be included 
in glass to obtain special properties such as chemical durability, low electrical conduc- 
tivity, high refractive index and dispersion, increase in hardness and melting point, etc. 
are listed in Table 2. To obtain glass that transmits infrared, some special components 
such as As2S3 and TeO2, are used [5]. 

TABLE 2 

GLASS-PROPERTY-MODIFYING OXIDES 

Na20 ZnO A1203 SnO2 
K20 BeO La203 TiO2 
Pb20 PbO Y203 ThO2 
Cs20 MgO In203 

CaO 
CrO 
SrO 
BaO 
CdO 

In term of bond strength between the cation and the oxygen all glass formers have 
values greater than 5 eV and the typical modifiers have lower values in the range of 
about 2.8 eV [6]. 

2.1.1 CRYSTALLITE THEORY 

When cooling down from the melting point, many materials pass through a tem- 
perature range in which the liquid becomes unstable with respect to one or more crys- 
talline compounds. An increase in viscosity, however, may partially or completely 
prevent the discontinuous change into the crystalline phase. Studies of refractive index 
changes by heat treatment and investigations of other physical properties of glass led 
Lebedev [ 1,4,7] to the conclusion that glass contains ordered zones of small crystallites. 



In the crystallite hypothesis, it is assumed that glass may contain both amorphous and 
crystalline zones which are linked by an intermediate formation. These remarkably 
small crystallites of about 10 A in size consisting of 3-6 atoms are assumed to be of 
irregular form with distortions in their lattice. Unfortunately, no stringent experimental 
evidence can be found to support this hypothesis because even X-ray and electron- 
diffraction structural analysis is unable to detect the possible existence of crystals in the 
range of about 10/~. 

2.1.2 RANDOM NETWORK THEORY 

Extensive X-ray structural analyses of glass as well as studies of the melting process 
allowed Zachariasen [8] to explain glass as an extended molecular network without 
symmetry and periodicity. The glass-forming cations such as and are sur- 
rounded by oxygen ions arranged in the shape of tetrahedra or triangles. Regarding the 
oxygen ions, a distinction must be made between bridging and non-bridging ions. In the 
first case, two polyhedra are linked together over an oxygen ion, and in the second case 
the oxygen ion belongs only to one polyhedron and has one remaining negative charge. 
In this way, a polymer structure consisting of long chains crosslinked at intervals is 
produced. The unbalanced negative charge is compensated by low charge and large size 
cations, e. g. Na +, K +, Ca ++, Ba ++ located in the holes between the oxygen polyhedra. 
Substitution of silicon ions in the network by other large charge and small size cations 
is possible. The network theory was supported by further X-ray investigations by War- 
ren in 1933 and 1937 [9a], and in investigations by other scientists. In Fig. 1, a two- 
dimensional drawing shows the crystalline state of SiO2 (a), the glass network of SiO2 
(b) and the glass network of a sodium silicate glass (c). 

§ 0 2. § 

A B C Fig. 1 
Structure of crystallised silica (A), of fused silica (B) and of sodium silicate glass (C). 

More recent investigations of chalcogenide glasses such as As2Se3 [9b] and also of 
oxide glass [9b] in transmission electron microscopy suggest that there exist structural 
domains, large macromolecules or clusters which are, in the case of silica and other 
oxide glasses, between 60 and 100/~ in diameter [9c]. The domain structure in oxide 
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glass is difficult to observe because of the possible polymerisation of the domain inter- 
faces by ambient moisture. 

In this sense, glass can be viewed as an assembly of subunits [10] which is not in 
opposition with the random network theory. 

Zachariasen [8] has carefully distinguished between random orientation on a local 
level and cluster formation on a lager scale. The idea of continuous large scale random 
networks is thus merely a considerable oversimplification of his ideas. 
Today the network theory is generally accepted for ordinary glass. It appears, however, 
that some complex multicomponent types of glass may also consist to some extent of 
very small ordered zones in an amorphous network matrix. This is especially true after 
heat treatment, which can induce phase separation and crystallisation. 

2.1.3 PHASE SEPARATION, DEVITRIFICATION 

Glassy materials can be considered as frozen-in liquids, which consist, in the case of 
oxidic materials, of polymer chains with branches and cross linkages. With the excep- 
tion of quartz glass, all types of industrial glass are multicomponent systems. The fact 
that glass is a multicomponent material leads, however, to the formation of very com- 
plicated structures. These are characterised by the presence of glass-former skeletons of 

c) Fig. 2 
Intensity curves of X-ray scattering of sodium 
silicate glass in various states according to 
Valenkov and Porai-Koshits [11] 
a) Original glass, 
b) glass annealed for 2 hours at 420~ 
c) glass after devitrification 
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The Interpretation of the diffraction patterns showed a clear deviation from the 
Zacharlasen-Warren concept, according to which the Na + ions have a random distribu- 
tion in the holes between the oxygen ions of the disorderly continuous silica network. 
The pattern indicated a micro-heterogeneous structure [12], that consisted of microre- 
gions with a sodium metasilicate composition embedded in the glassy silica structure. 
Similar results were also obtained with binary borosilicate glass, three-component 
sodium borosilicate glass [ 13] and other types of glass. 

Phase separation in certain optically clear types of glass was also indicated in elec- 
tron-optical investigations. The phase separation that occurs in some glass, however, 
does not provide evidence for the crystallite theory. In many types of glass, crystalline 
nuclei and crystallites can be found which appear as the result of imperfections in the 
production technology or of the subsequent devitrification process. If, during the 
working or annealing processes, the glass is held too long in the temperature region in 
which crystallisation takes place most readily, it will devitrify and be destroyed. De- 
vitrification is the main factor which limits the composition range of practical types of 
glass. It is an ever-present danger in all glass manufacture and working. The devitrifi- 
cation in ordinary glass takes place chiefly on the glass surface [ 14-17] and manifests 
itself in different ways: from almost indiscernible microcrystals to a fully developed 
crystallisation. It appears, however, that devitrification does not always start on a sur- 
face; it seems to be much more dependent on surface pre-treatment. 

2.1.4 GLASS-FORMING ORGANIC MATERIALS 

Organic glass or transparent plastics are synthetic solid materials consisting of 
polymer compounds that are formed mainly by the elements C, H, O and N. The poly- 
mer macromolecules are obtained by polymerisation, polycondensation or polyaddition 
reactions between monomers [ 18]. 

We distinguish here between thermosets, which undergo a destructive chemical 
change upon application of heat, and thermoplastics, which can be resoftened repeat- 
edly without any change in chemical composition Thermoplastics are generally pre- 
ferred for optical applications [ 19,20].Like inorganic glass, they have no fixed melting 
point but rather a softening region. The plastics can be made fluid and shaped by the 
application of heat and pressure. 

Plastic is increasingly used as a substitute for inorganic glass and other materials. It 
is, however, often necessary to retain the appearance of the substituted material by 
special surface treatments. High-impact strength organic polymers have a rapidly ex- 
panding market in applications as diverse as ophthalmic lenses, architectural glass, 
electronic equipment packaging, various shaped form parts in automotive industry and 
in the form of foils as substrates for various types of thin films. 
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TABLE 3 

GLASS-FORMING ORGANIC MATERIALS 

Type Composition Refractive index 

Acrylic Polymethyl methacrylate 1.491 
Styrene Polystyrene 1.590 
NAS Methylmethacrylate (70%) 1.562' 

Styrene (30%) Copolymer 
Poly carbonate --- 
CR 39 Allyldiglycolcarbonate 1.490 
ABS Acrylonitril-butadiene-styrene 

Copolymer 
*=depending on 
composition. 

2.1.5 CRYSTALLINE AND AMORPHOUS BEHAVIOUR OF POLYMERS 

Generally the plastic materials can exist in an amorphous, in a crystalline or in a 
mixed state. The crystalline state is rare because the mobility of the large molecules that 
is required for the formation of a periodic arrangement is very low. The complex 
chemical bonds and the predominant homeopolar character lead, in contrast to many 
inorganic materials, mostly to the formation of very complicated structures, e.g. mono- 
clinic, rhombic or triclinic crystals. 

Many plastics exist in an amorphous state. The growth of macromolecules produces 
chains and three-dimensional networks. The disordered polymer structure of organic 
glass is very similar to the network structure of silicate glass. Typical organic glass 
shows, however, practically no tendency to crystallisation because of steric hindrance 
by sidegroups or other large substituents. Some plastics exist in a mixed structural type. 
The crystalline areas in the amorphous matrix are often so extended that they can easily 
be detected by light scattering. In this case, the material cannot be used for optical 
applications. 

2.2 THERMAL BEHAVIOUR OF INORGANIC AND ORGANIC GLASSES 

Vitrification and softening are second-order phase transitions for both inorganic and 
organic glasses. To obtain a homogeneous melt with inorganic glass, a temperature is 
required where the viscosity r I of the melt is about 102 Poise. The softening point is at rl 
= 107.6 Poise and the working point has a viscosity of r I -104 Poise. The temperature Tg 
in the transformation interval for solidification corresponds to a viscosity range for 
glass of between 11 = 1023 Poise, the annealing point, and 1"1 = l0145 Poise, the strain 
point. 

It was first clearly shown by Bartenev [21] that when the cooling rate is decreased, 
the solidification temperature of silicate glass decreases proportionally. This behaviour 
was confirmed for many types of silicate glass and organic polymers in subsequent 
papers by various authors [22] and [23]. 



13 

On the other hand, the softening temperature Tw is a function of the rate of heating. 
This observation is of great practical importance in glass technology because during 
annealing and tempering temperature changes may occur at very different speeds. Thus 
for different processes, differences in the vitrification temperature of up to 50 to 100~ 
may result. It follows from experimental and mathematical treatments [7] that, at a 
standard glass transition temperature Tg sT or at a standard softening temperature Tw sT, 
vitrification or softening occurs if the rate of cooling or heating is equal to 0.2 deg s ~ 
for inorganic glass and to 0.1 deg s l for organic polymers. 

Some experimental data obtained from [7] and [18] are listed in Table 4. The values 
for the linear expansion coefficient ~t were taken near but clearly below the softening 
temperature. 

TABLE 4 

SOFTENING TEMPERATURE AND LINEAR EXPANSION COEFFICIENT OF INORGANIC 
AND ORGANIC GLASSES 

Material T sT ctl0 -5 

(~ (~ 
Fused silica 1580 0.056 - 0.08 
Alkali silicate glass 536 - 696 1.15 - 0.96 
Lead silicate glass 440 - 480 0.70 - 1.10 
Aluminium silicate glass 582 - 842 0.46 - 0.65 
Soda lime borosilicate glass 708 - 815 0.32 - 0.52 
Acrylic 76 7-9 
Polystyrene 72 6-8 

It can be concluded from these investigations that the structure of glass depends on 
its thermal history. Annealing always increases the density of the glass. 

Different pieces of glass each with a different structure will have different softening 
temperatures Tw when heated at the same rate. For technical applications, it is therefore 
useful to choose maximum annealing temperatures below a temperature (Tg200)~ to 
prevent unwanted deformations. 

The expansion coefficient is a property of glass that is greatly affected by changes in 
composition. The linear expansion coefficient (x in the glassy state does not, however, 
depend on the heating rate in the region below the softening point. It is assumed to be 
constant within this wide temperature range. As can be seen from Table 4, the thermal 
expansion of the plastics is much higher than that of inorganic glass. Generally, when 
glass is bonded with other materials having different rates of expansion, temperature 
changes create mainly undesirable forces in the two materials. This affects many prop- 
erties such as adhesion in the case of deposited thin films. 

In many problems concerning heat transfer, the thermal conductivity ~, of the mate- 
rials is an important factor. The rate at which heat is transmitted through glass by con- 
duction depends on size and shape, on the difference in temperature between the two 
faces and on the composition of the material. Thermal conductivity is commonly ex- 
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pressed in calories per centimetre per second per degree. Some data are listed in Tab. 5. 
Compared with metals, the values for glass and plastic are low. Radiation is another 
heat-transfer process. It may be of greater importance than thermal conduction when 
the temperature is increased to higher ranges. Table 5 also contains some data on the 
specific heats of different types of glass and plastic [l,18]. The specific heat Cp of glass, 
which is important in determining its heat capacity, is a nearly additive quantity and can 
be calculated from the composition by using the factors for the various oxides. The 
factors and some experimental data are reviewed in refs. [l] and [4]. 

TABLE 5 

THERMAL CONDUCTIVITY AND SPECIFIC HEAT OF INORGANIC AND ORGANIC 
GLASSES (Typical mean values) 

XI04 Cp 

M a t e r i a l  - 100 ~ 0 ~  1 0 0 ~  - 100 ~ 0 ~  100  ~ 

Fused silicia 28 31.5 35.4 0.11 0.16 0.20 
Soda-lime silicate glass 19 23 27 -- 0.20 -- 
Soda-lime borosilicate glass 21 26 30 -- 0.27 -- 
Lead silicate glass 11 14 17 -- 0.21 -- 
Aluminium silicate glass -- 22 24 -- 0.19 -- 
Acrylic -- 4.7 . . . .  0.35 -- 
Polystyrene -- 3.6 . . . .  0.32 -- 

Thermal conductivity: ~, (cal cm "1 s "l deg - l )  10 -4. 
Specific heat: Cp (cal g-1 deg-l). 

The ability to withstand thermal shock resulting from sudden changes in tempera- 
ture is important for technical applications of glass. The thermal endurance of inorganic 
glass, studied mainly by Schott and Winkelmann [24] (see also refs. [l] and [25]), is a 
very complex property. The investigations have led to the definition of a coefficient of 
thermal endurance F: 

(1) 

in which P is the tensile strength, E is Young's modulus and p is the density. 
It is interesting to know that most types of glass can withstand much greater tem- 

perature changes when suddenly heated than when rapidly cooled. 

2.3 MECHANICAL PROPERTIES OF INORGANIC AND ORGANIC GLASSES 

At normal temperatures, glass usually behaves as a solid material. The most impor- 
tant properties of solids are elasticity, rheology and strength. These properties depend 
not only on the molecular mechanisms of the deformation process, but on the viscous 
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flow and on the structural peculiarities of industrial glass samples. For the application 
of polymeric materials, it is important to know that they possess extraordinarily com- 
plex mechanical properties. The high deformability, the marked incompressibility and 
the high sensitivity to changes in temperature are typical. 

In Table 6, some mechanical data on various types of glass are listed [7,18]. For 
grinding glass, the so-called grinding hardness is important. The value of this for glass 
is dependent on chemical composition. The silica base used in most inorganic glass 
compositions is essentially very hard, but additions of other materials to modify, for 
example, the optical properties in optical glass will reduce the hardness to a greater or 
lesser extent. The grinding hardness G.H. is defined as a quotient: G.H. = rate of re- 
moval of standard glass / rate of removal of sample glass. Values are published in the 
glass catalogues. Unfortunately, there is no exact relationship between hardness and 
grinding hardness. 

2.4 CHEMICAL PROPERTIES OF INORGANIC AND ORGANIC GLASSES 

Although many types of technical silicate glasses are highly resistant to chemical 
attack, inorganic glass cannot be treated as an inert material. Chemical reactions take 
place with water, acids, alkali, salt solutions and various vapours, e.g. SO2. Even appar- 
ently chemically resistant glasses may be attacked locally, producing remarkable 
changes in the composition of their surfaces compared with the bulk. The effect is 
much stronger with some optical glasses. Generally, however, plastic materials are 
more resistant than inorganic glass. 

The water attack starts with the diffusion of H + into the glass. This is a rapid process 
at higher temperatures. The water uptake increases with increasing pressure and the 
glass begins to swell. The quantity of incorporated water usually amounts to a very 
small percentage of the weight of the sample. Its presence promotes the tendency to 
crystallisation. As can be seen in Table 7, silicate glasses are more strongly attacked in 
alkaline solutions than in neutral or acidic solutions because the alkali supplies hy- 
droxyl ions, which react with the silica network. No protective layer forms during the 
corrosion. 

The attack of acids differs from that of water because the dissolved alkali and basic 
oxide components are neutralised by the acid. In this way, a silica-rich surface layer is 
formed which reduces the rate of attack with time. When major amounts of soluble 
oxides are present, which may occur with some types of highly refractive optical glass, 
the glass will disintegrate. The corrosion resistance is influenced by the glass composi- 
tion. It increases with higher amounts of SiO2 or of MeO, e.g. CaO, MgO, ZnO and 
PbO. Addition of even small amounts of Me203 impurities such as B203 and AI20 
increase the resistance. Proper tempering of leached silica-rich surface films on techni- 
cal glass decreases the porosity and increases the stability with regard to chemical 
attacks [1,3,18,25]. 
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Special durability tests have been made on optical glass. Qualitative gradings of 
durability were developed and listed in the glass catalogues. Quantifying such chemical 
attack is extremely difficult and has been the subject of international research. 

2.5 ELECTRICAL PROPERTIES 

The data used for the electrical characterisation of glasses [1,3,18;25] include the 
volume and surface resistivitv, the dielectric constant, the dielectric loss and the dielec- 
tric strength. As may be seen in Table 8, fused silica has a high volume resistivity of 
10 ~9 f2 cm, but the addition of other oxides decreases the resistivity. Organic glass has 
values similar to inorganic multicomponent glass. Generally, the electrical resistivity, or 
its reciprocal value the conductivity, of multicomponent glasses depends on the chemi- 
cal composition, on the temperature, and to some extent also on the atmospheric condi- 
tions. Inorganic glass is an ionic conductor. The transport of alkali ions is easier than 
that of alkaline earth ions. The mobility decreases as the ionic radius increases. The 
glasses are insulators at low temperatures and increase their conductivity as the tem- 
perature is raised because of the greater ease with which the ions can move when ther- 
mal energy has weakened the binding forces to the silica network. In the temperature 
range of 25 - 1200~ the resistivity may vary between 1019 ~'2 cm and 1 f2 cm. At 
normal temperatures and in a humid atmosphere, the volume conductivity is surpassed 
by the much higher surface conductivity. The adsorbed H20, which forms an electro- 
lyte with the dissolved alkali, is responsible for this phenomenon. The reciprocal of 
surface conductivity, surface resistivity, is usually defined in f) cm 2. 

Glass has a special position among solid dielectrics because of its extended range of 
dielectric constants. Organic glass has very low values, and high lead silicate glass 
shows the highest values. The dielectric constant of most types of glass decreases as the 
frequency of the applied field increases. For each frequency, the dielectric constant 
increases with increasing temperature, but the increase is less at high frequencies. The 
energy lost in a dielectric due to electrical conduction losses (the dielectric loss) is 
measured by the angle 3 between the current and the charging potential. The value tan 5 
depends on frequency and temperature. 

The dielectric strength of a glass is the voltage required to puncture it, usually ex- 
pressed in V per cm. Unfortunately, it is not a true physical constant of a material 
because it is dependent on the thickness of the glass. Generally, the dielectric strength 
decreases with increasing sample thickness. The values listed in Table 8 are measured 
at glass thickness' between 0.1 and 0.25 mm. At lower temperatures, the magnitude of 
the dielectric strength is relatively insensitive to temperature. However, after a higher 
temperature limit has been exceeded, the glass becomes progressively weaker. The 
decrease in strength when the frequency of the applied voltage is higher may be due to 
a heating effect. 
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The prevention of static charges on glasses is of great practical importance in 
avoiding attraction of dust particles as well as for other reasons. Two different dielectric 
materials brought into close contact and separated afterwards receive opposite charges 
whereby the material with the higher dielectric constant exhibits the positive charge. 
This phenomenon shows a dependence on surface conditions and is caused by the 
formation of an electrical double layer resulting from electron or ion migration during 
the contact. This produces high voltages after separation. The generation of a static 
charge on plastics is caused mainly by electron migration, but on inorganic glass it is 
caused by ion migration. According to Weyl [26], removal of only I% of Na + ions from 
a monomolecular surface layer produces a negative charge of about -3 x 105 V. The 
size of the electrical charge formed on a glass is strongly dependent on its alkali con- 
tent. A positively charged piece of glass can be transformed into a negatively charged 
one by heating. For many types of glass, this reversal point is at about 260~ [27]. The 
positive charge decreases in a continuous way during heating beyond the reserval point 
and a negative charge is formed which remains stable for many hours. Rapid cooling in 
liquid air also leads to the generation of a temporary negative charge. The intensity of 
the charge depends on the glass composition. Crown glass yields a higher charge than 
flint glass, and borosilicate glass is in between. The charge on a smooth surface will be 
higher than on a rough surface. Charged glass or plastic can be neutralised by blowing 
with ionized air. 

2.6 OPTICAL PROPERTIES 

The transmission of light is one of the first properties that comes to mind when glass 
is mentioned, and it is important for many of its applications. Sometimes it is sufficient 
that glass transmits most of the incident light, but in other cases the requirements are 
more stringent. There are many types of optical glass, besides ordinary window glass. 
For special needs, glass that is transparent in the visible but opaque in the infrared, or 
transparent for ultraviolet light and X-rays, is available. Special types of coloured glass 
and light-sensitive glass are also available. 

The region of high transmission of all these types of glass is bounded at short 
wavelengths by the fundamental absorption edge and at the long wavelengths by the ir- 
absorption bands. With the usual colourless or while glass, the limits of transmission in 
the ultraviolet are determined mainly by the Fe203 content, which appears to have an 
absorption in the near ultraviolet. The infrared transmission limit is determined by the 
FeO content, which shows strong absorption at about 1 pm. 

Today, the use of pure raw materials or of decolourizers enables the production of 
common window glass that has almost the same transparency optical glass. The trans- 
mission of the untreated glass plates, however, is always limited by the reflection loss. 
The transmission characteristics for optical glass a dependent on the glass type, the 
purity of the raw material, and the melting schedules used in the production of the 
glass. Internal transmittance data for the various types of glass are tabulated for differ- 
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ent wavelengths in the catalogues the glass companies. Each glass type is identified by 
its mean refractive index rid, and its constringence Abb6 value Yd. 
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Fig. 3 
n/v Diagram of various types of optical glass. Last symbol K means crown, 
F means flint glass, e.g. BaF = Barytflint, LaK = Lanthanum crown. 

As may be seen in Fig. 3, a graph of nd versus V d shows the grouping of different 
types of glass according to their optical properties. An arbitrary distinction between 
crown and flint glasses is represented by the line Vd -- 55 for glass with no less than 1.6, 
and Vd = 50 for glass with nd greater than 1.6. Further subdivisions into different types 
of crown and flint glass are shown clearly on this diagram. 

Abrupt discontinuities in glass cause striations. To obtain homogeneity of the glass, 
gradual changes in chemical composition and irregularities in heat treatment must be 
avoided. Optical glass should not contain undissolved solid or gaseous inclusions. 

In Table 9, refractive index, temperature coefficient and Abb6 value are listed for 
some typical types of inorganic and organic glasses [1,3,18,19,25,28]. It is interesting to 
note that acrylic glass has a higher transparency than inorganic optical glass. Polysty- 
rene, like acrylic glass, is very clear. Early styrene had impurities that decreased the 
transmittance at short wavelengths, causing the material to have a yellowish tint. 
Nowadays, this condition is only evident in extremely thick pieces. 

Compared with acrylic glass, polystyrene has a lower light stability and resistance to 
ultraviolet radiation. The slight degradation when exposed to ultraviolet radiation is a 
disadvantage that occurs with all optical plastics. The higher refractive index of poly- 
styrene permits its use in conjunction with acrylic lenses for the design of colour- 
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corrected optical systems. Most types of organic optical glass transmit very well in the 
near infrared region. The energy absorption at wavelengths shorter than 2.1 lam is low. 

TABLE 9 

OPTICAL PROPERTIES 

Material Refractive index Temperature coefficient Abb6 value 
of refraction dn/dT 
(10-5oc "l) 

Fused silica 1.46 0.8 67.9 
Soda lime silicate glass 1.52 0.2 58.9 
Soda lime borosilicate glass 1.50 0.15 65.1 
Lead glass 1.80 0.5 ~ 1.4 25.4 

(for heavy flint) 
Aluminosilicate glass 1.53 51.1 

Acrylic 1.49 8.5 57.2 
Polystyrene 1.59 12.0 30.9 

Internal mechanical stresses may develop from the heat-treatment of inorganic and 
organic glass during its manufacture. These stresses cause the glass to have two indices 
of refraction. This phenomenon is called birefringence. Carefully designed temperature 
schedules can reduce these stresses to acceptable levels. For normal optical purposes, 
the limit of acceptable birefringence, expressed as a path difference, is 10 nm per cm. 
The stress optical coefficient, otherwise known as the Brewster constant, relates the 
mechanical stress to the optical retardation (nm cml/kg cm2). This constant depends on 
glass composition. For various types of optical glass, the values can be found in the 
catalogues. 

2.7 MATERIALS TRANSPARENT IN ULTRAVIOLET AND INFRARED 

Materials that are transparent in the ultraviolet or in the infrared ranges are required 
for many scientific and technical instruments and apparatus. Such requirements exist, 
for example, in refracting optics and for special optical windows. For these applica- 
tions, besides special types of glass and some plastics, many crystalline materials are in 
use [28,29]. The usefulness of a material depends on how far into the ultraviolet or 
infrared it transmits. The transmission edge in the ultraviolet is determined by the 
energy necessary for electron transfer (fundamental absorption) while the long wave 
absorption bands are caused by inner molecule vibrations or by lattice vibrations. 
Some fluorides and oxides are transparent relatively far into the ultraviolet range be- 
cause the F ions and the O 2 ions possess the highest electron affinity among the ani- 
ons. 

A high infrared transmittance is observed with materials consisting of molecules 
composed of heavy atoms, because their valence vibrations have the lowest frequen- 
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cies. Up to a wavelength of about 2.5 ktm, practically all types of optical inorganic glass 
with a mean thickness of 10 mm have reasonable transmittance. The first limitation is 
caused by incorporated water. The O-H valence vibrations at 2.7 - 3 ktm and also at 3.6 
and 4.2 ~m are responsible for absorption bands, while with far infrared transmitting 
glass such as As2Sa-glass, the O-H flexural mode of vibration at 6 ktm may also be 
responsible for absorption. Careful glass manufacture enables a reduction of the water 
content. A further limitation of infrared transmittance is the wide-band absorption 
caused by the natural oscillations of the glass network formers. Borate and phosphate 
glasses of 5mm thickness therefore become practically opaque at ~. = 3.5 ~m. The same 
happens with silicate glass between 4.4 and 4.8 ktm and with Ca-aluminate and ger- 
manate glasses at wavelengths between 5.8 and 6 ktm. There are types of Te-, Sb- and 
As-oxide glasses that are transparent up to about 6 ktm [30]. Replacement of O by S 
yields glass such as As2S3 which is transparent even to wavelengths of about 13 ~m. 
Newer 3 and 4-component glass systems enlarge the spectral range of transparency to 
about 20 l~m. Of the crystalline materials, the alkali chlorides and bromides have been 
used for a long time in infrared optics, although their solubility in water is relatively 
high. With the exception of LiF, the fluorides CaF2, MgF2 and LaF3 [31-36] are better 
suited because of their much higher stability towards the atmosphere. With new two- 
and multicomponent glasses of Ba-, Al-, La-, Zr-, Hf-, and Th- fluorides [36] an even 
further improved quality has been obtained. Beside the historical aspects in the devel- 
opment of heavy fluoride glasses and the various technical applications, structural 
models of differently composed types are shown and discussed in the Proceedings of 
the Monterey-Symposium [37]. Materials like spinel (A1203- MgO), TiO2, SrTiO3, 
BaTiO3 are actually insoluble in water. Single crystals are expensive to produce, some- 
times optically anisotropic and sensitive to mechanical treatment because of cleavage 
and breakage. For this reason, pressure-sintered polycrystalline materials are often 
preferred. Although these materials show light scattering in the visible and near infra- 
red, their optical properties are excellent in the far infrared. Last but not least, there are 
some element semiconductors and some compound semiconductors which, although 
opaque in the visible and near infrared, are nevertheless used in the spectral range in 
which they are transparent (usually between l ~m and 22 ktm). 

Spectral characteristics of noncrystalline and crystalline materials are shown in Figs. 
4 and 5 and data are listed in Table 10. 

The number of existing Materials is large, therefore the examples are restricted to 
those materials (glass and crystals) used for lenses, prisms, mirrors, filters or other 
substrates and windows. Polarizing elements, transducers, optically-active devices and 
modulators are excluded. 
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Spectral transmittance of various ultra- 
violet transmitting inorganic and organic 
glasses of I mm thickness [29]. 

a) Boratglass (23) 
b) Vycor (Coming) 
c) WG 230 (Schott) 
d) WG 280 (Schott) 
e) Methylpolysiloxane 
f) Glass 8337 
g) Glass 8405 
h) Glass 9700 
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Fig. 5 
Spectral transmittance of glasses for optical wave guides. Sample thickness: 200 mm [29] 
a) Fused silica (suprasil) 
b) Flint glass 
c) Arsenic sulfide glass 
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TABLE 10 

INFRARED TRANSMITTING MATERIALS 
Material Type Infrared absorption 

at: ~. in lam 
Transmittance region 
(lam) 

LiF single crystal 7.5 0.11- 7 
MgF2 single crystal 8.0 0.11- 7.5 
CaF2 single crystal 10.5 0.15 - 10 
CdF2 single crystal 11.5 - 
LaF3 single crystal 12.0 0.25 - 
SrF2 single crystal 12.5 - 
PbFE single crystal 13.5 0.25 - 
BaF2 single crystal 14.0 - 
SiO2-glass glass 4.5 0.15 - 
A 1203/MgO single crystal 5.5 - 
A1203 single crystal 5.8 0.2 - 
TiO/ single crystal 6.2 0.4 - 
SrTiO3 single crystal 6.8 
BaTiO3 single crystal 6.9 
MgO single crystal 8.5 
ZnS 14.7 0.4- 14 
ZnSe polycrystalline 21.8 0.55- 1.5 
CdTe pressure sintered 31.0 - 
CdS single crystal 0.8 - 16 
InP single crystal 1.0 - 1 4  

GaAs single crystal 1.0 - 16 
Si single crystal 1.2 - 15 
Ge single crystal 1.8 - 22 
InAs single crystal 3.5 - 9 
CaLa2S4single crystal 18.0 
Germanate glass 5.0 
(Coming 9754) 
Ca-aluminate glass 5.5 
(Barr & Stroud BS 39 B) 
Tellurite glass 6.0 
ZrFa-BaF2 glass 8.0 
HfF4-BaF2 glass 8.0 
HfF4-BaF2-LaF3-A1F3 glass 8.0 
ZrF4-BaF2-ThF4 glass 8.0 

2.8 PHOTOCHROMIC GLASSES 

The reversible generat ion o f  colours or the reversible darkening with special ly 

doped, colourless, transparent, inorganic glasses during irradiation with light is cal led 
photochromism. 

Four dif ferent groups o f  l ight-sensit ive glasses are known today: 
photochromic sil icate glasses doped with rare earth ions 

photochromic borosi l icate glasses doped with si lver halides 

photochromic borosi l icate glasses doped with si lver molybdate or si lver tungstate 
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- photochromic borosilicate glasses doped with copper or cadmium halides. 
In 1962 Cohen and Smith [38] reported the observation of colour centers in irradi- 

ated silicate glasses doped with Ce ~+ or Eu 2+- oxide. Soon after this investigation, 
photochromic light-sensitive glasses were developed in 1964 by Coming glass works 
[39,40]. The photochromic behaviour of these glasses is due to the formation of light- 
sensitive silver halide microcrystals of about 40 A in size which are created by precipi- 
tation and subsequent heat-treatment at a temperature between the annealing strain 
point and the softening point of the borosilicate glass [41 ]. 

Photochromism consists of the three processes: optical darkening, optical bleaching 
and thermal bleaching. Darkening is induced by wavelengths ranging from the near 
ultraviolet and through the whole visible spectrum, depending on the chemical compo- 
sition of the glass. Glasses containing silver chloride are sensitive in the region be- 
tween 300 and 400 nm, and those containing mixtures of silver chloride and silver 
iodide are sensitive in the 300 - 650 nm wavelength range. The transmission of a trans- 
parent photochromic glass before darkening may be about the same as window glass. 
Irradiation with light of a given intensity at constant temperature produces in the visible 
range an exponential increase in optical density to an equilibrium value which may be 
as low as 1% transmission. Basically the photochromic behaviour of the glasses can be 
characterised by the phototropic equilibrium constant k, defined by: 

1 
T T (2) 

t = glass thickness, T = percentage transmission of the darkened glass at the maximum 
value of the absorption band, To = percentage transmission of the bleached glass. The 
saturation value of k' obtained with equal irradiation is termed k'o 

The basic reaction in irradiation of silver halide-containing glasses is characterized 
by the following equation" 

hv 
Ag § ~ Ag ~ (3) 

It is necessary that the elemental halogen formed remains in the matrix. This would 
not be the case in a gelatine layer but the requirement is fulfilled with inorganic glass. 

In the case of sensibilization with copper an additional reaction may occur: 

Ag+Cu+ ~ Ag ~ (4) 

It is important to mention here that the darkening is not directly proportional to light 
intensity. The effect occurs more strongly at higher intensities than at low ones. 

Silver halide glasses are believed to be almost unique among photosensitive materi- 
als in being truly reversible and immune to fatigue [42-44]. The rate of fading in the 
dark increases with temperature and since the darkening rate is relatively insensitive to 
temperature, the steady state optical density of the photochromic glass decreases with 
increasing temperature. 
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Since light of different wavelengths may cause reaction in different ways, a change 
in transmittance can be achieved by darkening the glass with shortwavelength light or 
bleaching it after it has been darkened with light of longer wavelengths. 

For sun-protection glasses a typical half-time of darkening may be about 20 to 30 
seconds and the half-time of bleaching-out may range between 350 and 450 seconds. 

The typical behaviour is shown in Figures 6 and 7. 

100 

._.. 75 

Fig. 6 

Spectral transmittance of photochromic glass (thickness about 2 mm). 
a) bleached glass in dark 
b) irradiated with a high pressure mercury lamp 
c) after 1 hour in sunlight at 25~ 

More recent developments concern the photochromic borosilicate glasses containing 
silver-molybdate and tungstate [45] or copper- and cadmium-halides [46,47] instead of 
silver halides. The glasses have a similar spectral sensitivity but show a stronger pro- 
portionality between light intensity and darkening. 

Thermal treatment of photochromic glasses is generally possible, but the tempering 
process must be very closely controlled. The thermal stability depends on the type of 
the glass. If photochromic glasses are thermally overheated they may become distorted 
and have a degraded photochromic performance. It is therefore recommended to keep 
the temperature below about 200~ and to use only short durations of tempering. 



8O 

g 

4O 

Fig. 7 
Darkening and fading of photochromic glass (Coming, Photogray, thickness 
2 mm) as function of time. 
a) in sunlight at 25~ 
b) in sunligth at 0~ 

2.9 GLASS CERAMICS 

As already mentioned, upon cooling down of a melt below the melting point of 
crystals having the same chemical composition as the glass, then all of the glass is in 
the state of undercooled liquid. The main reason for crystallization (devitrification) not 
taking place then, is mainly due to the fact that the crystal growth, comrolled by the 
diffusion of the components, is far too slow. This is due either to the increasing viscos- 
ity of the melt with decreasing temperature, or to the fact that the number of nuclei 
from which crystallites (the smallest particles in which crystal structures can be de- 
tected) can form is too low. However, in the case of glass ceramics, the crystallite 
formation is forced in suitable glass systems, in order to obtain materials with special 
properties e.g. [4]. 

To start with, a glass melt is required from which the required object is shaped by 
pressing, blowing, rolling or casting. During subsequent thermal treatment, according 
to exactly pre-determined temperature-time-graphs shown schematically in Figure 8, 
sub-microscopic fine crystallites form, a pre-requisite for this is the addition of materi- 
als having a high melting point (usually TiO2 and ZrO2) to the melt, which start crystal- 
lization when they are exuded as nucleus-forming components. As is shown in Figure 9 
it is important that the temperature range of the maximum nucleation frequency Tnuc is 
below the temperature range of the maximum crystal growth rate Tcg; then the glass 
cannot crystallize upon cooling of the melt as long as the nuclei are still absent. Only 
when these have formed in sufficient quantities at Tnur can the required tiny crystallites 

17 .3: arise in large numbers (up to 10 cm ) upon re-heating to the temperature Tr The per 
cemage of crystals in the volume can finally amount to 50-90% depending on the 
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properties strived for. The breakthrough in the development of technical glass ceramics 
was achieved by Coming glass factories in 1957 with the fundamental investigations of 
Stookey [48-50], which led to the standard types Pyroceram 9606 and 9608 based on 
glass compositions of LiRO-AI203-SiO2TiO2. Other companies followed with similar 
products. In Europe, Schott glass factories have manufactured glass ceramics since 
1965. One of the newer highly transparent types is known as Zerodur [51]. Some of 
their properties are listed in Table 12. 

TABLE 11 

PHOTOCHROMATIC SILVER HALIDE CONTAINING BOROSILICATE GLASSES [39] AND 
THEIR SPECTRAL SENSITIVITY. 

Glass components Concentration 
in mass-% 

SiO2 40 . . . .  76 
B203 4 . . . .  26 
A1203 4 . . . .  26 
Li20 2 . . . .  8 
and/or Na20 4 . . . .  5 
and/or K20 6 . . . .  20 
and/or Rb20 8 . . . .  25 
and/or Cs20 10 . . . .  30 

Doping with silver 
halides AgX 

Halide 
sensitized with: 
As, Sn, Cu 

0.2 . . . .  0.7 (transparent) 

0,8 . . . .  1,5 (opaque) 
0,2 . . . .  0,4 

0,005 . . 0,5 

Spectral sensitivity 
AgCI-Doping 300 . . . .  400 nm 
AgBr-Doping 300 . . . .  500 nm 
Agl-Doping 300 . . . .  650 nm 

The technical importance of glass ceramics lies in the fact that their properties are 
determined not solely by the glass percentage, but also decisively by the types of crys- 
tals formed. Systems in which crystal phases of very low or even negative thermal 
expansion are formed (e.g. lithium-alumo-silicate) have become of great significance. 
Materials are obtained here with almost zero expansion over a wide temperature range, 
which are nondeformable up to approximately 800~ and completely insensitive to 
sudden changes in temperature, and thus can be used, for example, for hot plates and 
various domestic glass items and also for telescope mirror supports, laser mirror sub- 
strates, unit of length standards, etc. In the case of a different group of glass ceramics 
containing the components Si, Al, Mg, K, F and oxygen, during the ceramic process 
crystals similar to mica are formed [52-54]. These materials can be machined on a 
turning lathe due to their low brittleness, (e.g. Macor from Coming). Macor has the 
following composition (in wt%): 



SiO2 44% 
A1203 16% 
B203 8% 
MgO 16% 
K20 10% 
F 6% 
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Some properties of similar products are listed in Table 13. 

TABLE 12 

PROPERTIES OF TRANSPARENT GLASS CERAMICS 

Properties Pyroceram Pyroceram Starting glass 
for Pyroccram 

9606 9608 9608 

Zerodur 

Density (250C) 2.60 2.50 2.403 2.53 

Hardness 
Knoop kp mm "z 698 705 600 

Young's modulus 119 86 
103 mm -2 

90.6 

Poisson's ratio 0.024 0.25 0.24 

Thermal conductivity 0.87 4.70 
W m ~ K "l 

1.64 

Linear expansion 
coefficient ot 10 -7 K ~ 
(0~ 300~ 

56 4-11 33.6 1.2 

Dielectric constant 
1 MHz, 25~ 

5.58 6.78 - 7.4 

Dielectric losses 
tan6 10 .4 
1 MHz, 25~ 

15 30 - 15.5 

In the region between glass and ceramic there are also a few photosensitive types of 
glass, where crystallization is initiated by uv irradiation and commences during subse- 
quent heating. For this purpose, a few percent alkalifluoride, Zn and AI oxide must be 
present and a small quantity of silver compounds (<0.2 %) and ceroxide (<0.05%) in 
the silicate glass matrix. Electrons are separated from the Ce-ions by uv irradiation and 
trapped by the silver ions during heating up so that metal atoms form which immedi- 
ately deposit on one another as metal colloid particles. These act as nuclei for devitrifi- 
cation, which transforms the system to a yellow to brown coloured glass ceramic during 
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Fig. 8 
Thermal treatment during glass ceramic production. 
1 = melt 
2 = shaping 
3 = nucleation 
4 = crystal growth 

m m 

Fig. 9 
Temperature dependence of nucleation rate and of crystal growth rate. 
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subsequent annealing. In this way, with uv optics, photographic pictures of patterns can 
be recorded and fixed in the glass. 

TABLE 13 

PROPERTIES OF MACHINABLE GLASS CERAMICS 

Properties Glass ceramic type (Coming) 
9650 9652 9654 9656 

Linear expansion coefficient 
10-TK -1 

(25 ~ .. 400~ 
97 74 64 63 

Thermal load capacity (max.) in ~ 800 800 800 800 

Tensile strength in Pa 10 6 

at 25~ 86.3 92.2 49.1 60 
400~ 59.8 78 46 47.1 
600~ - 70.6 45.1 45.1 

Bending stiffness in Pa 10 6 255.06 343.35 - 196.2 

Young's modulus 10 3 N mm -2 60.82 63.16 56.90 58.86 

Volume resistivity 
in ~2 cm at 500~ 17 7 1011 1012 l0 ll 

Dielectric constant 
10 kHz, 25~ 6.1 5.7 5.6 5.6 

Dielectric losses 
tan 8 10 -4, 10 kHz, 25~ 30 60 60 20 

If other halides are present (bromine, chlorine), by repeated uv irradiation and 
heating, according to the degree of the latter any other colour tones can also be 
achieved based on various crystallite forms. These new <<polychromatic>) glasses 
(Coming) will presumably be applied for both technical and decorative purposes. 

It is also significant that the little crystals formed can be etched by hydrofluoric acid 
at least 10 times faster than the surrounding glass matrix. Due to these properties, it is 
possible to manufacture moukl etch parts of high precision, such as performed panels 
for displays, printing stencils and such. 

2.10 GLASS MATERIALS FOR ADVANCED TECHNOLOGY AND FOR SELECTED HIGH 
PRECISON APPLICATONS 

In this section some selected examples are given demonstrating the wide range of 
capabilities of the material glass in special segments of industrial applications. 
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2.10.1 LASER GLASSES 

Neodymium doped barium crownglass can be used as an active laser medium. This 
was shown by Snitzer [55] in 1961. After that many glass types and dopants were 
studied to be suited for laser applications. Nd with its fluorescence at 1.06 lam turned 
out to be the most important activating ion species. The exact wavelength of the 
emitted radiation and its linewidth are dependent from the glass composition. Phos- 
phate glasses were found to be best suited as the host medium, particularly for high 
power lasers. Several requirements must be fulfilled by the active laser medium 
[55-58]  : 

The pump light should be highly absorbed by the laser glass and it should emit as 
much laser radiation as possible. 
The lifetime on fluorescence should range from 100 ~sec to some milliseconds. 
The optical homogeneity must be excellent and the internal damage threshold 
must be high to withstand the intensive radiation. That means, no absorbing inclu- 
sions as e.g. Pt-particles (from the Pt melting pot[56]) are allowed. 
Since the refractive index of glass is increased by intensive laser radiation given 

2 by the non-linear refractive index n2 (n = no + n2 -<E >, with no = mdex m absence 
of intense radiation, E = the electric field strength of the light beam) its magnitude 
should be as small as possible to avoid self-focussing of the laser beam. 
Generally temperature gradients should be kept to a minimum to prevent optical 
path length changes influencing the beam quality. Considering these requirements, 
several laser glasses doped with various concentrations of Nd were developed 
successfully by Schott and Hoya [59]. 

The very powerful Nd glass laser is used for many technical applications in a 
quasi-continuous mode of operation as for instance for cutting, welding and drilling. 
A special high average power laser glass APG-1 was developed [60] for such appli- 
cations with reduced coefficient of thermal expansion and increased thermal conduc- 
tivity and Young's modulus. 

The most powerful existing glass lasers are used in nuclear fusion experiments. 
Operated in the pulse mode a single pulse duration of I ns  amounts to 120 kJ which 
corresponds to a power of 120.10 ~2 W. Focussed to 0.1.mm in diameter the target 
reaches about 20 million ~ 

2.10.2 GLASS CERAMICS AND ULTRA LOW EXPANSION GLASS IN OPTICS 

The technical importance of glass ceramics, produced under different trade names 
by various glass companies, was already mentioned in 2.9 .With the code number 
7971 Corning [61] developed an ultra low expansion titanium silicate glass, manu- 
factured by flame hydrolysis. This glass, called ULE, is formed as large boules, 
typically 1.5 m in diameter by 0.15 m in thickness, from which virtually any size 
product can be fabricated using a variety of techniques. Both materials have a thermal 
expansion of even less than 0.2.10 -7 K, "1 and are transparent between 0.5 and 2.31am. 
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Their non-porous structure, high isotropy and optical homogeneity allow the materi- 
als to be processed like optical glass. After super-polishing extremely smooth sur- 
faces with roughness values of only a few angstroms have been achieved. These 
properties make such materials important for high precision optical applications as, 
for instance, frames and mirror blanks in ring laser devices and for mirror substrates 
in various telescopes. 

2.10.2.1 LASER GYROSCOPES 

Laser gyroscopes are modern instruments for very precise angle measurement 
based on the Sagnac effect [62]. He/Ne-Laser Gyroscopes are used today for naviga- 
tion of air planes and rockets. Such devices require an extremely high dimensional 
stability against temperature fluctuations and the used materials must also have a low 
permeability for helium. The laser blanks must be extremely smooth to avoid light 
scattering of the mirrors [63]. 

Using thermocompression bonding it became possible to build gyrometers that 
measure the rate of rotation around three axes [64]. This required overcoming diffi- 
cult micromachining problems such as drilling three cavities through a block of glass 
ceramics for the laser beams to propagate. By using now only one gyroscope instead 
of three, size, weight and costs were reduced. This new laser-based triaxial gyrometer 
may become important in the aviation market. 

2.10.2.2 SPACE TELESCOPES 

The dimensional stability under thermal unstable conditions make glass ceramics 
and ULE glass, because of their extremely low thermal expansion, best suited for 
precise astronomical mirror blanks. Various sophisticated telescope projects were 
realized with these materials ranging from X-ray telescopes; to visible and infra-red 
airborne systems. Zerodur (Schott) is one of the often used glass ceramics for such 
mirrors [65]. Particularly for the X-ray telescopes the surface roughness must be very 
low to avoid X-ray scattering. In fact, roughness values of less than 4 angstr6ms have 
been achieved [66]. 

An important advantage of ULE (Coming) is the possibility to fabricate light- 
weight blanks because of the low density of 2.21 g.cm 3 of the glass itself (glass 
ceramics have values between 2.5 and 2,6 g.cm "3) and because of using special ma- 
chined and fused core structures and bonding techniques [67]. 

Such mirrors are capable to withstand stress imposed by launch and the space 
environment, including extreme and rapid temperature variations, high vacuum, zero 
gravity, vibration and shock. 

The demanding dimensional stability requirements of NASA's Space telescope 
named after one of the leading American astronomers, Edwin P. Hubble are met by 
this ultra low expansion glass Coming 7971. The Ritchey-Chretien telescope with 
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only 10 tons is now in orbit 480 kilometres above the earth. With it is possible to 
detect objects at least 50 times fainter than with the present largest ground-based 
telescopes. This is a tremendous improvement in science of astronomy. 

2.10.2.3 LARGE GROUND-BASED OPTICAL TELESCOPES 

Telescope designs for ground-based astronomy are driven by the need for large 
apertures to collect the faint energy of far distant astronomical objects. Thus the pri- 
mary mirror design is often the most critical element in determining the parameters of 
the whole system and affects the system mass, mechanical structure and enclosure 
design. In contrast to a monolithic design, large telescopes are often composed of a 
certain number of smaller' for instance, hexagonal off-axis segments [67]. This tech- 
nique was used in the fabrication of the W.M.Keck telescope 10 m primary mirror (36 
hexagonal mirrors plus 6 spare mirrors) [68]. Monolithic telescope mirrors up to about 
4 m in diameter can be found in observatories round the world. However, the largest 
monolithic telescope project, nearly finished, is the Very Large Telescope VLT of the 
ESO (European Southern Obersrvatory). It consists of an array of 4 telescopes having 
each a monolithic thin glass ceramic mirror blank with a diameter of 8.2 m and a thick- 
ness of only 18 cm requiring a computer-controlled support system. The total light 
collecting power of the four mirrors corresponds to that of a single monolithic mirror 
with a diameter of 16 m. For the manufacturing of the thin menisci the modem spin- 
casting technique was chosen. With that only 45 tons of glass were required. After 
filling the casting mold with the amount of glass needed it was subsequently rotated at 
an angular velocity of about 6 min ~ in order to obtain the approximate shape of the 
mirror surface. When the glass viscosity became high enough to maintain the surface 
figure the rotation of the casting mold was stopped and the mirror blank transferred into 
an annealing lehr to cool down slowly to room temperature. After some machining a 
second heat treatment transformed the glassy blank into zero expansion glass ceramic 
material. 

After grinding and polishing the final optical surface was found to be correct to 
within 5.10Smm (50 nm). This surface accuracy, made by REOSC in France, is 
equivalent to a deviation of only 1 mm over a surface of 165 km in diameter! [69 ]. 

2.10.3 GLASSES FOR PHOTONICS 

In merging of optics and electronics to photonics, standard optical glasses flint and 
crown, fused silica, uv-materials, heavy metal fluoride glasses and conventional infra- 
red materials, continue to be basic materials for transmission and processing of infor- 
mation with light. Today's explosion in the use of photonic systems for a host of com- 
mercial, manufacturing, transportation, military and medical applications, induced a 
dramatic increase in the need of optical components with tight technical specifications 
and high-quality surface finish and profile. Photonics requires: windows, lenses, filters 
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prisms, mirror blanks, domes, cylinders and fibers from uv to ir. These components are 
often only subsystems within large, complex devices. Mask making equipment for 
semiconductors, high quality laser printing systems, airborne environmental and survey 
cameras, robotic vision systems, and so on. Both, macro and micro optical components 
are required [70]. 

2.10.4 GLASS FOR THE BUILDING INDUSTRY 

Glass is becoming an increasingly important feature of modem architecture opening 
up a wide range of new possibilities for creative design and artistic expression. It is best 
suited for a variety of applications involving thermal insulation, noise reduction, safety 
improvement, fire prevention and solar protection. With many of this single special 
glasses multifunctional combinations are possible demonstrating the enormous poten- 
tial of modem glazing [71,72]. 

2.10.4.1 THERMAL INSULATION 

The coefficient of heat transmittance U of a glass pane indicates the loss of energy 
through the area of the pane. The U value of an ordinary window glass of 4 mm thick- 
ness is about 5.8 W.m2.K 1. The U-value of conventional insulating glass panes is 
generally dependent on the cavity between the panes and on the medium, air or inert 
gas, contained in the cavity. With an air space of 6 mm the U-value is 3.5 W.mZ.K l 

2 1 and will be further decreased to 3.0 W.m .K by increasing the air filled cavity to 12 
mm [73]. Improvement of the U-value to 1.2 W.m2.K l with solar reflective insulating 
glass is mainly achieved by a thin coating of noble metal, e.g. silver, on one glass pane 
[74]. Because the spectral composition of the light passing through the panes is modi- 
fied only negligibly, the colour climate in a room will remain practically unaffected. 
When outside objects are viewed through the coated glass, no colour distortions are 
apparent. It is only when the view through the glass is compared with the view through 
an open window that a slight shading can be perceived. 

2.10.4.2 NOISE REDUCTION 

Noise is not simply noise and every noise source is different and produces a differ- 
ent range of frequencies. Therefore the glazing requirements near an airport, for exam- 
ple, differ considerably from those near a motorway. Various sound reducing double- 
glazings units commercially available offer solutions for practically all noise sources. 
Such double-glazing units may be formed by a combination of a thin pane and a thicker 
outer pane with a special gas filling in the cavity. A special superior quality of 
sound-reducing glazing consists of several panes of cast-in-place resin for enhanced 
noise reduction [73,74]. 
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2.10.4.3 SAFETY IMPROVEMENT 

Security insulating glass is available in various categories [73,74] to suit the location 
and type of building in question. It ranges from resistance to manual penetration to 
bullet resistant glass. In the last case it is often necessary to apply especially tough glass 
that is able to withstand hammers, axes, fire arms and even explosives. With an embed- 
ded conductor loop it can be linked to a standard alarm installation. The glass panes can 
also be coated for further functional or decorative reasons. 

2.10.4.4 FIRE PREVENTION 

This type of glass comprise a special sandwich construction made up of a series of 
layers of float glass laminated with a number of layers of fully transparent liquid glass. 
(Water containing viscous alkali silicate). The number and thickness of these layers 
depends on the fire resistance category required. In case of fire the interlayers foam up 
to form a tough protective shield that holds the float glass layers together and keeps fire 
and smoke at bay for a period of e.g. 30 to 90 minutes. Such glazing also provides 
thermal insulation. Foaming starts at a temperature of approximately 120~ in the 
interlayer closest to the fire. Up to this moment the laminated glass system remains 
transparent [73,74]. 

2.10.4.5 SOLAR PROTECTION 

Glazings may present a vast sun trap. Interiors of a building heat up and create a 
clammy atmosphere. The aim, therefore, is to achieve a favourable ratio of day-light 
transmittance to total energy transmittance. Coating the inner side of the outer glass 
pane in a double glazing with a thin noble metal layer modifies the transmission / 
reflection property of the incident solar radiation. In some cases by coating also the 
emissivity of the glass can be reduced from about 85% to lower than 20%. This, how- 
ever, is only possible with electrically conducting layers. 

By that means the transmittance of radiant heat is minimized, but a high amount of 
incidental sunlight is allowed to pass through. Thin films of Au, Ag, SnO2, Bi203 and 
TiO2 are applied in such commercial glazings. 

Besides spectrally selective coatings also angular coatings and electrochromics 
based coatings are proposed for this purpose [75]. 
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CHAPTER 3 

3. NATURE OF A SURFACE 

The surface of a solid material is the place where the material is in contact with 
the surrounding medium. The term "surface" is used if the medium is vacuum or a 
gaseous atmosphere. The contact with liquids or other solids is termed an "inter- 
face". Surfaces and interfaces are a universal phenomenon of the real structure of 
solid materials. The open arrangement of surface atoms or molecules compared with 
those of the bulk leads to special surface properties. Generally, the changes in the 
physical and chemical properties of surfaces are not limited to their topmost mono- 
layer but to a more or less extended transition region. 

Surfaces have received the attention of many scientists, and through the centuries 
many investigations of their properties have been undertaken. Early experiments 
concentrated mainly on an extensive study of their attractive forces. Thus, for exam- 
ple, Newton [1,2] was familiar with the phenomenon of two flat glass plates which, 
after being pressed together, could hardly be separation. He also knew that the pres- 
ence of a liquid between the plates made the separation much more difficult. A 
number of experiments to study the rise of liquid columns in capillaries of varying 
diameter were carried out later [3,4,5,6]. From investigations of crystal growth, it 
follows that growth takes place predominantly by stepwise addition of atoms on 
surfaces or interfaces [7]. Degrading effects such as corrosion, abrasion and wear 
also occur on the surface or in regions near the surface. 

Today, it is generally accepted that many technical material problems are in real- 
ity surface problems. This apparently is the reason for the great effort being invested 
in studying surface properties and for the development of various surface-treatment 
technologies. 

3.1 CHARACTERIZATION OF A SURFACE 

A surface is characterized by various specific physical, mechanical and chemical 
properties. The surface structure can be crystalline, amorphous or of a mixed type 
and be very different from the bulk. The atoms in the surface have a higher potential 
energy. The properties of surfaces are determined by surface forces and surface 
energies. 

Depending on material and treatment, the surface can be an insulator, a semicon- 
ductor or a conductor. Technically produced surfaces are flat or curved. A distinc- 
tion is made between flatness, waviness and roughness. The surfaces contain defects 
on an atomic and on a macroscopic scale. Such atomic defects are: point defects, 



41 

dislocation lines, monoatomic ledges on cleavage planes. Macroscopic defects are: 
polishing scratches, glass-drawing asperities, pores due to less than theoretical den- 
sity of the material, grinding scratches, crystallite boundaries, surface warp and 
fused particles. The different nature of these defects requires a variety of methods to 
characterize quantitatively the condition of a surface. Finally, surfaces are charac- 
terized by a different chemical composition from that of the bulk material. This phe- 
nomenon depends on the generation and treatment of a surface, adsorp- 
tion/desorption processes, surface swelling, leaching, surface reactions and segrega- 
tion effects. 

3.1.1 STRUCTURE OF A SURFACE 

For the investigation of surface structures, electron-diffraction techniques such as 
LEED [8] and HEED [9] are mainly used. Recently, an effort has also been made to 
obtain structural information by spectroscopic techniques, i.e. SIMS [ 10]. The clean 
surface of a single or polycrystalline material is structurally heterogeneous. 

There are several different atomic positions that are distinguishable by their 
number of nearest neighbours. There are atoms in terraces, where they are sur- 
rounded by the largest number of neighbours. There are also atoms in steps and at 
kinks in the steps. However, these sites have fewer neighbours than the atoms in the 
terraces. Adatoms that are located on top of the terrace have, of course, the smallest 
co-ordination number. This simple model describes the real situation very well. It is 
interesting to note that each of the surface sites may have a different chemical reac- 
tivity [11,12,13]. This explains much of the complexity revealed in studies of het- 
erogeneous catalysis or corrosion. Surface atoms in any crystal face are in an aniso- 
tropic environment, which is different from that around the bulk atoms. Each bulk 
atom has a markedly higher crystal symmetry than atoms placed on the surface. The 
changed symmetry and the lack of neighbours perpendicular to the surface favours 
displacement of surface atoms in ways that are not allowed in the bulk. 

Surface relaxation can give rise to a multitude of surface structures, depending 
on the electronic structure of a given material. These displacement reactions are 
called surface reconstruction's. The surfaces of many metal, semiconductor and 
compound materials have atomic structures that are different from those expected 
from the projection of the X-ray bulk unit cell. The phenomenon is not fully inter- 
preted. Further studies are required to understand the mechanism and nature of sur- 
face restructuring. 

The energy released by the creation of a surface can also induce chemical 
changes. Surfaces of aluminium oxide and vanadium pentoxide exhibit both non- 
stoichiometry and surface reconstruction [ 14]. Both oxide surfaces show a deficit in 
oxygen. Similar effects were also observed with alkali halides. 

Technical surfaces are almost always exposed to the atmosphere, in practice, and 
are therefore, depending on the nature of the surface, covered with an oxide film 
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and/or adsorbed gases and water vapour. Adsorption and compound formation are 
not limited to the geometrical surface but can also occur at the grain boundaries. 

Thicker compound films can be amorphous. In contrast to crystalline materials, 
the polymeric structure of glasses shows a lack of symmetry and periodicity. The 
constituent atoms have a statistical distribution and hence processes like gas sorption 
and corrosion, occurring on a fresh surface made by fracturing, should proceed al- 
most uniformly over the surface. Experiments with certain technical multicompo- 
nent glasses, however, showed that glass may contain small domains of varying size 
in the range between 0.01 and 0.1 lam. The domains are regions of differing chemi- 
cal composition and may also be crystalline. That means, for example in the case of 
water-vapour adsorption, higher H20 concentrations in regions containing more 
hygroscopic oxides. Glass surfaces are often chemically cleaned or annealed. During 
such treatments they lose soluble and volatile components leaving behind a silica- 
enriched layer consisting, in the case of soda lime glass, of silicon and oxygen in a 
random network structure as in fused silica [15]. The porous films that form on 
weathered glass are also non-crystalline silica. 

Particular types of macromolecules, production technologies used, or later treat- 
ments may cause organic glasses also to contain small crystalline domains. Although 
these domains are small compared with the wavelength of light, they cause a more 
or less milky appearance in such heterogeneous materials. It is therefore likely that 
super lattices are formed. There have been no special investigations on the, surface 
structure of organic glasses. It can be assumed, however, that some crystalline areas 
may also exist on or near the surface. 

3.1.2 CHEMICAL COMPOSITION OF A SURFACE 

Until recently, analytical investigations of surfaces were handicapped by the lack 
of suitable methods and instrumentation capable of supplying reliable and relevant 
information. Electron diffraction is an excellent way to determine the geometric 
arrangement of the atoms on a surface, but it does not answer the question as to the 
chemical composition of the upper atomic layer. The use of the electron microprobe 
(EMP), a powerful instrument for chemical analyses, is unfortunately limited be- 
cause of its extended information depth. The first real success in the analysis of a 
surface layer was achieved by Auger electron spectroscopy (AES) [ 16,17], followed 
a little later by other techniques such as electron spectroscopy for chemical analysis 
(ESCA) and secondary-ion mass spectrometry (SIMS), etc. [18-23]. All these tech- 
niques use some type of emission (photons, electrons, atoms, molecules, ions) 
caused by excitation of the surface state. Each of these techniques provides a sub- 
stantial amount of information. To obtain the optimum Information it is, however, 
often beneficial to combine several techniques. 

In considering the possible surface compositions, we must distinguish between 
single and multicomponent materials. The composition of a given material in the 
topmost layer is in both cases generally very different from the bulk composition, 
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for several reasons. Technical surfaces have modified surface compositions owing to 
the method used to create the surface. Cleaning procedures and finally adsorption of 
gases and vapours, possibly covered up as a result of surface reactions, modify the 
surface composition. In the case of gas adsorption in a multicomponent material 
with sufficiently mobile atoms, surface enrichment of one constituent can occur by 
the formation of preferred strong adsorption bonds (chemisorption, chemical reac- 
tion) at the expense of other constituents that form weaker bonds. Materials with 
mutual regular solution behaviour of their constituents minimize their surface free 
energy by a segregation of that component with the lower surface tension. Embed- 
ded or solute atoms and molecules with space requirements different from those of 
the atoms of the host-lattice cause excessive strain in the material, so that generally 
segregation of the component that is a misfit in the lattice occurs. In the case of the 
formation of stable compounds of high lattice energy, the possible segregation in- 
duced by the different surface tensions of the constituents ceases if the necessary 
exchange energy exceeds the influence of surface forces. If no other effects occur, 
the surface composition under those conditions is the same as the bulk composition 
[24]. 

With multicomponent amorphous polymeric materials, prediction of the occur- 
rence of a surface enrichment effect is very difficult because of many uncertain pa- 
rameters. With worked multicomponent silicate glasses, the wet grinding and pol- 
ishing process, and the cleaning with liquids, leaches out the soluble constituents, 
e.g. the alkali and pal'tially also the alkaline earth metal oxides. The silica network is 
modified by chemical and physical water uptake and varying amounts of the oxidic 
polishing agents which are incorporated into and near the surface. A glass surface 
made by fire polishing or by casting has a composition that depends on the extent to 
which the more volatile constituents have evaporated and been replaced by diffusion 
from the bulk material. In addition to the lowering of mainly the alkali surface con- 
centration, reaction or corrosion products may also be deposited. Treatment with 
acids extracts all the basic oxides, leaving behind a silica-enriched surface layer. 
That means that, after acid cleaning, different types of glass of evidently varying 
volume composition tend to have almost the same surface composition. The thick- 
ness of surface layers with modified composition on glass is, depending on the type 
and duration of treatment, generally in the range between 1 and 100 nm. 

The surface composition of clean plastics is generally homogenous. Surfaces 
produced by injection moulding may be covered with mould-release agents or other 
processing impurities that are hard to remove. To eliminate dust-collecting electrical 
charges generated during processing, the surfaces are often provided with antistatic 
layers, which can be removed by washing with water. Surface swelling occurs in 
contact with many organic solvents and with water. Careful thermal treatments dis- 
place the absorbed liquids without degradation of the plastic, and the swelling dis- 
appears. Plastic substrate surfaces are sometimes treated with a non-gassing base 
coat to improve surface smoothness and to promote adhesion of a later metal coat- 
ing. The base coat can also play a significant role in matching a given coating- 
substrate combination. 
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3.1.3 ENERGY OF A SURFACE 

The creation of a surface requires work [25]. This process is always accompanied 
by a positive change in free energy S. The surface tension 7 is the reversible work 
required to create a unit area of surface at constant temperature, volume, and chemi- 
cal potential. The surface area may be increased by adding more atoms or molecules 
to the surface or by stretching the existing surface. Surface-tension investigations of 
solids result, depending on the experimental conditions, in values that are a combi- 
nation of values for both surface tension and surface stress, and it is very difficult to 
distinguish one from the other. With liquids, there is no difficulty in distinguishing 
between surface stress and surface tension because the diffusion of atoms in the 
liquid is fast enough to prevent or to remove the stress. 

Another problem with solid surfaces is the lack of data on surface tension as a 
function of temperature. Most data available are for higher temperatures. Although it 
can often be assumed that the surface tension decreases with increasing temperature, 
the behaviour over larger temperature ranges is usually unknown. The surface ten- 
sion of a solid also depends on the crystallographic orientation and on the crystallite 
size, which determine the influence of curvature on surface tension. Both parameters 
further increase the difficulty in obtaining reliable surface-tension data. 

TABLE 1 

SURFACE FREE ENERGY OF OXIDES 

Material Surface free ene rgy  Tempera tu re  Reference 
S (erg cm "2) T (K) 

AI203 928 300 [26- 28] 
B203 96 solid [29] 
BaO 290 1373 [30] 
CaO 820 298 [31 ] 
FeO 854 300 [32] 
MnOz 620 2123 [33 ] 
PbO 132 1173 [34] 
Si02 605 298 [31 ] 
YiO2 380 MP [35] 
ZnO 90 [36] 
ZrO2 1130 - 770 <1423 [37,38] 

In Table 1, the surface free energies of several important oxides are listed. As 
may be seen in the table, the differences between the various Materials are remark- 
able. In single and multicomponent. Materials the tendency towards the lowest pos- 
sible value of surface free energy is the reason for recrystallization effects and for 
sorption, phase separation, and segregation phenomena. Surface enrichment of the 
component with the lowest surface-tension value is generally observed. Calculations 
of the surface-tension and surface-enrichment effects were made for alloys (real 
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solutions) using the values of the pure elements [39]. The surface energies of multi- 
component silicate glass at 1000~ are between 200 and 300 erg.cm.  With alkali 
glass, the surface free energy may be reduced by sodium migrating to the surface. It 
can be expected therefore that the surface free energy of freshly fractured surfaces 
will be higher than that of a melted sample. It is interesting to note that water vapour 
reacts with glass surfaces and decreases the surface tension. Other atmospheric 
gases, however, have no significant influence [40]. Later results in data collection of 
published values for the surface tension of glass [41 ] are listed in Table 2. An in- 
crease of temperature of the molten glass often decreases its surface tension. With 
the same glasses, a sharp decrease of surface tension was observed between 600~ 
and 750~ [42], the range in which the glass softens. 
Temperature coefficients of surface tensions between - 0.4 and - 0.02 dyn cm 1 .~ 1 
[42-44] were measured and, depending on the glass composition, positive coeffi- 
cients [45,46] as well as the negative TC values were observed. The influence of 
glass composition on surface tension was studied by substituting one oxide compo- 
nent for another [44]. An increase in y was observed by adding oxides in the se- 
quence Na20, BaO, CaO and MgO. It is assumed that the surface tension of glass 
can be treated as an additive function of composition [47]. No data are available for 
organic glasses. It is very likely, however, that their surface free energy values are 
below 80 erg cm ~. Surface energy can be reduced by segregation products of poly- 
mer impurities and low-molecular-weight species. 

TABLE 2 

SURFACE FREE ENERGY OF SILICATE GLASSES 

Material Surface free energy Temperature Reference 
S (erg cm "2) T (~ 

Soda-lime silicate 
glasses 270 - 330 1100 - 1400 [41] 
Soda-lime borosili- 
cate glasses 244 - 278 1000 - 1400 [41 ] 
Lead silicate glasses 142- 235 1000- 1300 [41] 

A knowledge of surface energy is important because it influences the adsorption 
of gases, wetting by liquids, adhesion to solids, and frictional resistance. 

3.1.4 MORPHOLOGY OF A SURFACE 

The morphology of a surface is a very important property since it influences 
physical and chemical behaviour of a material (e.g. light scattering and heterogene- 
ous catalysis).In the case of a coating process, the surface is also the place where the 
film-substrate interaction influencing many properties of the deposited film (e.g. 
adherence, microstructure, topography) occurs. One of the most common methods of 
forming surfaces on glass is by optical working, but it is difficult in this case to for- 
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mulate generalisations about the surface finish. When in a fire-polishing process 
glass is melted and cooled down, the surface is as smooth as that of a liquid. Once in 
contact with the atmosphere, however, the surface may be rapidly attacked by vari- 
ous corrosive agents, developing fissures and making the material porous, although 
glass is generally nonporous. A less perfect surface finish is often obtained by the 
technical wet-grinding and polishing processes. The topography and the nature of 
surfaces on optically worked glass depend on the type and mechanism of the applied 
polishing process. 

The irregularities of a surface can be classified into three components of different 
periodicities. As may be seen in Fig. 1, "flatness" has the longest periodicity of sev- 
eral centimetres or even more. A medium value of periodicity of the order of the 
wavelength of light is referred to as "waviness" and the shortest values in the nano- 
meter region are designated "roughness". The flatness or planarity of substrates is of 
main importance in the production of high quality mirrors and filters. It is inspected 
by various interferometric techniques utilising a reference glass (mirror). The entire 
substrate is viewed and the interference fringes form a contour map of the surface. 
Atomically-fiat surfaces over large substrate areas are almost unattainable. Even the 
best single-crystal substrate acquires defects in the fabrication and manufacturing 
process. 

X 
b 

t2 

Fig. 1 
Schematic representation of the surface topography of polished glass (a): and the various compo- 
nents of topography (b, c, d). 

A very good technique for the characterization of the smoothness of a substrate is 
the well known stylus technique. With this technique, the surface waviness and sur- 
face roughness can be determined very rapidly, and a quantitative measure of the 
surface quality is also obtained. Polished crystal plates such as sapphire and polished 
vitreous materials as, for example, fused silica, silicate glasses and organic polymers 
show very uniform surfaces and yield smooth stylus traces. Drawn glass also has 
smooth surfaces, with occasional surface irregularities of approximately 100 nm in 
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height that stem from the forming operation. Drawn borosilicate glass, however, 
tends to be wavy because of its relative high drawing temperatures and the short 
working ranges. The deviations from a flat plane, however, are generally negligible. 
Roughness and scratches are more critical. These defects are replicated by the de- 
posited layers or propagate into the films as, for example, dislocations continue into 
epitaxial layers and even fine scratches in the surface generate irregularities in the 
films. 

3.1.5 INTERACTIONS SOLID/GAS AND SOLID/SOLID 

Surfaces always differ in behaviour from the bulk of a material because of the 
abrupt changes that occur at and near phase boundaries. Surface atoms and mole- 
cules are not in equilibrium states, since they are neither in one phase nor in the 
other. Unsaturated bonds abound. This leads to an excess energy associated with the 
surface, the so-called surface free energy which has different values for different 
crystallographic orientations. There are different ways to minimize surface energy. 
A simple way would be to reduce the surface area under the influence of surface 
tension. But this is not realistic with solid materials. Surface free energy, however, 
can also be lowered by adsorption and segregation phenomena. 

One of the most characteristic properties of a solid surface is its ability to adsorb 
gases and vapours. Adsorption occurs as a result of the interactions between the field 
of force at the solid surface and that existing around the molecule of the gas or the 
vapour which is to become adsorbed. For vapours at pressures near the saturation 
pressure and for gases showing a specific chemical affinity for the solid, the amount 
of adsorption can be substantially larger and may approach or even exceed the point 
of monolayer formation. Adsorption is classified as physical if it involves only Van 
der Waals' forces and chemical if an exchange or sharing of electrons also take 
place. Both types can be distinguished by the heat of adsorption. In chemisorption 
the heat of adsorption is of the order of the heat of chemical reactions (e.g. AH =_ 10- 
30 kcal. molel),and so it is, in general, much higher than for physical adsorption 

(e.g. - AH _= 2-6 kcal. mole1). However, much smaller values can also be obtained 
for true chemisorption. Thus, for example, a value of 3 kcal. mole 1 was reported for 
chemisorbed hydrogen on glass [48,49]. In principle, chemisorption can even be 
endothermic, like certain bulk chemical reactions. A further distinction can be made 
by the rate of adsorption. Like other chemical reactions, chemisorption is usually an 
activated process and so it proceeds at a finite rate that increases with rising tem- 
perature. The non-activated physical adsorption is fast at all temperatures, even at 
the very low ones. A distinction can also be made by the thickness of the adsorbed 
layer. Chemisorption is always confined to a single atomic or molecular layer 
whereas in physical adsorption the layer, though monomolecular at lower pressure, 
will become multimolecular at higher relative pressures. 

Sorption phenomena have been extensively studied and there are many books 
and review articles available [50-59]. Silicate glass usually has a great affinity for 
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water vapour. Besides containing smaller amounts of CO2, 802, 02, N2 glass in- 
variably contains water bound in the bulk structure and on the surface as hydroxyl 
groups and, mainly on the surface, also as adsorbed H20 molecules. A schematic 
presentation of adsorbed water on glass is shown in Fig. 2. It seems that physical ad- 

\ / /\Ha+ 
O. .H 

~I \ 

Fig. 2 
Schematic of the formation of a water film on glass by adsorption. The typical reactions are: 

- S i - O - S i -  + H20 = - S i - O H  + H O - S i -  
I 

In the physisorbed film mainly Van der Waals forces are responsible for bonding: 

1-18+ 

/ 

sorption occurs only on sites where hydroxyl groups are chemisorbed [60]. A fresh 
surface of, for example, soda-lime silicate glass in contact with an atmosphere of 
unsaturated water vapour reacts (chemisorption) on active surface sites and forms 
O H  ions and it is also partially covered by adsorbed (physisorption) H20 molecules. 
During longer exposure, the adsorbed water reacts with the alkali component in the 
glass, yielding alkaline solutions on the surface, which attack the silica network, 
forming silica gel. Contact with various gases, e.g. CO2 may lead to surface absorp- 
tion by the alkaline aqueous layer. It is obvious that adsorption phenomena on mul- 
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ticomponent silica glass are rather complex. When glass is heated in a vacuum, gas 
may be released both from the surface and from the bulk, depending on the applied 
temperature. The nature and quantity of gases evolved during baking in a vacuum 
was extensively studied [61-65] and was shown to depend on glass type, manufac- 
ture technique, and surface treatment. A large collection of data appears in [66]. For 
ordinary glass, the surface-water is removed by baking at 450 - 500~ or below. The 
ratio of the liberated gases H20: CO2" N2 is about 100:10:1. In temperature treat- 
ments above 550~ also, and mainly in the temperature range at which glass softens 
and melts, the chemically-bound water in the interior is dissociated and is released 
into the atmosphere [67,68]. Organic glasses also adsorb water vapour. They also 
show permeation. For polystyrene, the total water sorption is about 0.3% and the 
coefficient of permeation is 7.8 • 1 0  -6 c m  2 s "! [69]. Larger differences in the per- 
meation property are caused by different solubilities. In general, there is no chemical 
reaction between the plastic-polymer surface and the water vapour. 

The solid/solid interaction is concerned with the nature and properties of the ad- 
hesion between glass surfaces and the surfaces of other solid Materials. The ASTM* 
defines adhesion as ,,a condition in which two surfaces are held together by either 
valence forces or by mechanical anchoring or by both together" [70]. The bonding 
forces can be Van der Waals' forces, electrostatic forces (charging effects) [71] 
and/or chemical-bonding forces which are effective across the Interface. The result- 
ing adhesion energies are found to be between 0.1 and 10 eV. The physisorption 
contributes up to approximately 0.5 eV of energy to the adhesion. The force lies 
between 104 and 108 dyn.cm 2. The energy contributed from chemical bonds ranges 
between 0.5 and approximately 10 eV. The corresponding forces are greater or 
equal to 10 l l  dyn.cm 2 . 

The quality of the adhesion depends to a large degree also on the microstructure 
of the interface layer that is forming. A distinction is made between five types of 
interface layers [72-74] based on effects such as mechanical anchoring, more or less 
abrupt material transition, chemical bonding, and diffusion as well as pseudo- 
diffusion. More details on this topic are given in Chapter 5. This seemingly clear 
picture of differing interface layers and types of interaction is clouded owing to the 
fact that surfaces do not behave uniformly because they are under the influence of 
so-called active and passive centres. Active centres include, for example, grain 
boundaries, dislocations, vacancies, chemical inhomogeneities or crystallite faces 
with varying chemisorption free energy and activation energies of the chemisorp- 
tion. Passive centres also exist analogously to the active centres. Passive centres are 
surface areas already covered with foreign material at which no chemisorption can 
take place to any great extent. The quality of adhesion improves with time in some 
cases, e.g. Ag on glass; this phenomenon is explained by the slow formation (diffu- 
sion) of an oxygen-bonded interface layer. Adhesion is determined in a complex 
way by the sum of various intermolecular atomic interactions and may be influenced 
by various parameters; these will also be discussed later in Chapter 5. 

* ASTM = American Society for Testing and Materials. 
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3.2 PRODUCTION OF GLASS SURFACES 

In the industrial production of glass, a distinction must be made between mass 
production for container glass and flat or sheet glass, and the production of more 
special products like fibre glass for technical purposes and, in the highest qualities, 
for optical communications. Finally, there are high quality products like optical 
glasses and glasses for electronics, space technology, and biomedical applications. 
Although glass containers are also coated with various films [70-73], the interest of 
this monograph is directed more towards coatings on fiat glass and on miscellancous 
optical glasses. 

The evolution of glass-production technology has been steady but rather slow. It 
is interesting that this is in sharp contrast to the very rapid evolution of thin-film 
technology. The soda-lime silicate glass known since early times is still the basic 
glass material, and this will not change in near future. The estimated amount of the 
world production of glass in 1993 reached about 80 million metric tons [84]. Most 
of the glass is used in the container industry, and only about 25% of it is fiat glass. 
The saleable capacity of float and sheet glass in the European Union is estimated 
[85] as 5,94 million metric tons for 1995 with a forecast of future capacity, based on 
known changes, of 6,12 million metric tons for end of 1997. Of this quantity, about 
75% is used for glazing in buildings, 22% in the automotive industry, and only 3% 
in other branches. Although there are more than 250 different types of optical 
glasses in use, the total quantity is small compared with that of fiat glass. The ten- 
dency to reduce the weight and to achieve an acceptable level of safety led to the 
fabrication of thin laminated glass structures and also, because of the lower costs, to 
an increase in the use of organic-polymer glasses. The numerous scientific and tech- 
nical applications of glass require quite different surface qualities. In the field of 
thin-film physics, the need for well defined surfaces is widely recognized. It is rec- 
ognized that the quality of a surface finish depends strongly on the applied produc- 
tion technology. The most important surface manufacturing methods are therefore 
briefly reviewed here. 

3.2.1 DRAWING AND CASTING 

The fabrication of sheet and plate glass by the well-established Fourcault, Lib- 
bey-Owens and Pittsburgh methods [74,75] uses drawing processes. In a vertical 
sheet-glass machine, for example, the molten glass passes a slot of debiteuse which 
also forms because of cooling a highly viscous glass ribbon. During further cooling, 
this ribbon runs through transporting equipment consisting of many shaping rolls of 
polished steel. The glass ribbon has a width of 2-3 meters and its adjustable thick- 
ness is between 0.9 and 6.5 mm. The composition of the surface of flame-polished 
glass is variable and depends on the extent to which the more volatile elements have 
evaporated and been replaced by diffusion from the bulk. During cooling, a rather 
smooth surface is created under the influence of the surface tension. Most applica- 
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tions of plate glass manufactured this way, apart from mirror glass, demand no sub- 
sequent machining. The plane parallelity of the two surfaces, however, is disturbed 
to a variable degree by the waviness of the glass. 

Since the early 1960's, the classical manufactured sheet and plate glasses have 
been increasingly replaced by a modern fiat glass product called ,,float glass". This 
product has the quality of the best mirror glass and can be fabricated in one run. The 
float-glass process is the result of intensive experiments carried out in the laborato- 
ries of Pilkington Brothers Ltd. [75]. The glass type and melting procedures are 
similar to those used in the other fiat-glass manufacturing methods. Instead of being 
drawn, however, the melt is cast on a float band which consists of molten tin. The 
tin bath has a width of 4 to 8 meters and is about 60 meters long. At the entrance of 
the float band, where the molten glass first comes into contact with the tin surface, 
the temperature of the liquid metal is 1000~ At the end, it is only 600~ Special 
rolls take the glass off and transport the ribbon through a cooling tunnel. During this 
treatment, the temperature decreases to about 200~ Further cooling to room tem- 
perature is performed in open transporting equipment. Finally, the fiat glass ribbon, 
which can be adjusted to thickness' between 1.5 mm to 20 mm, is cut up in differ- 
ent-sized pieces. Float glass is produced fully automatically and in outputs of up to 
about 3000 m 2 h l .  The quality of the very soda-lime glass surface is mainly deter- 
mined by the interface between the molten tin, kept under a slightly reducing atmos- 
phere, and the glass melt. Today it is even possible to produce high-tech borosilicate 
glass types with a microfloat technology [ 100]. 

3.2.2 PRESSING AND MOULDING 

Amongst the other available techniques hot pressing constitutes a frequently re- 
quired form of raw glass treatment for precision optical lenses and for lenses in 
ophthalmic applications. This initially involves shearing a continuous flow of tem- 
perature-controlled glass into gobs of a certain weight and then pressing them into 
the required shape. The convex and the concave surfaces are moulded as the glass 
comes into contact with the top and bottom cast iron plungers under pressure. An 
annealing process is then essential, over a number of hours, to restore homogeneity. 
Mouldings thus produced are consistent in diameter and thickness within tight toler- 
ances. 

Accurate surface shapes are produced in modern curve-generating machines by 
milling and lapping operations starting with sintered diamond tools. At least three 
grinding operations are required for rough machining with increasingly fine grinding 
grain. These are then followed by one or two fine-grain operations to achieve a fin- 
ish suitable for starting the polishing process. 

Hot pressing and moulding of glass without further surface finishing operations 
is used to produce, for example, mirror substrates for various small projector lamps, 
signal lamps, and automobile reflectors. The surface of this type of glass is quite 
satisfactory. Optical parts made of organic-polymer glasses are cast, fabricated or 
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injection moulded. Cast optics are used mostly in the ophthalmic field. Fabrication 
techniques are economical for producing the larger optical elements with diameters 
of 100 mm or more. These elements are usually machined and then polished from 
cast blocks. With injection moulding, however, a larger volume of plastic optical 
parts can be produced at relatively low cost. For producing quality optical elements, 
injection moulding is performed in an ultra-clean environment that is temperature 
and humidity controlled. This process, like many other optical procedures, is highly 
proprietary among lens producers, and details are not revealed. In general, however, 
the process uses steel moulds containing cavities that are machined to the desired 
optical configuration. A polishing process refines the cavity surface to an optically 
finished quality. The plastic is Supplied as extruded and cut pellets. After being 
heated to plasticity, it is forced under pressure into the temperature controlled 
mould. The melt in the mould is cooled down and then the formed optical elements 
are removed. Finally each element receives an antistatic coating to eliminate dust 
collecting due to electrical charges generated during processing. No additional ma- 
chining or polishing is required, since the mould-cavity configuration conforms to 
the finished optic requirement, and because the quality of the mould surface was 
imparted to the melt. The surface smoothness of injection-moulded lenses can be 
extraordinarily good if the mould surface is excellent. The process enables also a 
cheap mass production of aspheric surfaces. Injection moulded aspheres are used 
successfully in photographic systems and laser diode recording on optical disks. 
There is a high lens-to-lens reproducibility, possibly within 0,3% [95]. 

3.2.3 GRINDING AND POLISHING 

Many special types of glass, e.g. those for optical applications, are available in 
the form of strips, blanks and blocks of various size. Depending on the product di- 
mensions, most of the tank-melted glass is directly rolled, cast or pressed. Glass- 
forming characteristics and product geometry determine which glass types can be 
produced in this way. Optical glass is also supplied in restricted gob form having a 
shallow convex curve on the bottom surface and a fire-polished surface. 

Grinding and polishing are surface-treatment operations used for shaping and 
finishing materials like single crystals as well as inorganic and organic glasses. First 
of all, a glass block, for example, is cut up with a diamond saw and brought to the 
rough form by milling. Subsequently, the object is shaped by grinding. This is a 
predominantly physical operation. In the grinding process, glass is removed by 
breaking out small glass fragments under the action of loose or bound abrasive 
grains of silicon carbide, electrocorundum or diamond on discs of iron or brass. 
Water is used to distribute the grinding grains evenly and to prevent an undesired 
rise in surface temperature, which would possibly generate plastic deformation The 
grinding material grains must be harder than glass and the particle size broken out 
during the grinding operations depends on the size of the abrasive grain. The ground 
surface, however, not only appears rough but is also covered with flaws and fissures 
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penetrating the glass. It is assumed that the combined effect of the load of the abra- 
sive particles and the additional tensile stress in the surface which results from their 
frictional pull is responsible for breaking and flaw formation. Generally, the weight 
of glass removed during grinding is directly proportional to the weight on the shap- 
ing tool or to the relative speed between tool and glass. 

The purpose of polishing is to produce regular transparent surfaces on glass or 
other materials and these surfaces are usually required to be flat, spherical, aspheri- 
cal or of a complex shape. The method by which ground glass surfaces are smoothed 
by polishing with finely divided metal oxides (~Fe203, CeO2, ZrO2, TiO2, A1203, 
etc.), on cloth or pitch polishers in the presence of water has been the subject of 
conjecture for more than three hundred years and even modern investigations with 
polyethylene polishers have not yet produced a generally accepted qualitative the- 
ory. The polishing speed, pressure, type of glass, surface finish from grinding, type 
of polishing material and polishing compound, all have an important influence on 
what happens during the process. It is generally accepted, however, that polishing is 
a physical and chemical process. There is an excellent review on this topic [66] ac- 
cording to which the different theories can be roughly classified into three groups. In 
the wear theory, polishing is viewed as an extension of grinding involving the me- 
chanical removal of asperities. In the flow theory, it is assumed that the asperities 
flow plastically into surface cavities. The required surface liquification is produced 
by pressure, or stems from frictional heating. Finally, according to the chemical 
theory, the asperities are removed by transformation into compounds produced in 
chemical reactions with the polishing agents that can be easily removed mechani- 
cally. There are various ways to polish a surface so that, depending on the (special) 
polishing conditions chosen, one or other of the proposed mechanisms is dominant. 

In technical applications, polishing is performed in at least two steps. In initial 
polishing, the ground grey surface is smoothed by the action of an oxide/water slurry 
on felt or pitch. The rough surface is worn down nearly to the bottom of the deepest 
cavities. Silica gel is produced as a reaction product of glass and the polishing 
agents. It smears and glazes the smoothed surface areas and fills, to a certain extent, 
the remaining cavities. With felt instead of pitch, the surface created is rather smooth 
but wavy. In final polishing, the conditions are adjusted to favour smearing and 
enhance polishing. The latter is important to remove the last cavities. The surface 
flow is increased by the application of higher polishing pressures (about 1 kg.cm "2) 
and higher spindle rotation to obtain frictional heating, which may also promote 
silica gel formation. At the end of the polishing process, the polishing agents, which 
are mainly CeO2 and ZrO2 for inorganic glasses today, may be worked out of the 
tool and the water is allowed to dry up. The remaining polish layer consists mainly 
of silica gel and therefore differs appreciably from the bulk glass. 

It is known [76] that the thickness of the polish layer is quite different for differ- 
ent types of glass and polishing tools. The polish layer of felt-polished soda-lime 
plate glass has a thickness of 0.01 ktm; for the same glass with pitch polishing, it has 
a thickness of 0.03 ktm; and for pitch-polished borosilicate crown (BK7) the layer is 
even 0.3 ktm thick. Grinding and polishing operations are used to produce glass sur- 
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faces with the best surface quality. In these cases, optimal polishing is required 
which removes the grinding topography to below the deepest cavities. Plastic pol- 
ishing tools have been developed, with a better performance than pitch, for use 
where the highest glass surface accuracy is not required. 

Ductile regime grinding and polishing is a newer technique that has great poten- 
tial for optical surface fabrication [86-88]. It is a fixed-abrasive process with dia- 
monds of various grain size bonded in bronze or resin and applied with water cool- 
ing. The process parameters for material removal are controlled by plastic deforma- 
tion instead of brittle fracture. This process is also suited to polish hard and brittle 
materials. Ductile grinding and polishing as well as conventional polishing can pro- 
duce the angstrSm-level surfaces required by precision optical components. The 
ductile regime process has an added advantage: it produces surfaces free from sub- 
surface damage [89]. 

Neutral ion figuring of optical surfaces is also worth mentioning. Ion figuring is 
a powerful, complementary, non-contact technology to avoid and/or eliminate prob- 
lems associated with traditional contact polishing. The technique was developed for 
final figure corrections on meter-class optical components[90-93] using commer- 
cially available 3 to 5cm Kaufman-type ion sources. The process itself is based on a 
momentum transfer during bombardment from ionized, accelerated and then neu- 
tralized inert gas particle species. This results in a molecular-level sputtering of the 
substrate material. A semi-Gaussian ion function imparts the final contour on the 
substrate by computer controlled translation and rotation under vacuum. Ion ma- 
chining is performed to depths up to 5 ktm and the technique is also used for the 
figuring of centimeter-scale optics [94]. In any case, neutral ion figuring can only be 
applied on already polished optical surfaces. It is an excellent tool for contour cor- 
rections or for the ablation of the water containing polishing layer. However, it does 
not improve the surface smoothness, on contrary, it exposes subsurface damage on 
less carefully, traditionally polished samples. 

The question of the mechanism of polishing is more complex when the polishing 
of organic polymer glass is considered. Although small optical parts of, for example, 
acrylic are made by injection moulding, because of the shrinkage the larger parts 
(e.g. O > 100 mm) are fabricated by machining and polishing. The raw material 
used for many applications is cast acrylic. The maximum standard size of acrylic in 
sheet form is 1.8 m in length with a thickness of about 100 mm. Manufactured 
acrylic optics pieces, finished by proprietary machining and polishing techniques 
mainly with A1203 and SnO2, are equal or even superior to a really good ~tmedium 
quality~ optical glass. 

Inspection and test procedures are required to control and to guarantee a quality 
standard. Light and electron microscopy and optical profilometry [98] are valuable 
tools to study the polishing process [77] as well as to control the quality of the fin- 
ished product [78, 79] to avoid manufacturing defects. Various interferometric tech- 
niques can also be used for this purpose, [80]. Other types of imaging are based on 
concepts that a fine tip is scanned across the surface to be investigated and some 
strongly distance dependent interaction is measured while scanning. These are the 
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scanning tip microscopies. A typical and important example of these new tools in 
surface science, which allow for a variety of very local investigations on a prese- 
lected area of a non-conducting or conduction sample, is the atomic force micro- 
scope AFM [96,97]. When operated in the Tapping Mode an AFM is sensitve to 
hight variations less than 0,1 nm. Tab. 3 shows root-mean-square roughness values 
of various polished glass surfaces measured with different characterization tech- 
niques [99]. A powerful technique to control the remaining surface roughness of 
high quality glass substrates is the measurement of light scattering. It was shown, 
using this technique [81], that the polishing time is an important parameter, with 
inorganic glass. Excellent surface finishes are obtained only after a polishing time of 
longer than 5 hours. 

Figures 3 and 4 show electron micrographs of various surfaces. A detailed de- 
scription of modern optical production technology is found in refs. [82] and [83]. 

Fig. 3 
Electron micrographs (Pt/C surface replicas) of surfaces of: 
a) a high quality pitch polished BK 7 (Schott) glass, 
b) a medium quality polished BK 7 glass and 
c) a carefully polished CaF2 synthetic crystal. 
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Fig. 4 
Electron micrograpns (Pt/C surface replicas) of the surfaces of polymethyl methacrylate lenses 
produced by casting into optically worked moulds: a) low quality, b) high quality. 

