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PREFACE 

Today's shortages of resources make the search for wear and corrosion resistant materials 
one of the most important tasks of the next century. Since the surface of a material is the 
location where any interaction occurs, it is that there the hardest requirements on the 
material are imposed: to be wear resistant for tools and bearings; to be corrosion resistant 
for turbine blades and tubes in the petrochemical industry; to be antireflecting for solar 
cells; to be decorative for architectural panels and to combine several of these properties 
in other applications. Surface engineering is the general term that incorporates all the 
techniques by which a surface modification can be accomplished. These techniques include 
both coating and modification of the surface by ion implantation and laser beam melting. 

In recent years a continuously growing number of these techniques were developed to the 
extent that it became more and more difficult to maintain an overlook and to understand 
which of these highly differentiated techniques might be applied to resolve a given surface 
engineering problem. A similar development is also occuring for surface characterization 
techniques. 

This volume contains contributions from renowned scientists and engineers to the 
Eurocourse the aim of which was to inform about the various techniques and to give a 
comprehensive survey of the latest development on this subject. 

This book like the course is divided in four parts: Part I is devoted to fundamental aspects 
of coating and surface modification: nucleation and film growth, structural zone models, 
interfacial structures and adhesion. Part II deals with the techniques of surface 
engineering: nitriding, boriding and carburizing, ion implantation and chemical and plasma 
enhanced vapor deposition. Special emphasis is given to physical vapor deposition 
processes such as evaporation, sputtering, ion plating, arc evaporation and ion beam 
deposition. In addition plasma spraying, laser beam processing and hybrid processes are 
treated. In Part III techniques are presented to characterize morphology and structure and 
in particular mechanical properties such as hardness, elasticity and stress. Special 
importance is given to methods for testing the mechanical performance of films and 
surfaces. Part IV is devoted to some examples from the industrial practice of surface 
engineering: high temperature and corrosion resistant and decorative coatings. Also a 
review is given on recent developments of diamond and diamond-like coatings. 

The editors wish to thank all the authors for having contributed to this volume and for 
their effort in preparing the texts. They are aware of the high personel commitment having 
been necessary to elaborate such excellent papers as presented at the Eurocourse and 
documented in this volume. 

Thanks are also due to Dr. G. Pellegrini and his staff of the Eurocourses Ispra for the 
excellent organization of the course and to Kluwer Academic Publishers for printing, 
production and distribution of this book. 

Ispra, November 1992 The editors 

Wolfram Gissler and Hermann A. Jehn 
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THE EMERGENCE OF INTERFACIAL ENGINEERING 

OPENING REMARKS ON THE OCCASION OF THE EURO-COURSE: 
ADVANCED TECHNIQUES FOR SURFACE ENGINEERING 

E.D. HONDROS 
Director of the Institute for Advanced Materials 
Joint Research Centre 
Commission of the European Communities 

From a conventional background in metallurgical treatments, such as case carburising, 
nitriding, galvanising and "shot peening", the technologies associated with the protection 
of surfaces, or the modification of the structural and chemical properties of the top 
atomic layers of materials surfaces have blossomed into a separate sub-discipline, now 
commonly referred to as "Surface Engineering". 

The goal and motivation have not altered over the years - only the name and the truly 
astonishing range of highly sophisticated techniques, based largely on ion, laser and 
vacuum engineering. These are emerging from their former position as experimental 
laboratory techniques and are achieving commercially mature applications in engineering 
components. It is a remarkable, silent technological revolution - these often subtle tech­
niques have been successfully scaled up and iIi many cases they have overcome the gen­
eral conservatism in engineering practice and the reluctance to change from old estab­
lished habits. This speaks well for the promise, efficacy and capability of these techniques. 

Indeed, we are witnessing the emergence of a new landmark in the materials sciences 
and technologies which we refer to in the generic term, Interfacial Engineering. This 
embraces all interfaces in materials, including internal ones, such as grain boundaries and 
phase boundaries, the important two-dimensional junctions in polycrystalline matter 
where the constituent grains of the body are held together. They play a role during 
processing or in operation, where internal interfaces may provide short circuit pathways 
for mass migration and shape changes. We apply, by convention, the term Surface Engi­
neering, the subject of this meeting, to the interface between the solid and its vapour. Tt is 
then in this respect a subset of the general subject of Interface Engineering. 

Much can be said of the remarkable influence that interfaces - both internal as well as 
external surfaces - have on bulk properties, such as fatigue, corrosion, erosion, wear and 
other tribological properties. This reflects in practical terms the fundamental importance 
of interfaces as the theatre of action for phenomena based on kinetics, cohesion, and 
microstructure. 

One of the main reasons for the apparent success of Surface Engineering techniques is 
that they can effect a demonstrable improvement in the life of many components used in 
engineering practice. Although cost is believed to be the main constraint in a more rapid 
market penetration of these methods, equipment manufacturers are continuing their 

1 
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efforts in reducing the costs of the equipment and are seeking the introduction of greater 
automation for manufacturing efficiency. 

In certain areas of application, remarkable life improvements have been demonstrated 
experimentally. This is indicated in the experimental data shown in TABLE 1 which have 
been culled from a variety of sources. The improvements cover many components, but in 
particular manufacturing tools. The materials scientist has done a good job and has 
demonstrated the potential of the technology: it is up to industrial firms, based on their 
evaluations on tecnico-commercial grounds to make the critical decision to embark on 
the capitalisation costs and to shift into the new technologies. 

TABLE 1. Components by surface engineering. 

Application Method 
Factor of Life 
Improvement 

Drill PVD 6-7 
Milling Cutter PVD 3-4 
Abrasive Nozzle PVD 6 
Carbide End Mills PVD 8 
Punch CVD 2 
Form Tool CVD 4-5 
Cut Off Tool CVD 6 
Extrusion Punch CVD 35 
Slitters for Rubber Ion Implantation 12 
Injection Moulding Nozzle Ion Implantation 5 
High Speed Steel Tool Ion Implantation 4 
Die Ion Implantation 3 

Surface Engineering has thrown up many challenges in the materials sciences - such as 
the mechanisms of ion implantation, ion bombardment, ion beam mixing, of corrosion 
and erosion processes. However, the real measure of the emergence of Surface Engi­
neering as a new technology is the potential for industrial exploitation. Here, we indicate 
some examples which contain the elements of industrial"pull" and contain opportunities 
for continuing R&D: 
- in spite of efforts to develop ceramics to operate at very high temperatures, their 

intrinsic low ductility is still a fundamental problem. There is an underlying need to 
develop metallic materials for use at temperatures above 1250°C, such as the 
refractory metals and alloys of vanadium, tantalum, niobium and tungsten, provided 
that means are found to overcome their reactivity with the environment. Here some 
progress has been achieved for short-term applications in specialised areas such as 
space; 

- chromium is a bizarre metal - however, it could be an interesting high temperature 
structural material if coatings could be developed to prevent its embrittlement by the 
ingress of oxygen and nitrogen; 
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- High Temperature Composite Materials, being essentially metastable systems, can 
degrade through interdiffusion across the interface. This calls for the development of 
specific diffusion barriers at interfaces; 

- the problem of Adhesion of Coatings is a general one and is related to that of the join­
ing of dissimilar materials, such as metals and ceramics. There is much scope for the 
development of adhesion promoting layers at interfaces and to evaluate ion implanta­
tion techniques for this purpose; 

- an important aspect of high temperature Corrosion Resistant Coatings is the self­
healing capacity. Ceramic coatings would be the ideal protection layer, if only they 
were self-repairing. There are challenging materials science opportunities here; 

- the presence of structural defects in deposited coatings could be a determinant of the 
useful life of the coating: how are these defects introduced in the course of processing 
and can NDE techniques be developed to study such defects? 

- for good coating adhesion to a substrate, the residual stress distribution must be con­
trolled through an appropriate combination of the different techniques and deposition 
parameters. NDE methods of measuring residual stresses must be developed; 

- opportunities for the perfection of coating processes lie in the application of computer 
and sensor driven intelligent processing; 

- protection with diamond-like coatings is becoming an exciting possibility. The mind 
boggles at the idea of a single crystal turbine blade coated with a diamond-like film; 

- is it practicable to extend ion implantation techniques to improve the fatigue resis­
tance of new structural ceramics, such as silicon nitride and syalons? 

- ion implantation techniques should be explored further as a means of imparting pro­
tection and to change the electrical properties of polymeric materials. 

In general, industrial manufacturing technologies are being penetrated by Surface 
Engineering procedures on a wide front. They offer solutions to diverse materials applica­
tions and for the improvement in life during operational conditions and, in addition, they 
offer innovative opportunities for new products. Applications range widely, for example, 
for optical and aesthetic reasons; corrosion resistance; improvements in high temperature 
performance. The economic potential of Surface Engineering is believed to be very high, 
as reflected in the market forecast in Europe and shown in TABLE 2. 

TABLE 2. Market situation and forecast in europe for the period 1985-1995. 

1985 1995 Annual 
Function 

Million $ Million $ 
Growth 

% /Year 

Optical 195 590 11 
Tribological 196 292 6 
Corrosion 15 240 28 
Thermal Barriers 17 115 20 
Decorative 2 3 6 
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The rather optimistic, if not euphoric scenario represented in TABLE 2 which 
describes the functions which are expected to evolve rapidly, is, in turn, supported by the 
predicted rapid growth in the market for equipment as illustrated in TABLE 3. 

TABLE 3. World-wide equipment market and expected growth rates. 

1985 Annual Growth 
Million 1985-1995 
Eeus % /Year 

PVD 1500 15 
CVD 400 25 
Etching 430 28 
Plasma CVD 22 40 
Ion Implantation 350 28 
Plasma Diffusion Processes 18 
Thermal Spraying 65 14 

Above I have presented a rather positive picture of Surface Engineering as a rapidly 
developing technology with considerable scientific and commercial potential. The subject 
of the present meeting concerns the techniques. Clearly, the momentum for the develop­
ment of Surface Engineering as a technology can only be maintained as long as appropri­
ate techniques continue to be developed, which have a focus on specific property 
improvements, on specific components and in which the cost of employing is not pro­
hibitive. In addition, such equipment should be aimed not for the highly trained specialist, 
but for easy use and maintenance during manufacture. 

In conclusion, I believe that it is timely to consider the developments in technical pro­
cedures in this burgeoning field in order to help ensure that Europe, which pioneered 
developments in this scene, will be in a position to reap the commercial benefits of Sur­
face Engineering. 
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NUCLEATION AND GROWTH OF THIN FILMS 

H.A. JEHN 
Research Institute for Precious Metals 
and Metals Chemistry 
Katharinenstr. 17 
D-7070 Schwabisch Gmund 
Germany 

ABSTRACT. Nucleation and film growth determine the coating 
structure and the coating properties. In certain film/sub­
strate systems an experimental study of the processes in 
the very initial stage of film formation is possible. They 
reflect the results of modeling using the kinetic nuclea­
tion theory or the thermodynamic approach. Tor practical 
systems, i.e. non-UHV conditions, alloy and compound depos­
ition, the relation are much more complex, but the struc­
tures developed are very similar to those obtained for pure 
metal deposits. In the present paper the approaches of ki­
netic nucleation theory and of "thick" film growth modeling 
are outlined and the structures developed as a function of 
substrate temperature and particle energy are presented. In 
principal the theoretical investigations are very helpful 
even if they don't allow to draw quantitative conclusions 
for complex coating/substrate systems. 

1. Introduction 

with respect to thin films and coatings the discrepancy 
between the practical experience and the technological pos­
sibili ties on one hand and the theoretical knowledge as 
well as the modeling of the processes on the other hand is 
particularly striking. This holds also for the nucleation 
and growth of thin films and coatings. There exist some 
models, which in part are proved experimentally. On the 
other hand quantitative relations can be taken in certain 
film-substrate systems. A number of prerequisites, however, 
have to be fulfilled like, e.g., ideal single-phase sub­
strate surface, no alloy or compound formation of the de­
posited atoms with the elements of the substrate material 
or the deposition from evaporation sources under ultra high 
vacuum conditions. For practical conditions in technical 
coating deposition devieces at least the reactions of the 
substrate and film material with the gases of the residual 
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atmosphere have to be considered. In the case of the depos­
ition of hard coatings, i.e. compound films like TiN, by 
CVD or reactive PVD processes, the reactive atmosphere has 
additionally to be regarded. Furthermore, the reactive gas 
as well as the inert plasma-assisting or sputter gas exhib­
its impurities which can lead to side reactions and contam­
inations. Finally, most of the process parameters affect 
the nucleation and film growth and the resulting film mor­
phology. Such factors are the deposition process itself, 
the geometrical arrangement of vapour source and substrate, 
applied voltages, material and quality of the target and 
material and surface conditions of the substrate. The lat­
ter is influenced by mechanical and chemical pretretment 
processes. The often applied sputter cleaning also results 
in additional surface modifications. The substrate material 
normally is no single-phase single-crystalline material but 
most often an alloy or, as in the case of tool steels or 
hard metals for hard coatings, a complex multiphase materi­
al. As already mentioned, the substrate or (in a later 
stage) film surface is hit not only by the atoms to be de­
posited as well as the atoms or molecules of the inert, re­
acti ve or residual gas but also by ions (metal, gas) and 
possibly by electrons. With respect to these very complex 
condi tions it is even more astonishing that the growing 
films can be fitted more or less sufficiently to a certain 
scheme. 

The present paper describes the different effects on 
the nucleation and growth of thin films. A very detailed 
mathematical description is omitted on the favour of a more 
vivid presentation. The reader is referred to some original 
and review paper [1-7]. The major part of the fundamental 
investigations deals with the deposition of precious metals 
on single-crystalline surfaces of salt crystals (NaCl, and 
others) under UHV conditions. In these cases, clean sur­
faces are present and no side reactions take place. Detail­
ed experiments are also reported for various metal-metal 
combinations. Inspi te of almost no results on reactively 
deposited films (e.g. hard coatings), the results of the 
other films-substrate systemes form a good base also for 
the understanding of such systems. 

2. Formation and Growth of Nuclei 

The structure of all vapour-deposited films is predominant­
ly controlled by the nucleation processes. This is stated 
in literature [8]: "Already a mean film thickness of 2 nm 
suffices to determine the film properties and the inherent 
growth of the films". The film formation, therefore, can 
only be understood on the base of the very initial stage of 
nucleation and growth. 
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The theories of the formation and growth of nuclei are 
distinguished by their fundamental point of view: Phenome­
nological description on the base of the thermodynamic 
[9,10] and the kinetic nucleation theory with the micro­
scopical atomistic treatment [5,11,12]. Because of the 
small number of atoms participating in the formation and 
growth of stable nuclei, the kinetic theory seems to de­
scribe the actual relations much better. 

2.1. FUNDAMENTAL PROCESSES 

The fundamental reactions occuring at the substrate surface 
are schematically shown in Fig. 1. From the gas phase atoms 
are impinging on the surface with the rate R, where they 
are adsorbed or directly reflected. On the surface they can 
diffuse a certain distance and desorb again (re-evapora­
tion). The time of adsorption and, hence, the diffusion 
distance depend on the activation energies of desorption 
and diffusion. For very small impingement rates, an equi­
librium between adsorption and desorption can be establish­
ed, characterized by such a low coverage that no nucleation 
or film formation can take place. At high impingement rates 
metastable and stable clusters are formed which can grow by 
binding of diffusing atoms or by a direct impingement of 
atoms. At high supersatuations the critical nuclei are very 
small and can be formed by only two or three atoms. The nu­
cleation rate term is defind as the rate of formation of 

Arrival Ra t. 

( R em-' He-I) 

( Accommodation \ 

Co.ffie i .nt /" 

Ruvaporation 

Metastabl. Clusters, size j 

I C ri t I co I 
/ Cluster, 

S iz. i 

Diree t 

lmplnqement 

I 

t 
\ 

0vD~00 ~, == 000 ,-- ---~ I 
Grow th 

I / I I I / / / 
Substrate ot temperature T INa sites em-') 

/ I 
Surface Diffulion 

Fig. 1. Processes in the nucleation and growth 
of crystals on a substrate [2] 
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stable nuclei. The continuous growth of the nuclei finally 
results in mutual contact of the nuclei, coalescence and a 
continous film. In part, also the migration of complete nu­
clei is observed. For the atomistic theory of nucleation 
[5] the activation evergies of diffusion and the binding 
energies between film-film and film-substrate atoms are of 
essential importance. Three types of binding energies have 
to be distinguished for the deposited atom, i.e. adsorption 
energy on the substrate (Ea ), adsorption energy on top a 
layer of deposited atoms (Ea') and the binding energy bet­
ween two adsorbed atoms (E 2 ). Figure 2 illustrates the dif­
ferent binding energies of adsorbed atoms on a substrate of 
triangular symmetry [2]. In this simgplified picture the 
following total energies are obtained: (a) isolated adatoms 
(Ea); (b) adatom in corner site (Ea + 3 E2 ); (c) adatom on 
film (Ea' = 3 E2); (d) adatom in corner site on film (Ea' + 
3 E2 = 6 E2); (e) diffusing atom (Ea - Ed); (f) two-dimen­
sional (20) cluster (4 Ea + 5 EZ); and (g) 30 cluster (3 Ea 
+ 6 E2 ). within the frame of thlS model the following types 
of nucleation and growth modi are obtained for the differ­
ent deposition conditions. 

Fig. 2. Binding energies of atoms and clusters, on a 
nearest neighbour bond model of nucleation and 
growth on a triangular lattice [2] 

For low substrate temperatures and high impingement 
rates (R/No20 ~ 1) the impinging atoms pratically stick at 
their site of condensation, resulting in a relatively dis­
ordered film structure, Fig. 3a (R = impingement rate, NO = 
number of sites on substrate surface, 0 = surface diffuslon 
coefficient). In the case of strongly directed bonds bet­
ween the deposited atoms, largely amorphous films are form-
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ed (e.g. C, Si, Si02 , Zr02). In the case of non-directed 
bonds very fine-grained polycrystalline films are obtained 
(e.g. metals). 

For somewhat higher temperatures and low deposition 
rates (R/No 2D » 1) and a high adsorption energy on the 
substrate (Ea > Eq ') atomic layers are formed. The desorp­
tion of ada toms J.n the second layer is relatively easy 
(Fig. 3b). Furthermore, Ea' decreases with increasing layer 
number. This case of strong adatom-substrate bonding is 
characterized by the "layer growth" (Frank-van der Merwe 
mode) . 

1 1 1 
j 1 

~ 1 m (a) 0"" ,,0 
( d) 

Il J~ Layer growth 

1 

~ ! j L~~ p\0 O~t?o 
(b) 

(e) 

Equilibrium Adsorption 

J 1 t II JI J 
~ ,J 1 I 

&!lin" .h~O I cB-o~o ~~ 
(e) (f) 

Fig. 3. Regimes of nucleation and growth [ 2 ] 

In the case of a high mutual adatom bonding energy com­
pared to the adsorption energy in higher film layers (E2 > 
Ea '), islands are formed on top of the first layer (Stran­
ski-Krastanow mode). At even higher deposition temperatures 
and low deposition rates, an equilibrium concentration of 
adsorbed atoms can be formed: Atoms desorb from the upper 
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layers at a sufficiently fast rate, thus the deposited film 
can only grow up to a certain thickness and no bulk crys­
tals are formed. Such films show no stable microstructure 
(Fig. 3c). 

If the bonding energy between the adatoms is higher 
than the adsorption energy on the substrate (3 E2 > Ea ), 
three-dimensional nuclei are predominently formed, even if 
the nucleus imitially is two-dimensional. For E2 > Ea , the 
nucleus is three-dimensional from its initial formation. 
This film formation is characterized by a complete island 
growth (Volmer-Weber mode). This mode is mostly observed 
for metallic films on insulating substrate materials. De­
pending on the case whether single atoms desorb from the 
film surface or not, the process shows complete or incom­
plete condensation (Fig. 3d and e). The critical size of 
the nuclei is predominantly determined by the bonding en­
ergy E2' As higher E2 as smaller is the critical size, be­
ing one atom in its limiting case. 

If Ea and E2 are low compared to the thermal energy of 
the adatoms, no long-time adsorption and, hence, no nuclea­
tion takes place on a "perfect" surface. In that case, sur­
face defects having higher adsorption energies act as nu­
cleation centers (Fig. 3f). 

In Fig. 4 the different growth modes are schematically 
illustrated in relation to the thermodynamic model. The re­
levant energies are surface and interface energy, respec­
tively (ao ' ail and the elastic energy of the film (oel)' 

The effect of different substrate materials on the 
growth mode is schematically illustrated in Fig. 5, indi­
cating the influence of the different energy values [13]. 

2.2 EFFECT OF DEPOSITION PARAMETERS 

Nucleation processes can experimentally be studied in par­
ticular with relatively inert metals (e.g. Ag) on insulat­
ing substrate materials (e. g. alkaline halides), because 
side reactions are excluded. After an additional carbon de­
position (by evaporation) the films can prepared for TEM 
studies by dissolution of the halide substrate crystal and 
nuclei in the size of 1 nm can be observed. This technique 
allows the relative easy investigation of the effect of va­
rious deposition conditions which can be altered within a 
wide range (e.g. evaporation in HV or UHV, sputter depos­
ition). Also in-situ measurement in the TEM were success­
fully performed [16,17]. 

As an example for such an experimental series, the 
growth of Au nuclei on NaCl crystals deposted by evapora­
tion under UHV conditous is shown in Fig. 6. Initially a 
random distribution of the nuclei can be observed. But also 
the clear decoration of a line-shaped lattice defect can 
already be noticed in an early state. By meaus of quantita-
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6a. Electron micrographs of Au deposits on NaCl 
(10 13 atoms·cm-2js-1, 250°C, deposition time 
a: 0.5, b: 1.5, c:4, d: 8, e: 10, f: 15, 
g: 30, h: 85 s) [17] 

ti ve image analyses the TEM photopraphs can be evaluated 
with respect to density, distance and size of the nuclei as 
well as to the fraction of the surface covered by nuclei. 
During the deposition, first the number of nuclei rises up 
to a mximum (saturation density), after which the number 
decreases again due to proceding coalescence (Fig. 6b). For 
a given system, nucleation rate and growth of the nuclei 
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Fig. 6b. Density of nuclei as taken from Fig. 6a [13] 

depend on the impingement rate and the substrate tempera­
ture, the latter determining the surface diffusion and re­
evaporation. 

The nucleation rate J of the deposition of Au and NaCl 
is proportional to the square of the impingement rate (J a 
R2). On the base of the kinetic nucleation theory it fol­
lows that already a two-atomic nucleus is stable. The tem­
perature dependence shows a linear relationship between 
log J and liT, indicating a thermally acti vi ted process. 
The nucleation rate decreases with increasing temperature 
[6] • 

The saturation density Ns decreases with increasing im­
pingement rate. simultaneously, lower impingement rates 
yield a more pronounced size distribution of the nuclei, 
and high impingement rates result in a smaller size of the 
nuclei, as the investigations of Au on NaF have shown [14]. 
The saturation density decreases with increasing substrate 
temperature (Au on NaF or NaCl). Two ranges of different 
temperature dependencies are observed: a smaller slope of 
the log Ns - liT line at lower temperatures (below about 
220 - 270 ·C) and a higher slope at higher temperatures 
[14]. These dependencies can easily be explained quali ta­
tively because the parameters impingement rate and tempera­
ture govern the ratio R/No 2D which in turn determines the 
diffusion of adatoms towards the nucleus. 

As mentioned above, the nucleation rate in precious 
metals-alkali halide systems was found to follow the de­
pendency J a R2. In contrast, for strongly disordered sub-
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strate surfaces a defect-induced nucleation with JaR is 
observed. This is illustrated in Fig. 7 for the deposition 
of Au on Mica. Which exhibited an increased density of 
point defects by K pre-evaporation [19]. The relationship 
I a R hints to the assumption that already one atom trapped 
at the defect site forms a stable nucleus. In contrast to 
the nucleation, the growth of the nuclei does not depend on 
the defect density. The nuclei grow independently of their 
original formation. 

2 

I 

I 

4 6 8 10 20 

/ 

R 

i I I 

40 60 80 100 

Fig. 7. Nucleation rate vs. deposition rate for normal and 
defect-induced nucleation (Au on mica, 475 K) [19] 

2.3. PROCESSES DURING GROWTH OF NUCLEI 

The stable nuclei randomly formed on the substrate surface 
grow by the diffusion and trapping of adatoms. This is es­
pecially the case for complete condensation of the imping­
ing atoms. The' second possibility is the direct impact of 
the atoms on the nuclei or clusters and the immediate 
sticking of the new atoms. This is the predomimant process 
in the case of incomplete condensation. Another possibility 
is a process - comparable to Ostwald ripening - in which 
single adatoms diffuse from smaller to larger nuclei. Fi­
nally, the complete migration of stable clusters was expe­
rimentally observed. 
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out of the three growth modes, the island growth (Vol­
mer-Weber) can best be modeled. [e.g. 5,6]. In this model 
also the effect of surface defects [19], the deposition of 
binary alloys [20,21] and the initial stage of textured 
growth (epitaxy) [22] can unconstrainedly be described. The 
layer-by-Iayer growth (Frank-van der Merwe) can similarly 
be treated with respect to the first layer; the size of the 
stable nuclei, however, is markably larger. In modeling the 
further growth, the nucleation and growth processes have to 
be repeated in each layer. Concerning the Stanski-Krastanov 
mode, the initial stage corresponds to the layer growth. No 
modeling exists for the further growth. The mechanismus 
can, however, be studied by a number of experimental tech­
niques, but their use and evaluation need a large effort, 
and in part a fundamental understanding is still missing 
[23] • 

Form the size distribution of the nuclei as a function 
of time conclusions can be drawn on the predominant growth 
mode. Figure 8 represents results for the deposition of Au 
on (100) NaCI crystals. The initially strong increase of 
the number of small nuclei is followed by a decrease of the 
number of nuclei and an increase of their size [24]. 
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Fig. 8. Size distribution of Au nuclei on (100)NaCI [24] 



www.manaraa.com

16 

Typical size distributions for different processes are 
shown in Fig. 9 [25]. The predominant processes may differ 
for different temperatures and impingement rates even for 
the same film-substrate system. For Au/NaCl, e. g ., the 
coalescence results from nucleus growth at 150 "C, while at 
300 "C it is caused by nucleus mobility. In both cases the 
impingement rate was kept constant at lxl013 atoms·cm- 2 ·s-1 
[18] . 

f. 

Q. b. 

f. 

c d. 

Fig. 9. Schematic size distribution when various processes 
are dominant. a: diffusion, no coalescence; 
b: direct impingement, no coalescence, 
c: coalescence by growth, d: coalescence 
by cluster mobility [25] 

2.4 SPUTTER DEPOSITION AND ION PLATING 

The discussion above has already shown the complexity of 
the nucleation and growth processes. They become even more 
complex if the films are dposi ted by sputtering or ion 
plating. In principal, the same processes occur at the sub­
strate surface, but differences exist due to the presence 
of the working gas and the much higher energy of the im­
pinging particles. In the case of sputtering, the sputtered 
atoms have energies in the range of 1 - 10 eV compared to 
0.2 - 1 eV for evaporated atoms [26]. In the ion plating 
process the energy of the ions can easily be increased by 
the application of a substrate bias or by a high-energy ion 
source. The high-energetic particles can create defects on 
the substrate surface which act as trapping sites increas­
ing the adsorption probability and resulting mono-atomic 
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stable nuclei. Hence, sputtered films exhibit a higher nu­
cleation rate and, correspondingly, a higher nucleus densi­
ty. The growth is comparable to the deposition from evapo­
ration sources; no inert gas effect is noticed. For Au on 
NaCI with He sputter gas, the various dependencies can be 
evaluated from the experimental results using the kinetic 
nucleation theory [27]. Analogously, the ion plating pro­
cesses cause a strongly increased nucleus density and de­
creased nucleus sizes (e.g. Au on (OOl)NaCI [28]). 

2.5 REACTIVE DEPOSITION PROCESSES 

During the reactive deposition of compounds like oxides, 
carbides or nitrides in principal the same processes take 
place as in the case of non-reactive deposition. The sur­
face diffusivity of the adatoms, however, is reduced by the 
adsorbed gas atoms (N, 0, C) as well as other surface con­
taminations of the substrate surface. Thus, formation and 
growth of the nuclei should be analogous to the non-reac­
tive processes at lower temperatures. On the other hand, 
the heat of reaction deliberated during the compound forma­
tion can increase the effective substrate temperature. In 
the case of a plasma-assisted reactive deposition, the im­
pingement and interaction of high-energetic particles (gas­
es, metal-ions) has also to be considered, when a substrate 
bias is applied. 

2.6 FILM DEPOSITION BY CVD 

For chemical vapour deposition (CVD) the relatious are more 
complex because different gaseous species are adsorbed on 
the substrate surface and react with each other. In princi­
pal, these reactions can also take place in the gas atmos­
phere but with a much lower reaction probability. In detail 
the following partical reactions occur [30]: 

Gas phase: H2 (g) + 2 AX(g) -~ 2 A(g) + 2 HX(g) "'-
H ,1 II / [/ 1'1/ 

Adsorption: H2(ad) + 2 AX(ad) --::,. 2 A/Ad + 2 HX(ad) ""- :> 
Nucleus: A(s) 

The adsorbed atoms and molecules can desorb (re-evapora­
tion), diffuse and form metastable and stable nuclei which 
grow and coalesce, then forming the continuous film. The 
partial steps correspond to those of the PVD nucleation and 
film formation, but the theoretical treatment is rather 
complex because almost nothing is known about the adsorbed 
radicals and intermediate products [31]. During the CVD de­
position, a high degree of supersaturation of the species 
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nuclea­
tion 

stready growth coalescence 

Fig. 10. Nucleus density for CVD (schematically) [30] 

to be deposited exists. This means that quickly a high nu­
cleus density at small nucleus sizes is reached. Figure 10 
shows the nucleus density as a function of the deposition 
time. After reaching the maximum density, it remains con­
stant for a certain time (steady growth), i.e. no new nu­
clei are formed, but the newly deposited atoms move to the 
existing nuclei and are trapped there. For longer depos­
ition periods coalescence processes start and the number of 
nuclei decreases [30]. In the case of Al203 deposition on 
hard metal a growth of the nuclei in height and width is 
observed. The nuclei reach each other not directly on the 
surface but in a certain distance (Fig. 11). The film-sub­
strate area is increased by a higher nucleus density, which 
in turn needs a high supersaturation of the relevant mole­
cules in the gas phase [31]. 

//~/// 

Fig. 11. Nucleation and growth of CVD-Al 20 3 
on hard metal [31] 
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2.7 EXPERIMENTAL INVESTIGATIONS 

The experimental investigation of nucleation and growth 
processes needs a heavy effort, thoroughful sample prepara­
tion and advanced evaluation of the measured values. Most 
information can be obtained from evaporated films because 
the experiments can be performed under UHV conditions and 
no contaminations by the working or reactive gas occur. 
within the frame of the present paper only the most often 
used techniques and their resulting conclussions shall 
shortly be mentioned. For experimental details the reader 
is referred to the original literature. 

Transmission electron microscopy (TEM). TEM conbined with 
quantitative image analysis offers the most suitable tech­
nique for the investigation of formation and growth of the 
nuclei, expecially because of its high lateral resolution. 
The measurements yield information on nucleus density, sa­
turations density, size distribution and degree of cover­
age. The deposition of precious metals on freshly cut alka­
li halide crystals can very successfully be studied after 
carbon deposition and film removal [14]. In-situ measure­
ments are rather difficult because a UHV-TEM and thinned 
substrated are needed and the electron bombardment can 
cause defects and substrate heating both altering the nu­
cleation process. In-situ observation yields information on 
diffusion and migration processes. 

Auger electron spectroscopy (AES). AES is suited especially 
for the investigation of the growth modes. The intensity of 
the film and substrate elements depend characteristically 
on the time for all three growth modes [3]. A specific ad­
vantage of AES is its high sensitivity, being able to anal­
yse coverages far below one monolayer. 

other surface analysis techniques. The other methods of 
surface analyses all suffer from a more or less pronounced 
limitation in their application. The electron spectroscopy 
for chemical analysis (ESCA - XPS, UPS) as well as low and 
reflected high energy electron diffraction (LEED, RHEED) 
need a relatively large surface area and, hence, are not 
applicable for investigations in the nm range. ESCA and AES 
show calibration problems. In special cases the scanning 
electron microscope (SEM) is also used nut shows also 
limited resolution and the problem of electron bombardment 
of the sample under investigation. Field electron and ion 
microscopy (FEM, FIM) are able to detect single atoms and 
clusters but need high experimental experience. 
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3. Growth of "Thick" Films 

In the following, in contrast to the initial states of film 
formation treated above, where only single nuclei and few 
atomic layers are considered, "thick" films shall be de­
fined as sufficiently thick to define selection processes 
determing the coating structure. structure zone models were 
developed for the coatings formed by vapour deposition, 
which correlate the observed structures with the predomi­
nant processes and the deposition parameters. 

3.1 FUNDAMENTAL PROCESSES 

As in the initial stage of nucleation, the partial steps 
condensation, surface diffusion and desorption are of im­
portance also for the further growth of the film. At higher 
temperature the bulk diffusion in the crystals of the coat­
ings plays an additional role. The coating structure, 
therefore, is determined by the impingement rate and sub­
strate temperature. Figure 12 illustrates the structure de­
velopment of vapour deposited films (evaporation source) 
for various conditions [32]. Generally, the growth of 
"thick" films starts at discrete nuclei. For a parallel 
flow of perpendicular direction and a low substrate temper­
ature with almost no surface diffusion, single free-stand­
ing crystallites are formed. The crystal planes of high 
condensation probabilities grow preferentially. The coating 
structure is open and shows a rough surface topography 
(Fig. 12a). In the case of a slightly varying direction of 
the impinging atoms and a complete condensation, the ini­
tially spherical nuclei grow, coalesce and a dense colemmar 
caoting structure is developed having a relatively smooth 
surface topography. The orientation of the crystallites is 
determined by the orientation of the initial nuclei (Fig. 
12b). At higher substrate temperatures differences in the 
condensation coefficients can easily be balanced; all crys­
tal planes grow with the same rate. Dense structures with a 
relative smooth but facetted surface are formed (Fig. 12c). 
If repeated nucleation occurs, a structure corresponding to 
Fig. 12d is observed. 

At low substrate temperatures, i.e. vanishing surface 
diffusion, shadowing effects are observed which result in a 
porous coating structure composed of single, free-standing 
crystallites. The shadowing is caused by an increased con­
densation rate at exposed sites of the substrate (shape of 
the nuclei, surface roughness) compared to lower, more hid­
den areas. 

This phenomenological description of the structures 
developing in evaporation or sputter deposition results in 
different structure zone models (see below). 
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Fig. 12. structure development under various 
conditions [32] 

3.2 MODELING OF FILM GROWTH 

21 

As mentioned above, columnar crystallites are formed in 
vapour-deposited films. Very offen they also exhibit a pre­
ferential orientation (texture) because of the preferred 
growth in certain lattice directions. A detailed discussion 
at the principles of the selection criteria is given by 
v.d.Drift [33]. The films are textured even if the nuclei 
are randomly oriented. It is assumed that the vertical 
growth rate is as more pronounced as steeper the orienta­
tion of the crystallite is (Fig. 13). As higher the ver­
tical growth rate, as easier a crystallite with a more fa-
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Fig. 13. Modeling of film growth for randomly oriented 
cubic nuclei [3 3 ] 

, 

Fig. 14. Monte-Carlo modeling of film growth [34] 

vourable orientation can grow compared to less favorably 
oriented neighbouring crystallites. Real system exhibit a 
somewhat more complex situation, but the same principles of 
film growth are followed. The structure development is 
characterized by the condensation probability of the im­
pinging atoms on the different crystal planes and by the 
surface diffusion. The condensation probability can also 
depend on the angle of incidence. 
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The development of the structure of vapour deposited 
films was calculated by a Monte-Carlo modeling, taking into 
consideration also the atoms diffusion on the film surface 
and the processes resulting in grain bondary migration. 
This means that recrystallization processes are also 
regarded. Figure 14 shows an example of the structure in 
longitudinal and cross section. 

3.3 STRUCTURE ZONE MODELS 

On the basis of the film structures observed with PVD 
films, structure zone models were established and modified. 
The phenomenological description correlates the physical 
processes (condensation, surface diffusion, bulk diffusion, 
recrystallization) with the structure as a function of sub­
strate temperature and other deposition parameters. 

First, Movchan and Demchisin [35] defined three struc­
ture zones in evaporated films (0,3 - 2 mm thick) depending 
on the homologous temperature (Ts/Tm; Ts = substrate tem­
perature, Tm = melting temperature), see Fig. 15. Zone 1 is 
characterized by a porous structure of free-standing colum­
nar crystals with rounded tips. The internal structure is 
poorly defined and exhibits a high dislocation density. The 
diameter of the crystellites increases with rising tempera­
ture. Such a structure is caused by the above-mentioned 
shadowing effects when the surface diffusion is negligible. 
At higher temperatures, diffusing atoms can fill the voids 
and a dense structure consisting of colummar grains is 
formed (zone 2). The film surface is rather smooth. The 
grain size again increases with rising substrate tempera­
ture. At very high temperatures, recrystallization pro-

IZONE 21 

O. 5 
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Fig. 15. Structure zones after Movchan and Demchisin [35] 
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cesses can occur already during the film deposition and a 
dense coarse-grained structure is observed (zone 3). The 
temperature ranges are found to be Ts/Tm < 0.3 (zone 1), 
Ts/Tm = 0.3 - 0.45 (zone 2) and Ts/Tm > 0.45 (zone 3) of 
metals are deposited. For oxide films analogous structures 
were observed with a somewhat smaller temperature range of 
zone 2 (Ts/Tm < 0.26). 

A similar structure zone classification was given by 
Sanders [36]. The zones 1 and 2 are, however, shifted to 
lower temperatures, i.e. Ts/Tm < 0.1 and Ts/Tm = 0.1 - 0.3, 
respectively. 

The Movchan-Demchisin model was modified by Thornton 
[37] considering the sputtering atmosphere as additional 
parameter (Fig. 16). The structure zones are shifted to 
higher temperatures with increasing inert gas pressure. In 
detail, the zones are charaterized as follows: zone 1: 
porous, tapered crystallites seperated by voides; zone T: 
(newly introduced): densely packed fibrous grains; zone 2: 
columnar grains, and zone 3: recrystallized grain struc­
ture. The effect of the inert sputtering atmosphere is not 
known in detail. The adsorption of impurities (from the 
sputtering atmosphere) seems to reduce strongly the surface 
mobility of adatoms. This relation would also reflect the 
fact that the inert gas pressure does not affect the struc­
ture at higher temperatures because the gas adsorption does 

1.0 

Fig. 16. Structure zones after Thornton [32] 
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not play a role any longer. Intense ion bombarding during 
the deposition (bias sputtering, ion plating) the develop­
ment of the open structure of zone 1 is strongly reduced. 
It is attributed to the formation of nucleation centers or 
the smoothening of the surface roughness [38] as well as a 
sputter-induced redistribution of film material [39]. On 
the basis of these finding, Thornton's model was modified 
by Messie.r et al. [15] in order to show the influence of 
the energy of the incident ions. As can be seen from Fig. 
17, the transition zone T is widened to lower temperatures 
at the expense of zone 1. This is caused by an ion bombard­
ment-induceds mobility of the surface atoms. The revised 
structure zone model shows the equivalence of thermal and 
ion beam-induced mobility. 

7,0 

Fig. 17. structure zone modification by ion-assisted vapour 
deposition after Messier [15] 

All the structure zone models reflect the effect of 
substrate temperature, impinging rate, gas pressure and 
substrate bias on the film structure. In addition, the po­
sition of the substrate in relation to the source, i.e. the 
angle of incidence, affects the structure as well as sub­
strate pretreatment (mechanical, chemical cleaning). Final­
ly, high energy ion bombardment during the deposition re­
sults in lattic defects in the crystallites. 
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All models discussed above describe the growth and 
structure of elemental coatings like metal films. For eva­
porated or sputtered compound film or reactively formed 
coatings, however, a quantitative relation to the existing 
structure zone models is difficult because no information 
is available on the melting temperature to be used and on 
the surface diffusion of the different kinds of atoms. 
Principally, the same structure zones are observed for mul­
ticomponent films as for elemental ones. This, e.g. has 
been proved in many investigations on the structure of hard 
coatings. In the case of (TiAI)N on HSS steel coatings the 
experimental results showed a structure correlated with a 
higher substrate temperature than actually applied. This 
could be caused in part by the heat of reaction. On the 
other hand, no information exists on the diffusion behav­
iour of the nitride molecules compared to the case of metal 
deposition. 

4. Conclusions 

The inital stages of formation and growth of nuclei can be 
model+ed by the kinetic nucleation theory regarding atomic 
bonding and diffusion as well as the phenomenological ther­
modynamic description. Experiments in model systems verify 
the theories and yield quantitative data for the system re­
garded. The most important parameters are rate of impinge­
ment and substrate temperature. 

The film growth depends on the same parameters. struct­
ure zone models were established considering the deposition 
parameters. Theoretical calculations can explain the expe­
rimental findings. 

All models hold only for deposition under UHV condi­
tions. contamination of the surface is not regarded as is a 
multiphase substrate. The structure zone, however, are also 
found with compound films and for reactive deposition. 

Thus, the theoretical models help to understand the 
processes, but only to a limited extend to select quantita­
tively the deposition parameters. In practical the condi­
tions of the deposition process and the surfache properties 
of the substrate material are too complex. 
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INTERFACES AND ADHESION 

S.J. Bull 
Surface Science and Technology Department 
AEA Industrial Technology 
Harwell Laboratory 
Oxfordshire, OXll ORA, U.K. 

ABSTRACT. In most applications the mmImum criterion for adequate 
coating performance is that it remains attached to the substrate over the 
lifetime of the component. Control of the factors affecting adhesion is thus 
essential and this equates to careful control of the structure and composition 
of the interfacial layers if the best performance of the coating is to be achieved. 
Practical adhesion is a macroscopic property which depends on chemical and 
mechanical bonding at the interface, residual stress and the presence of any 
stresses imposed by the application and the mechanism of interfacial failure 
which depends on the coating and substrate materials and the working 
environment. In this paper the mechanisms of adhesion and how these 
relate to interfacial structure are discussed in detail. In addition techniques for 
assessing and improving adhesion are also reviewed. 

1. Introduction 

The use of coatings to modify the surface properties of engineering materials 
independent of their bulk properties is now well established. It is extremely 
important that such coatings should be adherent without degrading the 
performance of the substrate and this has led to the development of a range 
of techniques to improve adhesion and monitor these improvements. 
However, to fully understand the effects of these treatments and the results of 
any adhesion test it is necessary to determine the structure and composition 
of the interfacial region and how this affects failure within it. In the following 
sections the factors influencing adhesion and the adhesion tests used for a 
range of coatings will be discussed in terms of the interfacial structure. 
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2. Practical versus Basic Adhesion 

The fundamental property of adhesion is defined by the American Society for 
Testing and Materials (ASTM) [1] as /I the state in which two surfaces are held 
together by interfacial forces which may consist of valence forces or 
interlocking forces or both./I The nature of these forces may be van der Waals, 
electrostatic and/or chemical bonding forces which are active across the 
coating/ substrate interface. The approximate ranges of binding energies have 
been considered by a number of workers [ e.g. 2] and typical values are shown 
in Figure 1. In addition to the types of bonding listed in the Figure it is also 
possible to achieve adhesion by mechanical interlocking of coating and 
subatrate which produces bond strengths comparable to that of electrostatic or 
metallic bonding but which cannot strictly be expressed in terms of an energy 
per bond. It is clear from Figure 1 that covalent or ionic bonding leads to 
much greater levels of adhesion than electrostatic bonding or mechanical 
interlocking. The Basic Adhesion (BA) of a coating/ substrate system is thus a 
maximum possible attainable value and can differ substantially from the 
measured Practical Adhesion (PA) which may be referred to as the bond or 
adhesion strength [3]. The relationship between BA and PA is given by [4] 

PA=f(BA, other factors). 

PA«BA owing to the influence of difficulties with the in-service conditions 
or measuring technique and other factors such as interfacial flaws and 
residual stress. Pulker et al [4] further define the relationship between 
experimentally observed and basic adhesion as 

P A=BA-IS±MSM, (2) 

where IS is the internal stress factor and MSM is a method-specific error in 
measurement. Both of these factors increase the discrepancy between basic 
and measured adhesion and it is soon apparent that most measurement 
techniques can never give a true measure of adhesion because of the inherent 
measurement errors. This is further complicated by the existence of 
interfacial structure, rather than atomically sharp interfaces, and the 
mechanisms of failure induced in most adhesion tests. These are discussed in 
more detail in later sections. 

3. Interfacial Structures 

There are a number of possible interfacial structures the most common of 
which are shown schematically in Figure 2. The type of interface formed 
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Figure 2: Types of interface formed between coating and substrate. 
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during deposition depends on the substrate surface morphology, 
contamination, chemical interactions, the energy and flux of arriving 
particles and the nucleation behaviour of depositing atoms. 

When atoms impinge on a surface they do not immediately become bound 
to it but lose energy to the surface and move about until they are captured at a 
suitable site. In the early stages of film growth adatoms will condense into 
stable nuclei and the spacing and size of these nuclei will determine the 
interfacial structure of the coating. A strong substrate/coating atom 
interaction will result in low adatom mobility and a high density of nuclei 
whereas a weak interaction will result in more widely spaced nuclei. These 
nuclei will then grow to form a continuous film, during which the rate at 
which lateral spreading of the nuclei occurs will influence the effective 
porosity at the interface as well as the nucleation density. The nucleation 
density and the size of individual nuclei will determine the effective contact 
area between coating and substrate which can be directly related to adhesion. 
In general an increase in nucleation density is desirable if the adhesion of a 
film is to be improved. This is particularly important in the case of diamond 
thin films and hence substrate preparation techniques have been developed 
to increase the nucleation density and hence coating density and adhesion 
[e.g. 5]. In this case it is difficult to grow continuous films unless steps are 
taken to increase the nucleation density by, for instance, abrading a silicon 
substrate with diamond grit. The nucleation density can be increased by ion 
bombardment (and hence reducing the gas pressure in sputtering systems) [6, 
7], substrate defects [5] and special deposition techniques [8]. The presence of 
surface impurities [9] and contamination [10] has a tendency to reduce 
nucleation densities. 