T A B L E  3 

ROOT-MEAN-SQUARE ROUGHNESS VALUES, OBTAINED BY DIFFERENT MEASUR- 
ING METHODS, FOR SEVERAL SUBSTRATES* 

rms Roughness c (nm) 

Optical Profilometer AFM TIS 

Substrate 380 x 2801am 90 x 701am 50 x 50~m 10 x 101am 1 x llam )~ = 633 nm 
RG 1000 N 0.88 0.95 1.33 1.10 0.64 
RG 1000 S 0.53 0.55 0.73 0.67 0.56 
Fused silica 0.80 0.58 0.60 0.54 0.35 
(SQ 1) 
Fused-silica 0.29 0.31 - 0.06 0.11 
superpolish 
Silicon 0.89 0.41 - 0.09 0.10 

1.51 
0.93 

0.47 

*The corresponding bandwidth limits depend on the scan area and the sample point distance for 
optical profilometry and AFM and on the wavelength and scattering-angle range for TIS (total 
integrated scattering), RG 1000 N and RG 1000 S are two different polishing qualities of a special 
absorbing glass, which was used to prevent scattering contributions from the rear of the sample 
[99]. 
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CHAPTER 4 

4. CLEANING OF SUBSTRATE SURFACES 

Surfaces exposed to the atmosphere are generally contaminated. Any unwanted 
material and/or energy on a surface is regarded as a contaminant. Any manipulation 
at all contributes to the generation of contaminations. Surface contamination can be 
gaseous, liquid, or solid in its physical state and may be present as a film or in par- 
ticulate form. Furthermore, it can be ionic or covalent and inorganic or organic in its 
chemical character. It can originate from a number of sources, and the first contami- 
nation is often a part of the process creating the surface itself. Sorption phenomena, 
chemical reactions, leaching and drying procedures, mechanical treatment, as well as 
diffusion and segregation processes can give rise to various compositions of surface 
contamination. Most scientific and technical investigations and applications, how- 
ever, require clean surfaces. So, for example, before a surface can be coated with 
thin films, it must be clean; if it is not clean, then the film will not adhere well or 
may not adhere at all. In the case of coating clean often means absence of detrimen- 
tal impurities. In optical coating applications, even very minute contaminations of 
special materials can interfere with the functioning of sensitive devices whereas 
other materials may have practically no influence. 

Therefore, the cleaning of surfaces is a very important but also a very difficult 
and delicate operation. The adhesive forces holding small particles onto surfaces 
may be quite strong in terms of bond strength per unit area. The mechanical energy 
available to break such bonds is relatively small in most cleaning processes. Conse- 
quently, in a given cleaning process, a strong effort is necessary to reduce the adhe- 
sive bonds between contaminant and surface as much as possible if the cleaning 
process is to be at all effective. The reduction of these adhesive bonds is affected by 
the choice of the cleaning fluid and the conditions under which it is used, particu- 
larly the temperature. Pure water, for instance, may be relatively ineffective in re- 
moving the contaminants from a given surface, whereas hot water with detergent is 
quite effective in the same process. 

There are a number of diverse cleaning techniques used in various scientific and 
industrial cleaning problems. Probably the universally used basic cleaning method is 
scrubbing or polishing a surface. This is used with various cleaning fluids, and for 
all degrees of cleaning abrasion, ranging from the lightest touch of a non-abrasive 
brush to rigorous brushing. The latter procedure is a relatively harsh treatment used 
only to remove gross contaminants from unfinished parts. It is wrong, however, to 
assume that all the contaminants can be removed in a single cleaning operation. In 
many cases, particulate material can tenaciously adhere to a surface, and surprising 
forces can be developed between a surface and a small particle. The cleaning tech- 
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niques will only be partially effective and, in general, will probably be less and less 
effective as particle size decreases. In the case of glass and crystal surfaces, the un- 
desired materials on the surface may be mainly water-containing oxidic polishing 
residues, inorganic and organic dust particles, or films consisting of oil and grease or 
a combination of these. 

4.1 CLEANING PROCEDURES 

Cleaned surfaces can be classified into two categories: atomically clean surfaces 
and technologically clean surfaces. Surfaces of the first category are required for 
special scientific purposes and these can only be realized in ultra high vacuum. 

With the exception of these very sophisticated products, practical coating appli- 
cations require only technologically clean or slightly better qualities of surface. In 
accordance with a principle described in ref. [1 ], the degree of surface cleanliness 
must meet the following two criteria: it must be good enough for subsequent proc- 
essing and it must be sufficient to ensure the future reliability of the product for 
which that surface will be used. 

A further distinction must be made between cleaning methods that are applicable 
in the atmosphere and those that are applicable only in vacuum. In all cases where 
handling of the parts and the use of solvents is required, cleaning cannot be per- 
formed in a vacuum. If cleaning in vacuum, e.g. by heating operations and particle 
bombardment is used, then this is generally conducted inside the deposition system. 

4.1.1 CLEANING WITH SOLVENTS 

Cleaning with solvents is a widespread procedure that is always included when- 
ever cleaning of glass surfaces is discussed. In this process, various cleaning fluids 
are used. A distinction must be made between demineralized water or aqueous sys- 
tems such as water with detergents, diluted acids or bases and non-aqueous solvents 
such as alcohols, ketones, petroleum fractions and chlorinated or fluorinated hydro- 
carbons. Emulsions and solvent vapours are also used. The type of solvent used 
depends on the nature of the contaminants. There are many papers on the cleaning of 
glass by solvents; some examples are given in refs. [2-10]. However, one has to 
consider the far-reaching new regulations to preserve the stratospheric ozone layer, 
given in the Montreal Protocol, now nearly ten years old. These regulations prohibit 
the use of fluorinated and chlorinated hydrocarbons, FCHC, also as cleaning fluids. 
Exceptions can be made only when using completely closed and controlled cleaning 
systems. Information is available, for instance, in the various OzonAction newslet- 
ters [3]. 
Instructions how to replace FCHC in cleaning procedures can be found in the pro- 
ceedings of cleaning seminars, e.g. [39], or obtained directly from the producers of 
cleaning machines. 
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4.1.1.1 RUBBING AND IMMERSION CLEANING 

Perhaps the simplest method of removing superficial dirt from glass is to rub the 
surface with cotton wool dipped in a mixture of precipitated chalk and alcohol or 
ammonia. There is evidence, however, that traces of chalk can be left behind on 
such surfaces so that after that treatment the parts must carefully be washed off in 
pure water or alcohol. This method is best suited as a precleaning operation, i.e. as 
the first step in a cleaning sequence. Rubbing a lens or a mirror substrate with a lens 
tissue saturated in solvent is almost a standard cleaning procedure. It takes advan- 
tage of solvent extraction and imparts a high liquid shearing force to attached parti- 
cles when the fibres of the tissue pass over the surface. The resulting cleanliness is 
dependent on the presence of contaminants in the solvent and in the lens tissue. Re- 
contamination is avoided by discarding each tissue after one pass over the surface. A 
very high level of surface cleanliness is achievable with this cleaning operation. 

A simple and often used cleaning technique is that of immersion or dip cleaning. 
The basic equipment employed in dip cleaning is easy to construct and inexpensive. 
An open tank of glass, plastic or stainless steel is filled with a cleaning fluid and the 
glass parts, which are clamped with a pair of tweezers or are inserted in a special 
holder, are then dipped in the fluid. Agitation may or may not be employed. The wet 
parts are taken out of the tank after a short time and may then be dried by rubbing 
with a towel of pure cotton free of washing-powder contaminants. The parts are 
subsequently inspected by dark-field illumination. If the degree of cleaning is not 
sufficient, the operation can be repeated by further dipping in the same fluid or other 
cleaning fluids. 

In addition to physical cleaning, chemical reactions can also be exploited for 
cleaning purposes. Various acids with strengths ranging from weak to strong, as well 
as mixtures such as chromic and sulphuric acid are used. All acids, with the excep- 
tion of hydrofluoric acid, must be used hot, i.e. between 60 and 85~ to produce a 
clean glass surface. Silica is not readily dissolved by acids, apart from hydrofluoric 
acid, and the surface layer on aged glass is invariable finely divided silica. Higher 
temperatures may aid the dissolution of silica so that a new surface is created on the 
treated glass. Acid cleaning cannot be used for all types of glass. This is especially 
true for glasses having a high barium-or lead oxide content, such as some optical 
glasses. These are leached by even mild acids, producing a loose silica surface film. 
According to a report in [10], a cold diluted mixture of 5% HF, 33% HNO3, 2% 
Teepol | and 60% H20 should be an excellent universal fluid for cleaning glass and 
silica. 

Caustic solutions exhibit a detergency and the ability to remove oils and greases. 
The lipids and fatty materials are saponified by the bases to soaps. These water- 
soluble reaction products can readily be rinsed off the clean surface. It is generally 
desirable to limit the removal process to the contaminant layer, but a mild attack of 
the substrate material itself is often tolerable and ensures that the cleaning process is 
complete. Attention must be paid to unwanted, stronger etching and leaching ef- 
fects. Such processes may destroy the surface quality and should therefore be 
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avoided. The chemical resistance of inorganic and organic glass can be found in the 
glass catalogues. Single and combined immersion cleaning processes are mainly 
used to clean small pieces. 

4.1.1.2 VAPOUR DEGREASING 

Vapour degreasing is a process that is primarily useful for removing grease and 
oil films from surfaces. In glass cleaning, it is often used as the last step in a se- 
quence of various cleaning operations. A vapour-degreasing apparatus consists es- 
sentially of an open tank with heating elements in the bottom and water-cooled con- 
densing coils running around the top perimeter. The cleaning fluid may be isopropyl 
alcohol or one of the chlorinated and fluorinated hydrocarbons. The solvent is va- 
porized and forms a hot, high-density vapour, which remains in the equipment be- 
cause the condenser coils prevent vapour loss. The precleaned cold glass pieces, in 
special holders, are immersed in the dense vapour for periods ranging from 15 sec to 
several minutes. Pure cleaning fluid vapour has a high solvency for fatty substances, 
and when it condenses on cold glass a solution is formed with the contaminant, 
which drips off and is replaced by more pure condensing solvent. The process runs 
until the glass is so hot that condensation ceases. The greater the thermal capacity of 
the glass, the longer the vapour will continue to condense, washing the immersed 
surface. 

A glass cleaned in this way shows static electrification. This charge must be 
eliminated by a treatment in ionized clean air to prevent the attraction of dust parti- 
cles from the atmosphere which adhere very strongly because of the electric forces. 

Vapour degreasing is an excellent way to obtain highly clean surfaces. The effi- 
ciency of cleaning can be checked by determining the coefficient of friction, in ad- 
dition to dark-field-inspection, contact-angle and thin-film-adhesion measurements 
methods. High values are typical for clean surfaces [7]. 

4.1.1.3 ULTRASONIC CLEANING 

Ultra sonic cleaning provides a valuable method of removing stronger adherent 
contaminants. This comparatively recent process produces an intense physical 
cleaning action and is therefore a very effective technique for breaking loose con- 
taminants that are strongly bonded to a surface. Inorganic acidic, basic and neutral 
cleaning fluids are used as well as organic liquids. The cleaning is performed in a 
stainless steel tank containing the cleaning fluid and equipped with transducers on 
the bottom or at the side walls. These transducers convert an oscillating electrical 
input into a vibratory mechanical output. Glass is chiefly cleaned at frequencies 
between 20 and 40 kHz. The action of these sound waves gives rise to cavitation at 
the glass surface/cleaning liquid interface. The instantaneous pressure generated by 
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small imploding bubbles may reach about 1000 atm. It is obvious, therefore, that 
cavitation is the prime mechanism of cleaning in such a system, although detergents 
are sometimes used to assist in emulsification or dispersion of released particles. In 
addition to other factors, an increase in power input will provide a higher cavitation 
density at the surface, which in turn increases the cleaning efficiency. It is also a 
very fast process: cleaning cycle times are between a few seconds and a few min- 
utes. Ultrasonic cleaning is used to remove pitch and polishing-agent residues from 
optically worked glass. Since it is often also used in cleaning sequences to produce 
surfaces with very low residual contamination levels ready for thin-film deposition, 
cleaning facilities are often located in a clean room rather than in a manufacturing 
area. 

4.1.1.4 SPRAY CLEANING 

The spray-cleaning process uses the shearing forces exerted by a moving fluid on 
small particles to break the adhesion forces holding the particles to the surface 
[11,12]. The particles will be suspended in the turbulent fluid and carried away from 
the surface. In general, the same types of liquids that are used for immersion clean- 
ing can also be used for spray cleaning. The more viscous and dense the cleaning 
liquid, the more momentum will be imparted to the attached contamination particle, 
assuming a constant stream velocity of the liquid. Increasing the pressure and the 
corresponding liquid velocity results in an increase in cleaning efficiency. Pressures 
of about 350 kpa are used. With a narrow fan-spray nozzle, the nozzle-to-surface 
distance should not exceed one hundred nozzle diameters to obtain optimal results. 
High-pressure spraying of organic liquids causes problems with surface cooling 
followed by unwanted water-vapour condensation which can leave surface spots. 
This can be prevented either by using a surrounding nitrogen atmosphere or using a 
water spray, which shows no spotting, instead of an organic liquid. High-pressure 
liquid spraying is a very powerful and effective method to remove particles as small 
as 5 gm. In some cases also, high-pressure air or gas jets are very effective. 

4.1.2 CLEANING BY HEATING AND IRRADIATION 

Placing substrates in a vacuum causes evaporation of volatile impurities. The 
effectiveness of this process also depends on how long the substrates remain in the 
vacuum and on the temperature as well as on the type of contaminant and on the 
substrate material. Under high-vacuum conditions at ambient temperature, the influ- 
ence of partial pressure on desorption is negligible. Therefore, desorption is pro- 
duced here by heating. Heating the glass surfaces causes a more or less strong de- 
sorption of adsorbed water and various hydrocarbon molecules, depending on the 
temperature. The applied temperatures are in the range between 100 and 350~ and 
the required heating time is between 10 and about 60 minutes. Only in the case of 
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ultra-high-vacuum applications is it necessary to use heating temperatures higher 
than 450~ in order to obtain atomically clean surfaces. Cleaning by heating is par- 
ticularly advantageous in all those cases where, because of desired special film 
properties, film deposition is performed at higher substrate temperatures. But, as a 
consequence of heating, polymerization of some hydrocarbons to larger aggregates 
and decomposition to carbonaceous residues may also occur. This sometimes makes 
such heat treatments problematical. However, treatment with high-temperature 
flames, for instance a hydrogen-air flame, shows good results, although the surface 
temperature in such a process reaches only about 100~ In a flame, various kinds of 
ions as well as impurities and molecules of high thermal energy [13,14] are present. 
It is assumed [7] that the cleaning action of a flame is similar to that of a glow dis- 
charge in which highly energetic, ionized particles strike the surface of the parts to 
be cleaned. According to this model, removal of material from a glass surface in a 
flame may occur because of the high-energy particles which impart their energy to 
the adsorbed contaminants. Particle bombardment and surface recombination of ions 
will liberate heat and may in this way also help to desorb contaminant molecules. 

A relatively new technique for cleaning surfaces is the use of ultraviolet radiation 
to decompose hydrocarbons. Exposure times of about 15 hours in air produced clean 
glass surfaces [ 15]. If properly precleaned surfaces are placed within a few millime- 
tres of an ozone-producing uv source, clean surfaces are produced in even less than 
one minute [16]. This clearly demonstrates that the presence of ozone increases the 
cleaning speed. As for the cleaning mechanism, it is known that the contaminant 
molecules are excited and/or dissociated under the influence of uv. Furthermore, it is 
also known that the production and the presence of ozone produces highly reactive 
atomic oxygen. It is now assumed that the excited contaminant molecules and the 
free radicals, produced by the dissociation of the contaminant, react with atomic 
oxygen and form simpler and volatile molecules like H20, CO, and N2. An increase 
in temperature was found to increase the reaction rates [ 17]. 

4.1.3 CLEANING BY STRIPPING LACQUER COATINGS 

The use of strippable adhesive or lacquer coatings to remove dust particles from 
a surface is a very special and somewhat unconventional cleaning technique. It is 
preferably used to clean small pieces such as, for example, laser-mirror substrates. It 
can be concluded from published results [ 18] that even very small dust particles that 
have become embedded in the adhesive coating can be effectively removed from the 
surface. It was found that among various commercially available strip coatings, 
nitrocellulose in amyl acetate is best suited for stripping dust without leaving a resi- 
due. However, probably dependent on the type of coating used, sometimes small 
amounts of organic residue remain on the surface after stripping. If this happens, the 
stripping operation may be repeated or the surface may be cleaned with an organic 
solvent, possibly in a vapour degreaser. 
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The basic cleaning procedure is quite simple. The thick lacquer coating is 
applied to the precleaned surface with a brush or by dipping. The parts are then al- 
lowed to dry completely. In a subsequent operation, performed in a laminar flow box 
to prevent recontamination, the lacquer film is stripped off. Stripping is easier if a 
wire loop is embedded in the coating. Attempts to strip off the film in vacuum prior 
to thin-film deposition were only partly successful because of the difficulty in de- 
tecting surface residues inside the evacuated system. 

4.1.4 CLEANING IN AN ELECTRICAL DISCHARGE 

This type of cleaning is the one most widely used in practice. It is performed in 
the coating plant at reduced pressure immediately prior to film deposition. There are 
various experimental arrangements in use to sustain a glow discharge for cleaning 
[7, 19, 20]. Generally, the discharge burns between two, only negligibly sputtered, 
aluminium electrodes, which are positioned near the substrates. Oxygen and some- 
times argon are normally used to form the necessary gas atmosphere. It seems, how- 
ever, that mild cleaning is effective only when oxygen is present. Typical discharge 
voltages are in the range between 500 and 5000 Volts. The substrates are immersed 
into the plasma, without being a part of the glow-discharge circuit. Only precleaned 
substrates are treated. A glass surface immersed in the plasma of a glow discharge 
is bombarded by electrons, mainly positive ions and activated atoms and molecules. 
Therefore, the cleaning action of a glow discharge is very complex. The contribu- 
tions of the individual phenomena, which have been quite well investigated, depend 
strongly on the various electrical and geometrical parameters and on the discharge 
conditions [21 ]. 
Numerous of processes are responsible for the beneficial action of glow-discharge 
treatment of substrates before film deposition, as now considered. Particle bom- 
bardment and surface recombination of ions with electrons transfer energy to the 
substrate and cause heating. It is possible to obtain temperatures up to 200~ Heat 
and the bombardment with electrons as well as with low-energy ions and neutral 
atoms favour the desorption of adsorbed water and some organic contaminants. The 
impact of activated oxygen leads to chemical reactions with organic contaminants, 
resulting in the formation of low-molecular-weight and therefore volatile com- 
pounds. Furthermore, the surface is modified chemically through the addition of 
oxygen and/or the sputtering of easily removable glass components such as alkali 
atoms. Physical modifications may occur by bombardment-induced surface disorder, 
prenucleation by sputtered and deposited foreign material [22] and deposited polym- 
erized or even carbonized hydrocarbon from residual-gas components. 
The most important parameters in glow-discharge cleaning are the type of applied 
voltage (ac or dc), the value of discharge voltage, the current density, type of gas 
and gas pressure, duration of treatment, type of material to be cleaned, shape and 
arrangement of the electrodes and position of the parts to be cleaned. It is easy to see 
that it is impossible to establish universally approved data for an optimal cleaning 



67 

process for all types of deposition plants and substrate materials. In commercially 
available coating systems, there is often only a simple rod-shaped aluminium glow 
discharge electrode. In a dc-discharge, this electrode acts as the cathode. The walls 
of the plant represent the anode and are grounded. The insulating substrates are 
placed near the anode. In such an arrangement, the walls of the vacuum chamber 
receive the greatest amount of discharge current and only a smaller portion bom- 
bards the substrates. Gas desorption of the walls is thus improved, decreasing the 
time required for evacuation. Deposition of a minute quantity of material sputtered 
from the walls may contaminate the cleaned substrates. To obtain a controlled gas 
atmosphere, the plant is first pumped down to high vacuum and then filled up with 
oxygen to the desired discharge pressure. To prevent recontamination and to im- 
prove the cleaning efficiency, special arrangements have been developed and care- 
fully tested. These are described mainly in refs. [19] and [21]. In the region of the 
positive column, there are equal numbers of lower energy ions and electrons with a 
Maxwellian velocity distribution. Immersion of insulating substrates in this zone of 
the glow discharge plasma enables a careful cleaning with low-energy electrons. 
However, because of the water vapour content of the residual gas, regeneration of 
adsorbed water layers can often not be avoided. 

Substrate cleaning in high vacuum by bombardment with ions generated in spe- 
cial ion guns is seldom used for industrial coating processes. Ion-beam technologies, 
however, offer interesting possibilities not only in cleaning but also in polishing and 
machining of optical surfaces, as well as for modifying the optical constants of sub- 
surface layers [23, 24]. This may be interesting for the production of integrated opti- 
cal devices [25, 26]. 

4.1.5 CLEANING CYCLES 

Surface cleaning is performed by various methods, such as washing with sol- 
vents, heating, stripping and plasma treatment. Each has its range of applicability. 
Solvent cleaning has the greatest range of utility but is inadequate in many cases, 
particularly where the solvents themselves are contaminants. Heating is useful up to 
the temperature limits of the surfaces to be cleaned. Plasma treatment provides a 
cleaning method where contaminant bond strengths exceed the temperature limits of 
the system. The plasma energy can be much higher than that achieved thermally and 
still not damage surfaces because of the low thermal flux. 

No one method, however, has all the desired features of simplicity, low cost and 
effectiveness. To achieve optimum cleanliness of substrate surfaces, combinations of 
the various cleaning methods must be used. As an example, a part is frequently va- 
pour degreased before spray cleaning. The vapour degreaser removes the oil film but 
is not effective on the particulate materials. The spray cleaner, however, is quite 
effective in removing these materials, but might not be if a residual oil film had been 
left on the surface. Only after removing this oil film, can the maximum effective- 
ness of the spray cleaning be realized. Cleaning fluids are frequently incompatible 
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with one another and it is necessary to completely remove one cleaning fluid from 
the surface before proceeding to another cleaning fluid. These few examples show 
the necessity of using sequences of cleaning operations. There is no universal ap- 
proach to cleaning cycles. They are quite varied, and are specifically tailored to the 
particular requirements of the surfaces being cleaned and the contaminants that exist 
upon them. There are, however, some general guidelines to follow when establishing 
a cleaning sequence. 

Precleaning of glass parts usually starts with immersion cleaning in detergent 
solutions, assisted by rubbing, wiping or ultrasonic agitation, followed by rinsing in 
demineralized water and/or alcohol. It is important to get the parts dry without al- 
lowing solution sediment to remain on the surface because it is often hard to remove 
later [27]. 

In a cleaning operation, the sequence of cleaning liquids must be chemically 
compatible and mixable without precipitation at all stages. A change from acidic 
solutions to caustic solutions requires rinsing with plain water in between. The 
change from aqueous solutions to organic fluids always requires an intermediate 
treatment with a mixable co-solvent such as alcohol or special dewatering fluids. 
Corrosive chemical agents from the fabrication process as well as corrosive cleaning 
agents may remain on the surfaces for only a very short time. The last steps in a 
cleaning cycle must be performed extremely carefully. In a wet operation, the final 
rinsing fluid used must be as pure as possible and, generally, it should be as volatile 
as is practical. The choice of the best cleaning cycle often requires an empirical 
approach, e.g. [34 and 40]. Finally, it is important that cleaned surfaces are not left 
unprotected. Proper storage and handling before further treatment by film deposition 
are stringent requirements. 

4.1.6 CLEANING OF ORGANIC GLASS 

Cleaning of organic glass and plastic materials requires special techniques and 
handling because of their low thermal and mechanical stability. Organic glass sur- 
faces may be covered with low molecular weight fractions, surface oils, antistatic 
films, finger prints, etc.. Most of the contaminants can be removed by an aqueous 
detergent wash or by other solvent cleaning possibly associated with mild liquid 
etching [36]. However, care must be taken with cleaning fluids because they may be 
absorbed into the polymer structure causing it to swell and possibly to craze on dry- 
ing. 

With organic polymers cleaning means that the surface must be modified in such 
a way that it does not represent an area of insufficient adhesion at the interface sub- 
strate surface / film formed after film deposition. Therefore frequently cleaning of 
plastics may mean simply the modification of the surface so that the contaminant 
initially present is afterwards no longer considered as a contaminant. The proper 
treatment in a glow discharge plasma is very effective for that purpose since, in 
addition to micro roughening, it also causes chemical activation and cross-linking 
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[37]. In particular cross-linking is advantageous because it increases the surface 
strength of the polymer and reduces the amount of undesirable low molecular weight 
components [38]. Proper cleaning fluids and short cleaning time as well as carefully 
established energy limits and proper doses in particle bombardment or in radiation 
treatment are important for optimum results. 

4.2 METHODS FOR CONTROL OF SURFACE CLEANLINESS 

The methods suitable for control of surface cleanliness are mainly those dis- 
cussed in Section 3.1.2. Compositional changes on and near the surface of glass (i.e. 
to a depth of about 20/~) can be measured with Auger electron spectroscopy (AES), 
electron spectroscopy for chemical analysis (ESCA), ion-scattering spectroscopy 
(ISS) or secondary-ion-mass spectrometry (SIMS). Coupling these methods with 
sputteretching, yields highly detailed compositional profiles of the intermediate 
glass surface in the thickness range from 20 to ~ 2000 A [35]. Measurement of the 
average composition through to the far surface, that is to about 10,000 A, is now 
routinely available with electron microprobe analysis (EMPA), energy-dispersive X- 
ray analysis (EDX) in the scanning electron microscope (SEM), or with infrared- 
reflection spectrometry (IRRS). The related merits of these glass characterization 
techniques have been already reviewed [28]. These highly specialized techniques are 
mainly used to check the efficiency of a newly established cleaning sequence and to 
troubleshoot when sudden problems arise in a cleaning cycle. In daily practice, how- 
ever, the use of such excellent inspection methods is much too time-consuming and 
expensive. 

There are also many other cheaper cleanliness tests such as inspection of the 
breath figure, the atomizer test [29] and the water-break test [30]. All of these 
qualitative tests are based on the wettability, which is generally high on clean glass 
surfaces. Oil- and grease-contaminated, and therefore hydrophobic, glass shows a 
grey breath figure consisting of individual, relatively large water droplets with large 
contact angles to the surface. Clean glass shows a black breath figure and the water 
film consists of droplets with contact angles approaching zero. Exposure of a dry 
and clean glass to a water spray from an atomizer yields a formation of very fine 
water droplets, which in areas of surface contamination coalesce to larger aggre- 
gates. Similar behaviour is responsible for the break of a continuous water film in 
contaminated surface regions. 

The contact angle of water droplets and droplets of other materials on a surface 
can even be a quantitative measure of wettability [31 ]. 

The frictional resistance to solids rubbed on glass is a further sensitive measure- 
ment of the cleanliness of the surface. Clean glass has an abnormally high friction 
coefficient, which is near Its = 1 [7]. The presence of an adsorbed monomolecular 
layer of a fatty acid, such as stearic acid, however, is sufficient to have a marked 
lubricating effect [7]. The corresponding coefficient of friction is then only Its = 0.3. 
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To detect residual particles (organic and inorganic dust) on a glass surface, light 
scattering is a valuable tool. Inspection of a cleaned surface with a simple dark-field 
lamp or in a microscope with dark-field illumination is often used to assess the result 
of cleaning. The light-scattering effect can also be used for a quantitative measure- 
ment, as can be seen in ref. [81 ] of Chapter 3. 

4.3 MAINTENANCE OF CLEAN SURFACES 

The stability and maintenance of a cleaned surface is often more critical than the 
final surface state which is achieved after the cleaning process. Storage in an ultra- 
clean, controlled environment, a very expensive but most effective measure is usu- 
ally seldom required. Instead of using a universal protection device, it is often easier 
and cheaper to identify the undesirable contaminants and to eliminate them from the 
storage environment. Such contaminants are usually the airborne ones, including 
various types of dust particles, atmospheric condensates of chemical vapours, and, 
last but not least, water vapour. The use of some preventive measures is, therefore, 
well worth considering. Contact with dust may be reduced drastically by storing the 
parts in a closed container or in a clean bench. 

Adsorbance of hydrocarbon vapours can he minimized by storing the substrates 
in freshly oxidized aluminium containers, which preferentially absorb the hydrocar- 
bons. A disadvantage of this technique is the extra steps involved in periodically 
stripping and reoxidizing the metal surface of the container. The ultraviolet/ozone 
technique, mentioned above, may also be used to keep oxidic surfaces clean in an 
ambient environment. In general, however, cleaned surfaces should at least be stored 
in clean glass or plastic containers. 

Cleaning and maintenance of glass cleanliness also depends strongly on the mi- 
crostructure of the surface. Contaminants from polishing and subsequent operations 
may be hidden in micropores and fine flaws. These may then, in the presence of 
adsorbed water vapour, attack the glass network. Water vapour favours corrosion of 
the surface and advanced corrosion requires repolishing of the glass surfaces. Such 
effects are strong with some special types of glass such as those with a high content 
of lanthanum oxide [32,33]. Even glasses with a very high chemical durability, such 
as soda lime borosilicate compositions, exhibit the problem of maintenance of a 
cleaned surface state to some degree. Often glass surfaces are sealed in a hermetic 
device. In some cases, these surfaces are contaminated by the sealing operation, 
which frequently involves heating of other non clean surfaces. Before sealing, all 
interior surfaces should be as clean as possible. Highly unstable, water-vapour- 
sensitive surfaces are generally stored in vacuum desiccators. 

However, the best precaution for preventing recontamination, beside cleanliness 
of operator and environment, is to avoid long intervals between cleaning and film 
deposition. The cleaned parts should be mounted into the substrate holders immedi- 
ately after cleaning and the whole device should be placed carefully and quickly in 
the coating plant. 
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CHAPTER 5 

5. GLASS AND THIN FILMS 

5.1 CORRELATION BETWEEN GLASS AND THIN FILMS 

For a long time, there has been a marked and a close interrelation between glass 
and thin films. Glass itself is used in the form of a film as glazing on porcelain and 
metal surfaces to protect and/or to decorate various articles. 

Vitreous enamels bonded to glass surfaces are used to produce translucent col- 
ours for functional or decorative purposes. Such enamels have a low melting point 
and are applied by spraying, silk screening or decalcomania and are fired in a deco- 
rative lehr [ 1 ]. 

Soon after the rediscovery of gold ruby glass in the nineteenth century, coloured 
glass articles were made by casing white glass with stained glass layers [2]. This 
complex thermal bonding process could be performed by dipping the white glass 
articles into the staining glass melt, provided that the coefficients of thermal expan- 
sion were similar for both glasses, the induced thermal stress would otherwise bend 
the cased glass system or even destroy it by crack formation. One such application 
of cased glass was its use for ophthalmic purposes in the production of sun-glasses 
by the fusing of thin sheets of grey brown glass on to the outer surface of clear glass 
lenses [3]. 

Cased glass finds a further technical application in the production of rod or fibre- 
shaped light guides. Here, highly transparent fibres of high refractive index n, are 
surrounded with a transparent cladding of lower refractive index n2. Light is con- 
ducted through the guide as a result of total reflection. No inorganic glass material 
combination is known which can be used in the ultraviolet, although certain glass- 
plastic combinations offer this possibility. Fused silica is used as the core material 
with alkylpolysiloxanes and highly fluorinated glass-clear polymers as the cladding 
material [4]. 

Other examples of glass-plastic film combinations include laminated safety glass 
and special optical filters. In the case of laminated safety glass, these compound 
materials consist of several glass layers bonded by thin elastic polyvinylbutyral in- 
termediate layers [5]. Plastic foils are used for optical filters since dyed plastics have 
almost unlimited spectral possibilities. They are, however, less robust in use, more 
easily scratched and cannot be produced with the same high degree of planarity as 
polished glass. Glass-plastic composite filters thus combine the advantages of both 
materials and are suitable as ultra-violet suppression filters, as fluorescence suppres- 
sion filters, as filters for the study of excitation conditions, and as conversion fil- 
ters [6]. 
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A further important effect of thin films on glass properties is to increase the 
strength. Although the theoretical strength of glass is already high, it becomes even 
higher under compressive stress, so that any treatment which places the surface un- 
der compression strengthens the glass. Chemical strengthening of certain glasses 
occurs on immersion in a bath of molten potassium nitrate. An ion exchange occurs 
between the potassium ions of the bath and the sodium ions of the glass surface, 
large K + ions are diffusing into the glass and at the same time the smaller Na + ions 
diffuse out of the glass into the salt melt. The incorporation of the larger ions causes 
the required compressive stress within a thin surface layer [7]. A similar result can 
be obtained by the incorporation of excess atoms by ion implantation or by special 
thermal treatments [7]. 

A process for making glass without passing through the molten phase* has been 
described by Dislich [8] of the Schott Laboratories. He found that multicomponent 
glasses can be produced by hydrolysis and condensation of the corresponding metal 
alkoxide complexes. This requires temperatures only up to the transformation range 
of the glass in question, usually 500 to 600~ The method is particularly suitable 
for producing thin transparent multicomponent oxide layers of almost any composi- 
tion on various substrates including glass. Some of these layers provide protection 
against atmospheric moisture attack and can be used as protective coatings on spe- 
cial glasses. Certain sensitive optical glasses, for instance, can be very effectively 
protected in this way against atmospheric attack by thin phosphate silicate glass 
protective layers. 

Thin films possess characteristic physical and chemical properties, which depend 
on their composition and on their thickness. These intrinsic properties, together with 
contributions due to the substrates account for the effects described above as well as 
for many other observed characteristics. These few examples demonstrate how cer- 
tain properties of glass can be modified and improved upon by special thick and thin 
solid films on or close to their surfaces. 

Modern coating technologies allow carefully controlled and reliable production 
of ordinary single films as well as of simple and complex multilayer systems with 
special properties, such as glass optical components. Sophisticated new thin film 
products require both glasses and plastics to be used in many different ways. Exam- 
ples include functional components of an optical system such as lenses, prisms or 
paraboloid mirrors whose surface properties such as light reflection may be changed 
by deposited films. In other cases, the glass or plastic may act simply as a mechani- 
cal support or substrate for special thin-film products, e.g. optical filters, polarizers 
or integrated electronic and optical circuits. 

In practically all applications of coatings on glass, with the one important ex- 
ception of the generation of surface replicas in replicated optics production, the 
films must have a reasonably good adherence to the glass or plastic surface. Depos- 
ited films with defined optical, electrical and mechanical properties should also be 

*After that a multicomponent oxide glass can no longer be regarded as an ~inorganic product of 
fusion)) (ASTM definition) [9]. 
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highly resistant to humidity as water-vapour adsorption often produces unwanted 
changes in film properties. Resistance to humidity is largely determined by the 
choice of materials used, but depends also on the film microstructure and can there- 
fore be influenced by the chosen deposition technology and the applied parameters. 

Hardness and abrasion resistance are also not exclusively determined by the ma- 
terial, and can be improved by a correct choice of the deposition method and by the 
control of parameters during film formation. The requirements in practice are quite 
varied. Some soft-film products are protected by cementing with a second glass 
plate, other films are allowed to be semi-hard because they are used on parts which 
are inserted into a closed housing, e.g. inner lenses of a photographic objective, and 
are therefore also protected. Hardness, abrasion and chemical resistance must be 
quite excellent for all layers on exposed surfaces such as the anti-reflection film on a 
front lens. Such parts will probably require cleaning from time to time, this cleaning 
usually consisting of some sort of rubbing action with a soft cloth or a lens tissue. 
Dust on such a surface may consist of both soft organic and hard fine-grained inor- 
ganic components. The result of such a cleaning treatment is abrasion so it is im- 
portant to have the abrasion resistance of exposed films as high as possible. This 
important property will be discussed later in more detail. In many technical applica- 
tions, the films are in contact with corrosive vapours and gases and should be 
chemically resistant. This requirement may involve questions of film structure and 
packing density, as well as a proper choice of materials. 

5.2 ADHESION BETWEEN SUBSTRATE AND FILM 

The question: ~(what is adhesion?)) is answered by modern physics, chemistry 
and technical dictionaries with: ~ ... the bond or the strength of the bond between 
two materials or two bodies-, also the bond of individual molecules to the interface 
surfaces)) [ 10]. The ASTM defines adhesion as the ~condition in which two surfaces 
are held together by either valence forces or by mechanical anchoring or by both 
together)) [11]. These bonding forces could be van der Waals'forces, electrostatic 
forces and/or chemical-bonding forces which are effective across the interface. In 
this monograph, the word adhesion will be used as a synonym for the adherence of a 
film to its substrate and, in a broader sense, for the adhesive strength. The degree of 
adhesion depends on the work necessary to separate atoms or molecules at the inter- 
face. A distinction is sometimes made between the maximum possible adhesion, the 
so-called basic adhesion of a system, which represents the maximum attainable 
value on the one hand, and the experimentally measured adhesion [12,13] on the 
other. 

The macroscopic experimentally measured adhesion values are determined by 
the basic adhesion, the mechanical properties of the film and the fracture mechanism 
in the separation process [ 14,15]. The relation between the experimentally measured 
adhesion EA and the basic adhesion BA is given by 
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EA = B A -  RS _ MSE (1) 

where RS is the residual mechanical stress and MSE is the method-specific error of 
measurement. The basic adhesion cannot usually be determined exactly because the 
size of the measurement error often can only be estimated. 

The experimentally measured adhesion is given in units of force or energy per 
unit surface area. Adhesion occurs due to a reaction between surfaces. The net adhe- 
sive energy Wad is given by 

Wad -- S I + S 2 - SI. 2 (2) 

where S1 and $2 are the specific surface energies and Sl, 2 is the interracial energy of 
the materials 1 and 2. The sum of the specific interracial energies can, in general, be 
positive or negative. This results in a specific adhesive force fad which either attracts 
or repels. A contact between identical materials leads to the formation of an inter- 
face which corresponds either to a grain boundary (Sl,l or $2,2) or to a phase bound- 
ary (S1,2). The net energy depends on the specific energies of the included surfaces 
and the newly formed interfaces. In the case of a grain boundary, the energy (Sl.1) is 
usually lower than that found for an interface. Hence for a given interracial energy 
(Sl,2) the adhesive force is small when the surface energies are low. Thus the fol- 
lowing useful deductions about the expected specific adhesive force fad in various 
materials can be made. 

fad is at its largest when identical materials with high surface energies are in close 
contact. This applies for metals with high melting points provided that the surfaces 
are not changed due to chemical effects from the surroundings. 

fad is at its smallest when two materials with low surfaces energies come into 
contact. This occurs in particular when two different materials form an interface and 
is found mainly in high polymer materials, and to a lesser extent in materials with 
symmetrical molecular structures and consequently with compensating dipole mo- 
ments such as polyethylene and polytetrafluorethylene. 

The interracial energy SI,2 rises with increasing dissimilarity of materials 1 and 2 
with regard to the type of atom, atomic spacing and bonding character. Conse- 
quently, Sl,2 and therefore the specific adhesive force fad decreases in the following 
sequence: a) same materials, b) solid-solution formers, c) immiscible materials with 
different types of bonding. A plastic to metal contact provides an example of this 
last combination. 

If the interfacial energy in an adhesive system is zero, then material 1 is identical 
with or closely similar to material 2. For example, when a white glass 1 is cased 
with a coloured glass 2 by fusing, then both of the surfaces disappear and the adhe- 
sive energy reaches a maximum Wad -- 2 SI. In this case of an ideal fusion, adhesive 
forces are transformed into cohesive ones. 

The total force of adhesion is obtained using the effective contact area A: 
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Fad = A fad (3) 

A relation between the energy Wad of adhesion and the total force of adhesion 
can only be derived when a reasonable and conclusive estimate of the path followed 
by the adhesive force Fad(X) over the dividing distance x between the film and the 
substrate surface can be made [15]: 

Wad=~ Fad(X ) dx (4) 

The distance x is generally of molecular dimensions. The strength of the adhesion 
across the interface can be distributed very unevenly because the structure of the 
substrate surface and of the film are often heterogeneous. Contaminants covering 
very small areas and monomolecular contaminants on the substrate surface can also 
cause local changes in the adhesive strength. Thus, the experimentally determined 
adhesion values should be regarded as average values across the interface surfaces 
investigated. Any measuring method which gives a magnitude of adhesive forces 
significantly lower than that produced by the universal van-der-Waals forces (about 
10 dyn cm 2 ) is suspect and an explanation should be sought in the form of imper- 
fect contact, internal mechanical stresses, or stress concentrations which can produce 
progressive separation or peeling. 

5.2.1 METHODS OF ADHESION MEASUREMENT 

The individual methods of measurement used to determine the degree of adhe- 
sion can be classified and subdivided according to various criteria, e.g. mechanical 
and non-mechanical methods. In any practical application of a measuring method it 
is important to know, among other things, whether it can be carried out without de- 
stroying the test objects, whether it can provide reproducible results and the size of 
the measurement error. The simplicity of the measurement apparatus and the time 
necessary to make the measurement should also be taken into account. Another 
practical consideration is the choice of a measurement method that simulates as 
closely as possible the type of stress to which the coating/substrate system will be 
subjected in service. Tables 1 and 2 list a number of methods of measuring the adhe- 
sion of thin films which have appeared in the literature. 
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TABLE 1 

MECHANICAL METHODS TO DETERMINE ADHESION 

Qualitative Quantitative 

Scotch-tape test [13, 16-20] 
Abrasion test [18,21 ] 
Bend and stretch test [15,22] 
Shearing stress test [22-24] 

Direct pull-off method [15,25-39] 
Moment or topple test [40-43] 
Electromagnetic tensile test [44] 
Laser spalation test [45] 
Ultracentrifuge test [13,22, 46-50] 
Ultrasonic test [13,76] 
Peeling test (13, 51-54] 
Tangential-shear test [55,56] 
Scratch test [50,52, 57-73] 

TABLE 2 

NON-MECHANICAL METHODS TO DETERMINE ADHESION 

Qualitative Quantitative 

X-ray diffraction test [71 ] Thermal method [74,75] 
Capacity test [ 13,77] 
Nucleation test [52] 

5.2.1.1 MECHANICAL METHODS 

Mechanical methods for determining adhesion depend on applying a force to the 
coating/substrate system under examination. This force causes a mechanical stress at 
the interface which should remove the film from the substrate once the stress has 
been increased to an appropriate level. The definitions given here for ~tmechanical 
stress~ are those commonly used in the field of physics and are thus different from 
those definitions which have become established in thin-film literature. The stress 
can be either tensile perpendicular to the interface or shearing parallel to the inter- 
face. In practical applications, a combination of these two types of stress usually 
occurs. That force or energy at which the separation of film and substrate first occurs 
is taken as an index of the experimentally measured adhesion [13]. As already men- 
tioned, in addition to the stress produced by external forces, very strong internal 
stresses inherent in the film (intrinsic stress) also affect the interface and influence 
the experimental adhesion measurement results in an undetermined way. In extreme 
cases, very strong internal stresses alone can lead to detachment of the film [78,79] 
or to cohesive failures in the substrate [80]. 

In general, failure and thus separation can appear in any of the live regions 
shown in Fig. 1. Region 1 is the inside of the film and region 5 is the bulk material 
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of the substrate distant from the interface. If the separation occurs in one of these 
two regions then failure is cohesive. On an atomic scale, region 3 can be either a 
very sharply defined interface or a very diffuse interface layer. If the adhesion is to 
be measured, separation must take place in this region. Even with a material transi- 
tion of the monolayer-on-monolayer type, the changes in some physical characteris- 
tics (e.g. elasticity and electrical interface phenomena) take place continuously. 
When there is an interface layer (e.g. through diffusion) the transitional area in- 
creases in size. For this reason, a distinction is made between the mechanical be- 
haviour of the interface layers in regions 2 or 3 and that of the inner regions of film 
1 or substrate 5. 

Fig. 1 
The five regions [81 ] in which separation can take place. 

Separation exclusively at the interface is improbable according to the ~weak 
boundary theory>>. Rather, the separation should always occur in the bulk regions of 
coating or substrate (cohesive failure) or in a finitely thick ~weak layer>> (interface 
layer) between the two substances. A failure within the weak interface layer is re- 
garded as an adhesive failure. The weak layer can be a brittle oxide layer or an ab- 
sorbed and occluded layer of gas and/or some other kind of contamination. 

The basis of another theory is the triggering of a fracture at pre-existing cracks in 
the substrate or within the film according to the so-called Griffith-Irwin criterion 
[25,86]: 

a 2 = const. E G/1 (5) 

where E is the modulus of elasticity, G is the work per unit surface area required for 
crack propagation, 1 is the length of the longest cracks in existence and ~ is the 
force per unit surface area required for crack propagation. The crack thus formed 
grows in a direction normal to that of the applied mechanical stress. The actual 
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fracture is assumed to be a transformation of energy into dissipative energy (e.g. 
heat) stored as elastic deformation or supplied externally. It must also be assumed 
that an energy transfer takes place from the area around the fracture to the fracture 
zone. A fracture can also extend across several of the given regions. If the separation 
of the coating from the substrate takes place inside or around the interface layer, the 
force or energy necessary for the separation is a measure of the experimentally 
measured adhesion. If, however, the separation takes place deep inside the film or 
substrate, it is a cohesion fracture, i.e. the adhesion forces are stronger than the co- 
hesion forces. From a qualitative point of view, the adhesion is considered to be 
poor if separation can be caused in the interface layer. However, if separation occurs 
in the bulk material, the adhesion is good. Quantitative values can only be obtained 
when the force used to lift the coating can be measured. Individual measurement 
methods are distinguished from one another by the way the load is coupled to the 
sample system and then by the way in which it is applied. These criteria allow a 
division into methods which can remove the coating through (a) a force applied 
perpendicularly to the interface layer or (b) a force applied at various angles to the 
interface layer. An upper limit of the transferable force, and thus a maximum meas- 
urable adhesion value, occurs because almost all the measuring methods (with the 
exception of, for example, ultracentrifuge or heat-expansion methods) require a 
mechanically attached traction piece. This limit depends on the load capacity of this 
traction piece and on the strength of the particular bonding method (e.g. gluing or 
soldering) used to attach it to the sample. Certain attachement techniques and indi- 
vidual transfer devices (Scotch tape, needles for scratching etc.) may cause further 
uncontrolled stresses to be generated in the interface layer, in addition to the con- 
trolled mechanical stress produced externally. Such additional stresses can be 
caused, for example, by drying, polymerizing or stiffening of the glue layer or the 
solder layer used for the traction piece. It can also occur because of plastic-elastic 
deformation of the traction piece itself during a test. The experimentally determined 
adhesion values thus depend on the measurement method used and unfortunately it 
is not always possible to compare measurements obtained by different methods. 

5.2.1.2 NON-MECHANICAL METHODS 

With the exception of the nucleation method, non-mechanical methods to meas- 
ure adhesion are not very well developed, and their field of application is severely 
limited. These methods can, in any case, only be used for basic investigations. 

The adhesion of epitactic films on monocrystalline substrates can be estimated 
from X-ray diffraction patterns. This idea is based on the well known observation 
that mechanical stress and deformation in the boundary films can be recognized in 
the diffraction pattern, and the influence on the adhesion can be estimated from the 
stress values calculated from it [71]. This more qualitative method of investigation 
has only a limited field of application. 
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In the heat of solubility method for adhesion determination, the film material is 
chemically dissolved from the substrate, e.g. by an exothermic reaction. The total 
energy thus converted consists of the energy released by the dissolving of the pure 
film material less the energy required to break the bonds between film and substrate. 
To enhance the contribution from the adhesion the ratio of the number of molecules 
on the film/substrate interface should be as high as possible in relation to the total 
number of molecules in the film. The thermal yield of the reaction is determined 
with a microcalorimeter, although tests with coated metal films on NaC1 substrates 
have shown the sensitivity of such equipment to be, as yet, insufficient for exact 
measurements [74,75]. 

The adhesion of insulator films can be determined with the capacity method [87] 
by fixing an elastic electrode on the coated metal substrate and measuring the ca- 
pacity of the condenser thus formed at high and low frequencies. The ratio of the 
difference between the two capacities (CuE- CLF) to the capacity of the arrangement 
at high frequency (CUE) should be inversely proportional to the adhesion of the film. 
There are no details available regarding the accuracy and reliability of this method 
[13,77]. 

Nucleation methods for measuring adhesion are principally interesting for fun- 
damental investigations. On an atomic scale, the adhesion is proportional to the 
force required to break the bonds between the film and the substrate atoms (or mole- 
cules) that are effective over the interface. The sum of these microscopic interaction 
forces over the boundary gives the basic adhesion [11 ]. Conclusions may be drawn 
regarding the nucleation mechanism and the adsorption energies of the film material 
atoms by investigating the kinetics of the film formation on the substrate. However, 
it should be remembered that the nucleation method allows the adsorption energy for 
only a single adsorbed atom to be determined. In order to obtain the basic adhesion, 
the adsorption energy of the adsorbed atoms adhering to the substrate surface must 
be added together, and the number of binding surface sites on the substrate has also 
to be known. This is generally in the order of l012 - l014 adsorption sites cm 2. It is 
known that with evaporation in high vacuum the vapour of a film material condenses 
onto a solid substrate surface by a heterogeneous condensation There are two differ- 
ent kinds of heterogeneous nucleation process. Purely statistical nucleation occurs 
spontaneously on even, homogeneous, defect-free substrate surfaces. However, se- 
lective nucleation takes place on defect sites in the crystal lattice and generally on 
sites with increased binding energy on the substrate surface. Furthermore, at low 
substrate temperatures, the surface mobility of the adsorbed atoms is greatly limited 
and statistical nucleation preferentially occurs, whilst at higher substrate tempera- 
tures and in conjunction with an increased ad-atom mobility only selective nuclea- 
tion is significant. Two theories exist regarding nucleation, the one based on ther- 
modynamic ideas (capillarity theory), the other employing atomic concepts. In ac- 
cordance with both theories, methods were developed to determine the adsorption 
energies of ad-atoms, as follows: 
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ascertaining the adsorption energy by determining the supersaturation of the film 
material vapour required for nucleation (capillarity theory) [88,90,93,94], 

ascertaining the adsorption energy by determining the rate of nucleation (atomic 
theory) [52,89,95-97,99,100], 

ascertaining the adsorption energy by determining the saturation nucleus density 
(atomic theory) [52,90,95,98], 

ascertaining the adsorption energy by determining the critical condensation 
(atomic theory) [52,93,101-103]. 

It may be concluded that in the adhesion investigations summarized under nuclea- 
tion methods, either the existence of nuclei must be proved (e.g. critical condensa- 
tion) or the population density of the nuclei on the substrate surface must be deter- 
mined. Nucleus density determination is, however, only of use if the clusters (heaps 
of particles) do not wander (surface diffusion) and do not fuse with one another 
(coalescence). In practice, oscillation has been observed, however [104]. Determi- 
nation of the density of (critical) nuclei is usually carried out using an electron mi- 
croscope. Generally, the specimen must be fixed in an appropriate manner before- 
hand. Even with the high resolving power possible with electron optics, nuclei 
smaller than 10 atoms often cannot be recognized. Other artefacts can be caused by 
the electron beam or by unsuitable fixation. For example, after fixing certain sam- 
ples with carbon films, wandering and coalescence of silver nuclei can be observed. 
On the other hand, fixation with tantalum films prevents artefact formation but this 
preparation technique impairs the resolving power [90]. Nucleation methods can be 
applied only to those film/substrate material combinations, where the nucleus den- 
sity increases with time during the evaporation process until a saturation value has 
been achieved. The binding forces of the atoms at the substrate surface must be of 
the order of the van-der-Waals' forces, since otherwise cluster formation is no longer 
possible by surface diffusion but only by accumulation from the vapour phase and 
the calculated models can no longer be applied [52,88,90]. The technical and ex- 
perimental expenditure for these methods is very large, and the reproducibility is 
rather bad. However, this is the only technique with which the adhesion values for 
very thin films (0.1-1 nm) can be obtained and the basic adhesion directly experi- 
mentally determined [36]. The nucleation methods cannot, however, be applied to 
systems in which strong interaction forces arise (e.g. oxidation systems). Neverthe- 
less, in these cases it is possible to estimate the density of the bonds over the bound- 
ary layer from the experimentally determined adhesion force and the reaction proc- 
ess in the boundary layer which is usually known. The density of chemical bonds 
thus determined and the maximum nucleus density determined from the nucleation 
method are of approximately the same order of magnitude (lO 12 nuclei cm2). Pre- 
sumably, the most energetically favourable sites for nucleus formation and the pre- 
ferred sites for chemical bonding are identical [36,106]. 
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5.2.2 CAUSES OF ADHESION 

5.2.2.1 INTERFACIAL LAYERS 

The quality of adhesion between solids, e.g. between a film and its substrate, 
depends to a large extent on the condition of the interfacial layer that is formed as 
can be seen in Fig.2. The following types of interfacial layers can be distinguished 
[15,75,107] 

Mechanical interfacial layer 

This type of interfacial layer forms on rough porous substrates. The film material 
fills the pores and other morphologically advantageous places when there is suffi- 
cient surface mobility and wetting, and a mechanical anchor is formed. The adhesion 
depends on the physical characteristics (particularly the shear strength and the plas- 
ticity) of the combination of materials. 

Monolayer on monolayer 

This Interface is characterized by an abrupt transition from the film material to 
the substrate material. The transition region has a thickness of 0.2 - 0.5 nm. Inter- 
faces of this type form when no diffusion occurs; there is little or no chemical reac- 
tion and the substrate surface is supposed to be dense and smooth. 

Chemical-bonding interfacial layer 

This type of interfacial layer is characterized by a constant chemical composition 
across several lattice distances. The formation of the interface layer results from the 
chemical reactions of film atoms with substrate atoms which may also be influenced 
by the residual gas. A distinction has to be made between intermetallic bonds and 
alloys and chemical bonds such as oxides, nitrides etc. 

Diffusion interfacial layer 

This interfacial layer is characterized by a gradual change of the lattice and the com- 
position within the film-substrate transition area. At least partial solubility is re- 
quired for diffusion between the film and the substrate material to take place. The 
necessary energy of 1 to 5 eV must be supplied from elsewhere, e.g. when copper is 
evaporated onto an unheated gold substrate the heat of condensation is sufficient for 
diffusion to take place. Diffusion layers may have advantageous characteristics as 
transitional layer between very different materials, e.g. for reducing mechanical 
stress resulting from different thermal expansions. 

Pseudodiffusion interfacial layer 

This type of layer can be formed by implantation processes at high particle ener- 
gies or in the case of sputtering and ion plating by gas-phase backward scattering of 
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proaching a substrate atom is first attracted, then repulsed, and finally remains in 
balanced state. The attractive forces between intact electron shells (Keesom, Debye, 
London forces) are grouped together under the heading ~van der Waals>> forces. 
The most frequent and important effect o f  the intermolecular forces is the London 
dispersion effect [123-125] between neutral atoms of  the film and the atoms of  the 

substrate surface. These quantum mechanical dispersion forces, which are based on 
a common inf luencing o f  the electron movement ,  produce the attraction. The ad- 
sorption energy E'a of  a fi lm atom onto a surface atom may be expressed: 

, _ _ _ 3  a I a 2 h e  I v 2 

E a - 2 r 3 v 1 + v 2 

r = equil ibr ium distance 

a = polarizabil i ty 

v = characteristic vibration frequency 

h = Planck's constant 

The interaction between the ad-atom and the substrate atom can be obtained by inte- 
gration: 

N z a~ a 2 h v~ v 2 
E a - ( 7 )  

4 r 3 v 1 + v 2 

N = number o f  substrate atoms in a unit o f  volume. 

Since the characterist ic energies hv~ and hv2 are unfortunately unknown, the 
ionization potential v can be used as an approximation 

N It" a 1 o~ 2 v I v 2 
E a -- ( 8 )  

4 r 3 v 1 + v 2 

TABLE 3 

CONTRIBUTION OF THE ELECTROSTATIC ADHESION COMPONENTS TO THE TOTAL 
PEELING ENERGY OF METAL FILMS ON GLASS [43]. 

Film Work Charge Theoretical Theoretical Experimentally 
function of density electrostatic van der Waals measured 
electrons adhesion adhesion peeling 

energy energy energy 
(eV) (nC cm "2) (J m "2) (J m:) (J m -2) 

Au 4.7 + 2.6 + 1 5 x 10 .3 0.95 1.4 + 0.3 
5.3 

Cu 4.5 -10 + 2 80 x 10 .3 0.4 0.8 + 0.2 
Ag 4.3 -13 + 3 115 x 10 "3 0.8 1.0 + 0.2 

Substrate: Borosilicate glass (Coming 7059) 
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The charging effect [43] can also be classified as physisorption. When two mate- 
rials with very different electron affinities are combined, an electrical double layer 
forms which also contributes to the adhesion. Physisorption contributes up to ap- 
proximately 0.5 eV to the adhesion. The force lies between 104 and 10 s dyn cm -2. 

The interaction between film and substrate atoms which is described as chemi- 
sorption can lead to strong bonds when electrons are shifted or exchanged. In true 
chemical bonding, such as covalent and ionic bonding as well as in metal bonding 
the bonding forces are very strong, depending on the degree of electron transfer. In 
covalent and ionic bonding the resulting bonds tend to be brittle, whereas in metal 
bonding ductile alloys are often produced. The energy contributed to the adhesion 
from chemical bonds ranges from 0.5 to about 10 eV. The forces are l0 II dyn cm 2 
or greater. This apparently clear picture of differing interfacial layers and types of 
interaction is complicated by the fact that surfaces do not behave uniformly because 
they are under the influence of the so-called active and passive centres. Active cen- 
tres include grain boundaries, dislocations, vacancies or crystallite faces with vari- 
ous free energies and activation energies of chemisorption. Passive centres are sur- 
face areas which have already been covered with foreign material so that practically 
no chemisorption can take place. 

It should be noted that the quality of adhesion improves with time in some cases 
(e.g. silver on glass). This phenomenon can be explained in terms of slow diffusion 
leading to the formation of an oxygen-bonded interfacial layer. In other experiments 
of the changes in adhesion with time the adhesion of metal films on polymer sub- 
strates was investigated using the scratch test [108,110]. The results showed that 
there is sometimes a marked improvement in the adhesion of, for example, gold 
films over a period of time. In this case, the major part of the improvement was at- 
tributed to the slow formation of an electrostatic double layer. This was proved by 
bombarding the film with ions from a glow discharge which broke down the double 
layer, where upon the adhesion returned to its original lower value [108]. These 
series of experiments showed that the electrostatic component contribute signifi- 
cantly to adhesion. This observation confirmed that adhesion seldom comes about 
only through reciprocal action but rather that it is determined by the combined ef- 
fects of various intermolecular atomic interactions. 

5.2.3 PARAMETERS INFLUENCING ADHESION 

The adhesion of thin films is influenced by a large number of parameters. Some 
of these are defined by the choice of materials for the coating and the substrate. The 
others are influenced by the preparation of the substrate, the coating process and the 
handling of the film-substrate combination after the coating process is completed. 
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5.2.3.1 COATING AND SUBSTRATE MATERIALS 

In most cases the choice of substrate is predetermined and a coating is applied to 
change certain of its characteristics, e.g. antireflection coating of lenses, corrosion 
protection of a metal or improvement of surface hardness. The choice of material 
combinations in each case is often quite limited by the application for which the 
system is intended. The particular combination of substances used (if the film is to 
be coated by evaporation) determines whether the interfacial layer is of the diffusion 
type or the chemical bond type or whether weak reciprocal action forces will be 
effective across the interface. If it has to be expected that the adhesion between the 
chosen materials will be weak, then the adhesion can be improved by the addition of 
an appropriate intermediate layer (compound system). The most common applica- 
tion of intermediate layers is to improve the adhesion of gold films on oxide sub- 
strates, e. g. glass. Metals such as chromium which oxidize and alloy easily are usu- 
ally used as the intermediate layer. The chromium adheres very well to the substrate 
because of oxidation, and the metallic chromium and gold interdiffuse to form an 
interfacial layer which also has very good adhesion [111 ]. The adhesion of evapo- 
rated Aluminium films on glass can be greatly improved by using nickel or chro- 
mium in a similar way [62]. The evaporation of coatings of metal alloys with low 
internal stresses (e.g. 75% Ti and 25% Cr) is a special case particularly if the com- 
ponents of the alloy alone would have a very high internal stress [ 112]. 

5.2.3.2 SUBSTRATE PREPARATION 

The formation of an interfacial layer and thus the adhesion are greatly influenced 
by the physical and chemical structure of the substrate surface and the neighbouring 
areas as well as by the morphology of the surface (flatness, waviness and rough- 
ness). The chemical composition of a surface itself is almost always different from 
that of the bulk material. Prior treatment of the surface, e.g. cutting and polishing, 
changes not only the mechanical structure but also the chemical, structure of the 
surface. This can have either advantageous or detrimental effects on adhesion. For 
example, a layer comprising the polishing agent (usually an oxide), reaction prod- 
ucts, water and glass particles forms on the substrate surface (Beilby film) when 
glass is polished [ 113]. Therefore the substrate should be prepared in such a way as 
to provide a defined and reproducible surface. There are many physical and chemi- 
cal cleaning and preparation methods that are capable of doing this. The desired 
cleaning is often achieved by using a cleaning process which is a combination of 
various individual steps. When working out a cleaning process it must be clear 
which contaminants are to be removed from which surface materials (metals, ce- 
ramics, etc.). 
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5.2.3.3 INFLUENCE OF THE COATING METHOD 

The formation of the interfacial layer is very strongly influenced by the coating 
process. In general, for good adhesion between film and substrate, an energy input is 
necessary to produce the required activation energies to allow important physical 
and chemical processes to occur. 

Depending on the chosen film formation method, which will be discussed in 
Chapter 6, this energy may be provided by incident atoms, molecules or ions which 
either have a high energy as a result of a special transformation process e.g. transfer 
to the gas phase, or which are accelerated by various means on their way to the sub- 
strate surface. The substrate temperature has also a very strong effect on adhesion. 
Thus the re-evaporation rate, the surface mobility, the diffusion and the chemical 
reactivity of the atoms are strongly affected by the substrate temperature. This indi- 
cates that the varied adhesion values obtained are caused by different physical 
and/or chemical bondings, depending on the energy of the incident atoms and on the 
substrate temperature [33]. 

5.2.3.4 AGING 

In many cases, the film-substrate system is not totally stable once the coating 
process has ended, and it continues to change physically and chemically until it 
reaches a stable condition [114]. The adhesion of the film to its substrate often un- 
dergoes marked changes during this time. Three processes, which generally progress 
slowly, are responsible for this aging: chemical reactions in the interfacial layer area, 
solid body diffusion across the interfacial layer and changes in the crystal structure 
(recrystallization through self-diffusion). These processes are strongly dependent on 
temperature, their speed usually increasing with increasing temperature [61,63,115]. 

5.2.4 PRACTICAL ASPECTS OF ADHESION MEASUREMENT 

The magnitude of the adhesive strength of a film to its substrate can vary, as 
already mentioned, between that of the van-der-Waals' forces at one extreme and the 
cohesive force of either component at the other. These limits are between about 10 

- 2  kp mm 2 and 30.000 kp mm . In measuring these relatively high forces acting be- 
tween a thin film and a thick substrate, two particular problems must be overcome. 

An exactly determined tensile or shear force must be applied to the coating. 

It must be ensured that failure has really occurred in the interfacial layer and is 
not a cohesive failure of the coating or the substrate. 
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One simple qualitative test method is the scotch-tape test. In order to carry out 
quantitative measurements, however, more precise methods have to be used and 
existing commercially available measuring units are of use. Some of these methods 
are discussed in detail in the following sections. Additional information can be 
found, for example, in [ 105]. 

5.2.4.1 SCOTCH-TAPETEST 

Possibly the most widely used and, certainly the simplest and quickest method, is 
the scotch-tape test, shown schematically in Fig. 3. An adhesive tape is stuck to the 
coating and then removed, a check being made to see if the coating adheres to the 
substrate or is torn off together with the tape. The test is essentially a qualitative 
r or failure>> method. If the tape is applied under a set load and is removed in 
a reproducible manner, then a semiquantitative result is possible based on the energy 
required to remove that tape or the percentage of the coating removed. In practice, 
the test can only be applied to rather weakly adhering coatings, the upper limit being 
about 200 kp mm 2. 

Fig. 3 
Schematic representation of the scotch-tape test. 
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5.2.4.2 DIRECT PULL-OFF METHOD 

A method previously described in Section 5.2.1 may also be used where a me- 
chanical linkage to the film is made by gluing or soldering a traction piece or so- 
called ~stud)) to it. This can then be pulled off in tension perpendicularly to the sur- 
face. The method is difficult to apply because of the problem of obtaining a uniform 
stress at the interface. Statistical evaluation of several measurements may help to 

minimize the possible error. The Quad coating adherence tester Sebastian 1 [ 116] is 
a commercially available tensile pull test unit which can be used for such measure- 
ments. The unit has been designed as a precision laboratory tool which can accom- 
modate test surfaces of virtually any size or shape. Samples such as thin films on 
small glasses of 0.4 cm in diameter or large lens shapes can be accommodated pro- 
vided that the test area can be placed flat on the test table mesa. 

Fig. 4 
Sebastian 1 [116] direct pull-off adherence tester. 
A = engagement knob, B = test table, C = stud insertion port, D = test button, E = stud eject 
mechanism, F = LED display, G = connection panel 

The adherence tester shown in Fig. 4 is supplied with an integral LED display which 
exhibits the load level and retains the breaking point load in a memory until reset. 
Precoated bonding studs for effective attachment to most coating surfaces are avail- 
able. Bonding to the coating surface is accomplished by holding a stud, precoated 
with bonding agent, against the test surface during a short thermal cure period as is 
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shown in Fig. 5. The bonding stud contact end consists of a 0.28 cm diameter cone- 
shaped boss on a 0.16 cm diameter pull shank. It is imperative to employ a bonding 
agent which neither gives an unacceptable reaction nor introduces undue stress on 
bonding to the film. After thermal setting of the bond, the sample is ready for pull 
testing. This is done by inserting the stud into the instrument. The shank of the 
bonding stud is clamped by use of special knob. After this load is applied at a pre- 
determined rate until failure of the bond ensues. Under optimum conditions, an ac- 

curacy of + 10% can be achieved. The limit of the method, as with the scotch-tape 
test, is how well the stud can be made to adhere to the coating itself. With present 
day glues the maximum adhesion is probably 650 kp mm 2. 

Fig. 5 
Bonding the stud to the film surface. 

1 

The sample with the bonded stud 
is inserted to the apparatus and 
fixed. Pressing the test button starts 
pulling. The value of load at which 
the stud has pulled from the surface 
is displayed on the LED display. 
After release of the stud it can be 
Ejected by pressing the eject button. 

Fig. 6 
Romulus IIIA universal mechanical 
strength tester. This computer 
controlled instrument allows to 
measure all forms of adhesion and 
many other material properties by 
using interchangeable platforms [116]. 
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Recently the Quad Group [ 116] developed a new mechanical strength test equipment 
Romulus III-A which can be used to test besides pull-off adherence also the scratch 
coating adherence. The test equipment is shown in Fig. 6. 

5.2.4.3 SCRATCH METHOD 

A quite different approach is provided by the scratch test where a stylus is drawn 
repeatedly across a sample to produce a series of parallel scratches as is shown in 
Fig. 7. The load is increased with each traverse until the film is stripped cleanly from 
the 

1 

Fig. 7 

Production of scratches by a loaded stylus. 

substrate. The scratches are then carefully inspected by optical or scanning electron 
microscopy to determine the critical load. This critical load has been related to the 
adhesion between film and substrate by an equation given by Benjamin and Weaver 
[66,110] whose model assumed that the interfacial area was subjected to a shear 
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force by the action of the stylus. Fig. 8 shows a schematic representation of the 
model. According to these assumptions, it should be possible to calculate the adhe- 
sion F from equation (11) as follows, if the required data have been measured. 

F = H tan t9r (9) 

L L 
H = = (10) 

rcA 2 2~rRh 

F = Lr = K~HLr i f R  >> A (11) 
7tAR rcR 2 

A denotes the half-width of the scratch channel and is expressed by A 2 = L/nil, L is 
the stylus load and Lr is the critical load, R = is the radius of the stylus, H is the 
mean indentation pressure on the substrate, and the value of the numerical coeffi- 
cient K lies between 0.2 and 1.0 depending upon the details of the model [66,110]. 
In the paper of Benjamin and Weaver [66], H was identified with the Vickers hard- 
ness H, of the substrate. In a later investigation by Laugier [117], the frictional ef- 
fects between the stylus and the sample were considered. H was again defined as the 
mean indentation pressure as with Weaver [ 110], and the value of K was assumed to 
be typically 5.5 depending again on the numerical constants in the model. Higher 
adhesive strength values were then obtained by calculation from the measured criti- 
cal loads. 

Fig. 8 
Schematic representation of Benjamin and Weavers model [66,110]. 



94 

The scratch test is one of the few test methods which can be applied to strongly 
adherent coatings. It is therefore of considerable importance. It has proved to be 
remarkably successful but has also been subjected to criticisms. Its advantages and 
limitations were reviewed by Perry, Laeng and Hintermann [118]. This excellent 
discussion is partially reproduced here, with the kind permission of the authors. The 
scratch test was first introduced about 30 years ago by Heavens and Collins [59,119] 
to study the adhesion of evaporated chromium films on glass. The present wide- 
spread use of the test can be attributed to Weaver et al. [66,110, 60-67] who adopted 
it a few years later to make a very extensive study of evaporated metal films on 
glass. They confirmed Heavens' result [59,119] that a minimum layer thickness 
(some 30 nm in their case) was necessary for maximum adhesion as measured by the 
scratch test, and also found that aging was necessary to achieve maximum adhesion 
by allowing the development, for example, of an oxide layer at the coating-substrate 
Interface. The effects of an intermediate metal layer were also studied and the exis- 
tence of a minimum interlayer thickness for good adhesion and further, the forma- 
tion of an interaction zone between the two metal layers which could enhance or 
decrease the adhesion was demonstrated. Karnovsky and Estill [72] showed later 
that aging effects could be avoided by depositing the coating at elevated substrate 
temperatures. 

As discussed above, Weaver et al. assumed that the coating-substrate interface 
was subjected to a shear force by the sliding stylus. Based on this assumption, they 
derived eqn. (11) which relates the adhesion to the critical loads. It should be noted 
that this equation has never been completely verified experimentally. The test has 
come under closer scrutiny in recent years. It has been found that the loss of the 
coating can indeed be more complicated than the simple shear-stress model sug- 
gests. Butler et al. [41,68], again by studying metal coatings on glass substrates, 
found that two distinct types of coating removal can occur. Brittle coatings tend to 
crack and partially to detach due to the failure of the coating and of the coating- 
substrate interface to support the degree of deformation (Fig. 9a). The cracking is 
then followed by sapling of the coating, part of which can be pressed into the sub- 
strate again so that loss of adhesion is not necessarily accompanied by a complete 
physical removal of the coating from the channel by the stylus. In contrast, soft 
coatings tend to form a hillock ahead of the stylus and leave folds at the edge of the 
channel (Fig. 9b) without necessarily becoming detached. The coating can also be 
extruded sideways under the stylus and thinned to transparency so that it appears as 
though the coating has been removed although loss of adhesion has not occurred. 

The scratch test has also been applied to high-speed steel which has been sputter 
coated with TiC. Greene et al. [69] encountered most of the abovementioned effects: 
a minimum coating thickness for good adhesion (about 1-3 ~m depending on condi- 
tions) aging for 30 hrs at room temperature to achieve maximum adhesion (which 
they attributed to short-range ordering leading to relaxation of stress at the interface) 
and tearing of the coating adjacent to the channel when the critical load was ex- 
ceeded. In addition, they found that the critical load depended upon the argon pres- 
sure during sputtering. 
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Fig. 9 a and b 
Examples of loss of adhesion during 
the scratch test (according to Butler et 
al [68, 41] 
a) a brittle coating, chromium on 
glass 
b) a ductile coating, copper on glass 

The problem of defining the point at which the coating was completely stripped 
was also encountered because the absence or presence of the TiC coatings on the 
steel in the channel was difficult to ascertain by optical microscopy; an electron 
microprobe analyzer attachment to a scanning electron microscope was employed to 
confirm the stripping off of the coating. 

In spite of the varied behaviour which can be encountered in the scratch test, the 
conclusion of both Butler et al. [41,68] and Greene et al. [69] was that the test could 
be used quantitatively to compare the adhesion of similar films on identical sub- 
strates. Ahn et al. [120] studied the scratch testing of single or multilayer coatings 
deposited by vacuum evaporation, sputtering or gas-phase polymerization onto an 
array of metallic substrates. They demonstrated yet again that the mechanisms of 
coating removal could be classified according to whether to coating was brittle or 
ductile. Brittle films could be removed completely but ductile films showed gradual 
thinning. The difficulty of working with ductile films was studied by Oroshnik and 
Croll [121] who used samples of quartz which had been coated with aluminium by 
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vacuum evaporation. They found, as before, that the coating thinned locally in the 
centre of the scratch channel, and introduced the concept of threshold adhesion fail- 
ure as the point at which thinning to transparency occurred. 

One practical application of the scratch test was its use by Chopra [71 ] to make a 
quantitative comparison of the adhesive strengths of gold deposited onto glass and 
other substrates by sputtering and by evaporation. He was able to demonstrate the 
superiority of sputtering and also the marked effect of the bias voltage on the adhe- 
sive strength. In addition, he found that the critical loads increased quite rapidly with 
coating thickness and with substrate hardness. 

Finally, to permit a quantitative comparison between the result of various tests to 
be made, Hamersky [70] studied the effect of stylus radius on the apparent adhesion. 
He employed stylus tips ~hich varied in both size and material. Hamersky showed 
that the measured adhesion was only independent of stylus radius above about 0.2 
mm. 

It is clear that the scratch test is the only viable method of determining the adhe- 
sion of thin hard coatings which adhere well to hard glass substrates. It is equally 
clear that the test cannot be applied without great care being used in the interpreta- 
tion of the results. Irrespective of the particular coating-substrate combination under 
examination, a number of points need to be kept in mind. 

1.) The mode of failure depends primarily on the mechanical properties of the 
coating- whether it is brittle or ductile. Loss of adhesion appears to be more simple 
to detect in the case of brittle coatings although these do not all necessarily deform 
in the same manner under the stylus. Ductile coatings can be extruded sideways by 
the action of the stylus and can be thinned to zero without loss of adhesion. This 
complexity in the mode of failure has led many previous investigations to the erro- 
neous general conclusion that the test cannot be applied to obtain quantitative data. 
If the mode of failure remains the same for a given system, then a quantitative com- 
parison is feasible. However, this does confirm that the mode of failure needs to be 
studied with care. 

2.) The detection of the removal of the coating by adhesive failure - either the 
onset of it or the critical load for total stripping- is crucial. The hard coatings fall in 
a brittle manner; these tend to spall off and can be pressed back into the substrate by 
the action of the moving stylus. 

3.) Experimentally, the size, material and roughness of the stylus needs to be 
chosen [70] with due regard to the system being studied. 

4.) In the context of the interpretation of the critical loads, the wide variation in 
the mode of failure mentioned above and also the dependence of the critical load on 
the coating thickness [71 ] indicate that eqns. (9-11) need to be validated and updated 
experimentally. 

5.) Account needs also to be taken of the surface roughness of the substrate (that 
is the roughness of the interface) and it must be established also that failure does 
indeed occur within the Interface region as defined here. 

Thus we may conclude that the scratch test can be used to characlerize the 
strength of the interface quantitatively. The determination of the onset of adhesion 
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loss and of complete stripping of the channel represent major problems. In addition 
the relationship between the critical load and the energy required to propagate a 
crack at the interface, i.e. the strength of adhesion, needs to be determined. 

Fig. 10 

The L S R H  scratch test equipment  [ 122]. 

The experimental evidence available to date appears to indicate that the results of 
different experiments can only be compared where the same coating-substrate com- 
bination is studied using a stylus of the same composition above a minimum radius. 

Commercially available equipment can be used to perform the scratch test. This 
scratch test unit was developed at LSRH* in Switzerland [122], and provides the 
means to make scratches at a constant speed with a known load on the stylus. Usu- 
ally the stylus consists of a cone-shaped diamond with a tip radius of 0.2 mm and a 
cone angle of 120 ~ , that is the same diamond as is used for Rockwell hardness 
measurements. The Rockwell diamond can be replaced by another type of stylus if 
necessary. The scratching speed is 10 mm min l and the applied load to the stylus 
can be varied between 0.1 and 20 kp in steps of 0.1 kp. The CSEM scratch test unit 
is also equipped with an acoustic detector in the form of a piezoelectric accelerome- 
ter mounted directly above the stylus. So the acoustic emission accompanying the 
adhesive failure of some film-substrate combinations can be recorded as the 
scratches are made. The detector output signal is indicated on a voltmeter. The 
acoustic emission is due to the sudden release of elastic energy when cracks propa- 
gate in the film-substrate interface. However, no acoustic emission is detected when 
the film or the film system forms cracks perpendicularly to the interface as happens 
sometimes, especially at low loads. The possibility of using the acoustic signal to 
determine the critical load is particularly interesting in routine testing when the oc- 
currence of adhesive failures is difficult to determine optically. The CSEM scratch 
test unit is shown in Fig. 10. 

* LSRH = Laboratoire Suisse de Recherches Horlog~res, now CSEM = Centre Suisse Electronique et Microtecnique 
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5.2.5 FINAL COMMENTS ON ADHESION 

More than 350 different methods for the determination of adhesion between film 
and substrate and between the individual films themselves are known [126] ranging 
from basic to highly sophisticated. There are two important aspects of the adhesion 
of thin films. From the academic view point adhesion is an interesting phenomenon 
in itself. The nature and strength of the forces acting across the interface which actu- 
ally effect this adhesion (basic adhesion) are of special interest. 

In practice, the total adhesive strength of the entire film to the substrate has to be 
considered. Mechanical measuring methods tend to be developed with this in mind. 
However, the results are influenced by a multitude of unknown method-specific 
measurement errors so that the basic adhesion can only be calculated approximately. 
This does not, however, make these measurements less valuable for practical appli- 
cations. Only through the introduction and expansion of modern investigatory meth- 
ods will it be possible to carry out research on more complex surface and interface 
processes. At present, a great deal of information on the chemical composition and 
geometry of the interface layer, the bonding energy between film atoms and sub- 
strate conditions, oscillations, surface area diffusion and the kinetics of sorption 
processes and surface reactions is required. A complete analysis of these effects is 
not possible at present. This means that only partial solutions to the problems of 
adhesion can be found while certain limiting conditions are imposed. 

This gives the scientist a wide field to work on before he can explain the proc- 
esses at the interface and deduce from them ways of improving adhesion. Those 
working in practical applications should develop more sophisticated testing methods 
which allow the energy applied to be measured exactly so that it can be compared 
with the values deduced theoretically. 
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CHAPTER 6 

6 FILM FORMATION METHODS 

The formation of films on a glass surface can generally occur in a subtractive or 
additive way by chemical or physical processes. In the first class of film formation 
methods, the multicomponent glass loses some of its constituents on the surface and 
in regions near the surface through chemical or physical action. Films thus obtained 
are in optimal contact with the substrate, but generally have a somewhat altered 
composition compared with the bulk glass, and are always rather porous. In the case 
of additive film formation methods, which represent a very large class, the glass 
substrates are coated with films by deposition. Such films have in nearly all cases a 
composition which is different from that of the substrate. Their adhesion is good and 
in most cases they can be made rather compact. The various methods vary consid- 
erably in the medium used to produce the film, in the required technical equipment, 
in the rate of film formation in the required substrate temperature and in all the other 
operations performed to reproduce and stabilize the properties of the final coating. 
In the following, a brief description is given of the various chemical and physical 
methods which can be used to produce films on glass surfaces. 

6.1 SUBTRACTIVE METHODS 

6.1.1 CHEMICAL PROCESSES 

The attack of glass by a humid atmosphere and by acid resulting in the formation 
of a surface film with altered properties was observed by Fraunhofer in 1817 and 
later by Lord Rayleigh and Taylor [8]. 

6.1.1.1 SURFACE LEACHING 

In 1904 a British patent was granted [1 ] for a method in which glass is treated 
with acidic solutions to form an antireflective layer on its surface. It was thought 
that the optical effect was produced through a low refracting inhomogeneous layer 
formed by leaching the glass surface. Investigations performed later in the laborato- 
ries of Schott und Genossen [2] showed, however, that the film formed by the acid 
attack is homogeneous. The film consists of solid rather compact silica gel with a 
refractive index between n = 1.45 and 1.46. It was surprising to discover that the 
transition zone between the film and the intact glass is only about 0.5 nm thick. In 
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the leaching operation with acid solutions, not only are the alkali and the alkaline 
earth components in the surface region of the solid glass removed, but also to some 
extent little defined polishing residues which are smeared into the remaining pol- 
ishing cracks and fissures. Therefore, polishing cracks invisible before leaching may 
appear after such treatment. Through the use of buffered solutions, however, film 
formation without development of polishing cracks is possible [3]. Extended inves- 
tigations have improved the reliability of the chemical subtractive film formation 
methods [4,5]. However, the optical property of the compact silica gel film with 
n=1.45 is insufficient to reduce the reflection of low refracting glass. For this reason 
skeleton-type silica gel films were created with lower film refractive indices which 
are most suitable as antireflection films even on low refracting glass. Such films can 
be made by leaching the glass with basic solutions of 9H-Values between 7 and 
814b]. Chemically leached films on glass have been produced on an industrial scale 
with good optical quality. For some years, they were the only antireflection films of 
reasonable mechanical and chemical resistivity. However, the large number of dif- 
ferent optical glasses which required different leaching solutions and leaching times, 
the danger of occasionally developing polishing cracks and the loss in optical quality 
by absorption of humidity and grease, especially in the case of the porous skeleton 
type films, may explain why production soon ceased. But this process might still be 
used for special applications. For instance it was discovered that chemically leached 
antireflection layers on high power laser optical components exhibit a very high 
laser damage resistance e.g. [6]. 

6.1.2 PHYSICAL PROCESSES 

6.1.2.1 HIGH-ENERGY PARTICLE BOMBARDMENT 

High-energy particle bombardment at low residual pressure produces surface 
modifications on multicomponent glass and fused silica. According to a British pat- 
ent [7], treatment of glass in a noble gas glow discharge at an accelerating voltage of 
50 kV produces an antireflection film. It was also shown that a glow discharge 
treatment of glass at voltages between 3 and 5 kV in streaming dry air at reduced 
pressure, after more than 1 hour produces an antireflection film [7]. Unfortunately, 
no systematic investigation on the formation mechanism was performed. It is con- 
cluded, however, that the films consisted of glass constituents. It could be assumed 
that the alkali and other easy removable components will be sputtered leaving be- 
hind a silica-enriched less dense glass network on the glass surface. Although such 
layers were found to be very stable and resistant to concentrated acids, such as 
chromic sulfuric acid or nitric acid, the method has never been used in technical 
production of antireflection films. 

Recently systematic studies of the surface properties of glass and other insulators 
have been made after bombardment with ions in the 40 to 100 keV range. Refractive 
index modifications were observed which are caused by phase changes, micropo- 
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rosity, colour centre introduction, compaction or compositional changes. The opti- 
cally modified layer thickness was found to be dependent on the incident ion range. 
With treatment by medium weight ions such as e.g. Ne, Ar, Kr, modifications within 
the layers occur quite uniformly. Noble gas ion bombardment of fused silica pro- 
duces a glass network compaction and an increase in the refractive index. But crys- 
talline quartz shows a rather stable disordered structure after such treatment. In the 
case of soda lime glass, bombardment with argon ions can cause a decrease of the 
refractive index from 1.52 to 1.34 due to a sodium depleted surface layer. Preferred 
sodium sputtering and enhanced diffusion over the implanted ion range could be 
observed cementing the early assumption on the mechanism of the process. A sur- 
vey of this topic can be found in a paper by Mazzoldi [8]. 

6.2 ADDITIVE METHODS 

The subtractive methods practically can only be used to produce single films 
with lower refractive indices than those of the multicomponent glass substrates. 
Consequently in optics their use is limited to reflection-reducing films. This limita- 
tion does not exist with the additive film formation methods. With additive methods, 
it is possible to deposit in any sequence low- or non-absorbing compound films with 
various refractive indices as well as absorbing an highly reflecting metal or alloy 
films and mixtures of both types of films. It is obvious therefore that the subtractive 
methods are almost completely superseded by additive ones. The additive film for- 
mation methods can be classified into chemical and physical methods and further 
into wet or dry processes the latter may run at atmosphere or under vacuum. 

6.2.1 CHEMICAL FILM FORMATION PROCESSES 

6.2.1.1 DEPOSITION OF METAL FILMS FROM SOLUTIONS 

The oldest wet film deposition process is chemical silvering of glass and plastics. 
It is still in use today for the fabrication of relative cheap glass mirrors metallized on 
the reverse side. There are innumerable formulas reported which were summarized 
some years ago [9]. The various recipes have only minor variations, and all involve 
a solution of a silver salt (usually AgNO3) as one reagent solution and a reducing 
compound (usually sucrose or formaldehyde) dissolved in a second solution. The 
two reagent solutions are either mixed just before using or are sprayed from a two- 
nozzle gun on the glass surface to be silvered. A reduction reaction occurs on the 
surface and an extremely fine-grained metallic silver film is precipitated, which 
shows a high reflectance. The meticulously cleaned surface should be sensitized 
before coating. This can be done by polishing with tin oxalate or tin oxide or by 
dipping in stannous chloride solution acidified with hydrochloric acid. 
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For the widely used Brashear process [10-12], the two following solutions are re- 
quired. The silver nitrate solution contains 20g AgNO3 and 10g KOH in 400ml wa- 
ter. To prevent precipitation, about 50ml NH4OH is added. The solution should not 
be stored for long since explosive fulminates can form. The reducing solution is 
formed by dissolving 2g sucrose and 4ml HNO3 in 1000ml boiling water. The solu- 
tion is cooled to room temperature before use. Immediately before silvering, four 
parts of silver-salt solution are mixed with one part reducer. After formation of the 
silver film, the deposit is stabilized by an electroplated copper film and/or a lacquer 
coating. Sometimes the silver film is cemented with a second glass plate. These 
treatments prevent the silver film from degrading chemical reactions with traces of 
sulphur compounds from the atmosphere. In a similar way, copper [13] and gold 
[ 14] films can also be deposited by reduction reactions in solutions. 

Another wet technique to form metal films of Ni, Co, Pd, Pt, Cu, Au, Ag and 
alloys of these elements also containing P and B is the autocatalytic chemical reduc- 
tion [15,16]. In this process, a solution of a chemical reducing agent (usually 
NaH2PO2) is required to provide the electrons for the reduction reaction" Me n+ + he 
-+ Me, e.g. [ 17]: 

2H2PO2-+2H20+Ni 2§ --, Ni+H2 +4H § +2HPO32- (1) 

However, in contrast with the homogeneous chemical reduction reactions described 
above, in autocatalytic plating the reaction takes place only on a catalytic surface. 
Therefore the metal deposited must itself be catalytic to guarantee that film growth 
will continue after the process has started. For bath compositions and operating con- 
ditions, the literature on electroplating should be consulted [ 15]. The tanks contain- 
ing the baths must be made of a non-catalytic material. Not all substrate surfaces, 
nor all metal surfaces are suited to autocatalytic film deposition, nevertheless proper 
treatment can be performed with practically all materials to initiate film deposition. 
Once the process has started there is no theoretical limit for the thickness of the 
deposit. Thickness growth of the films takes place linearly with time similar to elec- 
troplating at constant current density. The characteristics of the process are a very 
constant deposition rate and little build up on edges of the substrate. The resulting 
films are relatively dense, smooth and shiny. As mentioned above, autocatalytic 
deposition takes place only on catalytic surfaces. With insulating substrates like 
glass and plastics, the problem could be solved by special treatment. Chemical con- 
ditioning processes have been developed not only to roughen the surface but also to 
change its chemical nature. This is also important for film adhesion, which shows 
useful results. It seems that the bonds are mechanical and chemical in nature. For 
glass, ABS plastics (acrylonitrile-butadiene-styrene) and polypropylene, the process 
starts with cleaning in mixtures of chromic and sulphuric acid. After thorough rins- 
ing with water, sensitizing and nucleation are performed. Sensitizing is the adsorp- 
tion of a reducing agent, frequently a stannous compound (e.g. SnCl2). The subse- 
quent nucleation is the adsorption of a catalytic material often a Pd compound (e.g. 
PdC12), but also Au compounds are used in which case sometimes the catalyst must 
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be brought into its final state by an additional process. Recently it has been sug- 
gested that the expensive Pd be replaced by a cheaper Cu-Sn complex [18]. Sensi- 
tizing and nucleation is generally a two-step process. However, the procedure can 
also be performed in a one-step process using one aqueous solution containing 
SnCI2, PdCI2, and HCI. The mechanism is not very well understood. According to 
[ 19] it can be assumed that PdCI2, is reduced to colloidal Pd, which is stabilized by 

. . . .  Sn2+. the Sn hydrolysis products obtained by the ox~dauon of The adsorbed Pd 
aggregates are surrounded by Sn 4§ ions and/or a colloidal matrix of SnO2 x H20. All 
stannous compounds must be removed by dissolving, leaving the surface covered 
with Pd aggregates as in the two-step process. The surface thus prepared is suitable 
for coating by the autocatalytic reduction. In practice today, mainly Ni films are 
produced by this technique. 

6.2.1.2 DEPOSITION OF OXIDE FILMS FROM SOLUTIONS 

The formation of thin oxide films from solutions by immersion or dipping and by 
spraying is also a relatively old method [20-23]. The development of the processes 
was started in Germany and in the United States. Both processes are used in indus- 
trial thin-film production mainly for optical and opto-electrical applications. 

6.2.1.2.1 IMMERSION- OR DIP-COATING 

The fundamental step in this process is the simple hydrolysis of suitable metal 
organic compounds whose hydrous reaction products are then converted into the 
final oxide coatings. The industrial development of this kind of film formation was 
started more than 50 years ago in the laboratories of the glass company Schott und 
Genossen in Germany [20,23]. From theses investigations, production processes 
resulted in the fabrication of single and multilayer coatings of pure and mixed metal 
oxides [24-36]. Films produced in this way are mainly used to change the optical 
properties of the glass surface. 

6.2.1.2.1.1 FORMATION, STRUCTURE, OPTICAL AND MECHANICAL PROPERTIES 

The basic chemical reactions can be demonstrated in the case of A1203 film 
deposition from an aluminium alkoxide. In order to achieve completely transparent 
oxide films, hydrolysis and condensation have to take place slowly and simultane- 
ously, thus initiating the formation of a gel-like microstructure. The single stages 
may be rather complex and are represented by the following sequence of reactions 
[37]: 

AI(OR)3 + H20 ~ AI(OR)2OH + ROH~' (2) 
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AI(OR)2OH + H20 
AI(OR)(OH)2 + H20 
2AI(OH)3 + AT 

--+ AI(OR)(OH)2 + ROH'i' (3) 
---> AI(OH)3 + ROH~' (4) 
---> A1203 + 3H20'1' (5) 

It can be assumed that during hydrolysis (eqns. 2 to 4), polycondensation will also 
occur to a certain degree according to: 

X AI ( O R ) ( O H ) 2 , H 2 6  - A I  (OR) - O - AI (OR) - O - AI (OR) - O - (6) 

+ H 2 0  ] - R O H  

OH OR 
, , 

- A I ( O R ) - O - A I - O - A I - O -  

+ AT [ - H20 

o OH 

H O - A I - O - A I - O -  

At the end of the deposition process, hydrolysis decreases and polycondensation 
increases supported by substrate heating (+ A T)" 

O 

OH O 

o OH 

+ AT / - H20 

/ 

l 

(9) 
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O O 
I I 

(10) 

X (A1203)  

The oxide films obtained contain, depending on the applied substrate tempera- 
ture, no or only a little incorporated water. Basically it is possible to start from solu- 
tions of any inorganic or organic metal compounds if these tend to form poly- 
molecules or polysolvated aggregates in solution which yield gels of poor crystalli- 
zation tendency during drying. It is obvious therefore that generally the hydrolysis 
method is not the only one for fabrication of films from solutions. 

However, practical experience has shown that hydrolysis of metal acid esters 
and/or alcoholates Which are obtained by treating metal compounds with the corre- 
sponding reactive solvents are particularly suitable. Oxides which can be produced 
as thin films of good optical and mechanical quality are listed in Table 1 [28,36]. 
The oxide films of the first group are practically free from absorption in the visible 
range and are assumed to be stoichiometric compounds. On the other hand, the ox- 
ide films of the second group show pronounced absorption in the visible range and 
may also be partially non-stoichiometric, because their extinction can be influenced, 
for example, by the baking process. Of all high-index materials, TiO2, has proved to 
be of special practical interest. For this reason, such coatings have been investigated 
with particular thoroughness [27]. With TiO2 films deposited from alcoholic ethyl 
and butyl titanate solutions, the crystalline structure formed during the thermal 
treatment is strongly influenced by the surface composition of the glass substrate. 
On alkali-free glass, the formation of anatase and (at higher temperatures) of rutile 
is predominant. In the case of substrates containing sodium compounds, Na + ions 
diffusing into the films induce the brookite structure mixed with various portions of 
another structure type which is attributed to the Na2OxTiO2 type described in the 
literature [38,39]. As discovered by electron diffraction experiments, the relative 
structural composition, that is, the percentage of anatase, brookite, Na2OxTiO2 and 
rutile in the TiO2 films is strongly determined by the type of solution applied, the 
heat treatment and the release of alkali ions from the substrate. A rutile component 
in the films is obtained on alkali free amorphous SiO2 substrates of temperatures 
exceeding 500~ from ethyl titanate solutions doped with BiCI3 [27]. This trans- 
formation into rutile goes to completion at temperatures between 600 and 700~ 
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TABLE 1 

CHARACTERISTICS OF NON ABSORBING AND ABSORBING METAL OXIDE FILMS 
PRODUCED BY DIP-COATING [28,36] 

Starting Film Colour in Structure Remarks 
material material transmission 

forms mixtures 
with other oxides 

Al-sec-butylate A 1 2 0 3  colourless amorphous 
AI(NO3)39H20 crystalline 
Y(NO3)3 Y 2 0 3  colourless - 
La(NO3)3 La203  colourless - - 
Ce(HO3)36H20 C e O 2  colourless crystalline forms mixtures with other 

oxides 
Nd(NO3)3 Nd203 colourless - Attenuation of transmittance 

by absorption bands of Nd 3§ 
between 500 and 600 nm 

In(NO3)3 I n 2 0 3  colourless crystalline Semiconductor 
Si(OR)4 S i O 2  colourless amorphous forms mixtures with other 

oxides 
Ti(OR)4 T i O 2  colourless crystalline forms mixtures 
TiCI4 T i O 2  colourless crystalline with other oxides 
ZrOCI2 Z r O 2  colourless crystalline - 
HfOCI28H20 H f O 2  colourless crystalline traces of CI in the layers 
ThCl4 T h O 2  colourless crystalline - 
Th(NO3)4 ThO2 - - - 
SnCl4 S n O 2  colourless crystalline Semiconductor 
Pb(OOCCH3)2 PbO colourless amorphous diffuses into glass at 500~ 
TaCl5 Ta205 colourless - - 
SbCI5 Sb205 colourless - - 
Cu(NO3)E3H20 CuO brown - - 
VOCl 2 VOx greenish - optical properties strongly 

yellow depending on prepartion 
conditions 

Cr(NO3)39H20 CrOx yellow - - 
CROCI - orange 
Fe(HO3)39H20 F e 2 0 3  yellow- red crystalline - 
Co(NO3)26H20 CoOx brown - - 
Ni(NO3)26H20 NiOx grey - - 
RuCI3H20 RuOx grey semiconductor 
RhCI3 RhOx grey - brown - - 
UO2(OOCCH3)2 UOx yellow - - 

TiO2 fi lms with different crystal structure also show marked dif ferences in their 

optical properties. Figure 1 shows the spectral transmission of  slowly tempered TiO2 
fi lms deposited from an ethylt i tanate solution on both sides of  (a) fused silica and 
(b) window glass. The absorption of  the latter has been el iminated by calculation. 

For the various types of  film, dif ferences in refractive index n and even more pro- 
nounced di f ferences in the posit ion of  the ultraviolet absorption edge, as shown in 

Fig. 2, have been found [27]. 
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Fig. 1 
Spectral transmittance of TiO2-films deposited from ethyl-dichloro-titanate solution on (a) fused 
silica and (b) window glass (coated on both sides) 

Compared with pure anatase-type coatings, Na20-type coatings formed under slow 
tempering conditions exhibit a lower refractive index n and a 14 nm shift of the uv 
absorption edge towards shorter wavelengths. However, coatings composed sub- 
stantially of brookite are optically nearly identical with the pure anatase films. The 
diffusion of Na + ions into and through a TiO2 film proceeds rather fast even after the 
formation of crystals of a certain structure type in the film is terminated. The con 
centration gradient of the alkali which has penetrated thicker layers can be detected 
optically by a decrease of the refractive index within such layers from the film/air 
boundary towards the substrate. Silica layers, produced in a similar way from solu- 
tions of silic acid esters on glass, behave completely differently. At a minimum 
thickness of about 20 nm they make an excellent diffusion barrier. In Table 2 are 
listed the structural and optical characteristics of TiO2 films which were prepared 
under different conditions on mainly precoated plate glass [28]. 

In the case of starting compounds other than ethyl titanate, the optical properties 
of the TiO2 films may be different. The use of butyl titanate or of other Ti com- 
pounds, for example, yields after tempering TiO2 films with slightly changed refrac- 
tive indices, since n depends on the packing density in each case. The ultraviolet 
absorption limit ~.~, however, is independent of the starting compound but depends 
on the specific crystal phase formed during baking. The changes in refractive index 
nss0 and geometrical thickness d during solidification at different temperatures are 
shown in Figs. 3 and 4. 
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Ultraviolet absorption edge of TiO2-films deposited from ethyldichloro-titanate solution on win- 
dow glass precoated with SiO2 layers of different thickness: 

SiO2 layer thickness (nm) 0 6 12 18 
Observed curve, when rapidly 3 3-4 4 4 
heated up slowly 1 2 2-3 3-4 

2.4 

rr 2.0 

1.9 

Refractive index n550 of TiO2-films deposited from ethyl-dichlorotitanate (e) and butyl-titanate (b) 
as function of baking temperature Tt 

As can be seen from the curves in both figures for films made of ethyl titanate, the 
formation of the oxide layer almost ceases at a rather low temperature of about 
250~ The reason is obviously that the required hydrolytic reaction of the liquid 
film with water vapour from the atmosphere starts even at room temperature and is 
practically complete at moderate tempering. Butyl titanate, however, is much more 
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SiO2 films are also very important in many thin film applications. For example, it 
is the only material with which hard and stable films with a refractive index smaller 
than 1.5 can be obtained. Since silica derivatives are also applied as coatings in other 
industrial fields, for instance textile finishing, there are many demands for the fabri- 
cation of SiO2 films. For coating on glass, it is useful to start from methyl or ethyl 
orthoesters of silic acid [40]. Hydrolysis can be initiated in alcoholic solution by 
adding small quantities of acid. The precipitation of silic acid gel is delayed consid- 
erably by the use of sufficiently low concentration solutions. Owing to polyconden- 
sation, there is a gradual rise in viscosity of the solution which is important in ob- 
taining a reasonable film thickness by lifting the dipped glass. The refractive index 
and the dispersion of tempered SiO2 films are nearly identical with those of fused 
silica. As can be seen in Fig. 8, there is only a minute dependence of n on tempering 
temperature. It can be concluded that the amorphous SiO2 films attain practically the 
density of fused silica at temperatures between 500 and 550~ As can be seen in 
Fig. 9, after tempering the layer thickness shows substantial decrease which is 
higher than that for TiO2 films fabricated from titanium butylester. Volatile reaction 
products, as physically adsorbed water and water molecules formed during transition 
of Si-OH groups into-Si-O-Si-combinations, are released here only with consider- 
able supply of energy. After baking, a slight increase in refractive index 
(An ~ +0.005) is observed. 

1.48 

1.47 
X 

-Q 1.46 
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> 1.45 ~  
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Fig. 8 
Refractive index n550 of SiO2-films as function of baking temperature T t 

As with fused silica, the ultraviolet transmission of SiO2 films is dependent on 
purity. However, the excellent uv transmittance value of purest silica glass cannot 
even be attained with carefully prepared SiO2 films because of incorporated traces of 
hydrolytic and pyrolytic residues which produce measurable absorption below 205 
nm. In the infrared region there are strong absorption bands in the films between 7.8 
and 11.5 l.tm. Those are the same frequencies at which absorption is also observed in 
pure fused silica. Si-O vibrations are responsible for this absorption. However, there 



are also weaker bands in the SiO2 films between 2.7 and 3.6 ktm and at 6 ~tm sug- 
gesting incorporated -OH groups and adsorbed H20 molecules. 
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Fig. 9 
Film thickness d of SiO2-films as function of baking temperature Tt 

There are some possibilities of fabricating films with lower refractive index than 
that of a compact SiO2 layer. One method is to add materials which are volatile at 
higher temperatures or which can be leached out after film formation to the silicon 
alkoxide solution. However, a reduction of n by this means is generally associated 
with a decrease in film hardness and stability. For example, film deposition from 
alkali silicate solutions and elimination of the alkali by leaching yields SiO2- 
skeleton films with a refractive index of about n ~ 1.3, but the optical and mechani- 
cal stability is insufficient. For these reasons, in technical application the reduction 
should not exceed 3 % of the value of compact SiO2. Another method is to use the 
different reactivity of differing chemical bonds in hydrolysis to obtain by polycon- 
densation special substituted silicon-compound films of low refractive index. An 
example is the formation of methylpolysiloxane films [33] from solutions of methyl- 
tri-alkoxy silane. In the compound CH3-Si(OR)3, the Si-OR bonds are reactive for 
hydrolysis and condensation, but the CH3-Si bond remains intact under the usual 
conditions. The polymer is formed according to the 
following formalism: 

X CH3 - Si (OR) 3 

CH 3 CH3 

+ H20 - O -  S i - O -  S i - O -  
-ROH, -H20 I I (11) 

O O 

-O-Si-O. . .  

CH3 
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The material is completely transparent, also in the near ultraviolet, and has a 
refractive index of n --- 1.42. The remaining organic group in such films reduces 
hardness and thermal stability. Nevertheless, the films are resistant up to 200~ 

Replacing the number of Si-O bonds in the structural unit of the inorganic poly- 
mer (12) 

o 

o - s i - o  

o 
(12) 

o 

O-Si -R 

O 
(13) 

R 

O=Si-R 

O 
(14) 

by organic residues R leads to a decrease in silicate character of the corresponding 
polymers formed by polycondensation of the monomers of type (13) and (14). Such 
films should be interesting because of special properties. However, attempts to ex- 
tend the structural principles of silicate chemistry further into organo-silicon chem- 
istry by transition to heteroorganopolysiloxanes, for example of type (15), shown 
with bivalent Me for simplicity, have so far been technically less successful: 

R R R 

R R R 
where Me = B, AI, Ti, Sn, Pb, P, As [41] 

(15) 

Polymers of this type often have more or less irregular compositions and this makes 
the starting material/end product correlation very difficult [42]. 

For optical film application mainly in interference optical systems, many differ- 
ent and sometimes exotic refractive indices are required in the design, which are not 
known in naturally existing compounds (see e.g. Table 1). It is therefore an impor- 
tant advantage of the dip-coating process that solutions of different compounds can 
be mixed. In this way, the refractive index of SiO2 films can be increased by mixing 
with almost all metal oxides suitable for fabricating stable films of higher index. In 
particular, the addition of TiO2 produces mixed oxides of particularly high resistance 



119 

and stability. Crystalline structures are obtained with more than 30 mol % TiO2 in 
the mixed film. The refractive indices of SiO2 films as a function of the molar pro- 
portion are shown in Table 3. The measurements reveal this function to be practi- 
cally linear [28]. It is interesting to note here that oxides whose deposition as one- 
component films causes difficulties can very often be deposited as homogeneous 
mixed oxides by embedding them in a matrix forming high quality films, as for ex- 
ample those of  SiO2, TiO2 and others. 

TABLE 3 

REFRACTIVE INDEX OF MIXED FILMS OF SiO2 AND TiO2, PREPARED BY DIPCOAT- 
ING, AS A FUNCTION OF MOLAR PROPORTION [28, 36]. 

Film material Refractive index 
TiO2 / SiO2 n550 

(mol%) 

0 100 1.455 
10 90 1.53 
20 80 1.61 
30 70 1.69 
40 60 1.77 
50 50 1.85 
60 40 1.92 
70 30 2.01 
80 20 2.08 
90 10 2.18 

100 0 2.25 

With hydrolysis and polycondensation of mixtures, it is also possible to produce 
dip-coatings of  magnesium aluminium spinel [30]" 

Mg (OR)2 + 2 AI (ORl)3 
/ 

RO 

WO , 
I 

AI 
/ 

WO 

OR 

Mg. 

OR ~ 

O 

OR l 
7 

A1 
/ t /  

OR 1 

(16) 

Mg[AI(OR) (OR')3] 2 + 8 H20 ' , Mg [AI (OH)412 + 2 ROH + 6 RIOH (17) 

Mg [A1 (OH)412 -~ Mg [AIO212 
+ AT spinel 

R = -CH3, W= -CH2-CH(CH3) 2 

+ 4 H20 

(18) 
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Magnesium methoxide is allowed to react with aluminium sec-butoxide in a molar 
ratio of 1:2 in alcohol. The magnesium aluminium alkoxide (16) is formed in solu- 
tion. The choice of the organic residues is a matter of purely practical importance, 
since they are removed later in any case. On evaporation of the solvent in the pres- 
ence of atmospheric water vapour, hydrolysis occurs (17) and a gel is formed. X-ray 
diffraction experiments show the principal reflections, although very broad, even on 
heating at 250~ They become more pronounced on tempering at 400~ and are 
very sharp after treatment at 620~ layers obtained are glass-clear and very 
hard. The spinel is thus formed at temperatures well below those normally used for 
such syntheses. Magnesium and Aluminium alkoxides react with one another even 
at room temperature, whereas high temperatures of about 850~ are required for the 
reaction of salts or oxides. The alkoxide method also seems to be more direct, since 
no crystalline phase other than spinel is formed, even at low temperatures. It can be 
assumed that something like a co-condensation occurs after hydrolysis instead of 
homo-condensation. If the latter reaction type occurs, which is common according to 
the literature [43], the reaction product would be a mixture of single oxides instead 
of a homogeneous multicomponent material. Small amounts of metal alkoxides may 
undergo condensation reactions with alcohol elimination even at room temperature, 
but this is not important to the final result, since the reaction continues in the forma- 
tion of the polyorgano-oxymetal-oxane intermediate product (16), as was discovered 
by [43] and [30]. The temperature treatment is evidently required for the removal of 
the last traces of water from hydroxyl groups in the compound. In the case where 
metal alkoxides react with one another, as they do very often, the process is also 
applicable to other elements. Thus was the formation of eucryptite [LiAI(SiO4)] 
through such a process starting from lithium-ethoxide, aluminium sec-butoxide and 
Si(OR)4 performed by [30], and in a similar way the preparation of BaYiO3, SrTiO3 
and SrZrO3 was possible [44]. These examples underline the scope of the method. 
If, finally, more metal compounds participate in the reaction and if also Si(OR)4 is 
present, then a polyorgano-oxymultimetallo-oxanesiloxane is formed which is then 
converted by polycondensation into a polymultimetallo-oxanesiloxane which is none 
other but a multicomponent glass containing no organoxy groups. 

In this way, it is possible to produce borosilicate glass films at temperatures be- 
low 500~ by a dip-coating process [30,32,36]. The following sequence of reactions 
shows the synthesis: 

m Si(OR)4 + n B(OH)3 + 0 AI(OR)3 + p NaOR + q KOR 

complexation {(SimB.AloNapK q) ( O R )  4m + 30 + p +q  (OH)3n} 

hydrolysis {(SimB.AloNapK q) (OH) 4m + 30 + p + q +  3n }  

heat 
-H 20, condensation { (Sim B nA1 oNapKq) O (4m + 30 + p + q + 3n)/2 } 

(19) 
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According to analysis, the residual carbon content of the borosilicate glass is only 
0.0002% which is surprisingly low considering the organic starting materials. This, 
however, indicates that hydrolysis is practically quantitative despite the strong cross 
linking. The residual water content can be determined by infrared spectroscopy and 
was found to be 0.04%. At higher tempering temperatures (~700~ the amount is 
reduced to about 0.03%. 

Using the purest starting materials, the glass films obtained show extremely low 
contamination levels. 

Other examples for multicomponent glass layers prepared by dip-coating are 
[30,44]: 
phosphate silicate glass layers (SiO2, A1203, P205, BaO, B203, CaO, MgO) 
lead silicate glass layers (SiO2, PbO, Na20) and 
alkali aluminosilicate glass layers (SiO2, Na20, A1203). 

6.2.1.2.1.2 COATING PROCEDURE 

A thin-film production method is of interest only if the various layers that can be 
produced with this method cover a possibly large variety of physical properties and 
technical requirements and/or if also substrates of special type and of very different 
size can be coated. For the production of homogeneous dielectric coatings with de- 
sirable optical properties from liquid films, the solutions used must possess special 
physical and chemical characteristics. To obtain such proper characteristics, ac- 
cording to Schr6der [28], the four following requirements must be fulfilled. 

1.) The initial compounds must have an adequate solubility and the solution 
formed may only have a minor tendency towards crystallization during solvent 
evaporation. These requirements are generally met by those compounds which either 
already dissolve in a colloidal or polymeric state or reach such a state by reaction 
with the solvent, or which remain after solvent evaporation as a gel-like non crystal- 
line residue. 

2.)To obtain good wetting of the substrate, the contact angles formed with the 
solution have to be sufficiently small. Wettability can be improved in some cases by 
the addition of wetting agents to the solution. The wettabillty of the substrate is de- 
creased by insufficient cleanliness. Scratches and surface roughness (grinding 
structures) with a large depth of more than 10 ~tm may also cause considerable sur- 
face irregularities in the coatings when using solutions with a low degree of polym- 
erization. 

3.) The solution must have an adequate durability and the processing conditions 
must be maintained constant. Durability is sometimes difficult to realize with solu- 
tions of colloidal or polymeric character, but by using stabilizers it is often possible. 

4.) To obtain reproducible solid and homogeneous oxide films, drying and heat- 
ing must be carried out carefully. During this process the solidification of the film 
structure should occur without the appearance of cracks or haze and at the same time 
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~1.0 

Fig. 11 
a) Dip coating at inclined lifting 

t~ = angle of inclination 
v = lifting speed 

b) Relative film thickness d0/d9o as a function of the substrate inclination 0 during lifting 

and solidifies after solvent evaporation, hydrolysis and condensation. Its thickness 
distribution in the vertical direction is dependent only on evaporation of the solvent 
and becomes stationary during the lifting, so that the solid film finally takes up a 
constant thickness along the lifting direction. With regular operation at quiet liquid 
surface, film formation is also very uniformly along the horizontal dipping line. The 
uniformity of the deposited film can be controlled by watching the interference 
fringes of the system which are formed during evaporation of solvent and volatile 
reaction products. During lifting, the fringes should run as horizontally as possible 
and, at constant lifting speed, remain always at about the same distance above the 
surface of the coating solution. As well as having dependence on lifting speed, the 
thickness d of the coating is mainly a function of the concentration c of the solution 
and of the angle of inclination r of the coated surface with the surface of the solu- 
tion. At constant temperature and humidity, the approximate relation between film 
thickness and lifting speed for vertical movement is: 

d -~ k v 2/~ (20) 
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ticular, more concentrated and viscose solutions can show during lifting of the pane 
a remarkable enrichment of solute compounds in this region, because of solvent 
evaporation and imperfect mixing in the dipping zone. This cannot be avoided be- 
cause stirring of the solution would result in surface disturbances of the liquid and 
therefore in irregularities of the coating obtained. The thickness increase can be 
eliminated, however, by a continuous change in the lifting speed. Supporting parts, 
required to hold the substrates, should not be immersed because of danger that solu- 
tion residues can rinse in strips over the uniformly coated surface. 

600 

E 

200 

0.8 

0.6 

0.2 

Fig. 13 
Optical thickness of Ti02-films as a function of coating solution concentration for different lifting 
speeds 

On a narrow-brimmed area at the lower end of a glass pane withdrawn from the 
coating solution, a strong increase in film thickness may occur caused by adhering 
liquid residues. The width of this useless zone depends on the shape of the edge, 
lifting speed and viscosity of the solution and is normally between 2 and 8 mm. 
With large glass panes this small useless zone is simply cut off after the coating 
process is finished. Finally, the film is hardened in an oven at higher temperatures 
between 250 and 650~ until a transparent oxide film has been formed. The speed- 
limiting factor of this process in production is the maximum attainable cooling rate 
of, for instance, flat glass plates. To overcome this problem laser densification at 
10,6 pm with a CO2-1aser can be performed under controlled atmospheric conditions 
[45]. The fast process keeps the glass temperature below 80~ [45]. Another limita- 
tion seems to exist in the film thickness. According to Ref. [30], it is difficult to 
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produce films thicker than 0.5 ktm although some increase is possible through the 
use of additives in the solutions or by multiple coating. 

6.2.1.2.1.3. TRENDS IN SOL-GEL DEVELOPMENT AND PROCESSING 

Organic compounds may have useful properties for various purposes but are 
severely limited in application by chemical and mechanical instability. Inorganic 
oxides from gels, however, can offer a protective matrix for such organic com- 
pounds. Based on this consideration different types of organic-inorganic composite 
materials have been developed or are still investigated. Particularly the dispersion- 
and chemical-bonds composites are interesting for thin film development. 

The addition of soluble organic dyes to oxidic sol-gel liquid solutions enables the 
formation of composite films of the dispersion type [480]. A barriere to extended 
product development lies in the fact that oxide gels are relatively weak unless they 
are densified, generally performed by heat-treatment, and that many organic com- 
pounds tend to decompose under such conditions. Nevertheless with curing tem- 
peratures up to about 200~ some azo dyestuff, anthraqionone and phthalocyanine 
organic compounds can be used successfully for the production of various transpar- 
ent colored coatings. 

Dealing with optical films a very important problem to be considered is photo- 
stability against exposure to sun or artificial light. Although organic laser molecules 
like rhodamine 6G are more stable in a gel-born silica matrix than in alcoholic solu- 
tion [480]only few information is available and generalizations are dangerous. 

Excellent stability is obtained with metal colloids in a sol-gel glass matrix. How- 
ever, quite higher processing temperatures ranging between 400 and 500~ are re- 
quired. The absorbance of the metallic particles in the dielectric environment is 
caused by a surface resonance effect of the conductive electrons of the colloids af- 
fected by the dielectric properties of the surrounding matrix. Transparent ruby and 
yellow colored noble metal colloid (Au, Ag, Pd) sol-gel glass coatings have been 
developed. By mixing different noble metal salts and addition of Co e+ ions pink, 
brown, green and gray colours have also been obtained [481]. 

Wilkes et al. [482] reported in 1985 the preparation of a new type of inor- 
ganic-organic composite materials, called Ceramers, by the reaction of TEOS (tetra 
ethoxy silane) and PDMS (poly dimethyl siloxane). In the same year Schmidt [483] 
also reported the synthesis of related materials which were termed Ormosils (organi- 
cally modified silicates). In the alkoxide-polymer mixture oxide-polymer chemical 
bonds are formed between the phases resulting in materials with properties between 
plastics and ceramics. In production the reaction speed can be enhanced by ultra- 
sonic treatment. For densification of the formed hybrid again higher temperatures in 
the range of few hundred centigrades are required. 

Also other oxides such as for example ZrO2 were reacted in solution with other 
organic compounds to form amorphous hybrid composites. The name Ormocers 
(organically modified ceramics) was then used by Schmidt for these new materials. 
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In form of thin films Ormosils are superior to pure oxides in their lower tendency to 
fracture because of the presence of organic groups in their structure. The films are 
flexible although the SiO2 content may be about 70 wt%. They have already been 
successfully used as matrix in solid-state dye lasers [484]. 

Ormosils with only a few percent of PMDS can be very hard as compared to 
plastics. PMMA has a Vickers indentation hardness of Hv = 25 kg.mm 2 while Or- 
mosils show values up to Hv = 200 kg.mm 2 [485]. It is tried to use Ormosils as 
coatings to improve the scratch resistance of various organic lenses. 
For scratch resistance improvement of organic surfaces also nano-composites are of 
interest. In a composite nano-scale boehmite or 7-aluminia particles of about 15 nm 
diameter have been used as catalysts for epoxy groups linked to hydrolyseable and 
condensable silanes. Epoxy polymerization preferably takes place around the nano- 
particles and additionally -Si-O-AI= bonds are formed between the silanes and the 
alumina surface [486]. It seems that the nano-particles, only 5% in volume fraction, 
are flexibly suspended in an inorganic-organic network. Such systems can be pro- 
duced as transparent coatings and cured at relatively low temperatures of 90 to 
120~ to high performance scratch resistant layers. 

The high performance is interpreted by the interfacial structure, since simple 
filling a polymer with 5 vol% of, for instance, SiO2 particles does not show this 
excellent abrasion resistance [487]. Such nono-composite systems can be applied as 
basis for incorporating additional functions to obtain for example low surface-free 
energy coatings [488] and hydrophilic coatings with permanent wettability [489]. 
There is a wide scope of opportunities for intelligent materials development on this 
type of nano-composites, particularly for interfacial property determined new coat- 
ings. 

A review with many references about various sol-gel dye composites, photo- 
chromic and electrochromic coatings, transparent conducting, antistatic and 
antireflection coatings as well as hydrophobic and oleophobic fluorinated sol-gel 
coatings was recently published by Uhlmann et a1.[490]. Further examples can be 
found in the Proceedings of the lStlCCG-96 [491], several books as e.g. [492,493] 
and particularly in the Journal of Non-Crystalline Solids (Elsevier). 

6.2.1.2.2 SPIN COATING 

Spreading out the coating solution in the form of a liquid film by spinning the 
wetted surface followed by drying and tempering of the layer obtained is a method 
for coating small circular disks and lenses [46]. This method is interesting because 
there are practically no marginal disturbances and the films formed are very uni- 
form. To perform the spinning process, the coating solution which is poured onto the 
horizontal rotating substrates spreads out on the substrate surface absolutely evenly. 
In contact with a humid atmosphere, in the case of oxide-forming coating solutions, 
the same reactions occur as already discussed in section 6.2.1.2.1. The oxide films 
are stabilized by subsequent heat treatment. 
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Fig. 14 
Spin Coater 

Although the sol-gel spin coating technique seems to be well understood and 
controlled for simple inorganic films [47] it is rarely used in production. One reason 
is certainly the difficulty to produce spin-on coatings of multicomponent composi- 
tions. So, for instance, was the development of Ag- and Pd-containing multicompo- 
nent spinning solutions complicated by wetting and stability problems [48]. Further 
problems which have to be solved are: production of multiple coatings (reduction of 
heat treatment between single spinning steps), and coating of non-planar samples. In 
the deposition of organic.films, such as photoresists for microelectronics production, 
the spinning method is, however, widely employed [49]. 

For this purpose, various spin coaters are commercially available. Fig. 14 shows 
a spin coater made by Convac GmbH (Germany). 

6.2.1.3 DEPOSITION OF ORGANIC FILMS FROM SOLUTIONS 

The first attempts to deposit organic dielectrics as surface films onto glass sub- 
strates were stimulated by Langmuir's observation [50] that some substances of high 
molecular weight insoluble in water and also having polar groups spread over a 
water surface as a monomolecular layer could be transferred to the surface of a solid 
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substrate. The transfer method was developed mainly by Blodgett [51,52] and be- 
came known as Langmuir-Blodgett method. To deposit such films, a small quantity 
of a solution of suitable material is placed on the surface of carefully purified water 
in a wide open tank. After evaporation of the volatile solvent, the remaining mono- 
layer of the organic compound is compressed by means of a slider until it forms a 
quasi-solid with the thickness of one molecule. A glass substrate is then repeatedly 
dipped through the water surface with constant but slow speed. In this operation, one 
monolayer is transferred to the substrate on each pass through the water surface. The 
procedure is shown schematically in Fig. 15. 

The clean glass remains uncoated when dipped the first time. During lifting, 
however, the organic molecules adhere with their hydrophilic polar end to the glass 
surface, they are turned to 90 ~ and are pulled away from the water surface to the 
glass surface. In this way the substrate surface is coated with an oriented monomo- 
lecular layer. During the next dipping, a second layer is formed in a similar way but 
with the hydrophobic end of the molecule sticking on the hydrophobic layer surface. 
Films of great perfection can thus be built up monolayer by monolayer. The films 
are generally free from pinholes and can be deposited to thickness' of about 1 pm or 
even more. It is also possible to dope the film either by interposing one or more 
layers of a different material or by mixing various other molecules in the coating 
solution. With some materials, it is also possible to form multilayers. In early ex- 
periments, efforts were made to produce antireflection coatings with this technique 
[53] but such coatings did not seem to offer any practical applications. Langmuir- 
Blodgett films, however, have been used in many scientific studies. Films of fatty 
acids as well as those of condensed compounds have been investigated. Shearing 
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force measurements, determinations of molecule dimensions and simulations of 
higher-order molecular structures have been performed [54,55]. Technological ap- 
plications of such films have up so far been little explored. However, the ability to 
produce films whose constitution may be carefully controlled offers exciting possi- 
bilities. Possible technological applications are enormous. Organic comings could be 
used principally for various practical devices ranging from electronic devices to 
high-temperature superconductors [56,57]. There is evidence [58,59] that, if anthra- 
cene could be formed into high quality films of about 0.2 to 1 ktm in thickness, it 
would probably be an efficient large area electroluminiscent device. Organic films 
have also been proposed for rectifiers and memory devices [60]. Smooth, dense and 
homogeneous films are an important requirement in integrated optics [61] and for 
superlattices [62] as well as for active films in thin film transistors [63] and for the 
insulation films in various MIS devices [64]. It can be assumed that the prospects for 
the technical application of this film formation method have been improved. 

Another group of organic films are the replica and supporting films used in elec- 
tron microscopy, see for example [65]. These films are made by dipping a substrate 
into a solution of Formvar (Polyvinylformal) in chloroform or dioxan. After evapo- 
ration of the solvent, polymerized films are obtained. Depending on concentration, 
thin films can usually be formed. Similar films are produced with a solution of ni- 
trocellulose in amylacetate. Such films are pinhole free and fairly uniform. They can 
also be used as protective comings. Protective organic comings bearing a pattern are 
important in chemical etching [66]. Such masking materials must have good adhe- 
sion, coming integrity, adequate resolution and chemical resistance to the etchant. 
Generally, applied masking materials for high quality thin-film patterning are pho- 
toresists [67]. These are organic polymers whose solubilities in certain special sol- 
vents change drastically as a consequence of exposure to ultraviolet radiation. Irra- 
diated areas become less soluble in the developing solution in the case of negative 
photoresists and conversely positive photoresists become more soluble in exposed 
areas. The films are produced by the spinning method. The wet films obtained are 
first dried in air and then heated in an oven to about 80~ The uniformity of films 
produced in this way is quite excellent. 

6.2.1.4 CHEMICAL VAPOUR DEPOSITION AT LOW TEMPERATURES 

Chemical vapour deposition (CVD) processes have become a very important 
group of film-formation methods. Basically CVD is a material synthesis in which 
constituents of the vapour phase react chemically to form thin solid films as a solid- 
phase reaction product which condenses on the substrate. The reaction should take 
place very near to or on the substrate surface (heterogeneous reactions) and not in 
the gas phase to avoid powdery deposits. Activation of the reaction can be per- 
formed by various means such as the application of heat, high-frequency electrical 
fields, light or X-ray radiation, electric arc, electron bombardment or catalytic action 
of tile substrate surface. A marked influence of the process parameters such as sub- 
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strate temperature, gas pressure, concentration of the reactants, flow rate, and so on, 
on the properties of the deposited films has been observed. Practically any control- 
lable reaction with one or more vapours leading to a solid reaction product may in 
principle be used to produce thin films. The search for suitable reactions is still in 
progress. Many of the reactions which are used can be put into one of the five fol- 
lowing categories" 

1. decomposition AB(g) --), A(s) + B(g) (21) 
reactions: 

2. reduction and AB(g) -k-C(g) ~ A(s) + BC(g) (22) 
oxidation C = hydrogen or metal 
reactions: 

AB(g) + 2D(g) ~ AD(s) + B D(g) 
D = oxygen or nitrogen 

3. hydrolysis AB2(g) + 2HOH(g) --~ AO(~) + 2BH(g) + HOH(g) (23) 
reactions" 

4. polymerisation XA(g) ~ Ax(s) 
reactions" 

Tl 
5. transport A(s) 4- B(g) ~ AB(g) 

reactions" T2 

(24) 

with T2 > T1 (25) 

Oxidation reactions of a metallic substrate are excluded. Generally the substrate 
plays only a passive role in CVD processes. Many examples of such reactions are 
listed in the review papers [68], [69] and in the books and proceedings of CVD con- 
ferences such as [70]. In addition, there are different fabrication techniques in use 
which can be classified as: 

1. atmospheric-pressure CVD 
2. low-pressure CVD 
3. high-temperature CVD 
4. low-temperature CVD 
5. plasma-assisted CVD 
6. photon-enhanced CVD 

and some combinations of these techniques. Special reactors have been developed to 
perform these fabrication techniques, see for example [69]. 

The fundamental principles of CVD encompass an interdisciplinary range in- 
volving reaction chemistry, thermodynamics, kinetics, transport mechanisms, film 
growth phenomena and reactor engineering. The question of whether or not a proc- 
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ess will run in the desired direction can be answered first by thermodynamic calcu- 
o 

lation of the free energy of the chemical reactions AG r using the standard free en- 
o 

ergy of formation of the compounds G r [69, 146]" 

A G 0r = E A G ~ products - E A G ~ reactants (26) 

o 

The free energy of the chemical reaction AG r is related to the equilibrium constant 
kp which itself is related to all the partial pressures in the reaction systems: 

-A G~ = 2.3 R Tlogkp (27) 

n n 

k p  = i~l Pi  products / zr Pi  reactants (28) 
i=l 

To calculate thermodynamic equilibrium in multicomponent systems, the so-called 
optimization method and the non-linear equation method are used, both discussed in 
[69]. In practice, however, kinetic problems have also to be considered. A heteroge- 
neous process consists of various occurrences such as diffusion of the starting mate- 
rials to the surface, adsorption of these materials there, chemical reactions at the 
surface, desorption of the by-products from the surface and their diffusion away. 
These single occurrences are sequential and the slowest one determines the rate of 
the whole process. Temperature has to be considered. At lower substrate tempera- 
tures surface processes are often rate controlling. According to the Arrhenius equa- 
tion, the rate is exponentially dependent on temperature: 

r = A e " A E / R T  (29) 

with A - frequency factor, AE - activation energy (usually 25 to 100 kcal mol "1 for 
surface processes). At higher temperatures, the diffusion of the reactants and of the 
by-products may become the rate-determining factor. Their temperature dependence 

15 20 vanes between T and T [69]. Further Influences may come from different crys- 
tallographic orientations and the topography of the substrate surface. 

In the case of glass, however, no great variations in behaviour between different 
types are expected because of their very similar structure and surface composition. 
Chemical vapour deposition reactions had already been tried by the last century, for 
instance in the refinement and deposition of silicon by reduction of SiF4 and SiCl4 
with alkali metals [71 ] and in the refining of Ni using Ni-carbonyl in the Mond pro- 
cess [72,73]. The major impact of chemical vapour deposition on thin-film technol- 
ogy took place, starting some 60 years ago, when refractory compounds such as 
metal carbides, nitrides, silicides, borides and oxides as well as mixed phases of 
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some of these compounds, came into extensive technological application, and with 
semiconductors, starting more than 30 years ago when it was demonstrated that 
epitaxial layers of silicon and germanium could be grown by this method. Today the 
use has been extended to the fabrication of metal and alloy films, of elemental and 
compound semiconductors, superconductors, refractory and hard materials, trans- 
parent conductors and of other special films. 

Considering the three following decomposition reactions [68]: 

Ni(CO)4 200-300~ ) Ni + 4 CO (30) 

Sill4 800-13~176176 ) Si + 2 H2 and (31) 

it is clear that rather high temperatures are required for film deposition. This re- 
quirement is also valid for many other reactions used in CVD. The high-temperature 
heating of the substrates may, depending on the kind of material, induce a lot of 
undesirable thermal damage. The temperature also influences the film structure. It is 
known that deposits formed at high temperatures are generally polycrystalline and 
very high temperatures are necessary for growing single crystal films. On the other 
hand, materials deposited at relatively low temperatures, e.g. below 600~ tend to 
be amorphous. A distinction is often made in the literature between high- 
temperature and low-temperature processes. 

For coating glass, only low-temperature processes can be used. However, many 
low-temperature reactions need substrate temperatures between 300~ and 600~ 
so that coating of inorganic glass in fact is possible but coating of organic substrates 
is still impossible. For most organic glass surfaces, temperatures of only 100~ 
maximum can be tolerated. Today there are rather few coating processes known 
which run below 100~ substrate temperature. 

In general the substrate is kept somewhat hotter than the surroundings so that the 
heterogeneous nucleation reaction at the substrate surface occurs preferentially and 
the unwanted homogeneous nucleation in the gas phase is suppressed. However, 
conventional CVD is also frequently accompanied by a homogeneous gas-phase 
reaction because film formation takes place throughout the whole of the higher- 
temperature zone of the reactor. The products of the gas-phase reaction may be in- 
corporated into the growing film structure and can degrade the film quality. These 
two problems are generally recognized as the fundamental disadvantages of conven- 
tional CVD. To overcome these difficulties, the required activation energy for initi- 
ating the chemical reaction and the energy necessary for good film adhesion and 
growth may be supplied to the substrate in a more accurate and at the same time 
more protective manner from a glow discharge (plasma-assisted CVD) or from ra- 
diation (light- or laser-enhanced CVD). 
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Fortunately a general trend to lower processing temperatures can be observed. A 
broader applicability of CVD for coating of glass depends on further development of 
low-temperature processes which enable film deposition at substrate temperatures 
below 500~ Various applications of CVD processes for coating of glass can be 
found in [74]. 

6.2.1.4.1 ATMOSPHERIC-PRESSURE AND LOW-PRESSURE CVD 

6.2.1.4.1.1 SPRAY COATING 

Traditionally, spray coating is not considered to be a CVD process. In spray 
coating, highly dispersed liquids or vapours are allowed to react on mixing in a hu- 
mid atmosphere or are allowed to undergo pyrolysis. The difference is one of de- 
gree: in CVD the reactants are in the gas phase whilst in spray coating the reactants 
can range from droplets right down to atom clusters. They are sprayed or blown onto 
the face to be coated. 

Such reactions are of great practical interest since in some cases large surfaces 
can be coated on-line without protection against air and at relatively low tempera- 
tures below 500~ where a great variety of fiat glasses and different glass container. 
may be used. 

.l. Finely divided 
::.'..':'b" 

Fig. 16 
Schematic representation of the deposition processes initiated with increasing substrate tempera- 
ture. 

According to Vigui6 and Spitz [75], both a chemical and a physical factor deter- 
mine whether or not a spray process can be classified as chemical vapour deposition. 
Processes that may occur with increasing temperature are shown schematically [75] 
in Fig. 16. In process A the droplets reach the substrate, the solvent vapourizes and 
leaves a dry deposit which will react and form a film. 
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In process B the solvent evaporates before the droplets arrive at the surface and 
the precipitate impinges upon the surface where it reacts. In process C the solvent 
evaporates as the droplets approach the substrate and the solid precipitate melts then 
vapourizes or sublimes and the vapour diffuses to the substrate where the heteroge- 
neous reactions occur; and finally in process D at the highest temperatures the com- 
pound to be deposited vapourizes before it reaches the substrate surface and a ho- 
mogeneous chemical reaction takes place in the vapour phase. 

Only process C is true chemical vapour deposition and in the case of solvent-flee 
vapours blown to a surface only a heterogeneous surface reaction counts as CVD. In 
practical applications of such deposition technologies, however, a detailed knowl- 
edge of the nature of the basic processes is often difficult to obtain. One of the oldest 
technical vapour process for producing films of TiO2, SiO2 and their mixtures is the 
gas reaction process (Gaszersetzungs-Verfahren) which was invented in the labora- 
tories of Schott und Genossen more than fifty years ago by Geffcken and Berger 
[20]. A rather elaborate machine is required to perform this process. The glass plates 
and lenses are supported on a heated horizontal rotating disk having a maximum 
speed of 60 r-p-m. Burners or gas-mixer nozzles are supported and geared to sweep 
back and forth horizontally across the work pieces, one depositing TiO2, and the 
other SiO2. Mixed oxides can be formed by the simultaneous operation of two noz- 
zles so that TiO2 and SiO2 are deposited alternately in very thin films. The titanium 
dioxide nozzle has two inlets for dry air, one for a mixture of dry air and titanium 
tetrachloride vapour and one for moist air. To prevent chemical reaction of TiCI4 
with humid air inside the nozzle a concentric curtain of dry air between these two 
reaction partners is maintained. The glasses to be coated are exposed to a tempera- 
ture of about 250~ and the mixture from the burner reacts on the heated surface to 
form a TiO2 film 

The burner for SiO2 has an inlet for air containing methyl silicate vapour and 
another inlet for a mixture of 25 percent hydrogen in air. The mouth of the burner is 
supplied with a grid flame arrester and the gas mixture is burned at the grid surface. 
A special gas mixer assures complete mixing before combustion. The heat and water 
resulting from the combustion causes the deposition of the SiO2 films. A threaded 
collar at the top of each nozzle provides a fine adjustment of the distance to the work 
piece. By the use of interchangeable fixtures on the machine it is possible to coat 
concave, convex or flat surfaces. The gas flow to the burners is controlled by auto- 
matic pressure regulators and rotameter-type flow gauges. Titanium tetrachloride 
and methyl silicate vapours are introduced by bubbling air through the liquids at 
constant temperature. Metal halogenides can be replaced by metal organic com- 
pounds to prevent the formation of unwanted aggressive by-products. Many single 
oxide and mixed oxide films can be deposited by this method. Various types of sin- 
gle and multilayer antireflection coatings were made by the gas reaction process [76] 
during World War II. In optical film production the method was later replaced by 
physical vapour deposition. In the last two decades, however, the technical applica- 
tion of spray coatings have markedly increased. 
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In particular the deposition of transparent conducting films based on In203 and 
SnO2 doped with F or Sb, or on mixtures of both oxides is often done by spray 
coating. The method is of great practical interest because both small pieces and also 
large glass panes can be coated even continuously in air and at relatively low tem- 
peratures [77,78,79,80]. The most cost effective method of spray depositing con- 
ductive tin oxide on soda-lime-silica float glass is on-line at the hot glass ribbon 
where the required substrate temperature is provided by the heat from the forming 
process. But also off-line systems are used. A schematic diagram of modern equip- 
ment for spray deposition is shown in Fig. 17. The solution of typically chlorides 
and acetylacetonates in water, butylacetate, butanol or toluene is dispersed and 
transported by means of a carrier gas. Very often air, nitrogen or argon is used as a 
carrier gas depending on the type of reaction. The conversion of the spray solution 
into an aerosol consisting of very fine droplets is usually performed pneumatically in 
the dispersion system. As regards small droplet size, better results are obtained using 
intense ultrasonic agitation to form the aerosol, see for example [81]. The properties 
of this aerosol are dependent on the nature of the liquid and on the frequency and 
intensity of the ultrasonic device. With increasing ultrasonic frequency the mean 
diameter of the droplets decreases. Compared with droplets produced by a pneuma- 

I 

Fig. 17 

Schematic diagram of equipment for chemical spray deposition 

tic transducer, ultrasonically produced droplets may be an order of magnitude 
smaller. 
Generally a very narrow droplet spectrum is obtained and the relative uniformity of 
the coating is improved accordingly. A further advantage of this method is that the 
gas flow rate is independent of the aerosol flow rate, which is not the case with 
pneumatic spraying. A modern spray deposition process can be described by rela- 
tively few parameters such as flow of carrier gas Q, concentration of the solution C, 
solution flow q, droplet radius r, distance between nozzle and substrate d, tempera- 
ture of the gaseous environment T~, temperature of the substrates Ts and their speed 
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through the furnace v. Typical values of such parameters, according to [75], are 
listed in Table 4. 

TABLE 4 

PARAMETERS OF SPRAY DEPOSITION 

Parameter Piezolectric transducer Pneumatic transducer 

flow of carrier gas 3 - 6 I min 1 
solution concentration 0.1 - 0.4 mol 1 ~ 
solution flow 30 - 60 crn 3 h l 
droplet radius 1 - 4 gm 
distance nozzle to substrate 3 - 15 mm 
temperature of the gaseous 
environment 400 - 550~ 
speed of substrate through 
furnace 10 - 40 mm min ~ 

3 - 6 1 min ! 
1 0.4 mol 1 

500 - 800 cm 3 h ! 
5 - 50 gm 
40 mm 

500- 550~ 

1 0  40 mm min ~ 

The spraying method involves a chemical reduction or a hydrolysis reaction be- 
tween the organic or the inorganic highly dispersed starting material and the mixture 
of  carrier gas and reactive gas at the heated substrate surface where the expected 
metal or oxide film is formed. 

CH3 CH 3 

C-O O=C // ~ 

CH Pd CH + H2 ~ Pd+ 2CH3-C-CH 2-C-CH3 

C=O O-C O O 

CH3 CH3 (acetylacetone) 

(acetylacetonate) 

(33) 

SnC14 + 2H20 ~ SnO2 + 4 HCI (34) 

Investigations to make films of other compounds are rare, see for instance [81 ]. 
Typical conditions for the deposition of spray coatings of some metals and ox- 

ides [75,81] are listed in Table 5. 

The substrate temperature is a very important parameter. If it is high, the deposition 
rate can usually be increased whereas lower temperature values favour the incorpo- 
ration of  reaction by-products into the growing layers. In any case, however, it must 
clearly be lower than the softening point of the glass. In all applications the influ- 
ence of the substrate temperature on the film properties is precisely discussed but the 
influence of the nature of  the glass surface on film properties is only rarely men- 
tioned, although it may be important as diffusion source for alkali ions. For instance, 
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in the case of undoped SnO2 and In203 films these positive ions may act as un- 
wanted p-type doping agents thus compensating the native donors [82,83]. It is es- 
pecially critical when using the cheap soda lime silicate glass with 70 - 75 wt. % 
SiO2 and a high sodium content of 10 - 15 wt. % Na20. At elevated temperatures 
(Ts > 450~ an increase in the diffusion rate of alkali atoms may occur producing 
the above-mentioned effects. This can be critical even with borosilicate glasses. 
Fused silica substrates can be used to over come this problem, but it is also possible 
to use special cleaning procedures for the glass as for instance treatment with nitric 
acid which leaches out the alkali from surface and the regions near the surface. An- 
other approach to avoid this problem is the depletion of glass surfaces of ions by the 
application of an electric field at high temperature and the cooling of the sample 
using the applied field [84]. For highly doped films such as SnO2 with F or SnO2 
with Sb and in the case of mixed films such as ITO (indium tin oxide), alkali con- 
tamination is not important because the conductivity is usually orders of magnitude 
higher than for undoped layers [80]. 

TABLE 5 

TYPICAL CONDITIONS FOR THE DEPOSITION OF METAL AND OXIDE FILMS ON 
GLASS, FUSED SILICA AND ALUMINIUM OXIDE BY SPRAY COATING [75,81] (AA) 
ACETYLACETONATE. 

METALS 

Final Starting MP/BP Solvent Carrier Reaction 
film material (C ~ ) gas temperature (C ~ ) 
Pt (AA)2Pt - butanol N2 + H2 340- 380 
Pd (AA)2Pd - butanol N2 + H2 300- 350 
Ru (AA)3Ru - butanol N2 + H2 380- 400 

OXIDES 

Final Starting MP/BP Solvent Carrier Reaction 
film material (C ~ ) gas temperature (C ~ ) 
Fe203 (AA)3Fe 181/200 butanol 
Cr203 ( A A ) 3 C r  - - 

A1203 (AA)3AI - bu tano l  

A I 2 0 3  Al-isopropoxide 248/- butanol 
In203 (AA)3In 260/280 acetylacetone 
Y203 ( A A ) 3 Y  190/- butanol 
V203 ( A A ) 3 V  - . 

VO2 (AA)3VO 180/200 butanol 
SnOz SnCI4 - methanol 
T iO2 buty 1- - acety I acetone 

orthotitanate butanol 
ZrO2 butyl- - butanol 

orthozircoante acetylacetone 

Air 
A~r 
Air 
Air 
Air 
Air 
Air 
Air 
N2 + Air 
N2 + Air 

Air 

300- 500 
520- 560 
480 
420-650 
480 
600 
300- 360 
36O 
300- 500 
400 

450 
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6.2.1.4.1.2 ATMOSPHERIC-PRESSURE CVD 

In true CVD processes, as compared with the spray coating discussed above, the 
reactants are transported to the place of reaction, in our case the glass surface, in the 
form of vapours and gases and not in the form of liquid droplets. Although there are 
also exceptions, the vapour of the reactive compound, an easily volatalized liquid, is 
generally prepared by injection of the liquid, into water or oil-bath heated evapora- 
tors. From there, the vapour is transported to the reaction zone by a carrier gas. 

Using this method and a hydrolysis reaction of metal chlorides, an apparatus was 
built [85] which enables small glass surfaces of up to 10 cm 2 in size to be coated 
with SnO2 and In203 layers. It is a general rule that the unwanted gas phase nuclea- 
tion (homogeneous reaction) in atmospheric-pressure CVD can be suppressed by 
using high carrier-gas flow rates, minimum temperatures, and cold wall reactors. 

On-line [86a] and off-line [86b] CVD processes were developed for the deposi- 
tion of tin oxide layers on glass. In the first case [86a] continuous deposition of 
SnO2 layers was performed under fiat glass production conditions. The substrate for 
all depositions was a float-glass ribbon moving with a speed between 8 and 15 in 
min ~. Its temperature was about 600~ The surface was typical of glass which has 
left the float bath but had not yet entered the annealing furnace and was not treated 
or cleaned before film deposition. The base reaction is again the hydrolysis of 
SnC 14. The reactive vapours are transported by nitrogen gas in separate thermostati- 
cally controlled pipes to the deposition device formed by five identical slit nozzles. 
They expand in the first chamber of the nozzle and are then accelerated to the slit of 
0.5 mm width. A schematic diagram is shown in Fig. 18. 
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4 
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3 

Fig. 18 
A cross section through the chemical vapour deposition nozzle: 1, SnCI4-N2 
inlet; 2, H20-N2 inlet; 3, glass surface; 4, reaction gas evacuation; 5, identical nozzle. 

The reactive vapours leave the nozzle in a laminar gas flow and mix only by diffu- 
sion. The optimum distance between the glass surface and the slit nozzle depends on 
the total gas flow rate and is for a flow rate of 1 m 3 h "1 per 1 m nozzle length in the 
range of 3 mm. The chemical reaction to form SnO2 takes place mainly on the hot 



glass surface. The gaseous reaction by-products and the carrier gas are evacuated at 
flow rates which have no negative influence on the laminar gas flow below the noz- 
zle. On the moving glass ribbon a SnO2 film is formed with deposition rates between 

0.5 and 1 lam s ~. The investigations showed that the deposition of SnO2 onto fiat 
glass is less sensitive to variations in the chemical parameters than to the control of 
gas flow conditions and the design of the deposition plant [86a]. 

Reactor systems for carrying out CVD processes must provide several basic 
functions that are common to all types of reactors. They must allow controlled 
transport of the reactant and diluent gases to the reaction zone, provide heat to the 
substrate to maintain a defined temperature and safely remove the gaseous by- 
products. These functions should be fulfilled with sufficient control and maximal 
effectiveness, which requires good engineering design and automation. 
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Fig. 19 
Operating principles of the basic types of CVD reactors for preparing thin films. 
A = horizontal tube displacement flow reactor 
B = rotary vertical batch type reactor 
C = continuous reactor employing premixed gas flow fed through an extended area slotted 
disperser plate 
D = continuous reactor using separate reaction gas streams that are directed towards the substrates 
by laminar flow nozzles 1 = reaction gas 1 
11 = reaction gas 2 
E = exhaust gases 
OOOO = resistance heater 
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The reactor in which the chemical coating processes actually take place is the essen- 
tial part of the system and must be designed according to the specific physical and 
chemical process parameters. To coat glass by atmospheric-pressure CVD, generally 
low temperature reactors are used which can be classified according to their gas flow 
characteristics and operation principles into four basic types [69]: 

1. horizontal tube displacement flow type; 
2. rotary vertical batch type; 
3. continuous-deposition type using premixed gas flow; and 
4. continuous-deposition type employing separate gas streams. 

A schematic diagram is shown in Fig. 19. The CVD plants can be divided further 
into hot wall reactors which are preferred when the deposition reaction is exothermic 
in nature and cold-wall reactors mainly employed when the deposition occurs by an 
endothermic reaction. By these means, the reaction is directed to the part to be 
coated and undesirable contamination of the walls is prevented. 

6.2.1.4.1.2.1 COMPOUND FILMS 

Reported in the CVD literature are many low temperature reactions which form 
oxides in particular but also nitrides and oxynitrides. Particularly suitable and widely 
used starting materials are metal alkoxides, metal alkyls, metal halides, metal ace- 
tylacetonates, metal carbonyls and metal hydrides. The most frequently used reac- 
tions are pyrolysis and pyrolytic oxidation of the metal alkoxides at relatively low 
temperatures, and hydrolysis or oxidation of the metal halides, generally at higher 
temperatures. Alkoxy compounds are often preferred to other organometallic com- 
pounds because they are highly volatile but also sensitive to hydrolysis. Using alk- 
oxy pyrolysis in the presence of oxygen, the following oxides can be deposited at 
substrate temperatures between 250 and 750~ 

T iO2  [87,88,89,90,91] 
ZrO2 [92] 
H fO2  [90,92] 
SiO2 [93] 
A1203 [94,95,96,97,98,99] 
Ta205 [100,101,102] 
Nb205 [92] 
ZnO [99,103] 

With oxidation and pyrolysis of metal alkyls, the following oxides have been ob- 
tained" 
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TiO2 [104] 
ZnO [105,106] 
PbO [107] 
Sn02 [108] 

Tin oxide films have been deposited onto soda-lime-silica glasses in a cold-wall 
reactor at substrate temperatures between 350~ and 490~ [108]. The mechanism 
of formation was carefully studied using four different tin alkyls as starting com- 
pounds namely dibutyl tin diacetate (DTD), tetrabutyl tin (TBT), tetraethyl tin 
(TET) and tetramethyl tin (TMT). The investigations showed for the mechanism a 
dependence on the molecular structure and reactivity of the initial tin compound to 
oxygen. The influence of substrate temperature on deposition rate (Arrhenius plots) 
showed three characteristic regions for which three processes were proposed [ 108]: 

1. reaction between chemisorbed oxygen and chemisorbed tin compound; 
2. reaction between chemisorbed oxygen and gaseous tin compound; 
3. reaction of an intermediate complex consisting of oxygen and tin com- 

pound at the surface. 

One of these processes becomes dominant as the substrate temperature changes, 
depending on the degree of the activation state of the tin compound. As was found 
[ 108], DTD and TBT follow process type 3. in the high-temperature region and type 
2. in the low-temperature region, while TET and TMT follow process type 2. and 
type 1. in the high-temperature region an in the low-temperature region, respec- 
tively. 

The pyrolytic decomposition of metal acetylacetonates at temperatures between 
400 and 500~ resulted in the formation of: 

Fe203 [ 109,11 O] and 
NiO [109]. 

Amorphous Fe203 has also been prepared from ironpentacarbonyl, Fe(CO)5, in an 
argon or nitrogen atmosphere and in the presence of CO2 with or without H20 and 
02 at a substrate temperature of only 90 - 160~ [l 11 - 114]. 

The oxidation of hydrides at low temperatures between 400 and 450~ yielded: 

B205 [ 115]. 

Although most oxide films prepared from metal halides by hydrolysis and oxidation 
require high temperatures, there are some exceptions. Metal-halide hydrolysis at 
temperatures lower than 300~ has been used to deposit TiO2 films [ 102,116,117]. 

Various mixed oxides can be produced by these techniques. Also, for instance, 
luminiscent coatings of rare-earth doped YVO4, Y203 and Y202S phosphors have 
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been prepared by pyrohydrolysis (H20) and pyrosulfurlysis (H2S) of suitable or- 
gano-metallic compounds at temperatures of about 500~ [118]. 

Ta-doped A1203 films have been deposited by pyrolysis of tantalum pentaethox- 
ide, Ta(OC2Hs)5 and triethyl aluminium, AI(C2Hs)3 [100] or aluminium chloride 
AICI3 [ 119]. 

From the various possibilities of forming mixed oxide films, for example to ob- 
tain special refractive indices, only a few are used. Polymeric structures like silicate 
glass films can also be made at fairly low temperatures. 

Phosphosilicate glass films have been obtained with low-temperature oxidation 
of hydrides: 

Sill4 + PH3 + 02, Ts = 325 - 450~ [120] 

Borosilicate glass films have been obtained in a similar way" 

Sill4 + B2H6 + 02, Ts = 325 -450~ 

With N2 or Ar as the diluent, the system is able to form borosilicate glasses over the 
whole composition range of (SiO2)l.x (B203)x. All the possible reactions in the sys- 
tem have been carefully investigated [ 105,106,115,120,121-129]. 

Aluminosilicate glasses have been obtained from tetraethoxysilane and triisobu- 
tyl aluminium vapours in an oxygen atmosphere [ 130,100,131 ]. 

Si(OC2H5)4 + Al(C4H9)3 + 02, Ts ~ 250- 500~ 

Arsenosilicate glass films have been prepared from the following starting com- 
pounds: 

Si(OC2H5)4 + AsCI3 + N2 (or Ar), 

Si(OC2H5)4 + AsCI3 + CO2 + H2, 

Si(OC2H5)4 + AsCI3 + N2, 

SiCl4 + AsCI3 + CO2 + H2, 

SiH4 + AsCI3 + 02 Ar, 

SiH4 + AsH3 + 02 + Ar (orN2), 

[132-136] 

[133] 

[134] 

[133] 

[137,138] 

[136,139,140] 

The last reaction in this sequence is generally preferred because it proceeds at a 
temperature of 500~ with rates of 50 to 150 nm min ~ for concentrations of up to 15 
mol% As203 in the glass film [136]. 

Extensive infrared spectroscopic measurements have indicated clearly that boro- 
silicate glass films deposited from the hydrides at temperatures of only 325 - 475~ 
are in fact chemically formed silicates rather than physical mixtures of B203 and 
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SiO2. The same also holds for other glass films prepared in a similar way, such as 
phosphosilicate and arsenosilicate [106,115,128,129,141,142]. 

Most nitride and oxynitride films are deposited at substrate temperatures much 
higher than 500~ The formation reactions take place generally only between 
900~ and 2500~ Under such conditions, coating of glass is impossible. There are 
some exceptions, however, where it is possible to develop low temperature reac- 
tions. Thus, for instance, amorphous germanium nitride Ge3N4 has been deposited 
by ammonolysis of GeC14 at substrate temperatures between 400 and 600~ [143]. 
Such films can be used in electronics [144]. 

Also, the pyrolysis of the dialkylamides has been used to deposit TiN, ZrN and 
NbN films in the substrate temperature range between 250 and 800~ [145]. 

6.2.1.4.1.2.2 METAL FILMS 

Nearly all metals and many alloys have been deposited by chemical vapour 
deposition. Exceptions are the alkali and alkaline earth metals. Detailed descriptions 
of the conditions used to prepare such deposits are given in several reviews and 
bibliographies of CVD work, e.g. [69,146,147]. The most important processes for 
depositing metals are: 

~ thermal decomposition and pyrolysis of organometallic and metal car- 
bonyl compounds; 

, hydrogen reduction of metal halides, oxyhalides, carbonylhalides and 
other oxygen containing compounds; and 

. chemical transport reactions based on temperature differences in hetero- 
geneous reaction systems. 

For low-temperature depositions, decomposition and pyrolysis reactions are usually 
used. Most coatings are made on metal substrates but it is very likely in most cases 
that deposition on glass is also possible. 

films can be prepared by pyrolysis of triisobutyl aluminium with Ar 
as the carrier gas at relatively low substrate temperatures: 

AI(C4H9)3 + Ar; Ys > 260"C, [148] 

or better diluted with hydrocarbons to make the reaction less explosive: 

AI(C4H9)3 + C7H!6 + Ar; T~ ~ 300~ [149 - 151] 
25% 75% 

films can be deposited by the pyrolysis of chromium hexacarbonyl: 
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Cr(CO)6, T~ = 200 - 500~ [152 - 155] or 

by thermal decomposition of dicumene chromium: 

Cr(C6H5 - CH(CH3)2)2, Ts = 300- 400~ [156]. 

films have been prepared by pyrolysis of cobalt acetylacetonate: 

Co(C5H702)2 + H2, Ts = 325 - 340~ [157,158] 

The reaction is carried out at atmospheric pressure using a vapourization tempera- 
ture of 150~ a condenser temperature of 170~ a carrier gas flow-rate of 1.2 to 
2.8 1 min 1 and a deposition or substrate temperature of 340~ These conditions are 
considered optimum because they produced thin metallic cobalt films having the 
same magnetic properties as bulk cobalt. A deposition time of 8 - 10 min resulted in 
films of about 0.6 ~m thickness on glass substrates. Cobalt films can also be pre- 
pared by pyrolysis of cobalt nitrosyl tricarbonyl: 

CoNO(CO)3 + H2, Ts = 150- 400~ [159,160]. 

films are deposited by pyrolysis of Ni-tetracarbonyl. The optimum depo- 
sition temperature for practical coating ranges from 180-200~ The atmosphere 
contains a mixture of Ar with various other gases: 

Ni(CO)4 + Ar + CO2 -k- NH3 + H2, Ts = 180 - 200~ [161,162]. 

Coating of plastic is also possible because of the low decomposition temperature of 
the carbonyl nickel of 100~ The rate of decomposition can be increased by adding 
catalysts such as TiCI4, SiCI4 or H2S [ 163,164]. 
The pyrolysis of nickel acetylacetonate also yields Ni films: 

Ni(CsH702)2, Ts = 350 - 450~ [165]. 

The reaction is mainly performed at reduced pressure. 

films are obtained by thermal decomposition of the pentacarbonyl at sub- 
strate temperatures lower than 200~ 

Fe(CO)5, Ts = 60-140~ [ 166,167]. 

The process is optimal at low pressure. 

films can be made in a similar way to iron films by pyrolysis of the 
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hexacarbonyl: 

V(CO)6, Ts = 100~ [168] 

films can be deposited by pyrolysis of lead tetraethyl or tetramethyl: 

Pb(C2H5)4 or Pb(CH3)4, T~ = 300 - 420~ [169]. 

The films obtained are not dense, however, and contain various amounts of code- 
posited carbon. 

films have been obtained by thermal decomposition of copper ace- 
tylacetonate at reduced pressure: 

CtI(CsH702)2, T~ = 260 - 450~ [165,170]. 

Displacement coatings can also be obtained on alkali-oxide-containing glass sur- 
faces, especially those with sodium oxide. Treatment of the glass surface with cu- 
prous chloride vapour at about 500~ or a temperature near the softening point of 
the glass, results in replacement of the alkali metal atoms with copper. Subsequent 
treatment of the glass with hydrogen at about 400~ reduces the copper compound 
in the glass, producing an attractive stain which may range from a light pink to a 
deep ruby red in intensity [ 171,172]. Borosolicate glass (e.g. Pyrex) does not stain as 
readily as soft glasses, and no colour is produced with borosilicate glass types con- 
taining no alkali oxide. 

and films can be produced by pyrolysis of their hydrides at 
620~ and 500~ respectively [173]: 

Sill4, Ts = 620~ GeH4 Ts = 500~ 

Germanium films can also be fabricated from Gel2 with CO2 as carrier gas using the 
following disproportionation reactions: 

2Gel2~g ) T_45OoC ~ Gets ) + Gel4tg ) [174] 

and films can be deposited by hydrogen reduction of 
their volatilized chlorides [ 175]. The hydrogen reduction process is best carried out 
with the trichlorides. These materials are commercially available in grades of suffi- 
cient purity for most coating work. The chloride vapourization temperatures and the 
required substrate temperatures for deposition are as follows: 
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AsCI3 . . . 0 -  30~ 
SbCI3 . . . 80- l l0~ 
BiCI3 . . .  240- 250~ 

Ts = 300- 500~ 
. . Ts = 500- 600~ 

. . . T~ = 250~ 

A mixture of hydrogen and hydrogen chloride may have to be used in depositing Bi 
to avoid reduction of BiCI3 in the liquid state. Such metal films can also be made by 
thermal decomposition of the hydrides with hydrogen as carrier gas: 

SbH3 + H2 

AsH3 + H2 

Bill3 + H2 

Ts = 150~ 

}. . . T~=230-300~ 

A considerable excess of H2 as carrier gas is required in depositing antimony to 
prevent the tendency of SbH3 to explode when heated to about 200~ The decom- 
position of SbH3 has been used to prepare small amounts of high-purity antimony 
with only less than 1 ppm metallic impurities [ 176]. 

films can be deposited by pyrolysis of tin alkyls or alkyl hydrides such as: 

SnH2 (CH3)2, Ts = 540~ [ 177]. 

The thermal decomposition of tetramethyl tin in a static system at 440 to 493~ 
resulted in the deposition of films which were carbon contaminated with longer 
deposition times [ 178,179]. 

films have been obtained by carbonyl pyrolysis: 

Mo (CO)6 q H2, T~ = 400 - 600~ [153,180]. 

Extensive investigation of this process showed that the substrate temperature and the 
pressure of the decomposition products have a pronounced influence on the compo- 
sition of the resulting deposit. The pyrolysis can be performed only in a carbonyl 
atmosphere, but the mixture of H2 was found to be virtually necessary in any practi- 
cal deposition process, both as a carrier gas and as a carbon-removing agent 
[ 153,181 ]. Films with low carbon content of about 0.1 at % have been obtained by a 
minimum temperature of 400 - 450~ and a CO partial pressure of 0.1 mbar. The 
amount of carbon can be further reduced by using higher deposition temperatures of 
up to about 600~ 

is very similar to molybdenum in its chemical reactions and can be 
vapour-deposited by the same processes. The typical low temperature process is 
pyrolysis of the hexacarbonyl W(CO)6 [ 153, 181-184]: 



148 

W(CO)6 + H2, Ts = 350-600~ 

Tungsten deposited from carbonyl is less prone to form deposits containing carbon 
or to form powdery films at higher temperatures and pressures than is molybdenum. 
A wider range of plating temperatures and pressures and higher deposition rates can 
thus be used. A deposition temperature between 350 - 600~ a hydrogen to car- 
bonyl ratio of 100 1 and a total pressure lower than 3 mbar have been recom- 
mended [ 181,182]. 

Thermochemical investigations have shown that temperature levels of about 
900~ are required for the deposition of pure metal films at atmospheric pressure 
unless the carbonyl is fed as an extremely dilute gas mixture. At these high tem- 
peratures, however, gas-phase nucleation is a serious problem in obtaining dense 
and adherent films [184]. 

Another method of depositing tungsten films is the reduction of the hexachloride 
or fluoride with hydrogen: 

WF6 + H2, T~ = 400~ [ 185]. 

and also some platinum group metals can be deposited by decomposi- 
tion or, better, reduction with hydrogen of their carbonyl chlorides [ 186,187]" 

Pt (CO)2 C12 + CO + H2, Ts > 125~ 

In the case of very unstable carbonyl halides the pyrolysis of acetylacetonates was 
used to deposit films [ 188, 165]" 

Pd (C5H702)2 + CO2, Ts ~ 350 - 450~ 

and films have been obtained by reduction with hydrogen of 
the tetra- and trioxide respectively: 

OsOn + H2, Ts = 500~ [189] and 

ReO3 + H2, Ts = 350~ [1 90]. 

and films have been prepared by pyrolysis and metal halide reduc- 
tion [ 100,191 ]. 

Finally, an example for the low-temperature deposition of alloy films is the pro- 
duction of Ni/Fe films of the permalloy type by pyrolysis of Ni and Fe carbonyl 
mixtures on glass at a substrate temperature of 300~ [ 192,193]. 
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6.2.1.4.1.3 LOW-PRESSURE CVD 

Chemical vapour deposition processes can be carried out over a pressure range 
from super-atmospheric down to low pressures characteristic of physical vapour 
deposition. In many cases the substrates are heated to sufficiently high temperatures 
to cause the vapourized plating compounds to react leaving behind the solid reaction 
products as the desired coating, and the by-products as gases which have to be re- 
moved. With less stable starting compounds, these may tend to be reduced or de- 
composed at a larger distance from the heated surface producing non-adherent pow- 
dery deposits possibly contaminated with non-volatile partial decomposition prod- 
ucts. This difficulty can often effectively be eliminated by reducing the pressure of 
the plating atmosphere, and thereby increasing the mean free path of the gas mole- 
cules as well as preventing the condensation of non-volatile partial-reduction or 
partial-decomposition products. In low-pressure CVD, generally no carrier gas is 
required. Deposition rates are dependent on material and on the process used. In 
some cases 0.5 to 10 lam min 1 are obtained, but the rate is often much lower. 

A uniform distribution of the film thickness not only depends on uniformity of 
substrate temperature, but also on uniformity of the rate of supply of fresh starting 
compound to all surfaces of the parts to be coated. Non-turbulent gas flow at nearly 
atmospheric pressure forms a deposit in pronounced streamlines. Although this can 
be prevented by substrate rotation, deposition at reduced pressure is generally more 
useful in improving the uniformity of film thickness. The following facts may ex- 
plain the observed advantages of low-pressure CVD. The diffusion of gas atoms is 
inversely proportional to the pressure. A reduction of the pressure from atmospheric 
to 1 mbar increases the diffusivity by a factor of about 10 3. The distance across 
which the reactants must diffuse, the boundary layer [ 194], increases at less than the 
square root of the pressure. Effectively an increase of gas-phase transfer of reactants 
to the substrate and the removal of by-products from it by more than one order of 
magnitude is achieved. Thus the reaction rate is determined by the surface reaction 
and less attention must be paid to mass-transfer problems which are limiting factors 
in atmospheric-pressure CVD [69,195]. At very low pressures of the order of 10 3 
mbar or less, film deposition occurs only on line-of-sight surface. This is not neces- 
sarily disadvantageous, and may even be an advantage if only one side of a plate is 
to be coated. 

Low-pressure CVD enables a uniform deposition of a large number of substrates 
in one run. The density of the arrangement of the substrates on their holder can be 
high and the geometrical shape of the substrates may even be complex [ 196,197]. 
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6.2.1.4.2 PLASMA-ACTIVATED AND PHOTON-ACTIVATED CVD 

6.2.1.4.2.1 PLASMA-ACTIVATED CVD 

The main reason for the application of plasma-activated chemical vapour depo- 
sition lies in the fact that it enables the reaction to proceed at temperatures lower 
than the corresponding thermal reactions. This property is sometimes an advantage 
for processes that would otherwise suffer from high temperatures. Typical substrate 
temperatures in plasma-enhanced CVD depositions are at about 300~ and may 
sometimes be even lower. As well as a lower temperature and compared with other 
techniques, a more energy-efficient functioning, low pressures in the millibar region 
give the additional benefit of large diffusion constants. 

Two kinds of plasmas have been used for chemical purposes: isothermal and 
non-isothermal plasmas. The first type is not interesting for low-temperature appli- 
cation because all charged and neutral particles are in thermal equilibrium. The ad- 
vantage of a cold plasma, for coating sensitive substrates, lies in generating chemi- 
cally reactive species at low temperatures which is due to the non-equilibrium nature 
of non-isothermal plasmas. In such a glow discharge plasma, typically sustained at 
pressures between 0.1 and several millibars, the free electrons exhibit temperatures 
of more than 104 Kelvin while the temperature of transitional and rotational modes 
of atoms, ions, radicals and molecules is only few hundreds of Kelvins, typically 
between 298 and 573 Kelvin. The interaction with these high-energy electrons leads 
to the formation of reactive species in the gas phase and on the surface that would 
normally occur only at high temperatures. The principles of generating low- 
temperature plasmas are found for example in [ 198] and the fundamentals of plasma 
chemistry are discussed in [199] for example. Reviews on plasma CVD have been 
published by [200]. The possible lower substrate temperature makes this technology 
attractive for coating glass and plastics. The films obtained in the plasma reactions 
are usually amorphous in their structure with very little short-range ordering. The 
reaction mechanisms between the excited, ionized, molecular and/or dissociated 
species, radicals and ground state neutrals, etc., involved in film formation are very 
complex. The lack of important data, such as, for instance, reaction cross sections 
make the understanding of basic chemical processes in plasma CVD film deposition 
very difficult. But for all that, the use of plasma CVD to film production has moved 
forward rapidly because of technological demand from industry. There is little sys- 
tematic work available showing and explaining the influence of the various pa- 
rameters on film formation and film properties. A plasma-assisted CVD process has 
many parameters and there are also different deposition reactor designs in use. With 
all of them the supply of reaction gases into the reaction zone, the evacuation of 
gases and the flow rate control must be performed carefully. For high deposition 
rates high values of active species particle densities are required. It is very difficult 
to compare the individual results. 

Interesting is the systematic investigation of the formation of films 
[194,201-203]. All the plasma-assisted depositions were carried out in the reactor 
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shown in Fig. 20. It was found that the major variables affecting the film deposition 
rate and uniformity are rf power density and distribution, gas-phase composition and 
distribution and total pressure in the reaction zone. Most important is the distribution 
of power density, because the lifetimes of the reactive states are generally very short, 
so that the activated and excited species must be continuously generated and regen- 
erated across the deposition zone. For deposition, a power input between 300 and 
600 W was used. The reactive gas mixtures were composed of Sill4 (100 - 150), 
NH3 (150 - 300) and N2 (300 - 1000). Typical physical and chemical properties of 
films grown at about 300~ substrate temperature with a rate of 20 - 40 nm min 1 are 
shown in Table 6. 

x x x \ x xD~l~ ! 

_ ~ _ Heater 

Fig. 20 
Applied Materials plasma CVD deposition system cross section [203]. 

For comparison values for Si3N4 films prepared by atmospheric-pressure CVD at 
900~ from Sill4, NH3, N2 gas mixtures are also listed. Microchemical analysis data 
have shown that the chemical composition of the plasma silicon nitride films is 
slightly Si-rich at a Si/N-ratio between 0.8 and 1.0 compared to 0.75 for stoichi- 
ometric deposits. As indicated by infrared spectrometry, there are also larger 
amounts of hydrogen and traces of oxygen in the films. Therefore the true film com- 
position may be represented by SxNyHz [195]. Films deposited at 300~ are ther- 
mally stable up to about 400~ As a consequence of compressive film stress, blis- 
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tering is observed during higher heating resulting in the formation of circular holes. 
The films contain practically no pinholes and sodium ions are very effectively 
masked by them. A potential nonelectronic application would be a coating over 
photolithographic masks to reduce sticking and scratch damage [ 195]. 

TABLE 6 

PHYSICAL AND CHEMICAL PROPERTIES OF SILICON NITRIDE FILMS FROM 
Sill4 + NH3 + N2 [195] 

Property 
Si3N4 SixNyHz 
Atmospheric- Low-Pressure 
Pressure CVD Plasma-Enhanced CVD 
900~ 300~ 

density 

refractive index 

dielectric constant 

dielectric strength 

bulk resistivity 

surface resistivity 

stress at 23~ on Si 

thermal expansion 

colour transmitted 

step coverage 

H20 permeability 

thermal stability 

composition 
Si/N ratio 

ir absorption 
Si-N maximum 
Si-H minor 

2.8-3.1 g cm "3 2.5 -2.8 g cm 3 

2.0-2.1 2.0-2.1 

6-7 6-9 

1 107 6 1 0  6 cm ! 

10 Is -1017 ~ cm 1015 f2 cm 

> 1013 ~ sq. ! 1 1013 k~ sq. "1 

1.2-1.8 - 10 l~ dyn cm 2 1-8. 10 9 dyn cm 2 
tensile compressive 

4.10 -6 ~ > 4-7 10 .6 ~ 

none yellow 

fair conformal 

zero low-none 

excellent variable > 400~ 

Si3N4 SixNyHz 
0.75 0.8-1.0 

870 cm l ~ 830 cm -I 
2180 cml 

Amorphous and films can be prepared in a plasma of  
their hydrides [204]. Large amounts of  hydrogen are found in the films depending 
on substrate temperature during deposition, for example Ts = 250~ and 0.1 mbar 

22 pressure yields 0.7 x 10 atoms cm 1, while Ts = 25~ and a pressure of 1.0 mbar 
can even yield 1.7 x 1022 atoms cm ~ hydrogen in the films. Mass spectrometric 
investigation indicated that the plasma contains Sill2 + and other fragmentation prod- 
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ucts so that a film containing large amounts of hydrogen may be somehow similar to 
polysilane [204]. The hydrogen concentration in the amorphous films has been ana- 
lysed by infrared spectroscopy, mass spectroscopy and other techniques [205]. Such 
hydrogenated, amorphous silicon films are used for solar cells. Amorphous silicon 
films have been doped by the addition of dopants as PH3 and B2H6 to Sill4 
[206,207]. A p-n junction was fabricated with amorphous Si with a photovoltaic 
response qualitatively similar to that of crystalline silicon p-n junction. 
Various oxide films have also been prepared: 

in the form of amorphous films have been deposited at a 
substrate temperature of 480~ by vapourizing AICl3 into an oxygen plasma [208]. 

have been obtained from SiH4/N20 mixtures at substrate tempera- 
tures between 250 and 350~ with a rf power of 250 W and a pressure of 0.35 mbar 
[209]. Small amounts of nitrogen may be incorporated into the SiO2 film depending 
on the N20/SiH4 flow-rate ratio. Optimum properties of the films were achieved 
with a N20/SiH4 ratio of at least 15 to 1. Density p =2.18 -2.44 and refractive index 
n - 1.40 - 1.50 of the deposits are very similar to bulk SiO2 glass. The films show 
compressive stresses between 1 and 3 x 109 dyn cm 2 which inhibit cracking. 

Optically transparent and have been obtained 
from some metal alkyls and alkoxides in a microwave discharge plasma at a sub- 
strate temperature of 200~ [210]. Chemical compositions were controlled by infra- 
red absorption and refractive index measurements and the data obtained were com- 
pared with the stoichiometric compounds. The optical data of such plasma-deposited 
oxides are listed in Table 7a [210]. 

microwave 
Si(OC2H5)4 + , T~ = 200~ [210] 

plasma 

TiO2, and SiO2 films have recently been pro- 
duced from the volatile chlorides in the presence of 02 in the plasma [211 ]. These 
processes could be performed even at room temperature. The resulting oxide films 
were deposited on glass with rates of 50 nm min -~. The film refractive indices ob- 
tained were n550 = 2.4 for TiO2 and n550 = 1.45 for SiO2. 

With the same process Sn02 were also fabricated [211]. 
films were made using the organometallic trimethyl compound to give a conducting 
oxide film and it was shown that this method can be combined with a sputtering 
source (PVD process) to give mixed oxide films of relatively good conductance, 
especially in the knowledge that the process took place at room temperature [211 ]. 

In(CH3)3 + plasma, T~ = 30~ [211] 
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Further inorganic films made by plama-assisted CVD are listed in [212] and 
results of recent developments in production technology are found in [213]. 

TABLE 7a 

COMPARISON OF THE OPTICAL PROPERTIES OF PLASMA-DEPOSITED OXIDE FILMS 
WITH THE CORRESPONDING GLASSES OR MINERALS [210] 

Production Principal infrared index of 
Film Techniques frequency (cm l) refraction 

GeO2 plasma-formed film 850 1.582 + 0.002 
fusion-formed glass 850 1.534 - 1.607 

B203 plasma-formed film 1350 1.470 + 0.002 
fusion-formed glass 1350 1.464 (3) 

TixOyplasma-formed film 950- 700 1.7 
TiO2 anatase 1200- 500 1.7 
SnxOy plasma-formed film 1425 1.536 + 0.002 
SnO2 cassiterite 850- 500 1.7 

SiO2 plasma-formed film 1045; 800 1.458 + 0.002 
fusion-formed glass 1080; 800 1.458 + 0.002 

Plasma CVD processes allow low substrate temperatures but require very clean 
substrate surfaces to achieveacceptable adhesion. 

A very interesting variant of plasma CVD is plasma impuls CVD. Plasma impuls 
chemical vapour deposition PICVD used originally in preform fabrication for low- 
loss optical fibers [494] is able also to produce high quality optical thin films on fiat 
substrates. For that reason the principle of pulsed microwave plasma CVD had to be 
transferred from the circular to a planar coating geometry. This was successfully 
performed in the Schott Laboratories [495]. The planar PICVD technique offers the 
possibility to coat substrates with metal oxide layers at high (850~ but also at low 
(below 300~ temperature. For the production of low temperature SiO2 films hex- 
amethyl-disiloxan HMDSO is used as starting material. Typical parameters are listet 
in Tab. 7b. With both processes amorphous and dense film were obtained. SiO2 
layers of up to 9 ~tm thickness could be deposited without crazing or peeling. High 
index films can be prepared by mixing suitable dopant gases to the SiO2 precurser. 
For lower indices fluor is added to SiO2. Fast and reliable gas switching devices are 
required for such operations. 
In multilayer production the growing SiO2 film is periodically doped resulting in a 
sinusoidal film refractive index profile. The almost monolayer-by-monolayer 
growth control offers a new degree of freedom in optical coating design. 
A thermal mismatch limits the refractive index difference which can be achieved by 
the doping [495]. High reflectance can only be obtained by a larger number of HL 
layer pairs. Therefore a high deposition rate is an important prerequisite in PICVD. 
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With the hot process (850~ precurser SiCI4) the deposition rate can even be in- 
creased by a factor of 20! 

TABLE 7b 

PARAMETERS FOR ROOM TEMPERATURE PLASMA IMPULS CHEMICAL VAPOUR 
DEPOSITION [495] 

Parameters Value 

pressure 7.10 -~ mbar 
O2-flow rate 100 ml.min "1 
HMDSO-flow rate 1 ml.min ~ 
pulse power 4 kW 
pulse duration 8.10 -1 ms 
avarage power 35 W 
deposition rate 330 A.min "! 
thickness uniformity over a circular 
area with diameter of 120mm + 3% 

The development of low temperature TiO2 film deposition ( n 6 3 3  - -  2.44) and of the 
deposition of some other high index film materials like A1203, ZrO3 and Ta205 en- 
ables the use of PICVD for industrial production of various optical interference 
coatings on flat and dome shaped substrates [496]. Coating is performed in single- 
substrate stations which can be multiplied and integrated into larger production ma- 
chines[496,497]. 

6.2.1.4.2.2 PHOTON-ACTIVATED CVD 

Photon-assisted chemical vapour deposition induces chemical processes by 
heating substrates or by single and multiphoton excitation of vibrational modes in 
the gas molecules of the starting compound and photolytic dissociation. With an 
optical heat source the surface temperature of a substrate T~, and therefore the depo- 
sition rate is a function of the absorbed light intensity and of the irradiation time. 
Several different optical cases can therefore be defined, namely the deposition of a 
reflecting film on an absorbing substrate, and an absorbing deposit on a reflecting 
substrate. In the first case, during metal film condensation on the substrate, the ab- 
sorbed intensity decreases and the resulting lower surface temperature decreases the 
deposition rate. Changes in absorptivity by a factor 5 to 10 are common, sometimes 
causing self-limiting of the film thickness. In the opposite case of an absorbing film 
on a reflecting substrate, the deposition rate is enhanced as the film is deposited. 

Intensive conventional ultraviolet light sources as well as various types of lasers 
are used in photon-assisted CVD [214-220]. 
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The photons of uv light beams with wavelength at about 250 nm have just the 
right energy to break up organometallic molecules such as metal alkyls, providing 
free metal atoms for condensation of metallic films. The longer infrared CO2-1aser 
wavelengths between 9 to 11 ~m are particularly efficient for substrate heating, uv 
irradiation of insulating surfaces in contact with gas mixtures of Cd (CH3)2 or 
AI(CH3)3 with He having pressures of a few millibars results in metal film deposi- 
tion caused by photodissociation essentially at room temperature [215]. It was also 
possible with a focused beam of the frequency-doubled output, ~. = 257.2 nm, of a 
415.5 nm argon ion laser to write metal lines one micrometer in width with a depo- 
sition rate of 100 nms ~ [215]. Carefully performed investigations showed that not 
all the metal comes from the photolysis of molecules in the gas phase. Some or- 
ganometallic molecules are initially adsorbed on the substrate surface and a photo- 
lytic break-up of these adsorbed molecules creates preferred nucleation sites for 
further metal atoms freed in the surrounding gas. Thus the deposition pattern ap- 
pears to be sharpened by this prenucleation effect [215]. 

Spots and lines have been deposited of Ni, Fe, W, AI, Sn, TiO2 and TiC on 
quartz substrates. For Ni films from Ni (CO)4 rates of 1 to 17 ~m s l for CO2-1aser 
powers of 0.5 to 5 W were measured [217]. 

SiO2 films can be prepared from Sill4 and N20 with traces of mercury vapour in 
the gas mixtures as photosensitizer for the uv light radiation ~, = 253.7 nm. The 
pressure is 0.5 mbar, the rate is about 17 nm min ~ and the substrate temperature 
ranges between 75~ and 175~ Very little mercury is incorporated into the films. 
The index of refraction varies strongly with the flow rate of N20 and reaches an 
asymptotic value of n = 1.48 at flow rates higher than 60 ccm/s. This is still a little 
higher than for a stoichiometric film. The reason is assumed to be a slight oxygen 
deficit in the films [216]. Carbides, nitrides, borides and oxides ofTi, Si, Zr, AI or B 
can be deposited by CO2 laser (400W, cw) assisted CVD on absorbing substrates 
(moving carbon fibres) with high rates at atmospheric pressure [220]. In case of Ti- 
compounds such as TiC, TiB2 an TiCN starting from TiCI4, BCI3, C2H2, N2 and H2 
deposition rates between 0.1 and 0.6 ~m.s l were achieved which may be an indica- 
tion of photolytic enhancement of the mainly photothermal process [220,221 ]. 

In further experiments with glass substrates, the low-temperature formation con- 
ditions for Si- (from Sill4) [218] and for SnO2-films (from (CHa)2SnCI2 and 02) 
[219] were investigated. 

6.2.1.5 PHYSICAL VAPOUR DEPOSITION 

In physical vapour deposition, PVD, coatings are produced on solid surfaces by 
condensation of elements and compounds from the vapour phase. The principles are 
based generally on purely physical effects, but PVD may also be associated occa- 
sionally by chemical reactions. Some of these chemical reactions are used intention- 
ally in a special physicochemical film deposition technology, reactive deposition. 
Reduced to its essence, physical vapour deposition involves three steps: 
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1. Generation of the vapours either by simple evaporation and sublimation or by 
cathodic sputtering. 

2. Transport of the vapourized material through the reduced atmosphere from 
the source to a substrate. During their flight, collisions with residual gas 
molecules can occur depending on vacuum conditions and source to substrate 
distance. The volatilized coating material species can be activated or ionized 
by various means and the ions can be accelerated by electric fields. 

3. Condensation occurs on the substrate and finally a deposit is formed by het- 
erogeneous nucleation and film growth possibly during higher energy particle 
bombardment or under the action of impinging reactive or non-reactive gas 
species or both together. 

Let us distinguish between different basic types of film deposition techniques. These 
a re  

coating by evaporation 
sputtering, and 
ion plating. 

All these techniques and their variants operate appropriate only under vacuum. 
Technical vacua are sufficient for the feasibility of such deposition processes. How- 
ever, to eliminate or to control precisely the influence of the residual gas on film 
composition and on properties, clean vacuum conditions and highly defined residual 
atmospheres are required. Whereas in a simple evaporation process generally the 
highest vacuum is of advantage, in most sputtering processes and some related tech- 
niques a working gas is required generally in the pressure range between about 10 .2 
and 10 -3 mbar to perform the coating process. Without regard to other differences, 
the various PVD processes are charactenized by the very different energies of their 
volatilized film material atoms. These energies range from about 0.1 eV in evapora- 
tion over 1 to 10 eV in sputtering, to possibly much more than 10 eV and sometimes 
even up to 100 eV in the case of ion plating. Among other reasons, these specific 
differences in vapour species energies are responsible for characteristic differences 
in film properties, as will be shown later. 

With PVD technologies, depositions can be made over a wide substrate tem- 
perature range between heated glass of several hundred degrees down to liquid ni- 
trogen cooled or even colder samples. Thus there is no problem in coating glass and 
plastics with PVD technologies when the material and substrate specific conditions 
are properly chosen. 

6.2.1.5.1 VACUUM TECHNOLOGY 

The term vacuum means theoretically a space entirely devoid of matter. Natures 
closest approach to a perfect vacuum is found in free space but even there one finds 
a few hydrogen atoms per cubic centimetre. In technical usage, however, the term 
vacuum applies to any space at less than atmospheric pressure. As can be seen in 
Table 8, there are various degrees of vacuum: rough, medium, high and ultrahigh. 
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These regions are characterized by the mean free path of the residual gas molecules 
and the type of gas streaming. The units for expressing the amount of pressure re- 
maining in a vacuum system are based on the force of atmospheric air under stan- 
dard conditions. This force amounts to 1.03 kg cm 2. Gas pressure is stated in terms 
of the height of a column of mercury, supported by that pressure in a barometer. 
Atmospheric pressure of 1.03 kg c m "  will support a column of mercury 760 ram. 
One torr is the equivalent of one millimeter or of 1/760 of atmospheric pressure. In 
modern vacuum technology the common unit is the bar. 1 mbar corresponds to 0.75 
torr and this is equal to 10" pascal. 

The lowest pressures attainable are around 10 ~3 mbar. The residual gas in a clean 
ultrahigh vacuum system consists practically only of hydrogen. It appears that hy- 
drogen is the most universal contaminant, permeating practically all materials. There 
is no way known to condense or trap it completely. 

Pressure, type of gas flow and mean free path of gas molecules are phenomena 
which can be described with the aid of the well known kinetic theory of gases. The 
theory is based on the following idealized assumptions." 

Gases consist of particles (atoms and molecules) which are perfectly elastic 
spheres. The particles are in a complete and continous state of agitation. The system 
is in equilibrium. External forces such as gravity and magnetism are ignored. 

A detailed description of the theory is beyond the scope of this monograph and 
can be found for example in [220-225]. Only some results important in vacuum 
technique are reported here. 