Mechanical keying of the surface can be produced by roughening the surface 
of the substrate prior to coating. This technique is often used for thick plasma 
sprayed coatings [11]. There is a tendency to increase the effective area of 
contact between coating and substrate by such an approach which leads to 
improvements in adhesion in a similar manner to the increases in 
nucleation density described previously. Significant interlocking of coating 
and substrate is rarely produced so such interfaces cannot be regarded as 
entirely mechanical and some bonding between coating and substrate is 
necessary. This is promoted by the damage caused by the roughening process 
since it has been observed that the improvement in adhesion of plasma 
sprayed coatings produced by grit blasting is much greater than the change in 
interfacial area produced by the treatment [12]. 

In low temperature deposition processes and in the absence of any ion 
bombardment it is possible to achieve a monolayer to monolayer interface 
between coating and substrate. In such cases the change from coating to 
substrate material occurs over a distance of the order of the separation of 
atoms (2-5A). For this to occur there needs to be little or no diffusion or 
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chemical reaction between the coating and the substrate. This may be due to a 
lack of solubility between the two materials, the availability of little or no 
reaction energy or the presence of contaminant layers. In this type of interface 
defects and stresses are confined to a very narrow region and adhesion is 
often poor. 

If reaction between coating and substrate can occur a compound interfacial 
layer can be formed which may appear as a discrete layer. Such layers can be 
beneficial but if a brittle layer is produced this can be detrimental to adhesion. 
Often during the formation of such compound layers there are segregations 
of impurities at the phase boundaries and stresses generated due to lattice 
mismatch or differences in thermal expansion [13]. As the deposition or 
service temperature increases the potential for the formation of interfacial 
phases is also increased. It is clear that long term assessments of interfacial 
phase formation are necessary if coatings are to be used at high temperatures 
successfully. The interactions between coating and substrate may need to be 
prevented by the use of a diffusion barrier if any deleterious interfacial 
reactions occur. 

High temperature deposition or service may not necessarily lead to 
compound formation but it is possible to achieve significant interdiffusion 
between coating and substrate. In such interfaces there is a gradual change in 
composition, residual, and applied stress across the interfacial region and this 
usually leads to very good adhesion. If there is a marked difference in the 
diffusion rates of coating and substrate atoms Kirkendall porosity may be 
formed in the interfacial region [14]. This is often very detrimental to 
adhesion. 

Under conditions of energetic deposition involving plasmas or ion 
bombardment a pseudo-diffusion type of interface may be formed by 
materials which are normally insoluble. Ion bombardment may increase the 
substrate solubility of coating atoms by direct implantation or by the 
introduction of point defects [15] and stress gradients [16] which promote 
diffusion. 

4. Interfacial bonding, structure and adhesion 

A simplistic picture of the adhesion of a coating to a substrate might be gained 
by taking the sum of the strengths of the individual chemical bonds across 
the interface. The interfacial energy should then be the summation of all the 
interfacial bond energies minus any interfacial strain and defect energies. In 
such cases the adhesion strength would increase as the bond strength 
increases and from the data in Figure 1 it might be expected that the best 
adhesion would be obtained for covalent or ionic bonded interfaces. Indeed in 
cases where there is little tendency for the coating to react with the substrate 
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the adhesion is normally poor reflecting the fact that the bonding is 
dominated by Van der Waals forces. 

Electrostatic bonding may be regarded as a special case of physisorption and 
also leads to relatively poor adhesion [17]. When two materials of very 
different electron affinities are brought together an electrical double layer 
forms which contributes to the adhesion (as has been suggested is the case for 
evaporated metal coatings on polymers [18]). Adhesion can be improved by 
increasing the strength of the electrostatic bonding; increasing the number of 
charged defects in ceramics would lead to an effective increase in the 
adhesion of a metal coating due to the formation of oppositely charged image 
charges in the metal [19]. However, such effects will only be important in 
cases where there is little or no chemical bonding between coating and 
substrate. When the coating is deposited under conditions where ion 
bombardment can promote some ionic or covalent chemical bonding at the 
interface considerable increases in adhesion have been reported; this is the 
basis of some of the adhesion improvements reported in ion beam assisted 
deposition [20]. 

However, in practice the simple model of the coating/substrate system with 
coating and substrate separated by a flat planar interface almost never occurs 
as described in the previous section. Adhesion is generally much better in 
cases where there is a more gradual change from coating to substrate as 
produced by inter diffusion or mixing by ion bombardment. In such layers a 
complex mixture of chemical bonding can occur and the interfacial layer can 
minimise interfacial stress gradients and the mismatch in properties between 
coating and substrate. It is often difficult to identify the position of the 
interface in such cases; failure is nucleated at some weak point in the 
interfacial region which may be associated with contamination which is 
different to the highly localised failure initiation events when a well-defined 
interface is present. In addition, the type of failure is important; in cases 
where covalent and ionic bonds dominate in the interface, brittle fracture can 
occur, whereas the failure is often more ductile for metallic bonding. Thus, 
despite the higher bond energies of the ionic and covalent bonds, metallic 
bonded interfacial layers tend to show higher levels of practical adhesion [21]. 

Another important factor in interfacial bonding is chemical reaction at the 
interface to produce new phases during coating. This is often a very 
deposition temperature-dependent process and will also depend on the 
substrate and coating materials and any interfacial contamination. For 
instance the use of a titanium interlayer has been found to improve the 
adhesion between titanium nitride coatings and an M50 tool steel substrate 
[22]. Cross sectional transmission electron microscopical analysis shows that 
this occurs because the titanium interlayer has transformed to titanium 
carbide as a result of carbon diffusing from the substrate during coating. 
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Depending on the brittle/ductile properties of the coating and substrate a 
number of possible failure modes can occur in any application [23]. The major 
failure modes are shown schematically in Figure 3. Although the failure may 
start at the interface it can propagate in to the substrate. Alternatively, 
through-thickness cracking can lead to failure at the coating/substrate 
interface. Both tensile and compressive applied stresses can generate failure 
and the location of the failures will depend on the brittleness of the substrate 
and coating (see Tables 1 and 2). In the simplest case such applied stresses may 
be the internal stresses within the coating which are introduced during 
coating, or the thermal expansion mismatch stresses which arise on cooling 
to room temperature from the deposition temperature. Such stresses often 
limit the maximum thickness to which a coating can be deposited before 
spallation occurs spontaneously. 

Interfacial failure leading to loss of the coating is mainly dependent on 
fracture. For most systems two distinct fracture properties are important, 
namely the stress required to initiate fracture and the stress required for 
propagation. The initiation stress is a function of the distribution of flaws in 
the interfacial region which will depend on surface contamination and 
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Table 1: Tensile failure modes for thin films 

Film Substrate Interface Decohesion mechanism(s) 
bonding 

Brittle Ductile Good Film cracking - no decohesion 
Poor Film cracking - interface 

de cohesion 

Ductile Brittle Good Edge decohesion in substrate 
Poor Edge de cohesion at interface 

Ductile Ductile Good Film/substrate splitting -
substrate decohesion 

Poor Edge decohesion at interface 

Brittle Brittle Poor Edge decohesion at interface 
(higher film toughness) 
Film cracking - interface 
decohesion 

Table 2: Compressive failure modes for thin films 

Film Substrate Interface Decohesion mechanism(s) 
bonding 

Brittle Ductile Good Buckle propagation in film 
Poor Buckle propagation at interface 

Ductile/ Brittle Good Substrate splitting 
Brittle Poor Buckle propagation at interface 

Ductile Ductile Good No decohesion 
Poor Buckle propagation at interface 
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coating processing as well as on the choice of substrate and coating. The crack 
propagation stress is influenced to a much greater extent by interfacial 
structure and composition. In a ductile material the stress at the tip of the 
crack is relaxed by plastic deformation of the surrounding material and thus a 
larger amount of energy is necessary to propagate the crack than for a brittle 
material where this does not occur. For this reason the area of interfacial 
cracking is much less for a ductile material than a brittle material under 
similar loading conditions and the adhesion of coatings onto substrates 
where failure occurs in a ductile fashion is apparently much better than for 
brittle substrates [24]. Control over the initiation of failure can often be 
achieved by improving the cleanliness of the coating system whereas control 
of the crack propagation behaviour requires a much more detailed 
understanding of interfacial composition. For this reason it is important to 
characterise the failure modes associated with any application and tailor the 
interfacial region so that ductile failure occurs in a region of high strength. 

6. Factors affecting Adhesion 

Clearly, from the previous sections it can be seen that adhesion is a complex 
phenomenon and there are a number of factors which can influence it. For 
adequate in-service performance of many coating/ substrate combinations it is 
necessary to control as many of the factors affecting adhesion as possible and 
this involves careful selection of coating material and substrate as well as 
control of component manufacture and coating processes. The following 
factors are important: 

1) Coating and substrate material dependent: 

1) Interfacial bonding (ionic, covalent, metallic, Van der Waals etc.); 
2) Interfacial phases (native oxides, reactions during deposition); 
3) Surface Roughness (area of contact, coating uniformity etc.); 
4) Substrate preparation (white layers, grinding burn, reaction layers 
etc.). 

2) Coating process dependent: 

1) Choice of deposition technology; 
2) Contamination; 
3) Deposition temperature; 
4) Ion bombardment; 
5) Interlayers; 
6) Residual stress. 
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3) Service dependent: 

1) Applied stress; 
2) Operating environment (temperature, atmosphere, etc.); 
3) Long term coating/substrate reactions. 

For most applications the requirements of coating and substrate and the in­
service conditions are well-defined and the coating process has to be adjusted 
to maximise the adhesion of the coating to the substrate. A number of 
techniques have been developed to achieve this and some of these are 
discussed in more detail in the next section. 

Gases 

---------------------------
Water and hydrocarbons Physisorption 

OH OH OH OH Chemisorption 

Oxide Reaction 

Figure 4: Surface contamination layers on a typical metal surface. 

7. Techniques for Improving Adhesion 

In order to improve the adhesion of a coating to its substrates a number of 
techniques have been developed which can be divided into three categories:-
1) Pretreatments - cleaning and degreasing of components prior to loading 
coating system, 
2) In situ treatments - such as heating, plasma treatment, sputter cleaning, 
3) Bonding layers - to form strong interfacial phases, minimise interfacial 
stresses and getter (i.e. dissolve) contaminants. 
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Most coating processes will use several different treatments prior to 
deposition of the coating material and thus cleaning is a multi-stage process 
for which there are many possible variations. 

The development of techniques for improving coating/substrate adhesion 
has been based on a knowledge of the types of surface structures which are 
present on substrate materials and how this influences the coating process. A 
typical metal surface is shown schematically in Figure 4. Most metal surfaces 
are covered by an oxide layer which can be up to a few tens of nanometres 
thick depending on the material. Strongly bound chemisorbed layers are 
attached to the outer surfaces of this with much weaker physisorbed layers on 
top of them. Such layers consist predominantly of water but there will be an 
increasing amount of hydrocarbon contamination towards the surface of the 
contamination layer. In order to promote adhesion between coating and 
substrate it is necessary to remove or at least neutralise the effects of these 
contamination layers. 

The cleaning and pretreatment techniques which can be used are critically 
dependent on the choice of deposition technology. For instance in air plasma 
spraying the surface of components is degreased and then grit blasted to 
improve adhesion prior to coating, whereas in vacuum plasma spraying 
some heating and transferred-arc sputter cleaning may also be used. In 
general the cleaning pretreatments are more important as the deposition 
temperature is reduced. In the plasma spraying process molten droplets of 
coating material impinge on the substrate surface with a reasonable velocity. 
It has been shown that this leads to some melting of the substrate and fusion 
of substrate and coating material at the interface which promotes good 
adhesion [25]. Even so, in air plasma spraying, there are oxides and gases 
trapped at the interface as an inherent feature of the deposition process, 
which lead to a reduced area of contact between the splat and the substrate. In 
vacuum plasma spraying, the molten droplets move at higher velocities and 
have a lower probability of atmospheric reactions and gas entrapment. For 
this reason the adhesion of vacuum plasma sprayed coatings is often much 
better than that of air plasma sprayed materials. Under such conditions the 
presence of small amounts of surface contamination has a minor effect on 
adhesion. However, in the case of vacuum evaporated metal coatings the 
energy of the condensing atoms is very low (-O.leV) and this means that 
there is little chance that such atoms can sputter anything but the most 
weakly bound contaminants and there is little energy available to drive 
chemical bonding reactions. Thus surfaces need to be very much cleaner than 
in the plasma sprayed case if good adhesion is to be achieved. The ability to 
sputter etch and the possibility of ion bombardment during deposition (as in 
ion plating or ion beam assisted deposition) can improve adhesion by 
promoting chemical and metallurgical bonding and sputtering of 
contamination. 
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Components and test pieces for coating will pick up a wide range of 
contaminants which can affect coating/substrate adhesion. For instance metal 
components are often shipped in transit oils and can pick up dust and grease 
during storage. Similarly corrosion products can form if the component 
encounters a damaging environment. For this reason it is necessary to 
adequately clean any component prior to coating. The majority of the 
contamination can be removed by heating to high temperatures under ultra­
high vacuum conditions and sputter cleaning can help to reduce the 
concentration of contamination under these conditions but in most cases 
both experimental and commercial coating systems can not even hope to 
remove all contamination. For instance at a pressure of -10-5 mbar, a 
monolayer of contamination will be deposited on any surface in the coating 
chamber every second. Any cleaning process will need to desorb this 
contamination at a faster rate. 

To remove gross contamination prior to coating a range of cleaning and 
degreasing treatments have been developed, generally based on the use of 
solvents [26]. Transit oils and heavy contamination can be removed by 
scrubbing the component with a detergent solution and heavy chemical 
contamination is generally removed by use of acids etches. The combination 
of a solvent and high shear forces is particularly effective at removing more 
tenacious contamination. This is the reason for the effectiveness of wipe 
cleaning in which a solvent-soaked tissue is wiped across the surface, 
dragging the contaminants to the edge. Ultrasonic cleaning followed by 
vapour degreasing can improve matters further. A typical cleaning process 
for metal components might consist of several stages as follows:-
1) Ultrasonic clean in solvent for greases; 
2) Vapour degrease in same solvent; 
3) Ultrasonic clean in detergent; 
4) Rinse in pure water; 
5) Ultrasonic clean in solvent containing water absorber; 
6) Vapour degrease in same solvent; 
7) Load into coating system taking care not to recontaminate the component. 
The cleaning and degreasing media will become contaminated with the 
material removed from the components and will need to be continually 
filtered and refreshed. It is especially important to avoid particulate 
contamination from the coating system and for this reason a clean dust-free 
location for the equipment is usual and the operators should avoid allowing 
dust and debris to fall on the cleaned components. Finger grease and dust 
from the operators (skin, hair) can also be problematic and care is necessary in 
order that such contamination is minimised. 
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Most substrate materials can be further cleaned by heating under vacuum. 
This removes friable hydrocarbon contaminants and some water. However, 
depending on the substrate material and heat treatment there is a limit to the 
temperature which can be used. For most metals, heating to 150·C to 250·C is 
sufficient as higher temperatures can allow some of the contaminants to react 
with the substrate or diffuse into it. 

Sputter etching is a very effective method of improving adhesion (Figure 5) 
and this is often attributed to the removal of surface contaminants and oxides 
by the process. In fact bombardment of the surface of the sample with 
energetic ions can lead to some material removal but it is more effective at 
breaking up oxides rather than removing them [27]. The process can often be 
improved by the introduction of reactive gases into the sputtering discharge 
which can lead to increases in etch rate. For instance the introduction of some 
hydrogen into an argon discharge can more rapidly remove the oxide layer 
on stainless steel than a pure argon discharge (Figure 5). 

The temperature at which the coating is deposited can be a very strong 
factor in determining coating/substrate adhesion. In general, as the 
deposition temperature increases then so does the adhesion (Figure 6). This is 
due to the increase in surface mobility, inter-diffusion and the formation of 
chemical bonds at higher temperatures. The temperature rise caused by ion or 
electron bombardment during deposition can thus be harnessed to improve 
adhesion and for the best results it is often sensible to coat the substrate at the 
highest temperature it can stand without changes in microstructure or 
mechanical properties. However, this can lead to problems with residual 
stress. 
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Ion bombardment during the early stages of deposition can also be useful 
since it leads to some mixing of the atoms at the coating/substrate interface 
[28] and can also promote chemical bonding [29]. For this reason the adhesion 
of coatings deposited by ion-beam assisted deposition is very good at much 
lower deposition temperatures than need to be used by other coating 
processes [30]. 

Adhesion may also be improved by the deposition of an interlayer between 
coating and substrate. Chromium metal is often deposited as a flash layer 
prior to the evaporation of gold onto glass in order to improve adhesion [31]. 
In this case the chromium oxidises easily to form a strong bond with the 
glass, and alloys well with gold to form a diffusion layer. In the case of 
titanium nitride films on a range of substrates, the use of a thin titanium 
interlayer to improve adhesion is commonplace [e.g. 32-36]. The success of 
this interlayer has been attributed to two main effects:-

1) Chemical gettering. The interlayer dissolves interfacial contaminants and 
surface oxides. 
2) Mechanical compliance. The interlayer acts as a soft compliant layer 
reducing interfacial stress gradients. 
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The fact that there is an optimum interlayer thickness, which varies as a 
function of substrate material, deposition temperature, and the nature of the 
sputter clean, leads to the conclusion that the chemical effect is dominant in 
this case [36]. Figure 7 shows Secondary Ion Mass Spectrometry (SIMS) depth 
profiles for titanium nitride coatings on a stainless steel substrate deposited at 
low and high temperature. In both cases a 100nm titanium interlayer was 
used to promote adhesion. In the case of the low temperature deposited film 
there is a narrow region of high oxygen and carbon concentration at the 
interface which becomes much broader as the deposition temperature 
increases. The interfacial contamination dissolves in the interlayer material 
and its effect on adhesion is consequently reduced; this process is thermally 
activated and must depend on the diffusion of contaminants in the 
interfacial layer. The optimum interlayer thickness occurs when the layer can 
just dissolve all the interfacial contaminants at the deposition temperature 
used. There is some evidence that nitrogen migrates from the titanium 
nitride layer into the titanium layer leading to a graded interface, where the 
properties of the coating change smoothly through the interlayer and there is 
not such an abrupt change at the substrate [37]. This acts to reduce the residual 
stress gradient across the interface but it should be realised that a layer a few 
hundred nanometres in thickness does not have any effect on the total stress 
levels in coating and substrate. The mechanical compliance effect is much 
more important for the thick bond coats used in plasma spraying [38]. 

Post-deposition heat treatment can also be used to improve adhesion of 
coatings onto high temperature substrates but it is often observed that 
significant inter-diffusion leads spallation during thermal cycling. This 
behaviour may be due to interfacial oxidation or the formation of brittle 
interfacial phases [39]. In cases where such a deleterious reaction occurs 
between coating and substrate (or with an impurity which can diffuse to and 
react at the interface) a bonding layer can be deposited as a diffusion barrier to 
improve performance. 

8. Measurement of Adhesion 

8.1 REQUIREMENTS OF AN IDEAL ADHESION TEST 

Though there are a large number of possible adhesion tests available at 
present, none can really be considered ideal. For an ideal test the following 
criteria need to be met: 
1) Non-destructive; 
2) Easily adaptable to routine testing of complex shapes; 
3) Simple to perform and interpret; 
4) Amenable to standardisation and automation; 
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5) Reproducible; 
6) Quantitative; 
7) Directly related to coating reliability in specific applications. 

No test currently has all these attributes and nearly all commonly used tests 
are destructive in nature. Indeed it is difficult to see how a non-destructive 
test can be developed given the current level of theoretical understanding 
and it is thus necessary to make the best use of the available tests recognising 
their weaknesses. 

8.2 ADHESION TEST METHODS 

Adhesion test methods fall broadly into three categories namely nucleation 
methods, mechanical methods and miscellaneous methods [3]. Table 3 shows 
some of the methods developed to measure the adhesion of thin films that 
have occurred in the literature. 

Table 3: Methods that can be used to determine coating/substrate 
adhesion 

Qualitative Quantitative 

Mechanical Methods 

Scotch tape test [40] 
Abrasion Test [41] 
Bend and scratch test [42] 

Non-Mechanical Methods 

X-ray diffraction [46] 

Direct pull-off method [43-45] 
Laser spallation test [60-62] 
Indentation test [54-57] 
Ultracentrifuge test [3] 
Scratch test [64-73, 75-79] 
Bend test [50, 51] 
Double cantilever beam test [52] 

Thermal method [47] 
Nucleation test [40] 
Capacity test [3,48] 
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At the atomic level, the nucleation methods probe adhesion via the 
breaking of individual coating-substrate atomic bonds, generating lamellar 
defects. The macroscopic experimental adhesion is simply a summation of 
the individual atomic forces, which it should in principle be possible to relate 
to the energy of adsorption of single ada toms onto the atomically clean 
substrate. In concept the nucleation methods are very simple however 
evaluation of the adsorption energy on real component surfaces is 
impractical. 

In mechanical methods, adhesion is determined by applying a force to the 
coating substrate system. The force is either applied directly, normal or 
parallel to the coating/substrate interface as in, respectively, the pull and 
shearing stress tests. Alternatively the force may be introduced indirectly by 
some stimulus as in the indentation and laser spallation tests. These 
methods of adhesion evaluation are now considered in more detail. 

8.2.1 Pull-off methods. The simplest and probably most widely used of the 
practical adhesion tests is the tape test. This method requires the minimum 
of test equipment. A pressure sensitive tape is applied to the coating surface 
and then pulled off to determine the coating detachment stress. The 
maximum adhesion that can be tested is less than strength of the tape 
bonding material and consequently the test can only be applied to rather 
weakly adhering coatings; the upper limit being about 20 MNm-2 [40]. 
Alternatively rods can be bonded to the coating and substrate using 
commercially available adhesives, usually an epoxy resin, and then a force 
applied normal to the coating-substrate interface to determine the force for 
detachment as shown in Figure 8. This method can be used to estimate 
coating adhesion in the range 65 to 90 MN m -2 but like the tape test suffers 
from the following difficulties: (i) simple tensile tests frequently involve a 
mixture of tensile and shear forces which make interpretation difficult; (ii) 
alignment must be perfect to ensure uniform loading across the interface; and 
(iii) there is the possibility the the adhesive or solvent may penetrate the 
coating and affect the film-substrate interface. 

Another form of the pull-off method is the tangential shear or lap shear 
technique in which the load for detachment is applied parallel to the coating­
substrate interface, in which case the measured shear stress is the tangential 
force per unit area required to break the bond between the film and substrate. 
The advantages that the lap shear test have over the tensile test [49] are: (i) 
that it avoids severe deformation of the substrate; (ii) the film is gripped over 
a relatively large area and thus the stress is less concentrated; and (iii) it 
approximates to a nominally pure stress measurement. 
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Figure 8: Pull-off adhesion test. 

8.2.2 Tensile and bend testing. The simple pull off test is a special case of a 
number of tests which aim to produce coating detachment by tensile testing 
or bending. In the simplest test the coating/ substrate composite is pulled in a 
tensile testing machine until the coating spalls, the whole sample cracks or 
the coating cracks perpendicular to the loading direction. The precise mode of 
failure depends on the relative properties of coating and substrate and is often 
dominated by yield effects in the substrate. However, for brittle coatings on 
ductile substrates (including some very thin metal layers on polymers) the 
test can give useful comparative information about adhesion. In this test 
cracks initially form perpendicular to the loading direction; once fracture has 
occurred slip can occur at the coating substrate interface and the tensile stress 
in the coating is reduced either side of the crack. This effectively controls the 
minimum crack spacing. Further tensile loading can lead to some spallation 
of the coating between the cracks due to the Poisson's ratio contraction of the 
substrate placing the cracked strips in compression. Clearly the load at which 
such failures occur depends on both the substrate and coating properties but it 
can be used as a method for monitoring adhesion-promoting treatments 
(Figure 9) . 
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Figure 9: Schematic of the cracking observed in the tensile testing of 
metal samples coated with brittle materials. The interfacial 
flaw distribution and yielding in the substrate limits the crack 
spacing observed. 
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The spacing of tensile cracks in a bend test (Figure lOa) has been used to 
estimate the interfacial shear strength by using a computer simulation 
approach [50]. In this work the coating fracture strength, Weibull modulus, 
and interfacial shear strength are used to predict the crack distribution, and 
these parameters are adjusted to give the best fit to experimental data. An 
interfacial shear strength of 2GPa was determined for TiN on an M2 tool 
steel substrate by this method. 

For thicker deposits such as plasma sprayed coatings it is often possible to 
induce stable crack growth at the coating/ substrate interface by careful control 
of the bending process. For instance in the bend test of Clyne and co-workers 
[51] (Figure lOb) a four point bending sample is prepared with the coating on 
the tensile side. A saw cut through the coating is carefully introduced to allow 
the formation of interfacial cracks once bending commences. As the bending 
stress is increased the crack starts to propagate and will run until the crack 
driving force becomes insufficient. The distance which a crack propagates as a 
function of the bending stress can thus be used to determine the critical crack 
driving force. 

Load 

L o 
o 

1st Beam 

Figure 11: Schematic of the DCB test arrangement for the measurement 
of the adhesion of plasma sprayed coatings. 
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A similar principal is used in the Double Cantilever Beam (DCB) test [52] 
which is similar to the test used for fracture toughness testing of bulk 
materials (Figure 11). This method requires a sample which consists of a steel 
beam which has been coated along one edge which and glued to a second 
beam. A pre-crack is introduced (by a saw cut) which extends approximately 
20mm past the loading points which reduces the load necessary for crack 
extension. The crack can stop once it propagates, before total failure of the 
sample occurs, allowing several measurement cycles per sample. The 
interfacial critical strain energy release rate Gic was determined using a linear 
elastic fracture mechanics approach [52], where Gic is given by 

p2 
G. =_c de 

IC 2W dl 
(3) 

where Pc is the critical load for crack propagation, W is the specimen width 
and c is the sample compliance at the load points for a crack of length 1. The 
determination of crack length during the test by a direct measurement is 
difficult; this problem can be solved by obtaining a compliance versus crack 
length curve by testing uncoated samples with known crack lengths and 
recording the observed sample compliance. For vacuum plasma sprayed 
alumina coatings on steel, low strain energy release rates have been 
measured by this method - 5.8-11.95 Jm-2 [53] as opposed to values around 
21Jm-2 for air plasma sprayed material [52]. The difference can be attributed to 
the higher residual stress in the vacuum plasma sprayed coatings. 

8.2.3 Indentation methods. The indentation adhesion test involves 
introducing a mechanically stable crack into the coating/substrate interface, by 
the use of conventional indentation procedures, using either Brale or Vickers 
indenters [54, 55]. A measure of adhesion is obtained using the resistance to 
crack propagation along the coating/substrate interface which may be 
characterised by both a fracture resistance parameter and a strength 
parameter. The bonding across the interface is uniquely related to the fracture 
resistance parameter and is a more fundamental measure of adhesion. The 
strength parameter is determined by the combined influences of the fracture 
resistance, the strength controlling defects and residual stresses within the 
film. The test assumes that the interface within the vicinity of the plastic 
zone created during indentation has a lower toughness than either the film 
or substrate material and consequently will be a site of preferential lateral 
crack formation. If fracture occurs in the film or substrate rather than at the 
interface it may be concluded that the interface toughness is at least as large as 
that of the weaker component. 
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Figure 12: Indentation adhesion test; after Jindal et al [55]. 

A schematic representation of the indentation test used by Jindal et al [55] is 
shown in Figure 12 and shows the results of a series of indents made at 
different loads. The average change in lateral cracking is monitored as a 
function of load, and the interfacial fracture toughness KIi is derived from the 
linear portion of the indentation load versus lateral crack length plot 
according to 

_ [Gli Ee]l!2 
K I, - 2 

1 1-v 
(4) 

where in Figure 12, A is a constant and Ec and Vc are the Young's modulus 
and Poisson's ratio of the coating. An advantage of this technique is that the 
indentation adhesion parameters Pc and Kli are relatively insensitive to the 
substrate hardness which is a problem of with the scratch adhesion test. To 
further illustrate the differences between these two test methods, Figure 13 
shows indentation test results for carbide inserts, CVD coated with TiC/ Al203 

layers, differentiated in terms of the ll-phase occurrence at the 
coating/ substrate interface. On the basis of the slope of the load/lateral crack 
diameter function the coatings which are deposited onto a continuous layer 
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of the brittle Tl-phase have poorer adhesion (toughness) compared with 
similar coatings which are formed with a discontinuous Tl-phase layer, but in 
both cases the scratch adhesion test indicated essentially identical Lc values 
for adhesion failure at the coating/ substrate interface [55]. 
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Figure 13: Indentation load vs. lateral crack diameter for multilayer 
TiC/ Al203-coated samples with thin discontinuous 
Tl-phase (e) and thick continuous Tl-phase (0). 

The approach of Evans and co-workers [54, 56, 57] is based on the 
observation that in the absence of buckling, and for planar interfaces, there is 
no driving force for growth of a delamination which exists at the coating 
substrate interface. This initial delamination may arise due to interfacial 
contamination or by void formation and coalescence. Consequently, for such 
interfaces, buckling becomes a pre-requisite for fracture propagation and 
eventual spalling. The critical stress for buckling of a circular delamination 
being given by [58] 

(5) 
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where t is the coating thickness, a is the delamination radius, and K '" 14.7. 
Once buckling occurs, a crack driving force (G) develops given by [59] 

(6) 

where cr is the net compressive stress in the coating and a = 0.38. Further 
growth of the delamination occurs if G > Gc either for the interface or for the 

coating and the delamination radius for coating spallation, as' is given by [60]. 

(7) 

For indentation-induced spalling [54, 56, 57] 

EV 
cr=cr + c 

R 2 
2n:(l-v c)ta 

(8) 

where crR is the initial residual stress and V the indentation volume. With 

v = 0.24 (P /H)3 cot \jf and a = A p3 /4 (9) 

where P is the indentation load, \jf is the indenter half-angle, H is the 
hardness, and A is an experimentally determined coefficient. The critical 
indentation load for spalling, P s' is given by 

Figure 14 shows some results obtained from indentation testing of Zr02-Y203 
coatings [56]; the data exhibits the expected trend from equation (9) in that a '" 

AP3 /4 and the fracture toughness Gc along the delamination path was found 
to be approximately 40 Jm-2 comparable to literature values for cubic zirconia. 
Similar results to those presented in Figure 14 were obtained for indentation 
spalling tests on a series of ZnO/Si samples and excellent agreement was 
obtained between theoretical values of Ps (equation (10» and experimental 
measurements, indicating that the methods outlined above have some merit 
when it comes to assessing the adhesion of thin films. However, further 
work is needed before the indentation method can be recommended as a 
technique for determining interfacial adhesion. 
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8.2.4 Shockwave methods. Mechanical stimuli can be introduced into the 
coating-substrate system in order to produce delamination by shockwave 
loading methods [60-63]. These techniques involve the absorption of energy 
either from the impact of erosive particles [63] or from an impinging laser 
beam [60-62]. In the laser method the absorbed energy may induce a stress 
wave, and the acoustic waveform from the rear side of the substrate can be 
monitored whilst the laser probes the coating surface as shown in Figure 15. If 
the incident probe is pulsed it is also possible to image the propagation of 
thermal waves within the coating and can be used to detect the presence of 
cracks or debonded regions. The technique has the advantage that it simulates 
the spall problems which occur during thermal cycling and impact damage in 
addition to being relatively non-destructive and applicable to complex 
components. 

Loh et al [60] have examined the quasi-heating due to laser impingement 
onto a coating system. This had the effect of introducing localised 
compression which, in conjunction with the existing residual stresses, was 
sufficient to cause spallation. By varying the power and duration of laser 
pulses, the spall resistance of brittle coatings could be effectively measured. 
However, the calculation of critical crack driving force values for the data 
cannot be achieved directly and simulation methods are being developed to 
allow such analyses [62]. 
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Figure 15: Transducer outputs for plasma sprayed coatings investigated 
using the laser acoustic adhesion test. The upper curve (a) is for 
a coating with good adhesion and the lower curve (b) for a 
coating with poor adhesion. The main difference between the 
two curves is the signal propagation time which is shorter when 
adhesion is good. 
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8.2.5 The scratch adhesion test method. In the scratch adhesion test a stylus is 
drawn over the coating surface and a stepwise or continuously increasing 
normal force until the coating detaches [64]. In practice complete removal of 
the coating within the channel behind the stylus seldom occurs and therefore 
a critical load at which the coating is removed in a regular way along the 
whole channel length [65] is defined. Coating detachment can either be 
monitored using optical or scanning electron microscopy, acoustic emission 
[66] or frictional force measurement [67, 68]. The two latter procedures 
(acoustic emission and frictional force measurement) provide traceable 
signals which can be used to compare results from different samples and may 
avoid some of the subjectivity of measurements made by eye. The sensitivity 
of the frictional measurement procedure is particularly enhanced when the 
scratch test is applied to hard coatings of less than one micron in thickness. 

There are a large number of failure modes associated with the scratch test -
through-thickness cracking, interfacial and cohesive failure among others [24, 
69]. The main interfacial failure modes are based on spallation and buckling 
which arise as a function of the type of loading induced by the scratch test and 
the nature of the interface (Le. brittle or ductile behaviour [24]). In any 
attempt to use the scratch test to measure adhesion it is important to use a 
failure mode which is dependent of coating/ substrate adhesion. In most cases 
these will be spallation or buckling failures; spallation and buckling occur 
ahead of the scratch stylus if the origin of the failures is the compressive 
stresses induced by stylus / coating friction, whereas spallation behind the 
stylus can occur due to the combined effects of through-thickness cracking 
and elastic recovery. 

Benjamin and Weaver [70] performed the first analysis of the mechanics of 
the scratch test using the theories developed for fully plastic indentation, 
giving an expression for the critical shearing force for coating removal in 
terms of the scratch geometry, the substrate properties and the frictional force 
on the stylus. 

F= kAH 
(R2 _ A2)1/2 

(11) 

where A = (w/pH)1/2, w is the critical load, R is the indenter tip radius, F is 
the shearing force strength of the coating per unit area, A is the radius of the 
circle of contact, H is the indentation hardness of the substrate material and k 
is a constant varying between 0.2 and 1.0 [70,71]. It is inappropriate to assume 
fully plastic deformation in many cases and further attempts to modify this 
expression have given some account of elastic-plastic indentation behaviour 
[71]. 

More recently, Laugier [72, 73] has suggested that the adhesion behaviour 
can be modelled in terms of the strain energy released during removal of the 
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coating. Using a Griffith energy balance approach [74], the elastic strain energy 
released provides the surface energy for a crack to form at the coating 
substrate interface. By balancing the released elastic energy with the surface 
energy of the crack, it is possible to relate the local stress (J responsible for 
coating detachment to the work of adhesion, W, by [72, 73] 

2 
w = (J t 

2E 
c 

(12) 

where t is the coating thickness. Attempts have been made to calculate (J 
expressed as a combination of the applied stresses due to the sliding indenter 
and the internal stresses within the coating. For example, in the analysis of 
Laugier [72, 73] the applied stresses were calculated from the elastic equations 
of Hamilton and Goodman [75]. Clearly this is insufficient to describe the 
stresses for materials where some plasticity has occurred. Burnett and 
Rickerby [76] have identified three contributions to the stresses responsible for 
coating detachment: (i) an elastic-plastic indentation stress; (ii) internal stress; 
and (iii) a tangential frictional stress. This analysis has been extended by Bull 
et al [77-79] where each of these contributions is expressed in terms of their 
effects on the measured coefficient of friction as shown in Figure 16. The 
advantage of expressing all the stress contributions in these terms is clear 
when experimental measurements of the tangential force can be made during 
scratching [67]. 

The total frictional force is given by [80] 

F = AlP + A2'C (13) 

where p is the ploughing flow stress, 'C the interfacial shear stress (or the shear 
stress of the softer material and Al and A2 are the cross sectional area of the 
track and the contact area respectively (see Figure 16). Since A2»Al in most 
cases the shear stress is small compared to p and this dominates the stress 
responsible for coating removal. Assuming that for a moving stylus the load 
is supported on the front half of the contact, the critical load, Lc' can be given 
by 

2 
n:d p 

L - C c--g- (14) 

where d c is the track width at Lc. By combining equations (12) and (14) and 

setting P=(J an expression for the work of adhesion in terms of Lc is produced 
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L = 1td~ [2Ew]1/2 
c 8 t 

(15) 

This equation has been used to determine values for the work of adhesion of 
titanium nitride coatings on a range of steel substrates which are in the range 
1-150Jm-2 [81]. These are somewhat smaller than those determined in fracture 
toughness studies on steels (lOkJm-2)[82], but are larger than the surface 
energies of either substrate or coating material (typically in the range 1-10Jm-
2). This illustrates the importance of some plastic deformation at the crack tip 
in the coating removal process. 

In addition to the extrinsic factors that influence the scratch test, a number 
of intrinsic parameters also have an important bearing of the derived value 
of critical load and some of these are listed in Table 4 [83]. The snatch 
adhesion test appears to be the only available practical method to study the 
adhesion of hard tribological coatings in many situations. However, care is 
needed in both the performance of the test and in the interpretation of the 
results if reliable conclusions are to be drawn about coating substrate 
adhesion owing to the influence of these extrinsic and intrinsic parameters. 

(a) Indentation 

L 

(i) Ploughing 

Fp = A1P 

(b) Internal Stress 

(ii) Internal Stress 

F s = f( (finternal) 

(c) Friction (Adhesion) 

(iii) Adhesion (Shear) 

Fa = Ai 7 

Figure 16: The scratch adhesion test represented as the sum of three 
contributions; an indentation term, an internal stress term 
and a frictional term. These may be represented as three 
frictional contributions; a ploughing component, an internal 
stress component and an adhesive component. 
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Table 4: Factors affecting the critical load for coating detachment in the scratch 
test method. 

Intrinsic Parameters 

Loading rate [67, 81, 83] 
Scratching speed [67,81,83] 
Indenter tip radius [67,81,87] 
Indenter wear [83] 
Machine factors [77] 

Extrinsic parameters 

Substrate properties [83, 88] 
- Hardness 
- Modulus 
- Thermal expansion coefficient 
Coating properties [83,89] 
- Hardness 
- Modulus 
- Stress and interfacial properties 
- Thickness 
Friction force and friction 
coefficient [67, 76,83] 
- Surface condition and testing 
environment. 

Commercial scratch testers are basically of two types. In the automatic 
scratch test the normal load is continuously increased along the length of the 
scratch track by a spring loading mechanism. This test is very quick and 
simple to perform but has the disadvantage that catastrophic failure occurs at 
the first sufficiently large flaw and thus the critical load may be an 
underestimate of the practical adhesion in any application. Also the critical 
load has been found to be a sensitive function of the machine loading 
geometry and this makes comparison between laboratories with various types 
of machine quite difficult [67, 81, 83]. The alternative manual scratch tester 
uses dead weight loading and hence requires the performing of many 
scratches to assess the critical load, a much more time consuming process. 
However, it has the advantage that the interfacial flaw distribution can also 
be assessed by counting the number of failures that occur at each load [79]. 
The number of failures is found to saturate at a certain load (usually just 
before it becomes impossible to distinguish individual failures in the track) as 
observed by both reflected light microscopy or acoustic emission detection 
where each failure generates a small burst of acoustic emission. Thus a 
cumulative failure probability peL) can be defined as 

peL) = N(L)/(Nsat - No) (16) 
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where N(L) is the number of failures at load L, No is the number of failures 
on low loads (usually No = 0) and Nsat is the saturation failure number. P(L) 
can be given by the Weibull distribution 

P(L) = 1- exp HL- Lo)/La]b (17]) 

where Lo is the load at which the probability of failure is zero (generally Lo= 
0), La is a constant equal to the load at which there is a 63.2% cumulative 
failure probability (which can be used as a critical load criterion related to the 
flaw distribution) and b is the Weibull parameter. As b increases the 
distribution becomes narrower and the critical load becomes a better measure 
of coating adhesion. Details of the analysis are shown in Figure 17. The 
advantage of this method is that it offers the possibility of providing a 
completely automated way of determining the critical load for coatings which 
produce well defined pulses of acoustic emission associated with coating 
detachment failure events. The acoustic emission trace at each load can be 
recorded and examined by computer, the number of failures counted and 
stored and the variation with load determined. From this a value of La can 
be calculated which involves no subjective decisions by the operator and 
hence is a much more reliable adhesion criterion. However, much more 
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work is needed to determine the viability of such an approach in a wide 
range of coating/substrate systems. 

The scratch test has also been used to determine both interfacial and 
cohesive failure strengths for thick films in a modified form suggested by 
Beltzung et al [84, 85]. In this case the material to be tested is in the form of a 
polished cross section and the scratches are performed across the coating 
starting from the substrate using stepwise increasing loads. A cone of damage 
is produced as the scratch diamond exits from the face of the coating, the size 
of which can be used to determine the cohesive strength of the coating [86]. 
However, in a smaller number of cases a crack is also produced at the 
coating/ substrate interface once a critical load has been reached, and this can 
be used to rank coating/substrate adhesion in these situations. 

8.3 SELECTION OF ADHESION TESTS 

From the previous section it can clearly be seen that there is no ideal 
adhesion test and the tests available cannot be used to assess all 
coating/substrate systems. For instance, the pull-off test is limited to coatings 
with relatively poor adhesion (due to the strengths of available glues), 
whereas the indentation spallation technique is only really useful where the 
interfacial failure mode is brittle. There are no hard and fast rules about the 
selection of the appropriate adhesion test for any coating/substrate 
combination, as each test critically depends on the type of failures which 
occur within it. The scratch test is perhaps the most widely applicable test for 
the routine monitoring of adhesion but it is not really suitable for very soft 
substrate materials. 

Due to all these problems the best approach for the initial selection of an 
adhesion test is to pick the test which most closely approximates the in­
service conditions of the coated component. For tribological applications this 
could be the scratch test, whereas the laser spallation test may be more 
relevant to thermal barrier applications. However, once a test has been 
selected it may be difficult to generate meaningful results for a given 
coating/substrate system and the user should assess several tests in such 
applications. 

9. Conclusions 

Practical adhesion is not a simple fundamental property but depends on a 
number of factors in the coating/substrate system and the method by which it 
is measured. There are no ideal adhesion tests so it is necessary to make use 
of a test which gives some information about in-service performance in the 
intended application, if useful results are to be determined. Two quantifiable 
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measures of adhesion are important in any application, namely the adhesion 
strength which is controlled by the interfacial flaw distribution as well as by 
interfacial bonding) and the crack driving force (which is much more related 
to bonding across the interface). In general, the adhesion is better when the 
modes of failure are ductile and the crack driving force is high. The interfacial 
structure is thus critically important in determining coating substrate 
adhesion. It is also necessary to know what phases and interfacial 
contamination are present on the substrate prior to coating and how these are 
affected by the coating process if the adhesion of the coating is to be optimised. 
Only if all the factors which affect adhesion are controlled can the 
performance of the coated component be optimised for its intended 
application. 
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NITRIDING ,BORIDING AND CARBURIZING OF STEELS 

PATRICK JACQUOT 
INNOVATIQUE SA 
25 rue des freres Lumiere 
69680 Chassieu 
France 

ABSTRACT. This paper describes three surface hardening processes of steels 
and mainly the basic principles, technical advantages and limitations, industrial 
applications of these diffusion methods of carbon, nitrogen and boron. Thermo­
chemical treatments like: carburizing, boriding and nitriding are described. Speci­
ficities of each treaments are reviewed. 

1 . INTRODUCTION 

Surface engineering or surface hardening are processes which include a wide 
variety of techniques used to improve the wear, friction and fatigue resistances 
of parts without affecting the more soft, tough, core of the part .This combina­
tion of hard surface, high strengh of the case, and the relative dUQtility of the 
core of components is useful in parts such as gear or cam that must have a 
hard surface to resist wear, and a tough interior to resist again impact, strain 
produced by shocks, alternating stresses, that occurs during operation. 
This paper focuses exclusively on three methods for surface hardening, which 
are diffusion methods, such as: carburizing, nitriding and boriding. Diffusion me­
thods modify substantially the chemical composition of the surface with intro­
duction of interstitial elements or hardening species like: carbon, nitrogen or bo­
ron, by diffusion mechanism. Diffusion treatments are divided into two main ca­
tegories : those operating at high temperatures (800-950 0c) with the steel in an 
austenitic condition, like: carburizing and boriding, and those operating at lower 
temperature with the steel in a ferritic condition (below 600°C), like nitriding. 
Selective or localized hardening methods, such as carburizing and boriding gene­
rally involve transformation hardening (from heating and quenching), but some 
hardening methods (nitriding) are based only on compositional modification with 
chemical interactions of the substrat, without heat treatment cycle. 

2 . CARBURIZING OF STEELS 

2.1 DEFINITION 

Carburizing is a case-hardening process in which carbon is diffused in the surfa­
ce layers of a low carbon steel part at a temperature sufficient to transform the 
steel austenitic, followed by quenching and tempering to form a hard martensitic 
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microstructure. 
The gradient in carbon content obtained below the surface of the component 
causes a gradient in hardness, creating a strong, wear-resistant surface layer on a 
ferrous material, usually low-carbon steel (figures 1 and 2) . 