TABLE 8 

DATA CHARACTERIZING THE VARIOUS TYPES OF VACUA 

Low vacuum Medium High vacuum Ultrahigh 
vacuum 

pressure (mbar) 1013... 1 1 . . .  10 "3 10 .3 .. .  10 "7 < 10 "7 

mean free path 
(cm) < 10 -2 1 0 " 2 . . .  10 10 .. .  10 5 > 10 5 

flow type viscous flow transition viscous molecular flow 
flow to molecular 
flow 

molecular flow 

remarks normal pressure strong variation 
p= 1013.25 mbar of the thermal 
according to DIN conductivity 
1343 

Beginning with p < 10 3 mbar, the sur- 
face absorbed gas atoms or molecules 
surpass the number of molecules in the 
gas phase 

The gaseous state (ideal gas) can be described by the universal gas equation (3 5)" 
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pV = m__ RT (35) 
M 

p -- pressure, V = volume, m = mass, M = molecular weight, R - molar gas constant 
T - temperature in Kelvin. 
The molar gas constant can be expressed by eqn. (36): 

R = NA k (36) 

With Avogadros number NA = 6x 10 23 mol 1 and Boltzmann's constant k -  13.8 
mbar 1 K "1 the gas constant is R - 83.14 mbar 1 m o l  "1 K "1 , 

From eqn. (35)7 it follows that a given mass of gas at constant temperature can be 
described by the product p V - constant. Simply expressed, it states that by halving 
the volume, the pressure is doubled, or when the pressure is halved the volume is 
doubled. In vacuum systems generally, gas mixtures are found so that the total pres- 
sure of the system is given by the sum of the partial pressure: 

P = P~ + P2 + P3 + . . .  + P~ (37) 

The average velocity of a gas molecule is determined by the molecular weight and 
the absolute temperature of the gas. Air molecules, like many other molecules at 
room temperature, travel with velocities of about 500 m s 1 but there is a distribution 
of molecular velocities. This distribution of velocities is explained by assuming that 
the particles do not travel unimpeded but experience many collisions. The constant 
occurrence of such collisions produces the wide distribution of velocities. The quan- 
titative treatment was carried out by Maxwell in 1859, and somewhat later by 
Boltzmann. The phenomenon of collisions leads to the concept of a free path, that is 
the distance traversed by a molecule between two successive collisions with other 
molecules of that gas. For a large number of molecules, this concept must be modi- 
fied to a mean free path which is the average distance travelled by all molecules 
between collisions. For molecules of air at 25~ the mean free path ~. at 1 mbar is 
0.00625 cm. It is convenient therefore to use the following relation as a scaling 
function: 

6.25 x 10 -3 
= cm (38) 

P mbar 

An important consequence of this theory is the survival concept. If molecules are 
moved between two fixed points by shooting them through a gas of the same com- 
position, there is a probability that they will get through. In the case of a gas pres- 
sure which corresponds to 0.01~., for that distance 99 out of 100 molecules will 
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traverse without collision. If however, the pressure is increased so that that distance 
is X, then only 37 out of 100 molecules will travel unhindered. 

A relationship of several concepts defining the degree of vacuum is shown in 
Fig. 21 [225]. The rate at which a gas flows in a vacuum system at a given tem- 
perature depends on the pressure of the gas and on the size and geometry of the sys- 
tem. It is convenient to characterize the type of flow by a dimensionless parameter 
called the Knudsen number K*. This parameter is defined as the ratio of the mean 
free path of the gas particles to a characteristic dimension of the constraint through 
which the gas is flowing, for instance the diameter of an orifice or tube. During the 
beginning of evacuation in a vacuum system, the pressure may be high enough to 
keep the Knudsen number below 0.01. In this case, collisions between molecules 
occur more frequently than collisions between molecules and the surrounding walls. 
Consequently, intermolecular collisions become important in determining the trans- 
fer of momentum through the gas, and the flow depends on the coefficient of vis- 
cosity. Such flow is called viscous flow or, if no turbulence is present, streamline 
flow. In the later stages of evacuation, when the Knudsen number becomes greater 
than one and molecular flow exists, the interaction of gas molecules with the walls 
is, in general, very complex. Concerning the occurrence of specular and/or diffuse 
reflections, the surfaces of the walls of a vacuum system which are chiefly atomi- 
cally rough favour the diffuse type. Depending on type of gas and on type of wall 
material, the gas molecules may also condense and re-evaporate. For large Knudsen 
numbers, almost all collisions by the molecules are with the walls and the distance 
between collisions is the mean characteristic dimension of the container, rather than 
the mean free path characteristic of the pressure. Nevertheless, the molecules main- 
tain a Maxwellian velocity distribution. 

5 

Relationship of several concepts defining the degree of vacuum [225]. 
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6.2.1.5.1.1 VACUUM PUMPS 

Six different types of pump are used to evacuate a vacuum system. The first and 
most common is the mechanical displacement pump [226,227]. The second is the 
vapour stream pump [228]. The third is the modern turbomolecular pump [229]. The 
fourth type is the chemical getter pump. The fifth is the ion pump; and the sixth is 
the cryogenic pump [230]. In technical coating systems, the first three types of pump 
are preferred. The development of these pumps is narrowly associated with the 
names: W. Gaede, I. Langmuir, C. Burch, K. Hickman and W. Becker [221,225]. 
Cryogenic pumps have also been used to evacuate technical coating plants. 

6.2.1.5.1.1.1 MECHANICAL DISPLACEMENT PUMPS 

Vacua were first produced by mechanical pumps that separated a definite volume of 
the gas from the recipient to be exhausted, compressed it and released it to the at- 
mosphere. Of the rotary oil-sealed pumps, the sliding vane pump is mainly used. It 
has a cylindrical rotor located off-center in a cylindrical housing, the stator. The 
rotor carries two vanes 180 ~ apart, spring loaded so as to ride on the stationary 
housing. The gas inlet and exhaust valves are separated practically by a contact area 
where the stator is machined to the same radius as the rotor. Oil serves as a sealant 
and lubricant between closely fitted moving parts. The speed of rotation is between 
350-1400 rpm. The action of the rotary vane pumps is shown in Fig. 22. Rotary vane 
pumps have an extremely high compression ratio which allows them to pump 
drawn-in gases against atmospheric pressure. This special feature makes these basic 
pumps suitable for a wide range of operations as vacuum pumps as well as backing 
pumps in vacuum systems. Single and compound forms are fabricated. 

Fig. 22 a 
Schematic representation of the operating principle of a rotary vane pump. 
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Fig. 22 c 
Sectional drawing of a BALZERS-PFEIFFER rotary vane pump DUO 030 A. 
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Fig. 23 
Pressure, versus pumping speed diagram of UNO and DUO rotary vane pumps. 

Parallel connection of two equal pump mechanisms will provide twice the displace- 
ment but the same ultimate pressure. In contrast, series connection provides the 
same displacement but greater pumping speed at low pressure. The practically pre- 
ferred compound form consists of two pump stal~es connected in series. The lowest 
pressure obtained by a single stage is about 10 ~ mbar. However, a twin-stage (se- 
ries) pump may reach an ultimate pressure of about 2x10 3 mbar. The pumping 
speed curves are shown in Fig. 23. The gas ballast was introduced by Gaede 1935 
for pumps handling condensable or soluble vapours. A gas ballast valve admits a 
controlled and timed amount of air into the compression stage of the pump. By this 
means, the formed compressed gas-vapour mixture reaches the ejection pressure 
before condensation of the vapour takes place. The principle of the gas-ballast pump 
and the action of its oneoway gas-ballast valve is shown in Fig. 24. The application 
of gas-ballast decreases the ultimate vacuum of the pumps. In practice, however, this 
disadvantage is unimportant because the gas-ballast valve is usually open only dur- 
ing the early stages of pumping. 

Another type of mechanical pump is the Root's blower. This type of pump con- 
tains two counter rotating lobes, each with a figure of eight cross section. The lobes 
do not touch each other or the housing because of a clearance of about 0.25 mm 
between the lobes and the housing. The Root's blower is driven by a single shaft and 
the second rotor is synchronized and driven through a set of timing gears. 

Fig. 25 shows the action of a Root's pump. Gas inlet and outlet are separated by 
only a narrow gap which enables a back flow of gas from the exhaust region to the 
inlet region. Although the efficiency of compression (maximum compression 
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Km ~ 50 70) is much lower than with oil-sealed pumps, the absence of rubbing 
contacts allows higher speed of rotation between 1000 and 3000 rpm leading to 
much higher pumping speeds. Common practice is to back the Root's blower with 
an oil-sealed mechanical pump. The blower is turned on at atmospheric pressure and 
the highest pumping speed is in the 10 -2 to 10 ~ mbar region. 

Fig. 25 a 
Schematic representation of the operating principle of a Roots blower. 
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6.2.1.5.1.1.2 DIFFUSION PUMPS 

When the pressure in the receiving volume decreases to values where the mean 
free path is greater than the dimensions of this volume, the residual gas molecules 
experience more collisions with the walls than with each other. In this case it be- 
comes difficult to pump in the conventional sense of the word. It becomes necessary 
instead to wait until the gas molecules travel into the inlet opening of the pump and 
then give them a preferred direction of motion by momentum transfer. This is actu- 
ally done in the diffusion pump. The idea of evacuating a volume by momentum 
transfer from streaming to diffusing molecules was first described by Gaede [231] 
but development to improve their performance is still continuing. The basic ele- 
ments of a diffusion pump are shown schematically in Fig. 26. 

Fig. 26 a 
Schematic representation of the operating principle of a diffusion pump. 
1 = cold cap 
2 = jet system with fractionating high vacuum stage 
3 = fore vacuum baffle 
4 = pumping fluid sight glass 
5 = compressed air rapid cooling 
6 = water cooling 
7 = connection for thermal protection switch 
8 = heater 

Modern diffusion pumps use special silicon oils or other stable compounds as the 
work fluid instead of a mineral oil. A heater causes the oil to boil and to vapourize in 
a flue. The oil vapour emerges from nozzles such that the vapour issue is directed 
away from the high vacuum side. During the exhaust from the nozzles, the vapour 
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expands. This expansion changes the normal molecular velocity distribution by cre- 
ating a component in the direction of expansion which is larger than the velocities 
associated with a static gas at thermal equilibrium. Hence the vapouriet moves with 
a velocity which is supersonic with respect to its temperature toward the walls of the 
pump housing. The walls are water-cooled to recover the oil. Residual gas molecules 
from the high-vacuum side diffusing to the jet are knocked down the pump and 
compressed to the exit side. Thus a zone of reduced gas pressure is generated in the 
vicinity of the jets and more gas molecules from the high-vacuum side diffuse to- 
wards this region. To enhance the pumping action most diffusion pumps employ 
multistage stacks, typically with three jets working in series. The accumulated gas 
load after the last stack must be removed by a backing pump, for example the oil 
sealed rotary pump. 

Fig. 26 

BALZERS oil diffusion pumps. 

The ultimate pressure attainable by a simple diffusion pump is not as low as the 
vapour pressure of the oil at the temperature of the upper parts of the pump. In the 
lower pressure region, these pumps emit as much contaminant gas as they remove. 
This happens because organic pump oils have the disadvantage that they dissolve all 
kinds of gases and vapours which may form metastable compounds as well as true 
solutions. Furthermore, thermal decompositon of the oil may result in the formation 
of additional volatile products. Release of these gases and vapours into the high- 
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speed jet causes backstreaming into the vacuum system, thus limiting the ultimate 
pressure. To minimize these detrimental effects, self-purifying pumps are used. In 
these diffusion pumps, the oil is fractionated by a special device so that the most 
volatile fraction stays in the outermost boiler ring and the least volatile fraction re- 
mains until it reaches the center of the boiler. Thus the lowest fraction emerges from 
the center and top nozzle which is closest to the vacuum recipient. Nevertheless, 
even after this a slight oil backstreaming can be observed. Oil backstreaming is a 
serious problem in thin-film deposition because it may cause contamination of the 
substrate and the deposit and degrade adhesion and film quality. As discovered 
[231,232], the greatest contribution to backstreaming comes from oil condensation 
on the top jet cap and from molecule-wall and intramolecular collisions in the 
boundary layer of the oil jet. Backstreaming into the vacuum chamber can be re- 
duced by using a water-cooled cold cap and various baffles and cold traps which, 
however, obviously lower the net pumping speed. Most common are chevron baffles 
as shown in Fig. 27. They may be merely air-cooled or have a cooling jacket for 
water, cooling agents, or liquid nitrogen circulation. 

J 

p- 

, 
Fig. 27 
Chevron baffle. 
1 = upper jet of the diffusion pump 
2 = cold cap 
3 = Baffle surfaces can be refrigerated by different coolants, e.g. water or liquid nitrogen 
4 = water-cooled walls 
5 and 6 = possible extreme directions of primary backstreaming 

Refrigerated baffles are superior to water-cooled. With proper working fluid such as 
silicones, polyphenyl ethers or perfluoralkyl ether and in conjunction with a liquid- 
nitrogen-cooled baffle' it is possible with diffusion pumps to maintain an ultimate 
pressure of about 5xl 0 .9 mbar. This pressure, however, is hardly obtained in coating 
plants because of out~assing of the seals. The ultimate pressure in a clean plant may 
range at about 5x10 mbar. The vacuum generated by a diffusion pump equipped 
with cold cap and baffle is, however, not completely free of pump fluid molecules. 
The requirements of maximum conductance of the baffle and minimum oil back- 
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streaming conflict for all given models. Although most baffles present the optimum 
compromise, in engineering practice there are two reasons for backstreaming of the 
pump fluid. The first, evaporation of the trapped oil vapour, can easily be minimized 
by better cooling of the baffle. The second reason, scattering in the baffle, is more 
serious. A portion of the oil molecules leaving the pump penetrate the optically 
dense baffle without touching its surface. This is caused by collision with one an- 
other or with other molecules. This scattering effect is independent of the tempera- 
ture and can he suppressed only by sufficiently tight baffles, but at the expense of 
the conductance. The BALZERS combination [228] of pump, cold cap and baffle 
presents a compromise which meets the needs of practical application. At a pressure 
o f  l x l 0  "7 mbar, the backstreaming due to scattering amounts to l x l 0  "7 mg cm "2 min l 
at most. In addition, there is a pressure-independent backstreaming rate. With nitro- 
gen as the scattered gas, this is lx l0  2 (mg cm "2 min l )  mbar ~. Hence, with a scat- 
tered gas pressure of 10 -6 mbar, an additional backstreaming rate of lx l0 s mg c m  2 

min ~ will result in the maximum. These values refer to the upper edge of the baffle. 
Pumping port and plate valve can reduce the backstreaming to a considerable extent. 

6.2.1.5.1.1.3 MOLECULAR PUMPS 

The molecular pump functions in a fashion analogous to a diffusion pump. In- 
stead of a molecule being diffused to the pump and then given a preferred direction 
by a momentum transfer from an oil vapour stream, the principle of the molecular 
drag pump is based on the directional velocity imparte,~ to g-zs molecules which 
strike a fast moving surface. The overlapping of the directior~ai velocity component 
with the thermal velocity component determines the overall velocity and the direc- 
tion in which the particles are thrust away. If there is a second surface opposite the 
first, this process is repeated there. The undirected thermal movement of the gas 
molecules prior to collision with the moving surface is thus turned into a directed 
movement of the gas stream. 

Fig 28 
Principle of the molecular pump. 
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The pumping process is shown schematically in Fig. 28. In the range of molecu- 
lar flow, the mean free path of the gas particles is larger than the distance between 
the two surfaces or walls; therefore the molecules collide with one another rather 
seldom while collisions with the walls are much more frequent. In this way, the 
molecules attain their wall velocity as an additional component. In the area of lami- 
nar flow, the effect of  the moving surface is, on the contrary, limited by frequent 
collisions of the molecules with one another. The influence of the moving walls on 
the gas molecules is highest in the area of molecular flow. This principle is applied 
in modern turbomolecular pumps, invented by Becker [234-236] in 1957. These 
contain alternate axial stages of rotating and stationary disks and plates with inclined 
spiral channels. The preferred directions to a gas molecule is given by a fast-moving 
turbine. Fig. 29a shows sectional drawing of a BALZERS PFEIFFER turbomolecu- 
lar pump TURBO 270. 

Fig. 29 a 
Sectional drawing of the BALZERS-PFEIFFER turbo-molecular pump TURBO 270 
1 = bearings 6 = rotor disk 10 = oil return line 
2 = motor 7 = stator disk 11 = fore-vacuum channel 
3 = labyrinth chambers 8 = oil reservoir 12 = heater 
4 = rotor 9 = oil supply to bearings 13 = water-cooling 
5 = UHV connection 14 = closure 

Fig. 29b shows the rotor of  a turbomolecular pump. The channels of the rotor disks 
are arranged laterally reversed to the stator disks. Each channel of a disk is an ele- 
mentary molecular pump. All channels (approximately 25 to 60) of one disk are 
connected in parallel. A rotor and a stator disk are combined into a pumping stage. 
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Thus, a turbomolecular pump consists of several in-series-connected individual 
pumping stages which are in turn formed by parallel connection of many elementary 

molecular pumps. 

Fig. 29 
Rotor of the BALZERS-PFEIFFER turbo-molecular pump TPU 510. 

Independent of whether the pumped gas is treated as a continuum [236] or as a 
collection of individual particles (e.g. the Monte-Carlo method) [237], the theory of 
turbo-molecular pumps provides the following correlation's of eqns. (39) and (40). 
The maximum compression K of a turbomolecular pump is an exponential function 
of the geometrical dimensions G. the circumferential speed u and the molecule mass 
M of the gas used: 

K -_- [exp. 4 ( M ) ] u G (39) 
RT 

R = ideal gas constant 
T = absolute temperature 

As can be seen from eqn. (39), the compression increases exponentially with the 
root of the relative molecule mass M for a given rotor speed. For heavy gases, it is 
considerably higher than for light gases. Equation (39) does not take into account the 
losses resulting from backstreaming. However, the principal correlation is main- 
tained [236]. In the region of molecular flow, the compression of a turbo-molecular 
pump for a specific gas is independent of the pressure. However, when the pressure 
increases and the region of molecular flow is left, the compression K is strongly 
reduced. 
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The volume flow rate S of turbo-molecular pumps is in the first approximation, 
the product of a geometrical factor G specific to the pump and the circumferential 
speed u: 

S _= u G (40), Po = Ppart / K (41) 

In practice, the flow rate for light gases is somewhat higher (20%) compared to 
that of heavy gases. This is caused by the flow resistance of the inlet channels of the 
disks and the high-vacuum socket. Since the resistances increase with the root of the 
molecule mass, the volume flow rate for heavy gases is somewhat smaller than that 
for light gases. In the range of molecular flow, the volume flow rate is independent 
of the pressure. Beginning with about 10 .3 mbar, the volume flow rate is reduced 
with increasing pressure. 

The ultimate total pressure that can be attained by means of turbomolecular 
pumps mainly depends upon the partial pressures 9part of the various gases on the 
pre-vacuurn side of the turbo-molecular pump. The partial pressure 9o of a gas on 
the high-vacuum side is calculated from the partial pressure Ppart o n  the fore-vacuum 
side, divided by the compression K for this gas acording to (41). 

Fig. 30 
Typical residual gas spectrum of a turbo-molecular pump. 

Since turbo-molecular pumps have for hydrogen the smallest compression (about 
103) as a result of its low molecule mass, the hydrogen fraction is dominant in the 
ultimate total pressure. Fig. 30 shows these conditions at an ultimate total pressure 
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of 2x10 "l~ mbar. The fractions of masses 17 and 18 (HO + and H2 O+) can be even 
further reduced by careful heating, so that the hydrogen fraction in percent increases 
to such a level that it may exceed 95 %. When considering the residual gas spec- 
trum, it is interesting that masses higher than 44 are not present. The heavy masses 
measured in the spectrogram are doubly and triply ionized metal vapours of the 
rhenium cathode of the quadrupole mass spectrometer (Balzers QMG 311) that was 
used. 

Generally a vacuum system evacuated by a turbo-molecular pump and a rotary 
fore pump or by an oil diffusion pump and a rotary fore pump can practically be 
kept free of oil vapours (e.g.hydrocarbons) only if a dry roughing pump system is 
used [238]. When oil backstreaming is mentioned in connection with a high vacuum 
system, one thinks almost exclusively of the pumping fluid from the diffusion pump, 
or of the oil used for lubricating the ball bearings of a turbo-molecular pump, but not 
of the contribution of oil from the roughing pump even although the vapour pressure 
of these oils is often several powers higher. Turbo-molecular pumps are clearly su- 
perior to diffusion pumps concerning the oil backstreaming on the intake side. How- 
ever, the parts of a turbo-molecular pump containing the drive elements and bear- 
ings are water- or air-cooled and may be contaminated with oil vapours from the 
warmer oil-sealed rotary fore pump during venting if no special measures are un- 
dertaken. The contamination can be prevented, however, using a catalyser trap be- 
tween turbo-molecular pump and the oil-sealed roughing pump. This accessory for 
oil-sealed fore pumps reduces the oil backstreaming through a catalytic conversion 
of hydrocarbons into CO2 and H20 to about 10 -3 of the original value. This then 
realizes to a great extent the concept of a dry roughing pump. The reaction products 
are transported by the pump itself. Regeneration of the catalyzer takes place auto- 
matically when the vacuum chamber is vented or pumped down [238]. 

6.2.1.5.1.1.4 CRYO PUMPS 

The action of cryopumps is based on the fact that the gas and vapour molecules 
present in a vacuum chamber condense on a deep-cooled surface. Several review 
papers concerning cryopumping are available [239-244] and detailed analyses of the 
phenomena occurring have been published [244,245]. 

For less condensable gases, the pumping action is supported by cryotrapping (for 
example the trapping of hydrogen and helium by means of CO2 or argon pre- 
condensed on to cryopanels at 20 Kelvin) and cryosorption (for example hydrogen 
sorption on specially prepared molecular sieves or on activated charcoal at 20 Kel- 
vin). 

Cryopumping surfaces cannot generally be exposed directly to a source of gas at 
room temperature because the heat load due to radiation would exceed that due to 
the condensation of gas molecules. Therefore, the cryogenic surface is protected on 
the side facing the gas source. As protection against thermal radiation, an optically 
dense baffle comprising liquid-nitrogen-cooled blackened shields is used often. 
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There are cryopumps with bath cryostats operating between 4.2 and 2.3 Kelvin and 
with refrigerators operating approximately between 20 and 12 Kelvin. Refrigerator 
cryopumps are preferred. With the BALZERS cryopumps, the refrigeration capacity 
is provided by a refrigerator integrated into the pump as can be seen in Fig. 31. The 
refrigerator operates with a closed helium circuit (gaseous He); the high-pressure 
helium is supplied by a separate (low noise level) compressor via two flexible lines. 
The actual pump condenser is enveloped by an optically dense, blackened radiation 
screen which is cooled to about 80 K with liquid nitrogen. The cooling fluid is 
stored inside the pump in a tank fitted with an automatic level control system. The 
temperature of the pump condenser is measured with a hydrogen vapour pressure 
Thermometer having an indication range between 14 and 30 Kelvin. The pressure 
gauge is equipped with two adjustable switch contacts for control operations. A 
remote measuring system is possible. The cryopump has a pumping capability for all 
gases. Hydrogen that is not condensable at 20 K is pumped by a solid-state adsorb- 
ent at nearly the same pumping speed as air-, and argon is pumped by condensation 
at virtually the nominal pumping speed. Though He and Ne are adsorbed only in 
small amounts, they are very rarely found as dominating or disturbing components 
in any vacuum system. 

| 

I 

C 

EL - -  

Fig. 31 a 

Sectional drawing of a refrigerator cryopump. 

1 = H2 thermometer 
2 = LN2 valve 
3 = LN2 filling device FET 003 
4 = LN2 tank 
5 = LN2 controller 

6 = gauge head connecton 
7 = LN2 probe 
8 = cry generator 
9 = fore-vacuum connection 

10 = compressor unit 
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31 

BALZERS cryopump RKP with LN2 shielding for installation within chamber. 

The working range of a cryopurnp is between 10 "3 and 10 "10 mbar. There are 
practically no problems with regeneration because of a high pumping capacity. Of 
all high-vacuum pumps, cryopumps have the highest pumping speed and they also 
generate a very clean vacuum~ Cryopumps are extremely versatile. They can be used 
both as the main pump for example, in conjunction with a sorption pump or with a 
twin stage rotary vane pump) and also as an additional pump in conventional vac- 
uum systems. 

6.2.1.5.1.2 HIGH-VACUUM PROCESS SYSTEMS 

Independent of the type of PVD method used to deposit a film or a film system, 
the deposition process is carried out in a sealed chamber which is first exhausted to a 
pressure of the order of 10 .5 mbar or even lower values. The glass chambers used 
formerly have been replaced, with the exception of glass recipients for special pur- 
poses, such as apparatus for electron microscopic preparation techniques, by those 
of metal. Cylindrical and cubic chambers made of stainless steel provided with vari- 
ous flanges and windows are used today. The walls of the chambers can be heated 
and cooled by water running through double-wall constructions or in brazed-on half- 
round pipes fitted on the outside. The vacuum chambers are evacuated by different 
pumping systems. The simplest consists of a diffusion pump with or without a liq- 
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uid-nitrogen-cooled baffle and twin-stage rotary vane pump as fore and backing 
pump. When large quantities of gases have to be pumped away, a Root's blower 
should be used in addition. 

Another pumping system may consist of a turbo-molecular pump, a Root's 
blower and a twin-stage rotary vane backing pump. 

The cleanest vacua are obtained with a pumping system consisting of a 
cryopump, a Root's blower and a twin-stage rotary vane pump. It may be an advan- 
tage with all three types of pumping systems to use the catalyzer trap [238] in com- 
bination with the oil-sealed rotary fore pump. However, to obtain a very low level of 
organic residues in the residual gas, all other sources of contamination beside 
pumping fluid backstreaming must be considered, for example the desorption of 
organic compounds from the rubber seals (mostly Viton) used to close off the whole 
coating system. Careful cleaning, degassing and then proper handling of the formed 
seals minimizes their contribution to residual gas contamination. 

It is interesting to note that pumping systems equipped with diffusion pumps are 
the cheapest but that the cryopumping systems are only slightly more expensive. 

< < < 
_ j  m m m 

Fig. 32 a 
Costs of acquisition of various types of high vacuum pumps as function of the 
size of the plants to be evacuated. 
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Fig. 32 b 
Annual operating costs of various high vacuum Pumps (220 days with 9 hours; electrical Power, 
water and liquid nitrogen) in arbitrary units as function of the intake aperture of the plant. 
BALZERS plants are specially considered. 
(calculated for Germany and Holland, March 1982) 

Turbo-molecular pumping systems, however, although cheap for small plants be- 
come expensive for larger plants. These facts are shown in the graph presented in 
Fig. 32a. Considering also the operating costs, it can be seen in Fig. 32b that differ- 
ences in the initial investment are partially compensated at least. 

Various types of coating plants are available. Fig. 33 shows a small modern 
coating plant CCS 250 for ophthalmic lenscoating fabricated by LEYBOLD SYS- 
TEMS (Germany). A cylindrical vacuum chamber in a horizontal construction is 
typical for the BAH 1600 coating system, shown in Fig. 34 which is fabricated for 
example by BALZERS AG (Liechtenstein). The horizontal plant is generally 
equipped with evaporation sources, but it is also best suited for supply with planar 
magnetron sputtering targets. Evacuation is performed generally by an oil diffusion 
pumping system. 

Some examples of cubic coaters are shown in Figs. 35 and 36. The BAK coater 
series, for example BALZERS AG (Liechtenstein), includes small and large plants 
such as the BAK 600 and the BAK 1400. The BAK 760 shown in Fig. 35 is a me- 
dium-size compact high vacuum coater for large scale production. The standard 
plant forms the basis of a versatile modular system. Installation of various accesso- 
ries and ancillary equipment makes it possible to turn such a coater into a special 
plant for very different coating applications. With the standard oil diffusion pump 
station which has a pumping speed of about 3800 1 s ~ for air and 11.400 1 s l for 
water vapour, a low ultimate pressure and short batch times can be achieved. The 
special design of stand and vacuum chamber enables integration of the plant into a 
dividing wall which separates the vacuum chamber from the pump station, thus 
meeting the requirements for installations in a dust-free room. 
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Fig. 34 
High vacuum coating unit with horizontal cylindrical chamber BAH 1600 (BALZERS) 
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Fig. 35b 
Coating unit BAK with oil diffusion pump 
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Fig. 36b 
Pumping system of the BAK 1200 consisting of rotary vane pump. Roots blower and refrigerator 
cryopump. 
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Fig. 37 
Special coating unit to metallize large astronomic mirrors at the Calar Alto observatory in Spain 
(BALZERS). 

A large batch coating system especially designed to coat astronomical telescope 
mirrors with Al films is shown in Fig. 37. The mirror substrate to be coated is made 
of glass ceramics, its thickness is 60 cm and the weight is about 14 tons. 

To coat large panes, two different methods are generally applied which require 
different types of plants. In the first, the panes are inserted into the vacuum chamber 
and coated by moving the vapour source, e.g. planar magnetrons, back and forth 
along the surfaces of the panes. Fig. 38 shows such a plant made by LEYBOLD- 
HERAEUS GmbH (Germany) used to coat architectural glass. In the second 
method, coating is performed continuously by moving the panes over the vapour 
sources. For this process, special on-line load lock coating plants have been made by 
various companies. Examples of this type of plant are shown in Figs. 39 and 40. The 
multistation automatic coater, MAC, shown in Fig. 39 was made by OPTICAL 
COATING LABS, INC. (USA); it is able to produce film systems by evaporation 
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Fig. 38b 
Sectional drawing of the coating plant shown in Fig. 38a. 
1 = power supply 4 = cathodes 
2 = pumping station 5 = glass panes in their holders 
3 = cathodes starting position 6 = loading carriage 
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Fig. 39 

Multi-station automatic coater MAC (OPTICAL COATING LABORATORIES INC., USA) 
equipped with evaporation sources. The control system can be seen on the left, and the six coating 
chambers and part of the lead in vacuum system on the fight. 

and condensation. A further on-line load lock multistation coating plant equipped 
with planar magnetrons fabricated by LEYBOLD SYSTEMS GmbH (Germany) is 
shown in Fig. 40. With this coating system, architectural glass having pane dimen- 
sions of 318 times 600 cm 2 can be coated. 

Roll coaters are used for continuous coating on flexible substrates as for instance 
paper, textiles and plastic foils of PTFE, PET, Polyester, and so on. Roll coating can 
be performed by evaporation and by sputtering: recently also ion plating was tried 
successfully. Typical process speeds of the roll-to-roll coating apparatus are between 
1 and 10 m s -1. Various types of plants are commercially available. A standard roll 
coater for the packaging industry made by LEYBOLD SYSTEMS GmbH (Ger- 
many) is shown in Fig. 41. 
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Fig. 40b 
Sectional drawing of the coating plant shown in Fig. 40a 
1 = lock, chamber 5 = coating chambers 
2 = glow discharge chamber 6 = run out chamber 
3 = run in chamber I - IV = pumping stations 
4 = vapour sources (planar magnetrons) 

Fig. 41 
E-beam roll coating system LEYBOLD TOP BEAM for the production of transparent barrier 
coatings on plastic foils for food packaging. 
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6.2.1.5.2 FILM DEPOSITION BY EVAPORATION AND CONDENSATION IN HIGH 
VACUUM 

Thin films of materials of such different properties as metals, metal-halides, 
metal-oxides and sulphides can be obtained in the crystalline or amorphous state by 
condensation of the vapour on a glass substrate. The mechanism involved in forming 
the film may be a pure physical e.g. simple condensation or may also involve 
chemical reactions. 

Evaporated films were probably first made by Faraday [246] in 1857 when he 
exploded metal wires in an inert atmosphere. The deposition of metal films in a 
vacuum by resistance heating of platinum wires was performed by Nahrwold [247] 
in 1887 and only a year later this technique was used by Kundt [248] to produce 
metal films for measuring the refractive indices of metals. In the following period, 
evaporated thin films had only academic interest, although the vacuum evaporation 
of metal films by Pohl and Pringsheim in 1912 [249] was performed under better 
developed technological conditions. 

The techniques of forming thin films by condensation at very low pressures have 
been developed in parallel with industrial development of techniques of producing 
high vacua in large volumes, using pumps of very high speed and suitable cleanli- 
ness. 

Films obtained by condensation alone are usually made at pressures between 10 -6 
and 10 -8 mbar and down to the lowest values that modem vacuum technology can 
attain. This is combined with fast deposition rates to produce pure deposits in which 
only few foreign gas atoms are incorporated. 

Of great technical importance was the discovery and development of the reactive 
evaporation process by Auw~irter 1952 [250] and Brinsmaid 1953 [251]. Such proc- 
esses which involve a chemical reaction between evaporated constituents and the 
gas atmosphere are carried out mainly in the 10 -4 mbar region with moderate depo- 
sition rate. The reaction is often activated either by uv radiation or alternatively by 
ionic or electronic bombardment and cold plasmas. 

The industrial development of these evaporation and condensation techniques is 
due largely to the relative ease of obtaining either pure metal films or exact stoichi- 
ometric compound deposits of uniform thickness, because the laws which determine 
the phenomena at low pressure are better defined than close to or at atmospheric 
pressure. At very low pressures, the mean free path of the vapour atoms or mole- 
cules exceeds the usual distance between evaporation source and the substrate. Thus 
the substrate receives a flux of vapour particles which travel in straight lines with 
only very few gas/vapour collisions and the spatial distribution of the condensate 
obeys purely geometrical laws. 

If, however, the residual pressure has such a value that the source to substrate 
distance corresponds to the mean free path of the vapour atoms, then only 37% of 
the atoms travel without collision with the residual 3gas molecules, as mentioned in 
Section 6.2.1.5.1. At residual pressures above 10- mbar, the propagation of the 
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evaporated atoms between source and the substrates is subject to an isotropic diffu- 
sion effect because of increasing frequency of intermolecular collisions. 

The pressure of the atmosphere in which deposition is camed out optimally de- 
pends on the applied technology. 

6.2.1.5.2.1 EVAPORATION 

The number of atoms or molecules evaporating from a liquid or solid surface 
depends strongly on the temperature. As is generally known, the equil ibrium vapour 
pressure would be obtained in a thermodynamically closed system. However, in 
practical evaporation, no equil ibrium is obtained because the environment of the 
vapour source acts as a vapour sink. The evaporant atoms condense on all parts that 
are at lower temperature than the vapour source. 

Systematic investigations of evaporation rates in vacuum have been performed 
carefully mainly by Hertz, Knudsen and Langmuir [252]. In these experiments it 
was found that a liquid has a specific ability to evaporate and cannot exceed a cer- 
tain maximum evaporation rate at a given temperature even if the heat supply is 
unlimited. The theoretical maximum evaporation rates are obtained only if the num- 
ber of vapour molecules leaving the surface corresponds to that required to exert the 
equil ibrium pressure Pe on the same surface, with none returning to it; 

From these experiments and considerations, the following equation for the mo- 
lecular evaporation rate could be formulated: 

dN / A d t -  (~e [(Pe - Ph) / fl (2g mkT)] cm -2 s -1 (42) 

d N =  number of evaporating atoms 
A = surface area 
t = time 

CZe = evaporation coefficient 
Ph = hydrostatic pressure 
m = atomic mass 
k = Boltzmann's constant 
T = temperature (Kelvin) 

With ~e ---- 1 and Ph = O, the maximum evaporation rate is obtained: 

dN / Adt - Pe / ~ (2rt mkT)] cm -2 s -1 (43) 

Langmuir [252] showed that eqn. (43) is also correct for the evaporation from free 
solid surfaces. Multiplying by the mass of an individual atom or molecule yields the 
mass evaporation rate per unit area: 
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Vapour pressures of  the elements. II group of  the periodic system 
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189 

-H2 g// 

/ ' 
I 

r I 
I / 

a 10_2 

10-4 I 

Fig. 42d 
Vapour pressures of the elements. IV. group of the periodic system 

10 4 

10 0 

(D 

c~ 10_2 
- ,  

0 - 
~ , I 

. .  viol. / 

I I 1 1 

5OO 

l ip '~ 

v /  Mo ,,-~" 
/ 

J 
f 

f t  

, 

g 
/ 

~ 

Fig. 42e 
Vapour pressures of the elements. V. group of the periodic system 
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6.2.1.5.2.2 ENERGY, VELOCITY AND DIRECTIONAL DISTRIBUTION OF THE VA- 
POUR ATOMS AND THICKNESS UNIFORMITY OF THE FILMS 

Atoms and molecules effusing from a Knudsen cell have kinetic energies which 
are distributed according to their temperature but are independent of their molecular 
mass. 

Asymmetrical Maxwellian distribution curves are obtained with a higher ener- 
getic tail. As some of the atoms have relatively high energies, the average energy 
Ek = 3/2 kT is three times greater than the most common energy 1/2 kT. Considering 
the applied evapGration temperatures which are in the range of 1000 to 2500~ the 
average energies of the vapour atoms tie between 0.1 and 0.2 eV. 

According to kinetic theory, the random velocity distribution is" 

( I ) (c 2 ) = (4/C3mN]71;) C 2 exp (-c2/C2m) (47) 

m 

Cm is the most probable velocity. The relationship to the mean square velocity c 2 is" 

m 

C2m -- (2/3) c 2 (48) 

and 

C 2 = 3 kT / m (49) 

therefore 

Cm = (2 kT / m )  1/2 ( 5 0 )  

In addition to the most probable and the mean square velocity, there is a third, the 
arithmetic average velocity ~, which can be calculated according to: 

= (8 kT/r tm) 1/2 = 14.6 (T]M) 1/2 cm s "l (51) 

M = molar mass in g. 

The ratio between these three characteristic velocities is: 

m 

N / C 2 "t~, "Cm = 1.225 1.128 1 

Molecules with smaller mass travel faster than those with greater mass. The tem- 
perature increases the dispersion of the velocity distribution. The molecular veloci- 
ties of evaporated species are of the order of 105 cm s l .  
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The deposited films should be generally as uniform as possible, and therefore it 
is important to know the directional distribution of the evaporating species. This, 
however, depends mainly on the applied evaporation source. There are various types 
of evaporation sources in use, for instance the true point source, the small-area 
source, the ring source and the rod source. Many investigations have been done to 
optimize the film thickness uniformity on the substrates [253, 254, 257-260]. In 
technical evaporations, the small-area source is because of its wide application the 
most important. The small-area source is characterized by a small planar surface of a 
few square centimeters from where the molten material evaporates to one side alone 
within an angle 2or. The formation of a meniscus with the walls of the source in the 
case where the evaporant wets the source material can generally be neglected. Small 
boats and crucibles can be classified into this type. In practice, however, such a 
source can be approximated as a point source. This approximation is much better 
fulfilled if the source area is kept small and the distance to the substrate is made 
large. In most technical equipment these requirements are sufficiently well realized. 
Using a computer program, Deppisch [255] has developed a method to determine 
the film uniformity if the directional vapour distribution was first measured. This 
elegant method will be explained in more detail because of its great practical im- 
portance. 

Generally, the mass of material emitted from an evaporation source at a solid 
angle 03 is: 

dm = m (co) do~ (52) 

For rotationally symmetric lobe-shaped vapour clouds, the dependence of the emit- 
ted mass on the solid angle o3 can also be expressed by: 

a 

ct denotes the angle between the direction of the emitted atom and the symmetry axis 
of the evaporation source. 

The exponent n determines the exact shape of the vapour cloud. An increase of 
the n value decreases the emitted amount at larger emission angles. The emission of 
the source is confined towards the perpendicular direction. 

Fig. 43 shows a diagram of vapour cloud distributions as a function of various n 

values, mo is the amount of material emitted under the condition ~ = 0 degree. 
Transformation of eqn. (52) yields: 

dm = m ( n +  1 / 2 n )  cosnffdo) (54) 
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Fig. 43 
Sectional drawings of calculated lobe-shaped vapour clouds of various cosine exponents [255]. 

This equation describes the solid-angle dependent emission of mass from sources 
with rotationally symmetric lobe-shaped vapour cloud characteristics. With n = 1, 
Knudsen-cell evaporator, it is identical with other published [253,254] calculations. 
With n = 0, point source or spherical source, there are slight differences with other 
published values which generally consider evaporation in the total space to = 4n, 
whereas here, evaporation is only considered in the half-space above the vapour 
source. 

The thickness of a film condensing on a substrate element dA which is in the 
half-space with a radius s above the evaporation source can be calculated from eqn. 
(54). 

The substrate element dA which may have an arbitrary spatial orientation is 
viewed from the source under a solid angle of 

do) = (cos 13 dA) / S 2 (55) 

As can be seen in Fig. 44, 13 is the angle between the normal to the surface at the 
center of the substrate element and the incident vapour beam, s is the distance be- 
tween the center of the substrate element and the vapour source. The geometrical 
position of the substrate element is completely determined by the angles cz and B and 
the distance s. 

The evaporated material transported in the solid angle do) condenses on the sub- 
strate element dA and forms a thin film. The relation existing between mass, density, 
volume and thickness is" 

dm = p dV = pd dA (56) 
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Fig. 44 
Geometrical representation of an evaporation equipment. 

d = m / p (n + 1 / 2 rc ) (cosn ~ COS [3 / S 2) (57) 

Substituting (56) into (54) for the thickness on the substrate element yields: 
Technical substrate holders, such as plane palettes or spherical segments generally 
have a preferred point, the center of rotation, whose relative position to the evapora- 
tion source remains unchanged during the rotational motion. This center of rotation 
is best suited as a normalization point for the film thickness do. The corresponding 
distance and the angles are given the suffix o" 

do = m / P (n + 1 / 2 Tt ) ( cos  n (z 0 cos  [30 / $20) 

In normalized representation from eqns. (57) and (58), eqn. (59) is obtained: 

d = do (So / S)(COS n (X COS [3 / COS n (t 0 COS 130) 

Equation (59) is the basic equation for the calculations of film thickness distribu- 
tions. As well as calculations on plane and spherical substrate holders, thickness 
distributions can also be calculated on conical surfaces and on parabolic and hyper- 
bolic surfaces. 

Fig. 45 shows the geometrical arrangement typical of technical evaporations 
using a plane rotating substrate holder. Generally, the position of the evaporator is 
out of center by a section q. The substrates rotate with a radius r in a vertical dis- 
tance h above the vapour source. In order to obtain the film thickness distribution for 
this geometrical arrangement, the parameters of eqn. (59) must be determined by 
considering the angle of rotation. 
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Thus the reaction of the distances s. and s can be obtained from eqn. (60): 

( S o )  2 l + ( q / h )  2 

1 + (r / h) 2 + (q + h) 2 - (2r / h)(q / h)cos~o 
(60) 

So 

= 

F ig.  45 

Evaporator geometry with a plane palette as substrate holder. 

Further, the angles tx and 13 can be obtained from eqn. (61)" 

cosa =cos/5' = 1 (61) 
~/1 + (r/h) 2 + (q/h) 2 _ (2r/h)(q/h)cosrp 

Substituting (60) and (61) into eqn. (59) and normalization at the center of rotation 
(r/h) = 0 yield: 

d [1 + (g /h )2 ]  (n+3,/2 

d---o = [1 + ( r ( /h)  2 + (2r / h)(q / h)cosq)] (n+3)/2 (62) 

Equation (62) describes the relation of the thickness of a random point to the thick- 
ness of the point on the axis of rotation under stationary conditions. In practice, 
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however, the plane substrate holder will be rotated. This physical fact is solved 
mathematically by forming the intergral of eqn. (62) with the integration variable. 
The resulting thickness distribution on a rotating plane substrate holder is then: 

d = [1 + (q /h )2 ]  (n+3)/2 1 ! dq~ (63) 
d o ~r [1 + (r/h) 2 + (q/h) 2 - (2r/h) (q/h)coscp] (n+3)/2 

No closed solution of this integral exists for all possible n values of the lobe- 
shaped vapour cloud, therefore numerical calculation methods must be used. Closed 
solutions are possible with the exponent of the cosine-distribution n = 1,3,5. 

With the following abbreviations: 

k 1 =[1 + (g/h) 2 ](n+3)/2 

a = 1 +(r/h)2+(q/h) 2 

b = (2r/h)q/h 

eqn. (63) reduces to: 

d = k l _ [a- b cos~] (n+3)/2 (64) d o rc o 

After integration of (64), the following expressions are obtained for the different 
evaporator characteristics: 

n = 1, COS 1 -evaporator: d / do = kl [a / (a 2 -b2) 3/2] (65) 

n = 3, cos 3 -evaporator: d/do = kl [(a2+1/2 b 2) / (a 2 -b2) 5n] (66) 

n = 5, cos 5 -evaporator: d/do = kl [(a3+3/2 ab 2) / (a2-b2) 7/2] (67) 

The shape of the resulting thickness profile in the direction of the radius of the plane 
palette d/do = f (r/h) is strongly influenced by the geometrical position of the vapour 
source and by the exponent n of the vapour cloud. How n can he determined will be 
shown later. 

Fig. 46a shows the normalized thickness distributions as functions of various 
lobe-shaped vapour clouds with the position of the evaporation source on the axis of 
rotation (q/h = 0). It can be seen that the decrease in film thickness with increasing 
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distance of the source from the axis of rotation is more marked at higher values of 
the exponent n of the vapour cloud characteristic. 

A source position outside the axis of rotation produces not only a monotonic de- 
creasing thickness distribution but also, depending on the characteristic of the 
source, to some extent peaks. This behaviour can be seen in Fig. 46b. 

The application of eqn. (59) to the geometrical arrangement shown in Fig. 47 al- 
lows the calculation of the film thickness distribution on spherical segments for 
static as well as for rotating operation. This is a very important case because spheri- 
cal segments are preferred in practice. They offer a better thickness uniformity as 
compared with plane palettes of the same area. For clarity of representation the fol- 
lowing abbreviations are used: 

c = R/h + 1(1 - R/h) cos3', e = (q/h) siny 

f = 1 + (q/h) 2 + (2R/h) [R/h - 1 + (1 - R/h)cosT] 

g = (2R/h) (q/h) sin,/ 

k2 = 1 - (R/h)(1 - COST) 

Insertion of these abbreviations yields the following equations: 

(So/s) 2 = 1 + (q/h) 2 / ( f-  g) cosq~ (68) 

cos oc = k2 / [(f- g) COS(D] 1/2 (69) 

cos 13 = (c-e) cos~p / ( f-  g) cosq~ (70) 

Insertion of eqns. (68), (69) and (70) into eqn. (59) and normalization at the center 
of rotation results in the film thickness distribution of the stationary spherical seg- 
ment: 

d = klk~ c - ecoi~+3)/2 (71) 
do [f - g cosq) 

In the same way as for the palette, the radial thickness distribution of a rotating 
spherical segment d/do - f(~/) can be obtained by integration of eqn. (71); 

d =k3 c-ecose__ de (72) 
d o n" o a [f - g cos~o] (n+3)/2 

k3 = k2 k~ 
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Fig. 46 a 
Film thickness distribution on a plane palette as function of various cosine exponents n of the 
evaporator with the vapour source in the axis of rotation (q/h = 0) [255]. 

0,5 

Fig. 46 b 
Film thickness distribution on a plane palette as function of various cosine exponents n of the 
evaporator with the vapour source outside the axis of rotation (q/h = 0,75) [255]. 
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Fig. 47 
Evaporator geometry with a spherical segment as substrate holder. 

As with eqn. (63) or (64), eqn. (72) also al lows a closed solut ion only for discrete n 
values. Such solut ions are for: 

n = 1, cos~ - evaporator:  

n = 3, COS 3 - evaporator:  

n = 5, cos5 _ evaporator" 

d = k3 c f -  e~3/2 
d o [f2 _ g2 

d 
k 3 

do 

cf  2 + 1 / 2 c g  2 - 3 / 2 e f g  

2 _ g215/2 

d = k3 cf  3 + 3 / 2 c f g  2 - 2e f  2 - 1 / 2 e g  3 

do f2 _ g2] 7/2 

(73) 

(74) 

(75) 
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tion of n is done by measuring the thickness profile at equidistant positions on the 
substrate holder and by comparing these values with those calculated using eqn. (64) 
or (72). Best fitting is approximated by a systematic variation of n in the calculation. 
The Gaussian method of least-squares can be applied as a decision criterion for op- 
timum fitting. Practical experience has shown that the best fit between experiment 
and calculation is obtained if the statement for the solid-angle-dependent mass emis- 
sion in eqn. (63) is replaced by: 

dido 

0 

1 

O 
y~ 

Fig. 48 b 
Film thickness distribution on a spherical segment as function of various cosine exponents n of 
the evaporator with the vapour source outside the axis of rotation (R/h = 1, I, q/h = 0,5) [255]. 

m/too = (1 - A) cos n o~ 4- A (76) 

The symbol A describes an isotropic component of the distribution. Equation (53) is 
then only a special case of eqn. (76) with A = 0 [256]. Further, the film thickness 
distribution eqns. (64) and (72) for plane palettes and spherical segments have to be 
modified by this statement (76). 

As the result of this modification, the eqns. (77) and (78) are obtained for the 
plane palette and the spherical segment respectively. 

d o ~r [a b COSqg] (n*3)/2 + ' (77) - ~r [a- b cos~] 3/2 



The abbreviation k4 means 1 1-A A 

k n Ic 3/(n+3) 
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/Z" 7/" 

d k4k2(1 A) c-ecos{o k 4 A c ecos(p](P3/2 
d o ~r ; [f _ g cosc, o](n+3)/2 d(,o + ~r g cos (78) 

From eqns. (77) and (78), the vapour cloud parameters n and A can be also obtained 
by variation of the coefficients. Fig. 49 shows the measured vapour distribution 
curves of aluminium obtained by evaporations with a standard commercially avail- 
able 270 ~ bent electron beam gun. A 12kW, 10kV electron beam power supply and 
a quartz crystal thickness and rate monitor were used [256]. At an aluminium 
evaporation rate of 1.8 nm s l ,  the cosine exponent equals n = 2.3 with no isotropic 
component A = 0. With increasing rate the exponent increases and also the isotropic 
component appears. With rates of 10.5 and 81.4 n m s  1 the corresponding charac- 
teristic data are n = 4, A = 0.14 and n = 5.8, A = 0. 14. 

The isotropic component A in evaporation follows from the existence of a high- 
pressure region some distance (1 - 2 cm) above the melt which acts as an isotropic 
emitter. 

The object of all efforts is to obtain uniform thickness distribution over the full 
area of the substrate holder under the conditions typical for the chosen evaporation 
source for a given coating plant. 

Two principal approaches can be followed to attain this goal: 
1. Variation of the geometrical position of the evaporation source, and 
2. the use of, or better, the additional use of static shutters between evaporator 

and substrates. 

o 
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Fig. 49 
Measured vapour distribution of aluminium fitted with a function of the form 

m/m0 = (1 -A). cos n c~ + A [256]. 
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Optimization of the source position is done by evaluating eqns. (77) or (78) using 
the source parameters n and A. For this purpose, the geometrical ratios q/h and R ~  
are used and are allowed to vary in a computer program under defined geometrical 
boundary conditions, such as dimensions of the plant, size of palettes or spherical 
segments, area to be coated, distance between source and substrates, etc. The com- 
putation is continued until the desired thickness uniformity lies within the tolerance. 

The variation of the thickness distribution on a plane palette and a spherical 
segment for various distances q/h of the source from the axis of rotation is shown in 
Figs. 50a and 50b. 

In both cases, the source was assumed to be a cos 3 - evaporator with no isotropic 
vapour component. From the results shown in Figs. 50a and 50b, it becomes obvi- 
ous that, with spherical segments, films of equal thickness can be obtained over the 
whole area, while with plane palettes useful results are achieved only over a much 
smaller effective area. 

In practice, the reproducibility of the thickness distribution is generally better 
than + 2 %. 

There are some applications, however, for which the distribution uniformity that 
can be obtained by varying the geometry is still insufficient. This may occur par- 
ticularly with sources having a high directional evaporation characteristic. In such 
cases, static shields of suitable shape and size must be used. These partly cover the 
surface of the rotating substrates during deposition. 

Fig. 50 a 
Film thickness distribution on a plane palette with fixed cosine exponent 
of the evaporator (n = 3) as function of the source distance q/h from the axis of rotation [255]. 
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Fig. 50 b 
Film thickness distribution on a spherical segment with fixed cosine exponent of the evaporator 
(n = 3) as function of the source distance q/h from the axis of rotation [255]. 
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Fig. 51 
Contour diagram of correction shields calculated for sources of different cosine exponents n = 1, 
2, 3, 4, 5 which are located in the axis of rotation of a spherical segment with a radius R=500 mm. 
The built-in plane of the shield is 350 mm above the vapour source [255]. 
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The boundary curve of such a correcting shield can also be calculated with eqn. 
(78) for spherical domes. For that purpose, the minimum thickness (d/do)min on the 
dome must first be established. Then the fixed upper limit of integration n in eqn. 
(78) is replaced by a flexible limit 0 (0 .... 0 .... ~). Equation (78) is integrated along 
the path of each substrate rotation at a special rotation angle 0 as long as the current 
value of eqn. (78) corresponds to the specified limiting value (d/d0),nin. This limiting 
value is numerically obtained only approximately because of the discrete integra- 
tion step size. A linear interpolation between 0 (i) and 0 (i+l) results in proper ap- 
proximation values for the boundary angle of the shield. 

This mathematical treatment must be repeated for equidistant radial positions of 
the spherical segment. The result is the contour curve of a corresponding shield ex- 
pressed in a sequence of triples of numerical values in spherical polar co-ordinates 
P = P (R,7, 0) on the spherically shaped substrate holder surface. Spherically shaped 
shield, however, are difficult to produce and to adjust. It is therefore better to use 
plane shields. A corresponding plane shield is designed by perspective projection 
with the vapour source as projection center on a plane plate which is located below 
the spherically shaped shield. 

Fig. 51 shows the contours of static correcting shields which have been obtained 
by calculation with a cos n - evaporator on the axis of rotation of a spherical seg- 
ment. 

Despite the various skills technical available, the thickness uniformity on a 
larger number of substrates cannot be made clearly better than _+ 1%. The reasons 
for this fact are complex, but lie mainly in insufficient mechanical stabilities of the 
rotating and static installations. To overcome these difficulties, a special plant has 
to be constructed, as was done 30 years ago by Anders [261 ] to fabricate narrow- 
band interference filters, and more recently by D6nz [262]. With such a plant, hav- 
ing for example, as well as other installations, a self-centering rotary drive for the 
substrate holder, a special evaporator and precisely positioned correcting shields, a 
thickness uniformity of + 1%o [262] was obtained on plane substrates. Theoretical 
considerations on optimization of thickness uniformity can be found in [263]. Gen- 
erally uniformity in thickness can also be obtained with rotating shields, see [264, 
265, 266, 267], and with rotating sources [260]. However, this is beyond the scope 
of this monograph. For uniform coating of static large areas, ring sources can be 
employed. Equations for the thickness distribution from ring sources have been 
developed by Strong [268, 265], Fisher and Platt [269] and Holland and Steckel- 
macher [253, 258] and for curved surfaces by Behrndt [260]. It is generally as- 
sumed in the mathematical treatments that the evaporating ring of a specific radius 
is parallel and concentric to the substrate. 

In 1935, Strong [268] coated telescope mirrors up to 2.5 in in diamter. Coils of 
tungsten loaded with aluminium were used as sources. An arrangement was formed 
consisting of three concentric circles with 4 coils close to the center, 12 coils and 24 
coils on circles with 62.5 cm and 125 cm radius respectively. Later Strong [270] 
coated mirrors with 5 m diameter using a total of 175 coils positioned on five con- 
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centric circles. The thickness uniformity was satisfactory in all instances and the 
mirrors were used in astronomical observatories. 

6.2.1.5.2.3 EFFICIENCY OF ENERGY AND MASS 

In thin-film production, the expenses of consumption of energy and material are 
important factors. For efficiency of energy usage, its effectivity 1"1 is generally used 
as a standard. 

The thermal effectivity vie of an evaporator is formed by the quotient" 

E 2 
11 e ---- (79)  

E1 

in which E~ is the input energy and E2 denotes the effective energy. As with other 
processes in evaporation, only a portion of the input energy El of the evaporator is 
consumed as effective energy E2 for evaporation. The effective energy is the sum of 
the amount of energy required for heating the evaporation material, the heat of fu- 
sion and the heat of vapourization. Constituents of the lost energy are the heat ca- 
pacity of the heated, possibly melted but non-vapourized coating material and the 
losses by thermal conduction and heat radiation of all parts of an evaporator. With 
evaporation by electron-beam heating, the losses produced by scattering during 
ionization and by reflected electrons have also to be considered. The losses caused 
by thermal conduction show a linear dependence on temperature T of the evaporant 
while the heat radiation increases as T 4. Since the specific evaporation rate is expo- 
nentially dependent on temperature T, good thermal effectivity is obtained when the 
vapour emitting surface is made very hot. Furthermore, the application of high heat 
transfer resistances, small heat radiation emitting areas and the use of heat reflectors 
increase the thermal effectivity. A qualitative measure for Vie is the specific expen- 
diture of energy. As is reported in the literature [271,272] the specific effective 
energy during evaporation of aluminium at 1500~ is 2.4 kwh kg l .  However, in 
practical evaporation from hot crucibles with electron beam guns, the required en- 
ergy ranges between 7 and 20 kwh kg 1. In the case of aluminium evaporation from 
resistance-heated TiB2-block sources, the required energy ranges between 50 and 
100 kWh kg 1 [273]. Optimization of the thermal effectivity Vie is important because 
cheaper cooling systems canthen be applied and the thermal loading of the plant 
walls and of the substrates can be kept lower. So the release of adsorbed and dis- 
solved gases from the walls is reduced and heat-sensitive substrates such as most 
plastics receive lower intensities of damaging radiative heat from the hot parts of 
the evaporator. 

It is interesting and frequently commercially significant to know the amount of 
material of the evaporant which is lost because it condenses on the walls of the 
plant or on correcting shields. The efficiency of the evaporated material is deter- 
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mined by the mass effectivity l"lm. It is formed by the quotient of the mass deposited 
on the substrates and the total mass emission of the evaporation source" 

1"lm = m ~ / m  (80) 

As an example, the mass effectivity of a spherical segment is investigated according 
to the calculations of Deppisch [255]. 

Equation (78) of Section 6.2.1.5.2.2 enables the determination of the normalized 
thickness profile (d/d0), along the radius of the dome. The actual film thickness d in 
any position is obtained by multiplication with the thickness do of the normalization 
point: 

d = do (d / do) 3, (81) 

Under consideration of the parameters n and A of the vapour cloud, do can be ex- 
pressed by: 

do = m / p (n+l / 2n) (cosl30 / s~) [(l-A) cosn~0+(A / n+l)] (82) 

Making use of Guldin's rule, the mass covering m~ can be determined. As can be 
seen in Fig. 52, the cross section in the symmetry axis of the spherical segment 
shows a sickle-shaped geometry of the deposited thin film. Considering one half of 
the symmetrical figure with the dashed profile area A~, it becomes obvious that ro- 
tating this area As around the axis of rotation yields a body whose mass is identical 

with the required mass covering ms of the spherical segment: 

ms = p 2n x~ As (83) 

The symbol Xs is the distance between the center of mass of the profile area and the 
axis of rotation. For calculation of the profile area As and the distance of the center 
of mass Xs, it is useful to apply polar coordinates. The following equations are then 
obtained: 

62 

A~ = 1/2(zc/180)[R2(e2-el)- ff(R-d)2dc] 

81 

and 
C2 

x s = 1/3 A s [R 3 (sinc2 _sinc 1 ) _ (re / 180) ~(R - d) 3 cos8 dc] 
c! 

(85) 
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Fig. 52 
Deposited film mass ms on a spherical segment. 

Because we have thin films, the terms of eqns. (84) and (85) nearly equal in size are 
only small differences. Furtheron, the thickness profile is often not obtained in the 
form of a mathematical function but only as single discrete value. 

Therefore the calculation of eqns. (84) and (85) must be performed with precise 
numerical integration methods, such as with Simpson's rule. 

Specifying the amount m of the material evaporated from the source and know- 
ing its density P, the values of do, Xs As and thence, via the deposited mass on the 

spherical segment ms, the desired mass effectivity Vim can be obtained. 
The following rim values have been obtained with A1 films evaporated with an 

electron beam gun [255]. The evaporation source with a vapour characteristic of 

m/m0 - 0,82 cosaSt~ + 0.18 used in an optimized geometrical arrangement with R 
= 50 cm, h = 50 cm, q - 27.5 cm yields a mass effectivity of 32%. Moving the 
source into the axis of rotation of the spherical segment increases the mass effectiv- 
ity remarkably to about 57%. The areal thickness or mass distribution, however, 
becomes considerably unsymmetrical in this case. Uniformity in mass distribution 
is obtained only by the additional use of a static shutter which again reduces the 
mass effectivity. Although the new mass effectivity is now 42%, this value is 
clearly superior to that obtained with an optimized evaporation source alone. 

6.2.1.5.2.4 EVAPORATON TECHNIQUES 

There are various methods for performing evaporation [252, 257, 258]. How- 
ever, for many materials there is only one optimum evaporation technique. Princi- 
pally, this concerns the correct choice of evaporation method, the evaporation 
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source and the evaporation temperature. The technique to be applied depends pri- 
marily on the material used and the required film purity, but of course in practice 
also on the existing plant and installations. 

The sublimation of, say wire or rod-shaped evaporation material clamped be- 
tween two electrodes by heating up via direct flow of current can rarely be applied. 
Examples are elements such as C, Fe, Ti, Rh. 

Fig. 53 a 
Various types of resistance heated evaporation sources. 
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Fig. 53 b 
Resistance heated metal boat during evaporation. 

This method is most common. The evaporation material is placed in a container 
made of Mo, Ta, W or C which can be in the form of a boat, crucible, coil or strip. 
In some cases ceramic crucibles or inserts are also employed, made of A1203 and 
BeO, BN or BN/TiB2. The container is heated by current flow and the material is 
evaporated or sublimed from this. Various types of resistance-heated evaporation 
sources are shown in Fig. 53. Undesired but possible chemical reactions can cause 
film contamination [274]. The formation and evaporation of vapourizable com- 
pounds of the boat material upon contact of the hot boat wall, with reactive gases, 
as well as with some reactive and/or decomposable film material, is not always low 
[275], but can, however, often be avoided by appropriate choice of the evaporation 
source material and by special pre-treatment. A further evaporation method uses 
radiation heating. The radiationheated vapour source consists generally of a resis- 
tance-heated spiral radiator of tungsten wire which is mounted above the evaporant 
surface in an open crucible. It can be used for the evaporation of easy volatilised 
materials. 

To assist in choosing the type of source and which source material is best suited 
for a given evaporation material, reference should be made to the study of the in- 
formation given in [252] and [258], and in the coating material catalogues of suit- 
able companies. 

This mode of evaporant heating has been established as a universal method for 
producing highly pure films. The material is placed in a watercooled crucible where 
it melts in its own environment and there is practically no chance of unwanted re- 
action with the wall. The high-energy electrons produce very high temperatures on 
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the surface of the evaporation material so that even high melting metals and dielec- 
trics can be evaporated. The versatility of electron beam guns makes possible the 
deposition of many new and unusual materials. There are easy ways of varying the 
power density so that excellent adaptation of consumption of energy can be per- 
formed. Even though the investment cost of this equipment is relatively high, in the 
long run this method will be cheaper due to reduction of the continuous expenses 
for other evaporation sources (e.g. boats can rarely be used more than once). 

Of the various electron-beam heating methods [252, 257, 276], two proven types 
are mentioned here. 

gun 

As is shown in Fig. 54 the electrons emitted from a hidden hot filament and ac- 
celerated in the electrical field are deflected by, say, 270 ~ magnetically with this 
type of gun and thus focused to the evaporation material. Small amounts of evapo- 
rated material from the hot filament cannot contaminate the films. A high voltage in 
the range between 6 - 10 kV accelerates the electrons in the direction to the anode 
that is the crucible. The size of the focal spot can be varied by variation of the 
Wehnelt potential and in addition there is an electromagnetic X-Y sweep. The first 
is particularly important when metals and dielectric materials have to be evaporated 
in the same charge. Since the power densities of some 10 kW cm 2 required for 
metals would destroy most of the dielectrics, a wobble modulation of the focused 
beam is inadequate, and dielectric materials must be evaporated by a soft evidently 
defocused electron beam. The required power density is about 1 - 2 kW cm 2. 

A further advantage of the electron beam gun lies in the possibility of using 
various crucible sizes and shapes. For special applications, for instance depositions 
at high rate, ceramic inserts can be used to minimize the loss of heat to the coolant 
water. 
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Schematic representation of an electron beam evaporator with 270 ~ beam deflection. 
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In the case of tele-focus guns, the electron emitter and acceleration system is 
usually at a great distance from the crucible, which can be of advantage for some 
applications. 

Fig. 54 b 
Electron beam evaporation source with 270 ~ electromagnetic beam deflection BALZERS ESQ 
110) with several types of crucibles. From left to right: The pot crucible, the grooved crucible, the 
oscillating crucible and the four pot crucible. 

Laser-induced vaporization has been studied widely [277-286]. On principle, it 
seems that lasers could be ideal power sources for evaporation. The light beam can 
easily be introduced into the plant and focused on a target where it produces the 
desired evaporation. Particularly the pulsed laser vaporization technology with pulse 
durations between 20 and 200 ns and repetition rates between 40 and 150 Hz seems 
to be of interest. In this fast explosive-like vaporization process the evaporated spe- 
cies might contain less droplets than in the continuous mode of operation. CO2-1aser, 
Nd-YAG laser and eximer laser are generally used for this purpose. Power densities 
of 107 to 10 l~ W.cm "2 can be produced by highly focused laser beams. Due to the 
high energy densities, a plasma is formed on the target spot and the ions, a large 
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quantity, ejected from the plasma cloud have high kinetic energies of some ten elec- 
tron volt [283-286]. Laser deposition suffers mostly from its low energetical effi- 
ciency. To expand the area of application, the energetical efficiency of the process 
should be increased remarkably. Improvements can be reached only by increasing 
the absorption of the laser energy and/or if ways will be found to utilize additional 
ablation processes besides thermal evaporation. Moreover ways should be found 
also to further decrease the amount of large droplets in the vapour. Finally, it must 
be stated, that the high initial costs, the mentioned problems with splashing of the 
erodet material and other difficulties are still limiting laser heating in technical 
evaporation applications [551,552]. 

In this method, the evaporation material is directly or indirectly heated up and 
evaporated inductively. Sometimes this method is applied for evaporating larger 
quantities of film material which become volatile at relatively low temperatures. 
The employment of this method is restricted however, because of the high apparatus 
investment and the very limited applicability. 

55 

Vibrating feeder for continuous feeding of small quantities of 
powders of alloys, cermets or mixtures. 
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Fig. 56 
Wire feeder for evaporating large quantities of metal at high evaporation rates. 
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Fig. 57 
Schematic representation of a typical rod fed electron beam evaporator. 
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In the case of material combinations with various vapour pressures of the com- 
ponents like alloys and mixtures such as cermets, it is difficult to achieve a homo- 
geneous film of a certain composition by evaporating from one single source. The 
method of controlled multi-source evaporation is a possible solution to overcome 
this difficulty, but is unfortunately complicated and expensive. Instead, satisfactory 
results have often been obtained by flash evaporation where the relevant material 
combination is supplied continuously to an evaporation source in small portions, the 
temperature of which is considerably higher than the evaporation temperature of all 
components of the combination, so that the varying vapour pressures play only a 
negligible role and a homogeneous film is generally obtained after condensation 
e.g. [252a]. Homogeneity, uniform grain size and constant supply of the material 
mixture are decisive for a perfect film. 
Frequently, a vibrating feeder shown in Fig. 55 is used for the supply. Both resis- 
tance-heated boates and electron guns can be employed as evaporation sources. 

To operate continuous plants (e.g. roll coaters or multi-station coaters) and also 
to produce very thick films, the material must be supplied to the source under 
evaporation conditions. Re-filling of material is undertaken either by wire feeder, 
shown in Fig. 56, vibrating feeder or pill fill-up devices depending on type and 
form of the starting material. With electron guns, refilling of material can also be 
undertaken by lifting a rod supplier, as is shown schematically in Fig. 57. The use 
of the wire feeder in metal evaporation enables high evaporation capacity. The stor- 
age coil can hold 130 g of aluminium wire of 1 to 2 mm diamter. This quantity cor- 
responds to a film thickness of about 50 ~m on a substrate at a fixed position at a 
distance of 35 cm above the source. A high deposition rate for aluminium of up to 
100 nm sec l can be achieved without spitting. 

6.2.1.5.2.5 TRANSIT OF THE VAPOURIZED SPECIES THROUGH THE REDUCED GAS 
ATMOSPHERE 

In the classical model of physical vapour deposition, the atoms or molecules 
leave the vapourizing molten or solid surface with directions defined by the cosine 
law. They travel to the substrate without any interactions in the residual atmosphere 
and they impinge on the substrate, meeting only substrate atoms or atoms of their 
own kind. In reality, however, some events can occur to an atom between evapora- 
tion source and substrate. 

The simplest events that can happen (to an atom on its flight through the re- 
duced atmosphere) are collisions with inert residual gas atoms. The usual conse- 
quences are changes in direction and velocity. The atoms will no longer arrive in 
straight lines from the source. Depending on the residual pressure and the distance 
between source and substrate, evaporating atoms can arrive on the substrate surface 
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from almost any direction. At higher pressures of about 5x10 "2 mbar, a collision 
mechanism is responsible for the condensation type in which all surfaces of a sub- 
strate are coated. In this so-called high-pressure deposition, the deposition rate is 
controlled by the number of collision events. The coating thickness distribution 
depends primarily on the concentration of the vapour atoms in the volume near to 
the surface. This non-line-of-sight deposition is of great importance because of its 
use in decorative coatings of plastics, glass, ceramics and metals. 

At higher pressures, as a consequence of these collisions the atoms lose so much 
energy that problems with adhesion may arise. In particular, metal atoms under 
such conditions form black, less dense coatings. However, to obtain films with 
properties close to those of the bulk material, deposition must be performed at very 
low pressures and/or condensation should be performed at higher substrate tem- 
peratures. Another event that can happen to a vapour atom is collision with reactive 
residual gas atoms or rnolecules in flight or shortly after condensation on the sub- 
strate. Such events may lead to chemical reactions if the required activation energy 
can be brought up. Generally chemical reactions during vacuum deposition are 
more likely to take place on the substrate surface than in the gas phase. This fact is 
applied to synthesize stoichiometric compound films of materials which show dis- 
sociation and fractionation during evaporation. The phenomena will be discussed 
later in the reactive deposition technique [250, 251 ]. Finally an evaporating atom or 
molecule can be ionized during the evaporation process and the formed ion can be 
accelerated to a biased substrate. For every atom, there exists a finite probability 
that it will ionize. This probability is a function of the ionization potential and the 
temperature. In a less dense vapour phase, it is possible to deviate substantially 
from thermal and electronic equilibrium since the atoms are far apart. The applica- 
tion of resistance heating for vapour generation yields relatively few ions, as is ex- 
pected from thermal considerations alone, if, however, electron-beam heating is 
used deviations from the equilibrium population of ions can be gained. Electron-ion 
pairs are created by collisions of the vapour atoms with the high-energy electrons of 
the primary electron beam when it passes the vapour cloud directly above the 
source. The secondary electrons generated when the primary electrons bombard the 
vapour source provide, however, a much more powerful source of ion production, 
because their lower energy increases their cross section for reaction with neutral 
atoms. Their population is also considerably higher than that of the primary beam. 
These ions can be used to control the rate of evaporation [287] and when they are 
accelerated in direction to the substrate, their high impact energy increases the ad- 
hesion and density of the deposited film. 

6.2.1.5.2.6 CONDENSATION AND FILM FORMATION 

The early experiments and considerations of the condensation phenomena of 
vapours on solid surfaces are treated extensively by Holland [258] and Neugebauer 
in Ref. [252a] and will therefore not be repeated here in full detail. In condensation, 
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there exists a relation between a critical deposition rate and the substrate tempera- 
ture. An incident vapour atom has a certain retention time on a surface which is 
proportional to the inverse substrate temperature and the binding forces. Some at- 
oms are reflected, which means that an atom leaves the surface by a process which 
is the direct result of the collision of the atom against the surface. However, this 
effect will normally only be observed with substrates held at room temperature 
when the binding forces between the condensed atoms and the substrate are very 
weak and the energy of the arriving evaporated atoms is relatively low, for instance 
with Zn and Cd on glass. If, however, the number of the condensing Zn or Cd atoms 
per second is very high, few but large nuclei are formed. The condensation can be 
improved by pre-deposition with small amounts of other metals, such as Ag or Cr. 
Formation of a solid film by condensation is generally an irreversible process. A 
certain dwell time on the substrate and surface diffusion processes of the atoms are 
responsible for nuclei formation. Heterogeneous nucleation is important as the first 
step in the formation of a thin film by deposition from the vapour phase. Some 
theoretical models basing on thermodynamic and atomistic considerations have 
been developed in the last three decades, see [252, 288]. Also, many experimental 
investigations have been performed on various substrate film-material combina- 
tions, see [288, 289]. 

Remarkable insights have been gained especially from electron microscopical 
in-situ experiments of nucleation and subsequent film growth under clean and con- 
trolled vacuum environment, see [290]. Many experiments have been performed 
with noble metals on mainly single crystalline substrates, but under other conditions 
also non-metals and compounds have been investigated, see [291 ]. 

With metal films at the earliest observable stage, very small (about 10 A three- 
dimensional nuclei form, and these may decorate cleavage steps on the substrate if 
the surface is generated by cleaving. The individual nuclei grow, without any ap- 
preciable increase in numbers, until neighbouring nuclei begin to touch. Liquid like 
coalescence phenomena then begin, and continue in one form or another until a 
continuous film is formed. The intermediate stages shown schematically in Fig. 58a 
are the island stage, the network stage, and the hole stage with secondary nucleation 
and growth in the holes. Finally, the continuous film is achieved. Although there 
have been relatively few investigations, it seems that compounds may behave simi- 
larly with no or less marked liquid-like coalescence, as can be seen in Fig. 58b. 

As follows from electron diffraction, films of crystalline materials formed on 
amorphous substrates under normal conditions are generally polycrystalline in their 
structure. During further thickness growth, a columnar microstructure can often be 
observed and thicker film may develop a texture. 

Most films deposited even at room temperature are in a non-equilibrium state 
and highly imperfect containing vacancies, dislocations, stacking faults and grain 
boundaries as can be seen in Fig. 58a, unless there is some mechanism for achiev- 
ing equilibrium. The method of approaching equilibrium is by movement of atoms 
in and on the surface layers. The most important parameter controlling the mobility 
of atoms in a solid film is diffusion. Therefore if the condensation process occurs 
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Fig. 58 a 
Schematic representation of the stages of metal film growth and approximate relationship 
between dislocation density and film thickness according to Pashley [318, 319]. 
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closer to the melting point of the film material, a better ordered solid film is formed. 
This can be achieved, for example, by increasing the substrate temperature. In addi 
tion to influencing surface mobility and ordering processes, the substrate tempera- 
ture will also affect the grain size as can be seen in Fig. 59. Increasing film thick- 
ness generally also increases crystallite size. Glass-like polymeric films such as 
SiO2 first also form discrete nuclei which soon link together into a polymeric three- 
dimensional network structure found in IR spectroscopic investigations. The prop- 
erties of thin films are frequently found to differ appreciably from those of the bulk 
material. Numerous authors have pointed out that film structure and grain size as 
well as chemical changes can be responsible for these discrepancies. 

Fig. 58 b 
Sequence of electron micrographs (direct transmission and Pt/C-replicas) of ZnS films of various 
mass thickness: A = 2nm, B = 10nm, C = 15nm, D = 35nm, E = 70nm and F = 220nm [291] 
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Fig. 59 
Copper film deposited onto SiO-substrate at p = 10 -9 mbar before (A) and after (B) heat treatment 
at 500~ during 20 minutes. 

6.2.1.5.2.7 EVAPORATION MATERIALS 

There are about 70 elements and about 50 compounds of inorganic substances 
available which can be evaporated without great difficulty. When employing com- 
plicated methods, the number of compounds can perhaps be doubled. Alloys and 
mixtures are available in large quantities for relevant evaporation techniques. Other 
criteria of selection, dependent on the film application, limit the choice of material. 
Only a relatively small percentage of the large number of known inorganic materi- 
als can be evaporated under high vacuum without dissociation and condense as a 
definded thin film. In the other cases, technical tricks in the form of special evapo- 
ration techniques, are often necessary to produce stoichiometric films. Regarding 
technical standard, for optimum evaporation, the material is required in a relevant 
form and purity. Not only is the purity regarding solid contaminations important but 
also the gas comem. The material should be pre-degassed, and it is often advanta- 
geous to be vacuum melted or vacuum sublimed. 

In addition, it must be of the correct form. Powders are unsuitable, since the 
large surface causes them to desorb far too much gas. Grained material is frequently 
employed. The grain size must be adapted to the evaporation technique, e.g. for 
flash evaporation about 0.2 mm. Further, pressed and sintered pills are produced. 
Often metallic materials are offered granulated or as wire. Also, thick disks with the 
dimensions of the crucible have proved satisfactory especially for electron guns. 
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Evaporation without contamination has today been solved by modem means 
such as new types of non-reactive boat material and inserts or electron beam guns 
for refractory metals most difficult to evaporate because of high evaporation tem- 
peratures. Condensation, problematic in a few cases, such as Zn, Cd, Ga, Sn, Sb, 
can be influenced by nucleation and the selection of evaporation speed (generally 
high) and substrate temperature (generally low). Reactions with the residual gas 
during condensation which cause undefined film products, difficult to reproduce, 
can be reduced by decreasing the residual gas pressure and the unwanted gas com- 
ponents, and by correct choice of substrate temperature and evaporation speed [292, 
293]. 

A few simply composed stable compounds can usually be evaporated practically 
without dissociation, and condense to form stoichiometric compound films. 

Compounds having complex anions dissociate almost without exception and 
show fractionating phenomena of their components. 

Some simple metal halides can be evaporated practically without any dissocia- 
tion as shown in Table 9a, the mass spectrum of MgF2 vapour above a resistance 
heated evaporation source [294]. Complex types decompose into the components 
and show a fractionation so that the films are no longer stoichiometrically com- 

posed, as can be seen for example in Tab. 9b for cryolite" Naa(AIF6) AT ) 3NaF 
+ AIF3, [294,295]. NaF is found in the films and by recombination the desired 
Naa(A1F6) is formed as well as various amounts of Na(AIF4) [296] as can be seen in 
Fig. 60. 

Before the evaporation of MgF2 starts, a slight HF evolution is observed as a 
consequence of the water content in the crystals. It is known that at higher tem- 
peratures, a chemical reaction takes place according to 

MgF2 + H20 "-) MgO + 2HF, AH =-44 kcal. 

In the region of 1070~ the evaporation of MgF2 starts, as is evident from the ap- 
pearance of the mass numbers 43, 44 and 45. The corresponding MgF + is formed by 
dissociative lonisation of MgF2 vapour according to 

MgF2 + e --) MgF + + F + 2e. 

In an analogous reaction Mg + is formed. This behaviour is like that of the alkali 
halides. 

Higher aggregates like Mg2F4 and Mg3F6 which were found in small amounts 
(1% dimer and 0.01% trimer) in vapour effusing from a Knudsen-cell could not be 
detected in the evaporation from open boats. 
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Fig. 60 
Reflection electron diffraction patterns of films condensed from a cryolite source according to 
Pulker and Zaminer [296]. 

TABLE 9a 

MASS SPECTRUM OF MgFz VAPOUR 
Ion current of the fragments in arbitrary units 

T(oc) F § HF § Mg § MgF §247 MgF § MgF2 § 

24 25 26 43 44 45 62 63 64 
1045 0.4 
1070 0.5 
1100 0.1 0.4 
1120 0.2 0.5 
1140 1.0 0.4 
1165 2.8 0.7 
1185 4.6 0.9 

0.35 
1.2 
3.7 
5.1 

0.2 0.03 0.03 
0.8 1.0 0.1 
1.9 0.3 0.3 
4.5 0.6 0.6 
7.5 1.0 1.1 

0.8 0.1 0.1 
4.3 0.6 0.6 0.4 
17.0 2.3 2.2 2.0 0.3 0.3 
50.7 7.2 7.0 5.0 0.6 0.7 
117.0 14.9 15.2 11.7 1.5 1.6 
175.1 25.2 26.1 17.5 2.4 2.6 

Table 9b shows the mass spectrum obtained from the vapour beam above the 
cryol i te source. Dur ing heat ing up o f  the boat, F + and HF + are also observed in the 
spectrum. Before melt ing, cryolite dissociates into NaF and AIF3 and because o f  the 
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higher vapour pressure of NaF fractionation occurs. The first mass numbers ap- 
pearing in the spectrum belong to NaF. Ions Na + and Na2F + (because NaF also 
forms a dimeric species in the vapour) are the main fragments in the NaF spectrum. 
The amount of NaF + is small and was therefore found only with higher vapour den- 
sities. At about 875~ the A1F3 component appears in the mass spectrum. 

Of the chemical compounds, simple fluorides give rise to fewest difficulties as 
regards evaporation. Technically important simple metal fluorides are: MgF2, CaF2, 
A1F3, LaF3, NdF3, PbF2 and ThF4 [297]. 

TABLE 9b 

MASS SPECTRUM OF CRYOLITE VAPOUR 
Ion current of the fragments in arbitrary units 

T(~ F + HF + Na + NaF + Na2 F+ 
AIF + A1F2 + 

19 20 23 42 46 65 
810 2.1 0.9 
830 2.5 2.0 0.1 
860 2.7 3.9 9.0 0.2 1.2 
870 2.8 4.7 16.0 0.3 1.8 
875 3.5 5.5 45.8 1.3 1.1 19.7 
900 3.7 5.5 124.0 3.2 1.7 34.6 
935 5.0 5.6 236.1 6.7 3.5 75.8 

In the case of metal oxides, only from a few suboxides molecules can be evapo- 
rated having the same formula composition as the starting material, e.g. SiO, GeO, 
SnO and PbO. Evaporation of suboxides usually takes place from resistance-heated 
boats. By employing the evaporation via electron-beam heating, SiO2, A1203, BeO 
and ZrO2 for example can be evaporated with more or less strong dissociation. The 
dissociation during evaporation is partly concealed by recombination during con- 
densation. By employing the method of reactive evaporation [250,251,298], com- 
pletely oxidized films can be obtained when evaporating suboxides or even metals, 
e.g. TiO or Ti + or 02 "-) TiO2. For this purpose, the suboxide or metal is 
slowly evaporated in an oxygen atmosphere of 1 to 3x10 4 mbar. 

Dissociation is already strongly apparent when evaporating metal sulphides. 
However, during condensation a strong recombination is also evident. For example 
ZnS decomposes completely into Zn and $2 according to mass spectrometrical 
analyses [299,294]. Nevertheless, stoichiometric films are usually obtained [300]. 
The dissociation of ZnS into its components supplies an explanation for the clear 
temperature dependency of the condensation coefficient of ZnS, which is observed 
even at low temperatures of 25~ to 200~ [301]. 
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In the case of sulphides of Cd and Sb, larger deviations in stoichiometry can 
arise always with a metal atom surplus. The behaviour of selenides [302, 303] and 
oftellurides [304-306] is similar. 

In the case of these compounds, dissociation into components is the rule. Nev- 
ertheless, using flash evaporation for example AISb [307, 308] GaAs [309] and 
InSb [310] or specific recombination as with the so-called three-temperature 
method [311], e.g. (InSb, InAs, GaAs and also the compounds BizTe3 and CdSe 
[312, 313], a stoichiometric film deposition can also be achieved. Moreover, three- 
component films, such as GaAsxP~.x can be produced in this way [314]. With the 
three temperature method, the single components of a compound are separately 
evaporated each from one source. The concentration of each component in the va- 
pour phase is adjusted via the relevant source temperature. With a suitable substrate 
temperature, condensation and stoichiometric compound formation can now be 
achieved, for example in such a way that the Sb atoms which do not react with the 
In atoms to InSb on the substrate surface are re-emitted into the vapour phase. 

and 

With alloy evaporation, the vapour composition and thus also the film composi- 
tion depend on the ratio of the vapour pressure of the alloy components and on the 
activity coefficients. In the case of varying vapour pressures of the alloy compo- 
nents, depletion of the easily volatile components in the evaporation source results 
[315]. More favourable conditions are obtained with flash evaporation. In rare 
cases, high-frequency induction heating is also successful, e.g. for A1Si films [316]. 
Mixtures of several compounds or cermets also evaporate in the ratio of the single 
vapour pressures of their constituents. However, the possibility of mutual chemical 
reaction of the materials must also be considered. Flash evaporation is also a suit- 
able method in this case [317]. However, the evaporation temperatures of the single 
materials should not differ too greatly and thorough intermixing is necessary. Bi- 
nary alloy films can practically always be produced by controlled evaporation of the 
components from two separate sources. Other possibilities of multi-source evapora- 
tion and the composure of complicated materials by synthesis in the film production 
phase are conceivable and have been carried out to some extent. The necessary ap- 
paratus, e.g. reliable rate meters, is currently available. 

6.2.1.5.2.8 EVAPORATION PLANTS 

Film deposition by evaporation and condensation is, with few exceptions, gener- 
ally performed by evaporating the coating material from sources mounted at the 
ground plate and by condensing the vapour on substrates mounted in holders at the 
top of the chamber. The sidewards evaporation is very seldom applied, but an in- 
verted arrangement to the simple bottom to top deposition direction is sometimes 
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used when large and very heavy parts such as astronomical mirrors have to be 
coated, as shown in Fig. 61. As mentioned before, the evaporation sources used are 
generally in eccentric positions to the palette or spherical segment shaped and re- 
lated substrate holders. Further static shields can be used to increase coating uni- 
formity. A rod or ring-shaped gas discharge cathode is also installed because glow 
discharge treatment immediately before evaporation degases the substrates and all 
installations, and generally increases the film adherence. 

Fig. 61 a 
Special coating unit to metallize large astronomical mirror blanks 

In many applications, film quality is improved by deposition on heated substrates. 
For this reason, radiation heaters are often used. Infrared radiators are specially pro- 
ficient because they only heat the ir absorbing glass. If, however, temperature- 
sensitive substrates have to be coated, the vapour source is shielded by special 
shields to reduce the undesired heat of radiation from hot but non-evaporating parts. 
Film thickness and deposition rate monitors are installed to determine the speed of 
thickness growth and to detect arrival at the final thickness. To interrupt deposition 
at this point, a moveable shutter is mounted between source and substrates. This 
classical arrangement of installation is often used in vertical bell jar plants, as well 
as in modern cubic coaters, as shown in Figs. 62 and 63. However, according to the 
multipurpose applicability of coating plants, there are various special types in use. 
Some are shown in the following figures. 
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With metallizing decorative plastic parts and automobile plastic reflectors, a 
good film quality is required but also important and decisive are low expenses of the 
coating process. Metallization of such parts is often done in horizontal cylindrical 
coaters with the evaporation sources in the cylinder axis and the substrates arranged 
around them on planetary axes as can be seen in Fig. 64. 

Fig. 61 b 
Ring shaped glow discharge cathode and electrodes for the spiral shaped Al-evaporators mounted 
at the top of the metallizing plant. 

In the case of the metallization of plastic foils roll coaters are generally used. Today, 
both in semiconductor fabrication and also for the deposition of the highest quality 
optical films, clean and dustfree working conditions are required. Cubic coaters 
offer excellent possibility for installation in clean rooms, as can be seen in Figs. 65. 
The doors of such plants can be operated in the clean room but the pumping station 
with all other parts of the plant is in the service room and can be maintained here. 
Coating large quantities of similar parts with the requirement of good and repro- 
ducible vacuum conditions is generally performed in a continuous processing plant, 
which is shown schematically in its simplest form in Fig. 66. The coating chamber is 
always kept under vacuum and all necessary operations before and after coating like 
heating, glowing and cooling after deposition, are performed in separate chambers 
connected together and to the coating chamber by locks. In this way, in the coating 
chamber the conditions with respect to residual gas pressure and gas composition are 
very constant. 
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Fig. 63b and c 
Reversing calottes for coating both sides of a substrate in bell jar coaters. 

For some special applications as for instance electrode coating of oscillating 
quartz crystals, deposition of selenium films for electrical metal rectifiers and for 
dry copying systems, and for coating of a decorative incandescent lamps, special 
plants are fabricated. Fig. 67 shows such a lamp bulb coating unit. 
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65a 
Clean room in optical film production 
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Fig. 65b Clean room in optical f i lm product ion 
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2 = coat ing chamber  7 = transport system 12 = evaporaton sources 
4 = lock valve 8 = dol ly 13 = shutter 
5 = turbo-molecular  pump 9 = substrate holder 14 = glow discharge electrode 
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6.2.1.5.3 FILM DEPOSITION BY CATHODE SPUTTERING 

Cathode sputtering or more exactly the sputtering of (usually solid) materials by 
bombardment with positive noble gas ions is the oldest vacuum process for produc- 
ing thin films. Sputtering, the cause of erosion of the cathode in glow discharge, 
often an undesirable effect, was discovered more than 120 years ago by Grove 1852 
in England [320] and PRicker 1858 in Germany [321] during gas discharge experi- 
ments. 
Soon afterwards in 1877, metal sputtering was applied in the production of mirrors 
[322], and later it was used for decorating various articles with noble metal films. 
Around 1930 it was used for applying electrically conducting films of gold onto the 
wax masters of the Edison phonographs. It then became of less importance for the 
next 30 years compared with the rapidly developing deposition of films by evapora- 
tion and condensation in high vacuum. 
However, since about 1955 sputtering has undergone a renaissance. Intensive studies 
of the phenomena occurring during the sputtering process [323] and hence better 
control of the process together with the technical requirement for high quality films 
having very good adhesion and process specific properties have certainly contrib- 
uted to the wide application. 

6.2.1.5.3.1 GENERAL CONSIDERATIONS 

Without going into detail, we will attempt to discuss the parameters and system 
components of significance for cathode sputtering, and thus give a general idea of 
the fundamental correlations of cathode sputtering and also of the opportunities 
offered by this process. 

Fig. 68 shows a schematic drawing of a greatly simplified set-up for cathode 
sputtering. The process takes place in a vacuum chamber, which has been evacuated 
as well as possible before coating. In order to prevent contamination of the films to 
be produced by incorporation of less defined residual gas, the starting pressure 
should be 10 .6 mbar or lower. The working pressure is then achieved with the work- 
ing gas. The sputtering process itself takes place in a gas discharge which is ignited 
at a pressure between 10 -3 and 10 .2 mbar, depending on the special variant of the 
method. A requirement of the vacuum pumps is therefore an ultimate vacuum as 
high as possible and also a high and constant pumping speed in the mbar range. 
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Fig. 67a and b 
Lamp bulb coating unit. 
Parts of the lamp bulb are metallized with aluminum. 
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These requirements are met by diffusion pumps or even better by cryopumps and by 
turbo molecular pumps which are also usually applied in practice. In order to main- 
tain the gas discharge, a gas inlet, for instance in the form of a needle valve, has to 
be provided. The process, itself runs on a flow-through principle. Noble gases, usu- 
ally argon, are used as the working gas. However, for special applications, almost 
any other gases and gas mixtures can be used. 

Two electrodes are installed in the chamber, one of them the so-called target 
serves as material source for the films to be produced and is at a high negative po- 
tential. A substrate holder is situated opposite the target, which can be earthed or 
applied to a floating potential. Furthermore, this holder can be heated or cooled. The 
positive ions produced in the gas discharge are then accelerated to the negative tar- 
get. Upon bombardment of the target, they cause ejection of mainly neutral particles 
by impulse transfer phenomena. The ejected particles wander through the working 
gas and condense on the substrate. The energy range of the ions is usually between 
10 and 5000 eV. A significant part of cathode sputtering is accordingly the bom- 
bardment of a solid surface with energetic particles. Therefore, the effect of such 
bombardment on the target will be considered in more detail. 

[ / 

//....... \ 

Fig. 68 
Simple diode type sputtering system 
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As a result of the ion bombardment of solid materials depending on the energy 
and type of ions, various processes occur. In the case of ion energies of a few volts, 
only interchanges of sites or migration processes on the surface of the solid material 
are effected. With increasing energy, a threshold value is reached from which ero- 
sion of the material commences. 
As shown in Fig. 69, the erosion process rises with increasing energy of the ions 
until a flat maximum, above which a preferential Implantation of the bombarding 
ions takes place in the solid materials. This is an effect which, of course, is applied 
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for doping solid state materials, usually semiconductors, with foreign atoms. For 
argon ions (Ar+), the penetration depth in massive copper is about 1 nm per 1 keV 
ion energy. The process of material erosion in the sputtering process is definitely 
determined by momentum transfer of the impinging ions on the atoms of the upper- 
layers of the lattice of the solid material, and has a faint resemblance to the behav- 
iour of billiard balls. This was soon assumed [324], but could be confirmed only 
relatively late [325]. The process is schematically shown in Fig. 70. 

Even by 1942, Fetz [326] observed that the sputtering yield increases for flat 
angles of incidence of the ions and in 1954 Wehner [327] proved a preference of 
erosion in the forward directions if the surface is bombarded obliquely with low- 
energy ions of 1 keV. 

A r  § 
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Fig. 69 
Number of ejected atoms per incident ion as function of ion energy 

In addition to other observations, such as the high particle energy of the sput- 
tered-off atoms and also the sputtering-yield dependence on the crystal orientation 
and the high atom emission in the direction of densest packing in the crystal lattice 
discovered by Wehner 1955 [328], this behaviour clearly shows the error of an old 
idea that erosion takes place due to local overheating at the point of ion bombard- 
ment and associated thermal evaporation. In the case of monocrystal surfaces, it was 
further shown by Fluit 1961 [329] that the maxima and minima in the sputtering 
yield occur as a function of the angle of incidence of the ions. The minima arise at 
points of high transparency in the lattice, i.e. in directions where the bombarding 
ions penetrate deeply into the solid material. Sputtering experiments on various 
metals, e.g. made by Almen and Bruce 1961 [330], always result in a low ion incor- 
poration in the case of materials with high sputtering yield, and high bombardment 
ions inclusion in the case of small sputtering yield. When employing technically 
sputtering, polycrystalline targets are used almost exclusively. 
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Fig. 70 
Collision cascade in a solid material during ion bombardment with ejection of two atoms. 

In the areas near to the surface of the solid target, various complicated processes 
occur simultaneously. These are" 

knocking out of neutral atoms, compounds or fragmented species; 
secondary electron emission; 
ejection of positive and/or negative secondary ions; 
temperature increase; 
emission of radiation; 
chemical reactions and dissociation; 
implantation, solid-state diffusion, crystallographic changes; 
reflection of incident and emitted particles. 

All of these processes take place, both at the target and at the substrate, and de- 
termine the properties of the growing films. About 95% of the energy of the bom- 
barding ions on the target is lost as heat in the solid material and only 5% is passed 
onto the secondary particles. The ratio of the sputtered neutral particles to the secon- 
dary electrons and secondary ions at 1 keV ion energy is about 100 : 10 : 1. The fre- 
quency of the reflection as neutral particles for the incident argon ions (Ar +) is 30%, 
and for ions it is less than 1%o. 

Classical sputtering is effected with a direct-current discharge (plasma) and is 
limited to conducting solids, since insulators quickly lose their negative potential 
required for sputtering with positive ions. In 1955, Wehner [331] suggested the use 
of high-frequency alternating voltages for sputtering non-conductors in order to 
compensate the positive space charge, accumulating during a semiwave, by elec- 
trons during the other half period. The high-frequency sputtering technique was 



235 

developed from this, which is increasingly technically considered not only for sput- 
tering insulators [332] and metals but also for etching them [333]. 

In addition to the diode methods, triode and tetrode as well as plasmas sustained 
by magnetic fields and special plasma guns are also applied. 

The quality of sputtered films depends mainly on the quality of the target, on the 
temperature of the target and of the substrate, the plasma energy, the substrate po- 
tential, the vacuum conditions and the geometry of the equipment. A negative po- 
tential at the substrate, the so-called bias sputtering, has proven itself for reducing 
the inclusion of foreign gas. 

6.2.1.5.3.2 SPUTTERING THRESHOLD AND SPUTTERING YIELD 

As already mentioned, the ions incident on the cathode must have a minimum 
energy so that the sputtering effect can take place. Table 10 [334] shows the thresh- 
old energy (sputter limit) for a few metals with various bombardment ions. 

TABLE 10 

THRESHOLD ENERGIES OF ELEMENTS (eV) 

Ne Ar Kr Xe 

Be 12 15 15 15 
AI 13 13 15 18 
Ti 22 20 17 18 
V 21 23 25 28 
Cr 22 22 18 20 
Fe 22 20 25 23 
Co 20 25 22 22 
Ni 23 21 25 20 
Cu 17 17 16 15 
Ge 23 25 22 18 
Zr 23 22 18 25 
Nb 27 25 26 32 
Mo 24 24 28 27 
Rh 25 24 25 25 
Pd 20 20 20 15 
Ag 12 15 15 17 
Ta 25 26 30 30 
W 35 33 30 30 
Re 35 35 25 30 
Pt 27 25 22 22 
Au 20 20 20 18 
Th 20 24 25 25 
U 20 23 25 22 
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It is surprising that the threshold energies are only slightly dependent on the ions 
mass but are, however, characteristic for the target material. It is remarkable that the 
various masses of the impact partners in this range have a hardly recognizable effect 
and that the threshold values found, 10 - 30 eV, are about 4 times the sublimation 
energy of the relevant target material. The association with the heat of sublimation 
illustrates that the impacts at such small energies are observed to be no longer inde- 
pendent of each other. The interaction lasts for quite a long time, so that neighbour- 
ing atoms are included before the primary impact is complete. 

The sputtering yield is measured by the number of emitted atoms per incident ion 
and is an important value for distinguishing and characterizing a sputtering process. 
Above the sputtering threshold, the yield increases with increasing ion energy first 
exponentially and later achieves a fiat maximum. With further increase of ions en- 
ergy, the yield again decreases. 

The sputtering yield, contrary to the sputtering threshold, is clearly dependent on 
the ion mass especially in the range of the maximum. For example, in the case of 
gold, for Xe + ions it is about 3 times higher than with Ar + ions. 

Under otherwise similar conditions, the sputtering yield shows a periodicity as 
regards the position of the target material in the periodic classification of the ele- 
ments and also as regards the mathematical interrelationship between the heat of 
sublimation and the crystal structure. The dependency of the sputtering yield on 
atomic number is shown in Fig. 71. 
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Fig. 71 
Dependency of the sputtering yield on the atomic number of the target material. 
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The mass of the target atoms enters into the energy transfer coefficient: 
~=4mlm2/ (ml  4- m2) 2 (ml = mass of target atom, m2 = mass of ion). The latter is of 
significance for the theoretical treatment of the sputtering yield [335, 336, 337]. The 
sputtering yields of solid or liquid metals do not differ much, so that the target tem- 
perature has only an insignificant influence on the yield as long as evaporation does 
not take place. 

The sputtering yield values of various metals for the relevant conditions can 
often be found in tables. 

The sputtering yield for alloys and compounds can generally not be ascertained 
from the values of the pure metals, however, estimation is usually possible. 

Therefore, the yield is an important factor for sputtering; it determines the ero- 
sion rate of the target and, apart from the losses, also the growth rate of the films. 

Investigations of the changes in yield with ion species have shown that noble gas 
ions give the best results. For economic reasons, argon is almost always used. In 
practice, the sputtering yields (Ar +, E _< 2 keV) are usually smaller than 5. 

Sputtering yield is a function of many things such as; 1) relative masses; 2) en- 
ergy of incident particles; 3) structure and crystallographic orientation of the target; 
4) target material; 5) angle of incidence of the bombarding particle; 6) surface mor- 
phology; 7) sputtering pressure, etc. Relative sputtering yields are helpful in deter- 
mining ease of sputtering, such as saying that beryllium will not sputter as readily as 
silver, but an absolute prediction of sputtering yield in a given setup is [323] impos- 
sible. The relative sputtering yield is shown in Tables l la and 1 lb. Another variable 
in sputtering yield is gas purity. If one is trying to sputter aluminium in a dc system 
and there is appreciable oxygen, in effect, one is trying to sputter aluminium oxide, 
which is an insulator, so that very low rates will result. One solution is to go to rf 
sputtering, though the sputtering rate compared with dc sputtering of aluminium will 
be lower. 

One important sputtering parameter is gas pressure. At constant discharge poten- 
tial, the cathode current density is proportional to the pressure, and up to some pres- 
sure the sputter deposition rate is also proportional to the pressure [340], though 
there seem to be exception to this in rf sputtering [341]. At pressures above 0.1 
mbar, gas scattering causes the impinging ions to lose much of their energy and 
causes much of the sputtered material to be scattered back to the cathode surface and 
the deposition rate falls off rapidly [342]. In addition to affecting the deposition rate, 
gas scattering may affect the film thickness uniformity and other film properties. 

Gas composition can also affect sputtering yields in reactive sputtering. Often in 
the rf sputter deposition of oxides, a partial pressure of oxygen is used in the dis- 
charge to compensate for oxygen loss during the deposition. A few percent oxygen 
usually cause an appreciable loss in rf sputtering rate [343,345]. This is not the case 
with all oxides, however [344]. 
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S P U T T E R I N G  Y I E L D  OF V A R I O U S  E L E M E N T S  O B T A I N E D  W I T H  N O B L E  

GAS IONS AT  500 eV. 

Gas He Ne Ar Kr Xe Reference 

element 
Be 0.24 0.42 0.51 0.48 0.35 [349] 
C 0.07 - 0.12 0.13 0.17 [349] 
Al 0.16 0.73 1.05 0.96 0.82 [349] 
Si 0.13 0.48 0.50 0.50 0.42 [349] 
Ti 0.07 0.43 0.51 0.48 0.43 [349] 
V 0.06 0.48 0.65 0.62 0.63 [349] 
Cr 0.17 0.99 1.18 1.39 1.55 [349] 
Mn - - - 1.39 1.43 [349] 
Mn 1.90 - - [350] 
a i  - - 6.64 - - [350] 
Fe 0.15 0.88 I. 10 1.07 1.00 [349] 
Fe - 0.63 0.84 0.77 0.88 [351 ] 
Co 0.13 0.90 1.22 1.08 1.08 [349] 
Ni 0.16 1.10 1.45 1.30 1.22 [349] 
Ni - 0.99 1.33 1.06 1.22 [351] 
Cu 0.24 1.80 2.35 2.35 2.05 [349] 
Cu - 1.35 2.0 1.91 1.91 [351] 
Cu <111> - 2.1 - 2.50 3.9 [352] 
Cu - - 1.2 - - [353] 
Ge 0.08 0.68 1.1 1.12 1.04 [349] 
Y 0.05 0.46 0.68 0.66 0.48 [349] 
Zr 0.02 0.38 0.65 0.51 0.58 [349] 
Nb 0.03 0.33 0.60 0.55 0.53 [349] 
Mo 0.03 0.48 0.80 0.87 0.87 [349] 
Mo - 0.24 0.64 0.59 0.72 [351] 
Ru - 0.57 1.15 1.27 1.20 [349] 
Rh 0.06 0.70 1.30 1.43 1.38 [349] 
Pd 0.13 !.15 2.08 2.22 2.23 [349] 
Ag 0.20 1.77 3.12 3.27 3.32 [349] 
Ag 1.0 1.70 2.4 3.1 - [353] 
Ag - - 3.06 - - [354] 
Sm 0.05 0.69 0.80 1.09 1.28 [349] 
Gd 0.03 0.48 0.83 1.12 1.20 [349] 
Dy 0.03 0.55 0.88 1.15 1.29 [349] 
Er 0.03 0.52 0.77 1.07 1.07 [349] 
Hf 0.01 0.32 0.70 0.80 - [349] 
Ta 0.01 0.28 0.57 0.87 0.88 [349] 
W 0.01 0.28 0.57 0.91 1.01 [349] 
Re 0.01 0.37 0.87 1.25 - [349] 
Os 0.01 0.37 0.87 1.27 1.33 [349] 
Ir 0.01 0.43 1.01 1.35 1.56 [349] 
Pt 0.03 0.63 1.40 1.82 1.93 [349] 
Au 0.07 1.08 2.40 3.06 7.01 [349] 
Au 0.10 1.3 2.5 - 7.7 [355] 
Pb 1.1 - 2.7 - - [353] 
Th 0.0 0.28 0.62 0.96 1.05 [349] 
U - 0.45 0.85 1.30 0.81 [349] 
Sb - - 2.83 - - [350] 
Sn solid - 1.2 - [356] 
Sn liquid - 1.4 - [356] 
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SPUTTERING YIELD WITH ARGON IONS OF DIFFERENT ENERGIES IMPINGING 
ON VARIOUS MATERIALS [323] 
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Target voltage: 200 600 1.000 2.000 5.000 10.000 Reference 
Material Sputtering yields: atoms / ion 
Ag 1.6 3.4 8.8 [342] 
AI 0.35 1.2 2.0 [342] 
Au 1.1 2.8 3.6 5.6 7.9 [342] 
C 0.05* 0.02* 
Cr 0.7 1.3 
Cu 1.1 2.3 3.2 4.3 5.5 6.6 
Fe 0.5 1.3 1.4 2.0 2.5 
Ge 0.5 1.2 1.5 2.0 3.0 
Mo 0.4 0.9 1.1 1.5 2.2 
Nb 0.25 0.65 
Ni 0.7 1.5 2.1 
Pd 1.0 2.4 
Pt 0.6 1.6 
Si 0.2 0.5 0.6 0.9 1.4 
Ta 0.3 0.6 1.05 
Ti 0.2 0.6 1.1 1.7 2.1 
W 0.3 0.6 1.1 
Zr 0.3 0.75 

[342] 
[342, 3471 
[342, 3481 
[342, 347] 
[342, 3481 
[342] 
[342, 348] 
[342] 
[342] 
[342, 347] 
[342] 
[342] 
[342] 
[342] 

Sputtering yields: molecules / ion 
LiF <100> - - 1.3 1.8 2.2 [339] 
CdS <1010> 0.5 1.2 [354] 
GaAs <110> 0.4 0.9 [354] 
PbTe <110> 0.6 1.4 [354] 
SiC <0001> 0.45 [354] 
SiO2 0.13 0.4 [346] 
A1203 0.04 0.11 [346] 

*Kr + ions 

6.2.1.5.3.3 EJECTION OF OTHER PARTICLES AND EMISSION OF RADIATION 

Owing to the high negative potential, electrons are accelerated away from the target. 
Their commencing energy can be about target potential. They essentially contribute 
to maintaining the discharge by impact ionisation of neutral gas particles. When 
hitting the substrate, their energy, usually equal to target potential, is transformed 
into heat. Consequently, they contribute considerably to heating up the substrate. 
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The emission of positive ions, which are for example used in the SIMS method 
(secondary ion mass spectrometry) for surface analysis, is unimportant in the sput- 
tering process. Owing to the high negative potential, positive ions do not come away 
from the target surface. 
Significant effects can be expected from negative ions. However, when bombarding 
pure metal surfaces with noble gases, these do not arise. They become important 
with compounds and in reactive sputtering, for example, if a reactive gas is used for 
the gas discharge and the growing film produces a compound of the target material 
with the gas. 
The effects of negative ions should be considered as an analogue to secondary elec- 
trons, i.e. as ion bombardment of the substrate. 

The desorption of gases has to be considered as a source of contamination. The fol- 
lowing are possible gas sources: 

physically adsorbed gases on the target surface: in this case, desorption usually 
takes place as a result of local heating; chemisorbed gases: these are usually 
sputtered off and present a source for negative ions; 
included gases contained in the target material are sputtered off or are thermi- 
cally desorbed; 
decomposition products in the case of compound targets when the material forms 
gases or other volatile components. 

The emitted radiation from the target surface consists mainly of photons in the ultra- 
violet and visible spectral range. The radiation results from particles and entering 
ions excited by resonance or Auger electron transitions. Hence, it is characteristic 
for the target material and the entering ions, and can be used for process analysis. 
The uv radiation can have a disturbing effect when using substrates sensitive to 
light, as in the case of photoconductors or special plastics, etc. This is similarly valid 
for x-rays, the maximum energy of which is given by the energy of the incident 
primary particles. 

6.2.1.5.3.4 ION IMPLANTATION 

Some of the primary ions can penetrate, neutralize and be incorporated into the 
target. This takes place even at relatively low ion energies. As a consequence of 
implantation, the crystallographic structure of the target in regions near the surface 
may be affected. The energy of the ions is transformed to heat, causing considerable 
temperature rise at the target. To avoid this, special cooling is required. 
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6.2.1.5.3.5 ALTERATIONS IN SURFACE FILMS, DIFFUSION AND DISSOCIATION 

The bombardment of multi-component targets with ions changes the chemical com- 
position of the surface as a consequence of the various sputtering yields of the dif- 
ferent components. In most cases, the surface is enriched with the material showing 
the smaller yield until some sort of balanced condition has been achieved. After 
achieving this sort of equilibrium, the sputtered compound corresponds to the target 
composition provided that the process parameters remain unchanged. The range 
over which this alteration in composition stretches is the so-called ~altered layer)). In 
the case of metals, it is usually a few nm, for compounds such as oxides it can be 
considerably thicker and may be about 100 nm. 

The diffusion can considerably interfere with the build-up of the equilibrium, and 
also strongly influence the thickness of the affected layer. Various processes can 
cause the diffusion: 

ion-induced diffusion; 
thermal-induced surface diffusion; and 
diffusion resulting from ion implantation of the sputtering gas. 

An Ag-Cu target can serve as example. With a target temperature of 80~ the equi- 
librium is achieved after 40 min. However, with a target temperature of 270~ the 
equilibrium is not achieved before 200 min, and the corresponding thickness of the 
~altered layer)) is about 1 lam. 

The dissociation energy of chemical compounds is in the order of 10 to 100 eV. 
Of course, such a compound can be expected to decompose if bombarded with keV 
ions. Part of the volatile products thus arising are pumped away with the sputtering 
gas so that the growing film shows a deficit of these components. This is why stoi- 
chiometric compound films as oxides, nitrides, sulphides, etc. usually can only be 
prepared by sputtering by the addition of small amounts of 02, N2, H2S, etc., to the 
sputtering gas, hence in a form of reactive sputtering which replaces the losses. 

6.2.1.5.3.6 SPUTTERING RATE 

In the energy range of 1000 - 3000 V, the sputtering rate generally only increases 
slowly with the energy of the ions, but increases quite strongly with current density, 
which determines the number of bombarding ions. As the discharge characteristic of 
a diode has a very high steepness, the achievable deposition rate is limited by high 
voltage problems. For voltages above 1 kV the insulation distance on atmosphere is 
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growing to unpractical values. The sputtering rate of about 5xl 04g cm 2 S "l is small 
compared to an evaporation rate of l x l02g cm 2 s ~, achieved with an electron-beam 
evaporation device. 

According to Gurmin [338], the sputtering rate in the case of low to medium ion 
energies is given by" 

dN 1 

A dt e 

with 

S = 3 4mlm 2 E _ f lV  (87) 
4~2 (m 1 + m2) 2 Eo 

S = sputtering yield, I = ion current, e = electronic charge, 7 = function of m2/ml, 
ml = mass of target atoms, m2 = ion mass, E = ion energy, E0 = heat of sublimation, 
13 = proportionality factor, V = voltage 

To obtain a high sputtering rate the best parameters are: 1) high cathode potential; 2) 
high cathode current density; 3) heavy sputtering gas (Krypton); and 4) low sputter- 
ing gas pressure. Of course, there are limits on each of these parameters and the 
process and product may be sensitive to one or more of the parameters. 

~/Target 

Substrate 

Fig. 72 
Triode sputtering. Schematic view of thermionically supported glow discharge adapted 
for sputtering. 

For basic studies to obtain pure films and higher deposition rates, various 
schemes have been used to promote ionization in the sputtering gas, thereby ex- 
tending the process to lower gas pressures. These schemes include the addition of 
auxiliary electron beams along with variously shaped electrodes giving rise to the 
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triode and tetrode or other systems. Fig. 72 shows schematically a triode system. 
Lower sputtering pressure and greater overall efficiency can also be achieved by the 
use of an applied external magnetic field. The best mode of sputtering to increase 
sputtering rate is based on the magnetron principle, proposed 1935 by Penning [498] 
and realized for sputttering 1974 by Chapin [499]. 

The difference between conventional and magnetron processes lies largely in the 
plasma environment. As will be shown later, the plasma is confined to the surface of 
the cathode by a magnetic field created by permanent magnets located under the 
target and by an electric field which is situated perpendicularly to the surface. The 
electrons travel in spiral trajectories and can thus carry out many ionizing collisions 
with the atoms of the sputter gas. Either the whole vacuum chamber is used as anode 
or the anode is built of metal or metal bars, which are positioned near to the chath- 
ode. 

6.2.1.5.3.7 PARTICLE VELOCITY AND ENERGY 

The mean particle velocity for most metal atoms having an atomic number larger 
than 20 is between 4 and 8x105 cm s ~, if sputtering is performed with krypton ions 
of 1200 eV. 

When using argon ions, the velocities are between about 3x and 6xl 05 cm s ~ and 
are little influenced by changes in the ion energy between 600 and 1200 eV. 

Heavy elements have the highest particle energy (e.~. U, E ~ 44 eV) and light 
elements the highest particle velocity (e.g. Be, v = 1 lx l0 cm sl). 

The energy increases linearly with mass. For the lighter elements, it is about 10 
eV and on average achieves 30 to 40 eV in the case of the heavy elements. Materials 
with a high sputtering yield usually have low particle energy. 

6.2.1.5.3.8 ANGULAR DISTRIBUTION 

Distinct differences exist between monocrystalline and polycrystalline targets, as 
mentioned above. For single crystals, clearly preferred directions of the sputtered 
atoms can be observed. Polycrystalline solids show almost a cosine distribution as 
can be seen in Fig. 73. The distribution is influenced by the energy of the bombard- 
ing ions. The cosine distribution is better fulfilled with higher ion energies, e g. > 
1000 eV, than with low energy values. When sputtering is carried out from large, 
fiat areas, the flux of ejected atoms will be nearly constant except near edges or 
other geometrical discontinuities where the electrical field curvature causes a fo- 
cusing effect. 
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Fig. 73 
Directional distribution, cosine law, of Cu atoms sputtered by Ar ions of 20 keV according to G. 
K. Wehner. 

6.2.1.5.3.9 COMPOSITION OF THE SPUTTERED MATERIAL 

In the case of a simple metal target, the sputtered species mainly comprises neu- 
tral, single metal atoms. There are only very small numbers of 2-atom aggregates. 
For manufacturing alloy films, the sputtering technique is very suitable because it is 
based on the mechanism of momentum transfer and the uniform erosion thus caused. 
The sputtering rate is almost independent of the temperature, and so the alloy target 
can be kept so cold that no interfering diffusion processes due to heat arise. Without 
mass transport in the target, after a short start-up time, the composition of the sput- 
tered atom species remains almost the same. The composition in the film can, of 
course, change if the condensation coefficient and the directional distribution for 
each alloy component strongly differ. 

The processes in the case of sputtering chemical compounds, such as oxides, are 
more complex than those of metals. As already mentioned, the impact energy often 
causes dissociation of chemical compounds, releases oxygen from oxides, and thus 
considerably alters the composition of the target, and the sputtered species may 
contain variable amounts of molecular fragments. 

6.2.1.5.3.10 THE GAS DISCHARGE 

Usually, the sputtering process takes place in the presence of a gas discharge. 
Therefore, in the following the aspects of the gas discharge of importance for the 
sputtering process will be discussed. 
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The most simple case is that of a direct voltage gas discharge. The formation of a 
gas discharge can best be discussed based on current/voltage curves of the phe- 
nomenon. Such a curve is presented in Fig. 74. 

h 

[ 

l l 1 l 1 1 J 1 l 1 l 1 I 1 t 1 

F i g .  7 4  

T h e  f o r m a t i o n  o f  a d c  g l o w  d i s c h a r g e .  

By applying a dc voltage between both electrodes, first a very small current flow 
is effected because only a few ionized particles exist which can contribute to the 
current. Increase of the voltage has the effect that the charged particles gain suffi- 
cient energy in order to produce additional charged particles by impact ionization. 
This leads to a linear growth of the discharge current, the voltage thereby remaining 
constant, limited by the high output impedance of the voltage supply. This range of 
the discharge is frequently called a ~Townsend~ discharge. 

Under certain conditions, an avalanche process can now take place. Ions strike 
the cathode and release secondary electrons there. These are accelerated in the field 
of the cathode and due to collisions with the residual gas atoms and molecules pro- 
duce new ions, which are again accelerated towards the cathode and produce new 
secondary electrons. If a condition is achieved, where the number of produced elec- 
trons is sufficient to produce so many ions that they can again produce the same 
number of electrons, then the discharge is self-maintaining. 

In this case, the gas starts to glow, the voltage falls and the current rises abruptly. 
This range is called ttnormal discharge~. Since for most materials the number of 
secondary electrons produced per incident ion is approximately 0.1, about 10 to 20 
ions must strike the given surface in order to release one secondary electron. The 
bombarded cathode surface adapts itself in this range to the discharge phenomenon 
so that the discharge is maintained. However, this leads to irregular bombardment of 
the cathode. 
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A uniform current intensity distribution can be achieved by further increasing the 
applied power, finally causing a rise of current and voltage. This range, the so-called 
<<abnormal>> discharge, is used for cathode sputtering. 

In the case of the use of an uncooled cathode, with a current density of about 
0.1A cm 2, an additional thermionic emission of electrons takes place. This results in 
another avalanche effect and since the output impedance of the supply limits the 
voltage, a discharge with low voltage and high current density commences. 

The so-called ~<breakdown voltage~ Vb is decisive for the formation of a gas dis- 
charge and is dependent on: 

the mean free path of the secondary electrons and 
the cathode-anode distance. 

This is a qualitative statement of Paschen's law which relates Vb to the product of 
gas pressure p and electrode separation d : Vp = f (p d). 

The formation of a gas discharge can be prevented by too low a pressure, or too 
short a distance between cathode and anode, since then the electrons do not collide 
with sufficient gas particles to produce sufficient ions for maintaining the discharge. 
On the other hand, too high a gas pressure can too strongly decelerate the produced 
ions by collision. 

This means that the discharge can only be maintained in a certain pressure range. 
As seen in Fig. 75, there are various dark and bright regions in a gas discharge 

and the voltage as well as the space charge change near the cathode. 
Concerning the luminous phenomena, near the cathode there is a light region, the 

cathode glow. The glow arises from the neutralization of ions of the gas discharge 
and from the decaying of excited states. 

The radiation is characteristic of the cathode material and the incident ions. A 
dark space arises in front of the cathode glow. In this region the secondary electrons 
are accelerated away from the cathode. The width of this zone corresponds approxi- 
mately to the mean free path of the electrons. 
In this range also, the positive ions are accelerated to the cathode. The velocity of 
the ions is very much smaller than that of the electrons; the ion density is high in the 
dark space. A consequence of this is the high space charge which is shown in Fig. 
75. At the end of the dark space, the first collisions of electrons with neutral gas 
particles take place and thus the production of ions. This range of negative glowing 
is again characterized by a distinct emission of light. The Faraday dark space and the 
positive column adjoining the region of the negative glow present almost field-free 
spaces, as can be derived from the potential curve and from the electric connection 
to the anode. In the case of cathode sputtering, the substrate holder is usually located 
in the region of the negative glowing. The cathode-anode distance should, however, 
be at least three to four times the width of the dark space. 
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Fig. 75 

Glow discharge at low pressure with its luminous and electrical characteristics. 

Considerable changes arise in the discharge if high-frequency electric fields of 
more than 50 kHz are applied. The method of high-frequency cathode sputtering 
differs from direct voltage sputtering in two main ways" 

The electrons oscillate in the range of the negative glow and can gain sufficient 
energy to carry out more ionizing collisions. This results in the discharge being 
less dependent on the emission of secondary electrons, and the ttbreakdown~ 
voltage is reduced. 
The electrodes (target) no longer need to be electrically conductive since the hf 
voltages can be capacitively coupled. In principle, any material including insu- 
lators can therefore be used as target. 

In the practice, work is carried out in the frequency range 5 to 30 MHz, usually on 
the industrial frequency of 13.5 MHz. 
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The formation of a pulsating negative sheath on a capacitively coupled surface in a high frequency 
glow discharge. 
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The current/voltage characteristic curve of the discharge is similar to that of a 
rectifier with a high leakage current. At first, a high excess electron current arises. 
However, since owing to the capacitive coupling of the target no voltage compensa- 
tion can take place, the target surface charges negatively until the voltage is called 
the dc potential and corresponds approximately to the peak value of the applied 
voltage. 

Vp f-- 

Fig. 77 
Voltage distribution in a high frequency glow discharge from a small, capacitively coupled elec- 
trode (target) to a large, directly coupled electrode. 

In order to now achieve sputtering of an electrode, two conditions must be ful- 
filled: 

the target must be coupled capacitively to the voltage supply; 
the cathode surface must be small compared with the directly coupled surface 
which is usually formed by the system earth, and hence includes the ground plate 
and the surface of the vacuum chamber. 

It is decisive that the majority of the voltage drop takes place in the vicinity of the 
cathode, in order to achieve sputtering of the cathode. The ratio of the voltage be- 
tween the capacitively coupled small electrode and the range of the negative glow 
Vc to voltage VO between the negative glow and the directly coupled large electrode 
is given by: 

Ve / V d -- (Ad / Ac) 4 
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where Ad, Ac represent the corresponding surfaces. For the case Ad >> Ae, the po- 
tential characteristic can be seen in Fig. 77. 

Summarizing, it can be stated that the advantages of hf sputtering lie in the re- 
duction of the breakdown voltage which can be applied in order to reduce the gas 
pressure and in the possibility of being able to sputter almost any material, hence 
also insulators. Fig. 78 shows a typical configuration of a hf cathode. 

a 
A normal gas discharge is a relatively inefficient source for ions, since only a 

few percent of the gas particles are ionized. 
However, a higher portion of ionized particles is desirable for the sputtering pro- 

cess because firstly the required gas pressure can thus be reduced and simultane- 
ously an increase of the erosion rate and growth rate, respectively, is possible. 

This can be achieved by applying magnetic fields perpendicularly to the target 
surface [499]. Due to these E B configurations, the electrons are forced in spiral 
paths parallel to the target surface. This step results in a considerable increase in 
ionization efficiency of the electrons. A schematic representation is shown in Fig. 
79. Principally, there are two possible geometry's, the cylindrical magnetron where 
the target is formed in the shape of a cylinder and the planar magnetron. Both kinds 
are shown in Figs. 80a, 80b and 80c. The magnetron set-up can be used for de, and 
hf and mf discharges. The process is similar to the cases discussed; however, usually 
irregular erosion of the target occurs owing to the inhomogeneous progress of the 
magnetic field and also altered potential conditions at the substrate and target. 
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Fig. 78 
Cross section of a typical HF-cathode including cooling system, 
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Fig. 79 
Schematic representation of electron transport processes in a discharge between a cylindrical 
cathode and a coaxial anode in a uniform axial magnetic field. 

The increase in sputter rate, obtainable with such a device can be demonstrated 
in the case of a Cu-target: 

sputtering in the planar magnetron set-up gives a rate of about 7 mg/s kW con- 
ventionally, about 0.7 mg/s kW is achieved. 

The gas pressure in the plant can be reduced to the range of 10 -4 mbar. 

Since the properties of the growing film can be strongly influenced by particle 
bombardment and this bombardment- as far as ions are concerned - is controlled by 
the potential gradient in the vicinity of the substrate, these conditions are of great 
importance. 
The substrates in the discharge can be considered as probes on a floating potential in 
a plasma, especially if they are insulating, such as glass. However, this is only an 
approximate consideration, because the gas discharge is not an ideal plasma. Fig. 81 
shows the ideal characteristic of the I/V curve of such a probe. If the substrates are 
not earthed, they adopt a slightly negative potential. This is a consequence of the 
high electron mobility relative to the ions. On average, more electrons strike the 
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substrate, hence it becomes negatively charged. In the ideal case, this potential Vf 

can be written: 

Vf = - (1/2 e) kB Te In (~rme/2M) (89) 

Hence this voltage Vf is mainly dependent on the electron temperature Te and the 
ratio of the electron mass me, to the ion mass M. The substrate has the same poten- 
tial as the plasma at Vp, i.e. in this case charged particles strike the substrate only 
statistically due to thermal movement. Under ideal conditions 

Vp -- k B TI In (2/q0 (90) 

can again be written, where TI, presents the temperature of the ions and qi the ion 
charge. 

The two relationships are, however, not strictly valid, but can nevertheless be ap- 
plied in order to estimate the ions and the electron temperature. Two consequences 
result from this consideration for cathode sputtering: 

the substrates are always at a potential slightly negative in relation to the plasma; 
if the substrates are earthed, the substrate potential is reduced by an amount Vf. 

Therefore, all insulating substrates should be applied to a floating potential-, other- 
wise the surface adopts a potential Vf and the conducting substrate holder a potential 
of V~ - Vf. This causes an inhomogeneous discharge at the edges and hence causes 
inhomogeneity in the growing films. 

In the case of hf discharges, the conditions are somewhat more complicated. As 
already discussed, the geometry plays an important role for the potential distribu- 
tion. Frequently, external voltages are applied to the substrates in order to better 
control the ion bombardment, so-called bias voltages. Usually negative bias voltages 
are involved here. These take over the role of Vf, and Vp remains unchanged. In this 
case - (Vp - Vo) arises as total negative bias voltage. 

In a dc discharge, positive bias voltages make the substrate virtually an anode. 
This results in a high electron current and subsequent heating up of the substrate. In 
both dc and hf discharges, a further rise in plasma potential to positive values is 
observed, i.e. the actual substrate bias potential never exceeds the plasma potential. 
Positive voltages are applied only in exceptional cases. It can be stated as a further 
consequence of this consideration that substrates are almost always under the influ- 
ence of a negative bias voltage which means that the substrate must also be regarded 
as a <<target>>, it thus being subject to effective ion bombardment. 

Contamination of the substrate can be reduced by sputter etching. However, the 
best method depends on the kind of contamination and the kind of the substrate. 
Often, treatment in an argon discharge is not sufficient and therefore a sort of 
chemical etching in a reactive gas atmosphere is more frequently used. 
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Fig. 80a 
Design of a cylindrical-post magnetron sputtering source. 

Fig. 80b 
Cross section view of a planar magnetron 
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Fig. 80c 
Magnetic field and electron path in a planar magnetron. 
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Fig. 81 
Ideal I/V characteristic of a Langmuir probe in a gas discharge. 

Changes in gas pressure have a distinct effect on the discharge-, generally, rise in 
pressure causes: 

rise in the discharge current; 
increase in back scattering; 
deceleration of energy-bearing particles by collision. 

The first two effects occur opposingly; the latter can be applied in order to minimize 
the particle energy at the substrate. 



255 

The gas flow, mostly defined by the pumping speed of the vacuum system, 
should be as high as possible in order to quickly pump down contaminants. Pressure 
gradients must be avoided in the vicinity of the discharge, since they cause inhomo- 
geneity. 

The main sources of gas contamination causing impurity of the deposited films 
are: 

remaining residual gas after pumping down (H20); 
desorption from the walls as a result of ion bombardment; 
adsorbed and included gases in the target which are released; 
leaks, 
contaminations in the working gas itself. 

Most of these sources can be eliminated with good vacuum technology and appro- 
priate pre-sputtering times. 

In practice, these steps often reduce undesired inclusion of foreign gas. Gas in- 
clusion in the film can be reduced by applying a negative initial potential to the sub- 
strate, in the so-called bias-sputtering. This method is based on the fact that the 
strength of bonding between film atoms is larger than the bonding to the contamina- 
tions. Hence the included foreign atoms are sputtered off favoured by the incident 
inert gas ions. Therefore, bias sputtering has proven more suitable with Ta, Mo, Nb 
than with A1 or Mg, since the latter form bonds with oxygen which are too strong. 
Since 1962 [357], the bias technique has also been applied with hf discharges. 

In principle, the asymmetric hf sputtering with power division between the two 
electrodes is equivalent, but generally the gas content is higher, the bias voltage 
being applied only for a half period. Table 12 shows optimum values of the bias 
voltage for various materials [358]. 

Since inclusion of reactive gases in the condensed film can result in chemical 
stable compounds, it is obvious, analogous to the method of reactive deposition, to 
undertake sputtering in reactive gases [359, 360] in order to produce oxides, nitrides, 
sulphides and carbides. The occurrence of negative ions of the species B, which 
bond to the compound AB, is characteristic for the process. The element B is intro- 
duced to the gas discharge as molecule Bn e.g. (O2,N2) or as compound BC e.g. 
(H20, H2S, NH3, CH4), dissociated there - under the condition that the ionization 
energy of C is smaller than that of the sputtering gas - in B (and C +) by field or 
collision ionization and travels to the anode where a positive ion film accumulates. 
The incident target atoms are ionized here by collision or via a dipole interaction, 
merge with B ions to form an AB molecule and condense. Increased substrate tem- 
peratures promote the reaction. In the case of several AB forms - for example CuO, 
Cu20 - the expected product is dependent on the cathode voltage and the Paschen 
product p d, albeit in an obscure way. 
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TABLE 12 

OPTIMUM BIAS FOR LOW GAS INCORPORATION 

Material Bias voltage (V) Material Bias voltage (V) 
Ag 35 W 150 
Cu 35 Mo 150 
Au 40 Ta 200 
Ni 50 Nb 200 
Pd 75 Ge 100 
Rh 100 SiO2 150 
Pt 150 Coming 7059 100 

Oxides can be reactively produced with the addition of just a few percent of oxy- 
gen, but higher gas contents cause coating of the target with an oxide film and result 
in termination of the (direct voltage) discharge. 

The necessary oxygen content depends on the oxygen affinity of the element and 
increases with sputtering rate. Reactive sputtering is also used with nitrides (SiaN4, 
TaxN). In contrast with oxygen, work must be undertaken almost always in pure, 
oxygen-free nitrogen. Nitrifying is simplified by using NH3; even with 5% partial 
pressure SiaN4 forms, but also the released hydrogen is partly embedded in the film. 
With N20, oxynitrides form. The sulphides of Cu, Mo, Cd and Pb [361] could be 
produced with H2S, and with Ta and CH3 tantalum carbide [362] is formed. 

Reactive gas must also be partly added to hf discharges in order to maintain the 
stoichiometry of the sputtering dielectrics. Sputtering of SiO2 in pure argon causes 
condensation of the compound SiOx (x - 1.94 - 1.97). Therefore, a low admix of 
oxygen is required - causing reduction of the sputtering rate - or subsequent tem- 
pering of the film at about 500~ 

6.2.1.5.3.11 STATE OF THE ART IN INDUSTRIAL MAGNETRON SPUTTERING 

Magnetron sputtering is today the most important sputter coating technology. As 
already mentioned above in 6.2.1.5.3.6 and. 10 with a magnetron cathode the plasma 
electrons are confined by an additional magnetic field [499]. The rectangular planar 
magnetron consists of a target which is mounted in good thermal contact to a back- 
ing plate by screwing, clamping or soldering. The backing plate in turn is in good 
thermal contact to a preferably closed water cooling circuit. In such a device three 
rows of permanent magnets with alternating polarity, arranged behind the target, 
form a closed endless tunnel of magnetic field lines. This very effective type of 
plasma confinement results in a low increase of the discharge voltage over a wide 
range of discharge currents. Hence, the sputter rate = const. I.V, can be raised by 
increasing the discharge current I at moderate discharge voltages V, e.g. between 
400 and 800 volt. With this arrangement the whole vacuum coating chamber can be 
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used as the anode or an anode is made of metal rods positioned near the cathode of 
the planar magnetron. 

Most targets, particularly in non-reactive sputtering, are operated in the dc-mode. 
The typical power supplies cover the range up to 1000 V and can provide a power 
between 5 and 120 kW. 

The metal targets have thicknesses between 10 and 20 mm. The cathode width 
ranges generally between 10 and 30 cm and the length is between 0,5 and 3.5 m. 
The target to substrate distance is in the range of 80 to 140 ram. With classical mag- 
netrons the material utilization of the target is between 20 and 25% due to the shape 
of the formed erosion profile in the race track area. 

Recently developed interpole targets [500] and systems with electromagnetically 
moved plasma zones Speed Mag. [501 ], both from Leybold AG, smooth the curva- 
ture of the magnetic field lines or create a cylindrical movement of the plasma zone 
resulting in an improved more flat erosion profile. Consequently the material utili- 
zation of the target could be increased to about 65%. Even 80% target utilization can 
be obtained with cylindrical rotatable magnetrons by keeping the magnet stationary 
and rotating a target tube, e.g. C-Mag from Airco [502, 503]. 

Dc powered magnetrons with conductive metallic targets enable rather high 
sputter rates between 5 and more than 20 A.s ~. There are, however, difficulties in 
the reactive mode sputtering by hysteresis effects of the plasma impedance resulting 
in process instability [504, 505] arcing effects [506, 507] and problems with a dis- 
appearing anode. Trouble due to the formation of insulating layers on the target 
[508] and on the anode surface. 

Deposition of insulating layers is solved by radio frequency (rf) sputtering. In 
industrial applications, however, cooling problems and inacceptable low deposition 
rates restrict the use of radiofrequency sputtering. Other methods have been devel- 
oped to overcome these limitations. 

The arcing effect can practically be eliminated by the unipolar pulse technique 
[507, 509]. A pulse module between cathode and a conventional dc power supply 
converts the dc voltage into pulses with a frequency of e.g. 20 kHz. The discharge is 
periodically interrupted according to the pulse rate. The charges on the insulating 
layers will be kept within tolerable limits and are lowered during the puls-off time 
before an electric breakdown occurs. Arcing and therefore layer imperfections can 
be reduced by some orders of magnitude. But the measure is not successful to pro- 
tect the anode. 

A very powerful industrial sputtering technology particularly for the production 
of high qualitiy insulating compound films is the recently developed Dual Magne- 
tron [510] or Twin Mag [511 ] bipolar sputtering technique. This bipolar technology 
was invented by the Fraunhofer Institute for Electron Beam and Plasma Technique 
in Dresden, Germany and by the Leybold AG in Hanau, Germany, at the same time 
but independent from each other. 

The equipment consists of two identical rectangular magnetrons mounted side by 
side in the sputtering chamber. The two magnetrons are connected with a mid- 
frequency power supply of some ten kHz by a special interface. At any time, one of 
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the magnetrons is on negative potential and acts as sputter cathode, while the other 
one acts as an anode. The respective cathode generates secondary electrons which 
are accelerated toward the anode where they neutralize the positive surface charges 
which have been formed on the insulating areas during the negative periode. Inde- 
pendem on the conductivity of the environment, the conductive erosion area of the 
respective anode is always able to collect the electrons. 

By the described mid-frequency periodic changes of cathode- and anode-function 
not only the arcing problem could be eliminated but also the problem of the disap- 
pearing anode was solved. Reactive Twin Mag sputtering delivers dense compound 
films with smooth surfaces and excellent optical and mechanical properties. 

6.2.1.5.3.12 ION BEAM SPUTTERING 

Accelerated ion beams are useful for substrate cleaning, for deposition, and for 
treatment of films during and after deposition. Since ion sources generally operate in 
rather low background pressures both precleaning and deposition take place in vac- 
uum of 10 -4 to 10 -5 mbar. Low contamination by modern designed ion sources, clean 
vacua and operation at low pressure result in extremely pure low-loss optical films. 
A positive ion beam is generated by extracting the ions through ion-optics apertures 
from a plasma discharge chamber with subsequent acceleration. Narrow-beam 
sources such as the duoplasmatron were first used in ion-beam sputtering. The 
method is an excellent tool for various basic research investigations of the sputtering 
process itself and of the film properties resulting from different sputtering conditions 
and post-deposition treatments e.g. [546]. 

In industrial ion-beam sputter deposition, an argon ion beam, usually from a 
broad beam Kaufman-type ion source operating in dc or a high frequency mode 
[547], erodes the target. In dual-ion-beam sputtering, a second reactively operated 
ion gun is used, with the beam directed at the growing film as in ion-assisted depo- 
sition [548, 549]. The atoms and molecules sputtered from the target by the ion 
beam arrive at the substrate surface with relatively high energy (20-100 eV). This is 
the main reason why sputtered films, and specifically ion-beam-sputter-deposited 
films, adhere better than those prepared by conventional evaporation. The thermal 
load placed on the substrate is limited primarily to the energy carried by the sput- 
tered material and to a lesser degree the reflected Ar atoms. Under normal operating 
conditions and a primary accelerating voltage of 1 kV, the substrate receives a 
power load of perhaps 10 mW cm 2 so the substrate temperature rises only a few 
degrees above ambient even with poor thermal conductivity of the film and the sub- 
strate surface. Dense, well-adhering, stoichiometric films of low optical absorption 
and with stable properties can be obtained with ion beam sputtering techniques. In 
all variations of the process, care must be taken to avoid unwanted sputtering of 
plant installations and target mounting by high-energy neutral atoms that could 
cause film comamination. Unfortunately, the process has several practical limita- 
tions. It is relatively slow, and to deposit a thin film of 1 quarter-wave optical thick- 
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hess (visible range) takes 15-20 min. The area to be uniformly coated rarely exceeds 
a diameter of about l0 cm. An excellent review paper with many references was 
recently published by D.T.Wei, H.R.Kaufman and Cheng-Chung Lee [550]. 

6.2.1.5.3.13 THICKNESS UNIFORMITY AND MASS EFFICIENCY IN SPUTTERING 

Thickness uniformity of sputtered films is also of great practical importance. 
Model calculations exist which determine thickness distributions in the substrate 
plane below the sputter cathodes not only for static but also for moving substrates 
[363]. 

In contrast to evaporation with sputtering, the source of material and the sub- 
strate plane are relatively narrow together over a large area. The cathode surface is 
therefore assumed to consist of a very great number of point sources of equal emit- 
tance. It is further assumed that with magnetron sputtering the energy of the sput- 
tered species is so high that in collisions with residual gas atoms only little energy is 
lost and only small changes in direction will occur. Thus the gas pressure can be 
neglected in the model. For the cosine exponent of a single point source, n - 1 is 
assumed. 

The contribution dR of one source to the total rate is" 

dR - m n + 1 cos n a COS,8 dA (91) 
pA 2z s 2 

m/A = sputtered target material per second per square centimeter 
p = density of the target material 
ot - angle between the normal of surface of the source Q and the observed 

point P 

13 - angle between the normal of surface at the observed point and the tie 
line to the source Q 

s = distance between elementary source and observed point 
dA = surface element of the elementary source 
n = cosine exponent of the elementary source. 

Above a rectangular sputter cathode, the total rate at an observed point in the 
substrate plane is obtained by integration over all elementary sources, that is the 
erosion zone of the cathode: 

f m n + 1 cosna COS]~ 
dA (92) 

APAJ 2re s 2 

In the case of a long planar magnetron, there exist two parallel erosion zones of the 
broadness b and the length 1. At first the rate in the surface plane for one emission 
zone is calculated according to (92) and finally by superposition completed with the 
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second emission zone. Under consideration of the geometrical sizes, schematically 
shown in Fig. 

s 2 = (x-xo)  2 + ( y - y o )  2+h  2 and 

cosot = cos 13 = h / s  

and of the assumed cosine exponent n = 1, eqn. (93) is obtained from (92): 

R .._ 

+b/2 +1/2 

pA~r [(x- x )2 )2 2 ]2 (93) 
-b/2-1/2 p + ( y - y p  +h  

As the next step, the inner integral of (93) is calculated and this intermediate result 
has now to be integrated according to X. Edge effects on the cathode are not consid- 
ered. After Integration the final result is: 

~-- X 

82 
Sputtering assembly with rectangular cathode [363] 
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r -] 
R = m 1/  b/2-Xp b/2+Xp [ 

+ ,  (94) 
pA 2 

/ 

X/(<b/2- J 

Equation (94) describes the condensation rate of sputtered material from a long pla- 
nar magnetron cathode at an arbitrary point Xp in the substrate plane. Since, how- 
ever, such cathodes have two erosion zones of equal size both rate contributions are, 
under consideration of the parallel displacement of the coordinates, superimposed to 
the total rate. 

The rate run R/Ro and with this, at constant rate, also the film thickness run d/do 
in the substrate plan transverse to the longitudinal axis of the cathode, are obtained 
by normalization of eqn. (94) at the symmetry point of the cathode. Equation (93) 
can be solved in a similar way also for other n values but the volume of calculation 
increases considerably with increasing n. Optimization in the thickness uniformity 
can be obtained by the use of shields. 

~ ~ Coating slit 

Fig. 82 a 
Material efficiency factor of a planar magnetron cathode PK 500 L (LEYBOLD) as function of the 
geometry of the sputtering assembly [363]. 
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The material efficiency e in sputtering is usually better than in evaporation. With 
a long planar magnetron cathode, e.g. PK 500 L (Leybold), we obtain for the inner 
cathode area, 

+b/2 +oo 
m~ ~ 

c = = R(x)dx / R(x)dx (95) 
m 

g -b/2 

where ms = deposited mass in the useful field, and mg = total mass deposited on the 
infinite substrate plate. The desired deposited masses are obtained by calculation 
from the sputter rate distributions of the corresponding cathode type, since m is 
proportional to film thickness and this again is proportional to the condensation rate. 
Fig. 82a shows the mass efficiency factor e as a function of the opening width b of 
the coating slit length at various target-substrate distances h. With a standard dis- 
tance h - 5 cm and a minimum effective opening width of the aperture of 10 cm, a 
mass efficiency of about 65% is obtained [363]. 

6.2.1.5.3.14 SPUTTERING MATERIALS 

Usually, sputtering targets are made of polycrystalline materials. They are avail- 
able as round disks, rectangular plates and rods. The choice of material is similar to 
that in the case of evaporation. Metals, semi-conductors, alloys, halogenides (usually 
fluorides), oxides, sulphides, selenides, tellurides, III-V and II-VI compounds and 
cermets are available as targets. Because of the field of employment of the sputter- 
ing technique, metals, semiconductors, alloys and metal oxides are most frequently 
used, but also nitrides (e.g. AIN, BN, HfN, SiaN4, TaN, TiN, etc.) silicides (e.g. 
CraSi, MoSia, TiSia, WSi, ZrSi, etc.), carbides (e.g. CrCa, HfC, SiC, TaC, TiC, WC, 
etc.) and borides (e.g. CrB2, HfB2, MOB2, TaBa, TiB, WB, etc.) are sputtered. 

The high power density in sputter processes nearly always demands effective 
water cooling in order to avoid undue target heating and hence limited diffusion, 
dissociation and even melting and evaporation of the target material. Normally, 
target disks are assembled on the support (screws, soldering, adhesion with conduc- 
tive epoxy resins); in the case of very cheap materials, the target can be produced 
from one piece. However, for reasons of insufficient thermal conductivity this is not 
always acceptable so that many cheap materials have also to be mounted on metal 
supports. Owing to specific material bonding of the target with its socket, with just a 
few exceptions, continuous operation at full load is possible. Destruction especially 
of dielectric target disks due to inner mechanical stress occurs very rarely. 

Compound films such as oxide, nitride and carbide can be produced by reactive 
sputtering as mentioned above. Electrically non-conducting substances are proc- 
essed by rf sputtering. Whether the noble gas ions required for sputtering originate 
from a gas discharge plasma in the plant, from special ion guns or from other set-ups 
does not have any influence on the choice of material. 
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6.2.1.5.3.15 SPUTTERING PLANTS 

Typical for most sputtering plants with few exceptions is the remarkable smaller 
distance of 6-14 cm between source and substrate compared with that of 40 - 80 cm 
in high-vacuum evaporation plants. Various technical designs of sputtering plants 
have been used to fabricate films with this coating technology. Modern development 
of magnetron sputtering systems has replaced most of the older technologies. 
Coating systems using planar magnetron deposition assume three general configura- 
tions at present. The first design is a batch metallizer with planetary motion of the 
substrates. It is used where one or two layer films must be deposited on simple- or 
complex-shaped parts that require planetary motion for proper coverage. Such a 
batch coater is usually either an older evaporative system that has been converted to 
sputtering or, better, a completely new system. The second type of design is the 
batch metallizer with barrel-type coating jig. It is used for complete coverage of 
small parts that cannot be readily jigged. The third and most important type of de- 
sign is the linear chamber lock to lock system. This type is used for one- or two-side 
coating without planetary motion, to obtain good film property control and high 
throughput. It is also used when more than one cathode is required. Typical sputter- 
ing plants can be seen in Figs. 38 and 40 and in Figs. 83 to 85. 

Fig. 83 
Planar magnetron sputtering unit BAS 450 PM (BALZERS). 
The processing chamber has a diameter of 44,5 cm and a height of 50 cm, it contains 
3 planar magnetrons, quartz lamp substrate heaters and substrate holders. 
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84 a 

On line sputtering system DZA 750 V (BALZERS). 
The plant is used to produce In-Sn-oxide coatings on glass. 
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85 
Load lock sputtering system LLS 801 (BALZERS). Chamber diameter 80 cm, 
5 work stations with planar magentrons,rotary drum substrate holder 

6.2.1.5.3.16 COMPARISON EVAPORATION AND SPUTTERING 

Evaporation/condensation and sputtering/condensation are quite different methods 
of producing thin films. A comparison of their characteristics is given in Table 13. 

TABLE 13 

THIN FILMS PRODUCED BY EVAPORATION AND SPUTTERING 

EVAPORATION SPUTTERING 

1. Vapour production phase 

therfore: 
relatively low kinetic energy of 
atoms 

therefore: 
relatively high kinetic energy of the 
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(at 1500~ E = 0,1 eV) directional 
distribution according cosine-law 
(point or small area source), 
no or only few charged particles, 
with alloys fractionated evaporation, 
with compounds, perhaps dissocia- 
tion. 

atoms (E = 1 - 4 0  eV, changed en- 
ergy distribution), directional distri- 
bution according to cosine-law 
mainly at higher bombarding energy, 
a number of positive and negativ ions 
between 10 ~ and 10 l per incident 
ion, in addition reflected primary 
ions, with alloys fairly uniform sput- 
tering of the components, dissocia- 
tion with compounds possible. 

2. Transport phase 

evaporated species travels in high or 
ultrahigh vacuum, 
therfore no or few collisions (mean 
free path large compared with 
evaporator-substrate distance) 

sputtered species travels at relatively 
high pressure of the working gas 
(10 z to 10 -4 mbar) 
energy-reducing collisions (mean 
free path smaller than cathode- 
substrate distance, charge-transfer 
processes, strong change in direction 
(isotropic) high readiness to chemical 
reactions (presence of excited, ion- 
ized (particularly with magnetrons) 
and dissociated vapour species in- 
cluding electrons). 

3. Condensation phase 

no influence on the substrate surface 
by incident atoms 

no change in the conditions of nu- 
cleation 

low incidence of residual gas atoms 
or melecules (impact number 

13 2 1 aboutlO cm s ) ,  
therefore low gas incorporation 

strong influence on the substrate sur- 
face by incident ions and high energy 
neutral particles (roughening, pene- 
tration, imperfections, temporary lo- 
cal charges on the surface chemical 
reactions with residual gases). 
strongly changed conditions of nu- 
cleation (formation of centres of 
simplified nucleation), high inci- 
dence of working and residual gas 
atoms, molecules, ions (impact num- 
ber about 1017 c m  "2 s l ) ,  

therfore higher gas or foreign mate- 
rial inclusion (impure films possible), 
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(pure films), no or only little chemi- 
cal reactions with residual gas and 
often no significant temperature 
changes of support and film. 

large tendency to chemical reactions 
(activation, ionization), higher tem- 
perature changes of substrate and 
film possible due to high kinetic en- 
ergy of the impinging particles. 

6.2.1.5.4 FILM DEPOSITION BY ION PLATING 

Ion plating is a combination of the advantages of an evaporation process and of 
the sputtering technique, i.e.: high deposition rate and high kinetic energy of the 
depositing species. The method is relatively young compared with the other two 
PVD techniques. It was developed first by Berghaus, Brit. Patent Spec. No 510993 
(1938) and DRP No 683414, Klasse 12i, Gruppe 37 (1939), but at this time practi- 
cally unused and overlooked. However, it later was reinvented by Mattox, USA 
1963, and other researchers [364, 365]. Plant installations are similar to that used in 
evaporation. The source to substrate distance is generally in the range of 40 to 80cm. 
The substrate holder, however, is electrically insulated and the substrates are biased 
negatively so that an electric field exists between the source and the substrates. If the 
gas pressure is high enough and the voltage gradient is adequate, a glow discharge is 
generated usually in an argon atmosphere. With a simple ion plating process, evapo- 
ration is performed in the presence of the gas discharge. In collisions and electron 
impact reactions, coating material ions are formed and accelerated in the electric 
field so that condensation and film formation take place under the influence of ion 
bombardment. It can involve ions of the working gas, of the film material vapour or 
of a mixture of both. In addition, the higher energy neutral particles of vapour and 
gas are also very important for the deposition process. This complex action is typi- 
cally for ion plating. A large number of process variations is possible and different 
components can be combined to more complex triode and tetrode ion plating sys- 
tems. Among them plasma devices generating and accelerating positive ions of the 
coating material and various process gases are also applied. It is furthermore re- 
markable that also high-speed sputtering cathodes are used as vapour sources in 
special ion-plating arrangements. Bias sputtering and some types of plasma CVD 
also fall under the definition of ion plating. 
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6.2.1.5.4.1 CHARACTERISTICS OF ION PLATING 

The principle set-up of a diode ion plating system is shown in Fig. 86. The ques- 
tion arises: what happens during deposition to a metal vapour atom on the path be- 
tween evaporation source and substrate? Under the present conditions, the following 
can occur: 

collisions with inert and reactive atoms, or ions of the working gas, 
chemical reactions with the excited reactive atoms or ions either in the gas 
space or on the substrate surface, and 
ionization due to charge exchange processes during collisions with ions or from 
electron impact and subsequent acceleration to the substrate. 

The occurrences during collisions of the particles in the gas space cause" 
changes in speed, 
changes in the direction of flight, 
changes in the chemical composition, charge-exchange phenomena and impact 
ionization with electrical acceleration of the metal vapour ions formed. 

G 
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Fig. 86 
Schematic representation of a simple diode type ion plating system. 

This results in random enveloping deposition with particles of relatively high 
energy. The throwing power is a typical effect in ion plating. The chemical reaction 
with activated gas atoms, or with gas ions, is an important process for the reactive 
deposition. It is well known that many compounds are not volatile in stoichiometric 
molecules so that reactive deposition in the presence of reactive gases is an impor- 
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tam method for producing stoichiometric films (e.g. oxide, nitride, carbide, boride 
and their mixtures). The presence of a plasma or of ions favours the occurrence of 
chemical reactions. Compound formation usually occurs on the substrate surface and 
only rarely in the gas phase. 

The grade of ionization of the vapourized film material atoms depends on: 
the material, 
the applied evaporation or other vapour generation technique, and 
special installations and coating conditions. 

Fig. 87 
Diode type ion plating plant with two differentially pumped 270 ~ electron beam 
Guns and a high voltage insultated, water cooled, rotating substrate holder. 

With respect to the evaporation technique used, an increasing portion of ions in 
the vapour is observed in the direction of resistance heating (boats), heating with 
electron beams (E-guns) and high-frequency heating. The portion of ions is further 
increased by collision in the plasma. 

The positive ions produced in various ways are accelerated towards the substrate 
in the electric field formed by the substrate applied to negative high voltage and the 
earthed parts of the equipment. The portion of the film material ions is usually very 
low (up to 2%). However, there are many high energy neutral vapour particles 
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which resulted from the fact that many film material atoms were ions for a short 
time, as such underwent an acceleration especially in the cathode dark space, lost 
their electric charge during further collisions, but in the main retained the high en- 
ergy gained. The resulting particle energies are between 1 and 100 eV according to 
the applied potential. 

The ions and high energy neutral particles incident on the substrate surface ex- 
pend most of their energy in heating the substrate. With current densities of 0.5 mA 
cm 2, this can result in heating up of the substrate by a few hundred degrees. At the 
same time, sputtering of the surface films of substrate material occurs. In ion plating, 
this sputter cleaning not only takes place before coating but also during the coating 
process. However, for progressive film formation, the energy conditions must be 
adjusted so that the film material condensation rate is much larger than the sputter- 
ing rate. It is relatively simple to coat electrically conducting substrates with con- 
ductive films. However, in the case of insulators such as glass and plastics - ana- 
logue the high-frequency sputtering technique - a high-frequency ion-plating tech- 
nique can be applied e.g. [541,542]. But there exist also other possibilities. 

A plating method which will be discussed here involve the use of a non-self- 
sustaining thermionic arc discharge plasma. This thermionic arc ion plating was 
invented at Balzers in 1977 and from the beginning was mainly applied for the de- 
velopment and later production of TiN films on steel substrates [512, 513]. 
Vapourization and ionization is performed by directing the plasma-beam with a 
magnetic field in a straight line to a water-cooled anodic crucible. A more flexible 
dual-beam-technique is obtained by combining one or two high-power electron 
beam evaporators with a low-voltage thermionic arc source. The system is shown 
schematically in Fig. 87a. As can be seen the cathode of the non-self-sustaining arc 
discharge is a resistance heated Ta-filament mounted in a separate chamber and kept 
under a relatively high Ar-pressure. A small aperture between the cathode chamber 
and the plating chamber confines the arc plasma. The anode is formed by insulating 
the crucible of an electron beam evaporator. The starting materials, metals or sub- 
oxides, form electrically conducting melts in the crucible. A low voltage (typically 
60 V) high-current (typically 60 A) electron beam is directed from the cathode of the 
plasma chamber to the vapourizing material in the anodic crucible of the evacuated 
plating chamber. The beam activates and ionizes the atoms of the coating material 
and the reactive gas molecules. Positive evaporant ions and gas ions, when formed 
near the crucible, are accelerated by the repulsive force of the anode (crucible po- 
tential typically between 70 and 40eV). Dielectric substrates on an insulated sub- 
strate holder in contact with the plasma sheet attain a negative self-bias potential 
because of receiving more electrons than less mobile ions. This bias also accelerates 
the positive ions of the evaporant, the reactive gas, and the argon plasma onto the 
surface of the substrate and growing film. The resulting potential o f - 5  t o -20  V 
(with respect to the ground and the body of the plasma) is just optimum for surface 
atom displacements without the detrimental resputtering of light atoms such as oxy- 
gen (preferential sputtering), which is known for higher energies. Because of the 
electrostatic nature of this attraction, the accelerated evaporant and gas ions pre- 
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sumably impinge normal onto the surface, which eliminates the variability of the 
impulse transfer with the angle of incidence of auxiliary ion beams. Moreover, a 
uniformly dense film can be expected even for irregular surfaces with steep curva- 
ture. The supply of ions out of the plasma, which practically fills the whole coating 
chamber, assures uniformly dense films over the whole useful area of the rotating 
and electrically insulated substrate holder in an 800 or 1100 mm chamber. The total 
pressure in the chamber is in the low 10 3 mbar range. 

Ion plating deposition does not require substrate heating in order to achieve hard, 
adherent, durable coatings. However, because of the substantial heat generated dur- 
ing the plating process with approximately 6-8 kW of power at the electron-beam 
evaporator and about 4 kW of power coming from the low-voltage plasma arc, the 
temperature of the substrates increases from about 30~ at the beginning of the pro- 
cess to about 80-200~ at its end, depending on the length of the deposition run. 
Generally non radiative equilibrium is achieved with the insufficently cooled pro- 
tecting metal cover of the chamber wall. 

An optical monitor and/or a quartz crystal monitor is used to control the film 
thickness and deposition rate. Quarter-wave films in the visible range can be depos- 
ited within 3-4 min. 
The dual-beam technique is used with the deposition of optical films. The plants are 
the BALZERS BAP-800 and BAP-1100. The system is used for the production of 
dense metal oxide, metal nitride, and metal oxynitride coating at relatively low sub- 
strate temperatures. It is shown in Fig. 87b. The batch process, which is fully auto- 
mated, is called reactive low-voltage ion plating (RLVIP) [515]. It allows the depo- 
sition of single- and multilayer oxide coatings [514-534]. Uniformity in thickness 
distribution of _+ 1% over the whole substrate holder of 800 mm diameter can be 
achieved by the use of a static correction shield. The BAP 800 can be tooled for both 
reactive ion plating and conventional reactive evaporation allowing alternating proc- 
esses without requiring any changes in the plant. 
Another ion plating technology is based on the use of the advanced plasma source 
APS from LEYBOLD. This is a newly developed high power plasma source with 
special features [535-540, 543]. The principle of the plasma and ion supported film 
deposition with the APS is shown in Fig. 87c. The plasma source, which is based on 
a large area of LaB6 cathode, a cylindrical anode tube and a solenoid magnet, is 
located in the centre of the chamber bottom next to the electron beam evaporators. 
The cylindrical LaB6 cathode is indirectly heated by a graphite filament heater. Adc  
voltage between anode and cathode creates a glow discharge plasma with a hot 
electron emitter, supplied with a noble gas such as argon. Due to the magnetic field 
the electrons are extracted into the direction of the substrate holder. The reactive 
gases are introduced through a ring shower located on the top of the anode tube and 
become activated and ionized. Since the dense plasma spreads in the total volume 
between the plasma source and the substrate holder, the evaporant also becomes 
partly ionized. 
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In addition to improved chemical reactions typical for IAD, ion plating takes 
place because of a negative self-biasing potential on the substrates and on the cham- 
ber walls. The self biasing potential which can be higher than 100 V, is mainly de- 
pendent on the discharge voltage, on the magnetic field strength of the solenoid and 
on the argon pressure. 

Since the plasma process is completely separated from the evaporation source, 
plasma IAD and plating is compatible with any evaporation material like suboxides, 
oxides, metals and semiconductors, etc. [539, 540]. 
The APS is designed for plasma powers up to 8 kW. A total ion current up to 5A 
with excellent unifomity over a large substrate holder has been achieved. An APS 
production plant is shown in Fig. 87d. As with RLVIP also with APS ion plating 
very dense, well adherent and smooth films with excellent stability on wet atmos- 
phere are obtained. The APS coating technology is in contrast to RLVIP also useful 
for the production of high quality coatings on organic substrates. 

6.2.1.5.4.2 ADVANTAGES OF ION PLATING 

Five advantages should be mentioned here: 
a) extremely good adhesion between film and substrate; 
b) high density of the film (often the same density or even higher as that of 

the bulk material; 
c) relatively uniform coating of substrates of complicated shape; 
d) a high coating rate, especially when using electron guns; 
e) substrate heating accompanying the coating process. 
Ion plating opens up fields of application for the evaporation technique previ- 

ously only possible with sputtering, without having to forfeit the advantage of high 
rates of condensation. 

As with sputtering, ion cleaning of the substrate can be undertaken. Generally, 
the high energy of the ions influences the film properties positively. Ion plating 
offers more opportunities than the sputtering technique as regards ion yield and ion 
energy. The question now arises of what explanation can be given for the excellent 
quality of ion plated films and the advantages of their production? 

A clean surface is frequently a prerequisite for good adhesion. Improve- 
ment in adhesion occurs if the film material can penetrate the surface of 
the substrate material, e.g. by diffusion or other mechanisms. If diffusion 
is possible between film and substrate material, this is favoured by in- 
creased substrate temperature. In a similar way, imperfections of a crystal 
have the effect of lattice vacancies in areas near the surface of the sub- 
strate. The formation of intermediary films with limited thickness and 
continuous change in the chemical composition has, for example, a coun- 
terbalancing effect on varying coefficients of expansion and therefore re- 
duces undesired mechanical stresses thus arising. Bombardment with ions 
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and high-energy neutral particles causes sputtering of surface films and 
film material. With reduced sputter rate, this sputter cleaning usually takes 
place during the whole film formation Because of this continuous bom- 
bardment of the growing film, particularly during the initial phase of film 
formation, the partial re-sputtering of film material, in addition to sput- 
tering of substrate material and the back scattering resulting from collision 
processes in the gas phase in front of the substrate, cause a physical inter- 
mixing of substrate and film material (pseudo-diffusion). The limited in- 
termediary film thus formed favours the adhesion and other film proper- 
ties [366]. Also, implantation effects of the high-energy film material par- 
ticles can have a positive effect on the adhesion of the growing film. Im- 
plantation depths of 20 - 50/~ [367] have been observed, which apparently 
lead to increased anchoring of the film. The mechanisms mentioned im- 
prove the adhesion mainly in the case of thick films particularly. 

b) 

c) 

Regarding the density of the films, it should be mentioned that continuous 
bombardment of the growing film with high-energy charged or neutral at- 
oms or molecules can cause changes in the film structure and result in 
density values near those of the compact material. This result is obtained 
both when bombarding the films with ions of the same type [368, 369, 
370] as well as with inert gas ions [368, 369, 371]. During film growth, 
partial sputtering especially of the loosely adhering film material affects 
the crystal growth and hence influences the structural formation and the 
topography of the surface of the film. The reason for the frequent forma- 
tion of a prismatic columnar structure during evaporation generally results 
mainly from geometric shadowing effects once a rough surface has 
formed, e.g. due to a more rapid growth of a few crystals in crystal- 
lographically preferred directions in the initial stages of film formation 

As a consequence of particle bombardment during film growth in ion 
plating, the surface diffusion may be increased, the nucleation conditions 
are changed and also geometric projecting regions, such as tips, are pref- 
erentially sputtered. The atoms sputtered forward fill the topographic val- 
leys and the atoms firstly sputtered away from the rough surface return 
partially as a result of gas scattering and ionization processes and thus 
make the film surface smooth [372]. These microstructural modifications 
are shown in Fig. 88. In this manner, often instead of the normal prismatic 
growth a very densely packed spiky structure of a fine-grained crystalline, 
practically isotropic film micro-structure and a relatively smooth surface 
are obtained [368, 370, 373]. 
Frequently, with ion plating, especially with higher working gas pressures, 
an enveloping good adhering film forms. 

Two effects mainly contribute to this power. The first, rather weaker, 
effect is based on the fact that a portion of the film material vapour is 
ionized. The vapour ions formed follow the electric field lines which end 
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on all sides of the substrate applied to high voltage so that the front, side 
and rear parts and also (not too narrow) borings are coated. However, the 
literature shows that the ionization degree of many plasmas is very low 
with values between 0.1% to 2% [374, 375, 376, 377]. The second, much 
stronger effect is therefore the scattering in the gas space. The high-energy 
particles do lose energy during collisions, but different from the low- 
energy vapour atoms in the other PVD methods, they retain sufficient en- 
ergy in order to form very good adhering, dense and enveloping films. 
There are, as yet, very few published investigations regarding the subject 
of parameters for a uniform enveloping coating. Regarding gold coating, 
we refer to the work of Chambers and Carmichael [378]. Generally, the 
uniformity of the coating increases with rising gas pressure in the dis- 
charge and decreasing evaporation rate. 

~ ""~l sputtered 

Re-sputtering Shadowed 

Fig. 88 
Microstructural modifications obtained by ion bombardment during film growth. 

d) Four main evaporation methods are found in the literature regarding ion 
plating: 

evaporation of the material from resistance-heated crucibles or boats; 
evaporation by electron beam guns; evaporation by inductive heating; 
and evaporation by high-current, low-voltage electrical vacuum arc 
discharge. Arc evaporation apparently produces the largest number of 
ions in the vapour of all mentioned methods [373]. If high evaporation 
rates and less splashes are required, the electron gun is currently the 
most favourable technical evaporator. 

The energy transferred during ion bombardment is mostly transformed 
into heat and can be used for heating up the substrate. In many cases, a 
substrate temperature is required up to about 300~ because this results in 
desorption processes of interfering gases and in an increase of the chemi- 
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cal reaction ability in the case of reactive coating, and generally better de- 
veloped, dense, crystalline films are formed. If substrate heating is unde- 
sirable, ion energy and ion density must be lowered and highly effective 
water-cooling is required. Also in this case excellent film quality is ob- 
tained. 

6.2.1.5.4.3 APPLICATIONS OF ION PLATING 

A main use of ion plating is to coat steel and other metals and alloys with special 
films, such as for tribological applications and with extremely hard films and film 
combinations, to increase surface hardness and life time of various tools, but also to 
create a durable decorative effect on metal parts. 

By using eigher reactive low-voltage ion plating RLVIP, the advanced plasma 
source APS-ion plating or a high frequency hf-ion plating variant insulators can also 
be coated. SiO2, TiO2, A1203, ZrO2 and Ta205 and other oxide films have been de- 
posited by various reactive ion plating techniques onto glass substrates, CR 39, 
polycarbonate and other plastics e.g. [379, 380, 543]. 

In other investigations, ion beams (Ar, 02) from external ion sources accelerated 
to higher kinetic particle engergy directed to the substrate surface have been applied 
prior to and during deposition of films, for example BK7 glass with Ag, Cu and Au 
and also MgF2-films. ThFdAIF3 - and ZnS/MgF2 - multilayers have been deposited 
at 50~ substrate temperature with success as regards low film stress, good adhesion 
and abrasion resistance [381]. One problem associated with this technique is con- 
nected with the possible change in material composition due to sputtering, forming 
an altered layer integrated into the film structure as deposition proceeds. This 
change in stoichiometry might explain the residual small absorption observed for 
some materials, such as e.g. TiO2/SiO2 and ThF4/A1F3 multilayers deposited under 
ion bombardment. Today lower energetic ion beams, often below 100eV are pre- 
ferred in this technique. The interaction of low-energy ion beams with surfaces and 
films has been reviewed by several authors e.g. [385, 544, 545]. In glow-discharge 
ion plating, the substrate surface is bombarded prior to and during deposition. Uni- 
form etching and structural changes of the surface of, mainly, plastics such as CR 39 
by the ion bombardment were revealed by electron spectroscopy for chemical analy- 
sis and transmission electron microscopy. Ion-plated silicon oxide films formed on 
such a modified surface showed clearly better adhesion than vacuum evaporated 
films, however, excessive ion bombardment degraded the adhesion quality of the 
films by too strong degrading of the plastic surface. Depth profiling by Auger elec- 
tron spectroscopy of properly deposited films showed that the intermixing (pseudo- 
diffusion) layer, which seems to improve film adhesion, is formed by the ion plating 
[382]. Ion plating onto plastic-foil substrates of polyethylene terephthalate (ICI 
Melinex) was demonstrated to give considerable advantages. These are that adhe- 
sion is increased and film properties are obtained which would normally require 
higher temperatures than the substrate can with-stand. In order to coat large areas of 
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sheet plastic, it is necessary to achieve high deposition rates without creating high 
substrate temperatures. This is done commercially by pulling the sheet substrate 
tightly over a very smooth cooled drum and transferring the plastic from an initial 
roll to a final roll over this rotating drum. Conventional resistance-heated sources 
are generally used, though induction and electron beam heating have also been ap- 
plied. 

Simple diode-type sputtering results in damage to the plastic from both heat and 
electron bombardment. This can, however, be avoided if a planar magnetron source 
is used [383]. Figure 89a and b show an apparatus which allows plastic foils passing 
over a rotating drum to be subjected to a high-frequency discharge either before, or 
simultaneously with, the deposition of material from a planar magnetron source. The 
material may be deposited directly from the source, or reactive processes may be 
used with carefully chosen reactive gas inlet points. The high-frequency power is 
applied to the roll, which is isolated. The storage rolls and the drum are mounted 
within a high-frequency cage. The motor drive shafts are also insulated and only the 
surface of the drum, over which the plastic foil is rolled, is exposed to the coating 
chamber. The rest of the plant is protected by a closely spaced earth shield, as can be 
seen in Fig. 89a. In this ion plating unit, plastic substrates were continuously coated 
with In90Sn~0oxide. A precisely controlled sputtering rate of the metal alloy and an 
exactly determined mass flow rate of oxygen into the system enables the production 
of films which are 90%-transmissive highly transparent and have about 400 ~ cm 2 
electrical conductivity [383,384]. The introduction of the high-frequency bias to the 
substrate enhanced the reaction process considerably. 

Fig. 89 a 
Schematic representaton of the roll-to-roll coating aparatus detail and vacuum system showing the 
magnetron source in position. 1 - motor, 2 - main drum, 3 - wind-on roll, 4 - wind-off roll, 
5 = pinch rolls, 6 = watercooled rf electrode [383]. 
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89 

The roll-to-roll coating apparatus with open chamber [383]. 

It can be concluded that the high degree of ion plating variants which exist in in- 
strumental set-ups and evaporation media are responsible for the many new terms 
that have been generated to designate a particular system more specifically. 

The different versions in existence may be classified according to Spalvins [386] 
as to the media, evaporation source and mode of transport into two categories: 

low vacuum ion plating 
(self-sustained glow discharge plasma) 
resistance evaporation 
electron-beam evaporation 
induction evaporation 
sputtering 
reactive evaporation and 

high-vacuum ion plating 
(ion beams) 
single ion beams 
dual ion beams 
ionized cluster beam. 

The extensive variation in the instrumental set-ups and requirements has pre- 
cluded the manufacture of a standard ion-plating unit in volume production. Each 
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laboratory or industrial operation uses its own unit construction with its own spe- 
cialized instrumental features to best meet its requirements. 

In order to bring ion plating from the laboratory into industrial production, great 
efforts were and are still necessary for optimizing equipment and parameters. In this 
respect, 

special installations 
economic process parameters and 
basic knowledge of correct operation of the installations are significant pre 
requisites for wider employment of this relatively new technology of thin film 
production. 

For further information, the proceedings of the Plasma Surface Enginnering Con- 
ference (PSE) as well as those of the Annual Technical Conferences of the Society 
of Vacuum Coaters (SVC) and of the International Conferences Coatings on Glass 
(ICCG) are recommended. 

6.2.1.5.5 REACTIVE DEPOSITION PROCESSES 

6.2.1.5.5.1 GENERAL CONSIDERATIONS 

Mixtures of elements which have large differences in vapour pressure but which 
form vapour species which are the same as, or a multiple of, the mixture formula of 
the initial material, can produce satisfactory multi-element depositions by evapora- 
tion from a single source. Unfortunately, however, a great number of combinations 
of elements do not fulfil the above criterion. 

The ionic bombardment in sputtering of chemical compound targets often pro- 
duces a vapour which is dissociated, where the highly volatile and reactive compo- 
nents, such as oxygen, disappear rapidly and the compound films deposited are 
therefore often non-stoichiometric in composition. Thus, for instance, direct evapo- 
ration as well as direct sputtering of A1203 results in oxygen deficient films [387]. 
To overcome this difficulty, Auw~irter [250] and Brinsmaid [251 ] suggested that the 
deposition be carried out in the presence of a partial pressure of oxygen or generally, 
depending on the compound processed, of some other desired reactive gases. 

Reactive deposition has developed into a powerful technology over the last 30 
years. It is historically interesting to note that in early studies, Soddy [388] found in 
1907 that calcium vapour is highly reactive to most gases and that Langmuir [389] 
in 1913 investigated the formation of tungsten nitride by vapour-phase reaction of 
the elements. 

The factors responsible for the efficiency of a reaction are numerous and very 
complex. They include at least the chemical nature of the reacting species, the sta- 
bility of the reaction gas or compound species, the free energy of formation of the 
compound, its dissociation pressure and dissociation temperature, the substrate tem- 
perature, condensation behaviour of the reactants on the substrate, sometimes influ- 
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enced by the substrate temperature and the partial pressure of the reactants, and so 
o n .  

The reaction probability on collision between the reactants can be enhanced by 
activating one or even both [250, 390, 391 ]. This means that it is an advantage both 
for the occurrence and also for the yield of a reaction when the reactants are ionized, 
dissociated or in electronically excited states. 

Activation can be performed by uv radiation, electron impact, substrate heating, 
or all together in the presence of a gas discharge plasma. Plasma-assisted reactive 
evaporation is therefore a very effective technology, along with reactive sputtering 
and reactive ion plating. The use of plasmas brings these and other quite different 
and independent coating technologies closer together [200, 446]. 

Concerning the reaction site, we can state that a reaction between gases and the 
vapour species may occur at one or more of three possible sites: 

on the substrate or film surface, 
in the vapour phase, or 
on the evaporant or target surface. 

Generally special conditions and arrangements are used which aim at avoiding reac- 
tions at the vapour source surface because these may lower the evaporation and the 
sputter rate and can cause contamination, for example by formed volatile source 
material compounds. In most cases, the reaction takes place mainly on the substrate 
surface. Gas-phase reactions only tend to come into action at higher gas pressures to 
a given degree, depending on further conditions. 

With all reactive depositions, it is a prior condition to have an adequate supply of 
reactants which can undergo collisions and react following the chemical reaction to 
form the desired compound film. There have been numerous theoretical treatments 
and reviews of reactive evaporation [390-397] of reactive sputtering [398-415] and 
to a smaller extent of reactive ion plating [416-422]. 

6.2.1.5.5.2 REACTIVE EVAPORATION 

For the deposition of a stoichiometric oxide film by reactive evaporation, a rela- 
tively high 02 partial pressure and a slow metal-atom condensation rate are required, 
so that completely oxidized metal-oxide films can be formed. The partial pressure of 
the reactive gas component is usually few 10 -4 mbar. The significant technology of 
reactive evaporation [250] is applied in all cases where direct evaporation of a chemi- 
cal compound is not possible because of thermal dissociation or too low a vapour 
pressure. In practice, oxide films are usually produced using sub-oxides or metallic 
starting materials. However, basically it is also possible to produce sulphides and 
nitrides or other compounds in this manner. 

When evaporating under reactive conditions, care must be taken that the gas com- 
ponents consumed during the chemical reaction are continuously replenished. This is 
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frequently carried out through a gas inlet valve controlled using the pressure measured 
in the chamber. The average mean free path at 10 -4 torr is still only 50 cm, which is 
somewhat more than the distance from boat to substrate; reactions from collision in 
the gas space between gas molecules and metal atoms are only possible to a small 
percentage, although the collision probability is often more than 50 %. The reaction 
takes place to a far greater extent on the substrate surface which is exposed to the 
incident metal atoms and gas molecules. 

Therefore formation of a metal-oxide film by reactive evaporation takes place in 
the following stages: 

1) The substrate surface is exposed to the metal vapour atoms and gas molecules 
which impinge at a certain rate. 

dN ,, Me - NL r , v , e  d' 
A dt M Me 
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= surface of the substrate (cm2) 
= Loschmidt number 
= density of the metal film (g cm 3) 
(or Mo2) = molar mass of the metal (or O2) (g mol 1) 
= condensation rate of the metal (cm s l )  
= gas temperature in Kelvin 
= partial pressure of 02 in torr 

(97) 

2) A portion of these atoms and molecules is adsorbed on the substrate surfaces, 
and another portion is either reflected or, after a short dwell on the surface, 
again desorbed. The ratio of the actually adsorbed quantity to the number of 
incident particles is given by the condensation coefficient c~. 

There are two processes responsible for the fact that a portion of the in- 
cident atoms and molecules leave the surface again. An incident particle can 
rebound immediately if its translational energy is not absorbed by the sub- 
strate upon incidence. Fast desorption takes place if either a very small ad- 
sorption energy exists or the substrate has a high temperature. 

The adsorption of oxygen by most metals is, however, strong and even if 
the adsorption energies are considerably reduced because the metal surface 
is, for example, already partially oxidized, the relevant dwell time of the ad- 
sorbed oxygen is usually longer than the rate of growth of the film to be 
evaporated if the surface temperature is not too high. 

It can therefore be concluded that a condensation coefficient smaller 
than 1 usually indicates deficient energy accommodation. Quantitative 
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measurements of the accommodation coefficients of gases on solid surfaces 
have seldom been carried out. 

The condensation coefficients of metal vapours are frequently near to 
unity: large rates of incidence are chosen in the vacuum evaporation, so that 
they correspond to pressures which are much larger than the equilibrium 
pressures at the usual substrate temperatures. 

3) In the adsorbed phase, in which the particles are mobile because of surface 
diffusion, the chemical reaction of the metal-oxide formation takes place via 
dissociative chemisorption of the oxygen. This means that, since the reac- 
tion takes place in the adsorption phase and the various reaction partners 
can have different condensation coefficients, the ratio of the rates of inci- 
dence is a necessary but not adequate criterion. According to Ritter [293, 
298], the chemisorption rate of oxygen is the critical step for the completion 
of the reaction: 

d d No2 a(1-8) 2 - E 
( N~ )ads = ( )incid O" exp (98) 

dt dt a -O (RT) 

0 = degree of coverage with oxygen 
a = number of nearest neighbours of a surface site 

= condensation coefficient of the 02 molecules 
E = activation energy 

During simultaneous condensation with oxygen, a condensation coefficient of 
unity is found for the incident metal Me or a metal suboxide MeO particle. Conse- 
quently, the O:Me ratio in the film is: 

(d No2 ) ads d a(1-0) 2 - E 
(NMe ~ = 2( NO2 )inc O" exp and (99) N o ) film = 2 (d N M e  ) inc d N Me a - 8 (RT) 

(d No2 ) ads d No2 a(1 -0)  2 - E 
(N Me + 1 -- 2 ( ) inc O" exp + 1 (100) N o ) film = 2 (d N MeO ) inc d N MeO a - 0 (R-T) 

Results from experiments on reactive evaporation by Ritter [424] and Pulker 
[425] on Si [425] and SiO [424], are shown in Fig. 90. Ritter [293,298] considered 
the degree of oxidation of the films No/Nsi, as determined by chemical microanaly- 
sis, compared with the ratio of the number of incident 02 molecules and the con- 
densing, vapour species Si (x) or SiO (o) respectively. 

With the aid of eqns. (99) and (100), graphs were calculated, also included in 
Fig. 90, which show a functional relationship between the degree of oxidation and 
the ratio of the rates of incidence. The degree of oxidation of the films was inserted 
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to calculate the degree of coverage with oxygen 0, where two oxygen atoms per Si 
atom were assigned a 0 value of 1 (corresponding to the maximum oxidation stage 
SiO:) and pure SiO films were treated as Si films with 0 = 0.5. The number (a) of 
nearest neighbours was taken as four in each case. 
The product 6 exp (-E/RT) was ascertained by calculation from the experimental 
data. A value of 0.6 in the case of Si and 0.2 for SiO fired the experiments best. An 
analysis of the product c exp (-E/RT) showed that for both reactions the activation 
energy is smaller than 1 kcal mol l .  A value as low as 1 kcal mol l was found also 
for the formation of A1203 films with reactive evaporation of AI. 
However, a different definition was used for c [426]. This agrees well with the fact 
that the chemisorption of oxygen on metals usually takes place with only small acti- 
vation energy [423,427]. The temperature dependence also supports this fact. A 
decrease of the reaction was observed with increasing temperature of the substrate 
surface. Ritter [293,298] explains this observation with a reduction of the conden- 
sation coefficient c of oxygen. 

Fig. 90 
Dependence of the degree of oxidation of Si (x) and SiO (o) condensates on the ratio of the simul- 
taneously incident 02 molecules on the substrate surface to the Si atoms and SiO melecules. The 
graphs were calculated by the use of the equations (99) and (100), [293,298]. 



285 

More recent investigations have shown that reactive evaporations performed 
under usual conditions but with partial ionization of the reactive gas enhance the 
chemical reaction [390, 428]. It can be concluded from this observation that a fur- 
ther lowering (decrease) of the activation energy is of advantage for complete oxi- 
dation. From Fig. 90, it follows that for a specific chemical reaction during evapora- 
tion, the ratio of the number of wall collisions of oxygen molecules to the number of 
condensing film material atoms should be kept as high as possible. However, there 
are limits imposed here by consideration of, for example, film hardness. During the 
reactive evaporation of TiO and condensation of its vapour on hot glass substrates at 
300~ the hardness and the refractive index of the TiO2 films formed decrease if the 
02 pressure of 10 4 is increased to 10 -3 torr [293,298]. Referring to Fig. 91, it seems 
that the film components lose too much energy with the increasing frequency of 
collisions in the gas space at high pressures and hence cannot form a compact film. 

2,6 

2,5 

2,3 

2 , 2  

Fig. 91 
Dependence of the refractive index of TiO2 Films on the oxygen gas pressure during evaporation 
[293,298]. 

Summarizing, it can be stated that the oxide film formation with reactive evapo- 
ration is influenced by 

the rate of incidence of the metal atoms or sub-oxide molecules respectively, 
and the oxygen molecules, 
the condensation coefficients of the relevant reaction partners and the substrate 
temperature. 

In film deposition practice, the need thus arises to select all parameters for the 
relevant process so that the film obtained fulfils the demands upon it in the best 
possible way. 
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Fig. 93 

Absorpt ion index k (X=514 nm) versus substrate temperature; starting material Ti203, fi lm thick- 
ness 400 nm, oxygen pressure 1.10 -4 mbar, deposition rate 0.5 nm. sec -~ [396]. 

seen in Figs. 92 and 93 [395, 396]. It was found that under these conditions negative 
oxygen ions produced the best oxidizing effect [395]. They were therefore used to 
produce all the films. 

The oxygen ions can be produced by different ion sources, which are shown in 
Figs. 94a- 94c. In the case described here, the Ebert source was used. The ions were 
generated in a glow discharge burning between a hollow cathode and the evapora- 
tion source as well as the walls of the coating chamber. The oxygen pressure in the 
coating chamber was 1 - 5xl 0 -4 mbar, that in the discharge tube about 2 mbar. The 
current density at the orifice of the ion outlet nozzle is about 100 A cm 2 and the 
degree of ionization of the oxygen is about 6 % for 400 mA discharge current. The 
arrangement used and the results obtained with different types of oxygen are shown 
in Figs. 95 and 96. At lower substrate temperatures, Ti203 is a better starting mate- 
rial than TiO because a higher evaporation rate is possible and the film refractive 
index is higher. At elevated substrate temperatures, there is a strong increase in the 
absorption as can be seen in Figs. 92 and 93. In this case, TiO is the preferred start- 
ing material because of the smaller absorption in the obtained TiO2 deposit. 
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Fig. 94 c 
Ebert- Source [395, 396]. 
Hollow cathode discharge tube for the ionization of the reaction gas. The discharge current 
is 400 mA and the corresponding current density at the out-let is 100 A.cm 2. The amount 
of ions is about 6%. 

The measured refractive indices of differently prepared TiO2 films as a function 
of wavelength are shown in Fig. 97 [395]. As can be seen, the dispersion curves of 
TiO2 deposited from the two different starting materials are nearly identical at high 
substrate temperatures. The difference with unheated glass substrates seems to be 
caused by the partially changed evaporation conditions, higher 02 pressure and 
slower deposition rate for the TiO starting material as compared with Ti203. These 
parameters have a great influence on film properties, especially at lower substrate 
temperature. The data agree well with those obtained by other authors [430]. Meas- 
ured absorption coefficient values for other oxide films are shown in Fig. 98 [396]. 
Comparable results have also been obtained in a similar arrangement with the 
Balzers source [429]. Substantial higher densities and refractive indices as well as 
lower optical losses of evaporated oxide films were obtained by Macleod et al. [475] 
when bombarding the growing film with ions. This also results in an improvement in 
the resistivity against water vapour sorption of single films and multilayers on at- 
mosphere. 
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Fig. 95 
Schematic representation of the arrangement for reactive evaporation with ionized oxygen [395]. 

Fig. 96 
The absorption at 514 nm of TiO3 films of 400 nm thickness for different types of oxygen. The 
starting material was Ti203 [395]. 

Other compound films especially nitrides or carbides can be fabricated with high 
rates by a special activated reactive evaporation technique, ARE, developed by Bun- 
shah, see [391 ], in which the evaporant vapour species and the reaction gas are ion- 
ized or activated by impact of secondary electrons. 

6.2.1.5.5.4 REACTIVE SPUTTERING 

With reactive sputtering, one has to distinguish between a compound film syn- 
thesis under the action of a diluted reactive gas atmosphere starting from pure metal, 
alloy or multi-element targets on the one hand, and the making up for the lost con- 
stituent when using compound targets on the other. The main difference is found in 
the dependence of the deposition rate on the partial pressure of the reactive gas. 
Generally the reactive gas component, which can be for example 02, H20 for the 
formation of oxides, N2, NH3 for nitrides, 02 + N2 for oxynitrides, H2S for sulphides 
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C2H2, CH4 or other hydrocarbons for carbides and HF or CF4 for fluorides, is added 
to the sputtergas- mainly Ar-  in small amounts, between 10 5 and 10 4 mbar. In all 
gas discharge sputter arrangements, the added gas is in the activated states and there- 
fore highly reactive. 

Reactions in the gas phase, ignored in reactive evaporation, are here also gener- 
ally negligible; the heat of reaction liberated cannot be dissipated in a two-body 
collision. Conservation of momentum and energy lead to heterogeneous reactions on 
the substrate surface but are unfortunately also possible on the target surface [398]. 

When the sputtering rate is high and the amount of reactive gas is low, it is very 
likely that the compound formation occurs on the substrate, and thus the stoichi- 
ometry of the film depends on the relative impingement rates of metal vapour spe- 
cies and reactive gas at the substrate. Where only one compound exists between the 
target material and the reactive gas, reactive sputtering is a straightforward process 
provided sufficient reactive gas is present to from the compound. However, more 
compounds can often be formed depending on the conditions prevailing during 
sputtering. If, however, the reactive gas partial pressure is increased and/or the metal 
sputtering rate is decreased, it may suddenly happen that the rate of compound for- 
mation on the target exceeds the removal rate of compounds. The rate decrease by 
increasing reactive gas concentration has three possible causes [403]: 

Formation of compounds on the target, which then have lower sputtering rates 
than the metal: 

The compounds formed often have higher secondary electron emission than met- 
als, so that more of the energy transferred by the ions is used to produce and to ac- 
celerate secondary electrons. The increased secondary electron emission, in the case 
of constant-current power supplies, automatically decreases the cathode voltage for a 
fixed power setting. It is therefore -better to maintain a constant voltage. In this case 
the abrupt rate decrease becomes more smoothed out. 