2 .2 PROCESS PRINCIPLE 

The most important thermochemical treatment is the carburizing process (also cal­
led case hardening). Low-carbon steel parts exposed to carbon-rich atmosphere 
will carburize at temperatures of 800 D C and above. The carbon source must be 
not to rich, if not the solubility limit of carbon in austenite can be reach at the 
surface of the steel and some carbides may form at the surface (3) . 
The carbon gradient produced by maintaining saturated austenite at the surface of 
the steel is referred to as the normal carbon gradient (1)( 2) . 
Carbon is diffused into the steel surface from either a solid, liquid or gaseous 
carbonaceous media ( CO-C02, C3H8 .. ) at a temperature in the range of 800 to 
1000 DC. The steel is then quenched and tempered to produce a hard, tough case 
with a depth of up to several millimeters ( 0,3 to 2 mm). 
The maximum rate at which carbon can be added to steel is limited by the rate 
of diffusion of carbon in austenite .This diffusion rate increases greatly with in­
creasing temperature. The highest hardness in a hardened steel is obtained when 
the carbon content of the steel is high (figure 4 ) . 
The most useful carburizing process is gas carburizing. 
It consists of a case hardening treatment where a finished part is exposed to a 
carburizing atmosphere in a batch or continuous furnace, at a high temperature. 
It is important to achieve high surface hardness in a carburized part, and that is 
usually accomplished by controlling surface carbon content with process atmo­
sphere control (in-situ oxygen probe and CO-C02 infrared analysis). 
Many factors, especially those that control surface carbon concentration, such as 
time and temperature during the various stages of a carburizing process, affect 
case depth (figure 3). Frequently, the first stage of carburizing inroduces a high 
surface carbon content, on the order of 1,1 to 1,2 wt %, depending on the maxi­
mum solubility of carbon in austenite at the temperature of that stage. Such car­
bon contents would produce undesirable quenched microstructures. Therefore to 
produce optimum surface carbon concentrations of 0,8 to 0,9 %, the second stage 
of carburizing is performed with lower carburizing atmosphere carbon poten­
tials.Carbon already introduced in the first stage then ajusts to the lower surface 
potential and also diffuses deeper into the core. This two-stage approach is com­
monly referred to as the boost-diffuse method of carburizing . 
If the superficial carbon content in the case depth is too high, austenite that have 
not transformed during quenching, is referred to as retained austenite and is pre­
sent because of the high stability of high - carbon austenite. Increasing carbon 
content significantly lowers the "Martensite Start" (Ms) and decreases the tempe­
rature range for martensitic transformation to below room temperature. Conse­
quently there are always significant amounts of retained austenite in the cases of 
carburized steels quenched to room temperature. Reduction of retained austenite 
content can be achieve by reheating cycles below Acm or by cryogenic treat­
ment. 

2.3 CARBURIZING PROCEDURE 

The main steps to carburize mechanical parts are summarized as follows (figureS). 
When machining of the parts is completed, they are placed in a basket or moun-
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ted on some type of fixture (figure 6) . Then, the basket is charged into a furnace, 
which nonnally has a temperature of about 880-950 DC for gas carburizing and 
800-850 DC for carbonitriding (diffusion of carbon and nitrogen) (figure 7 ). 
Conveyor-belt furnaces, shaker-hearth furnaces or rotary-retort furnaces are used 
for small parts, such as screws. 
The furnaces that are used vary widely in size and appearance. For the automo­
tive industry, which uses mass production lines, pusher-type furnaces are very 
common. 
There is a carburizing gas atmosphere in all furnaces. When the load has reached 
the carburizing temperature, the effective transfer of carbon from gas to steel sur­
face begins. Carburizing cycle is proceeded until the desired depth of carbon pe­
netration is reached .The charge is then moved from the furnace chamber to a 
cooling chamber, which nonnally has an oil tank .The load is lowered quickly in­
to the oil tank. After complete cooling, the charge is washed and tempered. The 
last step include generally a phase of dimension-adjusting grinding to completely­
finish the parts. 

2.4 CARBURIZING ATMOSPHERE 

The primary function of the furnace atmosphere is to supply the needed carbon 
and provide the right surface carbon content in carburized parts. The atmosphere 
must have a composition that corresponds to these needs. To control the surface 
carbon content, it must be possible to control the composition of the gas. This is 
nonnally done with a separate enriching gas, a hydrocarbon, usually: propane or 
methane. A ferrous base alloy held at a temperature sufficient to provide comple­
te austenitization is brought into contact with a carbonaceous environment that 
consists of an endothennic carrier gas enriched with either a hydrocarbon gas or 
a vaporized hydrocarbon liquid. The carrier gas is usually composed of nitrogen 
(N2), carbon monoxide (CO), and hydrogen (H2). Methane (CH4) or propane 
(C3H8) are the principal hydrocarbon enriching gases employed. Frequently, vapo­
rized methanol is used as the hydrocarbon source. At the temperatures typically 
employed during gas carburizing (850-950 DC), the gaseous hydrocarbons break 
down into CO,C02,CH4, and H2O (g), and of these gases, CH4 is the primary 
source of carbon with CO serving as the transport medium for the carbon. The 
N2 and H2 gases only serve to dilute the atmoshere. A sufficient carbon poten­
tiel must be maintened throughout the process to promote absorption of carbon at 
the steel - atmosphere interface. The carbon potentiel is controlled by the proper 
chemical balances between CO and C02 and H2 and H2O, by the carburizing 
temperature, and by the solubility of carbon in the austenite .As carbon is absor­
bed by the steel, a carbon concentration gradient is established between the surfa­
ce and the interior of the steel and carbon atoms diffuse, by way of an intersti­
tial mechanism, down this composition gradient according to Fick's second law 
for diffusion in one dimension. As the carbon atoms diffuse down the established 
carbon gradient, a carburized case is developed. The depth of this case is a func­
tion of temperature, time and steel grade. Carbon absorption at the steel-atmo­
sphere interface is a critical process. A number of factors can exert a significant 
influence on the carbon absorption process during gas carburizing. 
The main constituents present in the furnace atmosphere are CO,N2,H2,C02,H20 
and CH4 gases. Carbon monoxide gas is the most active of these six atmosphere 
constituents, and is directly responsible for the transfer of carbon from the atmo­
sphere to the austenite at the steel-atmosphere interface. The transfer of carbon 
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can occur as a direct result of the interaction of CO with iron or as a result of 
the interaction of CO and H2 at the interface. These reactions are described by 
the following reversible reactions: 

2 CO (g) <: ;;> C + C02 (g) 

CO (g) + H2 (g) <" ;;> C + H20 (g) 

" C" is carbon in solid solution in the austenite. 
If these reactions are correctly balanced so that the reactions proceed to the right, 
then carburization will occur. However, both C02 and H2O are strong decarburi­
zers, and excessive amounts of these two phases will cause these reactions to 
proceed to the left. 
Typical carburizing atmosphere are endothermic gas (blend of: CO,H2,N2 and with 
smaller amounts: C02,H20,CH4) produced in a generator, and endogas formed 
from a nitrogen-methanol blend. More recently, vacuum carburizing process used 
only a partial pressure of a pure hydrocarbon gas, such as : prop an ,that is dis so­
cied at low pressure (4 ). 

2.5 MECHANICAL APPLICATIONS 

The typical carburized component is equivalent to a "composite material", with a 
high hardness in the case on a lower carbon base, that is lower in hardness but 
higher in toughness. 
The carbon-rich case, useful for its wear resistance, also interacts with the low 
carbon core during quenching to generate favorable compressive residual stress 
which enhance the load carrying ability of the "composite". 
The microstructural gradient and the residual stress profile define the fatigue and 
fracture properties of carburized components. Maximum performance in a carburi­
zed part is achieved when the as-quenched microstructure in the case comprises 
only martensite and retained austenite, and the microstructure in the core compri­
ses only martensite and / or bainite. 
It is know that martensitic structures (and / or bainite in the core) are required 
for optimal performance of gears. To resist gear fatigue failure due to cyclic 
bending stresses at the root fillet, the optimum case structure must be a mixture 
of high carbon martensite and austenite with enough martensite to assure a hard­
ness of at least 57 Rockwell C . 
A major benefit of carburizing is the introduction of compressive residual stresses 
into the surfaces of carburized parts. These stresses counteract applied tensile 
stresses and therefore improve bending fatigue performance. 
Generally, the compressive stresses reach a maximum at some distance from the 
surface, and gradually decrease. 
Carburizing is used for a wide range of mechanical components: transmission 
parts, car engine components, roller and ball bearings, gears, wear parts, fatigue 
stressed parts such as shafts. 

3 . PLASMA NITRIDING OF STEELS 

3. 1. HISTORIC 

The origins of the plasma thermochemical process lie in the patents filed by the 
Swiss engineer Bernard Berghaus in the 1930s. However the development of 
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plant for general commercial use was extremely slow. In europe, over the period 
1957 to 1967 ,the technology is introduce in several companies for industrial ex­
ploitation . Actually, we can count between more than 1300 - 1600 ion nitriding 
equipments worldwide. 

3.2. DEFINITION 

Plasma nitriding is a method of surface hardening using glow discharge technolo­
gy to create firstly atomic nitrogen by direct ionic dissociation of molecular nitro­
gen and secondly to introduce atomic nitrogen, by diffusion mechanism, to the 
surface of a heated metal parts (5) . 

3.3. PROCESS PRINCIPLE 

The components to be nitrided are introduced in a vacuum chamber and these 
parts are made the cathode of an electrical circuit and subjected to a glow dis­
charge generated by applying a critical voltage at a pressure of 1 - 10 mbar in an 
atmosphere of hydrogen and nitrogen. Some exemples of glow discharges applied 
on mechanical parts are shown in figures: 11 , 12 . 
The applied electric field ionises the gas mixture causing nitrogen ions to bom­
bard the component surfaces so generating heat flux and the active nitrogen diffu­
ses into the steel surface. The temperature of the parts can be controlled by ad­
justments to the applied voltage and gas pressure or by using auxiliary radiant 
heating system. While the gas composition can be adjusted by mass flowmeter to 
control precisely the nitriding potentiel in order to obtain the desired nitriding 
configuration (compound layer types, diffusion layer). 

3.4.METALLURGICAL ASPECTS 

In this process, only nitrogen (plasma nitriding) or both nitrogen and carbon ( plas­
ma nitrocarburising) are introduced into the surface of steel, by diffusion mecha­
nism ,at temperatures in the range 500 - 570 DC from the plasma applied on the 
components. High surface hardness are achieved after gas cooling (figure 9) . 
The process is carried out at a temperature below the eutectoid temperature ( fer­
ritic domain) and involves the formation of hard, wear resistant iron-alloy nitrogen 
compounds, therefore the steels do not require quenching to achieve full hardness. 
The majority of the steels which are nitrided contain combinations of aluminium, 
chromium, molybdenum and vanadium. 
An exemple of such steel contains: 0.4 % C, 1.8 % Cr, 1 % AI, 0.25 % Mo 
(Afnor : 40CAD6.12 ). We can obtain with this steel a very high surface hardness 
level: about 1100 HV. For another types of steels the hardness is 300-500 HV for 
carbon steels (XClO-XC45 ), 500 - 900 HV for alloy steels (42CD4 - 30NCD8), 300-
600 HV for cast iron, 900-1100 HV for nitrided steels (30CD12 - 40CAD6.12) cold 
and hot working steels (Z40CDV5 - Z160CDV12), 1000-1100 HV for tool steels, 
900-1200 HV for stainless steels (Z20C13-Z6CN18.9-Z35CD 17) . 
These nitrided steels must be austenitised, quenched and tempered at a high tem­
perature, usually 900-950 DC, to produce a fully stabilised tempered martensitic 
structure , prior to nidriding cycle. 
Nitriding involves the formation of alloy nitrides at the surface of the steel. Any 
steel with nitride-forming elements like chromium or aluminium can be nitrided 
but the response differs according to the composition of the steel. 
Generally, the case hardness increases as the alloying element content increases, 
though the case depth becomes more shallow and there is an abrupt transition to 
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the substrate. For instance, Chromium- rich stainless steels can be most effective­
ly plasma nitrided. But it must be remenbered that nitriding a stainless steel can 
greatly impair its corrosion resistance. The case structure of a nitrided steel may 
include a nitrogen diffusion zone with or without a compound layer (Fig. 10 ) de­
pending on the type and concentration of alloying elements, temperature, and ni­
trogen potentiel.The diffusion zone of a nitrided case is composed of the original 
core microstructure (martensite ) with some solid solution and fine precipitation 
strengthening .Hard metallic nitride precipitates are formed with alloying elements 
in the base material ( Cr ,Va, AI, Si, Mo ). The depth of the diffusion zone de­
pends on the nitrogen concentration gradient, time - temperature and steel type.The 
compound layer can be composed of one or two iron nitrides: Fe4N ( gamma 
prime nitride) or Fe2-3N (epsilon nitride). Because carbon in the material aids epsi­
lon formation, methane is added to the treatment gas when an epsilon layer is 
desired. Because the nitriding potentiel can be very precisely controlled by the 
regulation of the nitrogen content in the gas mixture, it should be possible to se­
lect a monophase layer of Fe4N or Fe2-3N ,or to prevent the white layer forma­
tion in order to favour only the diffusion layer formation .The epsilon layer is ge­
nerally used for wear, friction and fatigue applications without shock, excessive 
load or localized stresses . The diffusion zone holds the nitrided case in compres­
sion and then increases the surface harness and the endurance limit of the part 
(figure 9) . 

3.5. EQUIPMENT 

A plasma nitriding system is shown in Figure13. The parts to treated are cleaned 
by vapor degreasing, loaded into the vacuum chamber .The pressure is reduced to 
a level of 0,01 to 0,1 mbar. The load is heated by the glow discharge itself or 
by a combination of plasma and auxiliary heating to reach the nitriding tempera­
ture, which is usually in the range 400 to 570 DC . Auxiliary radiant heating can 
be used as a convective heating to increase the heating speed, and is able to heat 
large workloads, including different size. Since the load is heated to desired tem­
perature, gas mixture is admitted in the vessel and pressure is regulated in the 1 to 
8 mbar range. After these steps, a high negative potentiel is applied on the parts by 
using a high-frequency pulsed plasma power supply . The unit is fully computer 
controlled for the full floor-to-floor process cycle. After the ionic treatment, the 
load is cooled by nitrogen circulation or use of an heat exchanger to extract fas­
ter the heat. 

3.6.INDUSTRIAL APPLICATIONS 

Plasma nitriding is a technique that has been used for the surface hardening of 
both ferrous and non-ferrous components on an industrial mass-production basis 
for over twenty years. Used primarily to enhance surface wear- resistance, ion ni­
triding can be used as a direct replacement for conventional gas and salt-bath ni­
triding treatments. 
A large variety of production tooling such as stamping and forming dies hot for­
ging dies, aluminium extrusion dies, ejectors for plastic molds, screws for plastic 
extrusion, are routinely plasma nitrided to produce wear resistant case layers that 
help increase the performance and life time of the tool. An increasing number of 
engineered components including: gears, valves, crankshafts, hydraulic parts, cams­
hafts, sintered parts, are also now being plasma nitrided on a large volume pro­
duction level ( see: Figures 12, 13 ). 
In summary, the overall application range of plasma nitriding is very wide and 
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concerns all the parts submitted to wear, friction, adhesion, abrasion, to prevent 
galling, metal pick-up and to improve wear and fatigue strength. 

3.7. ADVANTAGES 

Plasma nitriding offers many advantages over other nitriding processes and is a 
technique producing uniform surface hardening of a variety of components . The 
main advantages are: 
- improved control of case thickness 
- ability to select the compound layer type or to prevent white layer formation 
- no environmental hazard compared to conventional process 
- ability to automate the system 
- shorter cycle time 
- reduced energy consumption 
- ability to use mechanical masking 
- flexibility and reliability 
- posibility to nitride stainless steels, titanium alloys (2), stellite 
- possibility to use lower nitriding temperature and to limit distortion. 

(finished machined components can be processed without the risk of distortion) 

4. BORIDING OF STEELS 

4.1. DEFINITION 

Boriding , is a thermochemical surface treatment, whereby boron is diffused into, 
and combines with, the substrate material forming a single or double phase metal 
boride layer at the surface. Unlike many other surface treatments, hard boride 
layers can be developed on most alloys and metals by diffusion boron (6) . 

4.2. PROCESS PRINCIPLE 

All boriding treatments are carried out at 700-1000 0 C, usually for several hours, 
producing hard layers about 30-180 microns thick. 
Unlike carburizing treatment on ferrous materials, where there is a gradual de­
crease in composition from the carbon-rich surface to the substrate, the boriding 
of ferrous materials results in the formation of either a single-phase or double­
phase layer of borides with definite composition (figure 8) . 
The phase equilibrium diagram of the binary system iron-boron according to 
Hansen, shows the existence of two iron borides : Fe2B with 8,83 wt % boron 
and FeB with 16,23 wt % boron. The formation of either a single or double 
phase depends onthe availability of boron. The formation of a single Fe2B pha­
se, with a sawtooth morphology due to preferred diffusion direction, is more de­
sirable than a double-phase layer with FeB. The boron-rich FeB phase is conside­
red undesirable, because FeB is more brittle than Fe2B . Therefore, the FeB pha­
se should be avoided or minimized in the boride layer. 
The boriding process consists of two types of reaction. The first reaction takes 
place between the boronizing agents and the part surface .The nucleation rate of 
the particles at the surface is a function of the boriding time and temperature .This 
produces a thin, compact boride layer. The second reaction is diffusion controlled. 
The total thickness of the boride layer growth at a given temperature can be cal­
culated by the formula: d= k square root of t, where d is the boride layer thick­
ness in cm ,k is a constant, depending on the temperature, and t is the time in 
sec at a given temperature. 
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Industrial boriding can be carried out on most ferrous materials such as case-har­
dened, tempered, tool and stainless steels, cast steels, gray and ductile cast irons, 
sintered steel. As the alloying element and / or carbon content of the substrate 
steel is increased, the formation of a sawtooth configuration in the interface is 
suppressed, and for high-alloy steels a smooth interface is formed. The sawtooth 
configuration of the boride is dominant with unalloyed low-carbon steels, and 
lOW-alloy steels. Alloying elements retard the boride layer growth caused by for­
mation of a diffusion barrier. During boriding, carbon is diffused away from the 
boride layer to the matrix and can form boro-cementite .Like carbon, silicon and 
aluminium are not soluble in the boride layer and are unfavourable for boriding. 
Chromium steels improve the formation of boron-rich layer, decrease the boride 
depth and give a smooth coating / interface. 
Borided parts can be quench hardened in air, surpressed gas, oil and salt bath. 
Heating to the hardening temperature should be carried out in an oxygen-free 
protective atmosphere. 

4.4 BORIDING TECHNIQUES 

There are different boriding techniques: solid phase boriding like pack boriding 
and paste boriding, liquid phase boriding, gaseous phase boriding, plasma phase 
boriding. 
4.4.1. Pack boriding .The technique involves packing the parts in a boriding 
powder mixture contained in a heat-resistant steel box. Powders contain boron 
carbide (B4C) ,the main source of boron, together with SiC or A1203 which act 
as inert diluents, and an activator compound such as KBF4. 
4.4.2 .Paste boriding .This process is used when pack boriding is difficult or more 
expensive. A paste of 45% B4C and 55% cryolite or conventionnal boronizing 
powder mixture in a binding agent is brushed or sprayed over the parts to form 
a coating of 1 to 2 mm thick. Subsequently, the steel parts are heated at 900 DC 
to 1000 DC inductively, resistively or in a conventional furnace in a protective at­
mosphere (N2, NH3, Ar). This process is very useful in the case of large parts or 
for those requiring localized boriding. 
4.4.3 . Liquid boriding . Liquid boriding is grouped into electroless and electroly­
tic salt bath processes. Electroless method is carried out in a borax-based melt at 
900-950 DC to which about 30 % B4C is added. Another salt bath composition 
can be used. In electrolytic salt bath boriding, the metallic part acting as the ca­
thode and a graphite anode are immersed in the electrolytic molten borax at 
950DC. The fused salt bath decomposes into boric acid (B203) ,and sodium ions 
react with boric acid to liberate boron. These processes have several disadvan­
tages: difficulties to remove the excess salt, quality of the salt, environment. 
4.4.4 . Plasma boriding. Mixtures of B2H6-H2 or BC13-H2-Ar may be used in 
plasma boriding. The control of composition and depth of the borided layer is 
possible ,but the use of a very toxic gas and the difficulties to obtain good 
layer uniformity limit the diffusion of this technology. 

4. 5 . INDUSTRIAL APPLICA nONS 

Borided parts have been used in a wide variety of industrial applications. The 
high hardness of borided materials makes them suited to resisting wear, particu­
larly to that caused by abrasive particles. The wear resistance performances are 
obtained when contact stresses are minimized. The hardness of boride layers on 
iron materials is about 1800 to 2100 HV and higher for alloyed alloys. 
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Parts used in sliding wear situations have had their service life increased. 
Industrial applications include: extrusion screws, cylinders ,textile nozzles, pun­
ching dies, stamping dies, molds for plastic and ceramic, die-casting molds, pres­
sing rollers, mandrels, hot forming dies ... Borided steel parts have been used for 
molten nonferrous metals (AI, Zn,Sn) . Boriding can increase the resistance of low­
alloy steel to acids. Borided austenitic steels are resistant to HCI acid. Large sca­
le boriding was applied, on small drive gears for oil pump in a Volkswagen 
diesel engine, to increase resistance to adhesive wear. 

5 . CONCLUSION 

Surface hardening processes such as carburizing, nitriding and boriding are used 
in a wide variety of industrial applications to mainly improve the wear resistance 
of steel parts. In most cases, the three different thermochemical methods descri­
bed in this paper, can resolve et satisfy the mechanical engineering demands. De­
pending of the application type of the mechanical part and its environmental fac­
tors, adequate materials and surface treatments should be selected. The wide range 
of available surface hardening methods and their performances can provide me­
chanical, tribological and environment-compatible surfaces for a given application. 
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Figure 6. View of a gear load 
on its fixture before introduc­
tion in the gas carburizing 
furnace. 

Figure 8. Boride layer on 
a high carbon steel develo­
ped after pack boriding : 
exterior layer FeB, interior 
layer Fe2B. 

Figure 7 . View of a gas carburi­
zing batch furnace and helicoidal 
gears load. 
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Figure 9. Microhardness 
profile of a steel after 
plasma nitriding . 
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Figure 11 . Mechanical parts sur­
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Figure 12. View of cutting tools and screw for plastic injection machine during 
plasma nitriding cycle . 

Figure l3. Views of a pulsed plasma nitriding unit with auxillary heating sys­
tem and double load-fixturing (on the left), load of gears plasma nitrided (on the 
right ). 
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ABSTRACT. Low energy accelerators are used widely for the modification of materials 
and in research on material properties. The ion implantation of semiconductors becomes 
an industrial application of major importance. The ion implantation technique has steadely 

been extended to the intire range of materials including metals, ceramics, glasses and 
polymers .. This paper considers a number of areas in which ion beams are now applied, 
such as microelectronics, metallurgy, corrosion science,optics. 

1. Introduction 

The ion implantation provides one method of introducing chosen atomic species into a 
material by direct ion bombardment. The incident ions come to stop in the bombarded 
material as a result of losing energy during collision with substrate atoms. The rsulting 
depth-concentration profile of implanted atoms can be calculated for most projectile-target 

combinations from well-established theoretical models. 
During the slowing-down process, the incident ions transfer a significant amount of 

energy to the substrate resulting in the displacement of target atoms. As a consequence, 

there is a probability of atom ejection (sputtering) from the target surface and an 
equilibrium condition may be reached, where as many atoms are removed by sputtering as 
are replenished by implantation. In such conditions, the depth distribution of implanted 
atoms presents a maximum at the surface and falls off over a distance comparable to the 
initial range. 

The important feature of ion implantation technique is that it allows the controlled 
introduction of almost any additive, albeit to a limited depth, without the necessity of 
elevated temperatures. The injection proceeds irrespective of the normal constraints of 
solid solubility or diffusivities. 

An important attribute of ion implantation is that it is a violent process in which a 

considerable lattice disorder is introduced and the atoms of the bombarded material may 
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be displaced many times over. The implanted atoms will often associate with or segregate 

to the produced defects and these complexes influence the material properties. 
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Figure 1. The projected range (R) and the range straggling (L'lR) as a function of 

implantation energy for nitrogen in iron. 

Ion implantation has now been extended to the entire range of solid materials, for the 
modification and study of such different chemico-physical characteristics as corrosion, 
wear, catalytic properties, magnetic behaviour and optical properties. 

Another approach has received much attention over recent years, and is generally 
described as ion beam mixing. If a thin (about 100 nm) coating is bombarded with 
energetic ions wich pass through into the substrate it is possible to bring about a 

progressive intermixing in which the atoms are transported either by rapid collisional 
effects or by various mechanisms of radiation enhanced diffusion. The end result is a 

non-equilibrium state wich resembles in many ways that produced by direct ion 

implantation. In many experimental situation ion-mixing technique ovrpass the 
concentration limits, observed in ion implantation process. At the initial stage of mixing 

process it is observed that there can be a considerable increase in thin coating adhesion 
and the particular physico-chemical effects that account for this are the subject of some 
interesting research. 

Higher ion energies are used in material research in order to induce a controlled 
amount of near-surface radioactivity, in a process referred to as Thin Layer Activation 
(TLA). The purpose of this is so that subsequent erosion of surface, either by wear, 

sputtering or corrosion-erosion can be followed by monitoring the loss of radioactivity (or 
alternatively its appearance as debris elsewhere). 

The present paper will attemp to give an overall perspective of these development 

in such different fields as microelectronics, metallurgical applications, medicine, corrosion 

science, catalysis, optics ..... 
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Necessary the review is superficial and for more details the reader is referred to the 
proceedings of several series of international conferences [1-4]. 
The advantages of ion implantation in comparison to other surface treatments, such as 
coatings, are: 
a) controllable addition of impurity ions, 
b) ion energy control of the ion range, 
c) multi-energy implants offer a depth tailored profile, 
d) small lateral spread of the implanted ions, 
e) solid solubility limit can be exceeded, 
f) no modifications are induced on bulk properties, 
g) no significant dimensional changes are produced, 

h) low temperature process, 
i) no adhesion problems, since there is no a sharp interface, 
1) clean vacuum process, 
m) highly controllable and reproducible process 
n) alloy preparation independent of diffusion coefficients, 
0) allows fast screening of the changes in alloy composition, also if radiation effects may 
introduce modification in the alloy behaviour, 

p) self alignement of the implant with surface masks and/or contacts, 
q) implantation through existing layers or surface barrier oxide. 

Limitations of the ion implantation technique are related to the application to 

samples having complicated reentrant surfaces, to the shallow implanted ion penetration, 
also if there are several situations involving both physical and chemical properties in 
which the effect of the implanted ions persists to depths far greater than the initial 
implantation range, and the relatively expensive equipment and processing cost. 
Implanting ions into metals or semiconductors does not have the problems of substrate 
charging which occurs in insulating materials, i.e. wide band-gap materials. In the case 

of metals and semiconductors attaching ground to a substrate provides a route through 
which a charge to compensate the charge introduced by ion implantation can move into 

the implanted material. In presence of materials with wide band-gap and consequently 

resistivities> 1018 Q'cm at room temperature, charging phenonemon frequently results in 

electrostatic discharges within the material. Another consequence is the growth of an 
electric field which repels subsequent charges. These effects may be reduced or eliminated 

if there are ions in the material with sufficient mobility to redistribute in the electric field 
produced by the added charges. If the material is in contact with an electron source, if the 
potential to injection is small and if the mobility of the injected charge is not too small then 
the charge added by irradiation may be compensated. It is possible to implant insulating 
materials, as glasses, mounting the samples on grounded metals supports. Thus the 
support provides a source of electrons to compensate the positive implanted charge. 
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2. Metallurgy 

Ion implantation is a process by which nearly all elements can be incorporated in the near 

surface regions of materials without any metallurgical constraints. The concentration and 

the depth distribution can be well controlled, leading to a high degree of reproducibility in 
altering chemical and physical properties of the materials. Due to these unique capabilities 
for the modification of surface sensitive properties, the field of ion implantation into 

metals has expanded rapidly in the last decade. Numerous systematic studies have proved 
that mechanical, chemical, electrical and optical properties can be optimized for special 

applications. The improvement of mechanical properties such as friction, wear, hardness, 

adhesion and fatigue seems to have the greatest potential for commercial application. 

Thus, on the one hand systematic studies may provide a product which is of technological 

use, on the other hand, however, these studies provide insight in the relationship between 

materials propel1ies and their microscopic structure. 
Channelled RutheIford Backscattering provides information about the lattice location of 

implanted impurities heavier than the host. It was thus observed that normally insoluble 

additives would, as implanted into metal crystals, often occupy substitutional lattice sites. 
Thus molybdenum in copper can f0l111 a substitutional solid solution at concentrations of a 

few atomic per cent. One view is that the presence of bombardment-induced vacancies 

stabilizes the substitutional location of oversized impurities by accommodating additional 
lattice mismatch. This model relies upon the fact that interstitials are much more mobile 

than vacancies so that each ion trajectory will result in the production of a collision 

cascade with a vacancy-rich core. The constraint on differences in electronegativity, 

nonnally up to 15 per cent according to the Hume-Rothery rule, also proves to be relaxed 
under ion implantation conditions. Vacancies, though unchanged in a metal, effectively 

allow an excess of valence electrons to balance the influence of additives of low 
electronegativity, such as rare earth species. The detailed consideration must take into 

account the modified Fel111i smface of the irradiated metal. 
Beyond a critical composition the combination of lattice disorder and physico-chemical 

mismatch inevitably produces a breakdown in order and the metal becomes amorphous 

(by all available experimental criteria). This is a useful method of exploring 'glassy' 

metals, which otherwise need to be produced by a rapid quenching from the melt, for 

example as a ribbon 'splatcooled' on a rotating water-cooled cylinder. By analogy it has 

been argued that the energy deposited by ion implantation creates effective local 

temperatures well in excess of the melt temperature, but these "quench" in a time of less 

than 10-11 seconds, so that one has ultra-rapid cooling of each thermal "spike". 

Once a non-equilibrium condition has been brought about by implantation, it is useful to 

observe how it relaxes, during for example a subsequent thermal annealing. For example, 
molybdenum in copper migrates, during annealing experiments, towards the surface. At 

the same time precipitation occurs and eventually small crystallities of molybdenum are 

visible (in the SEM) on the metal surface. It is obvious that, as the vacancies anneal out 

the oversized impurities will tend to segregate as a second phase, but it was evident that 

the impurities stabilize the presence of vacancies and the process required temperatures of 
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700-800C, not far below the melting temperature. It is well established that there is a 
positive binding energy between oversized impurities and vacancies, and such complexes 
can migrate as an entity. The segregation process will thus take place to available sinks 

(for vacancies) such as the crystal surface. Once the vacancy is lost the impurity atom 
becomes immobilized, but it is easy to picture the action of precipitates as favourable sinks 
for further Seb'Tegation. 

Similar processes are observed during the irradiation of thin films of metals on a 
surface which they do not wet, and with which there is no chemical interaction. Thus tin 
and lead, deposited on aluminium and irradiated below the melting temperature undergo a 
remarkable degree of lateral transport to form islands and beads as a result of segregation. 
Segregation of the constituents of homogeneous alloys under ion bombardment is an 
important area of research which is connected with the use of ion beams to simulate fast 
neutron irradiation effects in materials for nuclear reactor construction. Redistribution 
occurs througha variety of mechanisms as a result of the generation of point defects 

(vacancies and interstitials) within the alloy. Some constituents may bond preferentially to 

one of these defects and the complex so formed may diffuse at the temperature of 
exposure (generally this is above room temperature). Alternatively there may be a 
migration into the bombarded zone by a mechanism which is the inverse of the Kirkendall 
effect. If an impurity atom can exchange with a neighbouring vacancy more rapidly than 
the other nearby host atoms do so, then there will be a tendency for these impurities to 

drift into the region with the maximum vacancy concentration. Both types of mechanism 
have been observed in nickel alloys irradiated with nickel ions at SOOC: manganese 

migrates towards the damaged zone by the inverse Kirkendall procss while silicon 
migrates away from this zone, probably in the fonn of a complex with nickel interstitials. 
These segregation phenomena are connected with the process referred to as ion beam 
mixing. Relocation of atoms by single or multiple collisions bring about a progressive 
intermixing by a rapid non-thermal mechanism. At higher temperatures, when point 
defects are mobile, the various forms of enhanced diffusion can occur and this can 
augment the degree of mixing. These effects may be useful as an alternative to direct ion 
implantation, because mixing of a deposited coating can be induced by easily generated 

beams of gaseous species and this avoids the necessity for intense beams of metallic ions. 

Thus, ion beam mixed tin has proved to be just as effective as implanted tin in iron and 

steel for the improvement of wear resistance. 
The accelerator requirements in the metallurgical field are significantly different from those 

in semiconductor device fabrication. Firstly, the variety of ion species is much wider and 
in general the ion currents are moderately large despite the fact that areas to be treated are 

relatively small. The simulation of radiation damage may call for very long exposures, 
particularly if dynamic properties such as creep are to be investigated. 

3 Tribology 

Tribology is the study of the processes of friction and wear of materials and its 

applications are aimed primarily at the reduction of wear in metals. 
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The first investigations of the effect of ion implantation on friction and wear were 

commenced at Harwell about 1970. Success was quickly achieved following ion 

implantation of steel with nitrogen or carbon, chosen on the basis of the effectiveness of 

the diffusive treatments, nitriding or carburising. If some 10 to 30 atomic per cent of these 

additives are introduced, the wear resistance, as measured by pin-on-disc tests, is 
frequently reduced by factors of 100, dependent upon the pre-treatment of the steel. 

Microhardness measurements also show substantial increases as a result of the 

implantation treatment. 

In Figure 2 we show the weight loss after a dry sliding wear test. The measurements 
were perfoll1ed by Mettler balance with a sensitivity of 10-5 g. 
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Figure 2. Weight loss of type 38NCD4 steel as a function of the dry sliding wear time, for 
high dose 30-ke V nitrogen implantation and for unimplanted samples. 

This process is believed to act by a combination of solid solution strengthening, in which 

implanted interstitial species pin dislocations, and dispersion hardening, in which a fine 

dispersion of hard nitrides (such as CrN in alloy steel) serve to harden the matrix. This 

corresponds well with the classical understanding of alloy hardening, but what is still 

debatable are the causes of the persistence of the effect, long after the initial layer of 

nitrogen-implanted metal has been worn away. One view is that interstitial atoms can 
migrate, in association with stress induced dislocations, and so be driven forward as wear 

proceeds. Others challenge the evidence on which this is based and consider that the 

implanted nitrogen may modify the initial mechanism of wear so that a mild, oxidative 

wear regime is initiated, which can persist. 

Other species besides the light interstitial atoms also convey benefits in wear resistance: 

titanium, tin, yttrium and tantalum have been shown to improve the wear properties of 

steel. Implanted titanium reacts with carbon in the steel to produce a fine dispersion of 

TiC, while yttrium improves the retention of a protective oxide film. Tin may act by 

forming a hard oxide or by the production of iron-tin intermetallic particles. 
The practical applications of ion implantation for wear resistance have been mainly in tools 

such as moulds, dies, punches, mill rolls and press tools. The advantages are that there is 
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only a moderate temperature rise during treatment, and so no distortion. are not introduced 
The process brings about no dimensional changes and retains the full polish. Probably the 
most successful area of application has been to precision tools subjected to abrasive wear 
in the moulding of filled plastics. Often these are extended in life by a factor of ten. 
Nitrogen implantation has not been successful for cutting tools which operate at high 
temperatures (> 500 C) such as drills or cutting tool inserts. This may be because the 
nitrogen diffuses away, or the implanted layer is consumed by the growth of oxide. 

Implanted yttrium is, however, effective at IOOOC . 

Cobalt-cemented tungsten carbide is an important composite material used for long-life 
tools, and here again nitrogen implantation has sometimes given useful increases in life. 
The benefits are less reproducible than in steel, however, and it has been shown that a 
high temperature (300-400 C) during implantation leads to a greater hardness and wear 
resistance. This implies that the implanted atoms must be capable of migrating to associate 
with defects of some kind. Depending upon the grade of carbide there may be different 
degrees of improvement, and tentatively it appears that the greatest benefit occurs in the 

softer carbides. Successful practical applications have been made in punches, wire­

drawing dies, knives and drills for printed circuit board manufacture. 
Titanium alloys are light, have good tensile strength and are extremely resistant to 

corrosion. They are therefore favoured for a variety of advanced components, such as 
surgical prostheses (artificial joints). However, the wear resistance of titanium alloys is 
relatively poor by comparison with that of cast Co-Cr-Mo alloy. Ion implantation of 
nitrogen has proved to be a highly successful means of improving the wear resistance of 
titanium and its alloys, and the mechanism is almost certainly due to the production of a 
fine dispersion of hard titanium nitride within the metal. The surface retains its excellent 
corrosion resistance and yet, in tests against high molecular weight polyethylene, the wear 
rate is reduced by over 400 times. 
The wear mechanism in this case is believed to be abrasive, as a result of particles of hard 

oxide debris which become embedded in the plastic. The useful life of artifical joints 

should be increased significantly because a known mode of degradation is the irritation 

and bacteriological infection which comes about as a consequence of wear debris in the 

joint. 

This area of medical implants is advancing more quickly than some of the other 
applications, such as tooling. This is because ion implantation appears to be the only 
surface modification technique which can succssfully harden this alloy's surface without 
comprimising surface finish, dimensionality or cosmetic appearance. In addition there is 
not the concern of delamination that there would be for conventional coatings and the 

implanted nitrogen is accepted as being benign within the human body. 
Ion accelerators are useful nowadays in quantifying wear rates by the technique of 

thin layer activation, which was applied to the prosthetic materials in the example above. 

The technique consists of bombarding the material with energetic charged particles chosen 
to induce a nuclear reaction in one of the alloy constituents. Preferably the nuclei produced 
by this activation give rise to a penetrating form of decay radiation, such as gamma rays: 

absorption within the test equipment is thereby minimised. Wear is determined either by 
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the loss of radioactivity in the component or by the accumulation of active debris on a 
filter or within the lubricant. The thin layer activation method is being used on a growing 
scale for the evaluation of lubricants, or for the testing of surface treatments. It is not 

confined to metals since almost any material can be activated by a suitably chosen beam. 
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Figure 3. Wear diagrams of UHMWPE annuli sliding against 175 ke V -nitrogen Implanted 
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Diamond is, of course, the hardest known substance and its wear rate is very 

small. There is controversy about whether the mechanism of wear resembles that in metals 
or softer ceramics, involving the generation and entanglement of dislocations, or whether 
the erosion process is often more chemical in nature, involving the stripping of atoms 
from the surface. Undoubtedly, in contact with ferrous materials there is a physico­
chemical interaction which destroys diamond rapidly. Ion implantation has been used 
successfully to improve the wear resistance of diamond tools of various kinds.Relatively 
light doses of nitrogen « 1015 ions/cm2) will extend the life of cutting tools used for 
machining acrylic resin, and of wire-drawing dies, used for copper wire manufacture. 

Diamond microtome knives, used extensively for the preparation of microscope 

specimens, are improved in life very significantly by the same treatment. It is not clearly 
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known how the implanted nitrogen acts, or indeed whether it could be said to harden the 

diamond. Instead, it could amount to some form of toughening. Nitrogen is believed to 
associate with carbon vacancies in diamond, and may interact with dislocations. 

Other ceramics such as alumina have successfully been hardened by the ion 

implantation of additives such as chromium or zirconium which are known to be effective 
when added by other means. Even greater benefits are achieved at a comparable additive 

concentration if implantation is used, possibly because of the more uniform dispersion of 
the minor constituent. High fluence implantation into sapphire results in a decrease of 
hardness, correlated with the amorphization of the sample. At lower fluence, below the 

amorphization threshold, the substrate remains crystalline but the implantation damage 

induces high residual compressive stresses which improve resistance to crack 

propagation. Whatever the fluence, many parameters playa role in these modifications of 

mechanical properties in particular the temperature during the irradiation, the orientation of 

the lattice, the kind of incident ions. Titanium implants in silicon nitride increase the wear 

resistance of some order of magnitude. 

4) Corrosion technology 

In terms of cost to national budgets corrosion ranks with wear in representing a huge 

annual waste of materials and energy. It is a particularly dangerous form of degradation 
because it is less readily predictable and accounted than for the wear. It is also probably 

even more complex, being compounded with mechanical factors such as stress, wear and 

fatigue in practical situations. 
The science of corrosion is divided according to whether the attack takes place in a 

gaseous environment or in a liquid (such as water) which allows an electrochemical circuit 

between different parts of the exposed surface (galvanic corrosion). During oxidation at 

high temperatures there is appreciable migration of cations and anions within the corrosion 

film, while loss of material from the surface occurs primarily in spalling or decohesion as 

a result of thermal mis-match. During aqueous corrosion there is likely to be a continual 

dissolution of the surface and stress effects occur in crevices or confined spaces. 

Ion implantation provides a controllable and versatile means of altering surface 

composition and thereby examining the influence of different additives on corrosion. 

Since the material is introduced in a well-defined and shallow layer it is possible by 

subsequent analysis (often itself carried out using ion beams) to follow the movement or 

loss of additive. Unlike conventional alloying, implantation does not bring about 

variations in the grain size, but it is always necessary to recognise that it introduces a 

considerable amount of lattice damage. In metals this generally takes the form of a 

dislocation entanglement similar to that induced by cold working. 
A systematic exploration of the effects of ion implantation on aqueous corrosion and 
electrochemical behaviour is reported.in literature. In general the results match closely 

those obtained wi th alloys containing an equivalent concentration of additive, e.g. 

chromium in iron, and the conclusions are that the ion bombardment itself has relatively 

minor consequences. Implanted molybdenum conveys the same resistance to pitting 
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corrosion in stainless steel as it does when alloyed, and it was possible to show that this 

property of molybdenum also manifests itself following implantation into aluminium. 

However, one must recognize that ion implanted layers are extrelmely thin and may be 

bridged by even small second-phase inclusions in an alloy surface. During corrosion these 

may form pits and provide a source of galvanic attack. Where there is a catalytic effect of 

additives (such as platinum) the implanted material may be more active than its alloyed 

equivalent, perhaps as a consequence of the nonequilibrium state of the surface. 

The practical application of ion implantation as a means of protection against aqueous 
corrosion is limited by the high cost of treating significant areas. It is being used, 
however, in cases of atmospheric corrosion. Ball bearings for naval aircraft often soffer 

from pitting corrosion in a marine atmosphere, and ion implantation of chromium has 
been shown to eliminate the problem. Other specialized applications in costly systems will 

probably be found. 
The situation is more favourable in high temperature corrosion. There is no dissolution, 

nor galvanic processes, and the mechanisms of redistribution as the corrosion film grows 

can transport implanted material to greater depths. At first, exploratory surveys were 

carried out using many different ion species to compare their effects under given oxidation 
conditions. It was thus possible to show that titanium and zirconium, though 

metallurgically similar, have oxides which are sufficiently different that there is no 
correlation between additive effects. The protectiveness of Zr02 is governed primarily by 

stress, while oxygen transport dominates the oxidation of titanium. The trend has been to 

study the effect of a limited number of ion implanted additives in much greater detail, 

using sophisticated microscopic and analytical techniques. A good example has been the 
work on Ni-20%Cr. Implanted yttrium or cerium have dramatic effects on oxidation rate 

and oxide adherence in this, and other chromia-forming alloys. The implanted atoms are 
rapidly consumed in a CQ03 film where they form minute second-phase oxide 

precipitates, uniformly distributed. They do not, as was earlier inferred, segregate at oxide 

grain boundaries and so hamper chromium out-diffusion. The oxide grain size is about 

four times smaller than in unimplanted alloy, and so the number of grain boundaries is 
increased. There is evidence that oxygen migration inwards dominates, and there are no 

voids at the metal-oxide interface. It is possible that the structure of the oxide grain 

boundaries has been modified. So far the value of ion implantation has been to allow tests 

which lead to a rejection of most explanations of the "rare earth effect". 

5. Microelectronics 

The success of ion implantation as a method of fabricating microelectronic devices has 

produced a very powerful driving-force in the development of sophisticated accelerators, 

wafer handling systems etc. The advantages of ion implantation over the previously used 

diffusion methods lie in its precision and reproducibility, combined with the versatility of 

an ion implanter, which can be applied to different processing steps required for device 

manufacture. It has for some years been possible to achieve an uniformity of implantation 

over 10 cm diameter wafers of approximately 1 per cent, and a reproducibility over many 
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months which approaches this precision. As the chip size increases (though device size 

decreases) the requirements for high yield grow more demanding and the prospects for 

wafer scale integration involving very large chips make it essential to avoid non­
uniformities arising from the beam sweeping (mechanical or electrical) system used. 

Research has been devoted to way of improving the mechanical manipulation of larger 
and larger wafers (20 cm diameter silicon is being produced in Japan) and to the problems 

of electrostatic sweeping of high intensity beams, in which space charge neutralisation 

between ions and electrons must be maintained. Ion source development is being spurred 

by the need for large currents of boron, the most widely used acceptor species. 

High doses of oxygen (or in some cases nitrogen) ions are implanted into silicon wafers 

in order to produce a buried layer of silicon oxide (or nitride) dielectric for the isolation of 
devices. As CMOS circuits progressively shrink in size there is the risk of coupling 

between them and the so-called latch-up problem. Dielectric isolation is the most effective 

means of eliminating this, besides simplifying some CMOS processing steps. Bearing in 

mind that CMOS circuits are the key devices in major development initiatives it is clear 

that considerable effort is being directed at new fabrication methods. For economic 
reasons the ion beam intensities for oxygen implantation to doses of 2x10 18 ions/cm2 

must be about 100 mA, at energies around 200 ke V. The dissipation of this 20 kW of 

power is a difficult problem and ingenious methods of wafer cooling are explored. There 
is a very pressing commercial demand for accelerators which can meet the specification 

because it is conceivable that most future silicon CMOS circuits could be manufactured on 

implanted starting material. 