A further reason is less efficient sputtering by reactive gas ions than by inert 
ions. A comparison with compound targets has shown that these targets show a 
much more gradual decrease in sputtering rate with increasing partial pressure of the 
reactive gas, and this seems mainly to be related to the less efficient sputtering ion 
concentration. 

Most of the problems can be eliminated by the use of the Twin Magnetron bipo- 
lar sputtering technology mentioned already in 6.2.1.5.3.11. There exists, however, 
also another interesting technical solution: alternating dc magnetron sputtering of 
two or three monolayers of metal film and subsequent oxidation in a separate reac- 
tive plasma zone [551]. A highly intense reactive plasma is present in a long narrow 
zone isolated physically from the metal deposition zone by a region of relatively low 
pressure. A reactive ion source with a high-intensity ion flux generates an intense 
reactive plasma of highly energetic oxygen adjacent to the periphery of the sub- 
strate, keeping the time required of the reaction very short. As a further advantage of 
this technique, compounds can be formed using a less reactive gas than oxygen such 
as nitrogen, to form metal nitrides or other compound films. The process seems to 
overcome all disadvantages of earlier forms of reactive sputtering. The use of multi- 
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pie stations affords a further advantage with a considerable increase in deposition 
speed. The possible film deposition rates are comparable with the deposition rates in 
reactive evaporation. The elimination of the prior requirement for tight baffling al- 
lows for the coating of curved substrates. It is, however, impossible to coat larger 
fiat surfaces. 

Reactive sputtering has shown itself to be a very versatile technique capable of 
straightforward synthesis of broad classes of materials [410, 412, 432-440, 477- 
479]. Reactive sputtering allows precise control of coating structure and composi- 
tion, leading to rapid property optimization and, in many cases, coating perform- 
ances better than those previously achieved with conventional evaporative tech- 
niques. New materials with complex compositions not synthesizable by traditional 
approaches can also be made by reactive sputtering, which provides further route to 
improve coating performance [410]. 

Besides gas discharges also ion beams produced in ion guns can be applied in re- 
active sputtering. Reactive ion beam sputtering is used to deposit oxide films for 
optical applications. With this technique a beam of z 1000 eV positive ions of an 
argon oxygen gas mixture, neutralized by the equal number of electrons, bombards a 
target (metal or oxide), and the sputtered particles form deposited film of, for in- 
stance, SiO2, TiO2 or Ta205 [476]. The ion current density in the process is typically 
1 to 1.5 mA cm 2. The obtained films are stoichiometric, mechanically stable, very 
dense and excellent adherent. Additionally a second ion beam at lower energy can 
be applied for predisposition treatment (sputter cleaning) and simultaneously for 
mechanical film stress modification. 

6.2.1.5.5.5 REACTIVE ION PLATING 

Reactive ion plating is a process for obtaining a chemical compound film, mainly 
by direct synthesis from the elements, e.g. Ti + 02 --~ TiO2 or 2Ti + N2 ~ 2TIN. As 
with reactive sputtering, the less reactive gases can also be activated so that nitride, 
carbide, boride and mixed compound films can be produced. This is done in the 
classical process by burning a gas discharge in either a mixture of noble gas and 
reactive gas or in a reactive gas alone, and by depositing an evaporated or sputtered 
vapour species in the presence of the discharge onto negatively biased substrates 
[368, 441]. 

In all plasma-assisted processes, the chemical reactions in the plasma region are 
normally very complicated, but this complexity is considerably reduced with single 
atomic coating material species and elementar reactive gases. Depending on the 
conditions in the discharge, many atoms and molecules are electronically excited 
and only a few are ionized. In any atom, a set of quantum mechanical energy levels 
corresponding to a set of electronic states [442] exists. In any molecule [443], each 
energy level consists of rotational and vibrational energy in addition to electronic 
energy. 
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These excited states of atoms and molecules can easily be detected and recorded 
using an optical spectroscope [444]. An analytical treatment of such spectra allows 
to detect the various chemical reactions in the discharge and can often help in opti- 
mizing the reaction conditions. Compared with reactive sputtering, classical reactive 
ion plating is generally a very fast process and results in deposits of excellent qual- 
ity. With the recent process variants, it has also become possible to coat tempera- 
ture-sensitive substrates because the energy, activation and dosage of the bombard- 
ing ions can be accurately adjusted and controlled, and can be kept very low. 

Examining the newer literature, it becomes difficult to define reactive ion plating 
since each of the variants of ion- or plasma-assisted processes can principally be 
modified and so transformed into an ion plating process simply by negatively bias- 
ing the substrates. Alternatively, it becomes possible in other ways using special 
techniques to accelerate the condensing vapour species in the direction of the sub- 
strates. 

A still increasing number of reactive process variants is under development. 
From the various possible reactive gas processes, the most frequently used ones are 
listed in Table 14, [445]. In many cases it will be necessary to develop both system 
and process to accomplish a given task. It is therefore impossible to give an all- 
purpose system design or to foresee all the problems which may arise. 

6.2.1.5.6 PLASMA POLYMERIZATION 

Plasma-polymerization reactions leading to solid films on solid substrates had al- 
ready been performed by the middle of last century, at the same time as gas dis- 
charge experiments were being undertaken in many laboratories. The significance of 
polymer-forming plasmas such as glow discharges of acetylene, ethylene, styrene, 
benzene, etc., is that a considerable portion of the molecules of the starting material 
leave the plasma phase and deposit as a solid polymer. However, at this time, little 
development in polymerization was done and the process was used more as a labo- 
ratory curiosity. The situation changed rapidly in the late 1940's. Technical applica- 
tions were found. The insulating organic films were first used in the electronics 
industry. A little later polystyrene coatings on Ti foils were used as dielectrics for a 
nuclear battery. Furthermore, from 1970 the process was used also to fabricate opti- 
cal coatings. There are many review articles and books on this topic [446-459]. 
Studying the literature, it becomes obvious that the early emphasis was to obtain a 
product and fundamental considerations received minimal attention. On the other 
hand, we now know that plasma processes leading to desired polymer-film forma- 
tion are rather complex and are therefore difficult to investigate. Plasma polymeri- 
zation can appropriately be defined as a reaction between low molecular-weight 
vapourized organic materials as the result of the action of electrical discharges, to 
produce polymeric coatings on various substrates. 

An unfortunately unsolved problem in plasma polymerisation is the discovery of 
the exact reaction mechanism. Often, even the type of the predominant active spe- 
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cies is unknown. Considering the possibilities essentially, only two types of polym- 
erization mechanisms have been found operable; these are shown schematically in 
Fig. 99 [458]. The first is conventional plasma-induced polymerization. The second 
is plasma-state polymerization. In conventional polymerisation, the conversion of 
the monomer occurs by reactive species which are activated in the gas discharge. 
For the occurrence of this mechanism, the monomer must have a readily polymeri- 
zable structure of typically one or more triple bonds or olefinic double bonds in the 
carbon chain or carbon ring system. The plasma-enhanced reactivity of such bonds 
leads to addition of other monomers forming the polymer. 

zl~-q-tr" 
, - s~l-- 

Fig. 99 
Schematic representation of the mechanism of glow discharge polymerization [458]. 

In contrast with conventional plasma-Induced polymerization, plasma-state po- 
lymerization is an atomic process in which reactive species are generated by the 
action of electron impact and high-energy ion/atom collisions which occur in the 
plasma. For reactive monomer formation in this process the starting gases need not 
be chemically unsaturated multiple bonds containing compounds. As a consequence, 
however, the final molecular structure of the polymer can generally be quite differ- 
ent from that of the original gas. A further difference of this mechanism is that 
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polymer intermediate and gaseous by-products are formed as result of the plasma 
reactions. There is also some uncertainty here, depending on the special conditions 
and probably also on the materials used, what type of reactive species is predomi- 
nant. Free radicals are regarded by some researchers to be the predominant active 
species while others consider cations. Evidence exists to support either point of 
view. The free radical mechanism is supported by the observations of high radical 
populations in the films formed [460-468]. 

An ionic mechanism is supported by evidence relative to an electrical field. It 
could be shown [469-471 ] that a floating electrode receives a very low coating rate 
compared to a power electrode. 

\ \  

/ 

/ 

// 
/ 

/ 
/ 

/ 
/ 

/ 

Fig. 100 
Schematic representation of some typical arrangements of electri discharge used in plasma 
Polymerization [458]. 
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Today plasma polymerization is generally assumed to be a combination of the 
induced and state mechanisms. Clarification of this basic problem is urgently desired 
and would put the entire field on a more predictive basis, which would further serve 
as a basis for evaluating the role of some parameters such as pressure of the mono- 
mer, typically between 10 l and 10 -4 mbar; power level, often between 10 and 300 W 
frequency being generally between 0 (dc) and the microwave range (gigahertz), as 
well as type and amount of carrier gases and reactor design, etc., which should then 
enable optimization of desirable film properties of the polymers. 

It is typical for all polymer deposition by glow-discharge polymerization that the 
film is formed on surfaces which directly contact the glow. Some polymer deposi- 
tion may also occur on surfaces in non-glow regions, but the deposition rate is then 
orders of magnitude smaller. The surface where the polymer film is formed can be 
an electrode surface or a substrate surface suspended in the glow region. It is im- 
portant to mention that plasma polymerization is system-dependent, so that the 
deposition rates are dependent on the ratio of surface to volume of glow discharge. 
Therefore the other operational parameters such as system pressure, flow rate, and 
discharge power are insufficient parameters for a complete description of the proc- 
ess. Many factors influence glow-discharge polymerization in an interrelated man- 
ner, so that a single factor cannot be taken as an independent variable of the polym- 
erization process. Nevertheless, with substrates in proper position, deposition rates 
of 100 nm min ~ or more can be achieved. Figure 100 shows a schematic representa- 
tion according to Yasuda [458] of some typical arrangements of electric discharge, 
flow of starting monomer and carrier gas, as well as the location of polymer deposi- 
tion. In reactor design, internal electrodes are required in the case of low-frequency 
electric power sources. With higher frequencies, however, external electrodes or a 
coil can also be used. Internal electrodes have the advantage that any frequency can 
be used. Under typical conditions, polymer formation occurs mainly on substrates 
placed onto the electrode surface. 

Details of a plasma-reactor coating unit for optical films are presented schemati- 
cally in Fig. 101 [472]. A glass bell jar of 46 cm diameter is used as the reactor. The 
unit is evacuated by a conventional mechanically backed oil diffusion pump. The 
reactor has an active volume of about 80 liters which is formed by an inner stainless 
steel chamber and which keeps the glass bell jar relatively clean and minimizes ra- 
dio-frequency interference. All gauging and pumping ports are supplied with metal 
screens so that a well defined electrical boundary exists. The chamber has inlet 
valves for the monomer vapour and background gases. A 13.56 MHz power supply 
which is capacitively coupled to the cathode disk (0 = 15 cm) through an adjustable 
LC-impedance matching box is used to excite the plasma. To measure film thickness 
and refractive index an optical monitor is applied. Various kinds of plasma- 
polymerized organic films have been deposited and investigated using this or a 
similar type of plasma deposition reactor [472-474]. The types of monomer that can 
be utilized are practically unlimited. It is even possible to produce polymers starting 
with only inorganic materials, for example, from a mixture of CO, H2 and N2. It is 
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quite obvious in this case that from the initial reactant a host of reaction products are 
formed. 

] 
l 3.56 1 and matching 

101 

Plasma-polymerized films have distinctive properties in comparison with conven- 
tional polymer films. The films are fundamentally pinhole free, uniform, usually 
highly crosslinked and generally strongly adhesive to substrates although sometimes 
also lack of adhesion was observed. They can be prepared over a wide range of 
thickness. The films are mostly very hydrophobic, unless some source of oxygen or 
nitrogen was present in the reaction mixture. Plasma-polymerized films often ex- 
hibit excellent resistance to chemical attack, but, depending on deposition parame- 
ters, also sometimes exhibit residual chemical activity. This results in an increase in 
the mass of the polymer on exposure to the atmosphere. By producing a large num- 
ber of active sites in plasma treatment, the film surface may be modified to form a 
tough cross linked shell which can act as a barrier to vapour and liquid solvent at- 
tack. 
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CHAPTER 7 

7. FILM THICKNESS 

7.1 GENERAL CONSIDERATIONS 

The thickness of an individual film or of a series of many films represents a 
dimension which figures in practically all equations used to characterize thin films. 
However, when discussing film thickness, definitions are required since there one 
has to distinguish between various types of thickness, such as geometrical thickness, 
mass thickness and optical thickness. The geometrical thickness, often called 
physical thickness, is defined as the step height between the substrate surface and 
the film surface. This step height multiplied by the refractive index of the film is 
termed the optical thickness and is expressed generally in integer multiples of 
fractional parts of a desired wavelength. Finally, the mass thickness is defined as the 
film mass per unit area obtained by weighing. Knowing the density and the optical 
data of a thin film, its mass thickness can be converted into the corresponding 
geometrical as well as optical thickness. However, with ultrathin films ranging 
between a few and several atomic or molecular ,,layers", the concept of a film 
thickness often becomes meaningless, since no closed film may exist as a 
consequence of the possible open microstructure of such minor deposits. Although 
film thickness is a length, the measurement of it, obviously cannot be accomplished 
with conventional methods for length determinations but requires special methods. 
The great efforts made to overcome this problem led to a remarkable number of 
different, often highly sophisticated, film-thickness measuring methods reviewed in 
some articles such as [1-5]. With some of the methods, it is possible to carry out 
measurement during and after film formation other determinations can only be 
undertaken outside the deposition chamber after the film has been produced. Many 
of the methods cannot be employed for all film substances, and there are various 
limits as regards to the range of thickness and measuring accuracy. Furthermore, 
with these methods the film to be measured is often specially prepared or dissolved 
during measurement and therefore becomes useless for additional investigations or 
applications. If only those methods which can be employed during film deposition 
are considered, then the very large number of methods is considerably reduced. In- 
situ measurements, however, are not only desirable, but many basic investigations 
and most industrial applications require precise knowledge of the film thickness at 
any instant to enable termination of the deposition process at the desired optimum 
moment. Apart from a few exceptions in film deposition by PVD methods, only 
optical measuring units and mass determination monitors are used. 
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It is also very important to measure and control the rate of deposition since film 
structure and properties are affected by the rate to some extent. Ratemeters can 
usually be used for all film materials. This is a distinct advantage in multilayer 
deposition of metals and dielectrics. The simultaneous measurement of thickness 
and rate with one and the same measuring principle is certainly of advantage, as is 
having a thickness and rate monitoring system which can be actively integrated in an 
automatic process control. 

Comparison of the various film thickness and deposition rate measuring methods 
available is given in Table 1. In the following, some of the most important methods 
are discussed. 

7.2 METHODS APPLICABLE TO ALL TYPES OF FILMS 

7.2.1 INTERFERENCE METHODS 

Multiple beam interferometry has a high accuracy and also represents the most 
reliable measuring method for the calibration of other techniques. If light falls onto 
an arrangement consisting of a semi-reflecting surface and a fully reflecting surface 
which form an air-wedge, a set of interference lines will be seen. Using a parallel 
beam of monochromatic light at normal incidence, a set of parallel interference lines 
is obtained, whose separation is equivalent to a thickness change of the wedge of 
L/2. These lines are termed fringes of equal thickness. In practice, the sample with 
the film stepheight to be measured is fully silvered over the whole surface area. The 
upper semi transparent mirror is a semi-silvered glass optical fiat. Since the 
interference fringes follow lines of equal wedge thickness, the effect produced is that 
of contouring the surface. The pattern obtained consists of parallel dark lines on a 
bright background, showing a displacement at the position of the film step as can be 
seen in Fig. 1. 

The film thickness t is obtained by measuring the distance L and the 
displacement AL of the lines and by multiplication of the formed quotient with the 
half wavelength of the monochromatic light according to: 

AL d, 
t = (1) 

K 2 

The method is performed using a microscope equipped with a microphotographic 
camera. To produce the monochromatic light, sodium or mercury spectral lamps or a 
He/Ne laser are used. A detailed description of the method is given by Tolansky 
[13,14]. Many technical variants for rapid and reliable measurements have been 
published, see [ 16 and 17]. 
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Two-beam interference microscopes operating according to the principle of the 
Michelson interferometer and accessory devices converting an ordinary microscope 
into a two-beam interferometer are commercially available. In such microscopes, 
collimated monochromatic light is half reflected onto the sample surface and half 
transmitted to an adjustable fiat reference mirror by a beam splitter. The two 
reflected beams recombine in the microscope and the resulting variation in the 
optical path difference of the beams produces parallel interference lines of equal 
thickness which are also displaced at the position of the film step. The lines obtained 
are, however, relatively broad limiting the resolution and the accuracy of such 
measurements by the uncertainty in selecting the line centre. 

An elegant two-beam interference method, based on the action of a special 
double prism, is used in the interference accessory device according to Nomarski 
[18-20]. This device can be inserted in polarizing microscopes in vertical 
illumination. It enables a very rapid thickness determination especially of thicker 
films. 

Fig. 1 
Fringe pattern of a 154 nm thick TiO2 film on 
glass. 
Multiple beam interferometry, ~,=546 nm. 

Fig. 2 
93 nm thick MgF2 film on glass. 

7.2.2 STYLUS METHODS 

In stylus instruments, a diamond needle of very small dimensions (e.g. 13 ~tm in 
tip radius) is used as the arm of an electromechanical pick-up. The position of the 
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pick-up is determined by a slider which is pressed on the area surrounding the 
needle to give the mean zero position. The thickness t of a film is measured by 
traversing the blunt stylus over the edge of the deposit, the thickness being recorded 
on a pen recorder as the difference in level between the film and the substrate. The 
substrate should generally be smooth compared with the thickness of the deposit. To 
ensure this, measurements are often made on a sample specimen deposited on an 
optically fiat substrate, a portion of which is masked off. Build-up of deposit at the 
edge of the step is sometimes revealed. The resolution obtainable is slightly better 
than that of a two-beam interferometer. A typical thickness measurement trace is 
shown in Fig. 2. A well known instrument of this type is the Talystep constructed by 
Rank Taylor-Hobson, England [67a]. The stylus force is adjustable from 1 to 30 mg 
and vertical magnification from 5000 x to 1000'000 x is possible. Magnifications 
along the surface are determined by the speed of traverse of the pick-up. Although 
the measuring unit is mounted on an anti-vibration platform, the high sensitivity of 
the device demands its use on a rigid table standing on a firm floor. 

One of the newer instruments of this type containing a micro computer is the 
Dektak II from Sloan Technology Corp. [67b]. With this device the measuring and 
leveling parameters can be preprogrammed. A single switch then initiates the 
measurements. Vertical movement of the stylus is digitized in real-time and the 
resulting scan is displayed and can be printed by a printer. The computer 
automatically levels the scan and autoranges the profile to best fit a screen. It print 
the scans as displayed or zoom magnify an area of particular interest. A complete 
graphic editor is obtained. Further data manipulation or mass storage of 
measurement results can be performed. The Dektak II includes a calibration standard 
that may be used for periodic verification of calibration. The measurement range is 
between 50 nm and 65000 nm. The vertical resolution is 1 nm; and the tolerable 
maximum sample thickness is about 20 mm. Besides other contacting instruments 
there is a non-contacting surface profiler, the WYKO SP 3000, commercially 
available [67c]. Furthermore atomic force microscopy AFM provides not only 
surface topography but also film thickness. 

7.3 METHODS APPLICABLE TO PVD FILMS 

7.3.1 OPTICAL REFLECTANCE AND TRANSMITTANCE MEASUREMENTS 

In evacuated coating plants, it is usual to mount the parts to be coated on rotating 
work holders permitting the uniform subsequent or simultaneous deposition of 
evaporated, sputtered or ion-plated deposits of any combination of metals or 
dielectric materials. The film thickness on the sample itself or on a test glass can be 
monitored optically by transmitted and/or reflected light using a photometer. Such 
instruments are commercially available with nearly all coating plant manufacturer. 
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X - wavelength of the light used for measurement; 
n = refractive index of the film; 
x - t he  number of reflection and transmission peaks. 

Typical measuring arrangements of such instruments, namely the two-beam 
principle and the mono-beam principle, are shown in Fig. 3a. A special arrangement 
for measuring the thickness of highly reflective coatings on optical elements during 
deposition while coating all substrates equally is shown in Fig. 3b. 

Fig. 3b 
Measuring arrangement of the optical film 
Thickness monitor of HONEYWELL. 

The use of modulated light eliminates interference from daylight and from light 
emitted by evaporation sources or a glow discharge plasma. The instruments can be 
operated usually in the spectral range between 350nm and 2500nm. Monochromatic 
light is produced from a tungsten filament lamp by narrow band interference filters. 
For the intensity detection, a blue and red sensitive photodetector is used. The 
sensitivity of this instrument covers the range of minimum light levels specified for 
anti-reflection coatings on glass surfaces measured in reflection to maximum light 
levels as in the measurement of nearly 100 percent transmittance. The use of two 
photodetectors arranged to detect reflected and transmitted light respectively, 
enables measurement of both intensities in rapid succession. 

Depending on the plant and the application, various test glass changers holding 
up to 150 test glasses are available for transmission and/or reflection measurement. 
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The test glass change is accompl ished by either manual or remote control according 
to which variation of  the test glass changer is fitted. 

/~ / , 
r r  

Fig. 3c 
Reflectance as function of the optical thicknesses nf tf of non-absorbing dielectric films. 
The refractive index of the testglass is ns = 1.5 and nf= 1.4 and 2 respectively 

100, 

90 

6O 
f f l  
e -  

~ 5o 
e-- 

rr 40 
o 
e -  

o 

N 2O 
n,. 

ITransmissi~ \ ] ', 6 = 0 \  ! ,ZnS 
I 

,4.. 1 

Fig. 3d 
Reflectance and transmittance of a dielectric multilayer system as function of the number of the 
alternating deposited ZnS and MgF2 quarterwave layers [8b]. AR and AT are the differences of R 
and T between neighboring extreme values, 6 = phasejumps at the various interfaces. 



328 

Fig. 3e 
Optical thin film measuring instrument LEYBOLD OMS 

The single layers, for example of a dielectric multilayer system, can be measured 
individually each on a separate test glass or all together on a single test glass. 
Typical photometer curves are shown in Figs. 3c and 3d. 

For control of the rate of deposition, a quartz crystal monitor can additionally be 
used. Because of the importance of this method, it will be treated in more details in 
the next section. 

7.3.2 OSCILLATING QUARTZ-CRYSTAL MICROBALANCE 

The deposition of noble metals onto oscillating quartz crystals of the thickness 
shear type, for fine adjustment of their frequency, has already been carried out for 
many years by frequency standard manufacturers. The idea of using the frequency 
decrease by mass deposition to determine the weight of the coating is comparatively 
new. Sauerbrey [35] and Lostis [36] were the first to propose the quartz-crystal 
microbalance. The AT-cut crystal oscillating in a thickness shear mode was found to 
be best suited for this purpose. The thickness xq of an infinite quartz plate is directly 
related to the wavelength ~, of the continuous elastic transverse wave, the phase 
velocity vq of that wave and the frequency vq (i.e. the period xq) of the oscillating 
crystal, as shown in Fig. 4: 

1 1 1 
Xq -- 2 2 (Vq/Vq) = -~Vq/'q 

By introducing the area density mq of the quartz mass and the quartz density pq 

(mq=pqXq), one obtains the exact relation between the relative frequency and the 
relative area mass density of the infinite thickness shear resonator: 

dvq / Vq = - dmq / mq (4) 



329 

/ 
t 

Xq 
? 

Fig.4 
Schematic representation of a quartz crystal oscillating in the 
thickness shear mode (AT- or BT-cut). 

Changing to differences A results in 

AVq ..~ Amq 
= (5 )  

Vq mq 

The fact that eqn. (5) is already an approximation formula was not stated in the 
literature for a long time. 

Sauerbrey substituted the area mass density A mq of an additional quartz wafer 
by the area mass density mf of the deposited foreign material. He made the 
assumption that for small mass changes, the addition of foreign mass can be treated 
as an equivalent mass change of the quartz crystal itself. His relation for the 
frequency change of the loaded crystal is 

A v  _ mf (6) 
V mq 

The restrictions of this formula are as follows: 
it is not mathematically rigorous; 
the elastic properties of the deposited material are different from those of the 
quartz crystal; 
the size of technical quartz crystals is finite; 

Furthermore, the area exposed to deposition, i.e. the area covered by the 
electrodes, is usually different from that of the crystal. 

Nevertheless, this relation is well supported by experimental data [37] up to a 
mass load of mf/mq _< 2%. 

Stockbridge [38] applied a perturbation analysis to the loaded crystal. This 
mathematically rigorous approach predicts the mass versus frequency relation, eqn. 
(6), as the first-order term of the series expansion. However, the method did not find 
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practical use, since the higher-order terms require experimentally measured 
constants. 

pfV f 

Fig. 5 
Compound resonator model Xq is the quartz wafer thickness, Xr 
the film thickness, pqVq is the acoustic impedance for unit cross- 
sectional area of the crysal and pqVf that of the film. 

Miller and Bolef [74] applied a continuous acoustic wave analysis to the compound 
resonator formed by the quartz crystal and the deposited film. As shown in Fig. 5, 
they considered a continuous acoustic wave of frequency v propagating in the form 
of a damped plane wave from the quartz into the deposited film. At the interface, the 
wave is partially reflected and partially transmitted. Provided that the acoustic losses 
in the quartz and thin film are small, one can use the following relation to determine 
the complete set of resonance frequencies v (fundamental and harmonics) for the 
compound resonator: 

ZV pfVf /t'V 
tan ~ - tan ~ (7) 

Vq pqVq 

vf is the mechanical resonance frequency of the deposited film determined by 
vf= vf/2xf, Pf is the density of the film and vf the shear wave velocity in the film. 
Equation (7) shows that the compound resonator frequency v is dependent on the 
factor Ofvf / pqVq, which is the ratio between the shear-mode acoustic impedance of 
the deposit material and that of the quartz. 

Behrndt [75] pointed out that the multiple-period measurement technique may 
have some advantages over the frequency-meter technique. While, for example, the 
frequency shift is non-linear in Sauerbrey's eqn. (6), the period x of the oscillation 
increases linearly with mass loading. 

2 2pf 
Ar - mf - (8) 

Vqpq Vqpq 



331 

With modern digital electronics there is no problem in indicating multiple period 
time instead of frequency. By proper selection of the multiple period measurement 
time, the dependence of thickness on material density can be considered and the film 
thickness can be displayed directly. Equation (8) is valid in the range up to 
mf/mq<l 5%. 

Lu and Lewis [76] proved the excellent performance of Miller and Bolefs 
continuous acoustic wave analysis for mass loads up to mf/mq < 25%. It is easy to 
show that Behrndt's eqn. (8) of the period measurement method and Sauerbrey's eqn. 
(6) of the frequency measurement method are approximations of Miller and Bolefs 
eqn. (7) for small mf/mq values. 

However, with such high mass loads, the mechanical stability of the system 
quartz-crystal deposited thick films decreases. Thus the fact that materials with 
different elastic properties will obey different mass-frequency relations requiring 
correction by the acoustic impedance ratio Z = Zq / Zf, eqn. (5), is of less importance 
practically. 

All the approaches mentioned above have in common the fact that the mass 
sensitivity of the crystal is based on an infinite resonator model. Today monitors 
based on frequency as well as on period measurement technique are commercially 
available. Following the frequency measurement concept, insertion of the frequency 
constant N = VqXq (NAT = 1656 kHz mm) into eqn. (6) yields the well known 
equation (9): 

2 
V 

AV ,~ - q A m f  ~ - C f A m f  (9) 
N p q  

From eqn. (9), it follows that the mass sensitivity Cf of a quartz crystal microbalance 
can be calculated from the general properties of the quartz plate. Calibration was 
performed with various film materials using electromechanical microbalances and 
chemical microanalysis. As can be seen in Table 2, the experimentally found 
sensitivity values Cf ~xp are in very good agreement with calculated values. 

Depositing more material onto the same quartz plate, its sensitivity should 
decrease, since Cf is proportional to the square of the crystal frequency. To 
overcome this difficulty, Behrndt [ 1 c, 77] suggested a correction by replacing Vq in 
eq. (9) with vr where the index c indicates the resonant frequency of the quartz 
crystal with the deposited film mass: 

2 
V c 

AV ~ - Amf ~ - C ' f  Amf (10) Npq 
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TABLE 2 

INITIAL INTEGRAL MASS SENSITIVITY Cf OF OSCILLATING QUARTZ CRYSTALS OF 
DIFFERENT RESONANCE FREQUENCY AND CRYSTAL SHAPE, EXPERIMENTALLY 
DETERMINED AND CALCULATED BY VARIOUS AUTHORS. 

Vq Xq References 
(mm) (Hz cmEg -1 ) 

2.5 MHz, AT-cut p 0,662 0,141 0,98 1966 [38] 
5 th overtone 

5 MHz, AT-cut p 
fundamental mode 

5.5 MHz, AT-cut 
fundamental mode 

6 MHz, AT-cut p 
fundamental mode 

8 MHz, AT-cut p 
fundamental mode 

10 MHz, AT-cut p 
fundamental mode 

14 MHz, AT-cut p 
fundamental mode 

p, pc 
pc 

P 

0,331 0,565 1,003 1966 [86] 
0,985 1967 [87] 
0,967 1971 [75] 
0,979 1975 [88] 

0,301 0,684 0,991 1965 [89] 

0,267 0,815 1,035 1971 [90] 

0,207 1,450 

O, 165 2,265 0,991 1968 [91 ] 
1.010 1969 [921 

0,118 4,437 

p = plane crystal, pc = piano-convex crystal; crystal diameters are between 12 and 17 mm, 
electrode diameters are between 6 and 8 mm. 

The difference between Cf and C'f is easy to calculate. For a mass corresponding to a 
2% shift in starting frequency, the difference in areal density using C'f instead of C, 
is about 4%. For accurate mass determinations, this variable sensitivity has to be 
considered. The quartz crystal monitor can also record the rate of deposition, as 
already mentioned above. Rate measurements are very important especially in 
reactive deposition. The rate is obtained by electronic differentiation of the mass- 
dependent frequency change with respect to time. The slightly varying mass 
sensitivity with increasing mass load need not be considered for rate measurements. 

As regards the instrumentation required to operate a quartz crystal monitor, it is 
common practice to use, in addition to the sensor oscillator, a reference oscillator 
and to generate a difference frequency between the two oscillators. These difference 

frequencies can be measured accurately to within + 1 Hz with digital or analog 
instruments. The effective accuracy of the monitor depends on the stability of the 
electronic circuit, on the temperature coefficient of the crystal used, on the proper 
construction of the quartz sensor head and on a reasonable positioning with respect 
to the hot vapour sources. If a frequency change of 1 Hz - caused by a deposited 
mass alone - could be detected in a 5 MHz quartz crystal monitor, the corresponding 
sensitivity obtained under these ideal conditions would be in the 10 -8 g cm "2 range. 
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In practice, however, the attained sensitivity is in the 10 "7 g cm 2 range. This 
accuracy of quartz-crystal microbalances for mass determination is by far sufficient 
for most requirements in thin-film deposition. Commercially available thickness and 
rate monitors use quartz crystals with a frequency of 5 or 6 MHz. Fig. 6a shows the 
Leybold IC/4 Plus thickness and rate monitor and Fig. 6b shows the various types of 
quartz crystal holders. 

Fig. 6a 
Oscillating quartz crystal film thickness and rate monitor LEYBOLD IC/4 Plus 

The high sensitivity, excellent mechanical stability and the controllable thermal 
influences make the quartz-crystal microbalance a valuable tool. Determinations of 
the physical film thickness, however, may be more of a problem since the density pf 
of a thin film, depending on deposition method, chosen parameters and film 
thickness, is generally different from the density of the bulk material being 
considered. At film thicknesses below 100 nm, the density discrepancy is greater 
than with thicker films. This seems to be valid for metals as well as for dielectrics. It 
is, however, usually possible to reproduce the film density. For the deposition 
process, this demonstrates that the chosen vacuum and deposition parameters must 
be carefully controlled and maintained exactly to always attain the same film 
density. In its manner and after calibration, the geometrical film thickness can be 
exactly reproduced by quartz-crystal monitoring. 

Similar problems exist during the reproducible production of optical thickness 
and electrical characteristics of thin films by quartz-crystal monitoring. 

Investigations have shown that the optical constants of thin films are determined 
by chemical composition, structure, microstructure and incorporated or adsorbed 
gases and vapours. The prior conditions required to render the optical constants are 
unchanged geometrical configuration and exact reproduction of the vacuum and 
coating parameters. These parameters are primarily the substrate temperature, the 
residual gas pressure and composition, and the deposition rate. 
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6b 
a: Schematic representation of a quartz crystal holder with freely suspended crystal. 
The contact via the facette ensures low-loss suspension. The holder has two additional 
feedthroughs to lead the thermocouple wires out which are not marked. 
b: Quartz crystal holder for one crystal; BALZERS QSK 300. 
c and d: Manually operated quartz crystal holder for 8 crystals; BALZERS QSK 810. 
e: Motor driven quartz crystal holder for 6 crystals; BALZERS QSK 610. 
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Thin-film optical interference systems of transparent materials are usually 
designed with the aid of a computer. Optimization of such systems consisting of 
optically homogeneous films is often effected by varying the layer thickness while 
keeping the refractive indices unchanged at experimentally obtained values. In the 
design process, multilayer stacks are obtained with layers where the film thickness 
shows no simple relationship to quarter waves of one reference wavelength. For 
monitoring the deposition of such multilayers, the quartz-crystal film thickness and 
rate monitor is best suited [78, 42]. 

Since the quartz-crystal oscillator is detecting the mass, its sensitivity remains 
practically unchanged, a situation which is of great advance for exact measurements 
[79]. Film systems for application in the ultraviolet, visible and infrared region can 
be monitored with the same quartz-crystal device. Furthermore, it is ideally suited 
for automatic deposition control using additional special process controllers [80]. A 
frequent argument against quartz-crystal monitoring is that the reproducibility of the 
optical thickness is worse than with photometric monitoring. This has been shown 
not to be the case [78, 42, 81-85]. To obtain proper results in fabricating an 
optimized optical multilayer system, that means, to obtain experimentally a 
transmission versus wavelength curve in accordance with the calculated values, it is 
necessary to reproduce exactly all the previously chosen process parameters and 
geometrical configurations. Otherwise, the refractive indices of the films and/or the 
thickness distribution may change to some extent and, in an undefined way, modify 
the expected results. 

As can be seen, for example in Fig. 7, the experimentally obtained transmission 
curve is in good accordance with the calculation. When a quartz-crystal oscillator is 
used in sputtering equipment, the main problem is excessive heating by charged 
particle bombardment, which causes frequency instabilities. A grounded front 
electrode of the sensing crystal prevents electron bombardment, and better still 
contact with the whole plasma is avoided by a grounded aluminum grid in front of 
the aperture of the quartz holder [93], although this slightly decreases sensitivity. A 
more convenient way to prevent heating problems due to charged particle 
bombardment is to introduce in front of the crystal holder aperture a deflecting 
magnetic field of about 1000 gauss [94]. 

7.3.3 VAPOUR-DENSITY MEASUREMENT BY MASS SPECTROMETRY 

A quadrupole mass spectrometer with a cross beam ion source is a highly 
sensitive instrument for detecting atomic as well as molecular vapour species. The 
ion current is a relative indication of the number density of a particular species in the 
vapour stream and can be used to measure the deposition rate. 

For the deposition of mixed films or of complex alloys from two or more 
evaporation sources, it is necessary to control the evaporation rate of each material 
independently with sufficient accuracy. A single quadrupole mass spectrometer can 
measure the evaporation rates of the different materials in a time-multiplex process. 
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Transmittance curve of a special low pass multilayer filter, nL = 1.46, nH= 2.40, The stack consists 
of 23 layers, 6 of them are correcting layers. To control thickness a quartz crystal monitor was 
used. Full line - measured values, dotted line - calculated values. 

To prevent disturbances of the film composition all components of the control 
system - measurement and evaporation source control - must be fast ones. The block 
diagram of a closed-loop rate controller is shown in Fig. 8. 

I CONTROL 

1 

Fig. 8 
Mass spectrometer rate controller [95] 
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Here only two channels are considered, but more channels are possible. 
Part of the vapour beam of the evaporated materials passes through the ionization 

region of the mass spectrometer ion source. The different types of ions are separated 
according to their mass-to-charge ratios and measured. A control logic (e.g. 
BALZERS QMG 511: autocontrol/demultiplexer) allows up to 12 ion species to be 
measured in fast sequence (5 ms/channel) and produces steadily updated analog 
output signals for the different rates. 

Fig. 9 
Block diagram of dual loop control [95]. 

_ L  

e- 

The actual values of the rates are processed by independent analog controllers. 
The evaporation rates of electron beam evaporation guns are controlled by a dual 
loop control mechanism. Not only is the filament temperature of a BALZERS 
electron beam gun varied (meaning slow response/high dynamic range), but also the 
shield voltages (meaning fast response/less dynamic range) is controlled [95]. 

In cases where an interference of the rate signal with residual gas background is a 
limiting factor, the beams can be modulated by a mechanical chopper in front of the 
quadrupole mass spectrometer. The diffculties arising with conventional size mass 
spectrometers, to locate the chopper at a suitable position in the deposition chamber 
have been solved by the development of well shielded small instruments [59,96, 97]. 

7.4 TRENDS IN MONITORING TECHNOLOGY 

Reliability and automation in thickness and rate monitoring of thin films is 
increasingly demanded [78, 42, 98, 107], but new measuring technologies are also 
being developed. One of these is wide-band optical monitoring. For that purpose, a 
rapid scan spectrometer is used in transmission T or reflection R directly measuring 
the substrate. The method consists of comparing continuously, over the whole useful 
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spectral range, the actual spectral profile of the assembly during the formation with 
the desired spectral profile which the system should possess when the thickness of 
the last layer reaches its correct value. The transmittance corresponding to the 
thickness t can be written as T (L, nl, tl, ... ni.1, ti-1, ni, ti) which can be written as Ti 
(~,, t) and that corresponding to the theoretically correct thickness ti as Ti (~, ti). 

The operation of a method based on this principle requires the possibility of 
evaluating the distance between the actual and the desired optical characteristic of 
the film system. This is defined by a merit function: 

fi = j" [Ti (2,, t i ) - T i (,~, t)] d2, (11) 
21 

This function has to be continuously calculated (by a computer) during the 
formation of the layer and the deposition process must be stopped when it reaches a 
null. 

Figure 10 and 11 show the computed evolution of the spectral profile of two 
multilayer coatings and demonstrate the potential of this method which has been 
investigated extensively by Pelletier and Bousquet and their coworkers at the 
University of Marseille [ 101-105, 108]. Compared with other methods, wide-band 
optical monitors have some advantages. 

Fig. 10 
Computed evaluation of the spectral profile during the deposition of an all dielectric beam splitter 
(according to E. Pelletier, 1981), e = optical thickness of the individual layers. 
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Fig. 11 
Computed evaluation of the spectral profile during the deposition of a Fabry-Perot interference 
filter (according to E. Pelletier, 1981), e = optical thickness of the individual layers. 

Many spectral filtering problems require the use of layer systems having 
thicknesses which bear no obvious relationship to each other. With wide-band 
optical monitoring, there is no problem of controlling film deposition with non- 
quarter-wave thickness. A further advantage is the possibility of detecting coating 
errors in the early stages. The errors can be corrected by varying the thickness of 
subsequent films through real-time computation and correction. With commercially 
available devices e.g. [109] the reflectance or transmittance of thin films is 
determined through real-time measurements. By means of microprocessors it is 
possible to precalculate layer systems, to determine the equipment parameters to be 
preset and to automatically read the information into the device before the beginning 
of each individual film. The microprocessor offers the possibility to record the 
transmission or reflection spectrum with a servomotor driven monochromator at the 
end of the deposition of each layer and to set such spectra in comparison to the 
theoretical curves computed in the beginning. 
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CHAPTER 8 

8. PROPERTIES OF THIN FILMS 

The properties of thin films are primarily determined by the type of chemical 
element or compound they comprise and by the film thickness. Their optical, elec- 
tro-optical, electrical and mechanical behaviour is also determined by structure, 
microstructure, surface and interface morphology, chemical composition, purity and 
homogeneity. These are strongly influenced by the film preparation method, the 
chosen parameters, and by post-deposition treatments. 

The properties and characteristics of films in the optical and electro-optical cate- 
gories are discussed because these types constitute the most important applications 
of coatings on glass and plastics. Finally, some tables containing pertinent film data 
are appended. 

8.1 STRUCTURE 

The arrangement of atoms in a material is determined chiefly by the strength and 
directionality of the interatomic bonds. Thus one needs to distinguish between 
strong or weak and directional or non-directional bonds. Typical for strong bonds 
such as covalent, ionic and metallic bonding is a pronounced lowering of electron 
energies. Weak bonds are less easily defined, but can be viewed in terms of weak 
dipole attractions and quantum mechanically determined interatomic forces, the 
so-called van der Waals forces. 

The local arrangement of atoms in a solid may be either regular (crystalline) or 
irregular (polymeric or glassy); however, paracrystalline states are also known. The 
arrangement depends partly on whether the bonding is directional, represented by a 
bonding polyhedron determined by the bonding angles, or non-directional, depend- 
ing on the relative sizes of the atoms or ions represented by a coordination polyhe- 
dron. The regular three-dimensional arrangement of atoms or ions in space consti- 
tutes the crystalline structure. These highly ordered structures of atoms or ions in a 
space lattice arise from geometrical conditions which are imposed by directional 
bonding and close packing with the aim of minimizing the energy of the solid. How- 
ever, many solids have non-crystalline structures. Their subunits are packed together 
randomly. They lack the long-range order of crystals because they have only limited 
mobility or are sterically hindered at the equilibrium solidification temperature. 

Non-crystalline materials are generally classified according to whether they are 
composed of individual long-chain molecules, three-dimensional networks or ar- 
rangements between these two limiting cases. 
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Most non-crystalline three-dimensional rigid networks are formed by the bulk 
inorganic glasses and some special organic polymers both are discussed in Chapter 
2. However, there are also many non-crystalline films which are either true polymers 
or are formed because of insufficient energy supply during their deposition. Ener- 
getic particle bombardment effects may also cause amorphous but very dense struc- 
tures. 

A solid may also contain more than one phase. There are many ways in which 
crystalline and non-crystalline aggregates of atoms and molecules can be arranged in 
a solid. The shapes and distributions of phases are important features of bulk materi- 
als and thin films. 

Determination of the crystal structure of solids is carried out by means of X-ray 
diffraction (von Laue 1912) or electron diffraction (Davidson and Germer 1927) e.g. 
[ 1 ]. An X-ray incident on a group of atoms transmits its electric field to the electrons 
of the atoms so that these start to oscillate. However, a vibrating electric charge is 
always a source of electromagnetic waves, the wavelength of which is identical with 
that of the impinging ray. Hence every atom acts as an emitter, the waves radiated 
from the various atomic layers (crystal planes) causing interference effects. This 
means that the wave train constructively interferes in certain directions, and in others 
destructively, depending on whether or not the waves are in phase. These events 
cause the well known diffraction phenomena which can be described with the classi- 
cal Bragg equation 

n ~, = 2d sin0 (1) 

Here, the number n determines the order of the reflection, that is the number of 
wavelengths through which the phases of the waves are shifted. 2~ - wavelength, d - 
crystal interplanar spacing, 0 = angle of incidence. 

The intensity of the diffracted beams on the other hand is determined by the dis- 
tribution of the atoms, i.e. their relative geometric arrangement within a unit cell. As 
already mentioned, the periodic arrangement of the electron density eP in the crystal 
is essential for the diffraction of X-rays. Also, according to Bragg, the latter can be 
described in a Fourier series as a function of the structure factors Fhkl, which deter- 
mine the intensity of the reflections: 

1 
P(xyz) = ~- Zhk,Z Z Fhk, exp [- 2zd (hx + ky + lz)] (2) 

where V represents the volume of the elementary cell, h, k, and l the indices of the 
relevant reflections and x, y and z the atomic space coordinates. Here indices are 
understood as integral factors which indicate the relative orientation of the various 
planes in the crystal or the reflections caused by them. 
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With the discovery of diffraction of electrons in crystals, it was clear that elec- 
tron diffraction, like X-ray diffraction, should in principle enable the determination 
of crystal structure. 

The diffraction of electrons can also be regarded as a special case of the electro 
magnetic wave equation, where the electrostatic potential of the atom replaces elec- 
tron density e9 (X-ray diffraction). This potential is composed of the effect of the 
atomic nucleus and that of the electron cloud. The spatial distribution of the poten- 
tial corresponds approximately to that of the electron density, but falls off less rap- 
idly. The maxima of the Fourier series, however, correspond in both cases to the 
position of the atomic nucleus. 

The intensity of the diffracted beams is proportional to the square of the structure 
factor for electrons; hence an equation results analogous to that of X-ray diffraction: 

2~h 2 1 
q~txyz) - me V hEkE~ ~hklexp['E~i(hx + ky + lz)] (3) 

Here the structure factor ~ signifies the vectorial sum of the waves scattered by the 
single atoms which show amplitude f and phase y. Every atom contributes a scat- 
tered wave to the whole diffraction effect, the amplitude of which is proportional to 
the so-called form factor. The phase is thus defined by the position of the atom in the 
elementary cell, whilst the form factor is a characteristic constant for every sort of 
atom which represents a measure of its scattering power. Hence no special differ- 
ences exist in the positions of the diffracted beams, which in both X-ray and electron 
diffraction cases satisfy the geometric relations between lattice constant and X-ray 
or material wavelengths, according to the Bragg equation. However, there are defi- 
nitely differences in their intensities. 

The reason lies in the non-applicability of the kinematical approximation (theory 
of single scattering) in the case of diffraction of electrons by single crystals. This, in 
comparison with X-ray quanta, is due to the much stronger scattering of the elec- 
trons at the lattice atoms and the consequent very high intensity of the singly and 
multiply diffracted electrons. 

When investigating polycrystalline materials with disordered or partially ordered 
orientation, ring diagrams or texture diagrams respectively, are obtained. In these 
cases, there is sufficient conformity with the prediction of the kinematical theory. 
Therefore, the texture diagram is the most important type for structure analysis with 
electrons. Vainshtein, Pinsker and co-workers [2-7], as well as Cowley [8, 9] evalu- 
ated the basis, about 50 years ago, of the determination of crystal structure by means 
of electron diffraction. 

The main advantages of the diffraction of fast electrons compared with X-ray 
diffraction, as regards structure determination, lie in (i) the better determinability of 
hydrogen atoms and ions, which is not possible by X-ray diffraction because of the 
lack of an electron cloud, and (ii) the low amount of substance required (-~ 0.01 mg). 
Furthermore, many substances occur only in an extremely finely distributed state 
which is ideal for electron diffraction but almost unsuitable for X-ray diffraction. 
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Therefore, with electrons, one can also investigate very thin layers, even on the 
surface of solid substrates. The classical case of the determination of an unknown 
crystal structure from diffraction data is, however, extremely rare when investigating 
deposited thin films. Usually, only a limited number of possible crystal structures in 
a film to be investigated is under consideration, since a strong limitation is imposed 
by the knowledge of the chemical composition and the film-production conditions. 
The crystal structure in a vapour-deposited film can often be determined quickly 
after measuring the diffraction pattern and by comparison of these measured data 
with those tabulated, say, in the ASTM index [10]. One often has to determine 
whether a condensate is amorphous, polycrystalline, with or without texture, or a 
single crystal. Other interesting questions concern particle size and crystal perfec- 
tion. Therefore it should be stated here that the degree of lattice disorder in thin 
films is usually far greater than in compact materials [ 1 l]. 

The range of possible crystal structures can, however, for a given material in the 
form of a thin film also be larger than for the bulk material because of the many 
variations possible in the film production. An example of this is the evaporation of 
Si films on Si single-crystal substrates under ultra high vacuum [12]. Silicon evapo- 
ration onto 800 ~ C hot substrates resulted in single-crystalline films of such high 
perfection that there was practically no distinction between the new material and the 
single-crystal substrate. Evaporation at 550~ still resulted in single-crystal films 
but there were many stacking faults. With a substrate temperature of 320~ poly- 
crystalline films were obtained and finally if the substrate was not heated up, amor- 
phous films were produced. With the exception of amorphous structures which are 
more frequently present in evaporated films than in bulk material, structures can also 
occur in films which are not a stable modification of the relevant material in the 
compact state. Reports are given of face-centered cubic structures in sputtered Ta, 
Mo, W, Re, Hf and Zr films, although these materials otherwise have a 
body-centered cubic or body-centered hexagonal structure [13]. 

The structures of some vacuum-deposited films discussed here were investigated 
with an electron diffractograph [ 14] in reflection and transmission. For this purpose, 
the films were evaporated onto either glass substrates (reflection electron diffrac- 
tion) or onto thin carbon or silica films (transmission electron diffraction). Evapora- 
tion of the films for the reflection diffraction was usually carried out directly in the 
diffractograph. Using an acceleration voltage of 80 kV the wavelength of the elec- 
trons applied for diffraction is 0.042 A. In order to exclude artefactive changes of 
the structure by the electron beam as much as possible, the beam current should 
usually be kept below 10 pA. Since dielectric films generally show charging effects 
from the electron beam, a discharger, operated, say, with very low energy argon ions 
must be employed. The diffractograms obtained were photographed and then meas- 
ured carefully. 

and 
Evaporated silver films have often been investigated with respect to the produc- 

tion of epitaxial condensates. For such experiments, evaporative deposition was 
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usually carried out on heated single-crystal surfaces of various materials under ex- 
tremely clean vacuum conditions. See, for instance, [15] which also contains many 
references. 

For optical applications, however, the structure of Ag condensates on unheated 
and amorphous substrates is of interest. For this purpose, glass substrates are coated 
with silver at-~ 10 -6 mbar residual gas pressure. The condensation rates are between 
1 and 10 nm s 1. The electron-optical investigations show that the films obtained are 
polycrystalline and consist of crystallites of cubic-densest-packed structure. Thus the 
same lattice type exists in the films which is characteristic of bulk silver. Very thin 
condensates (mass thickness _< 5 nm) are built up of small, isolated, 
three-dimensional micro-crystals. The presence of H20 would appear to favor the 
formation of three-dimensional crystals [16]. These crystallites are large compared 
with average film thickness. When adding more material, the crystallites gradually 
grow together and from 15 nm upwards form a closed film. Films 2 nm thick already 
show a relatively sharp Debye-Scherrer ring diagram. With progressive evaporation, 
because of better formed larger Ag crystals, the sharpness of the diffraction rings 
increases and remains unchanged from-~ 30 nm film thickness upwards. Gold films 
behave in a similar way. A typical transmission diffraction pattern of polycrystalline 
Au is shown in Fig. 1. 

Fig. 1 
Electron diffraction pattem of a 30 nm thick 
polycrystalline Au film. 

The structure of 10 to 200 nm thick MgF2 films evaporated at normal incidence 
onto glass substrates of 30~ and 350~ is crystalline in all cases according to dif- 
fraction investigations [ 17a]. This confirms the evidence given by Heavens [ 18] and 
Bauer [ 19] of a crystalline structure of magnesium fluoride even in very thin depos- 
its. The reflection diffraction of thin films evaporated onto cold glass substrates 
showed ring diagrams with broadening of lines, i. e. these films are polycrystalline 
and consist of very small micro crystals with many lattice defects. Thicker films 
show diffraction fringes of better crystallized magnesium fluoride. From about 100 
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nm thickness, in agreement with [20], a <110> growth texture is found. Films 
evaporated onto substrates of higher temperature are better crystallized even when 
having small thickness, and hence sharper diffraction fringes are obtained. 
As a function of the substrate temperature Ts, various textures were also observed: 

Ts = 185~ ........................ <111> orientation [21] 
Ts = 400~ and 540 ~ C ..... <110> orientation [20, 21 ]. 

Other textures arise under inclined angles of deposition. 

Structure investigations of cryolite films [22] show, in agreement with Bauer 
[19], that films evaporated onto unheated glass substrates are polycrystalline and 
consist of crystallites with high lattice defects. This occurrence is also partly caused 
by the phase separation of NaF and AIF3 [22] observed during evaporation. In the 
case of short-period tempering between 250~ and 300~ sharp diffraction fringes 
are obtained. Thick films also have a fiber texture. Evaluation of the patterns showed 
that in addition to cryolite, the films also often still contain NaF and Na(A1F4) as 
crystalline components. 

2 
Reflection electron diffraction patterns of evaporated ZnS films 
of varying thickness'. 
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Zinc sulfide exists in two forms, as cubic zinc blende and as hexagonal wurtzite. 
Of the two modifications, the latter is stable at higher temperatures. The ZnS films 
obtained by simultaneous vapour condensation of sulphur and zinc onto unheated 
substrates are crystalline even from 5 nm mass thickness. However, the diffraction 
pattern shows that these small, isolated, three-dimensional ZnS microcrystals con- 
tain a large number of stacking faults in all three spatial coordinates. In thicker films 
(from about 20 nm), the diffraction pattern shows better-ordered crystallites of the 
zinc blende type. ZnS films deposited at normal incidence have a clearly distinct 
<111> growth texture becoming noticeable from about 100 nm, as can be seen in 
Fig. 2 [17b]. 

Titanium dioxide exists in nature in three crystalline forms: rutile, anatase and 
brookite. Brookite is an alkali stabilized modification and has never been observed 
in evaporated films but was found in dip-coated ones. In the case of reactive evapo- 
ration of TiO (vapour phase: Ti + TiO) and condensation of the vapour on hot sub- 
strates (glass, or SiO and C films) depending on the temperature of the substrate T~, 
various TiO2 phases are obtained: 

T~ < 280~ 

T~ > 310~ 

T~ = 380~ to 470~ 

diffuse electron diffraction pattern, i.e. amorphous 
TiO2 films 
sharp diffraction pattern, polycrystalline TiO2 films, 
contain rutile and anatase 
sharp diffraction fringes, polycrystalline TiO2 films 
consisting purely of rutile [23]. 

These results were confirmed by the author [ 17b]. 
Amorphous TiO2 films (starting material TiO) which were obtained by conden- 

sation on glass substrates of 30~ crystallized under strong electron radiation (60 
kV, current density = 15 A cm 2, measured with a Faraday cup) into rutile and ana- 
tase, as determined with selected area diffraction. Crystallization was found to be 
due to a temperature effect. 

Compared with rutile, the anatase crystals were found to be very large (10 ~tm). 
Anatase twin formation was also observed [23]. When evaporating TiO2 (anatase) 
onto sodium chloride cleavage surfaces, amorphous films are obtained which also 
crystallize into rutile and anatase under strong electron radiation [24, 25]. 

TiO2 films which are produced at 150~ by chemical vapour deposition (hy- 
drolysis of tetra-isopropyltitanate) are amorphous. Tempering in air at 350~ leads 
to anatase formation, and from 700~ to rutile [26]. 

Pure titanium films (i.e. mostly free of TiO and TiN) have a hexagonal lattice as 
indicated by diffraction (a = 2.95 A, c = 4.67 A). By tempering in air at 400~ the 
metal films can be completely oxidized to TiO2. The TiO2 films obtained show a 
diffraction pattern of the rutile lattice (a = 4.58 A, c = 2.98 A) [27]. 
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TiO2 films produced by oxidizing Ti films, which contain the cubic phases TiO 
and TiN, (aT iO = 4.23 A, axiN = 4.166 A), by tempering in air between 400~ and 
450~ show solely tetragonal anatase (a = 3.73 A, c = 9.37 A). Only after heat 
treatment at 600~ are rutile diffraction rings also obtained in addition to anatase 
rings from the TiO2 films thus produced [27]. 

In addition to electron diffraction, the measurement of the film refractive index 
also enables distinction between anatase and rutile. According to Hass [27], poly- 
crystalline rutile films have a refractive index value of Rn546 = 2.70 and that of the 
anatase films is An546 = 2.39. 

Measurements carried out [28] on vapour-deposited TiO2 films, which in all 
cases were produced with the method of reactive evaporation but using different 
starting materials, gave the following results: When using the starting material TiO 
(vapour-phase species: Ti + TiO), at least for the first L/4 thick TiO2 film which was 
condensed on glass at a substrate temperature of 450~ a refractive index n = 2.63 
was obtained. By evaporating Ti metal (vapour-phase species: Ti) on hot glass sub- 
strates, high refracting TiO2 condensates (n546 = 2.6 to 2.65) can also be obtained. 

TiO2 films which are produced by evaporation of Ti305 (vapour-phase species: 
TiO) onto 450~ hot glass substrates under otherwise similar conditions, however, 
showed a refractive index value of n546 = 2.33. Slight variations in the TiO2 refrac- 
tive index can be produced by MoOx and WOx incorporation, which stems from 
chemical reactions with the boat walls. This undesirable contamination can be 
avoided by electron-beam evaporation or by using Ta boats. As a result, a higher 
film refractive index is also obtained [28]. 

TiO2 films produced by reactive evaporation of the starting materials TiO or Ti 
contain at least a predominant amount rutile; whereas TiO2 films produced by the 
same method but from the starting material Ti305 consist of anatase. Tempering at 
higher temperatures and irradiation with electrons produce even from amorphous 
TiO2 films frequently rutile films [29]. Structure investigations of TiO2 films pro- 
duced in different ways give the following results: 

During oxidation of pure Ti metal films, the hexagonal titanium lattice appar- 
ently transforms preferentially into the tetragonal rutile lattice with a = 4.58 A, c = 

2.95 A and space group D~ 4 . In the rutile lattice, every Ti is surrounded by six O in 
form of a slightly deformed octahedron, whilst every O is located at the center of 
mass of a nearly equilateral triangle, the corners of which are occupied by Ti ions. 
Furthermore, it is remarkable that in the case of reactive evaporation, always when 
all or a certain quantity of the particles contained in the vapour are Ti atoms, at least 
part of the TiO2 crystallites in the film are evident as the rutile phase even at rela- 
tively low temperature. In reactive sputtering of TiO2 films from a Ti target, pre- 
dominantly rutile films are also obtained, the amount depending on substrate tem- 
perature and oxygen gas pressure, as can be seen in Fig. 3 [30]. In both cases this 
seems to be caused by easier and higher mobility of the Ti atoms. On the other hand, 
it is evident that in the case of oxidation of TiO, the transformation of the cubic 
NaCI lattice of TiO with an applied temperature of 450~ always takes place in the 
direction of the tetragonal anatase lattice with a = 3.73 A, c = 9.37 A and space 
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Fig. 3 
Diagram of the structural composition of TiO2 coatings produced 
by reactive sputtering as function of substrate temperature and 
oxygen partial pressure according to Pawlewicz et al. [30] 

group DI~,. However, the anatase lattice can be understood as an NaCl lattice de- 
formed along the c axis, where half the cations are removed and the anions are 
slightly displaced in the direction of the c axis. Hence, in the case of oxidation, the 
transfer of the cubic TiO lattice to tetragonal anatase is apparently preferred for 
spatial and energetic reasons. Anatase is in fact not as stable as rutile, but when the 
phase has once been formed high temperatures are necessary in order to bring about 
a transformation. The transformation of the bulk material from anatase to futile takes 
place between 800~ and 1100~ [31, 32]. 

Although SiO2 occurs in several crystalline forms in nature, evaporated films 
which are condensed onto glass substrates or carbon films between 30~ and 400~ 
are always vitreous amorphous according to electron diffraction. The refractive in- 
dex of the compact quartz glass is n546 = 1.46. However, evaporated quartz glass 
films frequently show a somewhat higher value, film n546 = 1.472 which indicates a 
different degree of polymerization compared with solid quartz glass. Whilst in the 
quartz glass the polymerization always takes place via -= Si-O-Si - bonding, in the 
films, because of small oxygen deficit, - Si-Si - bonds may also occur. The proper- 
ties of glass like SiO2 films depend on the preparation conditions such as type of 
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deposition technique, substrate temperature and formation rate. Thus, for example, 
independent of reaction type, a fast deposition rate generally produces quite porous 
films with a good deal of bond strain. Similar behaviour can be observed by deposi- 
tion at lower substrate temperatures. Chemical and structural differences in the 
glassy SiO2 films can be detected by the use of infrared spectrometry [33-38, 40]. 
The observed absorption bands correspond to vibration modes due to the deforma- 
tion of the SiO2 basic tetrahedral. Four classes can be distinguished, including vi- 
bration modes of reaction products with water or hydrogen: 

Si-O stretching modes involving displacements associated primarily with the 
oxygen atoms. For glassy SiO2 films, their spectral range is between 1250 cm 1 
(8ktm) and 934 cm l (10.7 ktm). 

- Si stretching modes with displacements primarily of the silicon atoms occurring 
between 909 cm l (11 ktm) and 588 cm -1 (17 lxm). 

- Si-O bending modes having a spectral range location between 588 cm l (17ktm) 
and 384 cm l (25 ktm). 

- O-H stretching regions and other modes connected with Si-H (2260 cml), 
Si-OH (3640 cm 1) and H20 (3400 cm l )  (1620 cml), vibrations are found between 
3700 cm 1 (2.7 ~m)and 1600 cm 1 (6.3 lam). 

The most important stretching band is located at about 1000 cm 1. This band is 
used to determine the stoichiometry of silica films. The band shifts from 960 cm 1 to 
1085 cm l in going from SiO to SiO2 [39, 40]. 
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Infrared absorption spectra of vitreous quartz (a) and a SiO2 film prepared by 
low temperature CVD (b) [38]. Both samples have comparable thickness'. 
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. . . . . .  l Compared with wtreous quartz, porosity and strata in films cause the 1085 cm 
and 460 cm "1 absorption bands to be broadened and shifted to lower wave numbers, 
whereas the 800 cm 4 band is shifted to higher wave numbers. As can be seen in Fig. 
4, after proper densification (i.e. heat treatment between 800 and 1000~ a pure 
SiO2 film deposited with no oxygen deficiency by low-temperature CVD becomes 
essentially indistinguishable from high-temperature thermally grown silicon dioxide 
[38]. 
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I 

Fig. 5 
Infrared absorption spectra of SiO2 films deposited with (a) and without (b) activation (oxygen ion 
beam of 200 mA). The absorption spectrum of the latter film exhibit several absorption bands 
indicating an oxygen deficient film [40]. 

Broader and shifted absorption bands are also found in SiO2 films deposited 
under vacuum with electron-beam evaporators. Here porosity, strain and oxygen 
deficiency shift the bands. As can be seen in Fig. 5 obtained from attenuated total 
reflectance measurements [40], such films contain many non-bridging, dangling 
bonds -Si-O.,  -Si. which may be partially hydrogenated if hydrogen (possibly also 
water vapour) is in the residual gas. Reactive evaporation of SiO2 in activated oxy- 
gen yields narrower bands located at greater wave numbers and shows only bridging 
bonds -=Si-O-Si- and also incorporated water. The appearance of silanol, Si-OH 
(3640 cm l and 935 cm "1) and of water, H20 (3330 cml), absorption bands as a con- 
sequence of reactions with water vapour by exposing freshly prepared films to hu- 
mid atmosphere is shown in Fig. 6. Water and the silanol groups are removed under 
densification by short tempering in dry atmosphere [38]. 

More frequently than with inorganic materials, infrared spectrometry is used to 
characterize organic polymer films [41 ]. 
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Fig. 6 
Influence of humidity on an electron beam evaporated SiO2 film deposited 
on a substrate of 400~ [38] 
a) Initial spectrum 
b) 24 days exposure at 85~ and 85% rel. humidity 
c) densified 10 min. in N2 at 938~ 

8.2 MICROSTRUCTURE 

Condensation, nucleation and growth phenomena have been investigated both 
theoretically and experimentally for films made under conditions typical for physical 
vapour deposition in high vacuum. A number of papers concerning this topic are 
listed in ref. [42]. 

The nucleation and growth steps during the formation of a continuous film are 
usually as follows: 
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Formation of subcritical and critical nuclei in the nucleation stage. 
Growth of the critical nuclei by the addition of surface diffusing adatoms and by 
coalescence of the small grains to larger aggregates in the island stage of the de- 
posit. 
Formation of networks with secondary nucleation and nucleus growth in the 
holes and channels of the network. 

Formation of a closed film habitus and preferred thickness growth of the film. 
The microstructures of very thin metal films particularly have been studied exten- 
sively employing electron microscopy. However, for a long time direct microstruc- 
ture investigations of thicker films were rarely undertaken. Evidence of an indirect 
nature was usually obtained from the line broadening of diffraction patterns of poly- 
crystalline condensates according to A (20) = (L/c) cos0 (c = crystallite size) and 
from transmission electron micrographs from replicas of film surfaces. However, 
both methods supply only limited and often insufficient information. In order to be 
able to determine the microstructure directly, it is necessary that the whole 
cross-section of the film from the substrate surface to the film surface can be ob- 
served and also measured. Such investigations have been undertaken since 1965 [43, 
44]. For this purpose, use was made of high-resolution evaporated surface replicas 
(Pt/C) of the exposed film profile, or else suitable deposition on thin supporting 
films having micro-holes (0.1 - 1 l.tm), the hole edge of which was the substrate for 
the growing film, was performed. Both types of specimen were subsequently inves- 
tigated in the transmission electron microscope. 

Fig. 
Electron micrograph showing the microstructure of a MgF2 film deposited onto an unheated ZnS 
film substrate. 
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Generation of the film profile is best accomplished via fracturing. During the 
fracture process, the material always breaks along the lines of weakest cohesion, i.e. 
along the grain boundaries or, with amorphous materials, along points of weak po- 
lymerization. The film cross sections thus obtained are largely free of artefacts. 
Electron micrographs of single films of the following materials investigated in the 
described manner have been published: 
AI [43], SiO-Cr [44], MgF2, Na3(AIF6), ZnS [45], CdSe [46], Au [47], AI, Ag, Au, 
Be, Cr, Sn, Bi, Pb, Te, Ge, Si, CdTe, GeTe [48]. 

Only few investigations [49, 50] are known regarding the microstructure of 
evaporated multilayer systems. In [49], micrographs of the cross-sections of nar- 
row-band interference filters (Ag, ZnS, Na3(AIF6) and in [50a and b] those of di- 
electric interference mirror coatings (ZnS/MgF2, ZnS/ThF4, TiO2/SiO2, A1203/SIO2, 
Ta2Os/SiO2, ZrO2/SiO2) were published. In [50b] also the e.m. preparation technique 
is described in detail. Figure 7 shows the microstructure of a MgF2 film of 115 nm 
thickness, which was evaporated in vacuum at normal incidence onto a 70 nm thick 
ZnS film of 30~ The diagram in Fig.8 shows the correlation between film thick- 
ness and crystallite diameter of ZnS films. Also, micrographs of the microstructure 
of ZnS/MgF2 and TiO2/SiO2 multilayer systems can be seen in Figs. 9 and 10. 
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Correlation between crystallite diameter and film thickness of 
ZnS films deposited on glass substrates. 

Interesting information has been obtained from these investigations: Most evapo- 
rated films have a microstructure consisting of more or less close-packed columns or 
columnar crystals. Evaporated SiO2 films, however, showing homogeneous vitreous 
microstructure, number among the few exceptions. For films developing columnar 
microstructure, it is remarkable that with oblique evaporation direction the columns 
grow inclined, sometimes almost parallel to the incident vapour beam [43, 48, 50, 
51]. A careful evaluation of experimental work yielded the tangent rule: tan tx = 2 
tan ~ [51]. The relation is shown in Fig. 11 [52]. 
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be assumed from water-vapour sorption measurements. The vapour-deposited films 
of almost any materials are porous. The degree differs but can be influenced by the 
production conditions. The porosity which produces considerably larger inner sur- 
faces and causes a reduction of density [45] can be recognized from the profile pic- 
tures of films which consist of discrete columns. The column diameters of some 
evaporated films measured from the electron micrographs are given in Table 1. 

TABLE 1 

COLUMN DIAMETER OF FILMS EVAPORATED AT NORMAL INCIDENCE ONTO GLASS 
SUBSTRATES AT ROOM TEMPERATURE 

Fig. 12 
Transmission electron micrograph of Pt/C surlb.ce replicas of the cross section of TiO2/SiO2 mul- 
tilayers deposited by reactive evaporation onto glass substrates of 30~ and 350~ [50]. 

Contrary to the findings of Pearson [49], which refer to the observation of micro- 
graphs of the fracture cross-sections of ZnS/Cryolite multilayers, the cross-sections 
of ZnS/MgF: and TiO2/SiO2 multilayer systems, investigated by Pulker and GUnther 
[50], showed no marked influence of the microstructure on the subsequent layers. 
According to measured data, there is also no large deviation in the average column 
diameter with increasing number of layers, although nucleation no longer takes 
place on a fairly plane surface even from the second layer. Most films show rough 
surfaces. The roughness of a film surface may be statistical but it can also arise in 
the case of films formed from discrete crystalline columns as a result of the various 



361 

speeds of growth (caused by the various crystallographic directions) of the single 
columns. Because of the roughness of the film surfaces in the multilayer systems, 
there are no sharp transitions between the individual layers. There are instead 
boundary zones of varying thickness, where a gradual change in material properties 
takes place in the interfaces. As can be seen in Fig. 13, dielectric films of about 100 
nm thickness deposited reactively in a triode sputtering system show quite different 
microstructures compared with those prepared by high vacuum evaporation. Thus, 
the columns in sputtered TiO2 films are irregularly packed and the film surfaces of 
TiO2 and ZrO2 films show areas which are rather smooth. In sputter-deposited A1203 
films, no columnar microstructure was detected. Furthermore, it can be stated that in 
general ion-assisted and ion-beam-assisted physical-vapour-deposition technologies, 
especially with biased substrates, yield amorphous and crystalline films of high den- 
sity [50b, 50c]. Oxide films deposited by one of the low-temperature chemi- 
cal-vapour-deposition technologies, however, are generally less dense and show 
often amorphous microstructures. 

Fig. 13 
Transmission electron micrographs of various oxide films deposited onto glass substrates at 
Ts = 350~ by reactive evaporation and by reactive sputtering (BALZERS Sputron). 
Differences in film microstructure and surface topography can be seen. 
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As regards the observation techniques for microstructure determination, it was 
found that transmission electron microscopy of cross-section surface replicas is gen- 
erally required for thin and fine-grained films. With thicker and coarse-grained 
films, however, direct investigations of the fracture cross-section with the scanning 
electron microscope can also be used with sufficient resolution. Figure 14 shows an 
example. To avoid disturbing charging effects with insulators, and to obtain a high 
electron reflection coefficient q, as well as a high secondary emission coefficient 8, 
the samples are coated with thin and almost structureless heavy metals (e.g. Pt, Pd, 
Ir) [53]. 

Fig. 14 
Scanning electron micrograph of a 6 micron thick rhodium film showing large columnar crystals. 

Movchan and Demchishin [54] showed that the microstructure of metals and dielec- 
tric films is determined mainly by the ratio of substrate temperature to the melting 
point of the film material, Ts/Tm. In the case of a ratio below about 0.45, pronounced 
columnar microstructure will always be obtained with columns formed in the direc- 
tion of growth. This important criterion is almost invariably satisfied with coatings 
on glass by conventional techniques [55]. As regards the question of the origin of 
the frequently observed columnar film microstructures, it seems that the most 
promising theory is one in which the significant factors are limited mobility of the 
condensing atoms or molecules, together with a shadowing of uncoated portions of 
the substrate by atoms or molecules already condensed [52, 56, 57]. Very interesting 
hypothetical studies on film deposition with zero or limited particle mobility simu- 
lated by a computer resulted in loosely packed chain like structures and in dendritic 
chains of several molecules diameter [52, 57]. Recently made computer-simulated 
deposition investigations have been extended, also taking into account substrate 
surface defects, in the search for an explanation of the sometimes observed growth 
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of nodular film defects [58]. However the dendrite diameters are much smaller than 
the column diameters actually observed. 

To overcome this difficulty, results of experimental film-growth investigations 
by Messier and co-workers [60-61 ] led Messier to assert the following model: In the 
first stages of film deposition, small structural basic units acting as the basis for later 
growing dendrites are formed and the voids in the films between these basic units 
are of appropriate size. During further film thickness growth, the structural units 
tend to cluster into larger groups. The voids in the group are closed, such that larger 
voids now appear between the groups rather than between the dendrites, and this 
groups of dendrites form the observed columns. The agglomeration to larger col- 
umns, following that mechanism, proceeds with increasing film thickness. This is 
now in accordance with experimental observation. The void content is often higher 
in dielectric films than in metal films. This becomes obvious when comparing the 
packing density p of the deposits, which is defined as: 

volume of the solid part of the film 
p = (4) 

total volume of the film (solid + voids) 

Columnar or dendritic microstructure is found also in most metal and many com- 
pound films formed by chemical vapour deposition in certain ranges of condition. 
As a result of the same mechanism of uninterrupted crystal growth towards the di- 
rection of material supply it is further found in films obtained by some deposition 
techniques from solution, particularly in electroplated films. 

It can be stated that the microstructure of most conventionally evaporated thin 
films is quite different from that of the bulk material. It is therefore not surprising 
that the properties of thin films differ from that of the bulk. This is essentially true 
for the density of the films, for roughness, sorption and diffusion behaviour (wa- 
ter-vapour uptake, diffusion along inter-columnar space), optical and electrical be- 
haviour (increased light scattering, (form) birefringence and reduced electrical con- 
ductivity), and for mechanical properties (such as relatively high tensile film stresses 
due to grain boundary interactions). 

The film density can be increased, however, by vapour deposition onto heated 
substrates or by post-deposition heat treatment. Energetic neutralized gas ion bom- 
bardment of the film during evaporation influences a number of film properties [59] 
including packing density, adhesion, morphology, stoichiometry, stress, and impu- 
rity content. The activation energy necessary for physical and chemical processes is 
supplied by the energetic ions and atoms, replacing the requirement of elevated sub- 
strate temperature as discussed above. Similar improvements are observed when the 
ad-atoms of thin-film materials have increased kinetic energy, as is the case in low- 
pressure sputter deposition and in various ion plating variants. 
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8.3 CHEMICAL COMPOSITION 

8.3.1 SURFACE ANALYSIS 

a 
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TABLE 2 

EXCITATION AND EMISSION PROCESSES WHICH CAN BE USED FOR THE ANALYSIS 
OF SOLID SURFACES AND THIN FILMS [88] 

Photons Electrons Ions 

Photons 

Electrons 

XRF ]ESCA ] 

(UPS) 
IRS XAES 

[EPMA ] [AES ] 

(APS) HEED 
(CL) (LEED) 

SIMS 
I IIR I ISS 

Ions (IAES) 

(IIX) (SSMS 
(RBS) 

In Table 2, 

XRF 
ESCA 

XAES 

APS = 

IIR 
LEED = 
RBS = 
IAES = 

= X-ray fluorescence 
= electron spectrometry for 

spectrometry 

spectrometry 

SSMS 
IRS 
UPS 
EPMA 
CL 
IIX 
HEED 
AES 
ISS 
SIMS 

spectrometry 

= spark-source mass spectrometry 
= infrared spectrometry 
= ultraviolet photon spectrometry 
= electron probe microanalysis 

= ion-induced X-ray 

= spectrometry 
= spectrometry 
= secondary ion mass spectrometry 
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The first method can be applied with about 70 elements and has a detecting sen- 
sitivity in the ppm range. The activation analysis is very sensitive but also very se- 
lective. For all chemical elements, however, mass spectrometry can be applied. With 
samples of a few micrograms, the detecting sensitivity lies in the ppb range 
[103-105]. Very high detecting sensitivities can be achieved by the use of modem 
surface analysis techniques, some of which were discussed in Chapter 3 Section 
3.1.2. Of numerous interaction processes of photons, electrons and ions with solid 
surfaces resulting in the emission of excited particles and radiation, or in a charac- 
teristic change of the incident species properties, those which can be applied for 
surface analysis are listed in Table 2. The most frequently used techniques are boxed 
in the table. 

The electron probe microanalysis, EPMA [66-68], can be successfully used for 
non-destructive chemical investigations of films and film systems in all cases where 
whole-sample information (qualitative as well as quantitative) is sufficient. Surface 
analysis is not possible because of the large depth yielding information of about 1 
~tm. The most pronounced advantage of the microprobe is the possibility of con- 
necting it with a simp|e scanning electron microscope. Of the two possibilities of 
analyzing the emitted X-rays, the energy dispersive analysis is in much wider use 
than the wavelength dispersive technique. However, the detection range of the first 
technique is usually limited to elements heavier than sodium (atomic number 11) 
and the resolution is only 120 - 150 eV. The wavelength dispersive analysis detects 
lighter elements down to boron (atomic number 5) and offers resolutions of 1 eV. A 
quantitative analysis of thin films on a substrate is, however, a little complicated 
because of the relatively small excitation volume in the thin films, compared to the 
widely broadened excitation volume in the substrate, which causes high background 
radiation. The situation becomes less difficult if unsupported thin films can be pre- 
pared for the analyses. 

Auger electron spectrometry, AES [69-74], and electron spectrometry for chemi- 
cal analysis, ESCA [75, 76], are well established techniques of performing quantita- 
tive analysis of the outermost atomic layers of solid surfaces [77]. 

AES enables elemental identification by means of energy analysis of the Auger 
electrons which are emitted as a consequence of the radiationless Auger transitions 
when an atom is ionized at a core level, e.g. KL~L2 transitions. AES is a true sur- 
face-sensitive technique, because the mean free path of Auger electrons lies only 
between 0.5 and 3 nm [72]. However, as the number of Auger electrons is very 
small compared to that of the secondary electrons, they can be detected more suc- 
cessfully using the first derivative dN/dE (N = number, E - energy of the Auger 
electrons). Variations in chemical binding can be detected as peak shifts, the 
so-called chemical shifts. 

ESCA, using the emission of electrons from a solid surface by excitation with 
X-rays or more generally with photons, is less sensitive than AES as regards impu- 
rity detection when excitation is performed with X-rays, since the deeply penetrating 
X-rays do not generate as many core holes in the surface region. However, an ad- 
vantage of ESCA is that X-rays produce less severe damage than electrons, so that 
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ESCA is especially useful in the analysis of organic materials. Furthermore, chemi- 
cal shift of the core levels enables conclusions on the binding to be more easily 
drawn for this one-electron process than for the complicated three-electron process 
of AES. When excitation is performed with ultraviolet light in the range of 4 to 40 
eV (UPS) instead of X-rays of 1200 to 1500 eV, only weakly bound valence-shell 
electrons react. Such electron spectra are sensitive to molecular orbital effects and 
are used for their investigation, but they do not possess elemental significance. 

Mass spectrometry of secondary ions (SIMS) [78, 79] or of post-ionized secon- 
dary neutral particles (SNMS) [80-82], which both are ejected from a surface which 
is bombarded with an ion beam, is a very sensitive but for chemical compounds also 
destructive analytical technique. It yields excellent qualitative information. Quanti- 
tative results are difficult to obtain. A review is given in [83]. 

8.3.2 DEPTH PROFILING 

Unless non-destructive Rutherford backscattering spectrometry is used [84, 85], 
only composition information of a single film or of a multilayer system on a sub- 
strate can be obtained by destructive profiling techniques. Depth profiling can be 
performed with various techniques and in various ways depending on the total 
thickness profile which has to be analyzed [86, 87, 88]. 

Cross-sections of thick coatings, such as > 2 l.tm, on flat surfaces can be obtained 
advantageously by taper-sectioning. A taper is polished in the surface and the an- 
gle-lapped region exposes the entire depth to be analyzed [89-92]. It is generally 
necessary to use a grazing angle cz in the range of 0.1 ~ to 1~ Thus, the real film 
thickness t appears in the cross-section c enlarged by c = t/sincz. The technique is 
useful but the provision of an angle of less than 1 ~ is very difficult. 

A similar enlargement results from ball-cratering, a technique developed to over- 
come many of the difficulties associated with taper-polishing [93, 94]. In 
ball-cratering, a rotating steel sphere covered with fine diamond paste is indented 
into the coating surface. The radius of the ball R is known, so that the depth d of the 

crater produced is given by d = D2-/8R where D2 denotes the upper 
2 

(film/atmosphere) crater diameter. With D1 as the lower (film/substrate) crater di- 

ameter, the film thickness t can be obtained according to t = (D 2 - D 2- )/8R. 

These two techniques demand fine spatial resolution which is achievable with 
AES but not with ESCA. In both cases, the compositional depth profile is then con- 
veniently obtained using a narrow electron beam in a line scan instrument such as a 
scanning Auger microprobe, SAM [95]. 
The maximum vertical depth Az analyzed using an electron beam of diameter b is 

for taper-polishing: Az = b tan ~ (5) and 
for ball-cratering: Az = (b/R) [2R(d-y)] l/z (6) 

y is the depth at the point of analysis. 
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Further techniques to investigate compositional depth profiles of thicker films or 
film systems are stepwise-erosion by spark [96] or by laser pulses [97]. One shot 
erodes less than 0.1 ~m film material, however, a proper uniformity in erosion is 
hard to obtain. 

Sputter-depth profiling is the most frequently used technique and is ideal espe- 
cially for thin-film analysis. In a review paper by Gtinther [88] on ~tNon optical 
characterization of optical coatings)), one of the topics is depth profiling. The fol- 
lowing descriptions on sputter profiling are taken partly from this review. 

Sputter-depth profiling means sputter etching. This technique is convenient as 
ion beams of only a few keV energy are used. The incident ions (Ar +) transfer some 
of their energy to target atoms or molecules (i.e. those of the films to be analyzed) 
by multiple collisions. As these target atoms collide with others, a collision cascade 
is generated, and atoms which gain more than the surface binding energy will be 
sputtered [98, 99]. Thus, atoms and/or molecules are removed in succession from the 
solid, and a new surface is continuously created which can be analyzed by common 
surface analysis techniques (ESCA, AES). If the identification of sputtered particles 
(by SIMS or IIR) is used for compositional depth profiling, the influence of particles 
emitted from the crater edge must be taken into consideration [ 100-102]. 

Certain precautions must be taken when interpreting depth profiles obtained by 
sputter etching, since artefacts can arise. The collision cascade will cause an inter- 
mixing of constituents from sections closer to the surface together with those in 
deeper sections, and vice versa. This collisional mixing results in a broadening of a 
given compositional profile [103]. 

The depth resolution Az in sputter profiling can be derived from a simple se- 
quential layer sputtering (SLS) model, see [ 104], as 

AZ -1/2 

z 

z being the sputtered depth [105, 106]. Although this relationship has been found to 
be in good agreement with a number of experimental results, other measurements 
show a dependence 

AZ -1 

z 

This dependence can be described by an extended SLS model including surface 
transport [ 107]. In addition to sputter removal from the surface layer, surface atoms 
can be transferred into deeper layers, also known as the knock-on effect in ion sput- 
tering [ 108]. 

Preferential sputtering [ 109, 110], caused in multicomponent targets by different 
sputtering yields of the surface constituents, may cause systematic errors in sputter 



369 

profiling but will not necessarily limit depth resolution [103]. However, the depth 
resolution is sensitive to effects of surface roughness, which will be enhanced or 
developed during ion etching [111]. Sputter-induced surface roughness can be re- 
duced using two ion guns, each inclined to the surface normal symmetrically [ 112]. 

Because of the different and mostly unknown sputtering coefficients of the vari- 
ous coatings, it is necessary to calibrate sputter profiles - which are usually plotted 
as a function of sputter time - in order to obtain true compositional profiles as a 
function of depth. The profiles can be calibrated in various ways [113]. For optical 
interference coatings, it is best to take the layer sequence from the raw profile and to 
adjust the thickness' in a manner such that the computed spectral characteristic of 
the overall layer system fits the measured one [ 114, 115]. Another possibility is to 
measure the depth of the etching crater interferometrically or with a stylus instru- 
ment after a defined period of time. Often it is not necessary to know the exact 
thickness of the layers contained in an optical coating, but knowledge of the chemi- 
cal composition and comparison with standard designs can give important clues 
about the cause of a faulty coating. Obviously, ion etching and electron-beam analy- 
sis of dielectrics is more difficult than that of metals. Problems arise with the distor- 
tion of thin films and glass surface layers which may result from ion-beam [116, 
117] and electron-beam [118-120] irradiation. Alkaline and earth-alkaline com- 
pounds, such as MgF2, dissociate strongly even under relatively weak electron irra- 
diation [12 l, 122]. Alkali ions (sodium) in the surface region of glass substrates or 
in dielectric thin films may move during ion bombardment or because of local heat- 
ing effects [ 118, 123]. 

Very peculiar to dielectrics are charging effects. Charging can seriously influ- 
ence the resolution and the sensitivity of almost every analysis technique based on 
excitation by and detection of charged particles. Hence, special precautions to pre- 
vent or minimize charging of dielectric samples must be taken. Numerous experi- 
mental tricks have been developed for this purpose: embedding of the sample in 
conductive material like silver paste [124], shielding with a thin foil or a diaphragm 
(such as aluminium, tantalum) [121, 125], or depositing a conducting grid [126]. 
Conductive coatings (silver or gold) may also be used, not only with scanning elec- 
tron microscopy, the usual case, but also with depth profiling by ion etching. The 
intimate contact of a silver coating with the dielectric surface and a ground contact 
enables the excess charge to diminish. The silver coating can easily be removed 
inside the ion spot because of its high sputter rate [127]. The use of an auxiliary 
electron gun or a filament emitting low-energy electrons which flood the dielectric 
surface for charge compensation is not necessarily successful. Sometimes, only pro 
per adjustment of the etching ion beam together with the primary analyzing electron 
beam, backed by some experience, will yield useful analysis results [ 121 ]. 

To perform depth profiling of any desired sample, as well as AES, ESCA or 
SIMS equipment, the universal ion-etching device BALZERS IEU 100, shown in 
Fig. 15a, can be used [128]. In order to be able to carry out many of the possible 
preparations and analytical techniques, the IEU 100 must be equipped with an ion 
density profile probe for controlled adjustment of the focused and the parallel ion 
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Fig. 15 a 
Schematic representation of a 
universal ion etching device 
BALZERS IEU 100 
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beams and the device should be supplied with a quadrupole mass spectrometer for 
element analysis or for analysis of the concentration profile. Furthermore, one can 
attach a spectrograph and where appropriate a combination of line filters and 
light-guiding fiber optics with photomultiplier equipment for spectrochemical analy- 
sis. A fully equipped IEU 100 is shown in Fig. 15b. By recording the current of the 
secondary ions and/or the intensity of the emitted photons, both of which originate at 
the bottom of the etch pits during ion bombardment, the material can be analyzed. 
Beside depth profiling with film systems and bulk materials, sample areas of a few 
microns to several millimeters in diameter can also be thinned to a thickness that 
makes the material transparent to light. The thinned samples are best suited for vari- 
ous electron microscopically investigations and their light transmittance enables in 
addition the performance of ultraviolet or infrared absorption spectra measurements. 

To illustrate the application of such combinations we present results of an inves- 
tigation obtained from the application of profile analysis in the IEU 100 and reflec- 
tion electron diffraction, as well as the energy dispersive analysis of a surface layer. 

v 

r  

v 

Fig. 16 a 
Concentration profile of Na and Ti in a triple coating TiO2/SiO2/TiO2/Glass. 

The layer to be investigated consists of three oxide films: TiO2, SiO2 and TiO2 
each with an optical thickness of L/4. The layers were taken from an organic solu- 
tion and transferred to a soda lime glass substrate through pyrolysis. Reference to 
[28] of Chapter 6 should be made, for the production of such layers. In addition, the 
bottom layer contained sodium in a concentration of several mol %. This informa- 
tion could be taken from the intensity/time profiles obtained from spectral analysis 
in the visible region with continuous ion beam etching, compare Fig. 16a. It is now 
also of interest to determine whether or not the Na contained especially in the bot- 
tom layer is part of a compound, and whether any compound present can be identi- 
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fled. Earlier investigations showed that at least a part of the Na occurs in the com- 
pound NaxTiO2 [27] of Chapter 6. By etching areas on the surface with a beam of 
parallel ions, it is possible to expose a plane of the bottom layer. 

t - -  

...2" 

Fig. 16 b 
Concentration profile to establish relative etching depths. 

v 

The depth of the exposed bottom of the etch pit, i.e. the position of the etched 
areas under the surface, can be adjusted using the concentration profile. Figure 16b 
shows the Ti concentration profile obtained when the bottom TiO2 layer is etched. A 
comparison of the entire profile in Fig. 16b with that in Fig. 16a shows clearly that a 
bit more than a third of the bottom layer was etched away. If the film thickness is 
not known, the depth distribution can be calibrated by interferometric measurement 
of the etch pit depths. Figure 16c shows the reflection electron diffraction pattern of 
this plane of the specimen. Surprisingly, the reflection for Na20 (according to 
ASTM chart 23-528 A) appears in this pattern. In a simultaneously conducted 
transmission investigation of the same layer, in contrast, the diffraction rings for 
brookite or of Na2TiO3 were almost exclusively found and Na20 only occurred spo- 
radically. This result was obviously caused by the different preparation methods. 
Here, however, the diffraction rings of the TiO2 modification recede completely in 
the reflection diffraction picture because Na20 has a much lower sputtering rate and 
thus rises out of the etched plane shielding the TiO2 crystals during the taking of the 
reflection diffraction picture. Also illustrating this is Fig. 16d, which is a SEM mag- 
nification showing, in addition that the yield of secondary electrons from the Na20 
is much higher than that of the environment.The investigation of the lighter areas in 
the picture by energy dispersive analysis of the excited characteristic radiation con- 
firms the validity of this interpretation of the picture. Furthermore, the same consid- 
erations are valid here as for bulk specimens. The intensity/time profile shown in 
Fig. 16a shows the concentration profile with a distortion caused by the different 
resistances of sputter rates TiO2 and Na20. Meanwhile, the convolution function 
taken from the intensity/time profile is relatively easy to determine [ 129]. 
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Fig. 16 c 
Reflection electron diffraction 
pattern of the etched surface shown 
in Fig. 16 d (Na20 enrichment) 

Fig. 16 d 
Scanning electron micrograph of the 
etched film in a depth corresponding to the 
concentration profile of Fig. 16 b. 

8.4 MECHANICAL PROPERTIES 

The mechanical properties of thin films produced by various deposition tech- 
niques are strongly dependent on structure, microstructure, chemical composition 
and in particular incorporated impurities. They can thus be influenced by the pro- 
duction technology used and the parameters chosen. The published data concerning 
mechanical properties are not as extensive as those conceming optical, electrical and 
magnetic properties, and although there are some excellent reviews on this topic, see 
for example [130], new insights have been gained in the last two decades [ 131 ]. 

At this time, we are beginning to understand, at least in principle, the mechanical 
properties of metallic and some pure and stable compound films. It has become pos- 
sible to calculate the tensile stress in polycrystalline films using elastic constants as 
well as structural and microstructural data of the films. The agreement between 
measured and calculated stress values of pure films is rather better than expected in 
such cases. Our knowledge concerning energetic interactions on grain boundaries 
has qualitatively and quantitatively improved. Although practically there are only 
very few measured data on surface free energy available, it is possible to influence 
in a semiquantitative way the stress behaviour of the films by changing the surface 
free energy of the crystallites composing the films. Unfortunately, knowledge on 
sometimes less stable compound films is much more rudimentary. Their data seem 
to depend very sensitively on the preparation conditions; also stoichiometry, struc- 
ture and microstructure are not so well characterized. Such films often show com- 
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pressive stresses. Although there are some model conceptions for the origin of com- 
pressive film stress, quantitative treatments of this problem hardly exist. 

The importance of adhesion in preventing failure is well known and generally 
accepted, but also here quantitative treatments are difficult to find, as becomes obvi- 
ous in studying Chapter 5, Section 5.2. The same is found with hardness and density 
of thin films. 