Application of relatively high energy ions, at 2-5 Me V, is also now in progress in order to 
bury dopant ions much more deeply in certain silicon circuits, and this greater penetration 

is useful also in gallium arsenide and other compound semiconductors. By diffusion, of 

course, it is impossible to produce a buried concentration. 
Because the implantation process is a violent one, heavily implanted silicon becomes 

amorphous. In the high dose implantation of oxygen (or nitrogen) the implantation is 

carried out at temperatures of about 500 C so that a continuous annealing takes place, and 
the silicon lying above the bnried Si021ayer remains crystalline. Its crystallinity can best 

be verified by channelled RBS measurements, which are also used to demonstrate that the 

full oxide stoichiometry is achieved throughout an adequate thickness. 

In most other cases of implantation into silicon the annealing to restore crystallinity and 

carrier mobility is carried out afterwards. Conventionally this has been done by furnace 

annealing at about 900°C, but increasingly rapid thermal annealing (RTA) is preferred 
because it can lead to less diffusive redistribution of implanted dopants. As the scale of 

devices shrinks this degree of control becomes more important. Laser annealing was for 
long time explored, but much simpler methods of heating by incoherent light (quartz 
halogen or xeron lamps).or by using high implantation currents (self-annealing) appear 

more convenient. 

Modern microelectronic circuits are vulnerable to minute defects during the process of 

masking in photolithography. For this reason great pains are taken to minimise particulate 

contamination on the surface of the wafer during processing. This is especially important 
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during ion implantation because even sub-micron particles can stop most incident ions. 

Much attention is therefore being given to the design of ion implanters so as to minimise 

moving parts or sliding surfaces at which debris can be generated. The breakage of wafers 

inside the accelerator must also be avoided. 

The production of compound semiconductor devices presents more difficulties than in the 
case of silicon. High temperatures required to induce diffusion lead to dissociation of 
compounds such as GaAs, and for this reason ion implantation is preferred. However, the 
accompanying radiation damage must be annealed away, and this process demands high 
temperatures. Encapsulation by inert layers (such as silicon nitride) combined with rapid 

annealing of the material have proved to be the most successful methods. 

6. Magnetic bubbles memory devices. 

Certain ferromagnetic oxide materials based upon the yttrium-iron garnets are used 
increasingly as a basis for memory storage. Under applied magnetic fields ferromagnetic 

domains form and one class of domain can be caused to shrink to small circular regions a 

few microns in diameter. The material is transparent but the domains can be rendered 
visible by the Faraday effect in polarized light, and under such viewing conditions they 

resemble bubbles. 

In the earlier devices these bubbles were caused to move along a superimposed pattern of 

magnetic elements produced, as a rule, by deposits of penl1alloy. In this manner a bubble 

could represent a bit of stored infoTI11ation, which could be manipulated magnetically and 

read by suitable output sensors. 
It was found, however, that certain immobile or 'hard' bubbles would often exist and 

because these could not easily be collapsed would interfere with the action of the device. 

Ion bombardment could be used as a simple method of eliminating hard bubbles and he 
compressive stress induced in the crystal surface by bombardment would, in conjunction 

with the magnetostrictive properties of the material, create a shallow region of transverse 

magnetization at the surface of the film which effectively caps the bubble with a preferred 
distribution of magnetization. 

More recently ion implantation through a masking film, for example of photoresist, has 

been used to induce a pattern of regions with an in-place magnetization (asjn permalloy 

overlay films), and the bubbles are attracted to the discontinuity at the edge. The magnetic 

garnet is grown as an epitaxial film which may be only 1 micron thick, on a suitable 

latticematched substrate such as gadolinium gallium garnet (GGG). 

The ions used for this application are generally light speeies, such as neon, oxygen etc. at 

doses of about 2.10 14 cm- 2 and energies of around 100 keY. The application has, 
however, stimulated continuing work on the physical mechanisms responsible for the 

magnetic behaviour, and it has been suspected for several years that the simple 

explanation above in terms of stress nduced anisotropy was insufficient. Thus, while the 

induced stress increases linearly with ion dose the intrinsic anisotropies are suppressed by 
a given dose irrespective of their initial value. Careful measurements have shown that the 

disorder of the crystal structure plays a part as well as the stress generation. The 
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displacement of iron and oxygen atoms in the lattice is thus held to alter the intrinsic 

magnetic properties of the crystal. It is therefore possible that some anomalies observed 
when a range of different reactive and non-reactive ions are used to bombard garnet films 

can be due to the chemical interaction between constituent atoms, and the association 

between implanted atoms and point defects. 

7. Image storage in PLZT ceramics. 

The transparent ceramic lead lanthanum zirconate-titanate (PLZT) has a ferroelectric phase 

which can be used to store optical images by switching the material through a ferroelectric 

hysteresis loop while exposed to a UV image. The stored images, while non-volatile, can 
be erased or controlled electrically to provide contrast enhancement. The resolution is 

good (40 lines/mm). 

The photosensitivity of this material is normally very poor by comparison with the 
photographic plate, but the photosensitivity has been improved by a factor up to 104 by 

the implantation of rare gas ions such as Ne or Ar The effect is believed to be due to a 

decrease in the dark conductivity in the near-surface region so that, under an applied 

elecric field, most of the potential is dropped across this region. Photogenerated carriers 

therefore have a high probability of being swept into the underlying ceramic to reorient 

ferroelectric domains (now in a reduced field). 

Normally, PLZT is relatively insensitive to visible light, but an enhanced performance is 

reached by the ion implantation of chemically reactive species such as Al or Cr, and the 
best overall characteristics were achieved by 8x 1014 Al ions/cm2 at 500 ke V together with 
1015 Ne ions/cm2, also at 500 ke V energy. 

8. Glasses 

\ 

The effects of ion implantation in glasses have been extensively investigated, in 

particular for mechanical, optical and aqeous corrosion properties modifications [5-13] 

The interaction of implanted ions with insulators results in the deposition of energy into 

electronic processes (ionization and excitation) and into atomic collisional events 

(Coulomb and hard-sphere interactions). The partitioning of energy into these two 
categories depends on the velocity of the ion relative to that of the target electrons. 
Although these interactions are common to all material classes, the utilization of electronic­

energy deposition in physical property modification has been found to be significant only 

in insulators. This sensitivity is well known in the case of organic polymers. 

A large number of microscopic processes are induced by ion implantation in glasses: 

preferential sputtering, radiation enhanced diffusion, internal electric field formation, 

electric field assisted diffusion and radiation induced segregation. 

Chemical and physical transformations involved in ion implantation processes can be 

classified on the basis of two aspects: a) modifications only related to energy deposition 
and independent of the nature of the incident ion; b) modifications strongly dependent on 

the ions, because of the fom1ation of chemical bonds between them and target atoms. In 
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the former case modifications are due to radiation induced compositional changes 

occurring in the collisional cascade (radiation chemistry), while in the latter case processes 

equivalent to the so-called "hot atom" chemistry induced by recoil atoms produced in 

nuclear reactions or radioactive decay are involved. 

The relative importance of each mechanism depends on the characteristic parameters of the 

implantation processes (ion, energy, target, temperature, current density) and glass 

composition and structure. Thus we expect different changes in mechanical and 

tribological properties, network dilatation, induced optical absorption and luminescence, 
compositional changes and modifications in chemical behaviour. 

Heavy-ion implantation in alkali-silcate glasses first removes alkali ions, present in 

the glass composition, from the region of the implanted-ion distribution and for higher 
fluence levels removes alkali from the entire near-surface region to a depth well beyond 

the ion projected range, including the straggling contribution. 

The alkali depletion has been analyzed in terms of a preferential removal of alkali ions 

during the implantation process, associated with a change in the alkali self-diffusion 

coefficient in the damaged region [5-6]. The evaluated alkali diffusion coefficient values 

are some order of magnitude higher than the thermal ones, indicating that the migration 

process is related to the damage produced by implantation. 

8.1 Variation of etch rate 

Chemicahtability changes of silica are technologically important, considering that Si02 is 

used as a passivating layer in semiconductor devices and these modifications can be used 
to etch patterns onto a surface. Ion implantation technique may also be of use in the 

designing inner regions with different etching properties. 

Vitreous silica is the most extensively studied material. Its etch rate with dilute HF is 
increased by a factor of about 5 under Band C, N, 0, implantation at doses of 1012_1016 

ions/cm2. The etch rate of the implanted layer has been found to be constant along the 

range of the ions and correlated to the electronic stopping power. Variation of chemical 

etch rate in HF are related to radiation damage and formation of compound. A systematic 
study of the etch rate changes in silica due to Ar, N, Si plus N implants has been 

perfom1ed. A general feature of the etch process is characterized by an initial high etch rate 

through the implant region and a subsequent decrease in the unimplanted one.[9] 

For Ar implants the etch rate (0.25 nm/s) is of a factor 5 higher than the measured one in 

unimplanted silica (0.05 nm/s). Such an effect is due to radiation damage, which 
introduces new sites of different chemical reactivity. 
In figure 4 the residual thickness as a function of etch time for 500 nm thick Si02 film/Si 

samples after 100keV-Ar implants, at different doses. 

The etched thickness increases linearly with etching time till a depth at which the etching 

rate assumes the value observed for unimplanted samples. 
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Figure 4 Etch curves in 0.5% HF solution for 100 ke V Ar implanted silica glass at 

different doses. 

If it is assumed that the depth at which the etching rate changes corresponds to the 
thickness of "damaged" region. Such a thickness is about a factor of 2 higher than the 

projected ranges, Rp, and range stragglings, ~Rp' of the implanted ions, calculated by 

using the TRIM code. These results on extention of damaged region for high implantation 
fluences, by etching rate measurements, can be compared to those obtained from leaching 

and alkali depletion experiments. 
Implants of nitrogen in silica determines the formation of SiOxN y compounds. The 

stoichiometry of SiOx N y compounds is limited by the redistribution of N during 

implantation, as shown in Figure 5. 

Figure 5 reports the SIMS profiles of 50 ke V -nitrogen implanted in silica at different 

doses. At doses higher than 5xl016 cm-2 the top of nitrogen profile begins to be flat. 

Further increasing the dose the nitrogen profile exhibits a long plateau which extends from 

the surface up to depths much greater than the range plus straggling. The total dose 
retained in the sample is reported in the inset as a function of nominal dose. 

An increase of the N concentration is obtained for N implantation in Si-preimplanted 

silica. The presence of silicon oxynitride compounds is expected to lower the etch rate. 

Indeed in Nor Si plus N implanted samples the etch rate is lower (0.15 nm/s) than the 

measured one for Ar implants. Moreover the etch rate value is still higher than for 

unimplanted samples due to the contribution of radiation damage, 

After a annealing process (700C, 5 hours) Si plus N implanted samples present a very 

low etch rate value(O.03 nm/s ), as a consequence of radiation damage annealing and the 
presence of a stable SiOxNy compound 
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The compound formation and the evolution as function of a subsequent implant or 

annealing process has been studied by using X-Ray Electron Spectroscopy [3] 
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Figure 5. SIMS depth profiles of 50-ke V nitrogen implanted in silica at different doses. 

The inset shows the retained nitrogen dose as a function of nominal dose. 

8.2. Vari~tion of hydration rate 

The research activity in the field of ion bombardment effects on glass hydration has been 
detennined from technological applications such as the durability of nuclear glasses and 

the potential of incorporated hydrogen as a means to decorate ion-induced defects. Ion­

induced hydration of silica has been investigated with a wide variety of ions [12]. 

Figure.6 shows the hydrogen profiles in vitreous silica implanted with two doses 

of 207 ke V Pb ions and leached in 100C water for increasing times. For the highest dose 

(l015/cm2) and long leach times the flat H profiles extend to a depth of about 1500 A 
which has to be compared to the Pb projected range of 600 A. The occurrence of a critical 

fluence which is one order of magnitude higher than that measured for matrix destruction 

is evident. This peculiarity was then reported for more complex silicate glasses. 
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Figure 6. Hydrogen profiles, measured by using nuclear techniques, in vitreous silica 

after 207 keY-Pb implant at two doses and leaching in lOOe water for increasing times. 

Some hypotheses have been proposed for explaining this aspect: (i) the defects, 

produced locally, are mobile and propagate long distance; (ii) ion implantation induces a 

stress field penetrating further into the glass. The first mechanism has also been assumed 

to explain the Na-depletion in implanted soda-lime glasses. The thickness of the depleted 

layer is greater than the range of the implanted ions and is a function of the deposited 
energy. A redistribution of implanted gaseous elements, for high fluences, is also 

observed at depths greater than the projected range plus straggling values. At lower 

fluences the depth profiles follow the calculated distribution (using TRIM code).(see 

Figure 5). 

The hydration process was interpreted as follows: hydrogen, in an unspecified 
form H+, H30+, H20, penetrates the material at an enhanced diffusion rate because of the 

heavily damaged structure and reacts with a chemically reactive defect, possibly a non­

bridging oxygen, thus decorating the defect distribution. Such a model is supported by 

the results of post-leaching thermal annealing experiments. 

8.3 Mechanical property modifications 

Ion implantation induces volumetric changes, as a consequence of defect production, and 

concomitant surface stress, hardness and refractive index modifications [Ill. 

For most simple silicate glasses, implantation results in compaction within the implanted 

region. This might be expected a priori on the basis of the large specific volume and open 
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structure of the glassy state relative to that of its crystalline counterpart. On the contrary, 

crystalline materials generally expand due to lattice displacements. 

The dilatation of the implanted surface also results in a lateral stress which can be tensile, 
due to compaction, or compressive, due to expansion in the implanted layer. 
The compaction in simple silicate glasses is justifiable in terms of Si04 tetrahedra rotation 

into the adjacent voids, when bonds are broken. 

When H-impregnated silica is irradiated, the hydrogen reacts with the broken bonds to 

form Si-OH and Si-H. The presence of H does not allow densification; instead, the 

network relaxes after bond-breaking and a net expansion results. 
The addition of network modifiers, such as Na20, produces similar results. 

8.4 Optical properties of glasses and insulator crystals. 

Many effects determine a change in refractive index of ion irradiated insulators: phase 
change (e.g. quartz), microporosity (e.g. SiC, B4C, AI203), introduction of colour 

centers (e.g. SiC, MgO), compaction (e.g. vitreous silica) or changes in composition 

(e.g. alkali silicate or heavy metal fluoride glasses) [7,8,10]. 

A systematic investigation of the optical behaviour of 40-100 keY Ar implanted soda-lime 
glasses has been performed. 

Antireflective (AR) effects were obtained with low current irradiation densities (up to 2 

/-lA/cm2), whereas medium current densities and high implantation energies produced 

light diffusing surfaces. 

For 50 keY Ar implantation, at doses lower than 1016 ions/cm2 no significant changes 

were observed in the reflectance curves. For doses between 1016 and 5x10 16 ions/cm2 

the specular reflectance curves showed an AR effect, which increased with the dose as 
shown in Fig7. The reflectance curves show an interferential minimum, which becomes 

deeper and shifts towards higher wavelengths as the dose increases. The thickness and 

average refractive index of the modified surface layers have been calculated from the 

position and height of the interferentialminima in the reflectance curves. 

The significant antireflectivity of the implanted glass has been associated with surface 

alkali (Na) depletion. The correlation between the Na depletion in the bombarded region, 

and the formation of an antireflective surface layer, was displayed by comparing the 

thicknesses of the Na-depleted layer, calculated from the Na profiles at 50% of the bulk 

value concentration and of the optically modified layer. 

Fig.7 shows the specular reflectance curve for glass implanted with 50 ke Y Ar at a dose 
of 5x 10 16 ions/cm2. The individual data points represent the calculated reflectance values. 

In the inset of the figure, the sodium profiles before and after the implantation obtained 
from 23Na(p,a)20Ne nuclear reaction are shown. 

For higher implantation energies, an increasing antireflective effect was observed while 
the interferential minima shifted toward higher wavelengths. 

A number of crystalline insulators have proven to be useful as substrates for the 

formation of ion-implanted waveguides. Among these are crystalline quartz and the 
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ferroelcctrics LiNb03 and KNb03 these decrease in index for quartz is substantial (1.54-

1.48) with collisional deposited energy. 
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Figure 7. Experimental curve and calculated reflectance values (points) for soda-lime 
silicate glass implanted with 50keV-Ar. The corresponding sodium profile is reported in 
the inset. 

For index-change saturation the material appears amorphous and the index is nearly the 

same as implanted compacted fused silica. Annealing removes point defects which causes 
light scattering without regrowth of the damaged region and the losses are reported to be 
<ldB/cm. MeV He implantations are used to form waveguides in quartz; this allows 
guided waves in the high region between the surface and the lowered -index region at the 

end of ion track. This barrier can allow leakage of higher-order modes but the barrier can 
be widened by multiple-energy implantations. By using this technique frequency-doubling 

in He-implanted guide has been achieved. The conversion was from 783 nm to 392 nm. 

This is an example of an optical nonlinearity and arise from the X(2) susceptibily term in 

the polarization induced by an external electric field, produced by laser light pumping. 
LiNb03 has been the subject of many investigations into the production of waveguides 

because of its good electro-optical characteristica. Guides can be formed by proton 

exchange and by indiffusion of Ti and this latter method is that most often used. However 
this does not readily allow formation of guided regions in selected areas and the high­

temperatures required precludes the prior application of electrodes. These drawback can 
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be avoided by implantation. KNb03 is also interesting substrate for waveguide formation 

and electro-optical applications. It has so far not been possible to form guides by 

diffusion or ion exchange techniques. However a series of recent papers have 

demonstrated that 1-2 MeV He implantations at fluence as low as 5x10 13/cm2 can 

produce waveguides with tolerable losses. 
The really exciting advance that has been made in the application of ion implantation to 

electro-optic technology is the fabrication of waveguide lasers. This has been achieved by 
forming waveguides by he implantation in Nd:MgO:LiNb03, Nd:YAG and Nd:GGG 
substrates. Following implants of Er in LiNb03 substrates(undoped) excitation of Er 

fluorescence spectra, which are almost identical to that from bulk Er:MgO:LiNb03 

crystals has been obtained. Similar successes have been reported for Er implants in silica 
and phosphosilicate films as well as into Si3N4 films. These developments make it seem 

very probable that implantation doping of rare earth elements can be used to form lasers 

and amplifiers in selected portions of integrated electro-optical circuits. 

One of the greatest challenges for optics in the development of a computer based on an all­

optical photonic switch which would replace the switching done by electronic transistors. 

The optical switch would be competitive if ti could exhibit switching times less than 100 

ps and have consumption less than I pJ. It has been suggested that the optical non­

linearity of glass could be utilized for switching of this type. An all optical switch is one 
where switching can be accomplished through the changes in refractive index that are 

proportional to the ligh intensity. The third order susceptibility, X(3), is the non-linearity 

which provides this feature. 
For glasses the non-linearity is generally quite small, however when light is confined to a 

waveguide region, the effect can be adequate for switching. The non-linear response can 
be enhanced by the introduction of microcrystallites of semiconductors (e.g. CdS x Sel-x) 

For the efficient design of optical circuits it would be desiderable to use a method in which 

the non-linearity could be confined to specific patterned regions. Ion implanted metals 

(Au, Ag, Pb) can fOlll1 small radii collodal particles by suitable processing techniques. 

These particles exhibit an electron plasmon resonance which depends on optical constants 

of the metal and refractive index of the glass host. The absorption can be handled in the 

Mie formalism and the radii of the particles can be determined from the measurement of 

the resonance wavelenght. 

Figure 8 shows the absorption as a function of the wavelenght for silica implanted with 

silver and silver plus nitrogen. The Ag cluster sizes are of the order of 2-3 nm. 

Modifications of the clusters configuration may be obtained, as observed for 

copper clusters, by subsequent implants. The control of size characteristics of metal 

colloids appears possible trough ion implantation technique. 
Measurements of the non-linear optical properties of such colloids were performed 

and the optical Kerr susceptibility, X(3) , was found to be 2-3 orders of magnitude larger 

than that of Au and Ag. These results open the ways for advances in all-optical switching 

devices. 
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Figure 8 Optical absorption peak as a function of wavelenght for the Ag and Ag+N 
implanted silica glasses. Continous lines are experimental spectra; symbols correspond to 
results of calculations by using Mie teory. 
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PLASMA-ENHANCED CHEMICAL VAPOR DEPOSITION 

R. d'AGOSTINO, P. FAVIA, F. FRACASSI, R. LAMENDOLA 
Centro di Studio per la Chimica dei Plasmi, CNR 
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ABSTRACT. The basic principles of Plasma-Enhanced Chemical Vapor Deposition 
processes are examined along with reactor architectures. Emphasis is given to 
the chemistry of the discharge and to active species and deposition precursors 
with the aim of correlating film cOmpOsItIOnS with discharge internal 
parameters. The processes for the deposition of films of fluoropolymers, metal 
containing polymers, Si0z-likes and silicone-likes are examined as case studies. 

1. In troduction 

It has .been known for many decades that the introduction of a monomer into 
a glow discharge, independently of the presence of an inert gas carrier, produces 
various fragments which rearrange through many gas-phase and surface 
processes leading to the formation of a variety of addition compounds and of 
thin films on the inner surfaces of the reactor. For many years plasma thin films 
were considered an accidental occurrence in hydrocarbon discharges and 
undesirable by-products to be eliminated. Only after the 60's some researchers 
showed an interest in their advantageous characteristics [1]. If such films are 
obtained under controlled conditions, that is at the desired substrate 
temperature, gas pressure and electrical discharge parameters, they have 
unique characteristics allowing their classification as an entirely new class of 
materials with only small or negligible correlations with their counterparts 
obtained by conventional techniques. 

Good quality plasma thin films have thickness ranging from few hundreds A's 
to a few !l's, are pin-hole free, homogeneous, and show good adhesion to various 
substrates. The principal structural differences from conventional counterparts 
are variable stoichiometry (depending on the experimental conditions), higher 
cross-linking degree and variable chemical-physical properties, such as 
wettability, chemical inertness, dielectric parameters, barrier properties, 
hardness, etc.. A typical example is given by Plasma Polymerized Fluorinated 
Monomers (PPFM) which can be tailored either as teflon-like with an overall 
(C F 1. 9)n stoichiometry (non wettable and inert films), either as partially 
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fluorinated carbon films, e.g. (CFo.2)n, (high cross-linking and wettability) [1,2], 
or as a diamond-like film, a-C:H,F [3] (hard, most carbon sp3 hybridized) 

In the remainder of this note some characteristics of deposition processes are 
given (sect. 2). Reactor geometries will be discussed in section 3. Then, as 
practical examples, in sections 4 through 6 fluoropolymer, metal-containing, and 
silicon-carbon containing films are examined. 

2. Glow Discharge Deposition Processes 

The reaction kinetics involved in glow discharge polymerization are extremely 
complex and the attempt of abstracting a general picture describing all possible 
situations would be sterile and misleading. The usual generalization used for 
conventional polymers can not be used with the same meaning, a particular 
example being the word "monomer" which indicates the unit molecule repeated 
in conventional polymeric chains; for instance, polytetrafluoroethylene denotes a 
polymer in which tetrafluoro-ethylene represents the monomer unit repeated Il 
times in each chain. In glow discharge polymerization, in most cases, the 
structure of the feed gas is not retained because different radicals, ions, atoms, 
etc., can be formed in the discharge medium. Nevertheless, the word "monomer" 
is sometimes utilized in Glow Discharge Polymerization or Deposition simply to 
denote the feed gas. 

Two general considerations on competing processes can, however, be made to 
describe discharge polymerization, i.e. etching-deposition competition and gas 
phase-surface competition. 

2.1. ETCHING-DEPOSITION COMPETITION 

It is well known that etching-deposition cOmpetltIOn is a rather general 
phenomenon, some feeds can in fact be utilized in glow discharges both for 
deposition and etching processes [4]. A well known example is given by SiF4-
and SiCl4 -containing feeds, utilized for the deposition of amorphous silicon, a­
Si:H,X (X=F or Cl), or for etching of many materials (e.g. Si, Si02 , AI, GaAs, etc.). 
Usually atoms, particularly F- and O-atoms, are regarded as the active species 
for etching, while radicals are considered "building blocks" for the construction 
of organic and inorganic films. A glow discharge fed with reactive organic gases 
produces both types of species. The behavior of freon discharges can fairly well 
illustrate such competition: the discharge medium contains both classes of active 
species (F atoms and CFx radicals), so their concentration ratio [F]/[CFx] in the 
plasma phase will characterize their ability as etchant or polymerizing 
discharges. However, if a gas is added to a freon feed able to reduce [F] in 
plasma phase, the radical concentration prevails and the plasma is switched into 
a polymerizing mode. In fact, if hydrogen is added, it reacts with F-atoms 
leading to unreactive HF. Similar conditions can be obtained either by adding to 
the freon feed an unsaturated, as for instance C2H2, C2H4 , C2F 4, etc., or by loading 
the reactor with large silicon surfaces (which react with F, leading to the etch 
products SiF2 and SiF4), On the other hand, if oxygen is now added to freon, it 
acts both as a polymer etch ant and as a polymerization inhibitor: it reacts 
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directly with polymer units leading to volatile compounds or it selectively reacts 
with CFx radicals and subtract them from gas phase, inhibiting polymerization 
process. Figure 1 [4] illustrates the behavior of freon feeds in the presence of 
different additives. 
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Figure 1. Effect of foreign gas additions to a freon on the etching/polymerizing 
capability of a glow discharge. 

2.2. GAS PHASE-SURFACE COMPETITION 

A quite general scheme representing the fate of a "monomer molecule", A, 
entering a glow discharge is sketched as it follows: 
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where R represents various radicals. In this scheme A is transformed by plasma 
activation into various fragments, including atoms, radicals, ions and other 
molecules. 

Radicals (sometime also atoms) have a two-fold fate: they can, in fact, form 
addition compounds (branch jl) through several reactions paths. These 
compounds can react in the gas phase with other radicals and unsaturates and 
form heavier radicals and/or intermediate polymeric chains. Radicals, on the 
other hand, can also contribute to the film growth directly by reacting with 
'active' surface sites of the film (branch b.). 

The formation of heavier and heavier addition compounds in reaction 1 can be 
enhanced by increasing the production of radicals and decreasing their diffusion 
to the substrate, in other words at high powers and/or pressures. In this case, 
polymer formation can also occurs directly in the gas phase through the 
formation of polymer nuclea. If the radical production is decreased and also 
their diffusion is increased, route .b.. is triggered and radicals can "stick" on 
polymer surface directly from gas-phase. Generally, the competition between 
gas-phase formation of intermediate compounds or gas-phase nuclea and 
surface reaction is frequently met and depends on discharge parameters and 
feed gases [2, 5-7]. 

3_ Reactors 

The most widely used reactor configurations for Plasma-Enhanced Chemical 
Vapor Deposition (PECVD) can be broadly divided into three classes: 
a) electrodeless microwave (MW) or high frequency (HF) reactors, 
b) external electrodes "tubular reactors", 
c) internal electrodes "parallel plate reactors". 

The choice of the experimental arrangement can greatly affect the deposition 
rate and deposit properties; consequently, it is important to use the 
experimental system which is appropriate to the specific applications. 

3.1. ELECTRODELESS REACTORS 

Microwave powered systems are characterized by the use of tubular quartz or 
pyrex reactors and a resonant cavity coupled with a power supply in the GHz 
(typically 2.45) region, as schematized in Figure 2. The plasma is generated in 
the cavity and the deposit is generally collected outside the glow [8-10]. 

Claude et al.[11-13] and Wertheimer et a1.[14] have studied the difference 
between these discharges and RF ones. These authors have used systems 
connected to an electromagnetic Surface Wave (SW) generator in order to 
investigate the effect of frequency changes on the deposition processes (e. g. 
fluorocarbon deposition) keeping constant all other parameters. The ratio of 
deposition rate R to input power P vs the frequency is shown in Figure 3. It can 
be seen that R/P increases with frequency, reaching a plateu. The key 
parameter, however, is the v/(f) ratio, where v is the effective average electron­
neutral collision frequency for momentum transfer, and (f) the wave angular 
frequency «(f) = 2rc f). These experimental data are in agreement with the 
theoretical model of Ferreira and Louriero [15]. 
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Figure 2. Schematic of a microwave powered tubular discharge: A) resonant 
cavity; B) generator; C) and D) usual sample position. 
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Figure 3. Log log plot of (RIP) vs excitation frequency. P is absorbed power 
and R deposition rate. Upper curve pertains to PP isobutylene, lower one to PP 
pe rfl uorocyclobu tane. 

The differences between RF and MW discharges can be summarized as follows: 
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1) the Electron Energy Distribution Function (EEDF) of the glows tends to become 
increasingly Maxwellian for MW discharges; at the same time the high-energy 
tail population increases with decreasing vim (MW regime). This leads to a 
plasma composition with an enrichment of excited species having high excitation 
threshold energy; 
2) the average electron energy slightly decreases with decreasing vim; 
3) MW plasmas are usually characterized by higher density of active species, 
electrons and ions for the same absorbed power. 

Surfaces exposed to MW discharges are subjected to a non intense 
bombardment of either negative (mainly electrons) and positive (ions) particles, 
since the sheath potential drop (floating substrate) is quite small and the 
charged particles can not be accelerated during the applied cycle, which is too 
short. 

Large differences are therefore expected between MW and RF generated thin 
films due to the different active species production and to the different role 
played by ions and electrons. Unfortunately, to these authors knowledge, a 
comprehensive study on this subject has never been performed. An attempt to 
study these phenomena is reported by Kammermaier et ai. [8], but the different 
sample position with respect to the glow region in MW and RF discharges, makes 
the comparison of results rather difficult. 

3.2. REACTORS WITH EXTERNAL ELEC1RODES 

External electrode reactors can be either capacitively or inductively coupled 
(Fig. 4a); insulating (glass, quartz, or alumina) tubular reactors are usually 
utilized. The power is transmitted from a power supply to the gas by a capacitor 
and a coil, respectively. Inductively coupled tubular reactors, when operating at 
low pressure (P«l Torr), are not uniformly coupled to the supply because 
coupling quality gradually increases with increasing working pressure [16]. 
These systems are generally used for experiments in which charged particles 
bombardment is not one of the major concerns. 

When the discharge glows, after a short transient time, the gas reaches an 
average plasma potential V p and any insulated surface, in contact with the 
plasma, reaches a floating potential Vf (always negative compared to Vp ). 
Positive ions are accelerated and gain energy, electrons and negative ions are 
decelerated by (Vp- V f) when they cross the sheath over a floating surface. 

The evaluation of the positive-ions accelerating potential is not simple, 
because it depends on the experimental working conditions. However, by 
keeping constant the other parameters, the accelerating potential can be more 
easily varied in internal electrode configuration rather then in tubular reactors. 
As a consequence, charged particles bombardment is less effective in external 
electrode systems. 

Many different experimental arrangements have been reported in the 
literature, which differ basically in power supplies, reactor geometry, and 
sample position. The working frequency of the most commonly used power 
generators ranges from 13.56 to 35 MHz, while tube geometry changes from 
author to author (see e.g. ref. 17-19) and sample position can vary, as it is 
schematically shown in Figure 4b [17, 18], in order to obtain films with different 
compositions and properties. 
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Figure 4. a) Schematics of capacitive or inductive external electrode reactors. 
b) Usual sample position. c) Internal electrode reactors. 

3.3. REACTORS WITH INTE&'\TAL ELECTRODES 

Different type of reactors have been developed during the last years. as flat 
bed. parallel plate. planar. diode. etc. reactors; their main distinctive features 
are: power supply. coupling system. vacuum chamber. RF driven electrode, 
grounded electrode and eventually one or more substrate holders (Figure 4c). 
With these systems. attention must be paid to the appropriate working 
condit:ons and apparatus geometries, since they can deeply influence the extent 
of icn bombardment on the substrate (besides. of course. electron energy 
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distribution function and active species production). It is, in fact, reported by 
several authors [16, 20-22] that the Atl Ad ratio, where Ad is the area of the 
driven electrode and At that of all other surfaces in contact with the plasma, as 
well as the coupling system, can affect both Vp- V f and Vp- Vb, where Vb is the 
cathode dc self-bias potential (Figure SA). As a consequence, At! Ad affects the 
energy of ions bombarding floating, grounded, and target surfaces. Increasing 
A tl A d ratio results in increasing the potential drop over the target and in 
decreasing the potential drop over a floating substrate [22]. An estimation of the 
average plasma potential V p can be obtained by V p=(V pp/2 + Vb)/2 (see Figure 
SA), where Vpp is the peak-to-peak voltage of the applied RF field [22]. 
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Figure SA. I) Discharge potentials (p = plasma, f = floating, b = d.c. self bias) 
evolution. Dashed and continuous curve refer to instantaneous excitation and 
plasma potential values. II) Schematics of diode configuration maximizing C.c. 
self bias on target electrode. 

Power supplies coupled to reactors with internal electrodes generally work in 
the KHz or MHz regions. The RF period influences the Ion Transit Frequency 
(ITF), defined as the frequency above which ions do not cross the sheath in less 
than half RF cycles. For frequencies below ITF, crossing ions are controlled by 
the instantaneous plasma potential, while for frequencies above ITF, ions cross 
the sheath slowly compared to plasma potential fluctuations, and this leads to an 
average plasma potential influencing the charged particles arrival to a surface 
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[23]. As a consequence, sharp distributions with a quite low maximum ion 
energy are expected at excitation frequencies over ITF. 

Vacuum chambers can be made either of glass or conductive material, for a 
better shielding from external sources. In general, there are not particular 
design problems with the grounded electrode besides its area. On the contrary, 
the design and arrangement of the cathode require special care; a metallic shield 
surrounding the electrode highly improves the glow confinement inside the 
interelectrodic space, and the electrode material and area greatly affect the 
extent of sputtering on the target. 

Asymmetric low-pressure systems (At/Ad»1), coupled with high input power, 
can release large amounts of material by sputtering of the powered electrode. In 
order to avoid gas-phase and polymer contamination by non volatile material, it 
could be advisable to work with reactive targets that do not release 
contaminants. For fluorocarbon deposition, graphite, Si02 or teflon targets can be 
utilized [24, 25]; graphite produces fluorocarbon species and etch products: 

C +x F ---I." CFx /2/ 

and acts as a fluorine atom scavenger leading to plasma conditions with low F/C 
ratio [25], a condition which is highly desirable in plasma polymerization. Si02 
can produce SiF4 and C02 according to: 

/3/ 

These species, however, do not appreciably change the C/F ratio, but they can 
change gas phase characteristics and can lead to some film contamination (Si, 0). 
Teflon targets do not affect C/F ratio, but may require suitable arrangements 
due to their particular electrical properties. 

Substrates are generally positioned on the ground electrode or on a third one 
(substrate electrode) which can be inserted into the glow. The three electrodes 
arrangement, called 'triode', is very useful for studying the effects of positive­
ion bombardment on the deposition rate and on film properties. The substrate 
electrode can be negatively biased with RF voltage by means of a second RF 
generator [25], or by a capacitive power distribution between the driving and 
the substrate electrode [26, 27], as it is shown in Figure 5B. Since the substrate 
electrode can be made relatively small in comparison with the main RF­
electrode, the arrangement allows to change significantly the substrate bias 
voltage with no appreciable change of total power input in the discharge [28, 29] 
and, consequently, its chemical composition. In any case a correct approach to 
the issue of controlling the effect of bias on the deposition is to verify, by means 
of some diagnostic techniques, the eventual changes induced by bias 
superposition in the plasma density and potential. Suitable techniques are, for 
example, Actinometric Optical Emission Spectroscopy (AOES) [30-33] and 
electrical probe analysis. 
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Figure SB. Schematics of triode reactors utilized for thin film depositions. I) 
Target (2) and biased deposition electrode (4) are driven by separate RF 
generators (1,la), 3 is the grounded surface. II) As for l, but driven by one RF 
generator with a capacitive power distribution device. 

3.4 MAGNETRON REACfORS 

Magnetron reactors constitute an important development in devices for 
plasma-assisted processing of materials. This kind of reactor inc.ludes all 
systems where an additional magnetic field is superimposed to the main 
electromagnetic field sustaining the discharge. In these systems the electrons, 
under the influence of the magnetic field, follow a spiral path which leads to a 
decrease of the effective mean free path and to an increase of electron and 
active species concentration; charged panicles escape from the glow region is 
markedly decreased and a more intense and confined plasma is obtained. Usual 
problems met with magnetically-aided plasmas (also ECR systems fall in this 
category) are a higher inhomogeneity of both the growth rate and the chemical 
composition of the deposited material. The main advantages are a reduced 
working pressure (about one order of magnitude lower) and a reduced radiation 
damage of substrates. In fact, there are larger number densities of positive ions 
hitting the surfaces, but at lower acceler:lting potentials. 

4. Fluoropolymers 

The study of freon-fed discharges has been the object of intensive research in 
the last decade [4, 6, 7, 34-36J, because of their relevance as: a) suitJble plasmas 
to promote etching of a variety of substrates utilized in microelectronic 
technologies and, b) plasmas allowing the deposition of Plasma Polymerized 
FluorinJted Monomers (PPFM) films, also said Teflon-like films. 

The reasons for the wide utilization of Teflon-like coatings are the good 
adhesion to many organic and inorg:tnic substrates, the presence of low 
intermolecular forces, which give Ii.se to relative inert surfJces with extremely 
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low free energy [7], the biocompatibility, the low friction coefficient [37,38], and 
the chemical composition and cross-linking degree, which can be changed in a 
broad range producing custom-tailored films for protection of a variety of 
plastics, fibers and metals [1,2,7]. 
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Figure 6. Polymerization and etching regimes as a function of feed F/C and of 
substrate bias. 

The versatility of fluorocarbon plasmas essentially witnesses the ability to 
produce two kinds of long-lived active species in the discharge, i.e. F atoms and 
C F x radicals. F atoms trigger the etching of many substrates and allow the 
fluorination of many organic surfaces, while the radicals form various deposits 
of Teflon-like films. 

Coburn and Winters, and Kay et at. [36] have shown that, for discharges fed 
with fluorine-bearing gases, the fluorine-to-carbon ratio, F/C, of the feed 
monomer can be used as a simple parameter enabling to keep in perspective the 
polymerizing and etching nature of the glows. In fact, in figure 6 it is shown that 
a discharge can be operated in a polymerizing or etching mode depending on the 
monomer fluorine-to-carbon ratio, at a fixed bias voltage of the substrate. 

The boundary region can be crossed by changing the monomer F/C ratio. This 
sort of "thumb rule" has been shown to be qualitatively valid because there is a 
direct quantitative correlation (even though non linear) between the monomer 
F/C and the plasma-phase concentration ratio [F]/[CFx]' where F atoms and CFx 
radicals are the active species for etching and polymerization, respectively [4]. 
The correlation between C/F and [CFx]/[F] can be appreciated from figure 7 [4], 
where the relative densities of CF, CF2, and CF3 radicals, of F atoms, and of fast 
electrons (> 11 eV) are reported for discharges fed with CnF2n+2 (n=1-3) and 
CF 3 Cl. Data for the tetrafluoroethylene are also included for comparison. 

It can be seen from figure 7 that the density of radicals increases with 
increasing feed C/F, while the density of atoms decreases. The density of 
radicals, however, is not linear with C/F. The opposite trends shown by CFx 
radicals and F atoms in fluorinated feeds is a direct consequence of the fast 
recombination process that these species undergo in the plasma, i. e. it is 
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impossible to obtain both species in large concentration in the same medium. 
From the trends of Figure 7, one can classify the various fluorinated feeds on the 
basis of the expected polymerizing ability with the following order: 

obviously the opposite order has to be expected for the etching ability. 
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Figure 7. Histogram of the relative densities of radicals, F atoms and electrons 
(dashed curve), obtained by AOES (see text), for various fluorinated feeds. 

For the aforesaid reasons, the detection and monitoring of active species, as 
well as the definition of discharge geometries, are important for justifying the 
deposition of teflon-like films, and allow a non-trivial classification of film 
properties, as it will be shown later. 

Optical Emission Spectroscopy (OES), is generally the most utilized technique 
for low pressure discharges. In particular, however, Actinometric Optical 
Emission Spectroscopy (AOES) has been found to be one of the most powerful, 
non intrusive, diagnostic technique for monitoring CFx radicals, F atoms and the 
trends of electrons at various energies. Since a discussion of AOES is out of the 
scope of this chapter, readers can make reference to Coburn et al. [39) and 
d'Agostino et al. [32,33,39-43]. Most of data shown in the remainder of this 
section have been obtained by means of AOES. 
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4.1. DEPOSITION MECHANISM OF TEFLON-LIKE FILMS 

It has been shown [2,4,30-33,44] that a high [CFx]/[F] ratio in the discharge is 
not the only sufficient condition to obtain high polymerization rates; two 
additional conditions are required: 
a) plasma media with relatively high density either of fast electrons (> 11 e V) 
for substrates under floating conditions, or of positive ions, for biased 
substrates. This can ensure, due to the bombardment of the surfaces by charged 
particles, a growth process which occurs through reactions of radicals with 
activated polymer sites; 
b) rather low substrate temperatures. The adsorption-desorption equilibrium of 
C F x radicals, which is exothermic, in fact regulates the overall kinetics of 
polymerization, leading to an apparent activation energy which becomes 
increasingly negative at higher substrate temperatures. 

This behavior has been interpreted as a consequence of a film growth 
mechanism occurring through the reaction of radicals with polymer sites 
"activated" by charged particle bombardment. A simplified Activated Growth 
Mod el (AGM) has been suggested to give account of the experimental results. 
AGM implies that branch b of reaction /1/ in section 2.2 can be represented as: 

(POL)~ 
CFx .. (POL) n+ 1 

/4/ 

where CFx radicals can stick efficiently only on activated polymer surface-sites, 
(POL)n *, leading to an increase of one unit, (POL)n+ 1. Obviously, 'activation by 
fast electrons and positive ions, and termination by neutrals M also occurs: 

(I~ e -) + (POL) n ----.... (POL) *n /5/ 

(POL)~ + M ----... (POL) n /6/ 

It can be shown [33], by the use of simple mathematics, that the kinetics 
equations /4/-/6/ lead to a polymerization rate, Rp, which can be expressed by: 

Rp = K [C~ 1 f(ne) 
/71 

where f(ne) is a function of charged particles, either electrons or pOSItlve ions. 
Equation !7 / has been found to fit experimental data once trends of CFx radicals 
and of electrons are obtained by AOES, whatever are feed composition, substrate 
position and discharge pressure « 3 torr, otherwise step a of equation /1/ in 
section 2.2 becomes operative), provided substrate bias potential and input 
power are not so high to trigger the sputter-etching of the film, or the formation 
of nuclei in the gas phase, respectively. 
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4.2. FEED COMPOSITION 

The effect of feeding the glow with pure freons has been shortly discussed in 
section 4. It is important to realize. however. that discharge characteristics. 
particularly [CFxl/[F) ratio. can markedly be varied by adding to freon feeds 
variable amounts of different gases. which can act as scavengers of F atoms or of 
CF x radicals. Oxygen is a typical CFx scavenger and its introduction reduces the 
deposition performances while enhances the etching characteristics. Hydrogen. 
hydrocarbon and unsaturates. on the other hand. can all produce the opposite 
effects [30.33,40,45] according to an overall reaction scheme of the type: 

/8/ 

where steps Jl. represent all the plasma activation channels in the presence or 
absence of plasma additives, step U. accounts for polymer formation, and steps I 
are the recombinative routes. which are particularly important in the presence 
of additives). 

As an example of the good fit to experimental data of AGM, one can examine 
figures 8 and 9, where trends of plasma active species and polymerization rates, 
both experimental and calculated according to equation !7 /, respectively, are 
plotted as function of percent of hydrogen in a C2F6 feed. 

Whcn the substrates are placed on a negatively biased electrode [44], the 
charged particles activating polymer sites are likely positive ions, due to the 
negative self-bias of target electrodes. Figure 10 [25], obtained in CF4 - C 2 F 4 
discharges as a function of the substrate bias. shows another important effcct of 
positive ions. i.e. by increasing the energy of ions impinging on the substrate, a 
competition of etching and sputtering processes occurs during polymerization. 
One can conclude that. in the presence of highly energetic ion bombardment. the 
rate expression for polymerization has to take into account the neg:ltive 
contributions of ion-assisted etching and sputtering: 

/9/ 
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Figure 8. Trends of actinometer (He, Ar, N2) emissions and of concentrations of 

radicals and atoms Y.L Hi % in C2F6. 
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4.3. THE EFFECT OF SUBS1RATE TEMPERATURE 

It has been shown [2] that, when polymerization occurs on a floating substrate 
immersed in the glow, the substrate temperature increases from room 
temperature up to l50°C, for discharges fed with C2F 6 - H 2 mixtures at 300 
mtorr, 25 sccm total flow, and 45W. Under these conditions, it has been reported 
that instantaneous polymerization rates continuosly decrease and are 
characterized by two main features: 
1) Rp's do not show an Arrhenius type behaviour because of the apparent 
negative activation energy; 
2) at lower temperatures the apparent activation energy is close to zero. 

A competition between two regimes, an adsorption-desorption equilibrium 
and a chemical surface reaction, can account for this behaviour: 

II 0/ 

CFx (surf) + SS • POLYMER 
/11/ 

in which SS of equation /11/ are Surface Sites which can generate a polymer 
unit. 

This formulation is not in contrast with AGM; it is, in fact, sufficient to consider 
branch h. of equation /1/ or equation /4/ as overall processes made by the 
physical, /1 0/, and chemical, /11/, contributions. 
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4.4. TrIE CHEMICAL STRUCTURE OF TEFLON LIKES 

The most attractive feature of plasma polymerized films and, in particular, of 
PPFM, or Teflon Like, coatings is the large range of compositions and structures 
and the possibility of controlling its variation by means of external plasma 
parameter, e.g. feed composition, bias superposition and power density, which 
effect CFx radical distribution and charged particle bombardment. X-ray 
Photoelectron Spectroscopy (XPS or ESCA) is the most utlized technique to 
investigate the PPFM film chemical structure, because of the large di fferences in 
electronegativity between F and C. As a consequence, photoelectrons emitted by 
CIs display a broad overall spectrum which is the result of the superposition of 
several components with different binding energies (BE). Usually, decomposition 
procedures are avaih,ble which allow an unambiguous deconvolution of the 
overall spectrum. Main features of these 

a) 

294 292 290 288 

BINCING ::NE.=1G·O ::'1 

290 286 

BINCING ::NE.=1GY!=·/ 

Figure 11. XPS Cis spectra of films deposited at various H2 % in C2F 6 : 

a) 20 %, b) 50 %, c) 70 %. 

spectra are [2,46-48]: 

-CF3 (BE:: 294.0 eV), -CF2 (BE:: 292.1 eV), -CF (BE:: 294.0 eV), 
-C-CF (BE:: 287.3 eV), and -C- (BE:: 285.0 eV) 

b) 
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as shown in figure 11. 
The peak centered at 285.0 eV can be due either to carbon not directly 

attached to fluorine. having no b-fluorine substituents. or to -CH groups. In some 
cases. the contribution of quaternary carbon is predominant. PPFM 
stoichiometry can easily be calculated either by the total integrated intensity of 
F Is and CIs or by the distribution of the integrated intensities of the various 
components of Cl s spectrum. It is also important to notice that the integrated 
intensity of -C-CF and -C- components. with respect to the overall CIs. is a direct 
measurement of the degree of branching and cross-linking of the polymer films. 

The continuous addition of hydrogen to a discharge fed by a perf1uorinated 
fr~on. by keeping constant both pressure and total gas flow rate. causes a 
variation of film structure as it can be seen from figures 11 and 12. 
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Figure 12. Relative abundance of carbon groups and overall F/C ratio of the films 
vs. H2 % in C2F6. 

Figure 12 shows that the hydrogen addition to inlet C2F 6 changes the overall 
film stoichiometry and the component distribution by progressively favouring 
less fluorinated film compositions. film branching and cross-linking. These 
results should be compared with those of Figure 8 where the hydrogen effect on 
gas-phase radical distribution mirrors the effect on film components. In fact. 
also in the gas phase less fluorinated radicals are favoured. Obviously. the 
relative abundance of films components can not be a simple "fotography" of the 
gas-phase radical distribution because of ion andlor electron bombardment on 
the film. Such an effect is shown in figure 12 B where H. V. and L. V. traces refer 
to films obtained at high and low voltages. respectively. under the some power 
input. This means that trace marked with L. V. is obtained at higher current 
density. i.e. higher charged particle bombardment. It is evident that charged 
particle bombardment favours a reduction of F/C ratio and an increase of cross­
linking in PPFyr films. It can be shown that power input has a similar effect on 
PPFM chemical structure [6]. 
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5. Metal containing polymer films 

Some of the unique characteristics of plasma deposited organic films, as for 
instance chemical inertness, hardness, and low friction, can be combined with 
the characteristics of metal deposited films, as electrical conductivity, by 
generating an entirely new class of materials: the plasma deposited metal­
polymer composites. Recently some reviews appeared on this topic [49-52]. 
From the structural point of view, the principal difference of these composite 
films with plasma polymerized organometallics is that in metal-polymer 
composites one deals with a metallic dispersion in an organic matrix, while in 
organometallics metals are chemically bonded with carbon andlor other species 
(see § 6). 

An interesting feature of plasma metal-polymer composites, from the point of 
view of the properties, is that, depending on the concentration of metal clusters, 
one has a dielectric behavior of the films when metal particles are well 
separated each other, a metallic behavior when there are interconnections, an 
intermediate behavior in the percolation region. 

Both hydrocarbon and fluorocarbon originated polymer films are widely 
utilized for metal-polymer composites, and there are also interesting cases of 
amorphous carbon-metal composite films [51]; usual metals are Au, AI, Co, Pt. 
Our attention, however, will be here devoted mainly to Au-fluoropolymer films. 

Two major systems have been mostly utilized for Au-PPFM films, namely, 
systems with simultaneous plasma polymerization and metal evaporation. In 
both cases, the most utilized configurations are diode reactors with substrates on 
grounded electrode. Usually for amorphous carbon films the substrates are 
placed over the cathode to enhance self-bias conditions. Recently, a triode 
configuration has also been utilized in order to allow sputtering of the metal 
target and to observe the effect of substrate bias [53]. 

The relative AulC ratio for a fluoropolymer film obtained in a diode reactor 
with target sputtering depends on the relative gas-phase abundance of the 
active species for deposition, i.e. Au atoms and CFx radicals. The gas-phase 
[A u] I [C F x] ratio is, in turn, affected by Au-sputtering, when the other 
parameters are kept constant. This can be accomplished either by increasing the 
self bias potential of the target or by feeding the discharge with Ar, besides 
fluorocarbons, in order to increase the sputter yield of target metal. 

Monitoring of the ratio of the emission intensities of gold line (267.6 nm) and 
CF2 band (265.0 nm) revealed to be an useful in situ measurement of the gas­
phase [Au]/[CF2] ratio, linearly related to the actual AulC film composition [54], 
as it can be seen in Figure 13. 
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Figure 13. Atomic film composition Y.L. the ratio of Au and CF2 emissions from 
discharge. 

5.1. MECHAl'flSM OF DEPOSITION 

The microscopic mechanism of deposition is rather complex and involves 
several possible steps in the reaction route from the gaseous monomer unit and 
the metal to the formation of the metal-polymer composite. Both metal atoms 
and polymer building blocks are to be formed (independently) in the gas phase; 
they have then to diffuse to the deposition substrate. where the deposition can 
be differently affected by the bombardment with posl11ve ion of different 
energies. A possible simplified reaction scheme is the following: 
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where step .a.. is the plasma activation. Martinu fLJJ..l. [55] have shown. by 
utilizing probe measurements. that there is a considerable density of negative 
ions with Au target (with respect to Al target) which 'could affect' the deposition 
occurring on the ground electrode. since they claim that negative ions can be 
accelerated by a negative potential drop at the target when the electrodes face 
each other. On our opinion. however. such a chance seems remote in that both 
electrodes are always negative with respect to the glow potential. whatever is 
the discharge architecture. 

On the other hand in ref. 53. where it was possible to bias the deposition 
electrode. it has been shown that positive ions do certainly affect the deposition 
process. In particular. when highly energetic ions are utilized the Au/C. Au/F. 
and C/F ratios of the film increase and also the chemical structure of the 
polymer matrix becomes more and more cross-linked . 
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This bias effect on the polymer cOmpOSitIOn can be seen in Figure 14 [53], where 
the growing film was kept at a constant nominal temperature of -13°C. It is 
interesting to notice that also the temperature of the substrate affects the 
chemical composition of the growing film in a similar way. In Figure 15 [53], it is 
shown that by increasing the nominal substrate temperature from -13 °C to 
+ 75°C, Au/F and C/F ratios of the film increase, too. This effect can be due to the 
longer exposition of the film surface to the ion bombardment at the higher 
temperatures since the film growth is decelerated (see § 4.3) because of the 
exothermic adsorption-desorption equilibrium of CFx radicals. 

Finally, it should be mentioned that Kay et at. [56] have proposed that an 
oligomerization may occur by addition of CF2 radicals. In this case, the route to 
polymerization in equation 12 should include (CF2)n as intermediate to the 
polymerization, even though this route should be operative only at the higher 
pressures, as discussed in section 2.2. 

5.2. STRUCTURE AND COMPOSITION OF Au-CONTAINING FILMS 

Electron microscopy, ESCA and IR spectroscopy are the principal diagnostic 
tools which give an insight on film microstructure and composition. 

The principal parameters which characterize metal-polymer composites are: 
the filling factor f, which is defined as the volume fraction of the metal 
contained in the unit volume of the film, the atomic composition (see figures 14 
and 15), and the relative abundance of the various chemical components of the 
film. 

Structural studies have shown that gold grains are randomly distributed in the 
polymer and their average diameters are in the range of 5-50 nm in the 
dielectric region (f < 0.4). At larger filling factors there is a dispersion of smaller 
grains among larger irregular particles. At still larger f (metallic region) there is 
a complex morphology of grainforms, which start to become more wormlike and 
interconnected. 

Annealing seriously effects grains morphology because it increases the motion 
of gold particles in the relatively soft polymer matrix (particularly at 
temperature higher than the glass transition of PPFM, around 160°C); then one 
has a coalescence of particles coming into contact. This characteristic of Au 
containing PPFM films could seriously affect the utilization of this material due 
to aging effect. However, in ref. 53 it has been shown that crosslinking the 
polymer largely reduces this effect. This can be done by increasing the substrate 
bias and/or temperature during deposition. Going further in this direction, one 
can reach the conditions for amorphous carbon including metal particles, 
provided F abstraction is also ensured in the gas phase, either by using 
monomers with low F content or by adding hydrogen to the monomer feed [53]. 
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5.3. FILM PROPERTIES AND APPLICATIONS 

Plasma deposited metal-polymer films feature two important properties: an 
anomalous optical absorption in the visible and a conductivity response, both 
being a function of the filling factor. 

The optical transmission of films obtained by Au and chlorotrifluoroethylene 
(CTFE) co-deposition, shown in Figure 16 [57], exhibits a typical minimum, due 
to optical resonance, the intensity and width of which 
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Figure 16. Optical transmISSlQn in the visible and near IR regions for gold-doped 
plasma deposited CTFE films with different metal volume fractions. 
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are a function of gold volume fraction and grain distribution and morphology. It 
can be seen that the minimum at 0.55 11m intensifies and shifts with f. Therefore 
typical film color of gold-halocarbon films are pink (f = 0.02), red (f = 0.1), violet 
(f = 0.25), and blue (f = 0.4). Green is typical of sputtered gold films. 

The electrical conductivity of Au-PPFM films is determined also by f and by 
metal grain distribution and shape. It can be seen from figure 17 [58] that the 
resistivity decreases with f, and shows a dramatic drop of about 8 orders of 
magnitude when f reaches 0.37 (which corresponds approximately to the 
percolation threshold [58,59]). It is also interesting to see that, after annealing at 
200°C, the resistivity curve shifts toward higher f (the percolation threshold 
increases from about 0.40 to 0.42), as it should be expected on the basis of the 
discussed aging of metal composites due to the mobility and coalescence of 
metal grains. On the other hand, if the deposited organic matrix is amorphous 
carbon, one expects a more rigid behavior and less pronounced optical and 
electrical variations with both time and temperature. Such results can be 
obtained with gold-PPFM films deposited at higher substrate temperatures 
and/or bias voltages. A reduction of the aging effect is also observed if the film 
is post-annealed at T > 200°C. 

For such films interesting applications have been suggested: as decorative 
coatings [60], optical filters [61] and humidity sensors [62]. Morita and Hattori 
[63] and Hori et aI. [64] suggested the utilization of Au-plasma polymerized 
Styrene composites for a completely dry lithographic process. Kay suggested 
their utilization for optical recording [65]. 

6. Films from silicon-containing organic monomers 

Silicon-containing organic compounds, called 'silorganic' monomers, are 
utilized in PE-CVD of Si-C alloys, silicone-like polymers, silicon oxide and nitride 
coatings. The composition of the coatings (i.e. O/Si ratio, nitrogen and/or carbon 
content), as well as their properties, depend on the choiche of the monomer and 
on the deposition parameters [66-71]. In order to deposit silicone- and silicon 
oxide-like films, widely used in optics, bio-medical applications, 
microelectronics and so on [66], the monomers are usually fed in variable 
percentages with oxygen or other oxidant gases (CO, N20, etc.), whose 
abundancy turns out to affect films deposition rate and chemical composition. 
In the remainder of this work Tetramethylsilane (TMS), Hesamethyldisilazane 
(HMDSN), and Tetraethoxysilane (TEOS) monomers will be compared, and it will 
be shown how the nature of the obtained films can be shifted from an 'organic' 
character (silicone-like structure) into a more 'inorganic' one (i. e. Si02) by 
increasing one or more of the following process parameters: oxygen per cent in 
the feed, substrate temperature, and substrate bias. Results regarding a 
fluorinated silorganic are also included. 

6.1. THE EFFECT OF OXYGEN ADDITION TO THE FEED 

When oxygen is added to the feed, the deposition rate and the composition of 
the coatings are influenced (figure 18), due to the reactivity of oxygen 
molecules and atoms in homogeneous and heterogeneous reactions [67,72]. Film 
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chemical nature, as well as its growth rate, mirrors the precursor distribution in 
the plasma, which is affected by the oxygen content in the feed. 
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Figure 18. Deposition rates and XPS-measured compositions of coatings 
obtained by various monomers in mixture with oxygen. PP-TEOS films were 
analyzed after exposition to the atmosphere, and show an overextimated 
carbon content. 

The overall deposition process can be schematized by assuming that two 
'classes' of film precursors can be formed by plasma activation: the "inorganic" 
precursors, which contain silicon along with other elements (e. g. SiCx H y' 
SiCxHyOz' etc.), and the "organic" precursors, which do not contain silicon. Even 
though this distinction can be only a matter of jargon, it can turn useful in 
order to rationalize the deposition mechanism as follows: 

Step a- Monomer and oxygen fragmentation (electron impact), i.e. formation of 
organic and inorganic precursors, and of oxygen atoms and excited molecules. 
Step b- Homogeneous reactions between oxygen species and precursors, which 
modify their distribution depending on the feed oxygen content. These 
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reactions result in scavenging organic precursors, and in decreasing the organic 
character of the inorganic ones. By products are non polymerizable species, 
such as CO, CO2 , H2 0. It is important to notice here that the increased feed 
oxygen-to-monomer ratio usually results in an increased electron density, as it 
can be revealed by means of AOES [6], which also could be responsible of 
modifications of the monomer fragmentation paths. 
Step c- Polymerization of the adsorbed precursors on the substrate surface. 
Step d- Heterogeneous surface oxidation of the growing film by oxygen atoms, 
and formation of -SiOx and -COx functionalities [67-69,71]. 

The deposition rate of PP-TMS decreases by increasing the feed oxygen 
content, while those of PP-HMDSN and PP-TEOS are characterized by a trend 
with a maximum. These differences can be ascribed to the different importance 
of processes of steps a, b, and c, depending on the type and density of 
precursors, and/or on the structure and composition of the monomer (i. e. 
presence or absence of oxygen and nitrogen). On the other hand, the 
composition trends of PP-films as a function of the oxygen-to-monomer ratio 
are similar for the three monomers, and agree with reactions a-d. 

XPS and FT-IR analyses have shown [67,69] that, when no oxygen is added to 
the feed, PP-films are characterized by stoichiometries close to those of 
monomers, but with different distribution of functional groups, and a lower 
carbon and hydrogen content. By increasing the oxygen per cent, the following 
modifications occur which, in effect, can be considered as general: 
Carbon- Its abundancy decreses on the basis of reactions b, the decrease is 
steeper in PP-TMS. The detailed CIs XPS spectra show that the concentration of 
oxygenated functionalities increases. 
Ox y g en - Its concentration increases, the shape and position of XPS peak 
remains almost unchanged. 
Silicon- Its content in the film is pratically unchanged; however, Si2p peak 
shifts to higher binding energies for the formation of silicone-like (Cx -Si -Oy)n 
structures. When a high O/Si ratio is obtained (ratios higher than 2 are due to 
Si-OH groups), the binding energy reaches its maximum (103,5 eV). It is 
interesting to notice that Si2p FWHM (mainly in PP-TMS, but also in PP­
HMDSN) has a trend with a maximum, which mirrors a continuous composition 
change in the material with the increase of the feed oxygen content. Films with 
a "monomer-like" stoichiometry are deposited when no 02 is added (Si-H, Si-C, 
eventually Si-N bonds in the film), while "silicone-like" (Si-O plus the aforesaid 
bonds), and "oxide-like" films (practically only Si-O bonds) are deposited at low 
and medium-high oxygen-to-monomer ratio, respectively. 
Nitrogen- It is always present in PP-HMDSN films and the binding energy of 
NI s slightly increases with oxygen addition to the feed. 

6.2. THE EFFECT OF SUBSTRATE TEMPERATURE AND BIAS 

As for fluoropolymers, substrate temperature and bias influences plasma­
surface interactions in PECVD from silorganics, by affecting the adsorption­
desorption equilibrium of precursors and etchants (whatever they are), 
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heterogeneous reactions, film pyrolysis, and by triggering ion-assisted etching 
or sputtering processes, depending on ion energy (see section 4 and ref. 66). 

Figure 19 shows the effects of substrate temperature on the growth rate of 
PP-TMS and PP-TFC films, where TFC is a fluorinated silorganic, namely the 
trimethyi1 tri(trifluoro n-propy1) cyc10 tri-si10xane [71]. The temperature 
enhancement decreases deposition rate also due to film pyrolysis, which plays a 
fundamental role in PECVD of organosilicons, as evidenced by Wrobel et al. [66]; 
the pyrolysis breaks Si-H, Si-CH3 and C-H bonds, leading to crosslinked films. 
The overall effect on film composition, witnessed by ESCA and FT-IR analysis, 
are the increase of the Si per cent, and a dramatic decrease of C and H content, 
whatever is the monomer. In PP-TMS, film density increases from about 1.1 to 
about 2.0 mg/cm3 for a temperature increase from 60 to 320°C [70]. 
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In figure 20 the deposition rate of PP-TFC and PP-TMS films (at 200°C) are 
plotted as function of the substrate bias. Here both the activating and the 
disactivating effects of ion bombardment, discussed in the previous sections, 
are shown. Depending on film structure and ion energy, the ion-bombardment 
can enhance or depress the growth rate; this behavior can be attributed to the 
competition of two processes triggered at different energies; 
a- Low-energy ions enhance film growth rate by creating surface "active 
sites" (dangling bonds, distortions), more reactive towards precursor radicals. 
This mechanism is described by the Activated Growth Model (see section 4). 
b - High-energy ions assist film sputter-etching (at about -30 V the effect 
becomes evident for PP-TMS) with etchants, e.g. hydrogen or fluorine. 

The bias effects, generally close to those of the temperature (more inorganic, 
cross-linked, hard, and dense coatings) can be exploited to design films with 
different structures. Low substrate temperature and bias lead to films with 
high monomer-structure retention, while the increase of ion bombardment 
and/or temperature drives the deposition toward "more inorganic" materials. 
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Figure 20. Deposition rate of PP-TMS and PP-TFC vs substrate bias (at 200 
°C). 
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PHYSICAL VAPOR DEPOSITION TECHNIQUES I: 
EVAPORATION AND SPUTTERING 

Y.PAULEAU 
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38402, Saint Martin d'Heres 
France. 

ABSTRACT. Thin films of numerous materials can be deposited on various substrates at 
low temperatures via condensation of vapors generated by vacuum evaporation or cathode 
sputtering techniques. Thermodynamic and kinetics aspects together with other basic 
considerations involved in evaporative deposition techniques are discussed. Evaporation of 
compounds and alloys can be improved using activated reactive evaporation processes. 
The major experimental techniques employed in vacuum evaporation and sputtering 
processes of some elements or compounds are desFibed. The principles and basic 
equipment of diode sputtering are briefly presented. THe sputtering yield of materials can 
be determined from the Sigmund model. The yield va~oe depends on various factors: ion 
energy, incidence angle of ions, crystallographic orientation of the target surface, ... The 
characteristics of sputtered species are compared toAhose of evaporated species. Thorough 
investigations of experimental parameter effects on sputter-deposition processes are 
required for optimization of deposition rates and properties of films. Sputtering systems 
operating at low pressures and high frequency sputtering equipments for deposition of 
insulating films are also described. 

1. Introduction 

Thin films and coatings of material M can be deposited on various substrates via the 
condensation of M vapors on the substrate surface maintained at a temperature T s nearly 
room temperature. The element or compound M is evaporated from a "source" either 
heated at high temperatures (evaporation process) or subjected to ion bombardment of 
sufficiently high energy (sputtering process). The energy required for production and 
transfer of vapor species from a condensed source material M to the substrate surface is 
provided by heat transfer in evaporation and by momentum transfer in sputtering. The 
deposition process involves essentially phase transformation and mass-transport 
phenomena. Therefore, evaporation ans sputtering are named physical vapor deposition 
(PVD) techniques in contrast to chemical vapor deposition (CVD) techniques where the 
formation of elements or compounds M takes place on the substrate surface via chemical 
reactions between gas precursors. 

The first example of sputter deposition of thin films to be recognized as such was given 
by Grove [1] who studied fluorescent light tubes in the middle of the 19th century; he 
observed that a dark deposit formed on the inside wall of the glass tube and surmised that 
this material was transferred from the electrode to the wall. In fact, the technological 
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objective in the field of fluorescent tubes was to prevent the formation of these dark thin 
films on the glass tube. The sputter deposition technique was applied to produce reflective 
metal films in the latter years of the 19th century until about 1930. The vacuum 
evaporation technique can be comparatively simpler than sputter deposition; however, 
rigorous experimental conditions, particularly in terms of base pressure, must be adopted 
and respected to produce films of extreme purity with desired or pre-selected structure and 
properties. The development of diffusion pumps in the 1920's made possible to evacuate a 
deposition chamber to sufficiently low pressures (about 0.1 Pa) for deposition of mirror­
like films by filament evaporation. In the next years, evaporation processes of different 
types were developed [2]. In the 1950's, the development of thin film applications as 
conductors and resistors in the electronics industry caused tremendous expansion of 
interest in sputter deposition techniques, in particular to produce thin films of refractory 
metals or compounds, such as Ta and Ta2N, for hybrid circuits. By that time, vacuum 
evaporation techniques gave rise to difficulties for evaporation of refractory metals; as a 
result, sputtering deposition processes of refractory materials were developed for 
microelectronic applications. In the past decades, evaporative and sputter deposition 
techniques have become very widely used and accepted for deposition of thin films in a 
broad range of applications from architectural glass and food packaging to thin film 
microelectronics. 

In this chapter, the techniques of evaporation and sputtering as a means of deposition of 
thin films are described. The growth mechanisms of evaporated and sputtered films as well 
as the process parameters are discussed and presented. The main purpose is to emphasize 
the advantages, benefits and limitations of these PVD techniques for a particular 
application. 

2. Vacuum Evaporation 

2.1. BASIC CONSIDERATIONS 

The deposition process of thin films by evaporation consists of the following physical 
steps: 
a) sublimation or vaporization of the solid or liquid material placed in the source 
b) transfer of vapor species (atoms or molecules) from the evaporation source to the 
substrate 
c) condensation of these particles on the substrate surface and film surface 
d) rearrangement of atoms or modifications of chemical bonds on the surface. 
Evaporative deposition processes are governed by thermodynamic and kinetic aspects 
essentially involved in steps a) to c). 

2.1.1. Thermodynamics. For evaporation of a material, energy must be supplied to atoms 
or molecules of the condensed phase to overcome attractive interatomic or intermolecular 
forces and provide kinetic energy to vapor species leaving the surface of the material. 
Thennal energy which enhances the thermal motion of species at the surface of a material 
to be evaporated is supplied by heating the source material at sufficiently high temperatures 
to liberate large amounts of atoms or molecules from the condensed phase. In a closed and 
isothermal system, the pressure rises up to the saturation vapor pressure when the solid or 
liquid-vapor equilibrium is established. This type of equilibrium at constant temperature T 
and pressure P is governed by the Clapeyron equation: 
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(1) 

in which dP and dT are infinitesimal changes of pressure and temperature promoting an 
infinitesimal transfer of matter between condensed phase and vapor phase such as the 
system reaches a new state of equilibrium at temperature (T + dT) and pressure (P + dP); 
.1He is the molar heat of evaporation; vvapor and Vcond are the molar volumes of vapor 
phase and condensed phase, respectively. Generally, the molar volume of a gas, vvapor, is 
much larger than the molar volume of the condensed phase, Vcond, and the gas behaves 
ideally. Therefore, equ.(1) becomes: 

1 dP .1He 
-----

P dT R T2 
(2) 

10-4 '-'-__ -.L_--'-' __ -----''--_----'-_____ ----' 

1000 1500 2000 2500 
EV APORA TION TEMPERATURE (K) 

Figure 1 - Saturation vapor pressure of metals versus temperature; close symbols. show 
the melting temperature of metals. 

For many substances in a moderate temperature range, the molar heat of evaporation is 
substantially constant; equ.(2) can be integrated as follows: 

.1He .1S e 
LnP=- R T +--r 
with .1G e = .1He - T .1S e 

(3) 
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where L1Ge and L1S e are the molar free energy and molar entropy of evaporation, 
respectively. Equ.(3) named the Clausius-Clapeyron equation can be used to predict vapor 
pressures of a liquid (or a solid) when the heat of vaporization (or sublimation) and one 
vapor pressure are known. The surface temperature required for evaporation of a material 
depends on its vapor pressure which is a strong fonction of temperature (Fig. 1). 

In the system at constant temperature T and pressure P, the number of collisions made 
by vapor species or particles (atoms or molecules) with the surface of the source material 
per unit area and per unit time at equilibrium or the collision frequency Z is equal to : 

1 - P 
Z=-nv=---r;;:==7~ 

4 V21tmkT 

PN Av 
(4) 

V21t M R T 

in which n and v are the density and average speed of particles, respectively; m and M are 
the mass of one molecule and molar mass of the gas, respectively; NAv is the Avogadro 
number. Therefore, the number of particles Ne evaporated at a temperature T per unit area 
and per unit time at equilibrium is given by : 

(5) 

where Pe is the saturation vapor pressure or the vapor pressure at equilibrium at a 
temperature T. This flux of evaporated particles or the evaporation rate Ne can be 
expressed as the following practical formula: 

( -2 -1) particles em s (6) 

in which Pe(Torr) is the saturation vapor pressure at temperature Te (K), Me (g) is the 
molar mass of particles, and al is an evaporation coefficient equal to unity for clean (non 
oxidized) evaporant surface. 

2.1.2. Kinetics. 
a) Path of evaporated particles 
If some part in the previous system at temperature Te and pressure Pe is cooled down to a 
temperature T s, the system will not be longer at equilibrium, and vapor species will 
condense on surfaces at Ts. Thus, the conditions will be established for a transfer of 
material from evaporation source to the substrate surface at temperature T s; the deposition 
of films by evaporation is a non equilibrium process. 

The particles leave the surface of the source material with their thermal velocities Vth 
along a straight line in the gas phase until collision with another particle. The particle path 
between the source and substrate can remain a straight line when the concentration of 
particles in the gas phase and the pressure of residual gas are sufficiently low. Assuming 
that the evaporated particles are essentially scattered by collisions with atoms or molecules 
of residual gas, the number of particles scattered between the source and substrate at a 
distance d is given by : 

(7) 
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where NO is the number of particles liberated from the surface of the source material 
(where d = 0) and A is the mean free path of molecules in the residual gas; the mean free 
path can be expressed as follows: 

2 
with (J = 4 1C Pm 

(8) 

where Pm is the radius of a residual molecule considered as a rigid sphere; (J is the 
collision cross section; P and T are the pressure and temperature of the residual gas, 
respectively. The mean free path A(cm) in air at room temperature is given as a function of 
the residual gas pressure P (Torr) by : 

5 x 10-3 

A (cm) = P (Torr) (9) 

At 25°C with a pressure of residual gas in the range 10-4-10-6 Torr, the mean free path lies 
between 50 cm and 50 m; therefore, to prevent a considerable dispersion of evaporated 
particles due to collisions with residual gas between the source and substrate, the residual 
gas pressure must be about 10-5 Torr with a source-substrat distance of the order of tens of 
centimeters. 

b) Contamination of the surface of evaporated films by residual gas 
The surface of substrates is bombarded not only by evaporated particles but also by 
molecules of residual gas (H20, C02, 02, N2, organic vapors, ... ). These impurities can 
arise from outgassing from the chamber walls, decomposition of pump oils and desorption 
from elastomer rubber seals. The collision frequency of residual molecules, Zg, striking 
unit area of the substrate or film surface is given as a function of the pressure by equ.(4). 
The number of molecules ng adsorbed on the surface per unit area or the concentration of 
adatoms on the surface at equilibrium is a function of the collision frequency Zg and 

average life time 'Tg of an ada tom before it re-evaporates from the surface: 

(10) 

Since desorption of an atom or molecule from the substrate surface is an activated process, 
it is reasonable to expect that 1:g will be related to the absolute temperature T of the 
substrate by an equation of the form : 

1: =_1 exj~) 
g V l'\k T o 

(11) 

where Ea is the adsorption energy per particle and va is a constant. It is found 

experimentally that I/VO is typically of the order of 10-13 s at room temperature. When 
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adsorption energy is given, an approximate value of 'tg(s) can be calculated from the 
practical formula : 

_ -13 (1.16 x 104 E a(eV») 
'tg(s) - 10 exp T(K) (12) 

Combining equs.(4) and (12) with equ.(10), the concentration of gas particles (atoms or 
molecules) adsorbed on the substrate surface at equilibrium will be given by : 

-2 9 P(Torr) (1.16X 104 Ea<eV») 
nipart.em )=3.51xlO y exp (K) 

M(g) T(K) T 
(13) 

Table I - densities of adatoms, ng' at equilibrium on a substrate surface at 300 K and 600 
K under various pressures of resIdual gas of molar mass M = 20. 

Pressure Ea = 0.1 eV Ea = 0.2 eV Ea = 0.3 eV 

(Torr) 300K 600K 300K 600K 300K 600K 

10-5 2.2 x 104 2.1 x 102 106 1.5 x 104 5 x 107 105 
10-6 2.2 x 103 2.1 x 101 105 1.5 x 103 5 x 106 104 
10-8 2.2 x 101 2.1 x 10-1 103 1.5 x 101 5 x 104 102 

10-10 0.2 ",0 101 '" 0.2 5 x 102 1 

Values derived from equ.(13) given in Table I demonstrate interesting features of practical 
importance. In order to move from evaporation in the residual gas pressure range of 10-5-
10-7 Torr to that of 10-8-10-10 Torr, the deposition chamber must be made of stainless steel 
instead of glass and must also have bake-out facilities and suitable cold traps. As a result, 
the capital cost is considerably increased and the experimental time can be greatly 
lengthened. Data given in Table I show that in every case, increasing the substrate 
temperature T s from 300 to 600 K reduces residual gas contamination by about the same 
amount as does improving the base pressure by two orders of magnitude. Therefore, to 
minimize substrate and film contamination, an increase in substrate temperature is often 
sufficient and an ultra-high vacuum (URV) evaporation equipment may not be necessary. 
In addition, the data demonstrate that with URV systems, the residual gas contamination 
may be reduced to zero at relatively high substrate temperatures. 

In practice, the nature of residual gas in a vacuum chamber as well as the adsorption 
energy, Ea, of atoms or molecules impinging on the film surface during condensation of 
vapor species are not well-known. The sticking coefficient and the average lifetime, 'tg, of 
residual gas species are rather difficult to be evaluated. Therefore, the major approach 
adopted to reduce the contamination of evaporated films by residual species is to reduce the 
ratio K: 

K = number of residual gas molecules impinging on 1 em 2 of surface per second (14) 

number of evaporated particles deposited on 1 cm 2 of surface per second 
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evaporation source 

Figure 2 - Source-substrate arrangement. 

For the ideal source-substrate arrangement (Fig.2), the number of vapor species 
condensed on the substrate surface area A, Nd, or the deposition rate of films is related to 
the evaporation rate Ne given by equ.(6) as follows: 

( cose) N d = a2 A cos<l> n; d 2 N e 
-1 

(particles s ) (15) 

in which e is the angle between the nOlmal to the surface of the source and the direction of 

the flux of particles emitted from the source; <l> is the angle between the normal to the 
surface of the substrate and the direction of the source; d is the source-substrate distance; 
a2 is the sticking coefficient of vapor species. 

The expression of the ratio K can be established in a particular case, e.g., for Si films 
deposited by evaporation at various deposition rates R and residual air pressures Pg. 

Assuming that the density of the Si films is equal to the bulk density (2.33 g cm-3), the 
flux of Si atoms Nd (atoms cm-2 s-l) can be expressed as a function of the deposition rate 
of Si films R (nm s-l) : 

(16) 

The flux of residual air molecules on the film surface is given by the collision frequency 
(equ.(5» with M = 29 g and T = 298 K. The flux of residual atoms Ng is twice the flux of 
air molecules, i.e., from equ.(6) : 

- 7 -
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22 
N = 2 3.51 x 10 P 

g Y29 x 298 g 

N 
The ratio K is given by: K = --.l?. or 

Nd 

K = 1.5 x 10 15 P i Torr) 
-1 

R(nm s ) 

-2 -1 
(atoms em s ) 

15 P iTorr) 
10 

-1 
R(nm s ) 

(17) 

(18) 

The ratio values reported in Table II were calculated with sticking coefficients of air 
molecules and Si atoms on the surface equal to unity. The situation is very unfavorable 
when K» 1 since the number of residual gas species is much higher than the number of 
Si atoms condensed on the surface. In fact, the amount of residual gas incorporated in the 
film depends on the reactivity between residual gas and deposited material or on the 
adsorption energy Ea. The sticking coefficient of a residual gas depends on the deposition 
rate, temperature and structure of the substrate surface or deposited material. In fact, the 
value of K must be as low as possible, i.e., for a given base pressure in the deposition 
chamber, the deposition rate or the evaporation rate must be maximum. The values of key 
parameters such as pressure of residual gas, evaporation rate or deposition rate, substrate 
temperature and cleanliness of the substrate surface (or in situ surface treatment) must be 
carefully measured or controlled to produce thin films with suitable quality and to ensure 
excellent reproducibility of the evaporative deposition process. 

Table II - Typical values of the ratio K calculated for evaporation of Si films in residual air 
ambient. 

R (nm/s) 
Pg (Torr) 

0.1 1.0 10.0 100.0 

10-9 10-3 10-4 10-5 10-6 

10-7 10-1 10-2 10-3 10-4 
10-5 10 1 10-1 10-2 

10-3 103 102 10 1 

c) Effect of the source-substrate arrangement 
The flux of particles liberated per unit area, per unit time and per unit solid angle from a 
small hole in the wall of a vessel containing gas molecules or from a point-like evaporation 
source is given by : 

1 -
<l> ro = 4.1r n v cose (19) 

The number of particles emerging per unit solid angle is a maximum in the direction 
normal to the plane of the source and decreases to zero in the tangential direction. 
Therefore, the deposition rate of evaporated films depends on the source-substrate 
configuration. Equ.(15) gives the deposition rate, Nd, or the number of vapor species 



www.manaraa.com

143 

condensed on the surface area A per unit time. When the substrate surface is tangent to the 
circle of diameter h passing through the evaporation source (Fig.3a), the deposition rate is 
constant for all positions on the circle because for this geometry : 

d 
cose = cos<1> = 11 (20) 

and 

N d = ( a2 n: 2 ) N e 
(21) 

Nd is a constant (independent of angles e and <1». However, the flux direction of particles 
condensed on the substrate surface is quite different for various positions on the circle, 
e.g., positions A, Band C. Usually, the deposited film exhibits a columnar structure with 
the axes of the columns making an angle 'Y with the flux direction <1> [3]. For instance, in 

Al films deposited at room temperature by vacuum evaporation, the angle 'Y increased from 

o to 35° as <1> increased from 0 to 60°; in addition, 'Y decreased with increasing substrate 
temperature. Generally, the substrates are mounted on a planetary motion holder and the 
angle <1> varies continuously during deposition. This planetary motion is associated with a 
rotatory motion of each substrate about its normal at a rate which is not a harmonic of the 
planetary motion. These various motions lead to continuous changes in flux arrival 
direction of vapor species on the substrate surface and ensure the same average flux on the 
substrates during deposition. 

source source 

Figure 3 - Usual source-substrate configuration in evaporation systems; (a) substrates on 
spherical planetary with source and substrate tangent to the sphere of diameter h, (b) planar 
substrate parallel to the source at a fixed height h above the source. 

The deposition rate Nd is constant only on the part of substrates tangent to the circle of 
diameter h; therefore, this diameter must be sufficiently large so that all points on a flat 
substrate have only a small deviation from the circle. The usual situation is schematically 
represented in Fig.3b. For a point-like source and a flat substrate with its center located on 
the normal to the source plane at a distance h, the thickness of films, to, obtained in the 
center of substrates is greater than the thickness, t, measured at a distance x from the 
center, according to the equation : 
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to 
(22) 

With an evaporation source consisting of a small plate and a flat substrate having its 
surface parallel to the source, the thickness ratio is expressed as follows: 

1 (23) 

In general, the source is not point-like, and the minimum distance h from the source of a 
flat substrate of 150 mm in diameter to obtain a thickness uniformity of evaporated films 
higher than 5 % can be calculated from equ.(23), e.g., in that case: 

75 ~ 46.5 em 
1/2 

(yl 19050 -1) 

(24) 

Various configurations can be adopted and used so that flat substrates are located with their 
surface in a tangent plane to the circle of diameter h passing through the evaporation 
source. 

2.2. EVAPORATION OF COMPOUNDS AND ALLOYS 

Two types of evaporative deposition processes of compound films can be distinguished. It 
is possible to proceed to either (i) a direct evaporation of the compound or alloy to be 
deposited on the substrate, or (ii) a reactive evaporation where metal or compound of metal 
in a low valence state is evaporated in the presence of a reactive gas to form a compound 
on the substrate surface to be coated, e.g., pure Si or SiO (formed from a Si02-Si mixture) 
can be evaporated in oxygen to produce Si02 thin films. 

2.2.1. Direct Evaporation Processes. A number of compounds such as B203, SiO, GeO, 
SnO, MgF2, CaF2 can be evaporated without dissociation. In this case, the compositions 
of the vapor phase and material condensed on the substrate are similar to that of the source 
material, and a coating having the stoichiometry of the source material can be directly 
deposited on the substrate. 

In the general case, the compound to be evaporated decomposes into fragments at high 
temperatures in the evaporation source. Since the fragments have different saturation vapor 
pressures, the evaporation of each of them proceeds at different rates and the composition 
of the condensed film differs from that of the source compound. For instance, with a 
binary compound AB dissociated at high temperatures, a depletion of the more volatile 
element occurs in the source and the film is enriched in this higher vapor pressure element. 
Usually, the sticking coefficients of elements A and B are differents; they depend on the 
adsorption energy Ea on a given material. With a sufficiently high concentration of the 
compound AB in the gas phase, the best results can be obtained when the adsorption 
energy of the desired compound AB is higher than those of both elements A and B. In that 
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case, the substrate temperature can be set so that the vapor species AB condense on the 
substrate surface but not the elemental species A and B. These conditions are necessary to 
deposit a compound AB in stoichiometric composition by evaporation of the source 
compound AB. 

In fact, the stoichiometry of the deposited material depends on various factors including 
deposition rate, concentration ratios of the various fragments, flux of other gas molecules 
impinging on the substrate surface, surface mobility of fragments or atoms which depends 
on their kinetic energy and substrate temperature, lifetime of adatoms on the surface, 
recombinaison rate of fragments on the surface, and concentration of impurities. For 
instance, the direct evaporation of Al203 resulted in alumina films deficient in oxygen 
AI203-x. This oxygen depletion in the films could be eliminated by evaporating Al203 with 
a low partial pressure of oxygen in the evaporation chamber. The effect of decomposition 
of the source material AB may be compensated by depleting intentionally the evaporation 
source in the more volatile element. This solution was adopted to produce Ni-Fe permalloy 
films of nominal composition 80Ni-20Fe from an evaporation source of approximate 
composition 83Ni-17Fe. This approach is not valid when the vapor pressure of elements 
differs by several orders of magnitude at a given evaporation temperature. 

Another possibility of direct evaporation consists in the use of a flash evaporation. In 
this method, powdery alloy AB with homogeneous grain size is dropped continuously into 
a hot boat and immediately vaporizes to form a condensed film on the substrate. With grain 
size suitably calibrated, one grain completely vaporized can form one monolayer of the 
desired alloy on the substrate surface, and the films are grown by regular sequences of 
stoichiometric monolayers condensed on the substrate. However, this ideal situation can 
be affected by variations in feed rate and deviations in grain size. In practice, the substrate 
temperature must be relatively high to ensure a correct homogeneity of constituents in the 
deposited films. A compound or alloy AB can also be deposited by evaporation from two 
separate sources containing elements A and B, respectively. The vapors A and B condense 
on the substrate surface maintained at a suitable temperature for formation of the 
compound AB. In this method, the control of three temperatures namely two evaporation 
temperatures and one substrate temperature is necessary to produce thin films with 
excellent reproducibility. This temperature control can be difficult in particular for 
evaporation of refractory metals to produce various compounds, e.g., WSi2 thin films, 
and the manufacturability of this three-temperature system is rather poor. 

2.2.2. Reactive Evaporation Processes. 
a) Evaporation of compounds 
The compound to be deposited (oxide, nitride, ... ) is placed in the evaporation source and 
directly evaporated. With this direct evaporation process, the film condensed on the 
substrate can be deficient in the more volatile element (oxygen, nitrogen, ... ). The 
stoichiometric composition of the film is restored when the compound is evaporated in the 
presence of a reactive gas (02, N2, ... ) at a pressure typically in the range 10-3 to 10-4 

Torr. This improvement in stoichiometry can arise from reactive gas absorption by 
growing films, reactive collisions between gas molecules and vapor species emitted from 
the evaporation source, and surface reactions between gas molecules and condensed films. 
The relative complexity of interactions involved in this process can lead to difficulties to 
ensure exact and reproducible stoichiometry of films. 

b) Evaporation of metals 
The metal or element is directly evaporated from the source and the compound to be 
deposited forms by reactions between metal atoms and reactive gas introduced in the 
deposition chamber. The major drawbacks of this process are related to temperatures of 
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evaporation source and substrates. The source must be at a sufficiently high temperature 
for a suitable evaporation of element so that the formation of the compound can take place 
directly in the source, and drifts or instabilities of the evaporation conditions can 
detrimentally affect the deposition process. In addition, high substrate temperatures and 
low condensation rates are needed to enhance reactive interactions between metal and gas. 
Chemical reactions between metal and gas to form a given compound are governed by 
thermodynamic and specially kinetic laws. From the thermodynamic point of view, metal­
gas reaction is possible when the free energy of the reaction is negative; usually, this 
condition is easily fulfilled. In fact, the kinetic factors involved in the heterogeneous metal­
gas reaction can playa dominant role. In reactive evaporation processes, the major rate­
limiting steps can be the transfer of vapor species by gas phase diffusion from the source 
to the substrate surface, collision frequency between reactants, surface reaction between 
reactants and, diffusion of gas products from the surface. At low pressures, the growth 
kinetics of films is often limited by the surface reaction rate. Furthermore, the deposition 
rate of films depends on the arrival rate of metal atoms and gas atoms or molecules on the 
substrate surface. For instance, TiC films with C/Ti ratio of 1.0 could be formed by 
reactive evaporation of Ti atoms in presence of C2H2 and C2H4 molecules on substrates at 
a temperature ranging from 300° to 500°C with a deposition rate varying from 0.3 to 1.5 
A/s. At higher deposition rates, e.g., from 2 to 4 A/s, a carbon depletion was observed in 
the films; the C/Ti ratio decreased from 1 to 0.2. The growth kinetics of TiC films was 
governed by the rate of surface reactions between Ti atoms and gas molecules [4]. To 
overcome the activation energy barrier between reactants and compounds, vapor species 
can be activated through the creation of a plasma in the deposition chamber. The presence 
of a plasma enhanced the deposition rate of TiC films [5]. This method was named 
activated reactive evaporation (ARE) process. 

2.2.3. ActivatedReactive Evaporation Processes. 
a) Plasma effects 
Excited species created in the plasma can participate in the surface reactions thereby the 
deposition rate of compound films can be enhanced. In addition, these changes in growth 
kinetics can modify various correlations between composition, morphology, structure and 
properties of films. Hence, properties of compound films deposited by ARE process differ 
from those of films produced by conventional evaporation process. By contrast, the 
plasma has little or no influence on the vaporation conditions of metal. 

A variety of species are produced in the plasma from collisions of atoms and molecules 
with energetic electrons. These species can act as precursors in chemical reactions involved 
in the growth of films. The interactions in the plasma are dependent on the electronic 
density, electron energy and energy distribution function of electrons. As result, to obtain 
films with desired properties by ARE process, it is necessary to control not only the 
conventional deposition parameters (substrate and source temperature, base pressure, ... ) 
but also the properties of the plasma affecting volume chemistry. During deposition, the 
surface of films is bombarded by energetic neutrals, ions and electrons coming from the 
plasma. The nature and energy of these particles depend on deposition parameters and 
position of substrates with respect to the plasma (substrate in or out of plasma). The 
bombardment of the substrate surface can lead to substrate heating (due to electronic 
bombardment), changes in surface reactions, gas incorporation in films, modifications of 
the film morphology, grain size, crystallographic orientation and defect density in the film. 
In addition, with a negative bias voltage applied to substrates, a fraction of the deposited 
material is removed or sputtered by energetic positive ions (bias sputtering). The 
composition and properties of films depend on the value of the bias voltage. The neutral 
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gas incorporation such as argon can be minimized in films deposited with the bias 
sputtering mode at a suitable bias voltage. 
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Figure 4 - (A) Basic ARE process, (B) low pressure plasma deposition process, (C) 
enhanced ARE process, (D) ARE process with hot hollow cathode electron beam gun or 
cold cathode discharge electron beam gun, (E) biased ARE or reactive ion plating process 
[6]. 

b) Implementation of the ARE processes 
Various systems have been implemented for deposition of compounds by ARE processes. 
Basic and modified ARE processes are schematically represented in FigA. The basic ARE 
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system is equipped with electron beam evaporation source and metal atoms liberated from 
the source diffuse through the plasma generated by accelerating secondary electrons and 
thermoionically emitted electrons from the plasma sheath to an electrode connected to 
alternative current (a,c,) or positive direct current (d,c,) power supply (FigAA), The 
substrates and the films can be conductor or insulating materials and can be biased to any 
potential. This technique has been successfully used to produce carbides [5], nitrides [7], 
oxides [8,9], sulfides [10,11] and carbonitrides of titanium [12], This basic system was 
slightly modified by substituting resistance heated evaporation source for electron beam 
source [13], The plasma is created between a filament heated by Joule effect and a 
positively biased electrode (Fig,S), A magnetic field created by two magnetic coils is 
applied in the direction parallel to the filament-electrode axis, The electrons thermoionically 
emitted by the filament experience the magnetic field effect and travel in spiral paths 
thereby the probability of collisions and gas ionization are increased, Conductive coatings 
of indium oxide and indium tin oxide have been deposited by this technique [6], 

I I magnet coils 
CXJ substrate CXJ 

cu::s::sJ I 
anode 0 -r C filament 
~ evaporauon 

I O~ shutter 

pumpmg 
unit 

Figure 5 - Activated reactive evaporation system using a resistance heated evaporation 
source [6]. 