8.4.1 STRESS 

The stress behaviour of films is very important in all applications of thin films 
with respect to durability and hence use. This fact was recognized very early on. The 
first investigations regarding mechanical stresses in thin films were carried out in 
1877 by Mills [132] on chemically deposited films. Thirty years later, more quanti- 
tative studies were undertaken by Stoney [133]. During further investigation, it was 
soon found that almost all films, whatever the production method, have mechanical 
stresses. Tensile and compressive stresses should be distinguished; tensile stresses 
arise if the film tends to contract parallel to its surface. Analogously, compressive 
stress is present if the film expands parallel to the surface. 

For films produced by evaporative techniques, it is approximately true that with 
metal films deposited on a substrate at room temperature and even higher, tensile 
stresses are predominant. The magnitude of the tensile stresses is between l0 s and 

l0 2 10 dyn c m .  Films of high-melting metals have the larger values, those of lower 
melting metals the smaller values in this range. Reactively sputter deposited dielec- 
tric films and metal films modified by chemical and/or physical gas incorporation 
frequently have compressive stresses. Compared with metal films, dielectric films 
often have smaller stress values. 

The presence of mechanical stresses in the films is usually undesirable. With 
good adhesion of the film-substrate system, strong deformation of the substrate often 
takes place. If the stresses are very high, depending on sign, then because of tran- 
sient effects in the case of overstressing of the elasticity, undesired crack formation 
or blistering can occur in the films. In the worst cases, the films can even become 
completely detached from the substrate. 

The observed total mechanical stress can consist of three components according 
to eqn. (9) 

(9) 

The external stresses (c ext.) arise from attack by external forces, for example in the 
case of poor assembly of a component supporting the film. Thermal stresses (c 
therm.) always arise if large differences exist in the thermal expansion coefficients 
between film material and substrate material. Strong effects can occur even during 
film production, or the later warming up or cooling down. The portion of thermally 
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caused stresses of the total stress (~) can be quite considerable in the most unfavour- 
able cases. 

The last and most important part is the intrinsic stress (c intr.) in the film itself. 
Intrinsic stress is a structure- and microstructure-sensitive property which is caused 
by the mode of film growth and microstructural interactions also influenced by some 
contamination. Usually, the intrinsic stresses in the films are the dominant part of 
the total stress so that many investigations have specifically dealt with them. The 
occurrence of mechanical stresses even in island films is most remarkable. During 
further growth, bridges between the islands are observed in the network stage of film 
growth and finally a closed film is formed. Distinct changes in stress accompanies 
the agglomeration of the single crystallites in particular. In addition to lattice disor- 
der effects, changes in density and electrostatic charges have been considered 
[134-143]. Depending on material and deposition conditions closed films can be 
vitreous or amorphous, but many are crystalline, particularly polycrystalline. Con- 
siderations concerning the interactions between grain boundaries and boundary sur- 
faces were regarded for explaining the causes, and especially the occurrence, of 
tensile stresses [144]. Frequently, pure films have tensile stresses, whose values 
depend on the kind of material, the deposition technique and the film thickness. 
Often the stresses reach a maximum when the last holes in the network film are 
filled. Additional thickness growth causes, along with recrystallization, a large de- 
crease of the stresses, as can be seen in Fig. 17. The inclusion of foreign materials in 
the films can cause not only a reduction of tensile stresses but even a shift to com- 
pressive stresses, as can be seen in Fig. 18. Most especially, gas incorporation into a 
metal lattice often leads to compressive stresses resulting from a constraint metal 
lattice expansion. 

A film deposited on a thin substrate deforms this substrate because of the me- 
chanical film stress. The deformation can be measured and, knowing the dimensions 
and the elastic constants (E - Young's modulus, ~ - Poisson's ratio) of the sub- 
strate, it is possible to calculate film stresses. 
In the case of tensile stresses, a concave film surface forms; in the case of compres- 
sive stresses it is convex. The mathematical treatment of this problem was started by 
Brenner and Senderoff [147] and continued among others by Hoffman [144]. Vari- 
ous measuring methods [148a] have been derived for film stress measurement as 
regards substrate deformation; most commonly used are the bending of a disk and 
the bend ing-beam methods. The measurements can be carried out during or after 
film deposition. With the disk method, the deflection of the centre and the warping 
of the brim of a circular disk of glass, quartz or metal (initially plane) are measured 
under the influence of the stress produced by a deposited film. An optical plane test 
glass (optical flat) serves as reference. The Newton's interference rings arising in 
monochromatic light between the test glass and the disk are measured by a known 
method and the radius of curvature r is determined from this. 



376 

" O  

! 1 I I 

Fig. 17 
Intrinsic mechanical stress of an Ag-film on glass as function of 
film thickness [145]. 

With the radius of curvature and the elastic data of the disk, the film stress is 
calculated according to: 

2 
1 

o- 
6 r ( 1 - v )  tf 

t~ = substrate thickness, t f  = film thickness. 

A review of the mathematical considerations resulting in eqn. (10) is given by Seidel 
[148b]. 

Figure 19 shows a measurement set-up used by Hoffman [149]. With this 
method, anisotropy's can also be detected in the film-stress behaviour. 

With bending-beam methods, the deflection of the free end of a one-side 
clamped substrate strip or the central deflection of a two-sided clamped strip is 
measured, which is produced under the influence of the film stress. The strip or 
beam length is often ten times its width. The deflection is detected either optically, 
mechanically or electrically. The sensitivity achievable depends to a large extent on 
the system of detection. Highest sensitivities are achieved with optical and electrical 
detectors. The radius of curvature of the substrate beam is calculated from: 

12 
r = ~ (11) 

25 

1 = substrate length, 5 = deflection of the free end. 
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Fig. 18 
Intrinsic mechanical stress of SiOx films as function of the residual 
water vapour pressure during deposition [146]. 
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Fig. 19 
Schematic representation of an apparatus for 
the determination of mechanical film stresses 
by observing Newton fringes between a stressed 
circular substrate disk and an optical fiat [ 149]. 
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Fig. 20 
Schematic representation of an apparatus 
for the determination of mechanical film 
stresses using the bending beam technique 
with optical detection [150]. 
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The stress is calculated according to eqn. (10). By inserting (11) into (10), eqn. 
(12) results: 

2 8 Es ts 
or= (12) 

3 12 tf 

X-ray and electron diffraction methods are applied in order to measure atomic 
distances in the crystal lattice and their changes. Hence, the diffraction methods are 
also basically suitable for measuring the strain/stress behaviour in thin films. How- 
ever, since the film thickness and the crystallite size in thin films are small, some 
line broadening already arises from this. In order to determine what contribution the 
mechanical stresses have on the diffuse lines, careful analysis of the line profiles 
must be undertaken [148, 151 ]. This method is less suitable for routine determina- 
tion of stresses in thin films. In some cases, it is possible though rarely applied to 
determine the stresses in the films through their influence on other, known film 
properties, at least approximately. Such properties are, for example, the position of 
an absorption edge [152], the Hall effect [153], electron spin resonance spectra [155] 
and in the case of superconducting films, variations in the critical transition tem- 
perature [156]. However, these effects can, unfortunately, also arise for other rea- 
sons, and thus these techniques can usually only be used as supplementary experi- 
ments. 

As already mentioned, the stresses in thin films may present problems in many 
industrial applications of the films. Early observations of thin films in optical appli- 
cations showed that particularly when the film thickness was large, cracks arose, 
which had cloudy marks and sometimes the films even became detached from the 
substrate. Exact measurements of evaporated single films and film systems indicated 
a partial stress compensation, especially in dielectric multilayers, since low refrac- 
tive films often have tensile stresses, whilst high refractive films have compressive 
stresses [ 157, 158]. 

Furthermore, possibilities of influencing through manufacturing parameters were 
found e.g. [154]. These are substrate temperature, condensation rate, residual gas 
composition and pressure, angle of incidence of the vapour beam, and ion bom- 
bardment. 

For the theoretical interpretation of film stresses of crystalline films, interaction 
across grain boundaries often appears to be the dominating effect. Hoffman et al. 
[ 144] tried to explain the tensile stress behaviour of Ni films through a grain bound- 
ary model, and Pulker et al. were successful in interpreting the tensile stress behav- 
iour of pure and doped MgF2 films [159 a-c] and of pure Cr films [ 166] by analogue 
mathematical treatments. 

Because of its significance, the grain boundary model is explained briefly in the 
following. 

Lattice relaxation forced by the energetic interaction between grain boundaries 
presents the elastic deformation which expresses itself macroscopically as observ- 
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able mechanical stress. The close approach of two free surfaces (surface energy y~) 
in the formation of a grain boundary (grain boundary energy Ygb) results in a change 
in energy as follows" 

AT = 2ys - Ygb (13) 

In the case of large-angle grain boundaries, < Ygb > equals 1/3 Ys and therefore the 
change in energy can be calculated according to Ay = 5/3 Ys. Part of the energy pro- 
duces a constrained relaxation of the lattice atoms in the grain boundary, yielding a 
few percent of the unstrained lattice constant a. The elastic deformation is responsi- 
ble for the macroscopically observed tensile stress (G) according to Hooke's law 

t~ = E e (14) 

e = (x-a) /a  = A/d (15) 

The average value of A was calculated using the method of the interaction potential 
between two atoms [ 144]. 

The next possible separation of two particles, ri, is generally limited by their 
ionic radii. The separation at which they can enter into interaction with each other is 
double the lattice constant. The energetic minimum, as can be seen in Fig. 21, is 
exactly at the lattice constant and its size is given by the above mentioned 5/3 y,. 
Now, only particles which arrive between r and 2a are considered, and a uniform 
probability is assumed for every position between these two limits. Then, it only 
rarely arises that a particle occupies the energetically favourable position at a. How- 
ever, in an effort to nevertheless achieve this energetically favourable position, an 
expansion of the film takes place if a particle occupies a place between r and a, and a 
contraction occurs if a position between a and 2a is occupied. However, in both 
cases the energy difference arises in the form of deformation energy. 

Since the potential is asymmetric, the predominant occurrence of tensile stresses 
can be explained. 

I 
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i 

2a 

Fig. 21 
Grain boundary potential after Doljack, 
Springer and Hoffman [144]. 
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The deformation energy per surface unit of the film is calculated, added to the 
potential energy per surface unit, and the new energy minimum ascertained. The 
difference in the two minima now gives a dimension for the magnitude of the de- 
formation. The result is" 

r i - r 2/2 
< d > = _ (16) 

2 a -  ri 
m 

a = average bulk lattice constant 
r i  = the distance of closest appu (sum of the ionic radii). 

The average force per unit area of boundary after relaxation must just equal the 
average elastic stress produced throughout the volume of the crystallite. Considering 
also Poisson's ratio v and the packing density of the film p, the intrinsic stress is 
given by 

E A 
t r -  1-v d p (17) 

Multiplication by packing density p takes into account the presence of grain bound- 
ary separations exceeding 2 . For tensile stresses in MgF2 films, good agreement 
was obtained between calculation and experiment [ 159 a-c]" 

a = 6.7 - 7.3 x 10 9 dyn cm 2 
MgF2 calculated 

= 6.9 - 7.1 x 10 9 dyn cm 2 
MgF2 experimental. 

The experimentally obtained results of various authors are listed in Table 3. 
According to the grain boundary model, a reduction in mechanical stress arises 

if: 
1. the crystallite size increases and hence the number and the surface of the grain 
boundaries reduces, and/or 
2. the energetic interaction becomes weaker because the free surface energy is 
decreased owing to sorption or segregation phases. 

Case 2 follows from a purely energetic treatment of the grain boundary model: 

tr = (~Ef 4),s-2),gb) (18) 
1-v df 

As presented in Fig. 22, a more or less fast evaporation at various pressures and 
varying amounts of water vapour in the residual gas by sorptive water incorporation 
into the film grain boundaries results in strong changes in stresses. However, the 
water adsorption depends on the partial pressure. For technical applications, it is 
therefore advisable to aim at foreign material coverage of substances of low vapour 
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water adsorption depends on the partial pressure. For technical applications, it is 
therefore advisable to aim at foreign material coverage of substances of low vapour 
pressure and low free surface energy. In the order: MgF2, CaF2, BaF2, H20, the free 
surface energy decreases. 

Monomolecular segregation phases of CaF2 and BaF2 at the grain boundaries of a 
MgF2 film also distinctly reduce the mechanical stresses, as shown in Fig. 23. 
Monomolecular coverage is achieved at about 4 mol %. Larger doping results in 
only an insignificant stress reduction [159 a-c]. Here, we show possibilities of re- 
ducing the mechanical stresses, which have barely been used yet. Of the many poly- 
crystalline films employed in practice, however, little is known on stress behaviour 
as regards how dominant the grain boundary influence is, compared with other pos- 
sible influences. 

Evaporation, sputtering and ion plating have various parameters in the film pro- 
duction so that films of the same material but produced by different technology can 
have various stress values. Hence, the possibility exists of influencing stresses in a 
desired way. Systematic investigation of this is still in its initial stages. 

Theoretical treatments of the origin of compressive film stress often observed as 
consequence of energetic particle bombardment, e.g. [ 173, 174], led to a relatively 
simple model [174]. According to this model compressive stress arises when the 
growing film is bombarded by ions or atoms with kinetic energies of tens or hun- 
dreds of electron-volts by atomic peening processes [173a]. These knock-on proc- 
esses cause atoms to be incorporated into spaces in the growing film which are 
smaller than the usual atomic volume [173b]. The implanted atom is not necessarily 
an interstitial and is rarely associated with a lattice vacancy. It is also prevented from 
moving by the repulsive force excerted by the surrounding atoms. The implanted 
atoms are then in metastable locations within the film increasing its density and 
strain energy responsible for the compressive stress. That means, generation of com- 
pressive stress occurs because of extended defect formation [173c]. A remarkable 
fraction of the energy of a bombarding ion, however, is transferred to violent motion 
of the atoms in the impact area. This intense local heating, or thermal spike, can 
provide the energy required to release implanted atoms from their metastable posi- 
tions within the film moving in direction to the film surface and thus decreasing the 
density and the strain. The consideration of a steady state in which stress formation 
by knock-on implantation of film atoms is, to a certain degree, balanced by thermal 
spike excited migration of the implanted atoms shows that the stress is proportional 
to: 

c = [Y/(l-v)] E ~ / (R/j + k. E ~ ) (19) 

where E is the ion energy, R the net depositing flux, j the bombarding flux, k a mate- 
rial-dependent parameter, Y the film material Young's modulus and v the Poisson 
ratio. 

Table 4 shows the intrinsic stress of various metal films made by evaporation and 
condensation in high vacuum [ 160]. Further stress measurements can be found in the 
literature, e.g. [ 158, 159, 148]. 
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In practice, two aspects are important for the consideration of mechanical 
stresses: 

a) the reduction of the adhesion between film and substrate and 
b) the bending or warping of precision components bearing films. 

If, in the process of film production, the deposited atoms are mobile and if only a 
low localized adhesion of the film atoms exists to the substrate, then the film atoms 
(molecules) slip in the boundary surface and only low (or no) stresses are formed. 
However, increasing localized adhesion often causes increasing film stresses. 

The contribution of physisorption to the adhesion is about 0.4 eV. The appropri- 
ate forces are between 104and 10 ~~ dyn cm 2. The energetic portion of the chemical 
bonding ranges from 0.5 to about 10 eV. The forces here are larger than or equal to 
l0 ll dyn cm 2. It can be seen from this that, in the case of formation of a chemical 
compound boundary layer, the adhesion is not endangered by the mechanical film 
stresses. Only the weaker physisorption can be so strongly impaired by larger film 
stresses that detachment of the film sometimes occurs. 
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Intrinsic stress values of pure MgF2 films on unheated glass 
substrates as function of the deposition rate and of the water 
vapour partial pressure. 

A numerical estimation of the surface mobility of atoms along a <111> surface 
from one potential minimum to another in a cubic face-centered structure by the 
energetically easiest route is due to Carpenter and Campbell [ 168]. In order to over- 
come an adsorption energy of 0.2 eV (this corresponds to a physisorption), film 
stress values of 5 x 109 dyn cm 2 are thus required. These are relatively high stress 
values. 
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Fig. 23 
Intrinsic stress values of MgF2 films doped with CaF2 and BaF2 
deposited on unheated glass substrates as function of the doping. 

However, if the inhomogeneity usually present in the adhesion over a surface is 
considered, then, for example, crack formation in areas of reduced adhesion result- 
ing from mechanical film stresses in the sense of a stress reduction process is easily 
to understand [ 169]. 

In order to reduce deformations of precision components, such as precision op- 
tics, low-stress film materials and low-stress-producing deposition technologies are 
vital. Increased effort is required here in order to determine materials and material 
combinations, and to develop suitable methods in the deposition processes. 

8.4.2 H A R D N E S S  A N D  A B R A S I O N  

The hardness of a material is a very important property and results primarily 
from interatomic forces and complicated interactions caused by deformation mecha- 
nisms in the material. It affects such properties as wear resistance [173,175], lubri- 
cation [ 176], and deformation bonding [177]. Of the typical film materials used for 
coatings on glass or plastics, it is mainly the metal oxides and nitrides which show 
high hardness values, as can be seen in Table 5. 

Hardness of thin films is measured generally by indentation methods. The rela- 
tion of the various hardness values obtained by various microhardness measuring 
techniques is shown in Fig.24. 

In principal, microhardness determination is rather simple. The indenter may be a 
square based pyramid of diamond or sapphire with a face angle of ct - 136 ~ for the 
Vickers test, or a rhombic-based pyramid with angles between the edges at the top of 
13 = 130 ~ and ? = 172 ~ 30' for the Knoop test. The load P between 2 and 200 pond is 
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films, an increase in hardness with decreasing grain size was observed, see [194, 
195]. The variation of the microhardness with substrate temperature for oxide films 
is quite different from that of metals. The film hardness obtained at low tempera- 
tures is generally appreciably lower than the bulk hardness. The reason is a low 
packing density of the film. With increasing substrate temperature it may increase 
slightly, remain constant or at first even decrease, as a consequence of structural 
changes from the tapered crystallites of zone l, to columnar crystals of zone 2, of the 
zone model of Movchan and Demchishin [186] shown in Fig. 25 resulting from 
higher atom and molecule mobility. 

TABLE 5 

BULK HARDNESS OF VARIOUS METALS, OXIDES NITRIDES AND FLUORIDES 

Material Knoop hardness (kg mm -2) Ref. 

Ag 60- 90 [178] 
AI 100- 140 [178] 
Cr 650 - 940 [ 181 a] 

A1203 2100 
Cr203 -2000 [ 181 a] 

Si3N4 300 [ 181 b] 

MgF2 430 [178] 
CaF 2 163 [179] 
SrF2 140 [179] 
BaF2 82 [179,180] 

In contrast with metals, the hardness of oxides increases greatly as substrate tem- 
perature continues to rise [ 186, 187]. However, the required Ts is often higher than 
800~ for example for A1203 [186], so that final increase in hardness can not be 
used in many optical film applications, because the optical film quality (light scat- 
tering) and the thermal stability of the substrate (optical glass) are limiting factors. 
With films made of the alkaline earth fluorides, an increase in substrate temperature 
to 350~ improves the film hardness appreciably. The reason seems to be also con- 
nected with an increase in packing density. 

Abrasion, or more precisely abrasive wear, occurs when a hard rough surface, or 
a soft surface containing hard particles, slides against a softer surface, digs into it 
and ploughs a series of grooves. The material from the grooves is usually displaced 
in the form of loose wear particles. The abrasion rate of a surface, using any abrad- 
ing medium, is inversely proportional to the harduess of the surface. In practice, the 
most common abrasive contaminant is SiO2 in form of quartz sand, with a hardness 
of about 800 kp mm 2. When abrasive wear should be prevented, it can be achieved 
by making this surface harder than the abrasive. 



388 

Fig. 25 
Schematic representation of microstructural zones of 
condensates in dependence on temperature [54]. 

Considering thin films on glass, it is found, that coatings on front lenses or on 
other exposed surfaces require periodic cleaning. Usually cleaning is performed by 
gentle rubbing with a cloth or lens tissue; this may produce abrasive wear if inor- 
ganic dust particles such as the above mentioned SiO2 sand is present. It is therefore 
an important requirement for many thin-film applications to have a film abrasion 
resistance as high as possible. The high abrasion resistance of a coating should pro- 
tect the coating itself and the substrate surface beneath it against scratches. Ideally, it 
should improve the robustness of the whole system. Unfortunately, there is no test to 
determine the degree of thin-film abrasion quantitatively. However, some standard 
test procedures have been developed. One of these standard test involves a rubber 
pad loaded with a particular grade of emery. This special eraser can be drawn over 
the surface of the film to give a reasonably controlled amount of abrasion when the 
load and number of strokes specified. 

Such specifications are given by the US Army for instance, for testing 
antireflection coatings on glass MIL-C-00675B(MU) and MIL-C-14806A. There 
should be no visible damage to the coated surface when rubbed for 40 strokes with 
an eraser conforming to MIL-E-12397 under a force of 0.91 to 1.13 kg. A variety of 
apparatus is in use to perform similar tests, for example that of Holland and van 
Dam [188]. 

Another method developed by Kraus [189] uses a stream of fine-grained quartz 
sand falling freely on a 45 ~ inclined film surface. The abrasion on the surface can be 
inspected by measuring the scattering of light. Finally, it should be mentioned that 
the abrasion resistance of thin films varies not only with the film material used but 
also with the preparation method applied and the prevailing conditions. 
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8.4.3 DENSITY 

In most thin metal and dielectric films, a gradient in film density can be found, 
see [ 190a, 190b, 191 ], which is 2 to 10% (or even more) of the bulk, depending on 
the deposition method, experimental conditions and film thickness. Very thin films 
made by evaporation in vacuum generally show stronger deviations from bulk den- 
sity than thicker films. The approach to bulk values occurs asymptotically. Physical 
and chemical affects are responsible for this phenomenon. The physical reasons may 
be a higher crystalline disorder, in general more vacancies in the crystals of the de- 
posit, than in the bulk state; and holes and pores in the films produced by gas incor- 
poration and special growth modes occurring more strongly in the first stages of film 
formation. Although, however, polycrystalline films may also be composed of rela- 
tively low-disordered individual crystallites - this case can be shown by electron 
diffraction - a lower film density is observed because of a loose arrangement - the 
packing density - of these film forming crystallites on the substrate. In many cases, a 
low packing density is even the dominating effect in causing a reduced film density. 
Table 6 shows the packing densities of some metal and fluoride films. 

TABLE 6 

PACKING DENSITY OF SOME METALS AND FLUORIDES 

Film material Packing density Ref. 
Ts-- 30~ Ts- 300~ 

Ag 0,95 
A1 0,95 
Cr 0,96 
MgF2 0,72 
CaF 2 0,65 
BaF2 0,69 

0,98 [45,193] 
- [172,1921 

[172] 

Besides higher substrate temperature also ion bombardment, especially during film 
growth, increases film density close to the value of the bulk material as was for in- 
stance shown for ZrO2 films [272]. 

The chemical reasons for density variations of metal films are, chemical com- 
pound formation during deposition of the first few hundred monolayers by unwanted 
reactions with the residual atmosphere. The density of the corresponding oxides, 
hydroxides or nitrides may be quite different from that of the metal, as can be seen 
in Table 7. 

With compound films, changes in stoichiometry by dissociation, fractionating 
and incomplete recombination or formation of other chemical compounds may con- 
tribute to density deviations. 
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TABLE 7 

DENSITY OF SOME METALS, OXIDES, HYDROXIDES AND NITRIDES [178] 

Material Density of 

Me Me20 Me203 3H20 Me(OH)3 MeN 

Ag 10.50 7.143 - - - 
AI 2.702 - 2.43 - 2.53 2.42 - 
Cr 7.20 - 5.21 - 5.90 

8.5 CHEMICAL AND ENVIRONMENTAL STABILITY 

Coated parts are sometimes used at elevated temperatures or at very low tem- 
peratures, or they may be exposed to sudden changes in temperature. Variations in 
temperature, however, cause both reversible and irreversible changes in the films. 
Examples of reversible effects are the temperature dependence of the absorption 
coefficients of semiconductor films and the temperature dependence of the refractive 
index or of the electrical conductivity of dielectric and metals films. Another re- 
versible effect is the refractive index variation caused by the temperature-dependent 
sorption and desorption of water vapour by a porous film structure. Irreversible ef- 
fects include the possible increase in packing density and crystallinity connected 
with an increase of the refractive index and light scattering of the films after in- 
tended or unintended annealing. The chemical resistance of the films is of great 
importance, particularly in connection with the influences of atmospheric moisture. 
In this respect, the solubility of the bulk material is a useful guide, although it must 
always be remembered that with a thin film, the ratio of surface to volume is ex- 
tremely large and magnifies any tendency towards solubility present in the bulk 
material. The effect of humidity and salt water is of special importance in a tropical 
climate or at sea. There exist special simulators and precise test specifications to 
control film quality. Hygroscopic film materials may deteriorate rapidly under hu- 
mid conditions. Absorption of moisture by some materials may result in swelling, 
which destroys their function and causes loss of physical strength and changes in 
other important mechanical properties. Insulating materials which absorb moisture 
may suffer degradation of their electrical and thermal properties. Therefore a hu- 
midity test should be applied to all films and film systems in contact with the atmos- 
phere to determine the resistance to the effects of exposure to a warm, highly humid 
atmosphere such as is encountered in tropical areas. The test according to 
MIL-STD-810C (1975) is an accelerated environmental test, accomplished by the 
continuous exposure of the films to high relative humidity at an elevated tempera- 
ture. Films should also be resistant to gases such as SO2 or H2S, to liquid cleaning 
agents, to acids, and sometimes also to fungus. Chemical compatibility between the 
film and substrate is also important. For example, the glass constituent PbO and film 
materials such as La203 may react and form optically absorbing metallic lead. At 
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higher temperatures, reactions can also occur between adjacent thin-film materials, 
and decomposition can lead to optical absorption. A proper choice of materials must 
therefore also take chemical aspects into account. 

A great deal of work has been done and is still carried out on the development of 
environmental tests especially for coatings on glass and plastics; for example, US 
Military specifications, United Kingdom specifications for aircraft equipment, Brit- 
ish Standard Institute specifications, German DIN specification, etc. This has al- 
ready resulted in a number of specifications which are equivalent to the most severe 
conditions ever likely to be met in both tropical and polar climates. The most often 
used test specifications are summarized in Table 8a. 

Structure, hardness and density of some dielectric films deposited by various 
methods and under various conditions are listed in Table 8b. As can be seen in this 
table, film properties can be varied within extensive limits and with some deposition 
methods, values approaching those of the bulk materials are achieved. 

TABLE 8a 

VARIOUS THIN FILM TEST SPECIFICATIONS 
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8.6 OPTICAL PROPERTIES OF THIN FILMS 

Materials are characterized optically by their optical constants, i.e. the extinction 
coefficient and refractive index. The extinction coefficient k' is the imaginary part of 
the complex refractive index N = n - ik'. It assumes the role of an index of attenua- 
tion. If this attenuation is caused by true absorption alone, it is termed the absorption 
coefficient k. The absorption (or extinction) constant is defined as tz ('~ = 4 rc k (') ~,-1 
Finally, 1 dB cm 4 = 4.34 ct ('). 

Thin films generally have properties which are somewhat different from the bulk 
starting materials. As regards optical properties, the observed values of the refractive 
indices and the absorption coefficients are often lower and higher, respectively, 
compared with the optical constants of the same bulk materials. Very thin films 
(t_<10 nm) can have such strong variations that the term ~optical constants>> may 
become problematic. This behaviour demonstrates, the dependence of n and k on 
film thickness and on the substrate surface condition and the resulting structural 
consequences. For thicker films (t _> 40 nm), the thickness dependence decreases 
rapidly. The resulting film properties are, however, influenced by the production 
method. In the case of films made by PVD, the properties depend on vacuum and 
deposition conditions such as: residual pressure, its composition and spatial distri- 
bution, substrate temperature, kinetic energy of the coating-material atoms, deposi- 
tion rate, angle of incidence, substrate surface topography, and so on. 

Figure 26a shows the spectral reflectance measured at normal incidence of light 
of some typical evaporated opaque metal films which are used in various optical 
applications. 
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Fig. 26a 
Spectral reflectance of various opaque metal films obtained at nearly normal incidence of the light 
beam. The films were deposited by evaporation in high vacuum. (according to Carl Zeiss, FRG). 
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Figure 26b shows the spectral reflectance obtained with linear polarized light at 
45 ~ incidence. It is remarkable that the ratio between R • and R II deviates more from 
unity the smaller the term (R • + R n ). 

...,_ 

20 

, 1 

4 5 0  550  650  750  8 0 0  nm 

Fig. 26 b 
Spectral reflectance of opaque metal films at 45 ~ incidence of linear polarized light (Films pro- 
duced and measured by Carl Zeiss, FRG). 

For reliable production it is a priority to obtain films with reproducible optical 
constants. Typical of the problems in producing films with optimal properties are the 
different optical constants of evaporated aluminium films, shown in Table 9, which 
were obtained by Hass in the period 1945 to 1961 [207]. 

As a consequence of an improved technology (higher and cleaner vacua, faster 
deposition rate), the newer films, possibly containing less oxygen, clearly show 
better optical values, especially in the blue and near ultraviolet region. Also, many 
other metal films are very sensitive to oxidation, and even traces of oxide-phases 
produce a degradation of their optical properties. 

As can be seen in Fig. 26a, the reflectivity of aluminium is lower than that of 
silver in the visible and infra-red regions. However, silver films deteriorate rapidly 
on exposure to sulphur-containing atmospheres, whereas aluminium films retain 
their reflectivity, because of the dense glasslike protective oxide film A1203 which 
forms on their surface. Pure aluminium films have a high reflectance in the ul- 
tra-violet region. From the visible range down to about 200 nm, the Al reflectance 
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remains practically constant. Below this wavelength, however, it decreases continu- 
ously and reaches zero at about 80 nm. Even small amounts of incorporated oxygen 
reduce the high ultraviolet reflectivity, so that AI films with good uv reflectance 
must be deposited very quickly in clean high vacuum. 

TABLE 9 

OPTICAL CONSTANTS OF VACUUM-EVAPORATED ALUMINIUM FILMS PREPARED 
AND MEASURED BY HASS IN 1946 AND 1961 

Z, (1946) (1961) (1946) (1961) 
(nm) n n k k 

644 1.12 - 6.26 - 
650 - 1.30 - 7.11 
578 0.89 0.93 5.68 6.33 
546 0.76 0.82 5.50 6.99 
491 0.57 - 5.20 - 
492 - 0.64 - 5.50 
435 0.40 - 4.16 - 
436 - 0.47 - 4.84 
380 - 0.37 - 4.25 

The relatively high reflectivity of pure Al films deposited on glass can also be 
obtained using lacquer or plastic substrates, providing both are chosen to avoid con- 
tamination of the vacuum system. It is interesting to note that evaporated silver does 
not tarnish as rapidly as chemically deposited silver, possibly because the former has 
greater purity. The reflectivity of aluminium also decreases with age but the greatest 
reduction occurs during the initial period of oxide formation. After one month the 
aluminium oxidation is complete and the films retain a refiectivity of about 89% for 
a long time in normal atmospheres. 

The essential feature of dielectric optical film materials is their very low absorp- 
tion (t~ < 103 cm 1) in the relevant region of the spectrum. The films are primarily 
characterized by transparency and refractive index. 

Figure 27 shows schematically the curve of transmission versus wavelength of an 
optical thin-film material. The desired region of high transmittance (region II) is 
situated between the short-wavelength absorption edge, region I (which depends on 
the electronic structure of the material), and the long-wavelength limit, region III 
(which is determined by lattice vibrations or, in the case of semiconductors, by free 
carrier absorption). The extent and quality of region II depends strongly on the mate- 
rial - on its stoichiometry and purity. 

The transparency of thin films is often slightly worse than that of bulk materials. 
For example, bulk single crystals of cubic ZnS have an absorption coefficient k515 of 

6 5 between 4.3x10 ~ and 1.2x l0 [209], whereas for evaporated films a value of 2.7xl0 
4 is obtained. Deposition experiments in high vacuum with ZnS showed that the 
absorption coefficient k, determined by a calorimetric method [210], does not de- 
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pend on deposition rates lying between 0.1 nm s 1 and 10 nm s 1, nor on different 
film thickness, but is influenced by the amount of oxygen in the residual gas. A 

change in oxygen content f rom Po2/Ptot tot = 0.11 to Po2/Ptot - 0.55 increases the 

absorption coefficient klo6o from 4x 10 -6 to 1.3x 10 5. Table 10 shows the absorption 
and extinction coefficients of well prepared sulfide and fluoride films. Similar ex- 
periments have also been performed for single oxide films prepared by reactive 
deposition, with and without excitation (partial ionization) of the oxygen gas. Typi- 
cal results are presented in Table 11. Deposition in the presence of excited oxygen 
yields films with smaller k values. The effect is more pronounced near the 
short-wavelength absorption edge. One reason for the increased extinction of the 
films is often the true absorption due to small deviations from stoichiometry, and 
contamination. 

I -  

E 

I-. 

J 

Fig. 27 
Schematic curve of transmission versus wavelength of an optical material. 

Another reason is the scattering of light by surface and volume imperfections 
[211-215]. Such imperfections include surface roughness, rough internal boundaries, 
and density fluctuations which stem from crystallinity, porous microstructure, pin- 
holes, cracks, splashes, microdust, etc. 

The contribution of light scattering to optical losses (L) is given by: 

1 = R + T + L ,  (21b) 

where A is absorption, S is scattering, R is reflectance, and T is transmittance. It can 
often be of the same order or larger than the true absorption, and it depends strongly 
on cleanliness, deposition method, and deposition conditions. 

Sputtered films often show lower scatter losses than evaporated films, because of 
their dense homogeneous microstructure and smooth surface. For optimal perform- 
ance of a multilayer, the extinction coefficients of the individual single films should 
not exceed 10 "4. For example, in order to obtain negligible losses in multilayer 
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antireflection coatings, in a film 100 nm thick, only loss values of  less than 0.01% 

can be tolerated, corresponding to a k' value of  0.44xl 0 -4 or an a '  value of 10 cm l 

(~, = 550 nm) [216]. 

TABLE 10 

ABSORPTION COEFFICIENT k AND EXTINCTION COEFFICIENT k' OF WELL 
PREPARED SULFIDE AND FLUORIDE FILMS 
(Depositions were carried out by evaporation and condensation in vacuum) 

k k k' k' 
Film Ref. (1060 nm) (515 nm) (633 nm) (200 nm) 

ZnS [226] 4. I x 10 -6 2.7x 10 -4 - - 
ZnS [227] - - 3.5x10 "5 - 
CdS [271 ] - 2.9x 10 -3 1.7x 10 .3 - 
ZnSe [271 ] - 3.4x 10 .3 2.9x 10 .3 - 
ZnTe [271 ] - 6.7x 10 -3 2.6x 10 -3 - 
ThF4 [226] 2. I x 10 .6 5.0x 10 -6 - - 
MgF2 [226] 6.0x 10 .6 9.0x 10 -5 - - 
CeF3 [227] - - 1.4x10 5 - 
NdF3 [227, 215d] - - 1.2x 10 5 < 10 -3 
LaF3 [215d] - - - 3xl 0 -4 
GaF3 [215d] - - - 10 .3 

In the case of  planar waveguides in integrated optics, the quality requirements 
are much more stringent because of the long path inside the film [217]. Low loss 
values reported here are listed in Table 12. Determinations of the light attenuation in 
waveguides enable loss measurements of  0.1 dB cm ~, corresponding to an extinc- 

tion coefficient of  l x l 0  "7 or an a value of 0.02 cm 1 (or = 633 nm) [218]. 
By the application of proper conditions, volume losses can be distinguished from 

surface and interface losses [219, 220]. Advances in measurement techniques for 
small optical absorption values are given in Refs. [221 a-  m]. 

Hass et al. [222a] published optical data of various rare earth oxides and fluo- 
rides. Later Baumeister et al. [222b, c] made substantial progress in the deposition of 
low-loss optical films of HfO2, La203, A1203, Y203, LaF3, MgF2 and SiO2 for the 
ultraviolet. Today the range of useful materials, such as GaF3 and NdF3, is extended 
by many contributions e.g. [223,224]. Such films are required in all dielectric short 
wavelength laser components, for example, at 351 nm, 308 nm, 248 nm and at 
wavelength below 200 nm [224]. 

The complex nature of  the mechanism of laser damage by high-energy radiation 
in single and multi layer films has not yet been fully understood. However, there is 
no doubt that, among other possible mechanisms, absorption contributes to the dete 
rioration. Higher damage thresholds of films seem to be associated with shorter 
ultraviolet absorption edges. More details on resistance to high-energy radiation are 
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TABLE 12 

LOW-LOSS FILMS AS WAVEGUIDES IN INTEGRATED OPTICS 

Film material Ref. Wave- dB Losses or' 
length (cm l) k' (cm "l) 
(nm) 

Preparation 

Ta205 [219] 633 0.9 l x l 0  "6 0.21 Ta sputtering oxida- 
tion in air 

CAS 10 [229] 633 1.1 1.2x10 "6 0.25 Electron-beam evapo- 
(Planer, GB) ration in high vacuum 

Organosilicon [218] 633 0.04 5x10 "8 0.01 RF discharge in gase- 
[230] ous organosilicon 

compounds 

given in Ritter's review article [216], in the annual reports of the Boulder Damage 
Symposia on laser-induced damage in optical materials e.g. [225a] and in a paper 
published by Guenther and Humphreys [225b]. The refractive index of a dielectric 
film often differs from that of the bulk material. Generally, lower values are ob- 
tained. For example, bulk cubic ZnS has a mean refractive index of n633 = 2.35 (see 
[209]), but in polycrystalline cubic films of 100 nm thickness an index of n633 = 2.27 
was determined [191]. Thinner films show lower values, whereas the indices of 
thicker films approach the bulk value. The observed refractive indices depend on the 
deposition- method and on process-parameter-sensitive variations in structure, mi- 
crostructure, chemical composition, and gas content of the films. Thus, for example, 
TiO2 films show a strong dependence of their refractive index on the substrate tem- 
perature during deposition because between 20~ and 400~ they can be amorphous 
or can consist of anatase or rutile or a mixture of these phases [23, 28]. As a conse- 
quence, the refractive index of TiO2 films varies between n550 = 1.9 (20~ and 
n550 = 2.6 (400~ Preferred crystallographic orientations (textures) may also influ- 
ence the refractive index of thin films. The substrate temperature and other weaker 
parameters influence the microstructure of the film. The substrate temperature sup- 
ports the tendency to crystallization. Amorphous, glasslike, and crystalline deposits 
have a higher average film density (9f) if evaporated onto heated substrate or if they 
are annealed afterwards. 

As already shown in a preceding section, many polycrystalline films consist of 
fairly well developed columnar or prismatic crystals of different diameters which 
can be arranged on the substrate in a close-packed structure. This means that the 
films are composed of relatively well developed crystalline aggregates, grain 
boundaries, and vacant places such as intermediate gaps and pores. A higher sub- 
strate temperature increases the mobility of the film atoms or molecules and favours 
the formation of larger and more closely packed crystals (an increase in crystal size 
and a decrease in grain boundary area and vacancies occur). 
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Similarly, a densification through a decrease in vacancies can be brought about 
even in non-crystalline amorphous or glasslike films by suitable heat treatment. Ion 
bombardment during or after film formation also produces densification. 

- -  2pfR + M (22) 
nf - 

M - p f R  

Density and refractive index of isotropic materials are interrelated by the Lor- 
entz-Lorenz equation. The mean refractive index can be calculated for the general 
case from equation (22) if the mean film density is known, R is the molar refraction, 
which can be calculated from single crystal data, and M is the molecular weight. 
With thin films, it is convenient to use the concept of the packing density (p) which 
is defined to be the ratio of the average film density (pf) and the bulk density (Pm) 

P = Of / Pm (23) 
Rather than being directly a ratio of densities, p is defined better with reference to 
the space within the film as the ratio: volume of the solid part of the film (i.e. col- 
umns) / total volume of the film (i.e. columns + voids). 
Equation (24) shows the correlation between the packing density p and the refractive 
index [231 ]: 

2 +  2 
P -  pf _ n ~ - I  n m (24) 

2 -1 Pm nf2+2 nm 

A small packing density causes a reduction of the film refractive index, the refrac- 
tive index of a porous film measured in vacuum is therefore low. On exposure to the 
atmosphere, however, a markedly increased value due to the sorption of water va- 

pour, with nil20 = 1.33, is observed especially in the case Of films of low refracting 

materials, such as magnesium fluoride or cryolite. MgF2 films deposited onto cold 
substrates have a relatively low packing density of p - 0.74. The influence of water 
vapour and substrate temperature on the refractive index of MgF2 is demonstrated in 
Table 13 [232]. Similar, but often less pronounced, effects have also been observed 
with other dielectric films. 

Optical shifts [233-239] as well as mass changes [236, 45] produced by water 
sorption, are used to determine the packing density of thin films. 

Many films deposited on heated substrates (250-350~ possess packing densi- 
ties larger than 0.9, so that the changes in refractive index on exposure to the atmos- 
phere are very small and can often be neglected. The effect is even improved with 
films produced by ion-assisted deposition techniques, such as sputtering and ion 
plating. 
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Considerations of Maxwell-Garnett [273, 274] and Bragg and Pippard [275] 
based on Lorentz-Lorenz polarization theory have been put into the form for dielec- 
tric films composed of cylindrical columnar crystals by Harris, Macleod et al. [276]: 

4 + (1 + p)n2vn~ n~ = ( l ' p ) n v  
(1 + p)n2v + (1- p)n~ 

(25) 

TABLE 13 

REFRACTIVE INDICES OF MgF2 FILMS DEPOSITED UNDER VARIOUS EVAPORATION 
CONDITIONS 

Residual gas Gas composition Substrate 
Pressure (mbar) temperature (~ 

Refractive index of the film, 
~, = 633 nm 

in vacuum in air 

2xl 0 -9 Free of water 30 1.326 1.383 
lxl0 -5 90% N2 30 1.328 1.385 
lxl0 -5 90% H20 30 1.341 1.385 
lxl0 .7 40% H20 280 1.384 1.385 
3x10 -5 Dry air 30 1.32' 1.39' 
5x 10 .6 Dry air 30 1.33 - 

* ~,= 550 nm 

In the formula nf is the index of the composite film, n~ is the index of the solid mate- 
rial, that is the columns (bulk value is often assumed) and nv is the index of the voids 
in the film (in case of vacuum this index is unity). 

An alternative expression for the index of a composite film based simply on an 
interpolation between two limits is that of Kinosita and Nishibori [277]: 

nf = (1 -p) nv + p n~ (26) 

The accuracy of these expressions has been investigated by Harris, Macleod et al. 
using a finite difference approach to calculate the dielectric permittivity of a hex- 
agonal array of colunms. The linear interpolation turned out to be surprisingly good 
for low index films, but for high index films it was poor. The finite difference ap- 
proach was useful for films with values of packing density, lower than 0.8. Many 
important thin films, however, have packing densities in the range 0.8 to 0.95. For 
such materials the finite difference approach does not work well and rather better 
arrangement that has much in common with the finite difference approach, is that of 
finite elements. Using this method investigation of a film with n s -  2.35, nv = 1 and 
p between 0.7 - 0.95 resulted in refractive index value showing a gradual change 
from Bragg and Pippard's eqn. (25) to Kinosita and Nishibori's eqn. (26) in the 
range between p = 0.75 and 0.85 [278]. A review paper concerning this topic was 
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TABLE 14 

OPTICAL PROPERTIES OF NON-ABSORBING AND ABSORBING METAL-OXIDE 
FILMS PRODUCED BY DIP COATING 
(Ref. [28, 36] of Chapter 6) 

Starting material Film material Refractive Onset of Remarks 
index absorption 

5 5 0  

Al-sec-butylate, AI203 1.62 250 
AI (NO3) 3 9H20 
Y(NO3) 3 Y203 1.82 ~<300 
La(NO3)3 La203 1.78 220 
Ce(NO 3) 3 6H20 CeO 2 2.11 400 

Nd(NO3)3 Nd2 O3 inhomogeneous - 

In(NO 3)3 In 2 ~ 3 1.95 420 

forms mixtures with 
other oxides 

forms mixtures with 
other oxides 
attenuation of transmit- 
tance by absorption 
bands of Nd 3+ between 
500 and 600 nm 
semiconductor 

Si(OR)4 SiO2 1.455 205 

Ti(OR) 4 TiO2 2.3 380 
TiCI 4 
ZrOCI2 ZrO2 1.72 340 
HfOCI 2 8H20 HID 2 2.04 220 
ThCI 4 ThO2 1.93 220 
Th(NO3)4 
SnCI4 SnO2 inhomogeneous 350 
Pb(OOCCH3)2 PbO inhomogeneous 380 

TaC15 Ta20 5 2.1 310 
SbCI 5 Sb20 5 1.9 340 

forms mixtures with 
other oxides 
forms mixtures with 
other oxides 

traces of Cl in the layers 

semiconductor 
diffuses into glass at 
500~ 

Cu(NO 3) 2 3H20 CuO 
2 VO x 2 0.01 

Cr(NO 3)3 9H20 CrOx 
CROCI 

Fe(NO3)3 9H20 Fe203 2.38 0.14 

optical properties 
strongly dependent on 
preparation conditions 

Co(NO3)2 6H20 CoO x 
Ni(NO3)2 6H20 NiOx 
RuCI 3 H20 RuOx 
RhCI 3 RhOx 

2.0 0.16 - 

- - semiconductor 
0 . 2  

UO2(OOC CH3) 2 UO x 1.95 0.015 - 
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TABLE 15 

OPTICAL PROPERTIES OF SPUTTERED OXIDE FILMS 

Starting Sputtering Film Film 
material method composition structure 

Useful 
transmittance 
range (nm) 

Refractive 
index 

(visible range) 

Ref. 

Si reactive HF SiO2 glasslike 
(or SiO x) sputtering 

Ar/O2 
Ge " GeO2 
(or GeO2) 

Ti 
(or TiO2) 

TiO 2 poly- 
crystalline 

Zr " ZrO 2 poly- 
(or ZrO2) crystalline 

Hf Ar/O2 
reactive 
sputtering 
Ar/O2 

Ta reactive HF 
(or Ta 2 05 ) sputtering 

Ar/O 2 

Nb " 
(or Nb20 5 ) 

y _,,_ Y203 
(or Y 20 3) 

La 
(or La 20 3) 

AI " 
(or AI 3) 

Ce 
(or CeO2) 

Th 

MgO 

V205 

HfO 2 

< 200-8000 

280-8000 

ZnO 

SnO 2 

380-8000 

240-8000 

220-8000 

1.45-1.50 

1.6 -2.12 

2.1 -2.7 

2.15 

2.0 

glasslike 350-8000 2.03-2.09 

Nb 2 ~ 5 glass like 320-8000 

La203 

220-8000 

250-8000 

< 200-8000 

400-1200 

300- 

225-8000 

400 - 
400- 

poly- 
crystalline 
(glasslike) 

poly- 
crystalline 

- " -  CeO2 

reactive ThO 2 
sputtering 
Ar/O2 

reactive HF MgO 
sputtering 
Ar/O2 

reactive HF V205 
sputtering 
Ar/O2 

ZnO 
" SnO2 

1.90 

1.76 

1.67-1.78 

1.69-1.72 

1.91-2.0 
1.95-2.07 

[197, 198, 
202-204, 
206] 
[199,204] 

[197-202, 
204,206] 

[198,203, 
204] 

[199,201, 
204] 

[202,204] 

[204,206] 

[197,203, 
204] 

[198,206] 

[197] 

[199,204] 

[199l 

[199l 
[199l 
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published by Macleod [279]. These investigations offer interesting possibilities to 
calculate the film refractive index from microstructural data. 
To obtain thin films with stable values of refractive index, there must be no variation 
in the structure or composition of the film. However, variations in structure may 
happen during crystal growth with increasing film thickness. Unwanted variations in 
the chemical composit ion can occur with less stable compounds through decompo- 
sition, dissociation, and fractionation during the evaporation process, and through 
insufficient recombination during the film formation. 

TABLE 16 

OPTICAL PROPERTIES OF SPUTTERED MIXED OXIDE AND OXIDIC COMPOUND 
FILMS 

Starting Sputtering Film Film 
Material method compoisition structure 

Useful Refractive Ref 
transmit- index 
tance range (visible 
(nm) range) 

ZrO2CaO reactive HF ZrO2CaO 
sputtering 

HfO2Y203 reactive HF HfO2Y203 
sputtering 
Ar/O2 

(Y203)2 reactive HF Y4AI209 
A1203 sputtering 

Ar/O2 
MgO A1203 -' '- MgA1204 
(In203 SnO2) reactive (HF) ITO 

Y(TiO2) 

X(SiO2) 
X(CeO2) 
LiNbO3 

Mg2SiO4 
CaSiO3 
BaSiO3 
ZrSiO4 
CaTiO3 
SrTiO3 
BaTiO3 
PbTiO3 

sputtering Inl.9Sno.lO 3 
Ar/O2 
reactive HF x(SiO) 
sputtering y(TiO2) 
Ar/O 2 
-' '- x(SiO2) 

x(eeO2) 
reactive HF LiNbO3 
sputtering 
Ar/O2 

polycrystal- 250-8000 
line 
crystalline 220-8000 

2.10 [204] 

2.0 [204] 

220-8000 1.76 [2041 

220-8000 
400-> 1000 

amorphous 400-1200 

-"- 400-1200 

MgESiO4 - - 
CaSiO3 - - 
BaSiO3 - - 
ZrSiO4 - - 
CaTiO3 - - 
SrTiO3 - - 
BaTiO3 - - 
PbTiO3 - - 

1 . 6 1  [203,204] 
1.8-2.0 [201,202, 

204] 

1.5-2.4 [206] 

1.5-2.4 [206] 

1.94-2.0 [1991 

1.64-1.65 [199] 
1.60-1.62 [199] 
1.60-1.66 [199] 
1.89-1.98 [199] 
1.90 [199] 
1.92-2.01 [199] 
2.04-2.17 [199] 
2.46-2.53 [199] 
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As regards mixed films, it is known that in general mixtures of various com- 
pounds evaporate non-uniformly. Exceptions are some specially prepared two and 
multicomponent mixtures that evaporate uniformly in a predefined ratio yielding 
fairly homogeneous films with refractive indices that lie between those of the pure 
components, e.g., CeO2-SiO2, CeF3-ZnS, CeO2-CeF3 [240-242] and 
Ge3oAs17Te30Se23 [243]. Mixed films are often easier to prepare by co-sputtering, 

TABLE 17 

OPTICAL PROPERTIES OF SPUTTERED ZINC AND CADMIUM CHALCOGENIDE FILMS 

Starting Sputtering Film Film Usefu l  Refractive Ref 
material m e t h o d  compos i -  s t ructure transmittance index (visi- 

tion range (nm) ble range) 

ZnS reactive HF ZnS polycrystalline 400-14000 2.3 [205] 
sputtering (cubic and 
Ar/H2S hexagonal) 

CdS -"- CdS polycrystalline 600-11000 2.5 [204] 
CdTe reactive HF CdTe -"- 900-11000 2.70 [204] 

sputtering 
ZnSe -"- ZnSe -"- 500-20000 2.6 [204] 

TABLE 18 

OPTICAL PROPERTIES OF SPUTTERED NITRIDE AND CARBIDE FILMS 

Starting Sputtering Film Film Useful Refractive Ref 
material m e t h o d  compos i -  s t ructure transmittance index 

tion range (nm)  (visible 
range) 

Si,S%N4 reactive HF S % N 4  amorphous  250-9000 1.95 [204] 
sputtering 
Ar/N2 

Ge, Ge3N4 -' '- Ge3N4 - 800-9000 2.11 [204] 
B,BN -"- BN - 250-9000 1.67 [204] 
Ti,TiN -"- TiN polycrystalline 500-8000 2.13 [204] 
Si ,SiC Reactive HF SiC polycrystalline 15000->11000 2.95 [204] 

Sputtering 
Ar/C2H4 

for instance from two rf diode sources. In this way films with predetermined index 
of refraction between the ones of the original materials have been prepared repro- 
ducibly from the couples CeO2 - SiO2 and TiO2 - SiO2 [206]. Evaporated films with 
perfect optical homogeneity and isotropy are rare. Many examples of inhomogene- 
ous films are known, for instance, MgF2 films [45, 244, 245], cryolite films [19, 22, 
246, 247], CaF2 films [248] and ZnS films [191,249, 250]. One must distinguish 
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between inhomogeneities with gradual increase or decrease in refractive index with 
increasing film thickness and inhomogeneities with fairly abrupt changes. The first 
type has been observed more frequently than the second. Abrupt changes are fre- 
quently associated with accidental changes in deposition parameters (pressure, rate, 
temperature). Generally, inhomogeneities limit the utility of  thin films. 

TABLE 21 

OPTICAL PROPERTIES OF HIGH VACUUM EVAPORTED NON-OXIDE CHALCOGENIDE 
AND SEMICONDUCTOR FILMS [192,271 ] 

Starting 
material 

Deposition Film Film struc- Transmit- Refractive Chemical 
method a composition ture, pack- tance range index (n), and me- 
(evaporation ing density ( J a m )  wavelength chanical 
temperature) (p), and ct<103 cm "! (lam), and film proper- 

substrate substrate ties 
temperature temperature 
(Ts) (Ts) 

ZnS B (1100~ ZnS Crystalline 0.4 - 14 2.3 - 2.4 
P>__0.94 (0.551am) 
(Ts = 3 5~ (Ts = 3 5~ 

CdS B (800~ CdS Crystalline 0.55 - 7 2.5 (0.61am) 

ZnSe B (950~ ZnSe Crystalline 

Soft, me- 
dium com- 
pressive 
stress 
Soft 

0.55- 15 2.57(0.61am) Soft 
(T, = 30~ 

ZnTe B (1000~ ZnTe Crystalline - 2.8(0,551am) Soft 
Sb2S3 B (370~ Sb2S3 - 0.5- 10 3.0(0.551am) Soft 
Ge3oAszT- E Ge3oAslT- Amorphous - 3.1(10.6~tm) Toxic 
Te30Se23 Te30Se23 
InSb B b InSb - 7 - 16 4.3 Toxic 
InAs B b InAs - 3.8- 7 4.5 Toxic 
PbTe B (850~ PbTe - 3.5- 20 5.6(5.01am) Soft, toxic 
Si B or E Si Amorphous 1 - 9 3.4(3.01am) Hard 

(1500~ up to 
Ts = 300~ 

Ge B or E Ge Amorphous 2 - 23 4.4(2.01am) Fairly hard 
(16000C) up to (Ts = 30~ 

T~= 300~ 

a B = boat, E = electron beam o Controlled evaporation from two sources 

Exceptions to the above are films with special index profiles which offer interesting 
alternatives to some optical applications. Work on the controlled production of  spe- 
cial inhomogeneous films is described in [251- 255]. 

The unisotropic columnar microstructure of  many films strongly suggests that 
they should be birefringent. Films evaporated at normal incidence are expected to be 
uniaxial birefringence with optic axis normal to the plane of  vapour incident 
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whereas films deposited at oblique incidence should be biaxial birefringence with 
the optic axes in the plane of the inclined columns. Bousquet [280, 281] detected 
uniaxial birefringence in CaF2 films with (no-  n~)= 2.5x 10 -3 In the meantime ani- 
sotropy in thin films was investigated by various authors [282-284]. Recently bire- 
fringence could be found also in obliquely deposited TiO2 and ZrO2 films by Mac- 
leod and coworkers [285-287]. 

The Tables 14-21 present collected optical data of dielectric films deposited by 
wet chemical methods and by various PVD technologies. Finally some data con- 
cerning optical properties of plasma polymerized films are reported. The properties 
depend on the starting material and on deposition parameters. 

Most films obtained from organic starting materials have refractive indices be- 
tween 1.3 and 2.0. Many films deposited from hydrocarbons are coloured ranging 
from practically colourless through yellow to brownish depending on the deposition 
power density. The higher the deposition power the deeper the colour in the film. 
Nitrogen, when present in the film, can increase the index of refraction from n = 1.5 
to n = 1.9 depending on concentration. Films deposited from fluorocarbon contain- 
ing starting material can have a lower refractive index of n = 1.4 with no absorption 
in the visible range [270]. The refractive index of fluorine containing film vary with 
the amount of fluorine as can be seen in Fig. 28. 

1,6 

e-  

x 

"~ 1,4 

1,3 

\ 
.-,,,. 

C x Fy films 

Fig. 28 
Refractive index of 
plasma deposited films 
as function of the fluo- 
rine content [271]. 

8.7 RELATION BETWEEN DENSITY, STRESS AND OPTICAL FILM PROPERTIES 

As already mentioned, in general, evaporated films have low density, open co- 
lumnar microstruature and tensile intrinsic stress while sputter deposited or ion 
plated films have higher density, close-packed microstructure and compressive 
stress. It is further known, that evaporated films prepared under continuous bom- 
bardment with ions of increasing kinetic energy are densified and show stress 
changes from tensile to compressive [288, 289]. 
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The same happens with rf-sputtered films when the negative substrate bias is 
increased [289]. 

The stress of magnetron sputtered films can also be influenced by the work- 
ing-gas pressure, the gas discharge current, and the angle of incidence of the coat- 
ing-material-atoms [290]. In sputtering metals like Al, Cr, Ni, Ta, Zr, Si, etc., there 
exists a transition pressure for the working gas above which tensile film stress, rela- 
tively low optical reflectance compared to the bulk material, higher electrical resis- 
tivity, and a higher amount of entrappad working gas in the films can be observed. 
Below that pressure, however, the films show high compressive stress, high optical 
reflectance, low electrical resistivity and a decrease in entrapped working gas con- 
tent [290]. 

Film property modifications by ion bombardment are mainly caused by momen- 
tum transfer from the ions to the film atoms. The small amounts of working gas 
incorporated into the films have no significant influence on the stress. From recently 
made reactive low-voltage ion plating (RLVIP) experiments with dielectrics, mainly 
Ta2Os-films, it can be seen that reactive film deposition in presence of excited and 
ionized atoms and molecules of higher kinetic energy leads to the formation of dense 
chemical compound films. The high density in such films is responsible for the rela- 
tively high refractive index and the compressive intrinsic stress. Ion bombardment 
induced local chemical defects may increase the extinction coefficient value when 
high arc-current densities are applied in film production. Film deposition with 
arc-currents below 20 A yields stoichiometric coatings with very low extinction 
coefficient, low density and low refractive index. The optical and mechanical stabil- 
ity of such films is, however, insufficient in most cases. The films need to be densi- 
fled by a longer lasting post-deposition heat treatment at 350~ Then their physical 
thickness decrease and their refractive index and environmental stability increase. 

Heat treatment of dense coatings obtained by RLVIP-deposition with 
arc-currents between 30 and 70 A causes microstructural relaxation phenomena and 
oxidation resulting in a decrease of the film density and of the film extinction coeffi- 
cient. Consequently the initially high compressive intrinsic stress is lowered consid- 
erably and the physical film thickness is increased [291,293]. The optical, mechani- 
cal and environmental stability of the annealed films remains excellent. 

8.8 ELECTRO-OPTICAL MATERIALS AND THEIR PROPERTIES 

The decrease in electrical resistance of selenium during exposure to light was 
first observed more than hundred years ago. Later a similar behaviour was also 
found with a number of other materials, but at that time the potential possibilities of 
the photo-electrical effect were not utilized practically. Today, however, the situa- 
tion has changed and, for example, energy conversion with photo-voltaic solar cells 
has become an important technology. 

In opto-electronics, a classification can be made similar to that in conventional 
semiconductor electronics, for example, in light emitting diodes and phototransis- 
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tors, in hybrid components such as alphanumeric displays and in integrated elements 
such as phototransistor mosaics with integrated localizier logic. 

TABLE 22 

EXAMPLES OF LIGHT-EMITTING MATERIALS AND CORRESPONDING DETECTOR 
MATERIALS 

Light emitters Approximate range of emission Light detectors 
and absorption L max (jam) 

0.4-0.85 
GaN blue Eye 
GaP, sun green CdS 
GaAsP yellow Si 
GaAsP, GaAIAs, GaP red 

GaAs 0.85 - 10.0 Si 

YAG: Nd laser, electric bulb 1 - 1.5 Ge 

air glowing 1.5 - 2.0 Ge, PbS 

troposphere 2 - 3 PbS 

InAs 3 - 4 InSb 

Human being, CO2 laser, 9 - 10 CdHgTe 
PbSnTe 

All the components, if possible, are made of silicon. The next important materi- 
als are germanium and gallium arsenide as well as some other III-V compounds such 
as GaP, InSb, InAs and GaN and their ternary mixed compounds. Furthermore, bi- 
nary and ternary IV-VI compounds like PbSnTe have been found to be very useful 
[256]. 

In Table 22, some examples are given for light emitters at various wavelengths 
and the corresponding detector materials. 

A wealth of information about photolumescent materials, their properties and 
conditions for their optimum preparation is found in [257]. In combination with 
glass substrates coated with transparent electrodes, the electro-optical properties of 
liquid crystal films, which themselves emit no light, offer some interesting possi- 
bilities [258, 259]. Liquid crystals have the mobility of liquids and the optical prop- 
erties of solids. The molecular structure lies between the liquid and solid state. Liq- 
uid crystals are organic compounds of relatively long molecules compared with their 
diameter, and often contain polar groups and multiple bonds. 

There are two broad classes of so-called thermotropic liquid crystals which are 
termed nematic and smectic liquids. These two classes can be subdivided into some 
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groups, which, however, will not be discussed here. The typical molecular arrange- 
ments of liquid crystals are shown in Fig. 29. 

Ii11111111111 
IIIII IIII IIII 
IIII IIII III II 
IIIII!1111111 

Fig. 29 
Schematic representation of the molecular arrangements of various types of liquid crystals: 
a) Uniformly oriented nematic liquid. 
b) Uniformly oriented twistet nematic liquid (cholesteric).This structure possess an infinite-fold 

screw axis. 
c) Molecular packing in a smectic A liquid. This structure has an infinite-fold symmetry axis. 

Optical investigations of smetic liquids indicated a behaviour of uniaxial or bi- 
axial crystals depending on the special type of material. They are usually positive 
birefringent, which means that with transmitted light the ordinary beam has a lower 
refractive index. The nematic liquid is optically positive. 

In both classes of liquid crystals, the velocity of transmitted light is higher in the 
direction of the long axis of the molecules than perpendicular to it. 

The cholesteric liquid, which is a spontaneously twisted nematic, behaves like a 
negative uniaxial crystal, so that light vibrating perpendicular to the molecular layers 
shows maximum velocity. Linearly polarized light transmitted perpendicular to the 
molecular layers shows rotation of its electrical vector along a helical path. 

Cholesteric liquids can rotate polarized light to a large degree, such as some 
thousand degrees per 1 mm layer thickness for visible light [258]. Because of differ- 
ent absorption of the two polarized components in the cholesteric liquid, the material 
shows dichroism. Most of the effects are applied practically. The colour change in 
reflection with temperature of a cholesteric liquid can be used for very sensitive 
temperature measurements of 0.001~ It is even possible to construct infra- 
red/visible image converters with cholesteric liquid crystals. 

Of considerable significance to electro-optical application as non-emissive dis- 
play is the dynamic scattering effect observed with nematic liquids [260, 261]. A 
thin film of a nematic liquid crystal, 5-25 ~m, between two clear but conducting 
glass plates is transparent in the absence of an electric field, because the molecules 
are equally arranged under the influence of the plate walls. The action of a 
low-frequency ac or a low dc voltage of about l0 volts corresponding to a field of 
-~ 10 kV cm 1 causes the liquid to become opaque because the polar and long mole- 
cules become turbulent and scatter light. In the case of twisted nematic effect display 
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cells, the long molecular axes of the nematic liquid crystals are oriented parallel to 
the conducting plates, and so the orientation of one plate is made perpendicular to 
the other. The unit-vector field describing preferred molecular orientation turn con- 
tinuously through 90 ~ across the film thickness. For the function of such a display 
cell polarizers are required. 

Display devices can also be constructed using the field effect, the cholesteric 
memory effect and the cholesteric-nematic phase change effect [259, 262]. The rec- 
ognition of the useful electro-optical properties of liquid crystals has stimulated 
efforts in synthesis of new mesomorphic materials. Today, more than 6000 com- 
pounds are available but an ideal liquid crystal is still elusive. 

A further electro-optical effect which is studied for applications in display is 
electrochromism. Electrochromism is characterized as a reversible colour change 
induced in some organic and inorganic materials by an applied electric field or cur- 
rent. According to Chang [263], the physical mechanisms responsible for these phe- 
nomena are electronic and electrochemical in nature. A schematic electrochromic 
reaction can be formulated as follows: 

M n + e + A § r A+M nq 
colourless coloured 

(27) 

where M denotes an anion of the electrochromic material which can exist in differ- 
ent valency states and a mobile cation such as H + or an alkali. An example is the 
formation of tungsten bronze. 

W O  3 q- (H + + e ) x  r HxWO 3 (28) 
transparent blue 

Well known examples for the electrochemical reaction studied with respect to solid 
state display applications are WO3 [264-267] and the organic viologen salts [268, 
269]. 

A simple electrochromic display consists of a battery with a visible state of 
charges. When unwanted side reactions can be avoided, the open display retains its 
electrical charge and hence its colour. Such displays generally have a memory. The 
required voltage is about 1 V and the induced absorption is proportional to the ac- 
cumulated charge. Development is still in progress. A very informative review arti- 
cle about the use of thin films for optoelectronic devices is found in [288]. 
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CHAPTER 9 

9. APPLICATION OF COATINGS ON GLASS 

9.1 GENERAL CONSIDERATIONS 

Thin films are applied to effect a desired change in chemical and/or physical 
properties of glass and plastic surfaces [1-6]. Our first example of technical surface 
coating is important in the container industry" glass containers such as non retum- 
able and returnable bottles, conventional and light-weight, are coated by CVD and 
spray processes with various metallic oxides such as tin oxide, and given topcoats 
such as non-toxic silicones, various waxes and glycols, etc. The thin invisible oxide 
film is deposited generally by the application of a hot-end coating after the contain- 
ers leave the forming machine (550 - 700~ and before they enter the annealing 
lehr. The organic coating, known as a cold-end coating, is applied over the oxide 
film at a lower temperature (100 - 200~ when the glass containers emerge from 
the lehr. The coating increases their strength and abrasion resistance, and provides 
sufficient dry lubrication to ensure a smooth flow in the high-speed procedures of 
inspection, automatic filling and packing [7-9]. Protection from friction damage is 
essential in modern filling lines where speeds of up to 800 bottles min 1 are used. In 
the case of returnable containers, an additional requirement is that the coating is 
retained during about 20 alkaline hot washing operations and that it prevents the 
formation of opacity of the glass bottles [8]. Other examples are the deposition of 
thin films to increase the strength and the chemical and environmental stability of 
various sensitive glass types. Then there is the coating of hollow and flat glass sub- 
strates with perfect dense and glossy coloured enamel films by a special thermal 
spraying process [10a]. Furthermore sol/gel coatings incorporating organic dye 
molecules for decoration and various active purposes as e.g. for sensors, as photo- 
chromic layers and for lasers [10b]. Thin vitreous coatings of SiO2, TiO2 and ZrO2 
deposited by precipitation from solutions, and suitable for a variety of technical 
glass applications can also be used to protect ancient glasses against weathering. 
This was demonstrated by weathering tests after coating glass objects dating from 
Roman times and from the late Renaissance [ 11 ]. 

Decorative coatings produced by sputtering, which are used for consumer prod- 
uct containers, are of increasing importance. Containers produced from glass or 
other inexpensive materials often lack the pleasing aesthetic appearance desired by 
the marketing profession. Gold, silver and bronze coatings as well as other coloured 
coatings are known to provide this marketing appeal, as well as to add functional 
benefits to the containers, such as wear resistance and humidity resistance [12]. 
Electrical thin film applications often require ceramics or single crystalline materials 
rather than glass or plastic substrates, and will therefore only be considered in some 
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special cases in this monograph. One example is the use of insulating Lang- 
muir-Blodgett films of Cd-stearate with tunnelling dimensions (1-3 nm) in Schottky 
barrier MIS structures with hydrogenated amorphous silicon, a-Si:H. Such configu- 
rations can be used for solar cells. With thicker insulators (typically 100 nm), they 
can be used for insulated gate field-effect transistors [13a, b]. Another example is 
the use of a polymer multilayer process for flash evaporation of monomer fluids 
applied to prepare molecularly doped polymer films useful in the fabrication of light 
emitting polymer and light emitting electromechanical cell devices [13c]. By con- 
trast, glass and plastics are typical substrate materials for the deposition of optical 
coatings. Compared with other technical coating applications, the production of 
optical thin-film components is relatively old, pioneered by Smakula, Strong, 
Geffcken, Tumer, Hass and Auw/irter, among others [ld], and has grown continu- 
ously. Optical coatings can split light into transmitted, reflected and absorbed frac- 
tions in a prescribed manner. Many technical problems, both functional and decora- 
tive, can be solved using these possibilities. Newer components often combine opti- 
cal and other desired film characteristics, e.g. electrical, to achieve an optimised 
operational possibility for special purposes, such as coatings in display techniques 
and energy-related optical coatings [ 15]. 

Moisture-sensitive optical components such as alkali metal halide materials re- 
quire protection against exposure to high humidity but in addition need antireflective 
surface properties. With plasma polymerisation, pinhole-free, highly adherent, me- 
chanically intact fluorocarbon-type polymer films in the thickness range between 
500 and 1500 nm can be obtained which combine moisture resistance and 
antireflection properties, see [ 14]. Optical thin-film components are used in the visi- 
ble as well as in the infrared and ultraviolet region. It seems that even neutron and 
soft X-ray optical applications may become relevant [ 16]. In an increasing number 
of applications, optical systems consisting of films with the lowest possible optical 
losses are required, promoting the use of highest purity starting materials and the 
development of clean and clearly defined vacuum coating technologies. 

Modern plastics are highly desirable materials, having properties which include 
high strength with low weight and often with high transparency in the visible range. 
However, problems remain with their relative softness, their low resistance to sur- 
face damage. Therefore plastic optical components like lenses and spectacle lenses 
are generally coated with scratch-resistant layers and/or antireflection films, e.g. 
[17]. With the versatility of design and expanding usage of many plastics, vacuum 
metallizing of such parts has received considerable attention in various industries. 
The automobile industry offers many opportunities with the wide range of plastic 
parts used on cars [20, 21]. Many different functional and decorative components 
such as head lamp and side marker bezels, tail-light trims, instrument knobs, lock 
buttons, door pulls, mirror holders, arm rests, grilles, etc. are made of coated plas- 
tics. In addition to the classical plastics such as polystyrene, PVC, plexiglass, and 
polycarbonate, over the last 25 years the chemical industry has developed plastic 
combinations, such as ABS polymers or Celcon Acetal copolymers [18, 19], which 
are cheap, possess the desired mechanical properties and can be vacuum metallized. 
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Generally, plastic parts are varnished before vacuum coating. The influence of 
the base material is decreased by the varnish, for example degassing, and by using a 
correctly selected varnish, faults and slight impurities are smoothed and trapped. 
Also, the tendency of stress cracking of some metal films such as Cr films can be 
decreased by deposition onto base-lacquered plastics. In selecting a varnish for the 
base-lacquering procedure, its adhesive properties and suitability for use in high 
vacuum must be carefully considered [36]. Varnishing is generally carried out by 
spraying, dipping or flow coating. After drying in an oven, the varnished parts are 
placed in the vacuum coating system and metallized. Normally, a second coat of an 
ultraviolet-resistant varnish is applied after metallizing to protect the deposited metal 
layer from abrasion and wear. 

Metallizing with gold and copper is a well known technique of enriching plastics. 
However, gold can be replaced by the cheaper CuAI and CuZn alloys. Aluminium 
and chromium are the most often used metal films. Multicomponent alloy films, e.g. 
stainless steel and various hard metal films, are generally deposited by cathode 
sputtering. In metallizing plastics with mirror films or decorative layers, it is usually 
sufficient for them to have metallic reflection and the required brilliance. These can 
be simply obtained by quantitative evaporation. Particularly good decorative effects 
can often be obtained by coating the rear side of transparent plastic parts. In metal 
coating of plastics for electrical applications, however, special measuring devices 
must be provided to reproduce, for instance, a definite surface resistance. 

Aluminizing lamp reflectors dates back to 1937 when Daniel Wright at General 
Electric, USA, made the first sealed beam lamp [22]. Now more than 500 types of 
light sources with aluminized reflectors are produced. Today AI deposition for re- 
flectors is mainly performed by high-rate magnetron sputtering. The 200 nm thick 
aluminium reflector film is generally protected by plasma-polymerized siliconoxide 
containing organic coatings. 

Plasma polymerization of organic and inorganic films has become an important 
practical technique for the deposition of thin coatings of excellent physical and 
chemical properties. As already mentioned, pinhole-free conformable and wa- 
ter-resistant films can be obtained. The use of highly crosslinked organic films for 
corrosion protection of metals, water barriers for humidity sensitive optical ele- 
ments, abrasive-resistant coatings on softer materials, dry developable resist for 
lithography and dielectric layers has been described by many authors e.g. [23-27]. 
The starting materials are numerous and diverse. Styrene is very popular but also 
butadiene, acetylene, vinyltrimethylsilane, methyltrimethoxysilane, various olefines 
and propylene oxide are frequently used. The properties of plasma-polymerized 
films can be varied substantially and can often be tailored towards a desired applica- 
tion. Inorganic plasma polymerized films such as Si3N4, SiO2 and oxynitrides are 
used in the semiconductor industry as insulating films or diffusion masks [28,29]. 
Plasma polymerisation is also used for the preparation of high quality laser light 
guides in integrated optics [30]. Coloured coatings, 300-500 nm thick, have been 
developed [31 ], and can be applied to a variety of substrates by a codeposition proc- 
ess of Au, Cu or AI and plasma polymerisation of hexamethyldisiloxane. To date, 
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for the production of these metal colloid type films, gold has been used to produce 
red and pink coatings, copper for yellow and green, and aluminium for blue coloured 
coatings [31]. Theory, i.e. Maxwell-Garnett or Mie theories, and experiment have 
been found to be in good agreement. The coatings are solvent-resistant and are be- 
lieved to be as thermally stable as other plasmapolymerized deposits. The technol- 
ogy of plasma polymerisation has been improved recently to allow efficient coating 
of large substrates of 180x180 cm in area [31 ]. An extensive list of applications of 
plasma polymerized films can be found in references [31 b, c, and d]. 

Thin-film products have always been deposited on substrates of relatively small 
dimensions. Exceptions have been the wet chemical silvering for mirror production 
and perhaps the making of special oxidic heat protection layer systems by dip coat- 
ing. A few other rare examples for large area coating can be given in film deposition 
on large astronomical telescope mirrors and on 1.2 m diameter optical components 
for the lasers used in nuclear fusion experiments. 

The more traditional way of coating small pieces has been complemented today 
by coating large panes of flat glass used in building and automotive industries and 
by coating of various plastic foils, see for instance [32]. Within the building indus- 
try, solar protection glasses using a variety of metallic or oxymetallic coatings, made 
by dip and spray coating or by CVD and PVD technologies, are used. For the same 
purpose, plastic foils, in particular polyethylene, polypropylene, polyester, polyam- 
ide and polycarbonate are coated with solar protection films in various types of 
roll-coaters using reactive and non-reactive physical vapour deposition processes 
[33]. However, plastic foils are also metallized, e.g. with aluminium for decorative 
and electrotechnical applications, and coated with thin dense and transparent SiOx 
and AlxOy barrier layers against water vapour and gas permeation for food packag- 
ing [34]. Metallized plastic foils are particularly suitable for electric condensers and 
replace the paper strip formerly used, as a result of which many of the difficulties 
associated with paper have been eliminated. The coating of long lengths under vac- 
uum can be performed by uncoiling from specially constructed roll coalers. This is 
possible because the gas release from suitable plastic foils is considerably smaller 
than was the case with paper. Metallization of plastic webbing is also important. The 
conditions are generally similar to those with the foils. For video-recorder tape pro- 
duction, long plastic foils are coated with magnetic films and are subsequently cut 
into strips. 

In special plants with special locks, aluminium or gold coatings are deposited on 
optical phone and/or video disks [35a and b] made of plastic or glass. Optical disks 
which are programmable have also been developed using as the optical storage me- 
dium, either vacuum deposited tellurium, its alloy and compound films or other 
alloy films. Laser diodes are used as writer and reader to record video signals and 
play them back in real time mode [35b-35d]. Further on an erasable and reusable 
type of optical disk using a doped tellurium suboxide thin film has been produced 
[35e-35g]. In this case recording is achieved by transforming the highly reflecting 
crystalline phase into the low reflecting amorphous phase by irradiation with an 
830 nm laser. The recorded signal is erased by inducing recrystallisation at a laser 
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wavelength of 780 nm. This phase transition can be repeated up to a million times. 
In magneto-optical disks films of ternary alloys as TbFeCo and quartemary alloys 
containing transition metals and rare earth elements are used. A review of modem 
data storage disks was published by Strasser [35g].Ferroelectric materials like 
Pb(ZrxTil.x)O3 are able to switch robustly from one polarization state to another. 
This ability provides the basis for binary code-based nonvolatile ferroelectric ran- 
dom-access memories, a new thin film technology for storing data. Thanks to the 
understanding of the physics of ferroelectric thin films in the last decade, ferroelec- 
tric capacitors can now be made and integrated with silicon-based integrated circuit 
technology to fabricate ferroelectric memories [35h]. More details about this inter- 
esting new data storage technology can be found in a recently published review 
paper [35i]. 

In display technology flat-panel-displays are today in production. Advanced 
products such as large screen plasma displays and miniature thin-film-transistor- 
liquid-crystal display (LCDs) are commercially available. Recently the quality and 
reliablility have improved considerably. So, for instance, the conical viewing angle 
of liquid crystal displays has been extended to nearly 160 ~ with in-plane-switching 
active-matrix LCDs. 

In the transport industry, the most important application is the de-icing and 
de-misting of large extended surface areas by transparent and electrically conductive 
coatings and there are, in addition, some solar control applications. 

A great number of optical thin-film components increase or decrease light inten- 
sity, split light beams or act as light guides. These are made by the deposition of 
metal and/or dielectric films, as well as by combinations of metals and dielectric or 
of dielectric multilayers taking advantage of their properties of reflection, multiple 
reflections and interference in the layers. Such coatings are produced mainly by 
evaporation under vacuum and other PVD techniques. In some cases, however, wet 
chemical processes such as dip coating and various CVD technologies are also used. 
As such films are very important in coating glass, the principles responsible for the 
optical effects obtained will be treated briefly in the next section. 

9.2 CALCULATION OF OPTICAL FILM SYSTEMS 

Films with no absorption are very important for most optical thin film applica- 
tions. Following Anders [ld] and Macleod [2], some simple statements have to be 
accepted in the qualitative and quantitative understanding of the performance of 
optical thin film devices. These statements for the interaction of light with 
non-absorbing films are the following. 

1 ) The films under consideration are homogeneous, i.e. the optical constants do 
not depend on position within the film. 

2) With non-absorbing films, A = 0, and for reflectance and transmittance the 
relation R + T = 1 is valid. It is therefore sufficient to know either R or T. Reflec- 
tance R is considered in the following treatment. 
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3) At any boundary between two differem media, the amplitude of reflectance of 
light is r = (1-p)/(l+p), where p denotes the ratio of refractive indices at the bounda- 
ries, e.g. no = air, n~ = film, n2 = substrate. 

4) When reflection occurs in a medium of lower refractive index than the ad- 
joining one, there is a phase-shift of 180 ~ In the reverse case, the phase-shift is zero. 

5) The two split beams formed by reflection at the top and at the bottom of a film 
can interfere destructively or constructively. The first is the case if the resultant am- 
plitude is the difference of the amplitudes of the two components when the relative 
phase-shift is 180 ~ Constructive interference occurs when the relative phase-shift is 
zero or a multiple of 360 ~ 

Various mathematical ways exist of evaluating how light, incident on one or 
more thin films, is reflected. According to Anders [1 d], three different attempts to 
solve this problem have been tried. 

1) For each special problem, the Maxwell equations are used with their limiting 
and transition conditions and numerical solutions of these equations are tried. 

2) Analogous considerations to the well known quadrupole theory of electricity 
are made with optical systems. 

3) The well known solutions for every single boundary between two optical me- 
dia, the Fresnel equations, are applied. The reflected portions of the waves are added 
with respect to amplitudes and phases. Only one way of calculating the reflectance 
of multilayers applying the Fresnel formula will be demonstrated here. 

If a light wave from a medium with refractive index no falls vertically on a thin 
film nl which is on a glass substrate n3,  the light wave undergoes a reflection ac- 
cording to Fresnel equations upon passing through both boundary surfaces of the 
film: 

n o - n I n l  - n 2 
r l = ~ ,  r 2 = ( 1 )  

n o + n I n l  + n 2 

These two waves, also enhanced by repeated reflected fractions of r2, indicate a 
path difference of a multiple of 2 n l  t l .  The addition of the waves according to phase 
and amplitude gives for the reflected amplitude: 

re ic = rl + r 2 e "2i81 
1 + r~r2 e "2i8' (2) 

27~ 
~51 = ~ n l t  I c o s q )  l . . .  phase thickness 

e . . .phaseang le  

and for the reflected intensity, the reflectance: 
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2 2 
R = rl + r2 + 2 q r 2 c o s 2 6  l 

2 (3) 
1 + r 2 + 2 r lr E cos261 

If the values r~ and r2 obtained from no, nl  and n2 are applied for various angles 
28 in a Gaussian plane, the values from the reflection amplitude r and phase e of the 
numerator (N) and denominator (D) of eqn. (3) are obtained (rN, eN, rD, ~;O) and from 
this e = a N - g  O and R = (rN / ro) 2. 

The reflection shows an extremum value at 

47/" 
261 = -~-- nit t 

= 7r, 3T r , . . .  
nl tl 

(for cos~0~ = 1) 
3)74, . . . ,  this term is called the phase condidtion. 

Regarding the amplitude condition, it is valid that if amplitudes r~ and r~- have 
the same sign, the film shows a reflection minimum; however, if they have different 
signs, a reflection maximum occurs. In the case of oblique incidence of light at an 
angle tpl, to the perpendicular, the path difference changes by cosq)l to (47r/30nltl 

.L .I. 
cosq)l This means that the reflected amplitude is split into a vertical (rl ,rE ) and a 
parallel component (rl", r2") and nl t l  COStpl = ) J 4 ,  3)74, i.e. the maximum of the 
reflectance is shifted to short wavelengths in the case of oblique incidence of light. If 
several films are considered for the purpose of an increase in reflection, then for 2 
films, eqn. (2) extends to: 

re  ie = rl + r 2 e "261 + r 3 e "2i(61-62) + r l r 2 r  3 e "262 

1 + r 2 e "261 + r 3 e2 i (6 t  +62 ) + r l r  2 r 3 e -262 
(4) 

n o - n  I n I - n  2 n 2 - n  3 
no nl n2 n3; rl = ~ ,  r 2 = ~ ,  r 3 = ~  

n o + n 1 nl + n 2 n2 + n 3 
air films glass 

81 = (2n/~)nltl, 82 = (2~/~,)n2t2 

For three, four and more films, eqn. (1) is analogously further developed. The 
strongest reflection increase arises then if r l ,  1"2, r3 ... are as high as possible as a 
result of high differences in refractive indices and the amplitudes fit together almost 
linearly by appropriate selection of the phase angle. A further increase in reflection 
of a glass substrate for the selected ~ is achieved if in a triple layer a low refracting 
intermediate film is deposited between the two high refracting films. In addition to 
the high reflectance band, the width and quality of which depends on the refractive 
index difference and the number of films, secondary bands already occur. 
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By consequently following this synthesis principle of altemating non-absorbing 
films with large refractive index difference, it is possible to build up dielectric mir- 
rors with more than 99% reflectance. These simple dielectric L/4 multilayer systems 
are the basis of a large number of optical thin film products fabricated with special 
film thickness variations, a few examples of which will be mentioned. 

Fig. 1 
Typical applications of thin films and film systems in optics. 

Suitable introduction of one or more n t = k/2 films produces zero positions in the 
reflection and, depending on the construction, monochromatic narrow pass bend or 
broad pass band interference filters with varying transmittance characteristics are 
obtained. The side bands of a quarterwave stack can be modified with suitable 
smoothing or correcting films so that various types of high-pass and low-pass filters 
are obtained. By series arrangement of two or more single all dielectric mirror sys- 
tems which are coupled by interference, broad band, full reflecting or partial trans- 
mitting dielectric mirror systems are obtained. The various types of optical thin film 
products are shown schematically in Fig. 1. Theoretical treatment of optical proper- 
ties of multilayer systems is far more advanced than the practical realisation. It 
should be stated that the current situation of film system design could not have been 
achieved without the existence of high performance digital computers. Some com- 
pletely automatic design techniques have been developed, see [37-40], which do not 
require any initial design as a starting point. Nevertheless, generally pure synthesis 
is seldom used because of the vast volume and complexity of the calculations which 
would sometimes overload the capacity of even modern computers. It also depends 
on whether or not a fast computer with sufficient storage capacity is available for the 
individual film system designer. To overcome these difficulties, in practice a com- 
puter technique called refinement is often applied. It involves the gradual improve- 
ment of a simple starting design, e.g. a quarterwave multilayer system by varying 
refractive indices, thickness' and number of the films and by comparing the spectral 
characteristic of any one design with that of the proposed modification until a satis- 
factory solution is obtained [41-45]. 
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Computer-aided optical film system design is to a large extent computer work 
and will therefore not be treated here in more detail. For practical application, a 
medium-sized or even small table model computer in which the system design re- 
finement program - which may be commercially available - is recorded, is fed with 
the optical data of the substrate, the film and the adjoining medium as well as with 
the desired values of the spectral characteristics of, say, a reflection curve. 

After calculation, the best approximation to the desired spectral reflectance curve 
and the required optical or physical thickness' of the individual films in correct se- 
quence forming the system are printed out. 

How coatings are designed, used and integrated into optical systems is explained 
in all details in an excellent book written by P.W. Baumeister [46]. In the design 
process, multilayer stacks are often obtained with layers where the film thickness 
bears no simple relationship with quarter waves of one reference wavelength. For 
monitoring the deposition of such multilayers, optical thickness monitoring systems 
analysing the reflected and/or transmitted light combined with a rate meter, or the 
oscillating quartz crystal thickness and rate monitor work best. If a quartz crystal 
monitor is used, it is advantageous that its sensitivity stays practically constant. 
Furthermore, film systems for application in the ultraviolet, visible and infrared 
regions can be monitored with the same quartz crystal device. 

A prerequisite for optimum production of the calculated multilayer system is that 
the required refractive indices for every used film material can be reproduced with 
adequate accuracy. This can be performed by careful experimental determination of 
the parameter values and their safety limits for proper and reproducible film deposi- 
tion. Arrangements for highly uniform thickness distribution must be adapted and 
the complex conditions for low losses in the dielectric films must be maintained. 

9.3 ANTIREFLECTIVE COATINGS 

9.3.1. SINGLE-LAYER ANTIREFLECTION COATING 

When a beam of light travelling in air, refractive index no - 1, passes through a 
glass plate, refractive index n2, a part of the incident light will be reflected on the 
front and rear surfaces, as shown schematically in Fig.2a. The reflectance R of a 
glass/air interface, defined as the ratio of the reflected intensity to the incident inten- 
sity, is a function of the difference in the refractive indices of the media and may be 
expressed for normal incidence as: 

/ / 2 
R = no - na (5) 

n o + n 2 

With an ordinary glass plate, n2 - 1.52, the original beam of light is decreased in 
intensity by this reflected amount, approximately 4.1% per surface, making a total of 
8.2 %. If appropriate thin films, refractive index nl are deposited on the surfaces, 
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these reflections can be reduced, resulting in an effective improvement in the trans- 
mission of the glass. This process, shown schematically in Fig.2b, is known as 
antireflection coating of the glass plate. It depends for its operation on almost com- 
plete elimination of the light reflected at the upper and lower of the two surfaces of 
the thin film n~. For complete elimination of the two beams, the reflected intensities 
at the upper and lower boundaries of the film should be equal, which implies that the 
ratio of the refractive indices at each boundary should be equal: 

no nl 

nl n2 

nl = {(no n2) (7) 

1oo%  
X//4% 

Fig. 2 

O% 

nl ~ 

n2 100% 

no 

Reflection of light incident on a glass surface (a) and on a glass surface coated with a single low- 
index film (b). 

This is the amplitude condition which shows that the film index n, should be 
intermediate between the indices of air and glass. 

Part of the incident light will be reflected at the top and bottom surfaces of the 
antireflection film, and in both cases the reflection will take place in a medium of 
lower refractive index than the adjoining medium. Thus, to ensure that the relative 
phase shift is 180 ~ the optical thickness of the film should be made one quarter 
wavelength so that the total difference in phase between the two beams will corre- 
spond to twice one quarter wavelength, that is 180 ~ This is the phase condition: 

nl t~ = L/4, 3L/4, (8) 

Both conditions must be fulfilled to get an ideal single-layer antireflection coating 
[47,48,51]. The most widely used antireflection film is a L/4 layer of magnesium 
fluoride nD= 1.38. It can be coated on either glass or acrylic substrates. 
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Curve S in Fig. 3 shows the effect of a single-layer antireflection (a.r.) coating 
on normal mirror glass (nD= 1.52). 

t-t- t-t-1--l--t-t . . . .  

I 

Fig. 3 
S = Single layer antireflection coating on glass. 
D = Double layer a.r.-coating TRANSMAX| 

Without antireflection coatings, surfaces of higher refracting glasses give higher 
reflections than those of lower refracting glasses. Higher refractive indices of the 
glass substrates, however, increase the effectiveness of the single layer MgF2. 

TABLE I 

VARIOUS GLASSES UNCOATED AND COATED WITH A MgF2 SINGLE LAYER 

Refractive index nD % R uncoated 
of the glass 

% R at the minimum with 
a quarter wave thick film 

1.52 4.2 1.2 

1.67 6.3 0.4 
1.75 7.4 0.25 
1.90 9.6 0.0 

In general, the centering point of the antireflection coating and therefore the 
minimum on the reflection curve is set at 550 nm to allow for the spectral sensitivity 
of the eye. For photographic instruments the a.r. centring point is normally 500 nm. 

Since magnesium fluoride transmits from approximately 200 nm up to 7 ~tm, in 
special applications the centering point can be selected at an optional wavelength 
between 250 nm and 5 l.tm. One major advantage of the single layer for 
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antireflection is that even for wavelengths far outside the selected centring point, the 
coating cannot have the effect of increasing reflection. 

Generally the single magnesium fluoride layer has very good adhesion to its 
substrate and provides a wear- and scratch-resistant coating. The single layer is also 
able to withstand the effects of moisture, changeable climate, salt water, organic 
solvents, etc. Most available coatings satisfy the requirements of national standards, 
e.g. the German Amt fur Wehrtechnik (Ministry of Defence) (VTL 6600-002) and 
the US Military Acceptance Regulation MIL-Std 810 A. 

9.3.2 DOUBLE-LAYER ANTIREFLECTION COATINGS 

The refractive indices of most glasses are too low for optimum efficiency of a 
single layer antireflection coating. If a more effective reduction in reflectance for 
various glass types is required, this can be achieved with a minimum of two films. 
Deposition of a high-index material on the substrate as a first film enables the use of 
magnesium fluoride as the second layer. Such systems have been studied by Catalan 
[49] and other authors e.g. [50, 51, l d]. With ordinary crown glass, n3 = 1.52, the 
reflectance will be zero at one wavelength using materials of the following sequence 
of indices and thickness" no - 1, nl - 1.38, n2 - 1.70, n3 = 1.52. 

n2 = (nl/no)~/n3 (9) 
nltl = K/4 
nzt2 = Xl4 (1 O) 

Resignation to use films with quarter-wave optical thickness always yields a zero 
position in reflectance R with ]r2] + It31 > Ir l l  The following examples are given in 
[ld]: 

no = 1 no = l 
nl = 1.38, tl = 177 nm n~ = 1.38, 
n2 = 2.15, t2 = 35.9nm n2 = 2.15, 
n3 = 1.52 n3 = 1.52 

t~ = 97.8 nm 
t2 = 238 nm 

Generally the antireflection double layer can be matched to the refractive index 
of the glass substrate which is to be used. Hence, a particularly low residual reflec- 
tion is achieved in the antireflection centring point. Glasses with refractive indices of 
n - 1.45 up to 1.82 can be antireflection coated in this way. The double layer is su- 
perior to the single layer over a narrow spectral region adjacent to the centring point, 
but outside that region it has a somewhat higher reflectance, as can be seen in Fig.3. 
It is obvious that antireflection with a double layer having that V-shaped curve of 
residual spectral reflectance with a characteristic minimum is beneficial for all visual 
optical instruments. 
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Commercially available a.r. double layers have mechanical and chemical char- 
acteristics which are equivalent to those of single layers. There are also double lay- 
ers which have been developed for reducing the reflection of organic substrates such 
as acrylic glass and Perspex. These special double layers can also be used for re- 
ducing the reflection of temperature-sensitive optical components made of inorganic 
glass. Such a coating of inorganic films on organic glasses improves the mechanical 
durability, and on Perspex its resistance to climatic effects is superior to that of the 
single layer. Double layer a.r. coatings on glass can even be made by plasma polym- 
erisation starting with, for example, hexamethyldisiloxane and tetraethyl-tin. A L/4, 
L/4-design with 

no = 1, nl = 1.5, n2 = 1.6, n3 = 1.516 

gives reasonable results [52]. 
Such coatings are excellent in protecting the substrate from water vapour attack, 

but their hardness is rather low. 

9.3.3 MULTILAYER ANTIREFLECTION COATINGS 

When a low reflection is required over a wider range of the spectrum, triple or 
multiple layer films may be applied consisting of combinations of low- and 
high-index materials in various thickness' on the glass. Calculations for the design 
of such broadband a.r. coatings have been performed by Geffcken in 1944 [53] and 
later by Brauer [54] Cox, Hass and Thelen [55], Thetford [56] and by many other 
authors listed in Ref. [2]. However, many existing designs used in industrial film 
production remain unknown because they have never been published. The most 
popular design showing two zero positions in reflection are the various L/4, g/2, 274 
a.r. coatings which can be made on different glass types. A possible solution for 
nglass = 1.52 is e.g." 

n o -  1 

nl = 1.39 
n2 = 2.43 
na = 1.71 
n4 - 1.52 

nit1 = g/4 
n2t2 = g/2 
n3t3 = g/4 

Since the effectivity of all a.r. coatings decreases with increasing angle of inci- 
dence, special designs have been developed for such applications. An example of a 
triple layer for use with 45 ~ incidence is e.g. [57]: 

no = 1 
n~ = 1.4 nltl = )d4 
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n2 = 1.75 
n3 = 1.58 
n4 = 1.5 

n2t2 = X/2 
n3t3 = X/4 

matched for 45 ~ incidence 

Modern broadband antireflection coatings generally consist of three to seven 
layers. The following four layer a.r. coating design on crown glass was created by 
Shadbolt [58]" 

no = 1 
nl = 1.38 nltl = L/4 (MgF2) 
n2 = 2.3 n2t2 = L/2 (ZnS) 
n3 = 1.63 n3t3 = L/4 (CeF3) 
n4 - 1.38 n4t4 = L/4 (MgF2) 
n5 = 1.52 

1 ~ , ~  l ~  ~ 

. . . . . . . . .  -I 1--- 1 
1 

Fig. 4 
Broadband antireflection coating IRALIN | (Balzers). 

The multiple coating Iralin | for instance shown in Fig.4, from Balzers, gives 
antireflection over a very wide spectral range. Iralin is used on glasses with refrac- 
tive indices between n - 1.5 and n - 1.85. The multiple-coating Iralin satisfies the 
optical conditions of the US-Military Acceptance Regulation MIL-C-14806 dated 
November 1968. Iralin has good adhesion and is wear resistant. The coating system 
is very resistant to climatic effects, humidity, salt water, organic solvents and clean- 
ing agents. In addition to fulfilling the requirements of the German Ministry of De- 
fence, the coating also complies with the more precisely specified US-Military Ac- 
ceptance Regulations MIL-STD-810 and 810A dated June 1962 and June 1964. 
Similar coatings are also available from other thin film companies. Some multilayer 
broadband a.r. coatings with special optical characteristics are shown in Fig. 5. 
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Fig. 5 
I - Antireflection coating DUOLIN | VIS + 1060 nm (special). 
II - Antireflection coating TRIOLIN | 

Antireflection comings for infrared materials such as Si, Ge, InAs and InSb have 
been designed extensively by Cox and various coworkers [59-61 ]. A commercial ly 
available mult i layer broadband a.r. system for Ge is shown in Fig.6. For ultraviolet 
applications, only MgF2 single layers or double layers are used because of the lack 
of suitable high-index film materials which would satisfy the requirements for half  
wave films. 

913 
I-. 

0 4  

9 2  J 

1 I I I 1 

0 ~ " ~ -  - - "  - ~------~" ~ 

Fig. 6 
Measured curves for germanium samples coated with the broadband antireflection films 
INFRALIN 211 | (Balzers). 
a) Transmittance of a 1 mm thick germanium plate, both sides coated. 
b) Reflectance per surface, measured on a germanium wedge of 7 ~ 
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Fig. 7 
Transmittance for unpolarised light incident at 65 ~ through an uncoated glass plate and the same 
sheet coated with an antireflection coating optimized for high transmittance at high angles of 
incidence [62]. 

9.3.4 ANTIREFLECTION COATINGS AT OBLIQUE INCIDENCE 

Consideration of angles of incidence other than normal leads to changes in the 
optical chateristics of antireflection coatings. Generally, the observed deviations are 
small up to an angle of 20 ~ However, light is split into TE (s-polarization) and TM 
(p-polarization) waves which behave in different ways. In the case of a single layer 
originally optimized for normal incidence, the whole curve is shifted to shorter 
wavelengths and it is impossible to obtain a zero position in reflectance for both 
polarisation directions. The behaviour of double and mulilayer coatings is similar to 
or even worse than that of single layers. 

Special designs have to be made to solve this problem. Figure 7 shows such a 
special design of an a.r. coating for ordinary glass at 65 ~ incidence [62]. Such coat- 
ings are commercially available. Turbadar [57, 63] has published designs for oblique 
incidence. Additional information can be found in the patent literature, e.g. [64-67]. 

Veiling glare caused by reflection of an automobile instrument panel in the wind- 
shield can be reduced by coating the windshield with an antireflective multilayer 
dielectric coating for oblique incidence [ 156]. 

9.3.5 INHOMOGENEOUS ANTIREFLECTION COATINGS 

The theoretical treatment of inhomogeneous films started even in 1913 with cal- 
culations made by FSrsterling [68], followed later by the work of Kofink and Men- 
zer [69], SchrSder [70] and Geffcken [71]. An ideal inhomogeneous antireflection 
coating is a layer whose optical thickness is comparable with that of a single layer 
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but with a refractive index gradient varying smoothly from that of the substrate to 
that of the incident medium. Thus the optical thickness is roughly the physical 
thickness times the mean of the two terminal indices if the index variation is linear. 
Such a film would be a perfect a.r. coating for all wavelengths shorter than twice its 
optical thickness. Unfortunately, there is no film material available with an index as 
low as unity so that any inhomogeneous film terminates with an index of about 1.35 
(MgF2 ninfrared ~ 1.35). This yields a residual reflectance of 2.2%. 

For infrared applications, inhomogeneous a.r. coatings on Ge, extensively inves- 
tigated by Jacobsson and Martensson [72] have received considerable attention. The 
films were produced by controlled simultaneous evaporation of Ge and MgF2. A Ge 
plate coated on both sides with inhomogeneous Ge/MgF2 films with a physical 
thickness of 1.2 ~m increased the transmittance from 48% to more than 90% in the 
spectral range of 2 to 6 ktm [72]. 

9.3.6 APPLICATIONS OF ANTIREFLECTION COATINGS 

Antireflection coatings make up the majority of all optical coatings produced. 

8O 

Fig. 8 
Increase of reflection losses and of stray light in an optical instrument with increasing number of 
glass/air interfaces. Normal light inc. idence, R = 4% per glass/air interface (Leica Wetzlar, FRG). 
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They are used for example on lenses of photographic objectives, on ophthalmic 
glasses, and on the lenses and prisms of binoculars, microscopes, rangefinders, peri- 
scopes as well as on instrument cover glasses and on sights. Figure 8 shows the 
increase of the reflection losses and of the stray light with the number of uncoated 
glass/air interfaces. The deposition of antireflection coatings increases the transmis- 
sion of light in optical lens systems and also increases the contrast by the elimination 
of ghost images and by the reduction of stray light. Only through use of 
antireflection coatings did the design of modem high speed objectives for photogra- 
phy become possible. The influence of a.r. coatings on the transmittance of such 
objectives is shown in Fig. 9. 

9.4 REAR SURFACE MIRRORS, SURFACE MIRRORS AND BEAM SPLITTER MIRRORS 

These reflecting optical film components are almost as important as the 
antireflection coatings for transmitting components. Figure 10 shows schematically 
the two principal constructions. 

C 
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Summicron 50 ram, uncoated-- 
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Fig. 9 
Spectral transmittance of photo objectives uncoated and coated with antireflection layers (Leica, 
Wetzlar, FRG) 
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Fig. 10 
a) Rear surface or second surface mirror, b) Front surface or first surface mirror. 

9.4.1 REAR SURFACE MIRRORS 

The conventional mirror, a glass plate which is silver-plated on the rear surface 
by a chemical process, is a rear surface mirror. Radiation first passes through the 
glass substrate and is then reflected on its rear surface. 

This construction is necessary because an exposed silver surface is not chemi- 
cally or climatically resistant and therefore the silver film only remains permanently 
bright on the side adhering to the glass. Disadvantages of this mirror type are: There 
is an additional reflection from the front of the substrate which generally produces a 
second image. The radiation passes twice through the substrate material and is 
weakened by absorption or undergoes spectral changes. Also, with this double pas- 
sage, deviations from parallelism of the two surfaces, bubbles and striae in the glass 
are particularly detrimental. 

9.4.2 METAL FILM SURFACE MIRRORS 

In the surface mirror, modern technology has enabled an improved method of 
construction: the reflecting metal film is coated under high vacuum on the side on 
which radiation is incident. Various metals are applied for the different types of 
surface mirrors. Their reflectance is shown in Fig.26 of Chapter 8. The most fre- 
quently used metal for surface mirrors is aluminium. Its reflectance as a function of 
wavelength and its dependence on preparation conditions is shown in Fig. 11. 

In the same work cycle used to deposit the aluminium films, the mirror can be 
coated with a thin, optically transparent protection film by which means the mirror 
becomes more resistant to chemical and climatic effects and to mechanical wear. 
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Surface mirrors are used on the side on which the mirror is coated, the substrate 
providing only the surface for the mirror, and radiation does not pass through it. By 
these means, the above mentioned disadvantages of the rear surface mirror are 
eliminated in front surface mirrors by the method of construction. 

Commercially available are various types of aluminium front surface mirrors to 
suit different requirements. For the visible spectral range, there are standard mirrors 
such as Alflex A | If improved reflection is required, a multiple film mirror Alflex 
B | can be used. Both types of mirrors are provided with a hard and resistant dielec- 
tric protection coating. Such mirrors were first made by Hass et al. [73, 74]. The 
aluminium film on the surface mirror Alflex B is even protected by an interference 
film system, which also enhances the reflectance for the visible range. In the visible 
and infrared, the spectral curve of the reflectance is approximately the same for 
Alflex A as that of an unprotected aluminium surface. With a mirror type Alflex B. 
the increase in reflection in the visible, with a maximum at 550 nm, can be clearly 
seen in Fig. 12. If required, this maximum can also be shifted to other wavelengths in 
the visible spectrum. 

90 
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Fig. 11 
Reflectance of two AI coatings prepared under extremely different evaporation conditions in the 
wavelength region from 0,22 to 11 microns. 

A surface mirror for the UV is an aluminium mirror which is deposited very fast 
in a very good vacuum to prevent detrimental oxidation, and is then coated immedi- 
ately with a protective magnesium fluoride film [75-83] sometimes LiF is also used. 
This film combination gives excellent reflectance in the ultraviolet region of 200 nm 
up to 400 nm, as can be seen in Fig. 12. 

The spectral reflectance clearly shows the improvement resulting from the inter- 
ference effect of the MgF2 protection film in the ultraviolet. Such mirrors also show 
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very good reflection in the visible and the neighbouring infrared, and are therefore 
ideal for optical instruments, particularly spectral instruments of the entire wave- 
length range. The aluminium and magnesium fluoride coating has been examined in 
some detail by Canfield, Hass and Waylonis [81]. 
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Fig. 12 
Metallic mirror ALFLEX UV. 
Metallic mirror ALFLEX B | 
Metallic mirror ALFLEX A | 

All coated surface mirrors have good adherence and can be carefully cleaned 
with cloth and organic solvents. 
Aluminium surface mirrors are produced as plane mirrors for: 

mirror reflex cameras, view-finders, telescopes, episcopes, microscopes, holog- 
raphy, projection enlargers, viewing tubes, bubble chambers, etc; 

as spherical concave mirrors, parabolic and ellipsoidal mirrors for: 
still pictures, moving pictures, cinema projectors, illumination equipment, sun 
simulators, head lamps, and special instruments; 

as signalling mirrors for: 
image frames and similar purposes. 
The geometrical quality of reproduction of a plane mirror is determined by the 

precision of the surface of the glass substrate. If a test piece is compared with an 
ideal standard plane sample in an interferometer, the deviations of the test piece 
from the ideal sample will be visible as a pattern of interference fringes. 

As with the relief lines on a map, these interference fringes give an accurate im- 
age of the geometrical arrangement and the extent of the deviations: In this way, the 
test piece can be classified. 
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TABLE 2 

MAIN QUALITY GROUPS OF PLANE MIRRORS IN RELATION TO PLANITY 

Class IV: Not tested with an interferometer (indiscriminate, industrial quality glass). 
Application: non-directed lighting, no requirements for reproduction 

Class III: Interferometric check of random samples (e.g. before finishing). Irregular fringe pat- 
tern. Limitation of the maximum permissible fringes to a certain diameter. 
Application: directed lighting, simple reproduction requirements. 

Class II: 100% interferometric check (individually). Irregular fringe pattern, limited number of 
fringes to a certain diameter. 
Application: higher reproduction requirements 

Class I: 100% interferometric check (individually). Regular fringe pattern. 
In general, mirrors of this group are precision optically ground and polished. Plane 
Substrates are used. Such mirrors are available with a surface accuracy to conform with 
DIN 3140. 

The following classification of plane mirrors according to their surface quality 
shown in Table 2 may help to find a suitable compromise between requested quality 
and the costs of its manufacture. All quality standards are produced from films on 
common machine-drawn glass to optically finest polished glass. 

Highest quality unprotected aluminium coatings are particularly required for the 
mirrors of large astronomical reflecting telescopes. Dust and dirt accumulating on 
the mirror surface cause a decrease in reflectance always reducing the amount of 
light which should be collected. Because such mirrors cannot be cleaned without 
damage, periodic recoating, e.g. once a year, must be performed in special coating 
plants which are installed in the observatory see, for example Fig. 61 a, b of Chapter 
6. Many investigations to coat astronomical mirrors have been performed by Strong 
[84]. His technique of evaporating AI rapidly from tungsten coils is still in use for 
this purpose. For coating very large mirror blanks (diameter > 8 m) magnetron 
sputtering with a rotating target is preferred. In most cases a reflective coating of 
uniform thickness is required. However, a technique also exists for converting a 
spherical mirror into a parabolic one. For parabolizing of telescope mirrors [84], a 
film of exact preselected non-uniformity is desired. With a spherically curved mirror 
substrate, a reflective film that is thicker around the edges and becomes thinner to- 
ward the center must be deposited. However, limitations on maximum usable film 
thickness limit the focal length producible by this method. It is further possible with 
this method to aluminize spherical surfaces to produce off-axis paraboloids [85]. 
Proper deposited AI mirror films consist of very small crystals and have rather 
smooth surfaces. The images obtained from AI coated telescope mirrors are there- 
fore excellent. This is also true for rhodium coated mirrors [86] which, however, 
have a lower reflectance in the visible. In contrast to the above mentioned two mate- 
rials, silver mirror films often have a diffuse component in reflection and the images 
obtained may show some strong halos. This was clearly demonstrable by observa- 
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tions of the moon at the observatory in Berlin in 1938. The telescope used had a 30 
cm mirror. The first image was taken using a rhodium mirror coating and the second 
image was obtained with a silver mirror. Both coatings were performed by Auw~irter 
at W.C. Heraeus.The quality of the picture obtained with the rhodium mirror was 
quite superior, as can be seen in the historical photographs in Fig.13. Materials such 
as rhodium and also chromium offer in themselves a high degree of hardness and 
abrasion resistance and of adherence to a glass substrate, but have only a reflectance 
of 78% and 60% respectively. The reflectance of about 60% of chromium is, how- 
ever, sufficient to use this films as a coating for rear mirrors in automobiles. Rho- 
dium is a mirror metal which retains a constant reflecting power for any length of 
time without the use of a protective layer. Furthermore, it can be kept even for long 
periods of time, at temperatures up to 430~ without any appreciable loss in reflec- 
tance. Because of these properties, rhodium films are best suited for use as standards 
for absolute intensity measurements, and in application as mirrors for medical pur- 
poses. Recently also blue enhanced and protected silver based high-reflectivity front 
surface mirrors are produced and are commercially availabel [87]. The reflectivity 
R = 98% between 420 and 680 nm is nearly independent of polarization and angle of 
incidence. Typical applications are, for instance, as folding mirrors in optical in- 
struments, as laser scanner mirrors, as reflectors in projection systems and as laser 
show mirrors. 

An interesting type of mirror on an epoxy resin base was described first by Hass 
and Erbe [88] and is now commercially available e.g. [89]. Such mirrors are made 
by a replication technique. Replication is a simple moulding process made possible 
by the ability of a liquid polymer to accurately reproduce the optical surface of a 
carefully polished master tool. After a parting compound has been applied to the 
precision master, the reflective film, usually aluminium, is deposited by vacuum 
evaporation. This is cemented together in a ttsandwich~ and the polymer is cured 
thermally, thus forming strong bonds between the reflective metal film and the or- 
ganic substrate. When the master is separated, the substrate's surface duplicates the 
original. For series production, the process can be repeated using a fresh substrate 
blank. Replication frees designers from traditional constraints on the use of high 
quality optical surfaces in small or in large quantities. With this technique it became 
possible to produce aspherical, toroidal or any other normally difficult surface very 
economically in any quantity. It also means that the optical distortions typically 
induced by conventional polishing of thin parts can be eliminated. Accuracies of L/4 
are routine and L/10 is possible. Typical applications of such products are notating 
and rotating scan mirrors, choppers, integral mirrors and mount components, as well 
as low inertia mirrors. 

In television tube fabrication, vacuum evaporated high reflecting aluminium 
coatings are used to increase the brightness of the pictures by more than 80%. For 
that purpose, the AI film is deposited on the rear inner surface of the phospor layer 
in a similar coating plant as shown in Fig.67a, b of Chapter 6. Because of the rela- 
tively high electron permeability of aluminium in the form of very thin layers, prac- 
tically no absorption of the electron beam is observed. 
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For infrared applications, special aluminium mirrors with a protection film which 
increases the reflection in the near infrared are used. Such mirrors are primarily used 
in the region above 900 nm. Surface mirrors of gold films which are made to adhere 
to glass by using special contact layers can be used in the entire infrared spectral 
region above 600 nm. At approximately 600 nm, the reflectance reaches 90% and 
from 800 nm it remains constant above 97%. 

A different type of reflector is formed by a finely ground glass surface coated 
with aluminium or gold. Such coated surfaces of special fineness of grinding are 
applied as scatter plates in infrared spectrometers [90]. By selective scattering of the 
short wavelengths and specular reflection of the longer wavelengths, such plates 
serve to remove short-wavelength components from the measuring beam. 

Fig. 13 
Photographs of the moon obtained with a 30 cm telescope mirror coated with rhodium (a) and with 
silver (b). The photos were made in Berlin in 1938 [91]. As can be seen by observation of the 
craters a sharper and halo-free picture was obtained with the rhodium mirror as a consequence of 
the finer grained and smoother coating. 

9.4.3 BEAM SPLITTER MIRRORS 

Another class of reflector coatings are beam splitters, also known as 
semi-transparent mirrors. These are mirrors which reflect part of the incident light 
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and transmit the other part. This splitting is uniform over the entire surface of the 
mirror, enabling a beam splitter to be built into a beam path at any selected position 
without interfering with the optical image. 

Spectrally selective and unselective or neutral beam splitters can be used ac- 
cording to the requirement. Examples of selective beam splitters are the colour 
splitter for colour printing or colour television. Non-selective beam splitters are used 
in binotubes for microscopes, in camera view finders with luminous frames, etc. 
Neutral beam splitters may be made of semi-transparent metallic films, but absorp- 
tion inherent in such materials precludes their use when maximum light intensity is 
required. Figure 14 shows typical spectral reflectance and transmittance curves of 
cemented silver/dielectric neutral beam splitters. The shaded areas indicate losses by 
absorption. The coating which is protected by cementing withstands normal climatic 
conditions. For loss-free beam splitters, between 1 and 8 dielectric films without 
absorption are used. In the simplest case one high refracting oxide film of quarter- 
wave optical thickness at the desired angle of incidence is sufficent for R T = 30 
70. Figure 15 shows some commercially available all-dielectric neutral beam split- 
ters of the Balzers Transflex series. As these coating systems are very scratch resis- 
tant and also resistant to changing climatic conditions, they can be used without 
cementing. 
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Fig. 14 

Neutral beamsplitters SEMIMET | Ag (cemented). 

Beam splitters are single films or film systems, and can therefore be coated on 
any surface in the optical beam path. Beam splitters are therefore produced not only 
on plane surfaces but also on spherical surfaces such as lenses. The angle of light 
incidence can also be pre-selected to suit requirements, common values being 0 ~ and 
45 ~ At oblique incidence also polarization effects have to be considered e.g. [ 1 d]. It 
must then be decided whether the beam splitter on its substrate is to be used with air 
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Fig. 15 
Neutral beamsplitters TRANSFLEX | (uncemented). 

as the boundary surface or whether it is to be cemented to another optical component 
(example: divider cube). Since the refractive index of the cement affects the dividing 
ratio, the cementing method must be agreed upon. 
Dielectric colour-separating mirrors made of extremely hard and chemically resis- 
tant oxide multilayer films enable nearly losss-free separation or mixture of the pri- 
mary colours. Such colour splitters can be made for different spectral ranges of the 
reflection band, broadband and narrowband. Fig. 16 shows an example of a red re- 
flector at 45 ~ incidence. 
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Fig. 16 
Broadband colour separation mirror (red mirror) 



Typical data of broadband colour splitters are listed in Table 3. 
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TABLE 3 

COLOUR-SEPARATING BROADBAND MIRRORS 

Blue 5 %  4 0 0  450nm 
T > 80% 530 - 760 nm 

Green 
T > 80% 400 - 480nm 
T < 10% 520- 560nm 
T > 80% 630- 760nm 

Red T > 80% 400 - 560nm 
T < 5% 640- 760nm 

Typical spectral response curves for narrow band colour separators are shown in 
Fig.17. 
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Fig. 17 
Blue, green and red narrow band colour separators (mirrors/filters). 

To enhance transmission outside the reflection band and prevent ghost images, rear 
surfaces of colour splitters can be antireflection coated. The tolerable thermal load is 
generally 250~ 

Colour separating coatings on prisms are widely used in colour TV cameras, the 
advantages of this approach are shorter optical paths, fewer air-glass interfaces, and 
good separation of the individual colour components. An example of a typical sys- 
tem is shown schematically in Fig. 18. 



456 

GREEN 

Fig. 18 
Optical path through colour separating prisms. 

Fig. 19 

Colour regulator for printers. 

Another application for colour separators is film printing. In this case, the pri- 
mary colours are separated by means of mirrors, which produce three colour chan- 
nels. Apertures mounted in each channel then provide continuous regulation of the 
light intensity for proper colour balance and production, as shown in Fig.19. Poor 
quality colour film copies sometimes result from the overlapping sensitivity ranges 
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of film materials, shown in Fig.20. This problem can be overcome by colour sepa- 
rators, which filter out the overlapping absorptions. With no loss of copier speed, 
colours that are true, bright, and entirely faithful to the original print are readily 
achieved. Colour separation in digital light processing (DLP) brand projectors is 
performed with a Color Wheel | operating typically with a speed up to 7500 rpm. 
The wheel is available with diameters between 75 and 110 mm. The colour filters, 
blue, green and red, can be arranged in segments with 60 ~ 90 ~ or 120 ~ 
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Fig. 20 
Representative spectral response of colour film. 

Colour separation and recombination in projection displays is made with the 
Color Cube | . The device is optimized in uniformity, reliability and repeatability for 
high resolution projection systems requiring dichroic prisms [91 ]. 
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Fig.21 
Beam splitter R VIS/T IR (uncemented). 
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Also the number of oscillations outside the high reflection zone increases with the 
number of the layers but their extension is limited.The width of the high reflection 
zone depends on the ratio in the refractive indices of the film materials used. The 
higher the ratio, the larger the spectral extension. 

This is valid not only for the fundamental reflectance zone considered but also 
for all wavelengths for which the layers are an odd number of quarter wavelengths 
thick. If ~ is the centre wavelength of the fundamental high reflectance zone, then 
higher orders of high reflectance zones exist with ~/3, ~ / 5 ,  ~ / 7 ,  etc. However, at 
wavelengths for which the optical thickness' of the layers are equivalent to an even 
number of quarter waves, which is the same as an integral number of half waves, the 
layers will all be absentee layers and consequently at the positions the reflectance is 
equal to that of the uncoated substrate. With ~ the centre wavelength of the funda- 
mental high reflectance, this is the case for wavelengths ~ equal to ~/2, ~/4, ~/6, 
etc. Depending on film material, such simple quarterwave high reflecting multilayer 
coatings which can be used as interferometer mirrors or, in higher quality, as laser 
mirrors can be designed for application in the ultraviolet, visible or infrared region. 
Deposition of highly transparent films yields multilayer stacks with very small re- 
sidual absorption. If additionally a homogeneous microstructure of the individual 
films and a smooth surface and interface topography of the whole film system can 
be achieved, such mirrors may show very low optical losses, e.g. [93]. It is evident 
that the losses in the coatings are not only determined by the materials alone but are 
also influenced by the applied film deposition technique and by exactly how clean 
the deposition plant and how smooth and clean the substrates are [94]. 

Particularly for laser applications in the visible red range ion beam sputter de- 
posited oxidic multilayers, having minimal microstructure and high density, show 
extremely low losses (e.g. for mirrors almost 1 ppm i.e. 6 - 9s reflectivity!). Inhib- 
iting absorption of moisture no degradation occurs and the coatings have a long 
operation life [95]. The relatively narrow spectral range over which a high reflec 
tance can be achieved with a quarterwave multilayer is a stringent limitation for 
some practical applications. This is a consequence of the lack of materials with suf- 
ficient high refractive indices. To overcome this disadvantage, a number of attempts 
have been undertaken to extend the range of high reflectance by various means. As 
was found early on [96, 97], successive harmonic variations in the thickness' of the 
individual films of a multilayer yielded broadening of the reflectance zone. Calcula- 
tions of layer assemblies with thickness' either in the arithmetic or in geometric 
progression were undertaken later [98]. It can be shown that with the same number 
of layers the geometric progression yields a slightly broader high reflection zone. 
Using films with nL = 1.39 and nH= 2.36 on glass ng= 1.53 with a total number of 
25 layers, the arithmetic approach yielded a high reflectance zone of more than 90% 
between 418 and 725 nm, whereas the geometric approach had an extension between 
342 and 730 nm [98]. 
The simplest method, however, is to deposit a quarterwave stack for one wave- 
length on the top of another stack for a different wavelength. 
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Fig.23 
Spectral characteristics for normal incidence of multilayer stacks formed of alternating X/4 layers 
of high nH= 2.3 and low nL = 1.38 refractive index on a glass substrate ns = 1.52 as function of the 
phase thickness 8 = 2nnt/X of wavelength X for ~ =460 nm [96]. 

This procedure can be repeated by deposition of further shifted stacks until a 
sufficient spectral extension of high reflectance is achieved [99]. To avoid a trans- 
mission peak by Fabry-Perot filter formation in the overlapping area of two shifted 
mirrors (since the uppermost high refractive quarterwave film of system 1 = HI and 
the first high refractive film of system 2 = H2 together form a halfwave film HH 
(1 +2)/2 for an intermediate wavelength), a low refractive quarterwave film L is de- 
posited between them [99] according to" 
glass [0.8 (HLHLHLHLH)] [1.2 (HLHLHLHLH)] a i r . . ,  transmittance peak, but 
glass [0.8 (HLHLHLHLH)] - L [1.2 (HLHLHLHLH)] a i r . . ,  without transmittance 
peak. 

The latter design for extension of spectral reflection is often used in technical 
film production. 

9.4.6 COLD LIGHT MIRRORS AND HEAT MIRRORS 

Cold light mirrors have very high reflection characteristics for the visible light 
and a high transmission for infrared radiation. They are particularly suitable for 
illumination systems in which the illuminated object must be protected from thermal 



461 

radiation. Their function is partially or fully based on the interference of multilayer 
systems. In early attempts to design such mirrors [ 100], silicon or germanium films, 
which show good reflectance in the visible and high transmittance in the infrared, 
were deposited as a first layer on glass. Using additional multilayer overcoats, the 
spectral broadness and the height of the reflectance in the visible can be improved. 

Another possibility of fabricating a cold light mirror is the deposition of a quar- 
terwave stack with a high reflectance zone between 400 and 550 nm on the front 
side of a glass and to coat the rear side with a quarterwave stack which has its high 
reflectance between 550 and 750 nm. The relatively thick glass substrate prevents 
interference between the two multilayer systems and the total reflectance is obtained 
according to: 

R = R1 + R2 - 2 R I R  2 (11) 

1-  R1R 2 

R~ denotes the front reflectance and R2 that of the rear side. The most commonest 
method is, as already discussed, the superposed deposition of two or more quarter- 
wave stacks, with shifted centre wavelength and suitable transmittance peak at- 
tenuation, on the front surface of the glass. 

Commercially available mirrors are often made of ZnS/MgF2, TiO2/SiO2 multi- 
layers. Figure 24 shows a typical spectral transmission curve of a cold light mirror. 
The effective reduction of the temperature in reflected light depends to a great extent 
on the geometric arrangement and the proportion of the direct radiation. Good re- 
sults are thus achieved with the use of cold light mirrors as deflection mirrors. It is 
efficient to design the interference system for the special angle of incidence (often 
45~ For special applications the reflected range can be stretched into the ultraviolet 
or near infrared to a certain extent. Depending on the arrangement of the mirroring 
layers, the colour temperature or colour nuances of the reflected light can be influ- 
enced. So-called hard coating such as TiO2/SiO2 used on large cinema projector 
mirrors, can also be applied to small, highly curved reflectors. The advantage of 
these layers is their high thermal, mechanical and chemical stability and the long 
lifetime connected with these features. The generally high transmittance in the infra- 
red, on average 80% to 2.6 ~tm, means that heat is efficiently removed while the 
over 95% reflectance in the visible ensures an optimum even light yield across the 
entire spectrum. Such coatings should withstand temperatures up to 400~ in con- 
tinuous operation. The small mirrors are applied, for example, in film and slide pro- 
jectors, microfilm readers, fibre optic or signal lighting and other illumination sys- 
tems. Based on the plasma impulse CVD (PICVD) process developed at Schott 
(Mainz, Germany) fast running multistage coaters recently came into production for 
50 mm hard coating cold light reflectors for halogen lamps [ 101 ]. 
Transparent heat mirrors have optical properties which enable them to have high 
transmission of the visible radiation and high reflectivity of infrared radiation. 
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Fig. 25 
Transmittance and reflectance of a transparent heat mirror using a thin metal-dielectric film com- 
bination [62]. 

There are basically two ways to achieve high visual transmittance simultaneously 
with high infrared reflectance. One is the use of the interference effect in 
all-dielectric multilayers, the other is the use of intrinsic optical properties of electri- 
cally conducting films such as Au, Ag, and others which have high infrared reflec- 
tion with relatively low visual absorption. Their suitability as transparent heat mirror 
can be improved by antireflection coating for the visible. Figure 25 shows an exam- 
ple for such types of heat mirrors, according to Fan et al. [102]. 
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Fig. 26 
Heat protection filter CALFLEX | / Light source spectrum: Xenon lamp. 

Figure 26 shows an example of an all-dielectric multilayer heat mirror. As can be 
seen in the figure, the transmittance in the visible is considerably higher in that de- 
sign. Such mirrors also show an excellent high-temperature stability. 

A further type of coating suited for transparent heat mirrors is a semiconducting 
film such as In• which combines good visual transmittance with high infra- 
red reflectivity [ 103-105]. 

Such transparent heat mirrors have important application, for example, in combi- 
nation with cold light mirrors as thermal radiation shields in projection and illumi- 
nation techniques; and potential applications also in solar energy collection, window 
insulation, etc. 

9.4.7 L A S E R  C O A T I N G S  

Multilayer interference systems are ideally suited as reflection coatings, for the 
fully reflecting and the partially transmitting mirrors of lasers. Because of negligible 
absorption, reflection values of approximately 100% are possible. Such reflectors 
give minimum attenuation of laser emission. They can be made of ZnS/ThF4, 
TiOJSiO2, HfOJSiO2 and of some other oxide combinations. 

There are two basic types of mirror, those for a single wavelength and those for a 
fairly broad spectral band. The single wavelength mirrors are simple quarterwave 
multilayers. The broadband mirrors are designed using methods as already described 
in Section 9.4.5. 

Figure 27 shows the spectral reflectance curve of a broadband laser mirror. 
Only film combinations with low optical losses should be applied. The surface 

quality of the laser substrates is one of the critical parameters in obtaining low light 
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scattering values and optimum adhesion of the coating. Various substrate materials 
are used, e.g. glass, fused silica, glass ceramics, etc. Laser mirror coatings can be 
applied to substrate shapes such as lenses, disks, fiat plates, prisms and cubes. For 
the different laser systems operating from uv to infrared different coating materials 
are required [ 106]. For high power laser mirrors, special designs are used. The laser 
mirrors are produced for various angles of incidence such as e.g. 0% 30 ~ and 45 ~ . 
Except for normal incidence, the reflection values of the two polarisation compo- 

nents RT• and RT. will be different. 
Polarizing beam splitters are important thin film products required for many laser 

experiments. In their design, observation of the above-mentioned fact that a quar- 
terwave stack has different width of the high reflectance zones for the two planes of 
polarization s and p is made. There are polarizers for single wavelengths, unce- 
mented or cemented design, and for a broad wavelength range, only available in the 
cemented design. The following sequence of layers shows a theoretical design cre- 
ated by Thelen [107]: 
a i r / [0.735 (L/2 H L/2)] 2 [0.84 (L/2 H L/2)] 8 [0.735 (L/2 H L/2)] 2 / glass 
with nL = 1.45, nH= 2.35, ng= 1.52 and ot = 56.7 ~ Depending on type, the common 
angles are 45 ~ and 57 ~ . 

In Figure 28, a commerically available uncemented laser polarizer for 57 ~ inci- 
dence and for ~. = 1060 nm is shown, e.g. [ 108]. 

Most laser polarizers are made of hard, chemically and mechanically durable di- 
electric coatings, which generally meet or exceed applicable military specifications 
such as MIL-C-675a, MIL-C-14806, MIL-M-13508b, regarding adhesion, abrasion, 
humidity and temperature (MIL-STD-810-A). 

Entrance / exit faces, depending on type, can be coated with a suitable 
antireflection coating. 
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Fig. 28 
Laser polariser 1060 nm/57 ~ (uncemented). 

Dichroic laser beam splitters are thin film products separating the incident light 
into two spectrally different beams. The commonest angle of incidence is about 45 ~ 
where the reflection values will be different for the two polarization components 

(RT z and RTII ). The diachronic laser beamsplitters are made of hard, chemically 
and mechanically durable, dielectric coatings. The film systems also meet the 
above-mentioned US military specifications. The diachronic laser beamsplitters are 
distinguished by uncemented and cemented designs, e.g. [ 109]. Special designs such 
as high power diachronic laser beamsplitters are also made. Anti-laser protection 
coatings are used for safety purposes. One or more laser wavelengths will be sup- 
pressed. For laser protection filters, it is very important that, while the laser light is 
attenuated, the remaining part of the visible spectrum should be affected as little as 
possible. The attenuation can be achieved with three types of filters [ 110]: 

absorbing glasses or plastics 
- all dielectric thin film reflectors and 

combinations of absorbing glasses with dielectric thin film reflectors. 

Such components are usually used at or near an angle of incidence of O ~ 
The protection coating with the spectral transmittance curve shown in Figure 29 

is of the composite type [ 111 ]. Specifications for such protective coatings are found 
for example in [112]. A high damage resistance is only obtained with first surface 
reflection coatings. 

Special requirements must be met in the case of high power laser components e. 
g. [45b and 106d]. A complete assessment of laser fusion coatings was published by 
Apfel [ 113]. 

Because of the high power densities, damage may become a limiting factor and 
only more resistant highest quality materials can be used. Of the optical materials 
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Fig. 29 
Anti-laser protection filter 1064 nm (uncemented). 

such as bulk substrates and thin films, as well as surfaces used in high power laser 
systems, thin film optical coatings are the least damage resistant and also the most 
complicated. A quantitative model for the mechanisms under which optical materials 
fail under intense irradiation is still incomplete. In particular pulsed laser damage is 
inadequately understood. Also, with intrinsic damage, the relative importance of 
multiphoton absorption compared with avalanche ionization and the relative impor- 
tance of self-focusing and self-defocusing in the damage process under various ex- 
perimental conditions is also not well understood. 

There is evidence that damage in thin films is not intrinsic, but arises from 
defects, impurities or absorbed materials which also depend in a complex manner on 
the applied preparation technique and the chosen parameters. It is therefore not sur- 
prising that attempts to find simple solutions to film damage have not yielded con- 
sistent results. 

The deposition of a barrier layer sometimes work, but not always. With pulses of 
several nanoseconds or more the observed damage seems to be thermal, originating 
at highly localized sites. However, the identity and the origin of these sites is still 
not clear. 

Information on progress in this important topic can be obtained from the publi- 
cations (NBS Special Publications) of the annual Boulder Damage Symposia and the 
published Index of Papers of these symposia e.g. [ 114]. 

9.4.8 A R T I F I C I A L  J E W E L S  

Artificial jewels can be made of cut of pressed bodies of transparent materials 
like glass or plastic which are coated with metal and/or dielectric films. It is not 
surprising that the most desirably cut diamonds were imitated by cheaper materials. 
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In its optical behaviour, it can be very effectively copied by new synthetic minerals 
such as fabulite (SrTiO3) and zirconia cubic (a Y203 or CaO stabilized cubic ZrO2). 
However, glass remains the much cheaper base material and coating by evaporation 
or sputtering can be performed very economically. Diamond is outstanding in its 
high index of refraction n=2.417 and its high reflection of about 20% per facet. To- 
gether with total reflection (brilliant cut), it is to this property that a diamond owes 
((fire~ and ~(brilliance~. Numerous attempts have been made to provide a jewel imi- 
tating the fire and brilliance of a diamond. Metallization of the rear-side facets of 
glass bodies and colouring by deposition of high reflecting all-dielectric multilayer 
systems, e.g. TiO2/SiO2, have not produced the sparkle and shimmering colour ef- 
fects of a true diamond, which changes greatly with direction of observation. Many 
investigations to solve this problem have been made by Auw/~rter, Ross and Rhein- 
berger. The best imitation was obtained by deposition of a multilayer antireflection 
coating for long wavelengths. In this way, a subjective impression of a bluish reflec- 
tion colour is produced even under very fiat or small acute angles of observation and 
the reflectance per facet is increased considerably [ 116]. Other artificial jewels, such 
as imitations of marcasite or topaz, can also be made of glass with deposited thin 
film of Cr and SiO [ 117] or by SiO alone [ 118]. 

Artificial jewels of glass and plastic with vapour-deposited interference layer 
systems present a great variety of very appealing colour nuances. Even opalescence 
effects can be produced by deposition of all-dielectric or dielectric metallic multi- 
layers onto rough gem surfaces [ 119] which are achieved by wet chemical etching or 
sand blasting of the cut glass bodies. Generally, it can be stated that high quality 
coated artificial jewels are always made from cut glass bodies. The finish of the 
facets achieved by cutting is quite superior to that obtained by pressing. The 
Swarovski Company in Wattens, Tyrol (Austria) has developed special machines to 
cut large quantities of glass jewels and to coat them economically. Swarovski thus 
became the most famous and important producer of coated artificial jewels in the 
world. 

9.5. SEPARATION OF LIGHT BY FILTERS 

Light separation by filters can be performed with coloured glass or dyed gelatine 
filters. The quality of separation and the thermal stability of the filters, however, 
have been improved considerably by the use of thin film interference systems, see 
[ld, 2, 6, 115]. 

9.5.1 LOW-AND HIGH-PASS EDGE FILTERS 

These filters are characterised by producing an abrupt change between a region 
of rejection and a region of transmission. They are generally produced from 
all-dielectric multilayer systems with corrected side bands to increase transmittance 
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on the short or long wavelength side, as is shown in Fig.30, or on both sides of the 
rejection region. 
The filters are sometimes also combined with absorbing coloured glasses to improve 
and/or extend the rejection zone. Another way to extend the rejection zone is to 
place a second stack in series with the first and to ensure that their rejection regions 
overlap. In this category belong blocking or transmitting filters for separation of 
broad spectral ranges in the ultraviolet, the visible and the near infrared range. Such 
blockers can be used for suppression of unwanted higher or lower orders of various 
narrow and broad band interference filters, or to block disturbing uv radiation and to 
limit the sensitivity range of a receiver. Examples are shown in Figs. 31 and 32. 
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Fig. 30 
IR longwave pass filter and IR shortwave pass filter. 
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UV blocking filter / Light source spectrum: Mercury lamp. 
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Fig. 32 
NIR blocking filter / Sensitivity of receivers: Silicon cell. 
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Furthermore,  the dichroic colour filters should be ment ioned here. General ly,  
addit ive filters o f  this type are produced in the three pr imary colours: blue, green and 
red. Through a combinat ion of  dielectric, most ly oxide, coatings with coloured 
glasses, colour fi lters achieve a complete suppression from the ultraviolet range to 
the near infrared without causing a noticeable loss o f  tansmittance in the passband 
region. Because the coloured glass and the cement  are thermosensit ive, the maxi-  
mum thermal load is, for about 100~ relatively small. If, however,  al l-dielectric 

oxide systems are produced with the coatings deposited on both sides o f  the sub- 
strate, then the filter also has high transmittance in the pass band region and a broad 
suppression range in the visible. Cut-on and cut-of f  slopes are then relat ively steep, 
with the result that colour outputs of  high purity are achieved with these products. 

TABLE 4 

ADDITIVE COLOUR FILTERS 

With coloured glass: 
Blue T > 65% 

T_< ]% 
Green T < 1% 

T > 75% 
T < 1% 

Red T < 1% 

400 - 450 nm 
505 - 760 nm 
400 - 475 nm 
525 - 550 nm 
610 - 760 nm 
400 - 575 nm 

T _> 80% 625 - 760nm 
Substrate" Coated glass laminated to coloured 

glass 
Glass thickness: 2 - 4 mm 
Thermal load: 100~ maximum 

Blue 

Green 

all dielectric: 
T > 80% 400 - 460 nm 
T < 1% 505-  760nm 

1 %  4 0 0  485nm 
T > 75% 530 - 555nm 
T _< 1% 590-  760nm 

Red T < 1% 

v 80% 

400 - 575 nm 
630 - 760 nm 

Substrate: Heat-resistant TEMPAX coated on 
both sides 

Glass thickness: 1 mm 
~Thermal load: 400~ maximum 
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region, and steep 
s lopes.  

Typ i ca l  spec i f i ca t ions  o f  add i t i ve  co lou r  f i l ters are g i ven  in T a b l e  4. 

W i t h  such a l l -d ie lec t r i c  ox ide  sys tems ,  the rma l  loads up 4 0 0 ~  are read i l y  

feas ib le .  

TABLE 5 

SUBTRACTIVE COLOUR FILTERS 

Yellow 

Magenta 

Cyan 

80% 

T < 1% 

75% 
.... 

T <  1% 

530 - 760 nm 

410 - 475 nm 

400 - 460 nm 

530 - 560 nm 

T > 75% 650 - 730nm 

T > 80% 

T _< 1% 
Substrate: Heat-resistant TEMPAX 

420 - 565 nm 

630 - 720 nm 

Glass thickness" lmm 
Thermal load: 400~ maximum 

,, 

:30 L 

0 

33 
Colour temperature conversion filters TL/TK. (TL = day light, TK = artificial light) 
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Balzers subtractive colour filters are dielectric interference filters whose pass- 
bands extend over the spectral region of two primary colours: yellow over the green 
and red regions, magenta over the blue and red, and cyan over blue and green. When 
subtractive colour filters are placed in the path of a light source, a primary colour 
results. Thus yellow and magenta filters yield red, yellow plus cyan produce green, 
and magenta and cyan provide blue. Through suitable combinations, the subtractive 
colour filters can produce every colour hue in any density to full saturation. 

Typical specifications of subtractive colour filters are given in Table 5. 
As well as additive and subtractive colour filters, there are also colour temperature 
conversion filters for natural and artificial light applications. Figure 33 shows an 
example of such filters. 
Generally, in many types of long- and shortwave-pass filters, the steepness of the 
edge is not of critical importance. It is important, however, with filters applied in 
fluorescence microscopy where the excitation and emission bands of special fluores- 
cent tracers may have such a small spectral distance, that they do overlap to a certain 
degree. This happens, for example, with fluorescein-iso-thio-cyanate FITC, a fluoro- 
chrome used in immunofluorescence. For excitation, the maximum absorption is at 
about 490 nm and the emission maximum is at 520-525 nm as can be seen in Fig.34. 
When such an exceptional high degree of edge steepness is required, then the easiest 
way of improving it is to use more layers. Figure 35 shows an example of an excita- 
tion filter consisting of more than 31 TiO2/SiO2 layers inclusive the correcting layers 
in the stack. These filters show very high transmission of 80% minimum in the area 
of excitation. In the blocking area starting at 510nm, the transmission in lower than 
5x10 "3. The transmission decreases towards longer wavelengths and is lower than 
lx l0 3 at the fluorescence maximum of ~, = 520 nm. The red part of the spectrum is 
suppressed by combination with a special colour glass. 

9.5.2 BAND PASS INTERFERENCE FILTERS 

Band pass filters are generally characterised by a region of possibly high trans- 
mission, limited on either side of the spectrum by regions of rejection. Depending on 
the width of the transmission region, one may distinguish between narrow-band and 
broad-band filters. 

9.5.2.1 NARROW-BAND FILTERS 

A typical narrow-band filter is the metal dielectric Fabry-Perot filter basing on 
the Fabry-Perot interferometer. An interference filter of this type consists of two 
highly reflecting but partially transmitting mirror films spaced optically one half 
wavelength apart [120-122, l d, 2]. For the production of such filters, evaporative 
film deposition or sputtering have proved most successful. In the simplest case, the 
filter is made by depositing first a silver film onto a plane glass substrate then 
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evaporating a %/2 or a multiple of an absorption-flee dielectric material following 
this with another film of silver. For symmetry, protection and stabilisation of optical 
properties of the arrangement, another plane glass is added using, for example, a 
conventional optical cement. Figure 36 shows the spectral transmittance of a 
metal-dielectric F. P. Filter. The thickness of the dielectric intermediate or spacer 
layer determines the position of the transmission band within the spectrum and the 
degree of background transmission. The wavelength for which the internal multiple 
reflections in the forward direction are in phase will be strongly transmitted, other 
wavelengths are suppressed. First-order filters, that is, forward reflections differing 
in phase by only one wavelength, generally have a peak transmittance of 30 to 40% 
with a half width of the transmission curve of about 20 nm. Second-order filters, in 
which the forward reflections differ in phase by two wavelengths, may have the 
same peak transmittance as the first-order filters, but a half width of only about 10 
nm. The undesired orders of the filter can be blocked by edge filters or coloured 
glasses. 
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Fig. 36 
Metal-dielectric interference filter FILTRAFLEX B-20 (BALZERS). 

An extensive mathematical treatment was performed by Hadley and Dennison 
[121,122]. Only the most important formulae characterising a Fabry-Perot filter are 
given here 
The transmitted intensity IT is: 

t] I T = (1+ )2 + - ~ s i n  ~nstscos(~o s +6  (12) 
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The maximum transmittance T m a x  is: 

Tmax = T 2 / (l-R) 2 (13) 

The minimum transmission Tmin outside the transmittance band is" 

Tmin = T / (I+R) 2 (14) 

Finally the half width HW is given by" 

HW z (l-R) / xn  ~/R (15) 

In the equations, T = transmittance of a single mirror layer, R = reflectance of a 
single mirror layer, A =absorption of a single layer, x = order of interference, n~t~ = 
optical thickness of the spacer layer and tx = angle of radiation within the layers. 

Examples of fields of application of such filters, producing monochromatic light, 
are in colourimeters, sensitometers, polarimeters, refractometers, interferometers, 
fluorimetrical measuring instruments, flash-photometers, microscopes, various opto 
electronic devices e.g. in optical telecommunication systems, etc. Filters are manu- 
factured for the near infrared and the visible range using Ag mirrors and for the 
ultraviolet using AI mirror films. The corresponding spacer layers are often made of 
cryolite, thorium fluoride, magnesium fluoride or lead fluoride. For infrared appli- 
cations, materials such as germanium, silicon and tellurium and gold are also used. 
Most filters are designed for applications at room temperature and at normal inci- 
dence of light. Peak transmittance is shifted towards shorter wavelengths if either the 
temperature is decreased or the angle of incidence is increased e.g. [ 123]. The angle 
of incidence of the light determines the wavelength at which transmission is maxi- 
mum. In fact, ~nax is shifted in the shorter wavelength direction with increasing 
angle of incidence and simultaneously the transmission is slightly reduced. Inclina- 
tion of the filter therefore offers the opportunity to move ~,nax within a small range. 
For light beams of considerable convergence or divergence incident at an angle, the 
effect is to broaden the transmission band. Where light is polarised, the displacement 
varies, depending upon whether the polarisation is parallel or normal to the plane of 
incidence. 

Fabry-Perot filters are also available commercially, with local continuously 
changing spectral transmittance. Such continuous filters are deposited on glass strips 
or on circular disks. 

Vital to the operation of an interference filter is a very high reflectance of the 
mirror coatings adjacent to the spacer layer. The absorption of the metal mirrors can 
be reduced and thus the maximum transmittance of the filter increased if both metal 
layers are increased in reflectance by additionally deposited high reflecting dielectric 
multilayers [124]. In this way, with a first-order filter, a half width of 2 nm and a 
transmittance maximum of 41% can be obtained [124]. If, however, the metal mir- 
rors are completely replaced by absorption-free all-dielectric high reflecting multi- 



475 

layers, one can achieve a peak transmittance of greater than 75% with a half width 
of only 2 nm, which is considerably better than the usual metal-spacer-metal system. 
Figure 37 shows an example of an all dielectric NIR-interference filter. The relation 
between half width and tenth width in a Fabry-Perot filter is 1:3. Such a transmis- 
sion curve is not of ideal shape. To obtain a more rectangular shape of the transmit- 
tance band and to eliminate the disturbing influence of adsorptions on the band- 
width, considerations analogous to coupling of tuned electric circuits led to accept- 
able results [125-131]. By coupling together tuned electric circuits, the resultant 
response curve is more rectangular than that of a single tuned circuit. This also hap- 
pens when coupling together single Fabry-Perot filters. From the multiple half-wave 
filters the double half-wave (DHW) type of the form://mirror / half wave spacer / 
mirror /ha l f  wave spacer / mi r ror / / is  often fabricated. The filters may be either 
metal-dielectric or all-dielectric. The relation between half width and tenth width in 
a DHW filter is better than 1:1.8. Even better results are obtained in systems with 
three half-wave spacer layers. Such filters recently became standard for many appli- 
cations. 

Temperature generally affects the performance of interference filters because 
both the refractive index and the geometrical thickness vary as a function of tem- 
perature. With most materials the refractive index decreases with rising temperature, 
dn/dT is negative. The expansion coefficients dt/dT are generally positive. The opti- 
cal thickness change with increasing temperature is a second-order effect. For most 
materials, the high transmittance pass-band of a filter shifts to longer wavelengths 
with increasing temperature. 

I 

. . . .  

Fig. 37 

All-dielectric narrowband interference filter I = 1064 nm. 

When using a metal-dielectric interference filter, the uncemented mirror surface 
must always face the light source. Where filters are to be used above 40~ the time 
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of exposure should be kept as short as possible, and in no case should temperatures 
of 70~ be exceeded. Mechanical stresses and strains can destroy a filter. It is rec- 
ommended that particularly metal-dielectric filters are stored in dry air at tempera- 
tures not exceeding 40~ e.g. [132, 133]. Moisture and other environmental condi- 
tions can also affect the optical performance of interference filters. The reasons are 
possible corrosion of the metal layers and water sorption which changes the optical 
thickness of the dielectric layers in a partially reversible manner. The degree to 
which a filter shifts its pass-band depends on the used materials and on the applied 
deposition technology. Excellent stability is achieved with oxidic all-dielectric filters 
deposited with modern ion and plasma support coatings technologies. For informa- 
tion on the influence of neutron bombardment of interference filters, see e.g. [134]. 
Each filter is guaranteed by most manufacturers for a period of one year. Other more 
special types of monochromatic filters are rather seldom produced and will therefore 
not be discussed further here. Details are given in: 
reflection interference filters [121,122, 124, 135, 136]; 
frustrated total reflectance filters [124, 135, 137]; 
induced transmission filters [138]; and 
phase dispersion filters [ 139-141 ]. 

9.5.2.2 BROAD BAND FILTERS 

Broad band filters can be made by combining a coloured glass with an interfer- 
ence edge filter [ 1 d], or better by combining two interference edge filters such as a 
long-wave-pass and a short-wave-pass [2]. The two components can be deposited on 
opposite sides of a glass substrate. With some precaution, it is also possible to de- 
posit both film systems on the same side of a substrate [ 142]. Care must be taken in 
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Fig. 38 
IR broadband interference filter. 
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the combining of the two stacks so that the transmittance in the pass band is a 
maximum and that no side transmission peaks occur in the rejection region. 
Such filters are suitable for filtering wide ranges of the visible or infrared spectrum, 
as can be seen in Fig. 38. It is thus possible, for example, to produce a trichromatic 
division of visible light, as is necessary for colourimetric purposes for colour-film 
techniques and for colour television. In printing techniques, coloured photographs 
are also within the field of application. Compared with other coloured filters, these 
interference filters have the advantage of high transmission, steep edges on the long 
wavelength side of the transmission band and low heat absorption with high power 
light sources. 

9.6 ABSORPTIVE COATINGS 

Absorptive coatings are most commonly manufactured by films of metals, alloys, 
oxides and cermets, the transmittance being inversely proportional to the film thick- 
ness. Absorptive coatings may be rather thin even when approaching opacity. An 
aluminium film for instance with a transmittance of 10 -5 is only 50 nm thick. Semi 
transparent films of nickel, chromium, platinum, palladium and rhodium are practi- 
cally neutral, whereas that of silver and aluminium are blue, gold and copper are 
green or blue-green and that of antimony and titanium are brown and grey-brown 
respectively. Oxide films and especially suboxide films are often brown, the most 
neutral transmission is, however, obtained with alloy films such as Inconel and 
Nichrome. Cermet films, such as mixtures of silicon oxide and chromium, are brown 
in transmission. 

Absorptive coatings have many technical applications, one of which, that for 
neutral density filters, has already been discussed in Section 9.4.4. Some other im- 
portant applications will be reported in the following sections. 

9.6.1 EYE PROTECTION COATINGS 

Neutral filters and some green, blue and brown coloured films have achieved 
popular application as sunglasses in ophthalmic lens coating [ 143]. Most ophthalmic 
sun protection coatings are mixtures of silicon monoxide and an optically absorbing 
lower metal oxide such as iron, manganese or chromium. The absorbing film is gen- 
erally anti-reflection coated. Brown transmission colours can be deposited with 15% 
to 90% absorption and grey neutral density coatings from 20% to 60% absorption. 
The optical density of the film is controlled photometrically during deposition. 
Grading the thickness of the absorbing cermet film on the sunglasses makes possible 
extra-high density in the bright-sky portion of the field of vision with a uniform 
decrease to normal density for easy viewing of objects in the lower portion of the 
field. Photochromism, i.e. a reversible induced absorption undergone by a system 
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when suitable activation sources (uv, vis-light) irradiate the substance, can be used 
for reversibel sun protection. 
Vacuum deposited activated inorganic materials like Ag and Cu halides and silver 
complex oxides [144a] are the light-sensitive components in photochromic glasses. 
Also some organic materials like vacuum deposited or plasma polymerized spiropy- 
ran films [144b] show photochromism and can principally be applied for such coat- 
ings. 

Protection filters are also required for viewing industrial operations in which 
high-intensity radiation is emitted, such as during gas or electric welding [145] or 
when using lasers [ 112]. Even a short exposure to intensive ultraviolet radiation can 
induce severe irritation to the eyes so that protection is necessary in all welding op- 
erations and in particular when two specified wavelengths of 334 nm and 365 nm 
are in use. Also, intense infrared radiation is hazardous to the eye. To protect weld- 
ers against harmful ultraviolet and infrared radiation's and to provide increased visi- 
bility of the welding operation, special protection filters are used. Weld- 
ing-protection filters constructed as eye pieces or as shaped eye protectors generally 
consist of two parts. One is made of coloured glass or dyed plastic. This part of the 
filter is combined with a chemically hardened glass cover plate which is coated on 
the front side with a semitransparent, absorptive and high reflecting thin layer such 
as gold. 

Laser protection filters have already been discussed in Section 9.4.7. 

9.6.2 PHOTO MASKS 

Photo masks are high quality tools required for the reproducible generation of 
fine structured simple and complex patterns in various thin film applications. Photo 
masking is a process used today predominantly in microelectronics to etch different 
patterns on the oxide or on the metal deposit film of a silicon wafer. For this process, 
a photosensitive resin, the positive or negative photo-resist, is painted on the wafer, 
a photo mask containing patterns is placed on this, and light is applied for sensitisa- 
tion of the resin. The two types of photoresists differ in their response to light and 
the solubility behaviour induced towards the developing solvent system. Resins 
which become less soluble by illumination yield a negative pattern of the mask and 
are called negative photo-resists. Resins which become more soluble when exposed 
to light and therefore yield a positive image of the mask are called positive 
photo-resists. Both types are utilized in practice. Selective solvents and special tech- 
niques are required to develop and finally remove the patterns. The result may be the 
creation of an oxide film corresponding to the patterns. Of great importance is the 
accuracy and stability of the photo mask used for this process. The soft photographic 
emulsion mask originally used was soon replaced by the very stable chromium 
mask. To produce such a mask, chromium is deposited onto a high quality polished 
flat glass or fused silica substrate under conditions which generate practically no 
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pinholes. Generally the average density of all pinholes larger than 1.5 ~m in a chro- 
mium blank is less than 0.1 inch 2. 

Fig. 39 
Photo mask with etched test pattern. 

Then a photo-resist is put over the chromium and a master bearing the desired 
pattern is applied. Subsequent exposure and development of the photo-resist exposes 
areas of the chromium which can be etched away by a suitable etchant. Plasma 
etching or any of the acid-based etchants can be used. After etching and removing 
the photo-resist, a chromium image is left on the glass plate. The chromium is con- 
siderably harder than a photographic emulsion and, therefore, is subject to wear and 
deterioration at a much slower rate than the emulsion masks. However, the process 
for making such masks is much more involved than the simple photographic process 
for making the emulsion masks, thereby resulting in much higher costs for chro- 
mium masks than for emulsion masks. The opaque areas of both types of masks are 
opaque to visible light as well as ultraviolet light. For the production of modern 
microelectronics, line widths between 3 and 2 kt are generally required and can eas- 
ily be achieved with the chromium masks. Also, values smaller than 1 pm can be 
achieved. Disturbing thermal expansion effects are very small when using fused 
silica [146] or borosilicate low expansion glass as the substrate. Figure 39 shows a 
micrograph of a chromium mask. Photo masks of chromium are now established as 
a standard tool throughout the semiconductor industry. Good edge definition, narrow 
tolerances, ease of processing and long lifetime have lead to this general acceptance 
of such masks [ 147-150]. High quality coated glass plates (chromium blanks) for the 
manufacture of chromium masks which are designed to meet the different require- 
ments of the semiconductor industry are commercially available, e.g. [151]. Also, 
~tsee through~ low density iron oxide photo masks and masks of various other ox- 
ides are produced which shield ultraviolet rays necessary for the exposure of a 
photo-resist but transmit visible rays of long wavelength. Such masks aid processing 
due to the transparency in the visible range. As photomasks for microlithography 
electron sensitive organic coatings are also used. But such coatings require after 
electron writing physical or chemical post-processing. Directly electron-beam- 
writeable coatings on glass are more attractive. Various solutions are in use, see e.g. 
[ 152]. One way is to form the extinction bands by generation of colloidal silver via 
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electron bombardment [153]. The interaction of electrons with the Ag-containing 
coating is described by the electron energy and the dose. With 1 gm film thickness 
and 1% colloid concentration at 365 nm an optical density of about 0,2 is achieved. 
Sputter deposition is used for the production of the Ag-containing multicomponent 
layers. 

9.6.3 SCALES, RETICLES, APERTURES 

In the production of dials on glass, enormous progress was achieved by replacing 
old techniques such as chemical etching and mechanical scratching by thin film 
deposition. Depending on the size of scale, mechanical masks or photo masks are 
used. The deposited metal is for the most part chromium. Figure 40a shows a com- 
parison of the quality of scales produces by different techniques. 

Fig. 40a 
Comparison of the quality of line scales produced with different methods (Leica, Wetzlar). 

9.6.4 PHASE PLATES 

Annular phase plates are the principal items required for Zernike's phase contrast 
microscopy [154]. The phase plate, which consists in addition to the phase altering 
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coating, of an absorbing film, is inserted into the rear part of the microscope objec- 
tive. With the technique of phase contrast microscopy, invented in 1934, it became 
possible to make invisible phase objects visible like amplitude objects. This occurs 
because the phase of the undiffracted light contributing to the primary image is ad- 
vanced or retarded by means of an annular phase plate so that it will interfere opti- 
cally with the light beams diffracted by the specimen. In this way, a non-absorbing 
phase object can be made to appear lighter or darker than the surrounding medium. 
According to the positive or negative sign of the phase angle by which the funda- 
mental wave is shifted in this special device, it is possible to distinguish between 
positive and negative phase contrast. In either case, however, the intensity of the 
undiffracted light is considerably greater than that of diffracted light, so that a neu- 
tral absorbing film must be applied to the phase ring to produce maximum optical 
contrast for the phase image. 

The first commercially available phase contrast microscopes were fabricated by 
Carl Zeiss in 1944. The required phase plates were produced with a primitive tech- 
nique using resin films and lacquer coatings. In 1950, however, Auw~irter and Rei- 
chert [155] fabricated the first vapour-deposited positive and negative phase rings. 
As phase altering coatings, ZnS, MgF2 or ThF4 films can be used. These are depos- 
ited to a thickness producing a quarter-wavelength retardation. In Fig.40b, the de- 
sign of an annular phase plate for Zemike's phase contrast is shown schematically. 

Fig. 40b 
Schematic representation of an annular phase plate for Zernike's phase contrast microscopy. 
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9.7 TRANSPARENT CONDUCTIVE COATINGS 

Transparent conductive coatings combine high optical transmission with good 
electrical conductivity. The existence of both properties in the same material is, from 
the physics point of view, not trivial and is only possible with certain 
semi-conductors like indium oxide, tin oxide, cadmium oxide, and with thin gold 
and silver films, e.g. [157]. Particularly antimony or fluorine doped tin oxide (ATO, 
FTO), tin doped indium oxide (ITO), and aluminium, indium, or boron doped zinc 
oxide (AZO, IZO, BZO) are of technical importance [157a]. 

There are a number of interesting applications for this kind of coating, such as 

- liquid crystal displays 
- gas discharge displays 

electroluminescent devices 
electrochromic devices - flat TV tubes 
fluorescent light sources and displays 

- pockel's cells for laser Q-switch 
antistatic coatings for various meters (and combined with antireflection coatings) 
heated windows (aircraft, automobile, heating stages for microscopes, etc.). 

- antennae for cars and radar protection for fighter planes. 

The specifications for the various coatings depend on the specific application. 
The ranges are transmission from 60 to 90% and area resistance from 10 ~ffl ~ to 
100000 ~t-I 1. (It is common practice to specify resistance in this case in ~ D  l ,  
which uses the fact that the resistance of areas is independent of absolute size. The 
advantage of using area resistance is that no thickness need to be specified.) When 
multiplied by film thickness, one obtains film resistivity. For instance, if a surface 
resistance of 10~ per square is desired, then a 3x104~ cm film approximately 300 
nm thick is needed. 

As already mentioned, liquid crystals are organic materials which are transparent 
when no electrical field is present and are translucent (scattering) when the field is 
on because of an orientation of the crystals in the direction of the electrical field, e.g. 
[157-159]. 

In order to utilize this effect for displays, one needs one or two transparent con- 
ductive electrodes consisting of, say, indium tin oxide. (Two in the active case and 
one in the passive case.) Required specifications are a transmittance of 80 to 90% 
and an area resistance less than 300 ~ffl 1. Figure 41 shows the spectral transmit- 
tance of such electrode coatings. 

One of the crucial properties is the ability to resist the chemical and electro- 
chemical impact of the liquid crystal material. Because of electrolytic processes, the 
use of dc fields is generally more critical than that of ac fields. In the passive case, 
normally opaque metal coatings are used as a second electrode. Here similar prob- 
lems occur especially in the dc case. 
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Fig. 41 
Electrically conductive ITO coatings BALTRACON | (Balzers) which can be used as electrodes in 
various displays. 

Gas discharge displays, electrochromic and electroluminescent devices [161 ] are 
used for similar purposes as liquid crystals, but in place of the liquid crystal, a 
plasma (gas discharge like in a Ne tube) or solid state materials are used. The optical 
and electrical requirements are very similar. With gas discharge display electrodes, a 
high temperature stability is also required (450 ~ C cycling). 

Flat panel displays are a necessary prerequisite for the full visual availability of 
information. After development of passive matrix displays used in digital watches, 
calculators [ 160] and portable computers, intensive work started in the development 
of large-area, full colour active matrix liquid crystal displays with high resolution. 
At the present time, LCDs are a major market force rivaling cathode ray tubes 
[157a]. 

TABLE 6 

TRANSPARENT CONDUCTIVE OXIDES [157a] 

Film Resistivity (f2 cm) Transmittance Primary method 
(visible spectrum) of deposition 

ITO 5x10 -3 to lx10 4 0,80 to 0.94 sputtering 
ATO 3xl 0 3 to 7x10 - 4  ~ 0.90 APCVD 
FTO 4 to 7x 10 -4 ~ 0.85 APCVD 
AZO 2 to 4x 10 -4 0.80 to 0.85 sputtering 
Oxide/Ag/oxide 2x10 -5 to 5X10 -6 0.73 to 0.90 sputtering 

Pockels cells consist of potassium- or ammonium-dihydrogenphosphate which are 
very sensitive to humidity and temperature changes. The problem here is to get good 
adhesion to these difficult materials. The area resistance required is 1-10 kf2 l-1 1. 

The transparent antistatic coming for meter windows is an old requirement and 
this coming has been used for many years on both glass and plastic substrates. Fig- 
ure 42 shows the spectral characteristic of such a film. The surface resistance of 
approximately 1015 ohms/square of Perspex, is reduced to less than 105 ohms/square 
by the antistatic film. This resistance is not exceeded through ageing processes. The 
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antistatic coating can be combined with an antireflection coating (e.g. conductive 
Iralin | (Balzers)). The area resistance lies in the range 10 - 100 kf)l--I ]. 
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Fig. 42 
Electrically conductive coating ANELL | (Balzers) which can be used as antistatic coating. 
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43 
Electrically conductive coating AURELL | (Balzers). 

The transparent heating and antenna coatings require a very low area resistance 
of about 5 - 20 f~E! l .  Traditionally, special gold coatings have been used on both 
glass and plastics. The stability of the coating towards temperature chances has to be 
very good. The transmission generally lies between 60 and 80% in the middle of the 
visible spectral range, as can be seen in Fig.43. 

Most of the transparent conductive coatings are produced by vacuum evaporation 
and sputtering. Other techniques are hot spraying and chemical vapour deposition, as 
manufactured by Corning, Pittsburgh Plate Glass (PPG) and others [162]. 

9.8 ENERGY-RELATED COATINGS 

For this type of optical coating application, indium tin oxide films, the so-called 
ITO films, in particular have achieved remarkable importance. 

Presumably, industrial use for these transparent and conductive layers first arose 
more than 40 years ago when a heating system was needed for de-icing aircraft 
windscreens. Nowadays, because of the large band gap in the range 3.5-4 eV, these 
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layers are mainly used for optical windows for the solar spectrum, as well as for 
transparent conductors. They are very stable under typical environmental conditions 
and are resistant to chemical attack, adhere well to many substrates and have good 
mechanical properties. 

Such coatings can significantly increase solar collector panel transparency and 
energy conversion efficiency.. That same coating reflects inefficient infrared radia- 
tion to prevent photovoltaic cell overheating and boost the energy conversion ratio. 
ITO coated panels are excellent conductors, and diminish the sheet resistance typical 
of thick silicon cells. 

They are also used as architectural coatings. The use of optical coatings can sig- 
nificantly improve the energy efficiency and performance of building systems, in- 
cluding windows, skylights, insulating materials and lighting systems. Indium tin 
oxide window coatings reduce room heat loss by high infrared reflectance without 
reducing practically visual light transmittance. Such a coating has a similar behav- 
iour to the heat mirrors described before in Section 9.4.6. The mean transmittance in 
the visible is about 8-10% below that of the uncoated glass, whereas the reflectance 
for room temperature thermal radiation is about 92% [163a, b]. ITO coatings can 
either be directly deposited on the window [163c] or, more economically, deposited 
first onto plastic foils which are afterwards laminated to the glass [ 164] or suspended 
between two uncoated glass panes [ 165]. 

Other compound films such as cadmium tin oxide and TiC+SnO2 are also ap- 
plied and colouring effects with ITO/Ag/ITO and ITO/Cu/ITO have been investi- 
gated. Ag and Cu are used, replacing Au for infrared reflecting films [166]. The 
deposition of such functional long-life coatings must be applied by using high-rate 
deposition systems for large panes which are cost-effective for the intended applica- 
tion. For the deposition of flexible substrates, roll coaters, e.g. [33,34], seem to be 
the optimum solution. 

A further application of the indium tin oxide is a coating on low-pressure sodium 
lamps which enables higher operating temperatures resulting in more light output for 
the same power input [ 167]. There are also experiments with coated glass envelopes 
of incandescent lamps to reflect the heat back onto the filament, thus reducing the 
electrical power required to maintain the filament operating temperature [ 168]. 

For solar radiation collectors of the photothermal conversion type, which may 
consist of a coated glass or plastic tube system, e.g. [169a], a number of different 
film materials are used as selective solar absorbers. The applied film materials must 
exhibit a higher degree of solar radiation absorption ~ than their emission e of long 
wavelengths at the practical temperatures at which the collector material will oper- 
ate. Desired values are ct ~_ 0.9 and e ~ 0.05. For low temperature application (below 
300~ the most commonly used absorber coatings are black chromium and black 
nickel [169b and c]. Cermet films such as Cr/Cr203, Au/MgO [ 169d], Au/Al203 and 
Cu/A1203 [169e] which are made by sputtering, or Ni/Al203 [169g] which are made 
by co-evaporation, are also able to produce similar results. 
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9.9 SOLDERABLE COATINGS 

Solderable coatings are complex film systems of Cr/Cu/Au which are vapour 
deposited, beginning with Cr. onto optical components made of glass, fused silica, 
ceramics or crystalline materials. In some cases the top gold film is electrolytically 
tin plated so that the whole coating becomes ideal for industrial high frequency 
brazing. The glass substrates coated with such a film system can be soldered with 
normal soft solder to wires, contact lugs or holders, etc. Because of the excellent 
adherence of the films, the soldered joint is mechanically durable, liquid and gas 
tight, e.g. [ 170]. Such coatings have various applications: for instance, sight glasses 
which are coated with heatable, transparent and antireflective films can be provided 
with the solderable film as bus bars. Instrument windows coated with an antistatic 
film can be provided with solderable films for electrically conducting electrodes. 
Finally it becomes possible to braze gas-tight instrument glasses edged with the 
solderable film into aircraft panel instruments. 

9.10 INTEGRATED OPTICS 

The transistor invented in 1947 started a revolutionary trend in the fields of 
communication, information processing and automatic control. Soon after, a large 
and still increasing number of miniaturised transistors and solid state devices were 
combined to integrated electronic circuits. Such IC's were not only compact, of 
small size and fast but also relatively cheap. 

With the invention and development of continuously operating lasers [171] in 
196 l, a formal union between electronics and optics could be achieved using optical 
circuits. A new technology of integrated optics proposed by S.E. Miller from Bell 
Laboratories in the USA [172] in 1969 was based on the concept that optical circuits 
can be constructed in loose analogy to the above mentioned electronic integrated 
circuits. Whereas in electronic circuits current flows in thin strips of metal conduc- 
tors, in the proposed optical circuits, the information was to be carried by modulated 
light beams which are guided along thin film or strips of an optically transparent 
extremely low loss material. The thin films, however, form miniature lasers, lenses, 
prisms, light switches and light modulators. Since the frequency of light is some 104 
times higher than the highest frequency of an electronic device, the amount of in- 
formation that can be carried by a light signal is correspondingly greater. Optical 
circuits are also in principle considerably faster than electronic circuits. Integrated 
optical circuits are thought to be used in connection with optical transmission lines 
in the form of glass fibres with circular cross section. The coded optical signal 
emitted by a first optical circuit is transmitted by means of a linked glass fibre. On 
the other end of the transmission line, a second optical circuit will decode the infor- 
mation carried by the light pulses. Such a system is shown schematically in Fig. 44 
[ 173]. The wave guiding glass fibres consist of a core with refractive index nl and a 
cylindrical cladding with index n2, so that nl > n2. A difference of 1% in the indices 
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is sufficient. There are step-index and graded-index fibres which are either of sin- 
gle-mode or of multimode type. In the case of multimode fibres, the core diameter is 
50 l.tm for the step-index type and some hundred l.tm for graded-index fibres. With 
single-mode fibres, the core diameter is only some microns to 10 ~m. 

Fig. 44 
Block diagram of an optical communication system using glass fiber transmission lines [173]. 

Light guidance in the fibres as well as in the planar wave guides occurs in a zig- 
zag path by total reflectance. Extremely low losses of only 0.5 to 0.2 dB km ~ have 
been achieved in special fibres for near infrared radiation [174]. This would mean 
that the distances between repeater stations could be extended to about 30 and 50km 
respectively the industrial standard, however, is between 1 and 7 dB km t .  Advanced 
high bit rate systems, which have been realized use single-mode fibres [175]. Inte- 
grated monomode optics is considered to be a proper supplement for advanced sin- 
gle-mode fibre systems. 

High efficiency devices are required to link optical thin film circuits and glass 
fibres. For interconnection between fibres, arc-welding is often used e.g. [ 175b]. For 
detachable links various connecting flanges and coupling plugs are available, e.g. 
[176]. The losses per junction are between 0.4 and 0.2 dB. In practical fibre archi- 
tectures optical splitting is also very important, e.g. [ 177]. 

Integrated optics offer realizable goals of low cost, high band width, extreme 
raggedness and great versatility. But it is equally evident that the problems to be 
solved in this case are numerous and the technology is quite difficult. The field of 
integrated optics is years away from full realisation. In the meantime, however, there 
are many possible uses of partially integrated systems to transfer technical progress 
in the form of hybrid systems into practical application [ 178]. 

9.10.1 INTEGRATED OPTICS COMPONENTS 

In many integrated optics devices, planar wave guides are used which consist of 
various thin dielectric films deposited on fused silica or glass substrates. Also ion 
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exchange is applied [179]. These transparent films or modified regions must have 
very low optical losses, their thickness is generally between 0.1 and 10 l, tm and their 
refractive index is slightly higher than that of the transparent substrate. 

.~---~. 
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Fig. 45 
Two dimensional planar wave guide (a), one dimensional strip shaped wave guide (b) and sche- 
matic representation of a wave guided by total reflection inside the thin film wave guide (c). [222] 

Inorganic and organic film materials are used [30, 180-187]. Photolithographic tech- 
niques are applied for defining the structures; and roughness of the sidewalls of the 
wave guides has to be avoided to keep losses small. Figures 45a and b show the two 
types of planar waveguides. The light waves are guided by total reflection as in the 
optical fibres. If the thickness t of the planar waveguide is large compared with the 
wavelength ~, of the light, a geometric optical treatment can be applied [188]. With 
no = refractive index of air, n~ = that of the waveguide and n2 = that of the substrate, 
so that n~ > n2, no and n2 > no the zigzag propagation of light is given by: 

Omax = sin "1 (n2 / nl) (16) 

In the dielectric waveguide, various waves can propagate with different angles Oi 

between 90 ~ _< Oi < Omax 
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The propagation of light in waveguides with film thickness' which are compara- 
ble with the wavelength of light must be treated by wave optical methods e.g. [ 189]. 

Mathematical treatment of the corresponding wave equation under consideration 
of all boundary conditions yields a number m of discrete solutions of possible 
waves. These possible waves, the so-called modes, which depend on refractive indi- 
ces no, n~, n2 and on the film thickness t are distinguished according to their different 
propagation constant Bm. The connection with a geometric optical consideration is 
given by: 

B m -- (2rU~) nl  s in  Om (17) 

The index m indicates the order of each mode. The order decreases with in- 
creasing angle 0m. Therefore the fundamental mode, 0o = 90 ~ is the fastest running 
wave propagating in a straight line through the wave guide. This becomes obvious 
by considering Fig. 45c. As a consequence of the dispersion of the various modes, 
the refractive index of planar waveguides becomes dependent on film thickness and 
is called the effective refractive index B/k = neff [ 190, 191 ]. The propagation constant 
of light in vacuum is given by k = 2rt/~. The required minimum thickness tmin of a 
two-dimensional planar waveguide is given by: 

]' m ~r + tanlq (n~ -n02)/(n~ - n~) 7 
tmi n = , ( 1 8 )  

k(n~ -n~) ~ 

m = 0 ,  1 , 2 , . . .  

E vector of the light wave normal 
to the film plane: TM mode 

E vector parallel to the film 
plane: TE mode 

In the case of one-dimensional strip-shaped waveguides, the strip broadness b 
has to be considered, resulting in a considerable complication of the formula for the 
minimum thickness. 

As in electronics in integrated optics, one has to distinguish between passive and 
active waveguiding components. A simple waveguide is a passive component. Ac- 
tive components enable controlled variations of the guided wave to be performed 
with respect to phase, amplitude, frequency, polarisation and direction of propaga- 
tion. All these active components are either modulators or light emitters and amplifi- 
ers and detectors. 
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light beams from semitransparent 
mirror films with a refractive index n3. 

Fig. 46 
Active components for integrated optical circuits [222]: ~ 1  

beam travelling in wave guide 1 is coupled by 
evanescent waves along the length L into wave / /,/7-/-/)// A 
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coupler becomes variable when the distance / '~ f  Modulation 

7 / i  ~ /  .A"~" between the wave guides is changed / / / / ~ / / ~  ~ Y  voltage 
7 / .r'-'~ 

by piezo electric means; or when the / / / / ~ / ~  ~ 
refractive index of the separating / / g ~ / ~ / /  ~ 1  
dielectric material is varied by / / / / / / ~ / /  / ~  
v t v v t i u  v io l  vial ~,t~ :::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::: 1:2":..'7 

b) Coupler using partial reflection of the ~ ~ " <  n~ > n2 



491 

Modulators are generally made of electro-, magneto- or acousto-optically active 
materials [192-196, 187]. These materials are used as the substrate or as the 
wave-guiding medium. There are many problems when using such materials in the 
form of thin films, e.g. [197, 198]. The light emitters should have a narrow optical 
band width because of troublesome dispersion in the dielectric waveguides. Lasers 
and luminescent diodes or semiconductor laser diodes and waveguide lasers are 
therefore best suited, e.g. [ 199-208]. The close connection between laser and optical 
transmission line may, however, produce instabilities of the laser diode due to injec- 
tion of reflected waves from the waveguide. The distortion can be reduced, e.g. by 
applying a combination of opto-electro feed back and a high reflectance of the laser 
mirror [209]. High-quality light detectors are also very important in i.o.-systems 
[207, 210]. Photo diodes were originally [211-215] made exclusively of Ge [216] or 
Si [217]. Binary, ternary and quaternary semiconducting compounds, such as, e.g. 
GaAs, GalnP, and InGaAsP are also applied today [204]. 
Double-heterostructure lasers are fabricated in form of various stripegeometry laser 
diodes. Improved production technology allows even the fabrication of single- and 
multiple-quantum-well lasers [218, 219]. 

In Fig.46, some general designs of integrated optical elements are shown using 
one-dimensional strip guides. The designs were performed without consideration of 
technological difficulties in realization. Their construction imposes a remarkable 
demand on the micro-fabrication technology. 

Many basic experiments in passive and active devices are performed without 
integrated planar light sources so that coupling of externally generated laser light 
into planar waveguides is required. This can be done with various types of couplers. 
Some are shown in Fig. 47. 

A method used particularly often is the prism coupling technique [220, 221 ]. The 
coupling of a laser beam by a prism into the dielectric planar waveguide is governed 
by the angle 0 of incidence of the light onto the prism base. This angle determines 
the phase velocity in the x direction of the incident wave with index n3 in the prism 
and with index no in the gap. Strong coupling of light into the film by evanescent 
waves occurs only when 0 is chosen in such a manner that the phase velocity in the 
x direction equals the phase velocity of one of the characteristic modes of propaga- 
tion in the waveguide. This can be expressed by: 

13 = k n3 sin 0 3 (19) 

with k = = o3/c, co = angular frequency and c = velocity of light in vacuum. 

The coupling effect is reversible. 



492 

t 
Film 

\ 

Fig. 47 
Coupling devices between external light 
sources and planar wave guides [222]. 
a) Prism-film coupler 
b) Grating coupler 
c) Taper 
d) Complex coupling device 
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9.10.2 PRESENT STATUS AND TREND 

Glass fibres are available today in good and reliable quality e.g. [ 187]. The fabri- 
cation of glass fibres occurs often in combined processes of classical fibre manu- 
facturing and modern vapour-deposition technologies or other wet chemical proc- 
esses, e.g. [223,224]. Glass fibre transmission lines have become a reality and their 
application in telecommunication systems, cable television and computer data 
transmission systems is increasing continuously. Glass and polymer fibres are used 
in local networks, for inter-city telecommunication lines and also for long-distance 
lines. Fibres are further applied in measurement and control systems and in medical 
systems such as in endoscopes, or together with lasers in devices for microsurgery. 
Finally optical fibres are also used for various sensors and for lasers e.g. [225]. Be- 
sides private consumer application there are also many military applications. 
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In integrated optics, numerous methods have been used for the fabrication of 
planar wave guides of inorganic and organic materials. Most films were deposited 
on glass. The various methods used for the fabrication of waveguiding thin films are 
listed in Table 7 [180d]. The depositions on glass substrates are performed for fun- 
damental studies of the general properties of materials and single two-dimensional 
micro-optical devices but also for their industrial fabrication. The evolution of inte- 
grated optics depends strongly on the availability of materials and technologies suit- 
able for the construction of film devices e.g. [226]. As well as low-loss glass-like 
waveguiding films, single crystal films are also needed for active components such 
as modulators and some lasers. The generation of such heteroepitaxial systems re- 
quires that the crystal lattice structures of the film can be closely matched with that 
of the substrate. Various systems of materials have been studied and are used for this 
purpose, such as: 

A1GaAs 
InGaAs 
InGaAsP Bell Labs. USA 

v3 
Fe 

Ga 

AI 

Siemens FRG 
O 12 Philips NL 

Ti diffused LiNbO3 Bell Labs. USA 

The corresponding light wavelengths in that systems are between 0.6 and 1.5~m. 
The crystal lattice of, for example, AlAs matches exactly that of GaAs at about 
900~ so that at this temperature a perfect waveguiding film of AlxGa~.xAs can be 
grown on a GaAs substrate. To prevent the undesired absorption of the light pro- 
duced by a AlxGal_xAs laser by GaAs waveguides, In and P are additionally intro- 
duced. A good approach may be to use the quarternary film compound InGaAsP on 
InP substrates. The problems to be solved in this case are numerous and the technol- 
ogy is quite difficult and expensive [226]. For the fabrication of such complicated 
structures, only molecular beam epitaxy, e.g. [227], is currently useful. 
Because of technical and economic reasons present-day optical circuits consist of 
components made to different systems. During this period optical elements depos- 
ited onto glass substrates are of considerable importance. However, the goal is to 
replace such hybride systems and to achieve a monolithic integrated optics. The 
question when this will occur is difficult to answer. 
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9.11 SCIENTIFIC APPLICATIONS 

Comings on glass and glass-like substrates are also used often as tools for scien- 
tific research, both fundamental and applied. Structure and microstructure investiga- 
tions of thin films, for example as a function of the applied deposition technology, 
the substrate temperature, particle energy and the surrounding gas atmosphere are 
often performed by using of glass substrates. Thus, an attempt at correlation of opti- 
cal, electrical, mechanical or chemical film properties with the observed film struc- 
ture is made. Into this category also belong investigations on the optical anomalies, 
e.g. [228], or on electrical resistivity and electromigration, e.g. [229], of thin discon- 
tinuous films formed from isolated metal droplets or islands of different shape and 
size. Such investigations can be used to study the effectiveness of cleaning proce- 
dures and other surface pre-treatment operations [230]. Studies of adherence, stress 
and abrasion resistance as well as of other mechanical properties such as density and 
hardness are also often made with films deposited on glass. An important scientific 
application of ultra-high vacuum-deposited films is in studies of the physical prop- 
erties of uncontaminated surfaces using modern surface investigation techniques 
such as X-ray and electron diffraction, various electron and photon spectroscopic 
techniques, and others. Possible changes in the surface properties can be observed 
readily as various contaminating gases or vapours are introduced in a controlled way 
into such systems. Studies on adsorption behaviour as well as on catalytic activity of 
thin films for various chemical reactions are relevant here, e.g. [231 ]. It was found 
by Cremer et al. [232 -235] that indium oxide films of ~1 ~m thickness, prepared 
according to Auw/irter and Rheinberger by metal deposition onto glass and subse- 
quent oxidation of the deposit in atmosphere at elevated temperature, are suited for 
chromatographic analysis. In this new type of solid-liquid chromatography with 
coated surfaces, the thin film chromatography (TFC), a mobile phase formed by a 
liquid layer, moves along the highly active surface of the deposited metal oxide 
coming. Separations of various organic dyes could be performed ten times faster 
with this technique than by classical thin layer chromatography (TLC) using sur- 
faces of about 50 ktm thick sheets of silica gel made by wet chemical precipitation 
and tempering. The achieved detection sensitivity with TFC is in the nanogram re- 
gion. 

A further application is the use of initially pinhole-free films of soft metals such 
as lead and tin on glass plates to study possible micro-meteorite impingement in 
various space experiments. Optical inspection of such plates after exposure indicates 
the meteorite bombardment events as holes in the opaque film. Finally, let us men- 
tion some unconventional uses of interference filters for scientific investigations. 
They are all based on the high sensitivity in the relation between spacer layer optical 
thickness variation and corresponding peak transmission shift. An increase in optical 
thickness causes the peak to appear at longer wavelengths. A step height of about 
0,3 nm can be detected by a wavelength shift of the peak of about 1 nm in a filter of 
lowest order. Auwiirter, Haefer and Rheinberger [236] suggested the film thickness 
be measured by using a semi-manufactured Fabry Perot filter. After coming part of 
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the area of the spacer layer with the film of unknown thickness and completing the 
filter by Ag-mirror deposition, the optical film thickness can be determined by spec- 
tral peak transmission measurement of both areas. Knowing the film refractive in- 
dex, the corresponding geometrical thickness can be calculated. 

Fig. 48 
Growth spiral of 2,3-benzofluoren obtained by crystal growth from a benzene/xylene solution in 
the interference filter [238]. The step height of the spiral was found to be 6 nm. (Panchromatic 
black-and-white copy of the original colour picture). 

Speidel [237] replaced the solid spacer layer by a liquid one and made small 
embedded thin phase objects visible. Using liquid solutions as the spacer layer, 
Pulker and Junger [238] studied crystallisation phenomena, especially spiral growth 
of organic compounds in situ, by the application of the interference filter method 
together with a microscope and an optical spectrometer. Figure 48 shows a growth 
spiral of 2,3-benzofluorene. 

The interference filter method was also used by Ruf and Winkler [239] for the 
detection of oil backstreaming in oil diffusion pumps with a pinhole-camera ar- 
rangement. 

An ingeneous application of such interference filters as a detector is found in 
gas-kinetic studies performed by Cremer, Kraus and Ehrler [240, 241]. In effusion 
experiments and particle velocity studies of silicon monoxide vapour, the shape of 
the vapour cloud and the intensity and density distribution of its molecules as well as 
their velocity distribution, shown in Fig. 49, can be fixed and reproduced within the 
interference filter. 

Finally as the last example of scientific thin film applications sensor devices will 
be discussed. Thin film thermocouples and thin film bolometers are often applied in 
scientific experiments to measure and to control the surface temperature, e. g. [242]. 
These rather simple thin film devices are complemented today by various other, 
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often more complex, sensor elements. These may use beside thermal also mechani- 
cal or other input signals such as e. g. adsorbed water vapour. Such sensors are often 
made from or contain thin films as an essential constituent. This is especially true 
when a small size of the device and a high response are required. The science of 
sensors is a very active area of research, development and manufacture and is in 
many ways an example of the use of thin film physics in technology [243]. For in- 
stance, thin film miniature capacitance transducers of high sensitivity have been 
made by Jones et al. [244-246] which were incorporated into remote passive trans- 
ponders applied for pressure measurements in biomedicine. For such applications, 
the displacement of primary sensing elements is small and it is important to have 
miniature devices. High capacitance in a miniature device can be obtained if a thin 
film of dielectric materials is used to cover a capacitor plate and the area of the other 
plate in contact with this material is varied. 

Fig. 49 
Spectrogram of the velocity distribution of SiO vapour obtained with the interference filter method 
[240]. (Panchromatic black and-white copy of the original colour picture). 

The scheme of such a metal-arch capacitance transducer is shown in Fig. 50. The 
transducer is about 3 mm thick and has a diameter between 6 and 10 mm. The fixed 
electrode consists of a sputtered tantalum film on a glass substrate, the dielectric is a 
reactively sputtered tantalum pentoxide film, and the variable electrode consists of 
phosphor bronze and is either an arch shaped 15 ~m thin foil obtained from a metal 
strip or a spherical dome shaped foil made by sputtering [245]. A maximum capaci- 
tance value of 340 pF could be obtained and short time and long time stability's 
were better than 0.2 pF min ~ and 0.05 pF hour ~ respectively. The sensitivity of such 
transducers was between 2000 and 8000 pF mm 1. Q factors have been obtained in 
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Fig. 50 
Schematic representation of a metal-arch capacitance transducer according to Jones et al. [245]. 
This capacitance transducer is of the variable-area electrode type. A tantalum/tantalum oxide film 
structure is deposited onto a fiat glass substrate to obtain a suitably fiat surface for contact with a 
flexible electrode which may be a thin metal foil possibly deposited in the shape of a dome or an 
arch 

the range between 25 and 200 at 1529 Hz. The temperature coefficient at 40~ was 
found to be much smaller than 1 pF~ l [245]. 
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