With conductive substrates and films, the plasma can be created directly between the 
electron beam evaporation source and the substrate holder positively-biased; the ARE 
electrode can be eliminated (Fig.4B). This technique is named low pressure plasma 
deposition (LPPD) process [14]. The major disadvantage is the impossibility to have the 
substrates grounded, left at the floating potential or biased negatively. The ARE processes 
with biased substrates are called (BARE) processes. Usually, the substrates are biased 
negatively to attract the positive ions generated in the plasma. This BARE process with 
substrates biased negatively (Fig.4E) was reported in 1978 and named reactive ion plating. 
Oxide and nitride films were produced in another BARE system (Fig.4C) equipped with 
an electron beam evaporation source and a coil of aluminum wire in the reaction zone to 
create an inductive radio frequency (R.F.) plasma at low reactive gas pressures [15]. The 
thermoionic electron source used to produce the electron beam in the evaporation source 
can be replaced by a plasma electron beam gun (FigAD). The major advantage provided 
by these guns is the abundant supply of low energy electrons; in addition, these systems 
are relatively rugged and long-lived. Hence, a wide variety of ARE systems and processes 
has been developed and implemented. These methods were reviewed and described in 
detail recently [6]. 
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2.3. EXPERIMENTAL TECHNIQUES 

The experimental equipment to produce thin films by evaporation consists of an 
evaporation source, a substrate holder, a film thickness or deposition rate monitor mounted 
in the evaporation chamber evacuated by a pumping unit. 

2.3 .1. Pumping Units. The pumping techniques for evaporation were described 
previously [16,17]. A combinaison of oil diffusion pump backed with a mechanical pump 
fitted with an efficient liquid nitrogen trap is still used extensively. Base pressures of about 
10-6 Torr in the evaporation chamber can be currently obtained with these systems. Ionic 
or sputter ion pumps and sublimation pumps are associated to obtain base pressures 
ranging from 10-8 to 10-10 Torr. Stable ultra-high vacuum (UHV) conditions in the 
evaporation chamber are attainable if all gases were desorbed from the walls of the 
chamber. The outgassing of chamber walls is achieved by backing treatment of the 
chamber for a long period (24 to 48 h) at temperatures in the range of 250° to 450°C. These 
high backing temperatures require the use of stable metal seals rather than rubber or 
elastomer seals mounted on systems equipped with diffusion oil pumps. The major 
drawback of sputter ion pumps is the large difference in pumping speed for different gases 
[16]. 

2.3.2. Evaporation Sources. Elements and compounds with relatively high saturation 
vapor pressures are usually evaporated from sources heated by Joule effect. Evaporation 
sources commonly used consist of tungsten spirals or tantalum boats in a wide variety of 
shapes and forms commercially available. The major problem is to avoid or minimize 
chemical reactions between the crucible and the material to be evaporated. These side 
reactions can be avoided using crucible-free techniques such as electron beam or laser 
beam evaporation sources (Fig.6). The source material is locally heated by a scanned 
electron or laser beam. The beam heats only the surface of the source material whereas the 
support holder is usually cooled. 
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Figure 6 - Electron bombardment sOurce for evaporation with electron gun magnetic 
focussing. 
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2.3.3. Substrate Holder. The plane substrates are mounted on a holder with its surface 
located on the circle passing through the evaporation source (Fig.3) to obtain films with 
uniform thickness. The substrate holder rotates about the vertical axis and substrates at 
different radial positions receive the same flux of vapor species but at different angles of 
incidence (Fig.7). With this system, a poor coverage of vertical steps can be obtained 
whereas with the planetary motion a conformal step coverage can be achieved. 
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Figure 7 - Schematic representation of evaporation system. 

2.3.4. Deposition Rate Monitor. Usually, the thickness of films must be obtained with 
accuracy since the properties of films such as electrical resistance, capacitance, reflectivity 
are strongly dependent on the film thickness. The deposition rate can be evaluated from 
equ.(15); however, the effect of the source-substrate configuration on the deposition rate is 
very important and an accurate deposition rate value cannot be determined directly by 
calculation. In addition, the calibration of the deposition rate for given deposition 
parameters must be avoided since the reproducibilities of evaporation temperature and 
evaporation rate are rather poor. 
The deposition rate is currently monitored by a quartz crystal microbalance mounted on the 
same circle as the substrates (Fig.7). The resonant frequency of the quartz crystal 
decreases with an increase in the mass of films deposited on it [2]. The conversion from 
mass to thickness requires a knowledge of the density of films which is usually less than 
the bulk density of the deposited material. It is necessary to perform a calibration to obtain 
precise thickness values. The density value determined by the user is entered in the 
microprocessor controlled system to obtain the film thickness directly during the 
evaporation process. The quartz crystal must be replaced when the change of resonant 
frequency is about 5 %. With a conventional system, the evaporation chamber must be 
opened frequently to load substrates and to replace the evaporation charges. The quartz 
crystal can also be replaced easily during these operations when the evaporation chamber is 
opened. With UHV systems maintained under vacuum for long periods, ionization gauge 
rate monitors are preferable (Fig.8). In this case, a fraction of the evaporated flux is 
ionized by an electron beam and the ionization current is detected in the gauge. To avoid 
interferences caused by residual gas pressure in the system, the signal due to the ionized 
fraction of the evaporated beam is modulated by using a rotating shutter in front of the 
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Table III - Evaporation of elements and compounds [17]. 

Material Atomic Density Melting Evaporation Evaporation 
mass point (0C) temperature (0C) source 

Ag 107.88 10.5 961 3 Mo, W, Ta 
AI 26.98 2.7 660 3-4 W,Ta 
Au 197.20 19.3 1063 4 W,Mo 
Be 9.02 1.9 1284 4 Ta, W,Mo 
Bi 209.00 9.78 271 2 W,AO,Mo, Ta 
C 12.01 1.2 3700 6 C (arc) 
Cr 52.01 6.8-7.1 1900 4 W 
Cu 63.57 8.85-8.92 1084 4 W,Ta 
Fe 55.84 7.9 1530 4 W,AO 
Ge 72.60 5.35 958 4 W,AO,C,E 
In 114.76 7.3 156 3 W,Mo 
Ni 58.69 8.85 1453 4 W,C,E 
Pt 195.20 21.5 1773 5 W,C,E 
Pb 207.21 11.3 328 4 Fe,Ni,W,Mo,AO,E 
Se 78.96 4.5 220 1 W,Mo 
Si 28.06 2.4 1415 4 C,E 
Sn 118.70 7.28 232 3-4 Mo,AO 
Ti 47.90 4.5 1727 5 W,C,E 
Zn 65.38 7.13 420 2 W, C, Ta, Mo, AO 
Zr 91.22 6.53 1860 5-6 C,E 

Ni-Cr 8.2 4-5 W,Ta 
SiO-Cr 4-5 W 
A12~ 101.94 3.6 2046 6 E 
Ce02 172.12 6.9 2600 5-6 W 
MgO 40.32 3.65 2640 6 E 
Si02 60.09 2.1 1500 5-6 E 
SiO 44.09 2.1 4 Mo, W, Ta 

Th02 264.10 9.69 3050 7 E 
Ta205 441.76 8.7 1470 5 Ta, W,E 
CdS 144.46 4.8 1750 3 W, Mo, Ta 
ZnS 97.44 3.9 1900 3 MO,E 

CaF2 78.08 3.2 1360 3 Ta,W 
Na3AlF6 209.95 2.9 1000 3 Mo 

LiF 25.94 2.6 870 3 Ta 
MgF2 62.32 2.9-3.2 1220 4 Ta,AO, W 
NaF 41.99 2.8 990 4 Mo, Ta, W 
PbTe 334.78 8.1 904 3 Mo, Ta,AO 
CdTe 240.00 6.2 1041 3 Mo, Ta 
NaCl 801 2.2 801 3 Ta, W,C 

Evaporation temperature range (OC) : 1, 100 to 400; 2, 400 to 800; 3, 800 to 1200; 4, 
1200 to 1600; 5, 1600 to 2100; 6,2100 to 2800; 7, 2800 to 3500. Evaporation source: C, 
graphite; AO, alumina crucible; E, electron beam heated source. 
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ionization gauge. If only the modulated component of the ion current is measured, 
variations in background pressure do not contribute to the reading and the system becomes 
much more sensitive to variations of film thickness. 
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Figure 8 - Ionization gauge rate monitor system. 

2.4. APPLICATIONS OF EVAPORATION PROCESSES 

A large number of elements and compounds can be deposited on various substrates by 
vacuum evaporation process. The evaporation temperatures reported in Table III 
correspond to saturation vapor pressure values of 10-4 to 10-2 Torr. The evaporation 
crucible must be made from a material inert with respect to the material to be evaporated. 
The source material with a high purity is mostly used. To preserve the purity of the source 
material and deposited films, the residual gas pressure must be as low as possible. 
However, additional sources of contamination exist in the evaporation system at the 
beginning of the process. Impurities can arise from gas adsorbed in both evaporant and 
evaporation source. These impurities can be incorporated in the films. To prevent this type 
of contamination, the substrates are shielded by a shutter interposed between the 
evaporation source and the substrates for a given period at the beginning of the evaporation 
process. 

3. Cathode Sputtering 

Atoms can be ejected from the solid surface when this surface is bombarded by ions or 
atoms with sufficiently high energy (above about 30 eV). In this process, the solid material 
plays the role of a target sputtered by either an energetic particle (ion or molecule) beam or 
positive ions generated in a plasma and accelerated to the target biased at a negative 
voltage. This phenomenon was discovered about 150 years ago by Grove [1] who studied 
the forerunners of fluorescent light tubes and observed the formation of a dark deposit of 
the electrode material on the inside wall of the glass tube. The technological means 
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available in the 19th century were not adequate to settle a correct use of this phenomenon 
in thin film deposition processes. The development of vacuum evaporation techniques 
invented some 50 years later was faster, and by this time, the sputtering process was 
confined to investigations of the physics of ion bombardment and ion-solid interactions. In 
fact, the sputtering process is of interest for deposition of refractory metals which are 
evaporated with difficulties using evaporation sources heated by Joule effect. The 
increasing interest in refractory metal films for microelectronics in the 1950's has caused a 
vigorous development of sputtering deposition techniques. 
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Figure 9 - Basic d.c. sputtering deposition system. 
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3.1 . PRINCIPLE AND BASIC EQUIPMENT OF d.c. DIODE SPUTTERING 

The basic system for cathode sputtering is composed of a bell jar backed up with a 
pumping unit to evacuate the deposition chamber and maintain the sputtering gas pressure 
at a value ranging from 0.1 to 0.01 Torr (Fig.9). The sputtering chamber is equipped with 
a target (or cathode) of the conductor material to be sputtered and deposited on substrates, 
and a substrate holder acting as the anode of the system. A glow discharge is established in 
an inert gas such as argon or xenon at low pressures (0.1 to 0.01 Torr) when a voltage of 
several kilovolts is applied between the target and the substrate holder which is usually 
grounded. The water cooled target holder is screened by a grounded cathode shield 
mounted at a low distance from the cathode (about 1 cm) to impede gas ionization and 
thereby to avoid sputtering of the target holder. 
The current intensity between anode and cathode through an inert gas at low pressures 
(few Torr to some 10-3 Torr) is essentially zero for an interelectrode voltage below the 
breakdown voltage value (Fig.lO). From about 500 V, the phenomena of gas ionization 
can occur and a glow discharge is established. The current varies strongly for a very small 
change in interelectrode voltage; the system runs at a constant voltage in this normal glow 
discharge regime. Above a certain voltage value, the current intensity through the gas 
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Figure 10 - Typical I(V) characteristics of a d.c. discharge through a gas at low pressures. 
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Figure 11 - Typical variation of interelectrode potential in a d.c. glow discharge between 
cathode C and anode A at a distance d; V AC is the interelectrode voltage and Vc the 
cathode fall. 
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increases progressively as the interelectrode voltage increases; this regime used for sputter 
deposition of thin films is named abnormal glow discharge regime. 

The potential between the electrodes does not vary evenly (Fig. 11 ). The positive ions 
created by the discharge are accelerated towards the target biased to a negative voltage and 
strike the target surface with almost the same energy as that gained in the cathode fall 
region when the gas pressure is sufficiently low. The width of the cathode sheath depends 
on the sputtering gas pressure. The cathode fall depends on the nature of gas and cathode 
material; usually, its value is almost equal to the interelectrode voltage. The bombardment 
of the target by positive ions created in the plasma induces ejection of atoms at the target 
surface. The liberated atoms condense on surrounding areas and on the substrates placed 
on the substrate holder at few cm from the target. 

3.2. SPUTIERING MECHANISMS 

The target of material M to be sputtered and deposited on substrates is bombarded by 
energetic ions; during ion-solid interactions, sufficiently high energy can be transferred to 
atoms M and certain atoms are ejected from the target surface. This sputtering phenomenon 
is the result of momentum transfer from the incident particles to the target lattice. 
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Figure 12 - Ion-solid interactions and sputtering mechanisms. 

The ion-atom collision sequences occurring at the target surface are schematically 
represented in Fig.12. Some incident ions with low energies are scattered from the surface 
of the target in a binary or ternary collision sequences. The fraction of scattered ions 
depends on the ion energy, ion mass, Mi, and target atom mass, Mt ; the fraction value 
increases from 0.01 to 0.25 as the ratio MJMi increases from I to 10 [18]. For instance, 
the scattering coefficients of 500 eV Ar+ ions on Ti and Au atoms are equal to 0.01 and 
0.18, respectively. This phenomenon of ion elastic scattering on solid surfaces is currently 
used for surface analyses by low energy ion scattering spectroscopy [19]. In fact, most 
incident ions are neutralized on the target surface and are scattered as energetic neutral 
particles. Ions with relatively higher energies are also neutralized on the target surface but 
can penetrate in the solid. The incident particles cause displacement of atoms in the 
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topmost layers of the target and provide a certain momentum to atoms M. These particles 
lose progressively their energy, are scattered by atoms M, and can either be emitted from 
the target surface or become implanted in the target. A fraction of atoms M displaced by 
incident particles can diffuse towards the target surface and are ejected or sputtered when 
their energy is sufficient high to overcome binding energy. More probably, a momentum 
transfer occurs from an atom to another in the target, and atoms M at the target surface 
receiving energy from internal atoms can be emitted from the target surface. The minimum 
energy of a primary ion for sputtering of atoms M or the threshold sputtering energy is 
about 20 to 30 eV, i.e., significantly higher than the energy needed to transfer one atom 
from the solid to the gas phase or sublimation energy which lies between 3 and 5 eV for 
most solid materials. The primary particles implanted in the target will later be ejected from 
the target surface since the target erodes progressively. This sputtering process using ion 
beams is utilized for depth profiling in surface analyses such as secondary ion mass 
spectroscopy and Auger electron spectroscopy. The ionic bombardment of the target also 
causes emission of secondary electrons with a yield of typically about 0.1 for metal targets 
[20]. Secondary electrons emitted from the target experience an acceleration passing 
through the cathode sheath and their energy becomes sufficiently high to ionize sputtering 
gas molecules during electron-molecule collisions. These ionization phenomena induced 
by secondary electrons sustain the glow discharge and are responsible for the strong 
increase in current intensity through the gas phase as the interelectrode voltage reaches the 
breakdown voltage value (Fig. 10). 

Figure 13 - Three regimes of sputtering by elastic collisions. (a) The single-knockon 
regime, (b) the linear cascade regime, and (c) the spike regime [21]. 

3.3. SPUTIERING YIELD 

To realize a significant momentum transfer between incident ions and atoms M, the ion 
mass, Mi, must be comparable to the target atom mass, Mt. The sputtering yield value can 
be calculated as a function of sputtering parameters from equations established by 
Sigmund [21]. The Sigmund model involves three types of ion-atom collisions (Fig. 13). 
In the single-knockon regime, the bombarding ion transfers energy to target atoms, and 
after having undergone a small number of further collisions, target atoms are emitted from 
the surface when their energy is sufficiently high to overcome binding forces. In other 
words, the energy provided to target atoms is sufficient to induce sputtering phenomena 
but too small to initiate cascade of collisions. This mechanism is preponderant in sputtering 
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processes with light incident ions of low energies. In the two other regimes, recoil atoms 
are energetic enough to generate secondary and higher-generation recoils. Some of recoil 
atoms may approach the target surface and overcome the energy barrier. The linear cascade 
regime occurs in interactions between target atoms and incident ions of energy ranging 
from some keV to some MeV. In the spike regime, the spatial density of moving atoms is 
larger than that in the linear cascade regime. The spike case appears with heavy incident 
ions, i.e., diatomic molecular ion bombardment; these ions are slowed down rapidly and 
the energy transfer takes place in a relatively small volume of the target. 

The theoretical calculations of the sputtering yield developed by Sigmund are adapted to 
the linear cascade regime; the two other regimes can be considered as limit cases and 
treated semi-quantitatively [21]. With an incident ion beam normal to the target surface, the 
sputtering yield, Y, expressed in atoms ejected per incident ion, is given by the following 
expression [22] : 

Mi sn(£) 

Mi + M t ---u-- (25) 

where Zi and Zt are the atomic numbers of incident ions and target atoms, respectively; U 
(expressed in eV) is the binding energy of atoms at the target surface which is 
approximately equal to either the sublimation energy for a metal target or the covalent bond 

energy for a molecular material; a is a dimensionless parameter depending on the mass 
ratio, MJMi (Fig.14). 
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Figure 14 - Dependence of the factor a on the mass ratio MJMi [21]. 
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The tenn Sn(E) is an universal function which depends on the energy variable E defined by 
the following equation: 

(26) 

with 
0.855 ao 

and ao= 0.529 A 

where E (in e V) is the energy of incident ions, a (in cm) is the screening radius and e is the 
charge of electron in electrostatic units (e = 4.8 x 10-10 esu cgs). The universal function 

Sn(E) depends on the detailed form adopted for the screened Coulomb interaction. Several 
proposed forms are shown in Fig.15. 

0.5 

~ 

W 
'---'0: 

0.4 rF> 

Z 
0 
>-< 
t-< 0.3 u 
Z 
~ 
r.r.. 
.....l 0.2 
<C 
r/) 

0:: 
r.I.1 0.1 > >-< 
Z 
;::l 

0 
10-3 

THOMAS-FERMI 

, 
I 

./ 

, BOHR 

10-2 

, 
I 

10-1 

, , 

£ 

, 
\ 

Figure 15 - Universal function, Sn(E), versus energy variable E; the two curves refer to two 
different screening functions for the Coulomb interaction between two colliding atoms 
[21]. 

The sputtering yield can be determined experimentally from the mass loss of the target, 

/'t,. W, and ion current intensity, J, collected by the target for a given sputtering time, t : 

Nt 
Y (atoms/ion) = 

Ni 
(27) 
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in which f' = 1 Faraday = 96500 C; Nt and Nj are the numbers of sputtered atoms and 
incident ions, respectively. The sputtering yield increases with increasing ion energy 
(Table IV); generally, the yield values are given for incident ion beams normal to the target 
surface otherwise the incident angle value is mentioned. 

Table IV - Sputtering yields for various materials bombarded by Ar+ ions [23]. 

Target 

Ag 
Cu 
Fe 
Ge 
Mo 
Ni 
Si 
W 

Ion energy (ke V) 
------ -- - ----- --- - - - - -- - - - - - -- - -- - -- - ------ -- - -- - -- - - - - - -- - -- - - - ---- -- - -- - - - - -- - -----
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Figure 16 - Ion energy dependence of sputtering yield for copper bombarded by Ar+ ions 
[24]. 

The experimental sputtering yield data for Cu targets reported in the literature are plotted 
versus Ar+ ion energy in Fig.16. According to the ion energy, five parts can be 
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distinguished in this diagram. In region I, the energy of ions below 20 e V is too low to 
induce copper sputtering detectable by the most sensitive methods available; the detection 
limit is about 10-4 at./ion. With an ion energy ranging from 20 to 80 e V (region II), the 
sputtering yield increases strongly with a small change in ion energy. The yield value is 
very difficult to measure; various techniques were developed, for example, resistance 
measurements of a thin film, use of microbalances, sputtering of radioactive species [23]. 
In region III, between 80 and 300 eV, the sputtering yield increases approximately linearly 
as the ion energy increases. Sputter deposition of metal thin films can be performed in this 
ion energy range. Between 300 eV and 10 keY in region IV, the sputtering yield continues 
to increase with increasing ion energy but less than linearly. The incident particles 
penetrate more deeply into the target with increasing ion energy and less atoms at the target 
surface can receive sufficiently high energy to escape as sputtered particles. This region IV 
is of interest for practical applications of sputtering in thin film deposition processes. For 
ion energies higher than 10 keY (region V), the sputtering yield reaches a maximum and is 
very insensitive to ion energy. the ion penetration depth becomes greater as the ion energy 
increases and a lower sputtering yield is observed. The maximum value is reached with 
few thousand eV H+ or He+ ions since these light ions penetrate easily in the metal target. 
For heavy ions (Xe, Hg), the maximum yield can be attained with ion energies of 50 keY 
or higher. In fact, the ion energy corresponding to maximum sputtering yield depends on 
the nature of the target material. 
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Figure 17 - Threshold sputtering energy versus atomic number of various elements 
bombarded by Hg+ ions [17]. 



www.manaraa.com

161 

According to the nature of metal, the threshold sputtering energy (minimum energy to 
induce sputtering phenomenon) can vary from 40 to 130 e Y for a given ion beam. For 
transition metals, the threshold energy decreases with increasing atomic number in each 
period of the table of elements (Fig.17). 
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Figure 18 - Sputtering yields for Ni and Au versus incidence angle of light ions (9 is the 
angle between the ion beam and the normal to the target surface); .4 keY H+/Ni, 0 4 
keY H+/Au, A. 1 keY D+/Ni, ~ 1 keY D+/Au; the solid line represents the computed 
results of Hoffmann et al. [25] for the 4 keY H+/Ni system; experimental data are from 
Bay and Bohdansky [26]. 

A very rapid variation of the sputtering yield is observed with increasing incidence 
angle, 9, i.e., the angle between the ion beam and the normal to the target surface. The 
maximum yield is reached for angles higher than 80° (Fig.18). The maximum in the 
normalized yield, Y(9)1Y(00), was found to be higher as the projectiles are lighter, and to 
increase with increasing projectile energy as well as surface-binding energy of the target 
material. The sputtering yield also depends on the crystallographic orientation of a single 
crystal target and ion energy corresponding to the maximum yield depends on the 
crystallographic orientation of the crystal surface (Fig.19). The energy dependence of the 
yield for selected incidence directions and the angular dependence for different ion energies 
can be discussed in terms of the channeling model [28]. 
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Figure 19 - Energy dependence of the sputtering yields of the (111), (100) and (110) 
planes of Ag [27] and energy dependence of the sputtering yield for polycrystalline Ag 
targets [28]. 

3.4. CHARACTERISTICS OF SPUTTERED SPECIES 

3.4.1. Nature of Sputtered Particles. The particles ejected from the target surface are 
essentially emitted as neutral atoms (only about 1 % is charged). In general, the analyses 
by mass spectrometry show that a large number of different species exist in the flux of 
particles sputtered from the target. Polyatomic species such as SiO, CO, CH3, ... formed 
in the gas phase from residual impurities can also be detected; however, the abundance of 
these species is negligible compared to that of the target element or compound. The species 
emitted from a copper target bombarded by low energy Ar+ ions were identified by mass 
spectrometry with a sensitivity of about 7 x 104 atom/ion [29]. Sputtered Cu atoms were 
detected down to an ion energy of 27 e V. Copper atoms were found to be ejected directly 
from the target as neutral species. The variation of the sputtering yield of copper as a 
function of the Ar+ ion energy was similar to that represented by the typical curve given in 
Fig.16. Diatomic copper species were detected when the Ar+ ion energy was higher than 
50 e V; the concentration of these diatomic molecules in the flux of the sputtered material 
attained 5.5 % and decreased with decreasing ion energy. No other copper species with 
higher atomic mass such as CU3 were detected during sputtering of copper by Ar+ ions 
under the experimental conditions investigated [29]. 

3.4.2. Energy of Sputtered Particles. The velocity of sputtered particles can be determined 
by measurements of the time of flight of the sputtered atoms [30]. Then, the energy of 
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Figure 20 - Velocity distribution of evaporated (a) and sputtered (b) Cu particles [17]. 
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Figure 21 - Energy distribution of copper atoms ejected in the (110) direction normal to the 
single crystal surface for bombarding Kr- ion energies from 80 to 1200 e V [31]. 
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these particles is deduced from their masses obtained by mass spectrometry measurements. 
To determine the time of flight of particles, the sputtered atoms are detected by optical 
absorption spectroscopy. A large current pulse is applied to the target and the interval of 
time between the pulse and the corresponding increase in intensity of the appropriate 
spectral line, i.e., the time of flight, is measured. The velocity distribution and energy 
distribution of sputtered particles can be deduced from these measurements. 

The velocity distribution of evaporated and sputtered copper atoms are very different 
(Fig.20). The energy distribution of sputtered eu atoms is broader than that of evaporated 
atoms. The mean energy of sputtered atoms is about 10 times higher than that of 
evaporated species. This result suggests (or confirms) that the mechanism of cathode 
sputtering is connected with momentum transfer and not with local heating of the target 
leading to evaporation of atoms from the target surface. The energy distribution of 
sputtered atoms depends on the energy of primary ions. For sputtering of a (110) oriented 
single crystal eu target by Krt ions, the kinetic energy of a number of eu atoms ejected 
from the target can be higher than 20 e V when the energy of primary Kr+ ions is above 
600 eV (Fig.21). As a result, the sputtered atoms arriving at the surface of substrates will 
possess substantial energies compared to evaporated species. This high energy of 
sputtered particles can lead to better adhesion of films prepared by sputter-deposition 
processes. 

3.4.3. Angular Distribution of Sputtered Particles. In the linear cascade regime, the flux of 
target atoms displaced by incident particles, i.e., the flux of recoil atoms is assumed to be 
isotropic. In other words, the probability of displacement of atoms in the target is 
independent of the direction considered in the crystal. From this assumption, the flux of 
atoms ejected from the target surface per unit area, per unit time and per unit solid angle is 
given by equ.(19). This law suffers from numerous exceptions; angular distributions 
depending on cos2e can be found experimentally. With an oblique incidence 
bombardment, the deviation from the cosine law is all the larger as the energy of incident 
ions is low. Under these conditions, the mean direction of ejection becomes near the 
direction of the specular scattering as the energy of primary ions decreases [22]. 

3.5. SPUTTER-DEPOSITION OF THIN FILMS 

3.5.1. Objectives. The properties of thin films are strongly dependent on purity, structure 
and morphology of the deposited material. These characteristics are significantly 
influenced by experimental deposition conditions, namely preparation or surface treatment 
of substrates, deposition parameters, post-deposition treatment of films. As a result, a 
deposition technique must meet various requirements or be able to respond positively to 
many of the challenges encountered in thin film processing. First of all, high deposition 
rates (up to few 11m/min) are desired to produce films in reasonable deposition times in 
particular for implementation of the deposition process in a fabrication line. In general, 
films of high purity are required or sometimes films are deposited with a controlled 
incorporation of known impurities. Usually, substrates of complex shapes or geometries 
must be covered with uniform films, and the deposition technique must provide films with 
conformal step coverage. For obvious economic reasons in manufacturing, a high number 
of substrates processed by the system in a given time is desirable. The uniformity in film 
thickness and film quality is also an important challenge for a deposition technique. Since 
the target is progressively eroded, its life time is limited; for practical reasons, the target 
must retain the same properties throughout this life, in particular to achieve a correct 
process repeatability in a manufacturing environment. 
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3.5.2. Optimization of Deposition Conditions. To prepare thin films with excellent quality 
in an industrial environment, the deposition conditions must be selected carefully in 
particular to produce thin films of high purity (or controlled composition) at high 
deposition rates. To illustrate these considerations, the deposition of films by d.c. diode 
sputtering can be examined in detail. 

a) Optimization of the deposition rate 
The deposition rate of films prepared by d.c. diode sputtering depends on the discharge 
gas pressure. As the pressure decreases, the current intensity through the sputtering gas 
and the number of ions striking the target per unit time decrease; as a result, to maintain the 
sputtering power at a given value, the interelectrode voltage must increase when the 
sputtering gas pressure decreases. The increase in interlectrode potential leads to higher 
energies of ions arriving at the target surface and higher sputtering yields. However, the 
effect of an increased sputtering yield on the deposition rate does not compensate totally 
the effect of a decrease in number of ions striking the target. This compensation is all the 
less achieved because the increase in sputtering yield due to higher ion energies is no so 
fast as the decrease in current intensity, in the ion energy range suitable for sputtering. 
From this point of view, relatively high sputtering gas pressures are of interest to produce 
thin films at high deposition rates. 
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Figure 22 - Effect of the gas pressure on the sputtering yield of nickel bombarded by 150 
eV Art ions [32]. 

Furthermore, as the pressure increases, the thickness or the width of the cathode sheath 
decreases, and the cathode fall occurs in a shorter distance (Fig. 11); the electric field in the 
cathode sheath as well as energy of secondary electrons accelerated by this field increase. 
As a result, the ionization yield and the ion density increase. In the same time, the positive 
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ions arriving at the target surface with higher energies are more efficient to induce 
sputtering events. However, at very high pressures, this advantage is reduced or 
disappears because of collisions in the cathode sheath; most ions strike the target with 
energies considerably lower than that corresponding to the cathode fall, i.e., the ion energy 
has been reduced by the increased number of collisions. The real limiting factor to 
sputtering at high pressures is the higher probability that sputtered atoms return to the 
cathode by back diffusion. At a sputtering gas pressure of 0.1 Torr, only 10 % of atoms 
ejected from the target are able to get across the sheath and can diffuse beyond the sheath. 
Back diffusion phenomena playa dominant role in determining deposition of films when 
the sputtering gas pressure exceeds 100 mTorr; below of about 10 mTorr, the back 
diffusion becomes negligible. Actually, the sputtering yield depends on the sputtering gas 
pressure (Fig.22). Various factors affect the sputtering yield and act in opposing 
directions. The net balance of all these various opposing factors leads to an optimum 
pressure range for d.c. diode sputtering between 25 and 75 mTorr (Fig.22). Under these 
pressures, the width of the cathode sheath is of the order of 1 to 2 cm. 

The deposition rate of films depends on the distance between the target and the substrate 
or cathode-anode spacing when substrates are placed on the anode. The sputtered particles 
diffuse through the ionized gas to reach the substrates. Some loss of material occurs 
during the mass transport from target to substrate. At first glance, to collect a maximum of 
sputtered material and eliminate or limit the loss of material, the substrates would be placed 
as close to the target as possible. However, when the electrode spacing becomes 
comparable to the sheath width or when the substrate penetrates within the sheath region, 
the impedance of the system rises rapidly, and the current intensity as well as the 
deposition rate decrease strongly. The best compromise was found experimentally when 
the cathode-substrate spacing is about twice the sheath width. 

The deposition rate of films is also sensitive to the presence of impurities in the 
sputtering gas; in addition, these impurities can contaminate the deposited material. The 
deposition rate of metal films produced from metal targets sputtered by Art ions decreases 
as the concentration of hydrogen, helium or oxygen in argon increases. The sputtering 
yield of H+ and He+ ions is very low because of their light atomic mass. However, these 
gases have high ionic mobility in the discharge and the ionic current is essentially carried 
from the anode to the cathode by H+ and He+ ions. In other words, the contribution of 
these light ions to the discharge current is more elevated than that deduced from the gas 
composition, and these ions cause practically no sputtering events. The net result is a 
decrease in deposition rate of films. The effect of oxygen atoms on the deposition rate 
originates from other phenomena. In a d.c. glow discharge, the sputtering of a conductive 
material becomes efficient after elimination or etching of the native oxide (usually 
insulating) film from the target surface. In addition, the sputtering yield of a given oxide is 
significantly lower than that of the corresponding metal. If the native oxide layer and 
oxygen atoms adsorbed on the target surface are continuously replaced by oxygen atoms 
coming from the discharge gas, the deposition rate of films would be less than that 
obtained in sputter-deposition process from oxygen free sputtering gas. Oxygen atoms in 
the discharge gas can also originate from outgassing phenomena from sputtering chamber 
walls and elastomer seals. 

The substrate temperature can affect both the properties and deposition rate of films. 
The effect of substrate temperature on the deposition rate was illustrated for sputter­
deposition of Si02 films in R.F. sputtering system [33]; silica being an insulating material, 
the Si02 target is connected to an a.c. power supply. At relatively high substrate 
temperatures, a fraction of sputtered particles striking the substrate surface can be re­
emitted and return to the vapor phase; in other words, the sticking coefficient of sputtered 
particles decreases with increasing substrate temperature (Fig.23). To eliminate this effect 
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Figure 23 - Deposition rate of Si02 films deposited by r.f. sputtering from a Si02 target as 
a function of the substrate temperature for two sputtering powers [33]. 
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and produce thin film with uniform thickness, the temperature must be maintain uniform 
across the substrate during sputter-deposition. This temperature control is difficult since 
the substrate surface is constantly bombarded and heated by high energy electrons. A good 
thermal conductance between the substrate and the temperature controlled substrate holder 
is desirable and can be achieved by interposing a layer of liquid gallium (melting point: 
37°C) between substrates and substrate holder. The substrate temperature can also be 
maintained at a constant value by allowing the substrates to float thermally during 
sputtering. In this case, a thermal equilibrium can be established between the heat loss due 
to radiation and heat gain caused by electron bombardment. According to the sputtering 
power, this equilibrium state can be attained more or less rapidly (Fig.24). 

b) Control of contamination in sputtered films 
Risks of incorporation of impurities in films are more important using sputtering process 
than an evaporation technique. Indeed, contaminant species are dissociated and ionized in 
the glow discharge, and are therefore more reactive. In addition, the chamber wall in 
contact with the ionized gas is subjected to bombardment by energetic particles so that 
impurities trapped on the chamber wall can be emitted and introduced into the sputtering 
gas. 

To avoid sputtering of various systems such as the target holder and contamination of 
films, shields are mounted close to the target and walls to be protected from parasitic 
sputtering events (Fig.9). The cathode shield is grounded and acts as an anode. With a 
shield-cathode spacing below about 1 cm, secondary electrons emitted from the cathode 
cannot gain the energy required for ionization of gas molecules during the cathode-shield 
path, and the glow discharge is suppressed in the region encompassed with the shield. 

Contamination in films can be reduced or eliminated using asymetric (a.c.) sputtering 
systems and bias sputtering techniques. With these techniques, the surface of films is 
bombarded by low energy ions during sputter-deposition. Under these conditions, a 
fraction of the deposited material on the substrates is re-sputtered and many impurities 
adsorbed on the surface are preferentially removed relatively to the film material it-self. 
These phenomena lead to significant improvements in film purity. In the asymetric a.c. 
sputtering system, a diode is mounted in reverse position in the external electric network. 
For one half-cycle, the electrical resistance is very high, the negative voltage applied to 
substrates is low, and the erosion of films is also low but sufficient for removing adsorbed 
gases and impurities. For the next half-cycle, the negative voltage applied to the target is 
high so that the target material can be sputtered and deposited on the substrates. With a 
d.c. sputtering system, the substrates can be biased to a negative voltage with respect to 
the anode voltage. By selecting bias voltages of - 100 to - 200 V, a small fraction of films 
is re-sputtered but elimination of impurities is suitable to improve the quality of films [33]; 
for example, the electrical resistivity of Ta films, and probably the oxygen concentration in 
the films are considerably reduced when the films are deposited on substrates with a bias 
voltage of - 150 V or below (Fig.25). Sputtering deposition on biased substrates leads to 
changes in crystal structure of deposited materials. For Ni-Cr alloy films, a substantial 
increase in the (111) preferred orientation is observed with increasing bias votage 
(Fig.26). Sometimes, the electrical resistivity of metal films depends on the crystallite 
orientation, e.g., electrical resistivity of Ta films. As a result, a bias sputtering process can 
improve the purity of Ta films; however, in the same time, the crystallographic orientation 
of Ta films is modified and the electrical resistivity is increased. The net effect of the bias 
voltage can be an increase in electrical resistivity of Ta films [33]. 

Sputtered films can also contain significant amounts of trapped sputtering gas. 
Intuitively, one can assume that the content of sputtering gas trapped in the deposited 
material would be lower in films produced at low pressures; in fact, the reverse situation is 
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true (Fig.27). However, deposition on biased substrates can lead to a decrease in 
concentration of sputtering gas incorporated in the films. From various data described in 
previous sections, it would be concluded that films of high purity can be sputter-deposited 
at high deposition rates using high sputtering powers and relatively high sputtering gas 
pressures (resulting in high deposition rates and low trapping of sputtering gas), and also 
using negatively-biased substrate holders (for elimination of adsorbed gases and 
impurities). 
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Figure 27 - Effect of the sputtering gas pressure on the concentration of argon atoms 
trapped in sputter-deposited Ni films [36]. 

c) Sputtering at very low pressures 
For various reasons, it can be established that a relatively high pressure is suitable to 
deposit thin films by cathode sputtering. Nevertheless, sputtering process at low pressures 
(if possible) is intrisically interesting since an increased mean free path of sputtered 
particles leads to both a higher energy of ions striking the target surface and a higher 
number of sputtered particles susceptible to reach the substrate surface by diffusion in the 
sputtering gas. Consequently, the sputtering yield (proportional to ion energy) and 
deposition rate (adversely affected by back diffusion process) can be higher at low 
pressures; the effect of low pressure sputter-deposition on purity of films cannot be 
anticipated easily. Below about 20 mTorr, the discharge in a d.c. diode system cannot be 
self-sustained because of the rapid decrease in ion density with decreasing pressure. At 
low pressures, the mean free path of species increases and the number of collisions 
decreases; as a result, the mean energy of ions increases. However, the effect of an 
increased energy of ions on ionization processes is not sufficient to compensate the effect 
of a decrease in ion density. In fact, at low pressures, the flux of incident ions on the target 
is not sufficient to maintain the secondary electron emission required for ionization of 
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sputtering gas and self-sustaining discharge. A significant increase in ion density is 
required for sputter-deposition of films at low pressures with reasonable deposition rates. 
This increase in ion density can be achieved by increasing both density of electrons having 
energy sufficiently high to ionize the sputtering gas and ionization yield of electrons 
available to induce ionization processes; an increased ionization yield can be obtained in the 
presence of a magnetic field. 

3.6. SPUTTER-DEPOSITION PROCESSES AT LOW PRESSURES 

Various techniques can be utilized to improve gas ionization phenomena and ion density as 
the sputtering gas pressure decreases. 

3.6.1. d.c. Triode Sputtering System. In this system, an auxiliary source of electrons such 
as a heated tungsten filament emits electrons by thermoionic effect independently of gas 
pressure and plays the role of the requisite agent of ionization (Fig.28). The electrons 
generated by the filament heated by Joule effect are drawn by the anode; for a sufficiently 
high anode potential, these energetic electrons can ionize gas molecules during collisions at 
relatively low pressures (1 to 5 mTorr). The target material to be sputtered is inserted in 
this plasma and is negatively-biased to attract positive ions and repel electrons. 

water cooled 
target holder ---.. 

_ 'I' ~ pressure gauge 
t-r-_______ a_n_d_g~manifold 

filament 
magnetic field • shutter 

anode H--O 
+ 50 to 
+ 100Y 

--~~~~~~~-

pumping unit 

Figure 28 - d.c. triode sputtering deposition system. 

Since the ion mobility is lower than that of electrons, a space charge is created in the 
immediate vicinity of the target surface and the potential fall between the target and the 
substrates is concentrated in this cathode sheath. In general, the substrate holder is biased 
to a negative voltage to avoid attraction of thennionically emitted electrons and distorsions 
in the uniformity of the plasma. The ionization yield is improved by application of a 
magnetic field of about 25 G (Fig.28). The electrons in motion in the magnetic field 
experience circular motion to the magnetic field direction. The magnetic field aids in the 
confinement of electrons, and increases the electron path lengths in the gas phase; thereby, 
the number of collisions and probability of gas ionization are enhanced at a certain distance 
from the filament. Typically, using the triode sputtering system, the deposition rate of 
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metal films can reach 40 nm/min at a sputtering gas pressure of 1 mTorr. This type of 
discharge at low pressures is convenient to study the sputtering mechanisms. Indeed, in 
gas discharges operating at relatively high pressures, the energy of ions striking the target 
is not correctly defined because of collision effects in the cathode sheath. In this sputtering 
system, the ion current to the target can be varied without changing either the gas pressure 
or the target voltage; this is not the case for a d.c. diode sputtering system. As a result, the 
triode system allows a better control of the sputtering parameters than the diode system. 
However, the triode system can present some drawbacks. For example, using target of 
reasonable diameters (10 to 20 cm) with the configuration given in Fig.28, the sputtering 
rate is not uniform since the ion density is higher near the filament. To improve the 
sputtering uniformity, the target can be inclined relatively to the axis of the electron beam; 
this configuration can also provide higher sputtering yields than those obtained from a 
diode sputtering system since the sputtering yield increases with increasing incidence angle 
(Fig.I8). 

3.6.2. Sputtering in a High Frequency Induced Plasma. A glow discharge can be created 
and sustained in a gas at low pressures by interactions with a high frequency (H.F.) or 
radio frequence (R.F.) electromagnetic wave. At a frequency of some MHz, free electrons 
in the gas gain energy between two successive collisions, and the electron energy can 
become sufficiently high to induce gas ionization. The presence of electrodes in the 
chamber is not necessary for gas ionization and plasma generation (Fig.29); in fact, the 
plasma is excited in the left part of the quartz tube by an external R.F. coil. The species 
generated in the plasma can diffuse towards the target and substrates placed in the right 
part of the system. The target is negatively-biased with respect to an anode. Sputtering of 
materials can be performed at low pressures (about 2 mTorr). The major advantage of this 
sputtering system is the absence of electrodes or hot filament; as a result, reactive gases 
such as oxygen can be currently employed without detrimental effects on the system. 

(2)00000 

00000 
Figure 29 - Sputtering system with auxiliary high frequency glow discharge; (1) anode, 
(2) R.F. coil, (3) pressure gauge and gas manifold,(4) negatively-biased ring target, (5) 
substrate, and (6) pumping unit. 

3.6.3. Magnetron Sputtering System. This sputtering system is similar to a diode system. 
However, the cathode is equipped with permanent magnets creating magnetic field with a 
direction parallel to the target surface; this arrangement is named magnetron target. In a 
d.c. diode system, the glow discharge is self-sustained by secondary electrons emitted 



www.manaraa.com

173 

from the target because of the ionic bombardment effect. These electrons attracted by the 
anode drive away from the cathode along paths essentially normal to the cathode surface 
(Fig.30). With the magnetron system, the magnetic field parallel to the target surface, i.e., 
perpendicular to the electric field, induces electron gyration along magnetic field lines; as a 
result, the probability of electron-molecule collisions and gas ionization as well as the ion 
density increase considerably at the vicinity of the target surface. The increased ion density 
near the target surface results in higher ion currents and higher sputtering rates than those 
obtained from a conventional diode system. The deposition rate of films can be multiplied 
by a factor of 50 as a magnetron sputtering system is used. Consequently, the target can be 
sputtered at relatively low pressures while the deposition rate values remain at a reasonable 
level; the d.c. magnetron sputtering system can currently operate at sputtering gas 
pressures as low as 1 mTorr. The typical magnetic field provided by permanent magnets of 
various materials (Al-Ni-Co alloy, rare earth (Co-Sm) alloy .. . ) is between 200 and 500 G. 
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IOn IOn elec ron 

electro~O ~~~ 
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Figure 30 - Principle of the magnetron effect. 
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Figure 31 - Schematic of a planar magnetron target. 

The geometrical arrangement of orthogonal electric and magnetic fields is required for 
electron confinement near the target surface. This required configuration can be achieved in 
many ways and magnetron systems have been developed in a wide range of geometries 
such as circular planar, rectangular planar, cylindrical post magnetron [37,38]. The major 
disadvantage of the magnetron target is related to a non uniform erosion of the target 
surface (Fig.31). The material erodes more rapidly in regions where the magnetic field 
lines are more tightened. For example, with a planar magnetron target, an erosion track 
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forms at the target surface leading to changes in distribution of magnetic field lines and 
variations in sputtering or deposition rates as the target wear increases. 

3.6.4. Radio Frequency Sputtering System. With a d.c. power supply and a target of 
insulating material, nothing would happen when interelectrode voltage is applied, i.e., 
even if a plasma was created by some external means, positive ions striking the insulating 
target could not be neutralized and a positive charge would appear at the target surface 
preventing any further bombardment and sputtering by other ions. With an a.c. power 
supply, the current can flow between two electrodes of a diode system equipped with an 
insulating target. However, the electrical resistance of a plasma is much lower than that of 
the insulating electrode and the major part of the potential drops across the insulating 
material. Under these conditions and at low frequencies, ions generated in the plasma 
cannot gain the energy required for a significant sputtering by ion bombardment. At a 
frequency higher than 50 or IOO kHz, a new phenomenon appears; the electrons having a 
high mobility can follow easily the periodic changes in electric field. A high electron 
current can be collected by the target during a half-cycle. By contrast, heavy ions with 
lower mobilities cannot follow the periodic changes in electric field. These ions have less 
and less chance to reach the target surface for one cycle as the frequency increases. The 
electrons which cannot flow through the insulating target accumulate on the target surface 
since the ion current is not sufficient to neutralize these trapped electrons for one half-cycle 
at each cycle. The ions pile up in front of the target as they do in a d.c. system forming a 
space charge region. The target surface possesses rapidly a negative charge (a self-bias 
voltage) which repels most electrons (Fig.32). 
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Figure 32 - Typical variation of interlectrode potential in a R.F. sputtering system with an 
insulating target. 

Using frequencies higher than IOO kHz, energy can be supplied to both the plasma and 
ions to sustain the glow discharge and cause sputtering of the insulating target. In addition, 
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at high frequencies, the discharge can be self-sustained at low pressures (up to about 1 
mTorr). This R.F. discharge has an ionization yield higher than the d.c. discharge since 
the ionization phenomena are not only induced by secondary electrons emitted from the 
target. The electrons generated in the plasma can oscillate in the R.F. electric field, gain 
energy for each cycle without collisions at low pressures, and their energy can reach a 
level sufficiently high to induce ionization of molecules when collision events occur. 

Since the R.F. system has an alternative configuration, the substrate can be sputtered at 
each cycle; however, the sputtering level of substrates is much less important than that of 
the target. The R.F. plasma potential is positive relatively to two electrodes and this 
potential is distributed essentially by capacitive coupling near the surfaces. The capacitance 
between the plasma and any grounded surface such as substrates is much higher than that 
between the plasma and the target; as a result, the major part of the potential fall takes place 
on the target side (Fig.32). Sputtering of substrates and other surfaces in contact with the 
plasma occurs during sputter-deposition; however, these surfaces are progressively 
covered with a layer of the target material and any contamination caused by this parasitic 
sputtering process is rapidly eliminated or negligible. The R.F. sputtering equipment is 
very similar to a d.c. diode sputtering system except the external electric network; the 
admission of power into the system must be done through a suitable impedance matching 
network [33,39]. 

Radio frequency magnetron targets can also be used to enhance the deposition rate of 
insulating films prepared by sputtering from an insulating target. However, the degree of 
enhancement is usually not so high for R.F. magnetron as it is for d.c. magnetron system; 
the fluctuations in electric field result in a less efficient confinement of electrons. In 
addition, thermal conductivity of insulating materials is relatively low, and the sputtering 
power must be limited in order to avoid degradation or fractures of the insulating target. 

3.7. REACTIVE SPUTTER-DEPOSITION TECHNIQUE 

The major objective of sputter-deposition techniques discussed in previous sections was to 
deposit thin films of a given material M from a target consisting of this material. In this 
case, an inert gas (Ar or Xe) of high purity is used as a sputtering gas. All sources of 
contamination such as residual gases or outgassing from chamber walls must be limited 
since energetic neutral or excited species are generated in the plasma from residual gases 
and the chemical activity of these atomic or molecular fragments can be relatively elevated. 
In reactive sputtering deposition techniques, the situation is reverse, i.e., chemical 
interactions between the depositing material and the gaseous environment are desired. This 
technique was initially used to deposit insulating compounds before the development of 
R.F. sputtering systems. For example, tantalum nitride layers were deposited by 
sputtering of a Ta target in N2-Ar or NH3-Ar mixtures. The reaction mechanisms involve 
in this deposition process can be rather complex. In the case of reactive sputter-deposition 
of TaN films, the material can form on the target surface, in the gas phase or on the 
substrate surface. When the reaction takes place on the target, the film formed on the target 
surface can block the sputtering process using a d.c. power supply or can lead to a 
decrease in deposition rate with an R.F. discharge. The homogeneous reaction in the gas 
phase between tantalum species and nitrogen can provide powdery materials. Usually, the 
formation of the depositing material on the substrate surface must be encouraged or 
favored by a suitable control of deposition parameters. To produce insulating thin films, a 
target of the insulating material can be sputtered in an inert gas; however, the composition 
of films can be different from that of the target. For example, R.F. sputtering of a Si3N4 
target can provide thin films deficient in nitrogen since the molecular species ejected from 
the target may lose some of its nitrogen atoms. The stoichiometry of the deposited material 
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can be improved by introducing nitrogen in the sputtering chamber and the composition 
corresponding to Si3N4 can be restored. Nevertheless, the non stoichiometric films may 
present superior properties to those having the bulk composition, i.e., this non 
stoichiometry is not necessarily a disadvantage. However, a close control of the process 
parameters is an important feature to produce thin films with a given composition. 

3.8. CHARACTERISTICS OF SPUTTER-DEPOSITED THIN FILMS 

3.B.1. Nucleation and Growth of Sputter-Deposited Films. Nucleation and growth 
phenomena of films produced by sputter-deposition are similar to those involved in growth 
of films deposited by evaporation except two specific features. The density of nuclei is 
larger and the distribution of nuclei is more uniform when films are produced by vacuum 
evaporation. The sputter-deposited films are continuous more rapidly, i.e., for lower 
amounts of materials deposited on the substrate or for lower thicknesses. This uniformity 
can contribute to better adhesion of films produced by sputtering. In addition, the relatively 
high energy of sputtered particles (Fig.20) arriving at the substrate surface can also 
contribute in the better adhesion of sputter-deposited thin films. The high nuclei density in 
sputter-deposition process leads to films with small grain size or with fine-grained 
structures. The sputter-deposited material can be amorphous when the substrate is 
maintained at low temperatures. The growth of sputter-deposited films is not isotropic. 
The surface roughness, shadow effects and nuclei distribution result in structures with 
preferred orientation in the direction normal to the substrate surface. This columnar 
structure depends essentially on sputtering gas pressure and substrate temperature 
(Fig.33). 

Figure 33 - Morphology and structure of films as functions of normalized temperature 
TIT m and sputtering gas pressure or energy of deposited atom for both sputtering and 
evaporation; region 1 : porous structure, region T : transition zone, region 2 : columnar 
structure, region III : recrystallization of the deposited material; T (K) is the substrat 
temperature and T m (K) the melting point of the material [40,41]. 
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3.8.2. Microstructure of Sputter-Deposited Films. The columns are large and close-packed 
when the deposition temperature is relatively high. By contrast, the films are less dense as 
the sputtering gas pressure is increased. According to this model [40,41], the films 
deposited at high pressures and low temperatures are porous (Fig.33). This porosity 
results from independent growths of various nuclei and the voids or cavities between 
adjacent columns cannot be reduced. At high temperatures, the surface mobility of atoms 
increases and the coalescence of nuclei can occur more easily. In addition, the cristallite 
sizes increase and the porosity decreases. 

3.8.3. Purity of Sputter-Deposited Films. Contamination of films by residual and 
sputtering gases can be reduced when the films are deposited on substrates maintained at 
suitable temperatures. Another possibility consists in deposition on d.c. or R.F. biased 
substrates. The growing film is subjected to low energy ion bombardment and loosely 
bounded atoms can be removed easily from the surface. In addition to the desorption effect 
on impurities, this ion bombardment leads to significant improvement of surface step 
coverage caused by an increase in surface temperature and surface mobility of deposited 
species. 

3.8.4. Adhesion of Sputter-Deposited Films. To ensure a correct adhesion of films, the 
substrate can receive a surface treatment to remove native oxide layer or other impurities. 
This surface cleaning treatment can be perfom1ed directly in the sputtering chamber prior to 
the sputter-deposition process via various means: vacuum heat treatment, ion etching, ... 
Sometimes, the optimization of this in situ surface treatment is empirical. 

4. Conclusion 

Both vacuum evaporation and cathode sputtering have been extensively used to produce 
thin films for various applications. The properties of films prepared by these physical 
vapor deposition (PVD) techniques can be quite different since they depend strongly on the 
growth conditions of the films. Evaporative deposition processes are suitable for uniform 
coverage of planar substrates. Sputtering deposition processes are well suited to deposit 
refractory metals, alloys and compounds; in particular the composition of compounds can 
be closely controlled using reactive sputtering deposition processes. Enhanced deposition 
rates can be achieved using magnetron sputtering target arrangements. Insulating films are 
currently deposited by R.F. sputtering process from insulating targets. The choice of the 
appropriate deposition technique for a given film-substrate couple may depend upon 
numerous factors; for each particular case, the process parameters suitable for a given 
application must be carefully determined before implementation of the deposition process 
in manufacturing line. 
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ABSTRACT. Ion plating, arc deposition and ion beam deposition are 
physical vapor deposition (PVD) processes for the production of 
nitride, carbide and oxide coatings. The application fields of these 
coatings are wear protection, decoration and optical interference 
coatings. Common features of these processes are the incorporation of 
reactive gas ions into the growing film and ion bombardment of the 
substrates before and during deposition. Ion impact facilitates process 
temperatures inferior to those in comparable chemical vapor deposition 
(CVD) processes, and ion bombarded coatings have higher adhesion 
strength, higher density and apparently higher elasticity than coatings 
prepared without ion bombardment. 

1. DEPOSITION OF STOICHIOI1ETRIC C011POUNDS 

This lecture treats exclusively with films consisting of metal 
compounds like nitrides, carbides or oxides and their deposition by 
evaporation processes. Compared to sputtering, evaporation is a very 
gentle PVD process. Nevertheless, compounds are decomposed to a certain 
extent, i.e. the evaporation of oxides and nitrides also yields metal 
and oxygen or nitrogen atoms respectively. 110st of them react with the 
growing film, but some atoms form oxygen or nitrogen molecules, which 
are pumped to a certain percentage by the vacuum pump of the coating 
system. This results in a substoichiometric film composition. 

In reactive evaporation, these pumped gases are continuously 
replaced by means of a controlled gas inlet. But, due to the low 
reactivity of nitrogen molecules, only oxide films have been 
industrially produced by reactive evaporation. The pioneer of this 
technique has been Auwiirter [1). In industrial practice, oxides or 
sub-oxides are evaporated in a vacuum chamber in which the oxygen 
partial pressure is stabilized at about 0,01 Pa. The actual oxidation 
takes place to a great extent by chemisorption of oxygen molecules on 
the substrate surface [2). Optical coatings produced by reactive 
evaporation are often still slightly substoichiometric and thus 
slightly absorbing. They have rough surfaces and a columnar or spongy 
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micro-structure with large void volume and great internal surface area. 
As a consequence of the low density, the refractive indices of these 
films are considerably lower than those for bulk oxides. Horeover, the 
refractive index and other physical properties change by the absorption 
of water vapor and other gases from the atmosphere. Their adhesion to 
the substrate is poor and their abrasion resistance and hardness are 
low. Host of these features can be improved by heating the substrates 
to about 300°C. In fact, substrate heating has become a standard 
procedure in reactive evaporation. It has, however, the undesirable 
side-effect of producing coarser fUm micro-structures and higher 
surface roughness. 

Even traces of non-oxidized metal atoms or metal suboxides in the 
film cause absorption [3J. Therefore, activation of oxygen (l,4J has 
been an important improvement in the production of films for highly 
sophisticated optical components such as laser mirrors with low 
absorption losses and high damage thresholds. Early oxygen activation 
methods use glow discharge ion sources, e.g. a cold hollow cathode 
inside a quartz tube (5]. In this context, activation means 
dissociation and/or excitation and/or ionization of the reactive gas. 
By activation, not only oxygen but also nitrogen and hydrocarbons can 
be made sufficiently reactive for the deposition of compound films by 
PVD. 

A further increase of reactivity can be achieved if the activation 
is extended to all reactants, i. e. also to metal vapor. This is 
realized by using the evaporation source as the anode or cathode of a 
discharge. That is the way, which industrial PVD processes synthesize 
nitrides, carbides and borides for the production of hard coatings and 
of oxides for sophisticated optics. 

Especially high ion densities are created by arc evaporators 
because the vapor itself is the preferred carrier of the arc discharge. 
Its high current of 100 to 300 A and even more is concentrated to the 
anodic or cathodic vapor source, where it ionizes practically all vapor 
atoms. Such an activated reactive deposition method was described by 
Berghaus as early as 1939 (6]. But Bunshah [7,8] was the real initiator 
of ARE in the field of metallurgical coatings. 

A further increase of activation can be achieved when the reactive 
gas is introduced directly into this ion cloud (9J. In this kind of 
activated reactive evaporation (ARE) processes, activation is so 
powerful that it makes little difference whether the compound or the 
pure metal is used as an evaporation material. 

2. CONDITIONING BY ION PLATING 

The term ion plating Has introduced by I1attox [10] for processes which 
include ion bombardment of the substrate and of the groHing film. 
Historically, again Berghaus (11] was a pioneer of this technology. He 
proposed the exposure of a negatively biased substrate to a plasma in 
order to get "perfect structure and adhering strength". 

A large number of process variants including triode and tetrode 
configurations have been developed. Not only evaporation sources are 



www.manaraa.com

183 

used for ion plating. Bias sputtering and some types of plasma CVD also 
come under the above mentioned definition. Instead of discussing the 
whole variety of ion plating processes, we will use the term ion 
plating according to Mattox I s definition in which ion plating is 
exclusively related to effects produced on the substrate, the interface 
and the growing film. In fact, many effects of ion impact can easily be 
understood without taking the method used for ion production into 
consideration. 

In sputter etching - the substrate preparation step preceding 
deposition - ion bombardment removes material from the substrate 
surface. However, it does not create a clean surface because the 
coating material previously deposited on the substrate holders is also 
sputtered off and redeposited on the new batch of substrates. Etching 

Structural Zones in Deposits 

Figure 1. structural zones in ion plated deposits. Without ion 
bombardment, breaking produces a crack along the interface between the 
film and the substrate. The edge of the film shows 3 zones: from the 
left to the right (1) no mobility at low temperatures (low compared to 
the melting point), Le. the atoms stick at the place, where they 
arrived, (2) surface mobility creates columnar growth, typical for 
reactive evaporation, (3) surface and volume mobility create equiaxed 
crystall ites. With ion bombardment, even at low temperatures dense and 
fine grained structures and a smooth surface can be achieved and the 
crack goes through the interface without any step. That is a simple but 
convincing proof for the adhesive strength to be higher than the 
strength of the substrate material. 
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plus redeposition produce a very thin interface layer consisting of a 
mixture of substrate and film material. This pseudo-diffusion layer is 
supposed to improve film adhesion. 

Ion impact during deposition causes cascades of atomic collisions 
in the growing film. The recoiled or displaced atoms cause a kind of 
continuous atomic mixing and also enhance surface migration. 'I'his 
results in the filling up of voids and in smoothed or graded grain 
boundaries. The famous structural zone diagram proposed by l10vchan and 
Demchishin [12] and completed for sputter deposition by Thornton [13] 
can be modified for ion plating by adding an axis "ion bombardment 
energy per molecule" instead of the axis "argon pressure". In Fig. 1, 
such a diagram is shown [14]. The edge shows different zones, which are 
related to different atomic mobilities. With ion plating, even at low 
temperatures dense and fine grained structures and a smooth surface Ca..Xl 

be achieved, as needed for high quality optical coatings. 
Another result of ion impact is the creation of point defects. 

These are frozen in under growth conditions that are comparable to 
rapid quenching. The macroscopic consequence of an increasing 
concentration of point defects is an increasing compressive intrinsic 
stress. Instead of the axis "ion bombardment energy" one could also use 
an axis "stress", because stress is a potential energy which is put in 
by ion bombardment. It would be int.eresting to st.udy the relation 
between these two energies, which are microscopic and macroscopic 
descriptions of the same phenomenon. Perhaps one could find d. formula 
for a more syst.ematic use of residual stress in thin film engineering. 

Unfortunately, there are only few attempts of a theoretical 
treatment of internal stresses at the interface between materials with 
different elastic behavior [15J. But we are aware of the fact, that the 
internal forces which result from all int.ernal stresses compensate each 
other. Therefore, the interface, as well as the film material, and t.he 
substrate material near by the interface, are subjected to a high 
tensile stress with a direction normal to the film plane. This tensile 
stress increases with increasing film thickness, because the in-plane 
stresses caused by point defects and thermal expansion are independent 
from the film thickness, thus causing forces, which are proportional to 
the film thickness. 

In practice, the normal tensile stress is seen by the burst off of 
small film particles. If good industrial wear resisting coatings are 
observed, one can usually find substrate mat.erial on these par'ticles. 
This happens to films which are thicker than a certain critical film 
thickness, and it. begins at sharp edges and other pointed places. The 
user of coated tools does not notice this phenomenon, beca.use it 
happens in the coating plant during deposition or finally during the 
cooling down phase, if the thermal expansion coefficient of the film is 
inferior to that of the substrate. 

The critical film thickness of ion plated tita.nium nitride (TiN) 
films on high speed steel (HSS) is on the order of 10 !-lm. One can show, 
that this limit is defined by the strength of the steel and not by the 
adhesive strength of the film. This can be demonstrat.ed by bending: an 
ion plated film doesn't crack along the interface but, as shown in 



www.manaraa.com

Fig. 1, without any step at the interface straight through film and 
substrate. 
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Often intrinsic stress is judged purely negatively, and methods 
are proposed to reduce it.. As fa.r as compressive intrinsic stress is 
concerned, there also exist very positive aspects. In my opinion, 
intrinsic stress is the most important reason for the surprising 
success of these brittle hard films, because without this stress, a 
hard coating on a softer substrate would break like a thin layer of ice 
on snow. The strain of such a prestressed film is relieved, when an 
ext.ernal load is pressed on to the film. Obviously one should not tear 
the film. The usual tear off tests would yield very negative results. 
Fortunately, this kind of test is without any meaning. 

An example: Three microns thiek ion plated TiN coatings on HSS 
often have a total strain which is on the order of -0.5 %. This strain 
disappears when a ball with a diameter of 1 em is used to make a 
spherical indentation with a depth of 0.43 mm. This example shows that 
it is impossible to deform such an ion plated TiN film up to the point 
Hhere compressive stress changes to tensUe stress without destr'oyinq 
the substrate through plastic deformation. 

The total r'esidual in-plane stress is caused not only by point 
defects, but also by crystal lattice mismatch between coating and 
substrate and by the difference behTeen the thermal expansion 
coefficients of the film and the substrate. Unfortunately, only thermal 
stress can be calculated. For example, a TtN film on a HSS substr'ate 
deposited at 520°C is compressed after cooling down to room 
temperature by a considerable 0,13 %. As a consequence, htgh working 
temperatures also reduce stress if the coating has a lower thermal 
expansion coefficient than the substrate. But even when the working 
temperature attains the deposition temperature, the prestressing by ion 
plating is left. 

In summary, one can say that high quality coatings are both 
mecha.nically and thermally prestressed. As a consequence, they are 
relaxed when exposed to mechanical load and high operating 
temperatures. 

Because of the unidirectional and temperature dependent 
prestressing, conclusions from mechanical tests to real mechanica.l 
applications are not easy at all. Furthermore, one should not forget, 
that in mechanical applications these films have only 2 purposes: (1) 
to continue to exist and (2) to be chemically inert. 

Experience has shown that ion plating with predomina.ntly film 
forming ions has many advantages over ion plating with inert gas ions. 
Therefore the combination of ion plating with those ARE processes tn 
which the coating material is activated using anodic or cathodic 
evaporation sources results in a new type of process, which yields 
superior results. We call it "activated reactive ion plating" (ARIP). 
In the following sections of this paper exclusively ARIP processes are 
discussed. 
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3. PROCESSES FOR WEAR RESISTING COATINGS 

Chemical vapor deposition (CV))) has been the traditional method for the 
deposition of thin, wear resistant films. It is limited to cemented 
carbide tools, as only these substrates can withstand the high CVD 
process temperatures around 1000 cc. 

In the late seventies, ARIP processes became an alternative 
industrial technology. As these are PVD methods, no thermal equilibrium 
has to be taken into consideration. Thus, wear resistant coatings can 
also be deposited on steel at temperatures below the annealing 
temperature, Le. without soft-annealing the substrate. HSS is usually 
coated at about 500 CC. 

Whereas CVD continues to be the most used coating technology for 
cemented carbide t.ools, there is a strong tendency to a.lso use PVD for 
hard met.al coating, because hard metal is not embrittled by 
decarbonization as it is in CVD. Therefore the cutting edges do not 
have to be rounded (e.g. l' = 50 f-tm) in order to reduce the danger of 
breaking. Even more than 10 times sharper PVD coated cemented carbide 
tools are successfully used with interrupted cutting, e.g. milling. 
Another advantage: steel tools with hard metal tips can be coated 
without destroyi ng the brazed joint. 

TiN is by far the most popular wear resistant coating. One of the 
reasons is the yellow color which facilitates controls of the film 
after deposition as well as during use. But t.his adva.ntage was not the 
predominant argument when the development of TiN coatings on HSS tools 
\,as started. The more important reasons were the previous success of 
TiN coatings deposited by CVD on cemented carbide tools and, with 
respect to the steel substrate, the approximate correspondence of the 
Young's moduli and the thermal expansion c~efficients. Of course, 
hardness and an almost vanishing chemical affinity to steel and other 
common materials were further important arguments. It does not seem to 
be easy to find a general purpose tool coating material better than 
TiN. In the future, perhaps Ti(C,N) will take on this job [16,17]. The 
color of Ti(C,N) is blue-grey and noticeably darker than that of steel. 

Other coatings were developed for special tools or for tools to 
cut special materials. For example, (Ti,Al)N and (Ti,Al,V)N have 
improved high temperature resistance. Therefore, they are particularly 
suited to cut abrasive materials, or they are successfully used at high 
cutting speeds (18,19,20]. 

The following two sections give a short description of the 
predominant process technologies for the deposition of t.ear resisting 
coatings. 

3.1. Thermionic Arc Ion Plating 

Thermionic arc ion plating has been mainly applied to produce TiN films 
for wear protection as well as for decoration [21, 22J, but it is also 
appropriate to carbonitrides and to zirconium or chromium compounds. 
Some important details of the industrial coating sytem are shown in 
Fig. 2: The cathode of a non-self-sllstaining arc discharge is a 
resistance heated filament situated in a separate chamber with raised 
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argon pressure. The arc is transferred into the evaporation chamber to 
di.fferent anodes , depending on the process step. A small a.perture 
mounted between the cathode chamber and the evaporation chamber 
confines and a.n axial magnetic field guides the arc plasma . 

Heating is the first operation carried out inside the vacuum 
system . The thermionic arc, that will later be used for etching and 
evaporation, also serves as the heater. This is achieved by making the 
substrate holders and thus the substrates themselves the anode of the 
arc discharge (switch 6a closed). Sufficient uniformity can be achieved 
by magnetic dispersion [23]. 
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Figure 2. Thermionic arc ion plating. (1) aperture, (2) arc plasma, 
(3) arc supply, (4) reactive gas inlet, (5) etching anode, (6) anode 
switches, (7) bias supply, (8) crucible, (9) magnetic coils, (10) 
vacuum pump, (11) substrate holder, (12) argon inlet, (13) evaporation 
chamber, (14) cathode, (15) filament supply. 
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Etching is performed using the thermionic arc in a triode 
arrangement. The substrates are immersed in the dense plasma of an arc 
discharge between the cathode and a metal electrode inside the 
evaporation chamber which acts as the anode in the etching step when 
switch 6b is closed. Argon ions drawn from this plasma by the bias 
voltage (when 6d is closed) bombard the substrates. The great advantage 
of this method is its high throwing power. The plasma boundaries 
perfectly follow the contours of geometrically complex substrates 
because the width of the dark space is less than 1 mm when the space 
charge limited ion current density is sufficiently high (e.g. > 1 
mA/cm 2 ) and the bias voltage sufficiently low (e.g. < 200 V). In 
addition, the low argon pressure (e.g. 0,1 Pa) in this method ensures 
that the mean free paths are much longer (e.g. 5 cm) than the 
structural details of the substrates. Because a cathodic voltage drop 
needs about 10 mean free path length, the substrates are prevented from 
forming unwelcome hollow cathodes. Control is easy because the Langmuir 
characteristic facilitates the etching voltage to be adjusted 
independently to regulate the etching intensity. 

After etching, a water cooled crucible is made the anode of the 
arc discharge (when 6c is closed). A magnetic field guides the arc 
plasma in a straight line to the anodic crucible. When the power 
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Figure 3. Hot hollow cathode discharge ion plating. (1) door, (2) 
substrate holder, (3) arc Plasma, (4) hollow cathode, (5) heating coil, 
(6) argon inlet, (7) heating switch, (8) arc supply, (9) crucible, (10) 
floating screen, (11) reactive gas inlet, (12) vacuum pump. 
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density is high enough, certain materials such as Ti, Zr or Cr will be 
evaporated and then almost totally ionized. A negative dc-bias is 
applied to the substrates (when 6d is closed) to achieve the ion 
bombardment just described for etching. At high evaporation rates, the 
arc discharge takes place in the metal vapor instead of in the argon. 
This results in a concentration of the plasma beam, i.e. the formation 
of an anode spot. 

An even more flexible system is obtained by combining an electron 
beam gun with a thermionic arc source [24J. This can be done by 
insulating the crucible of an electron beam evaporator and then using 
it as the anode of the arc discharge. Such systems are used in box 
c:oaters for the deposition of TiN coatings on big parts (e.g. moulds) 
or for the deposition of compounds which cannot be evaporated by 
thermionic arc evaporation alone. This dual beam evaporator also c:an 
produce extremely dense oxide coatings at low substrate temperatures as 
will be shown in section 4.1. in this paper. 

Hot hollow cathode discharge (HCD) evaporation (Fig. 3) is closely 
related to thermionic: arc evaporation because both processes use an arc 
discharge which is anchored anodically on the evaporating material. In 
contrast to the thermionic: arc, the HCD arc is a self-sustaining 
discharge. The HeD evaporator for ion plating was invented by Horley in 
1968 [25], and the use of an HCD device in a reactive process (chromium 
carbides and nitrides) was first reported by Komiya and Tsuruoka [26J. 

3.2. Cathodic: Arc Deposition 

Cathodic arcs have been used as early as 1962 to produce thin films 
[27]. Industrial use of cathodic arc deposition was started in the USSR 
where it has been called Bulat [28] or Pusk [29]. Bulat was a spin-off 
of the titanium getter pump development for nuclear fusion research at 
Chark.ow. 

It would be more correct to use the term "cathode spot arc" in 
order to distinguish it from glow discharges with distributed cathodic 
glow as we 11 as from anode spot arcs. 

The cathode spot is the extremely small and hot cathodic root of a 
high-current low-voltage arc. It melts and evaporates the cathode 
material forming a kind of micro-crucible which has a diameter of about 
1 to 20 pm and a live time of the order of 10 ns. When it extinguishes, 
a new micro-'crucible is formed near by the former one. This way, the 
cathode spot moves with velocities of the order of 10 mls on the 
cathode surface leaving irregular strings of small craters. 

When the arc current is increased, a second, a third etc. arc 
splits off. This happens at characteristic current intensities, which 
strongly depend on the cathode material and possible contaminations or 
coatings. These individual arcs repulse each other, i.e. they adopt a 
balanced distribution on the cathode. The arc voltage is usually of the 
order of 20 V. 

Ignition is normally realized by shorting the arc circuit either 
by using a mechanical contact at the cathode surface or by using a 
metallic coating on the insulating border of the cathode. This coating 
forms a conducting connection from the cathode to an ignition 
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electrode, which can momentarily be shortened to the anode, e.g. by 
means of an electronic switch [30]. 

The arc moves in the direction of decreasing arc voltage. 
Therefore the anode should face the cathode in order to get a low 
voltage and stable conditions. A well suited anode is the vacuum 
chamber itself [28] or at least an electrode which surrounds the 
cathode. Also an anodic grid can be placed in front of the cathode. 

On planar cathodes, the confinement of a random moving arc can be 
achieved by 

(1) an insulated metal screen or 
(2) grooves along the side edge [31J or 
(3) a magnetic field (about 100 to 200 Oe) with vertical axis and 

acute angle (about 15° to 25°) at the side edge of the 
cathode [32,33,34] or 

(4) a ring with high magnetic permeability [28,35] or 
(5) a ring with high electrical conductivity [36J or 
(6) a ring made of boron nitride [37] . 
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Figure 4. Cathodic arc deposition. (1) door, (2) cathode mounted from 
outside, (3) arc supply, (4) boron nitride insulator for arc 
confinement, (5) substrate holder, (6) bias supply, (7) reactive gas 
inlet, (8) vacuum pump, (9) cathode mounted from inside. 
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In a planar magnetron field, arcs move along the race-track 
defined by a closed tunnel of magnetic field lines [38J. The 
explanation is the same as for point (3) of the preceding list: As a 
consequence of the Lorentz force, electrons are repelled from places 
where magnetic field lines come out of the cathode surface at acute 
angles. The ions follow the electrons by electrostatic attraction. 
Because ions move much slower than electrons, they are much less 
influenced by magnetic fields. 
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This type of cathodic arc is known as steered arc. In order to 
avoid a deep erosion groove (as known from sputter targets), the 
magnetic field is normally moved with respect to the cathode. An 
interesting curiosity is the fact, that the arc moves opposite to the 
direction which would be expected at first glance from the Lorentz 
force. 

A rather new steering method is laser induced arc evaporation. 
Thereby, a pulsed arc voltage is applied and a locally defined laser 
pulse is directed to the arc cathode [39]. 

Besides the well-known planar cathodes, also rod shaped cathodes 
are in use [40J. Due to the magnetic field of its own current in the 
rod, the arc spot moves along the rod to its free end. There it 
extinguishes, and a new arc has to be ignited. One can make the spot 
run back and forth as well as around. 

Fig. 4 shows a cathode spot arc set-up for tool coating by random 
arcs [41J. Unlike the processes with anodic crucibles, arc cathodes can 
be oriented in any direction. They can also be used to deposit alloys 
or hot-pressed mixtures of metal powders from a single source [19,20J. 
The composition of the coatings sometimes differs from that of the 
cathode, but corrections can be achieved by changing the bias voltage 
applied to the substrates [42J. 

In cathode spot arc processes, bombardment with cathode material 
ions is the most frequently used method to heat and etch the tools. 
These must be biased at a sufficiently high level to avoid cathode 
material deposition. 

Other applications than tool coating seem to be prevented by the 
often discussed problem of micro-droplet deposition caused by splashing 
of the molten metal. These droplets have diameters up to about 3 f.lm. 
Their number and size decrease with increasing melting point and 
increasing vapor pressure at the melting point of the cathode material, 
increasing spot velocity and increasing surface nitridation [43J. The 
angular distribution of the total number of micro-droplets shows a 
maximum at an angle, which seems to be somewhere between 200 [31J and 
60 0 [44J to the plane of the cathode depending on the experimental 
conditions. 

In order to avoid micro droplets, the spot should be kept moving 
at high speeds. For instance, the above mentioned steering by a 
magnetic field can be used to speed up the motion. In fact, a decrease 
of micro droplet generation, but also a decrease of deposition rate 
compared to random arc deposition is observed at comparable test 
conditions (equal arc currents). 

Also the positive effect of nitrogen contamination is probably due 
to the clearly recognizable increase in speed of the randomly moving 
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spot. One should also keep in mind that most micro-droplets are already 
deposited during preparation by heating and etching, i.e. before the 
real deposition phase. Therefore, sometimes radiant heating and/or glow 
discharge etching is used to boost or to replace metal ion bombardment. 

A rigorous method to get rid of micro droplets is the plasma­
optical separator proposed by Aksenov and co-workers [45]. It guides 
electrons as well as positive ions on a curved trajectory through which 
droplets cannot pass. Thus only ions reach the substrate while droplets 
splash on to the chamber walls. 

3.3. Ion Beam Assisted Deposition 

In ion beam assisted deposition (lBAD) , a beam of nitrogen, carbon, 
silicon or boron ions bombards the substrates. Broad high-current 
low-voltage ion beams can be generated by Kaufman ion sources [46]. 
These are multi aperture ion sources with magnetic field electron 
confinement and a hot filament electron source (Fig. 5). Beam diameters 
can be as large as 300 mm. Ion flux densities up to several mA/cm 2 are 
available at 500 to 1000 eV. Below 500 eV, flux densities decrease with 
decreasing ion energy. 

Fig. 6 shows a system with a vapor source and suspended 
substrates, completed by an ion source in the bottom plate. Instead of 
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Figure 5. Kaufman ion source (according to Harper [47]). (1) 
discharge voltage, (2) anode potential, (3) extraction grid and 
acceleration voltage, (4) neutralizer filament with heating current 
supply, (5) target, (6) ion beam, (7) discharge plasma, (8) multiple 
magnetic field, (9) cathode (10) anodes, (11) gas inlet. 
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a normal evaporator, an ARE vapor source according to Bunshah is shown, 
as proposed by Shimizu and Doi [48]. The ion source is first used to 
clean the substrates with argon ions and in a second phase to bombard 
the growing film with reactive ions. 
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Figure 6. Ion beam assisted deposition. (1) door, (2) ion source, (3) 
arc supply, (4) electron gun, (5) crucible, arc cathode, (6) arc anode , 
(7) vacuum pump, (8) ion beam, (9) substrate holder. 

lBAD is a very flexible tool for fundamental thin film research, 
because the ion energy has a narrow spread and can be controlled 
independently from the ion current as well as from the evaporation 
rate. IBAD can be used to synthesize new thin film materials and to 
tailor metastable phases [49]. 

4. PROCESSES FOR OPTICAL COATINGS 

In optics, dielectric interference coatings are used as antireflex 
coatings on lenses, absorption free mirrors and filters etc. The mostly 
used optical film materials are fluorides and oxides. Whereas fluorides 
evaporate essentially without decomposition, oxides, nitrides and 
oxynitrides must be deposited by a reactive process in order to get low 
absorption. 
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4.1. Reactive Low Voltage Ion Plating 

Optical parts are electrically insulating and cannot be biased like 
metal substrates. Instead, the negative charging of insulating surfaces 
in direct contact with a plasma can be used. Self-biasing is a well­
known phenomenon with insulating substrates placed on rf-electrodes. 
But also in dc-plasmas, the big difference between the mean velocities 
of electrons and ions in the plasma causes a negative self-bias 
potential of about 20 to 30 V with respect to the plasma. This bias 
accelerates positive ions towards the substrate surface [6]. Their 
energies are usually not sufficient to cause sputtering, but they are 
higher than crystalline binding energies and can achieve all kinds of 
ion pl.ating effects. The flux density can achieve the order of 1 
mA/cm 2 • 

This kind of dc-self-biasing is used in reactive low-voltage ion 
plating (RLVIP) [6,50]. This is an ARIP process for the deposition of 
oxide and nitride coatings on to unheated insulating substrates such as 
glass. Fig. 7 shows a schematic diagram of an industrial RLVIP system 
[51]. The electron beam evaporator has a 270 0 electron gun and an 
insulated crucible, which can be used as the anode of a thermionic arc. 
In this way, two electron beams are directed to the evaporating 
material: the e-gun (e.g. 10 kV, lA) and the arc (e.g. 50 V, 200 A). 
The e-gun is able to evaporate any material and the arc is able to 
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Figure 7. Reactive low voltage ion plating. (1) door, (2) argon 
inlet, (3) arc cathode, (4) cathode heating supply, (5) aperture, (6) 
coil, (7) arc supply, (8) electron beam, (9) electron gun, (10) 
insulated crucible, (11) reactive gas inlet, (12) arc plasma, (13) 
vacuum pump, (14) substrate holder. 
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almost completely ionize this vapor. The substrate holder may be 
electrically insulated. An oscilla.ting quartz crystal monitor or an 
optical thickness monitor can be used to control the deposition rate 
and film thickness. This system can also be used for conventional 
reactive evaporation, allowing alternating processes without requiring 
any modification of the system. 

When used for RLVIP, the evaporation materials (metals or sub­
oxides) form electrically conducting melts. Neither substrate heating 
nor any other special pretreatment is necessary. A typical gas 
composition is 0,05 Pa of argon plus 0,1 Pa of oxygen. Quarterwave 
films in the visible are deposited within two to three minutes. A film 
thickness uniformity of + 1 % across a 800 mm diameter substrate holder 
can be achieved when a static distribution shield is used. 

Ion plated oxide films are fully oxidized. No absorption can be 
measured with simple photometric intensity methods. 11easurements of the 
refractive indices give values close to those of the bulk materials. In 
all cases, the refractive indices are much higher than those of 
evaporated films. 

The surface is very smooth compared to films deposited by conven­
tional activated reactive evaporation. All films are very dense. That 
is an important feature because it hinders water absorption from a 
humid atmosphere and, as a consequence, it stabilizes the refractive 
index. RLVIP films are therefore especially suited as protective final 
layers. 

Also the mechanical specifications of RLVIP films, especially 
their adherence on glass substrates and their abrasion resistance 
(eraser tests) are excellent. 

4.2. Ion Beam Assisted Deposition 

Oxygen ion beams can advantageously be generated by an ion source 
without hot filament, e.g. by multi-aperture rf (1311Hz) or microwave 
(2.7 GHz) ion sources. 

As no current can flow in or on an insulating substrate, the ion 
bombardment of such substrates or films requires exactly the same 
number of positive and negative charges to impinge onto every point of 
the surface in order to achieve charge balance. Therefore electrons 
have to be added to the ion beam. This can be done by the vapor source 
or by a neutralizer filament (Fig. 5). 

A similar deposition technique is dual ion beam sputtering, where 
the substrates are coated by ion beam sputtering and at the same time 
bombarded by a second ion beam, e.g. by oxygen ions [52]. Dual ion beam 
sputtering can be used for the production of multi-layer laser mirrors. 

Comparing RLVIP with ion beam assisted evaporation and dual ion 
beam sputtering, the RLVIP film properties are similar. Nevertheless, 
the applications for RLVIP and the two ion beam processes probably will 
not overlap: Whereas ion beam processes are powerful tools for basic 
parameter investigations, for optimization studies or for the 
deposition of low-loss oxide films on a limited number of small to 
medium size substrates, the RLVIP process is fast and optimized for 
large scale production of high quality optical coatings. 
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PLASMA SPRAYING - A Versatile Coating Technique 
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ABSTRACT. Plasma spray technology, with its great number of coating­
substrate combinations, satisfies the demand of new materials needed to 
work in severe environments. After a general introduction on thermal 
spraying processes, the fundamentals specific to plasma spray are 
described. Depending on the pressure level, the chemical composition of 
the environment and the type of electrical arc, the plasma spray 
process is divided into the following types: atmosphere (APS), vacuum 
(VPS), inert gas (IPS), controlled atmosphere (CAPS), under water (UPS) 
and inductive coupled (ICPS) plasma spray. Their operating principles 
and their fields of application are reported. The components of the 
plasma torch, particularly their shapes influence, the shape at the 
produced arc and its capability to accelerate particles. The composi­
tion of the plasmogenic gases, their behaviour under discharge and the 
effects on melting and acceleration of powder particles are briefly 
discussed. The deposition parameters determine the microstructure of 
the coating: unmelted particles, poor adherence and coherence, cracks, 
open and closed porosity, are intrinsic to the coating procedure. 
Surface pretreatments, degreasing, sand blasting, sputter-cleaning and 
preheating, increase coating adherence. Post-coating treatments such as 
thermal annealing, sealing (e.g. liquid-metal, organic compound infil­
tration), hot isostatic pressing and electron beam or laser surface 
mel ting are used to increase the adhes ion and reduce the poros i ty. 
Coating materials and coating evaluations are also considered. A broad 
list of industrial applications typical of plasma spray together with a 
potential list of further process and material developments are 
outlined. 
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1. INTRODUCTION 

Plasma spraying belongs to the family of thermal spraying techniques 
which also includes traditional processes such as wire and powder flame 
spraying, arc spraying, transferred arc plasma spray welding, as well 
as high-tech methods like detonation gun coating and high-velocity 
flame spraying (HVOF). Plasma spraying has a particularly high poten­
tial for solving complex materials problems. It offers the possibility 
of coating parts made from all current base materials with almost any 
type of surfacing materials. Compared to other coating techniques, e.g. 
electron beam evaporation and sputtering, plasma spraying provides 
increased flexibility in the composition control of coatings, i.e. 
close agreement between the chemical composition of the starting powder 
and the deposited layer, together with reduced capital and operating 
costs. The technique is suitable for small parts as well as for large 
components. A high degree of automation can be easily accomplished, 
allowing the spray process to be integrated into fabrication sequences 
both for mass and individual part production [1]. 

In the past 20 years plasma spraying as a high-tech process has 
gained enormous importance. There is hardly any branch of industry 
today that does not make use of modern plasma spray coating processes, 
by which they can contribute substantially to improved performance of 
structural and machine components. Through an optimal pairing of the 
coating and substrate materials, properties are obtained which would 
not be possible with homogeneous materials. 

The entire worldwide market for thermal spraying therefore amounts 
to several thousand million dollars annually. Of this the greatest part 
is represented by coatings provided by specialist firms for a variety 
of industries, while a significant part of the market volume is consti­
tuted by coating materials, marketed in the form of powder and wire and 
finally a substantial share consists of the equipment and facilities 
for producing coatings. 

2. FUNDAMENTALS OF THE PROCESS 

Thermal spraying processes have in common that they utilize a high 
energy heat source to melt (at least partially) and to accelerate fine 
particles onto a target surface. Upon impact these particles cool down 
and re-solidify instantaneously by heat transfer to the underlying base 
material and so form, by accumulation, a thick tenaciously bonded coat­
ing. While in flame spray processes the necessary energy is provided by 
combustion of gases, such as C3Hs and O2 , in plasma spraying a stream of 
gas is heated to a very high temperature by an electric arc. By this 
action the gas becomes electrically conductive due to ionization. 
Although the arc is already a plasma, the flow of gas heated up by the 
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electrical arc is referred to as the actual plasma jet. The plasma 
generated by the arc consists of free electrons, ionized atoms, some 
neutral atoms and undissociated molecules if N2 or H2 are used. 

The elements of a plasma spraying gun or torch are shown in 
Figure 1. It consists of two electrodes a cone-shaped cathode, 
usually made of tungsten, inside a cylindrical copper anode which 
extends beyond the cathode to form a constricting nozzle. While the gas 
- usually argon or nitrogen or a mixture of these with hydrogen or 
helium - is flowing through the annular space between the electrodes, a 
high frequency discharge initiates an arc across the gap between the 
electrodes which is sustained by a steady direct current of many 
hundreds of amperes at a potential of ~ 50 V. The stream of gas which 
flows between the electrodes stretches the arc, so that in its course 
from one electrode to the other, the arc loops out of the nozzle of the 
gun as a plasma flame [2,3). 

The plasma of a plasma gun is about 1000 times denser than the low 
pressure plasma in a neon tube and by frequent collisions between elec­
trons and positive ions a thermal equilibrium plasma of high enthalpy 
is established [3). 

Powder Inlector 

-
Plasma 
Gas 
Mixture 1IEE----+ 

Figure 1. Schematic diagram of a plasma spray gun. 

Plasma 



www.manaraa.com

202 

This produces a small region of extremely high temperature into 
which, through a separate powder port, coating material particles can 
be injected. Local plasma temperatures in spraying torches are normally 
in the range 10,000-15,000°C but can reach 30,000°C in certain devices 
[2,4,5]. This implies that almost any material that can be melted with­
out decomposition, including refractory metals or oxides, can be 
deposited by plasma spraying. 

Water is circulated through passages in the anode and cathode to 
prevent them from being melted by the intense heat created in the 
plasma. 

The arc core temperature depends not only on the current-voltage 
conditions, gas density and mass flow rate but strongly on the degree 
to which the arc can be constricted inside the torch. Arc constriction 
is achieved by reducing the anode bore diameter and by utilising 
phenomena known as thermal and magnet hydrodynamic punch [3]. 

In addition to the enthalpy reflected in its high temperature, the 
plasma contains enthalpy associated with the ionization of monatomic 
gases and the dissociation of molecules into their constituent atoms. 
Figure 2 shows the relationship between temperature and energy content 
of some gases commonly used in plasma spraying. It indicates that mono­
atomic gases (Ar, He) exhibit a linear relationship with respect to 
temperature until ionization takes place at very high temperatures. 
However, for di-atomic gases the heat content rapidly increases with 
temperature when dissociation occurs. 

40" 

o 
temperature _ 

Figure 2. Relation between energy content and temperature of plasma 
gases (at atmospheric pressure) (Ref. 6). 



www.manaraa.com

203 

In practice, often pure argon or nitrogen is used as primary gas, 
together with additions of 5-25% of a secondary gas (hydrogen or 
helium) to increase enthalpy, but excessive flows of hydrogen or helium 
can cause rapid electrode erosion because of their high heat conduc­

tivity. 
The high local temperature within the arc causes gas expansion 

whereby the gas velocity through the torch anode is controlled by its 
geometry and gas pressure. Most conventional plasma guns use subsonic gas 
flow conditions but by the incorporation of converging/diverging nozzle 
geometry in the anode supersonic gas flow rates can be achieved [7,8] . 

The velocity and temperature of the powder particles, inj ected 
with the aid of a carrier gas such as argon into the high energy plasma 
arc, are obviously directly related to the mass flow rate and tempera­
ture, and vary with time/distance from the entry point. 

Although ideally the powder should be introduced uniformly 
upstream of the anode (to allow optimum distribution in the plasma 

stream and the longest dwell time), to avoid powder adhesion to the 
throat of the anode and resultant blockage, powder entry is normally 
arranged either where the nozzle diverges or just beyond the exit [2]. 

Typical powder velocities for conventional torches are in the 
range 120-350 mis, while for certain high velocity torches values of 
400-550 m/s are claimed [8]. 

For the production of dense high-strength coatings a number of 
delicately balanced criteria must be satisfied. The inj ected powder 
particles must absorb enough heat from the plasma jet to melt before 
they impinge on the substrate, or the previously deposited particles. 
In addition, the particles should gain, by the dragg effect, enough 
kinetic energy (velocity) to be able to flatten and spread out when 
they strike the target, flowing into crevices and tightly gripping the 
surface [3,9]. 

How effectively a given plasma flame heats and accelerates the 
powder particles depends on the kind of coating material, i.e. its com­
position, density, heat capacity, conductivity, size and shape of the 
particles [10]. For a given coating material and gun there is an 
optimum particle size. Particles much smaller than the ideal will over­
heat and vaporize, much larger particles will not melt and fall from 
the plasma jet or rebound from the target. 

The way particles are fed into the flame also effects the melting 
and deposition, hence the quality of the produced coating. The pressure 
of the carrier gas must be adjusted to blow the particles into the 
flame but not through it. The angle of injection is critical as well; 
downwind injection minimizes the disruption of the plasma by the influx 
of particles and increases their velocity whereas injection in the 
upwind direction gives the powder more time to take heat from the 
plasma [3]. Figure 3 shows parameters involved in plasma spray 
processing and Figure 4 shows various positions of powder injection. 
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Figure 3. Parameters involved in plasma spray processing (Ref. 11). 
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Figure 4. Plasma torch and powder injector positions (Ref. 10). 

When plasma spraying is carried out in air (APS) the environment 
surrounding the plasma plays a significant role. Firstly the entrain­
ment of environmental gases into the plasma jet will lower its tempera­
ture and slow down the particles as they collide with environmental gas 
molecules after leaving the plasma jet. Furthermore, if the entrained 
gas (e.g. 02' N2 ) are reactive towards certain powder elements (e.g. Al, 
Cr, Ti) then high temperature oxides or nitrides will be formed and 

included in the deposit [9] (See Figure 5). 
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Figure 5. Optical micrograph of a representative cross - section of the 

aluminium coating APS deposited. 

The in-situ oxidation of such elements can be reduced or totally 
eliminated by using an argon shroud around the plasma (ASPS) or by 
spraying in a chamber with inert atmosphere (IPS) or at low pressure 
(VPS), as will be described later. Figure 6 shows the vacuum plasma 
spray installation supplied by Plasma-Technik AG to the JRC Ispra Labo­
ratory. 

Figure 6. Computer controlled vacuum plasma spray facility. 
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From what has been outlined, it follows that due to the large num­
ber of parameters involved in the plasma spray process (see Figure 3) 
and the complex relationships that exist between some of the parame­
ters, precise control and optimisation of the deposition process can be 
a very tedious and expensive operation [11]. It is for this reason that 
efforts are being made, at various laboratories, to develop a theoreti­
cal formulation for designing plasma spray systems by studying, in 
particular the interaction of particles and the plasma flame [12,13]. 
It has to be re-emphasized that the kinetic and thermal energy the 
particles gain in the plasma jet and retain until they impact on the 
target determine, in essence, the coating structure and thereby the 
coating properties. In the studies mentioned, for example, the axial 
and radial temperature and velocity distribution of the plasma jet have 
been determined as shown in Figure 7. 

The spatial plasma temperature distribution (Figure 7a) was 
deduced from the measured volumetric emission coefficient of atomic or 
molecular lines for temperatures above 6000 K and by means of thermo­
couples. Laser doppler velocimetry on very fine A1203 particles (-3 ~m) 
was used to determine the plasma velocity (Figure 7b). 
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Figure 7. Axial and radial temperature (a) and velocity (b) isocontours 
of a N2-H2 DC plasma jet with P = 29 kW, N2 = 37 NL/min, H2 = 27 NL/min 
(Ref. 5). 



www.manaraa.com

207 

It is obvious that the radial temperature and velocity gradients 
across the plasma jet diameter cause the inj ected particles to arrive 
with different speeds and states of melting at the target, depending on 
their individual trajectory, which in turn is governed by their indi­
vidual size and morphology. 

Vardelle et al. [5] have experimentally determined the velocities 
of alumina particles of different size along a N2 -H2 plasma jet axis. In 
the first part of the trajectory, the plasma gas velocity is very high 
(200-600 m/s) compared to the particle velocity (about 20 m/s). There­
fore, the friction force of the plasma fluid on the particle, which is 
proportional to the relative velocity difference, is very high causing 
a considerable acceleration of the particles (up to 100,000 g). The 
18 fJ.m particles reach a maximum velocity of 275 mls at 6 cm after the 
nozzle exit. The biggest particles achieve the smallest acceleration 
and the lowest velocity, however, they are also relatively less slowed 
down with increasing distance than smaller particles. By increasing the 
powder injection velocity (up to a certain level), the particles pene­
trate deeper into the high- velocity jet core resulting in higher mean 
particle velocities [5,9]. 

Also the distance from the gun to the substrate to be coated is a 
critical parameter, which for spraying in air typically varies between 
5 and 10 cm. 

3. DEPOSITION AND COATING MICROSTRUCTURE 

The powder particles arrive, after having been sufficiently heated and 
accelerated by the plasma jet, as droplets at the target where, due to 
the impact, they flatten and spread out on the surface and rapidly 
solidify. Herman et al. [3] have extensively studied this process by 
scanning and transmission electron microscopy and concluded that as a 
splat solidifies, heat is lost to the substrate beginning at the centre 

which strikes the surface first. A solid core forms and remaining melt 
spills off it and hardens into a raised rim (see Figure 8). 

At impact the particle can be solid (not molten), softened, semi­
liquid or liquid and obviously the type of splat formed strongly deter­
mines the final coating structure and properties, see Figure 9. A typi­
cal 37 fJ.m big powder particle after impact in the fully molten produces 
state a 1.5 fJ.m thick disc of approximately 150 fJ.m in diameter. 

The coating is formed by the building-up of successive layers of 

liquid droplets flattened on impact. 
The typical non-isotropic lamellar structure parallel to the sub­

strate surface coatings is reported in Figure 9c. As Figure 10 shows, 
the formation of a plasma-sprayed coating is a "chaotic" process [3]. 
Molten particles spread out and interlock with one another. Voids 
resulting from shrinkage or from trapped air or gas are present, some 
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Figure 8. Splat resulting when a microscopic droplet of molten coating 
material strikes the surface, flattens out and solidified (Ref. 3). 

Figure 9. a) Powder of NiCoCrA1Y alloy in spherical shape. 
b) Molten and splashed particle. 
c) Cross-section of composite NiCoCrA1Y-25%Alz0 3 coating containing 

molten and unmolten particles. 

particles have become oxidized during their traj ectory, while others 
may not have melted at all and simply get embedded in the deposit [14]. 

Cooling rates upon impact are estimated to be of the order of 106-­
lOs Ks-l [2] and the resulting rapid solidification rate produces gener­
ally a submicron grain size coating microstructure. In some cases this 
ultrafine cellular microstructure formed by plasma-spraying was found 
to have mechanical properties superior to cast or wrought materials of 
the same composition [15]. 
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Figure 10. Schematic presentation of build-up of a plasma-sprayed 
coating. 

Obviously the structure of a plasma-sprayed coating .. looks quite 
different from that obtained by PVD or CVD where the deposition occurs 
atom by atom while in spraying small, but macroscopic droplets, are 
striking the surface. Despite these differences in deposition mechanism 
and microstructure, surprisingly enough, protective coatings of the 
same material deposited by plasma-spraying and for example ion-plating 
show comparable service behaviour. 

The thickness of plasma deposited layers can range from some ten 
microns to several mm or even cm. 

4. ADHERENCE AND COHESION OF SPRAYED COATINGS 

Coating-substrate adherence and inter- lamellae cohesion are of great 
concern since they ultimately govern the effectiveness of the sprayed 
deposit as a protective coating. Furthermore, the degree of contact 
between arr~v~ng droplets and substrate and between sequentially 
impinging particles affects the interface heat- transfer coefficient, 
hence the cooling rate experienced by the deposited splat. 

To promote good coating-substrate adherence in spray deposition, 
it has become common practice to roughen the substrate surface by grit­
blasting (with A1z0 3 , SiC or chilled steel grit) prior to spraying to a 
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roughness of some 4-5 ~m or more. Prior to grit-blasing, of course, all 
oxide scales, other foreign matter, but also any oils and machinery 
lubricants must be eliminated. Components should therefore be degreased 
chemically. 

The operative inter-particle and coating-substrate adhesion mecha­
nisms have been classified by Nicoll et al. [9] into three major cate­
gories: 
i) Mechanical bonding or interlocking: 

A molten particle striking a roughened surface or an already soli­
dified splat will assume the surface topography and the resulting 
mechanical interlocking between the existing protrusions of the 
surface and the deposit will lead to mechanical adherence. 

ii) Metallurgical bonding: 
Due to the high heat flux associated with the impinging molten 
droplets (and assisted by a high workpiece temperature) diffusion 
and microwelding between particles, and particles and substrate 
will occur leading to an interdiffusion zone or intermediate 
compound formation. 

iii) Physical bonding: 
The action of Van der Waal's forces may provide additional 
adhesion. 
The bonding between coating and substrate and between individual 

splats is generally the result of two or more bonding mechanisms 
operating simultaneously. However, the degree to which a particular 
mechanism is operative strongly depends on the materials involved and 
the process variables employed. The adhesion strength of sprayed 
coatings may therefore vary between a few MPa and some 100 MPa. 

5. ASPECTS CONCERNING POWDERS FOR PLASMA SPRAYING 

Powders can be produced via various routes. For ceramics the standard 
method is to fuse the ceramic followed by crushing and classification 
(sieving). Newer methods can involve gas-atomization or the production 
of agglomerates starting from very fine particles (- 1 ~m) which can 
then be partially fused or sintered (Figure 11). 

As can be seen from Figure 11 powders of a given material can have 
comparable grain size but quite different morphology, which has a 
significant influence on their spraying characteristics. Therefore, 
besides grain size the morphology of powder grains should also be 
specified. 

Two powders can have the same average grain size and even the same 
grain size range (Omax/Omin) but still produce coatings of different 
properties using the same spray parameters if the grain size distribu­
tion is different. 
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Figure 11. Morphology of plasma spray powders produced by different 
methods: 
a) Fused and crushed (SiC). 
b) Sintered (CrZ0 3). 

c) Agglomerated (Ni). 
d) Argon atomized and spheroidized (NiCoCrAlY). 

It has therefore to be stressed that not only the mean grain size 
is important but also the grain size distribution, in relation to this 
even the method by which the grain size distribution is being deter­
mined should be specified. Two machines for grain size distribution 
determination, both operating on the principle of sedimentation, have 
been standardised: the WAB (ASTM B 430-79) and US Sedimentometer 
(US ASB 7490-7967). Also Laser light scattering instruments are very 
successful in measuring grain size distribution of spray powders 
between 3 and 180 Mm (9). 

Most of the powder used for plasma spraying is between 5 and 80 Mm 
in diameter. To achieve uniform heating and acceleration of a single 
component powder, a narrow size distribution (e.g. 5-45 Mm, or 20-80 Mm 
for ceramic thermal barrier coatings) is preferred, depending on the 
type of material, the required final surface quality and plasma system 
being used. Due to the shorter dwell time in the low pressure plasma 
jet, generally smaller grain sizes are used in VPS than in APS. 

Small particles can not only evaporate in the flame but their 
trajectory may be so dominated by the momentum of the plasma gas that 
they follow the gas stream around the substrate rather than impacting 
on it. Large particles, on the other hand, may not melt or may fall 
from the flame or rebound from the target. 

It is common practice to set for a powder screened to a particular 
mesh size range the spray parameters, including the spray distance. 
Particle temperatures are directly connected to the spray distance and 
with the pressure level as indicated in Figure 12 (17). 



www.manaraa.com

212 

O( 

3.871 

f 3.316 

QI 2.760 
L­
::> 

~ 2.204 
QI 
c-
al 1.649 
I-

1.093 

538 

51 102 152 203 254 

Comparison at Different 
Pressure Levels 

305 355 

Gas Argon 
L.OkW 
6 25mm Bore 

, 'L.OTorr 

50Torr 1 
150Torr I VPS 
300Torr ~ 
760Torr A PS 

406 457 508 mm 
Spray Distance ___ 

Figure 12. Centreline plasma temperature versus spray distance at 
different pressure levels (Ref. 17). 

To allow constant powder feed rates, which is a prime condition to 
achieve a uniform coating thickness and quality, the powders to be 
inj ected into the plasma must possess good flow properties, which is 
again associated with their morphology and grain size. To avoid powder 
dispenser and/or torch blockage problems, i.e. to achieve smooth powder 
flow, the powders must be clean, carefully dried and vacuum-degassed 
(for VPS-application) before using them; often a heated powder hopper 
is also employed. 

Powders are transported from the metering device to the inj ector 
via a carrier gas (argon or nitrogen) and the gas flow required to 
attain stable transport has been shown to be determined by 
- diameter of the transport hose, 
- powder density, 
- size and shape of the powder, 
- density and velocity of the carrier gas. 

The location of the powder-injector varies with the nozzle design 
and/or the type of powder being sprayed and is either in the nozzle 
(anode) throat or downstream of the nozzle exit, in Figure 4 three pos­
sibilities are shown [9]. 

Composite coating structures can be obtained by using blended 
powders or by injecting two powders separately (possibly at different 
positions in the plasma) which are then simultaneously sprayed. Using 
two separate powder feed systems also allows production of graded 
coatings [18]. Coating of a MCrAIY + 20% alumina composite is shown in 
Figure 13. 



www.manaraa.com

213 

a b 

Figure 13. Composite coating structure VPS produced: 
a) NiCoCrAIY + 35% A1 203 • 

b) Al + 30% SiC. 

6. THE EFFECT OF SUBSTRATE TEMPERATURE 

The workpiece temperature during plasma spray is also an important 
process parameter highly affecting coating quality. 

During the deposition the high influx of molten spray particles 
onto the substrate brings about a high energy input into the part due 
to the release of the melting enthalpy upon solidification, which will 
cause a continuous increase of the workpiece temperature. 

An advantage of plasma spray processing is that by appropriate 
cooling (with e.g. compressed air or CO2 ) the substrate temperature can 
be adj usted to higher or lower levels independent of the depos i tion 
process. If the substrate is kept at a high temperature (800-900°C) 
impinging particles do not solidify rapidly by quenching on impact but 
they stay molten longer, flowing and filling irregularities as they 
cool relatively slowly. This results in less porosity, better bonding 
and reduced residual stresses that otherwise could built up between 
substrate and coating [9]. 

In cases where a large mismatch in the thermal expansion exists 
between substrate and coating material, it is often preferred to keep 
the deposition temperature fairly low (200-300°C) to minimize the 
residual stresses between coating and substrate after cooling down to 
room temperature. The problem of the thermal, expansion mismatch could 
also be solved by an intermediate coating acting as a buffer between 
coating and base materials. See Figure 14. 
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a 
100,u ---- b 

50,u 
....---

Figure 14. Intermediate layers acting as buffers for solving thermal 
expansion mismatch problems: 
a) TBC coating joined to the Ni alloy by graded metal-ceramic bond. APS 
deposited. 
b) Cr20 3 coating joined to the metallic substrate by NiA1Cr interlayer. 

7. EFFICIENCY 

Although plasma spraying is technically a very powerful technique, it 
is not very attractive in terms of energy consumption. Arc current and 
voltage in a plasma torch vary with electrode design, gas flow, and 
composition while power consumption is normally in the range 5-80 kW. 
However, for '" 80 kW supplied to the AC/DC rectifier some 5 -10% is 
lost. About 2/3 of the energy supplied to the torch is lost into the 
cooling water, while approximately another 30% are losses due to 
convection and radiation from the plasma to the environment. Hence only 
some 2.5 -4% of the original electric energy is being supplied to the 
spray particles [19]. 

Another aspect concerns spray efficiency, i. e. how much of the 
injected powder is actually deposited as coating. Here losses start at 
the powder entry point: depending on where and under which inclination 
the particles are injected into the plasma, on the carrier gas flow and 
on their grain size and distribution varying amounts of powder may 
become rejected from or swept away by the expanding plasma jet. During 
flight, in particular, fine powder fractions may become overheated and 
evaporate. Depending on particle velocity and temperature at impact on 
the substrate, rebounding may occur or splashing may be associated with 
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the breaking up of the originally arriving droplets into finer parti­
cles which are reflected from the substrate (dust formation). Further­
more, when the target substrate surface is small compared with the size 
of the spray beam unavoidable overspray occurs. Although by careful 
selection of the plasma parameters in relation to the powder particles 
being sprayed, powder losses can be minimized to some extent, typical 
spray efficiencies only range between 60-85%. 

8. VARIANTS OF PLASMA SPRAYING 

Based upon the principles of the pressure and composition of the sur­
rounding atmosphere, a number of process variants have been developped 
in recent years which concern either the way the plasma is being gener­
ated or the environment in which the spray process takes place with the 
general aim to further improve coating quality and/or the application 
range of the technique. Figure 15 gives the nomenclature of the spray 
processes as a function of pressure and composition of the surrounding 
atmosphere. 

COMPOSITION OF ATMOSPHERE 

PRESSURE 
OF 
ATMOSPHERE 

VACUUM 
(p < 1 bar) 

NORMAL 
(p - 1 bar) 

PRESSURIZED 
(p> 1 bar) 

generic term: 

INERT 

REACTIVE 

REACTIVE 
GASES 

Controlled Atmosphere Plasma Spraying 

secondary terms: 

Vacuum Plasma Spraying 
Air Plasma Spraying 
Reactive Gas Plasma Spraying 
Inert Gas Plasma Spraying 

AIR 

Figure 15. Nomenclature of spray processes as a function of pressure 
and composition of the surrounding atmosphere (Plasma-Technik AG). 
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8.1. Induction Plasma Spraying 

Some workers are experimenting with a plasma gun in which a rapidly 
alternating electric field generated by a radio frequency coil replaces 
the DC arc as the plasma source (20). These so-called RF plasma guns 
eliminate the electrodes of the arc plasma torches and thereby any 
contamination of the coating with material eroded from them. Although 
lower plasma temperatures than with the arc plasma are being obtained, 
the powder particles achieve due to the - here possible - axial injec­
tion longer dwell times in the plasma and a good melting degree. Other 
advantages of the inductive plasma are: 
- uniform temperature distribution, 
- high thermal efficiency, 
- no pollution due to the electrodes. 

Figure 16 is a sketch of both: a conventional HF plasma spray and 
a new Plasma-Technik inductive plasma. 

8.2. High Power Plasma Spraying 

This process variant, being presently still under development, achieves 
by a particular plasma gun configuration very high plasma power (up to 
220 KW). Stabilization of the extended plasma jet, compared to conven­
tional torches, occurs by a strong pinch of the plasma gases and addi­
tional inj ec tion of water into the HP torch (21). This allows high 
deposition rates for high melting coating materials (e.g. ceramics). 

tlein • 
Plasma • 
Generation. 
and • 
Energy 
Input 

: .1 ... -.~ ..... .­....... ........ ........ ........ 
•••••• • 0 -. . . ...... ...... . -. .... . .. 

Powder -------

HF Generator 
3-12 r.tiz 

25 kW 
11 = 30-40"/0 

fE Generator 
1-50 kHz 
50kW 

11 = 5G-6O"/0 

.:: .. ::: 
IJ •• ". 

o • ••• -..-..... . ........ 

PilO( 
Plasma 
General, 0" 

tlein 
Energy 
Input 

Figure 16. Conventional and new inductive plasma spray schematic 
(Plasma Technik AG). 
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8.3. Under-Water Plasma Spraying 

Another recently developed variant of plasma spraying is the under­
water plasma spraying technique [22]. Although requiring very careful 
selection of spraying parameters, in particular of the spray distance, 
this technique reduces very much of the dust, sound and radiation prob­
lems as associated with APS and produces coatings of comparable quality 
as achievable with IPS or VPS, see below. 

8.4. Gas-Tunnel Plasma Spraying 

This process variant is based on a torch which utilizes a special nega­
tively biased vortex nozzle creating a low pressure region called "gas­
tunnel". Such a gas-tunnel plasma jet has a positive discharge charac­
teristic (volt-ampere characteristic) and a high voltage. Therefore, a 
high power can easily be obtained. A gas-tunnel plasma jet is stable 
and has a high temperature and high energy dens i ty. To generate a 
plasma jet of the same power, a substantially smaller current is 
required than for a conventional plasma jet. As a result there is less 
damage to the electrodes. A gas- tunnel plasma-spraying apparatus feeds 
the spraying powder from the centre electrode of the spraying torch to 
the plasma. Powder supplied in this way is thoroughly melted as it 
travels through the long plasma jet and is then sprayed at a high 
speed. This type of plasma torch can be easily applied to the produc­
tion of ceramic coatings [23]. 

8.5. Inert Gas Plasma Spraying 

To reduce the possible chemical reactions of the spray particles occur­
ring in air plasma spraying, a number of process variants have been 
developed. 

Firstly, the Ar-shrouded plasma spray process (ASPS), developed in 
particular by Union Carbide, U. K., provides torch effluent protection 
by surrounding the powder stream with a local shield of argon gas, 
resulting in clean oxide-free deposits [2]. 

The same result can be achieved by carrying out the spray process 
in a chamber filled with inert gas (IPS). Such a chamber also allows 
processing under elevated pressure (up to 5 bar) to spray materials 
which may decompose at lower pressure or reactive spraying where the 
sprayed powder particles are deliberately reacted with a controlled 
atmosphere to produce new compound coatings [24]. For example, by 
spraying Ti-powder in an atmosphere containing methane or acetylene, 
partial carbide formation takes place leading to hard phase strength­
ened (Ti-TiC) compound coating. 

The Figure 17 shows the variation in hardness values of the tita­
nium coatings due to the increase of nitrogen content in the plasmo­
genic gases. 
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Figure 17. Variation of the hardness values of Ti VPS deposited as a 
function of the amount of Nz in the plasmogenic gases. 

By a particular variant of this Reactive flasma ~praying (RPS) or 
Qontrolled btmosphere flasma ~praying (CAPS) process even diamond-like 
coatings have been deposited [25]. 

8.6. Vacuum Plasma Spraying 

yacuum flasma ~praying (VPS) or 10w fressure flasma ~praying (LPPS), as 
it is sometimes called, can be considered as a particular variant of 
IPS where spraying takes place in an inert atmosphere at reduced envi­
ronmental pressure (typically at 50 mbar) see Figure 6. 

The reduction in ambient pressure makes the plasma jet much 
longer, as a consequence the torch workpiece distance has to be 
increased compared to APS conditions to avoid substrate overheating. 
The increase in plasma stream length results in a greater particle 
dwell time in the plasma and more uniform particle heating, while due 
to the reduced environmental gas pressure (compared to APS) the braking 
force is removed, hence the plasma (and powder particle) velocity is 
much higher (up to Mach 3) whereby the droplets spread out more 
thoroughly when they strike the surface. 
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Under reduced pressure conditions, the plasma jet is not only much 
longer but also much greater in diameter than in APS leading to a 
reduction of the energy density and an increase in the simultaneously 
coated substrate area. The lower energy density of the LPPS-jet 
requires high power plasma torches (up to 120 kW) and/or the use of 
smaller grain size spray powder than for atmospheric plasma spraying . 

Due to the longer plasma jet, slight variations in the spraying 
distance do not significantly affect the coating quality. 

The partial pressure of the reactive residual gases, given by the 
final vacuum during chamber pump down, system leak rate and degassing 
of internal equipment surfaces, determines the remaining possible reac­
tion of molten particles (and of the substrate) with oxygen, i.e. the 
oxide content of the VPS coating. Modern VPS installations are evacua­
ted down to 10-3 bar and reduce the partial pressure of reactive gases 
to the same level as that of the plasma gases used. 

Therefore, vacuum plasma spraying allows the deposition of 
coatings containing reactive elements, e.g. CoCrA1Y or Ta, at a signi­
ficantly higher quality level than is possible with APS or even the 
1 bar argon shrouded process (ASPS or IPS) [26]. It can be seen from 
the typical micro-structure shown in Figure 18 that the VPS-route pro­
duces homogeneous, high density, almost pore-free coatings with excel­
lent bonding and a relatively smooth surface. 

While coatings produced by atmopspheric plasma spraying are typi­
cally about 75-85% dense and have an oxygen content of up to 2%, for 
VPS-sprayed coatings densities of up to 95% can be achil;!ved with an 
oxygen content of 300-500 ppm. 

a SOJ.L b 
~----------------------------------

Figure 18. Cross-section of tribaloy T800 coating: 
a) APS deposited . 
b) VPS deposited. 



www.manaraa.com

220 

Al though generally dense, pore - free coatings are the target of 
plasma- spraying, for certain applications (e. g. coatings for medical 
implants) coatings of controlled high porosity are desirable. This can 
be achieved by appropriate selection of the spray parameters and type 
of coating powder. 

The VPS technique is mainly employed for the deposition of corro­
sion-protective MCrAlY-type (M = Fe, Ni or Co) coatings onto gas tur­
bine components of high strength superalloys. Also wear-resistant Co-WC 
and nitride coatings, as well as reactive metals such as Zr, Ti, Nb, 
which would oxidize if they were sprayed in air, are being successfully 
deposited with this processing mode [27]. 

8.7. Transferred Arc 

Operation of the 
allows to strike a 
and the (metallic) 

plasma torch under reduced ambient pressure also 
second, so- called transferred arc between the torch 
substrate [28]. By negatively biasing the work-piece 

to the gun anode, the substrate surface can be very effectively cleaned 
by sputtering prior to coating deposition which dramatically increases 
the coating/substrate bond strength. Some authors [16,29] even claim 
that sputter-cleaning by means of the transferred arc in VPS might 
substitute grit-blasting prior to deposition as a pre-treatment to 
obtain good coating adherence. The electrical set up of the transferred 
arc cleaning is shown in Figure 19. 

Biasing the substrate positively to the torch anode prior to 
deposition leads to an intensive and rapid pre-heating of the work­
piece, which gives rise to interdiffusion processes between coating and 
substrate resulting in good bonding. The positive substrate bias when 

Workpiece ionized Gas Jet Plasma Spray Gun 

e 

Figure 19. Basic transferred arc arrangement used for sputtered clean­
ing and heating substrate materials. 
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applied during spraying supplies additional energy into the plasma jet, 
which is useful when depositing high melting materials. The advantages 
of this process are: 
- reduction of the oxide layers, 
- reduction of stesses between coating and base material and in coat-

ings itself, 
- improvement of adhesion interdiffusion between coating and base mate­

rial . 

9. POST-COATING TREATMENTS 

Although as-deposited (metallic) coatings demonstrate good metallurgi­
cal bonding with the substrate, in particular when produced by the VPS­
technique, it is advantageous to enhance the degree of coat­
ing/substrate interdiffusion by applying a post-coating heat treatment. 
This is normally accomplished under vacuum or inert environment using 
temperatures and times able to produce thin interdiffusion layers. 
Apart from providing enhanced bonding, this treatment also promotes 
recrystallization of the original lamellae structure leading to a 
homogenization of the coating composition and some reduction in resid­
ual porosity. See Figure 20. 

Shankar et al. [26) have also shown that by a 
stage poros i ty 
reduced to 4%. 

levels in plasma- sprayed coatings 
post-coating HIPing­
can effectively be 

They have also indicated that shot peening can be a useful technique to 
densify certain types of plasma-sprayed coatings also reducing their 
surface roughness . 

Laser and electron beam post-coating treatments 
least on laboratory scale) successfully employed to 

a b 

Figure 20. Coatings of the NiCoCrA1Y alloy VPS produced: 
a) As deposited. 

have been (at 
further improve 

b) After thermal treatment at 1080°C for 4 hours under vacuum. 
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plasma-sprayed coatings [29]. Figure 2la shows a cross-section of a W-
5Re coating VPS after electron beam surface remelting. 

Other techniques referred to in the literature to close surface­
linked porosity are post-coating chemical vapour infiltration [30], 
sealing with epoxy or phenolic resin [6,31,32,33] or liquid metal. See 
Figure 2lb. 

Coating surface roughness depends primarily on the powder grain 
size being used in the deposition and can be improved by using vibra­
tory media finishing techniques or shot peening. 

10. EQUIPMENT FOR PLASMA SPRAYING 

Many authors [9,16,17,34,35) have already described in great detail 
modern fully automized systems for plasma spraying, at both ambient 
atmosphere and low pressure conditions, outlining the specific require­
ments for the various components of such sophisticated systems. 

The basic structure of a VPS system is shown diagramatically in 
Figure 22. 

Recently mini plasma torches have become available which will fit 
physically inside diameters > 45 mm and by which coatings at 90° spray­
ing incidence can be applied to internal surfaces e. g. tubes. Mobile 
APS units have also been developed. This type of unit could have a wide 
range of applications in the field of in-situ repair and maintenance. 
Figure 23 shows the mobile plasma spray system produced by Plasma­
Technik. 

Figure 21. Cross-section micrograph of: 
a) W-5% Re coating VPS after E.B. remelting . 
b) NiCoCrA1Y coating APS infiltrated by diffusion of liquid Al. 
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Figure 22. Schematic structure for a VPS/CAPS system. 
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HE-J2S 
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TroUey 
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PT-500 )'I'S 

JAM Box with 
Powder Feeder 50(}-PlO 

Figure 23. The mobile plasma spray system M-SOOT constructed by Plasma­
Technik AG for in situ repair and maintenance. 
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10.1. Gun/Workpiece Handling 

In a line-of-sight process such as plasma spraying the metallurgical 
structure of the coating varies with the angle of deposition. Coatings 
having the highest density and bond strength are achieved with 90° 
spraying incidence. The need to achieve a spray angle of as near to 90° 
as possible and to maintain torch-to-workpiece distance during spray­
ing, which is essential to achieve uniform coating thickness, can cause 
problems in coating complex components (e.g. gas turbine airfoils). 

This requirement and the need to eliminate, as much as possible, 
the human factor to achieve good, reproducible coating quality, has 
prompted the development of fully automated gun and workpiece manipula­
tion systems. Mostly the gun is operated through a 5- or 6-axis robot, 
while the workpieces are correspondingly manipulated by a 3-axis CNC­
controlled turntable or lathe. The relative movements of parts and 
torch are controlled by sophisticated computer programmes, which can 
also command the plasma spray parameters and the powder feed rates. 

The disadvantage of high investment costs associated with a VPS­

system is offset by the following advantages: 
- considerably lower noise levels, radiation and dust problems, 
- capability of spraying powders with high oxygen affinities, 
- significant improvements in coating quality. 

11. COATING MATERIALS 

All materials which comply with the following requirements are suitable 
as spray materials for the production of high quality plasma- sprayed 
coatings: 
- the spray material must melt without degradation, i.e. not thermally 

decompose, sublime or react with the plasma or environment gases, 
- the spray material must be available as powder in a form suitable for 

spraying, e.g. appropriate grain size, distribution and grain shape. 
At present, several hundred different materials are plasma 

sprayed. They can be classified as follows [1,36]: 
- Pure metals: 
- Alloys: 

- Pseudo-alloys: 

- Ceramics: 
borides 
carbides 
nitrides 

oxides 

Al, Cr, Ni, Mo, Ta, Pb, Zn. 
Ni-Al, Ni-Cr, Pb-Sn, Co-Mo-Cr, Ni-Cr-Al, Cu-Ni-In, 
MCrA1Y (M = Co, Ni, Fe), Co-Cr-Ni-W, Co-Mo-Ni-Si, 
Ag-Cd-Sn-Cu, Co-Cr-W-Ni-V, NiCrSiBFe. 
Cu-W, Bronze-steel, Al-Mo. 

TiBz' ZrBz · 
TiC, Cr3CZ ' NbC, TaC, WC, TiC-WC. 
TiN, ZrN, TaN. 
Alz03 , TiOz , CrZ0 3 , ZrOz , Alz0 3 -Crz0 3 , Alz03 -TiOz , 

Crz0 3 -TiOz , ZrOz-MgO, ZrOz-SiOz , ZrOz-CaO, ZrOZ -YZ0 3 • 
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- Others: 
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Cr3CZ -NiCr, WC-Co. 
Alz0 3 -NiAl, Crz0 3 -NiAl, CoCrTaA1YC-Alz0 3 , CoCrWNiVC­
CrZ0 3 • 

A1Si-polyester 
Ni-graphite 
NiCrFeAl-BN 

An analysis of the technical literature on thermally sprayed 

ceramic materials over the last 20 years [37) revealed that 60% of the 
references were concerned with oxides and 21% with carbides. The 
scarcity of data on other materials does not reflect a lack of interest 
but rather the practical problems arising with materials that do not 
melt without decomposition (e.g. SiC, Si3N4 ) or react with oxygen (most 
borides, carbides and nitrides) as the hot particles traverse the 
ambient atmosphere between gun and workpiece (in APS). 

Depending on the composition, combination and mixing ratios of the 
various spray material components, layers with unusual characteristics 
can be produced by plasma spraying. Such layers and properties cannot 
be obtained by other coating processes or with traditional homogeneous 
materials. 

Of particular interest is the possibility of producing composite 
coating structures by combining two starting materials via one of the 
following routes: 

both materials melt in the plasma stream and impact as molten 
particles on the substrate, or 

- only one material melts, while the other is built into the coating as 
solid particles. In this case, also materials with an unstable liquid 
phase can be incorporated in the coating. 

Figure 24a shows Ni-graphite composite and Figure 24b a multilayer 
Al-Cu. 

'. "4 I .~ . .. ... 
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Figure 24. Cross-section of composite layers formed by VPS process: 
a) Ni-graphite layer APS deposited. 
b) Multilayer Al-Cu VPS deposited. 
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Gruner [18] has presented a detailed review of this interesting 
processing mode. 

Another particular application of the plasma spraying technique is 
the deposition of materials in thick layers on a pre-formed mandrel. If 
the mandrel is removed afterwards, free standing bodies of complex 
shape and microstructure can be obtained. 

By depositing on a Cu-mandrel a layer of hard Cr3Cz+NiCr material 
and then a 2 mm thick layer of the superalloy Rene 80, Gruner [35] 
produced, after removal of the Cu- support, a small bore tube with a 
wear-resistant coating inside. 

Ti capsule for dental prosthesis have also been produced at the 
J.R.C. using the same method [27]. 

12. QUALITY CONTROL 

The coating evaluation can be made by destructive (DT) and non-destruc­
tive testing (NDT). The chemical composition of the deposited layers 
can be determined by chemical and/or Energy Dispersive X-ray Analysis 
(EDXA). 

Metallographic techniques give information on the thickness, sur­
face roughness, coating stratification, open and close porosity, 
cracks, oxide and inclusion concentrations, morphology and bonding flaw 
at the interface coating-substrate. 

The bond strength of the plasma sprayed films is usually deter­
mined by bending and tensile adhesion tests. Destructive testing, 
applied on a laboratory scale, on random samples is then extrapolated 
to untested specimens prepared with the same coating parameters. 

By extending industrial applications of plasma sprayed coatings 
into more sophisticated areas the NDT demand increases in view of more 
economic and a better qualified quality control. 

Thus eddy current, thermographic and ultrasonic devices have been 
developed and applied to detect the coating thickness, cracks, pores, 
flaws and other defects in sprayed films. 

Eddy-current measurement is the most used technique for deter­
mining the coating thickness of insulating coatings like TBCs even if 
other NDT are available such as thermo-electric touch or capacitance 
gauge. 

Thermography employs an infrared (IR) detector which analyses a 
surface which has been heated by a laser beam. Porosity inclusion, 
coating detachments have an influence on the heat transfer and conse­
quently on the relative IR image. 

Bonding flaws, pore clusters and cracks can also be detected by 
ultrasonic testing (UT). 

The automization of plasma 
quality control throughout the 
satisfy this need. 

spray processes increases the need for 
deposition process and only NDT can 
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13. APPLICATIONS OF PLASMA-SPRAYED COATINGS 

Up to now, plasma spray coatings have been successfully used for the 
following applications: 

• wear protection against: 
- abrasion, 
- scuffing, 
- erosion, 

fretting corrosion; 
• corrosion protection against: 

- oxidation, 
- hot gas corrosion, 
- atmospheric corrosion, 
- immersion corrosion; 

• thermal insulation (thermal barrier); 
• repairing parts by adding material onto worn locations, or reconsti­

tuting a part which has been rejected due to faulty material or 
incorrect machining. 

• surfaces with special properties: 
- electrically insulating or conducting, 
- self-lubricating coatings, 
- abradable coatings, 
- increase of surface area and structuring of surfaces 
- diffusion barriers 

- active or inert surface coatings, 
- surfaces with catalytic properties, 
- ion conducting conditions, 
- decorative coatings 
- coatings which are highly absorptive or reflective to light. 

Table 1 gives an overview of the various materials which are being 
sprayed, the coating requirements and the corresponding application or 
function. 

The principal applications for sprayed coatings lie in five areas: 
wear resistance, corrosion resistance and thermal barriers, electrical 
functions and special applications. 

Particular commercial importance has been gained by MCrA1Y-type 
coatings deposited by VPS-technique onto gas turbine components, both 
as oxidation corrosion protective layers and as bond layers for the so­
called thermal barrier coatings (TBC) , the thermally insulting layer, 
often partially-stabilized Zr02 , is generally deposited by the APS mode. 

Due to the capability of the plasma spraying technique to deposit 
a huge range of materials and its feasibility for mass production, 
plasma-sprayed coatings are finding steadily increasing use in nearly 
every sphere of industrial activity, e.g. aerospace [38,39,40), auto­
motive [40,41), electronic [42,43), medical [44,45), nuclear 
[46,47,48), power generation [49,50), textile [51,52) etc. 
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TABLE 1. Coating materials, requirements and functions. 

WEAR 
PROTECTION 

- Abrasion 

- Adhesion 

- Erosion 

- Pitting 

- Fretting 

- Abradables 

Coating 
requirem. 

- Good wear 
charact. 

- Good bond­
ing 

- Good 
cohesion 

- Homogenity 

- Low poros­
ity 

- High 
hardness 

Materials 

- CuNiIn 

- WC-Co 

- Alz0 3+TiOz 

CORROSION 
PROTECTION 

- Atmosph. 
corrosion 

- Immersion 
corrosion 

- Oxidation 

- Sulfidation 

Coating 
requirem. 

- Corrosion 
resistance 

- Low poros­
ity 

- Dense 
coating 

THERMAL ELECTRICAL SPECIAL 
FUNCTION FUNCTION FUNCTION 

- Thermally - Insulating - Bioactivity 
insulation 

- Reflection - Conductivity - Repairing 

- Absorption - HT-super­
conduct. 

- Shilding 

Coating Coating 
requirem. requirem. 

- Oxidation - Electrical 
resistance insulator 

- Low thermo - Electrical 
conductiv. conductor 

- Compo heat - Low porosity 
expansion 
coeff. with 
the sub-
strate 

- Free standing 
parts 

- Sensors 

- Catalytic 

- Target 

Coating 
requirem. 

- Rough surface 

- Bonding 

- Bone/tissue 
activity 

- Good bond- - Thermal - Insensitive 
to humidity 

- Chemical 
stability ing stability 

- Comp. heat - Mechanical 
expansion properties 
coeff. with 
the sub-
strate 

- No micro 
cracks 

- Controlled - No oxide 
porosity included 

Materials Materials Materials 

- MCrA1Y - ZrOZ -YZ0 3 - Alz0 3 

- NiCr - ZrOz-MgO - TiOz 

- Mo - Y1BazCu3 0 7 

- Chemical 
reactivity 

Materials 

- HA 

- Ti 

- Alz03MgO 

- CrZ03 - Hastelloy - NiAl 

- AISI-Plastic - Inconel - TiN 
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The possibility of depositing composite coatings by plasma spray­
ing has been indicated already, and Table 2 [18] gives an overview of 
various material combinations and their typical applications. 

Special applications of plasma spraying techniques concern the 

production of moulds on dissolvable cores, i.e. fabrication of parts of 
complex shape from materials which are difficult to form or machine by 
traditional process routes (e.g. TiAl, Ti3Al, Ta, etc.), refining and 
spherodizing of powders, production of sensors, etc. 

The General Electric Company is using vacuum plasma spraying to 
make freestanding components, intricate aircraft-engine parts formed by 
plasma- spraying a superalloy on a removable substrate. Other workers 
spray ceramic particles or fibres and a metal powder simultaneously to 
produce a strong, stiff composite material with the ceramic particles 
dispersed in a metal matrix. In a joint program the U.S. Naval Research 
Laboratory and Metco have fabricated a thick film of high- temperature 
superconductor by plasma-spraying the compound in the form of a powder, 
a strategy that could play an important role in the manufacture of 
future superconducting devices [3]. 

TABLE 2. VPS - sprayed composite coatings and their applica­
tions (Ref. 18). 

Material Composite Main property Application 
combination 

Metal/ MCrA1Y + Controlled Abradable 
Plastic Polyester porosity coating 

Mixture of Superalloy Controlled Wide gap 
metals powder + Braze braze filler brazing 

material content 

Cermet MCrA1Y + Alz0 3 Thermal Oxidation + 
conductivity erosion 

protection 

Metal/ Ti + TiBz Decrease Low-Z 
refractory sputter yield coating 

Refractory/ Cr3CZ + NiCr Reduce carbon Abrasion 
metal loss, increase protection 

ductility 

Refractory/ non-stabilized Increase thermal T B C 
refractory and stabilized fatigue 

oxides 
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14. CONCLUSIONS 

Plasma spraying technology, being essentially "materials engineering" 
as Villat [1] puts it, has a great potential in connection with: 
- improvement of the performance of parts and machine components by the 

pairing of optimum base material and surface coating properties, so 
as to obtain a combination of characteristics which would not be pos­
sible with homogeneous materials; 

- lowering of costs, since inexpensive base materials are improved by 
high grade coatings; 

- decrease of economic dependency, i. e. where a vi tal or strategic 
material has to be obtained from another country and where supply 
bottlenecks have occurred; 

- best use of resources, by sparing use of materials which are expen­
sive, rare or otherwise difficult to obtain; 

- innovation of technical products, by the provision of new fabrication 
possibilities and component properties, as well as new product char­
acteristics. 

Even though PS processes and in particular VPS are costly 
techniques, the market for the coatings produced will have more than 
doubled within the next ten years. 

The superior properties of the films and their ability to provide 
solutions unattainable by other methods makes these processes most 
attractive. These coatings can also be prepared with a high deposition 
rate while maintaining excellent reproducibility. 

By the use of complex composite powders and a more profound knowl­
edge of the deposition parameters, the opportunity for new and chal­
lenging applications are offered which can greatly improve the coating 
performance. 

The reproducibility of the coatings can only be increased by a 
better understanding of the processes, a stricter control on the mate­
rials and a thorough characterization of the coatings. Attempts are 
currently being made to increase the efficiency of the process by 
avoiding evaporation, non-melted particles, overspray and wearing of 
the electrodes and hence, a reduction in costs. Spheroidal powders are 
used which have a very small range of diameters. New types of torch 
guns are being studied in which the powder is introduced into the 
centre of the arc and then, heated over the maximum arc length. 

Even higher yields can be obtained by the use of new equipment. 
The Plasma-Technik firm is now developing a new induction coupled (ICP) 
with two different radio frequency heating systems. With this new 
facility, the particle dwell time will be longer, the distribution of 
plasma will be more uniform and the heat exchange will be more effi­
cient. There is also the possibility of carrying out the spheroidiza­
tion of the powders and developing reactive plasma processes by mixing 
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the plasmogenic gas with the reactive gases namely 0Z' Nz , CH4 , silane, 
borane, etc. 

New instruments with supersonic gun torches or high energy can 
provide coatings with reduced porosity and better corrosion resistance. 

Presently, post-coating processing is being studied along with 
hot-isostatic pressing, sealing by liquid metal or polymers and surface 
alloying by means of laser and electron beam. The PS technique is 
extremely flexible and the number of potential future applications are 
numerous. The possibility of depositing metals and ceramics alone or 
mixed in thin or thick layers, or as a gradual coating on varying 
substrates offers a wide number of openings in the fields of transport 
(aircraft, automobile), energy production (gas turbine, power plants), 
chemistry, electronics and medicine. 

It is foreseen that the thermal barrier coatings (TBC) will be the 
most sought after plasma spray activity industrially but, developments 
will also occur in the area of superconductors and the deposition of Ti 
and synthetic bone for prosthesis. 

In order to automize the processes, a knowledge of NDT techniques 
coupled with sensors which are used for the characterization of the 
coatings during deposition are essential. For this, studies are 
required which highlight the correlation between the properties of the 
powders, the parameters of the process and the characteristics of the 
resultant coating. 
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LASER SURFACE TREATMENTS: MICROSTRUCTURAL ASPECTS 
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CH - 1015 Lausanne, Switzerland 

ABSTRACT. Different laser surface treatments are briefly summarised. The principles 
which govern the formation of microstructures are presented. Macroscopic aspects of 
heat flux, which determine the local growth conditions, are discussed together with the 
formation of microstructures. Special emphasis is placed upon the effects associated 
with rapid solidification. Finally, the concept of microstructure selection maps, 
necessary for any rational alloy and process development, is introduced. 

1. Introduction 

High power lasers are being increasingly used in industry as heat sources for cutting, 
welding and, more recently, for surface treatments. Apart from the case of laser 
hardening, which will not be discussed here, all of these treatments involve melting and 
resolidification of the treated surface. As it is possible to focus the laser radiation to 
very high energy densities ("" lO ID Wm-2), high processing speeds ("" I ms- 1) can be 
employed during these treatments. The laser is used to generate a molten pool on the 
surface and by moving the specimen relative to the beam, a track is formed. The 
treatment of wider areas can be achieved by successive partially overlapping passes or 
by defocussing linearly. This leads to elevated solidification rates, which open new 
possibilities to advanced alloy design by considerable refinement of the 
microstructures, extension of the solubility limits and/or appearance of metastable 
phases. 

During laser surface remelting, see Figure la, the surface of the material is melted and, 
due to the high thermal diffusivity of the substrate, rapidly resolidified. Both the pool 
geometry and the melt homogeneity (partial or complete dissolution of precipitates) can 
be controlled through the processing parameters. Higher hardnesses as well as better 
wear and/or corrosion properties are expected with the new microstructures formed. 
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Laser surface alloying is identical in principle, see Figure I b, the only difference being 
that the chemical composition of the treated layer is altered by the addition of alloying 
elements. 

a) 

b) 

c) 

Laser beam 
~ 

Laser beam 

Figure 1: Schematic of (a) laser surface remelting, (b) laser surface alloying, and 
(c) laser surface cladding 

The aim of laser cladding is to deposit an alloy with different composition and 
properties on a workpiece surface, see Figure Ic. The process involves injecting 
powder, of the alloy to be clad, into a shallow molten pool generated by the laser on the 
substrate surface. Under correct processing conditions, it is possible to generate dense 
coatings, metallurgically bonded to the substrate, with low dilution. 
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In order to fully exploit the potential of these new surface treatments, it is necessary to 
control the structure that will be formed and thus the properties of the treated specimen. 
The principles which govern the formation of microstructures in laser treatments will be 
presented in this paper. We will start with the macroscopic aspects of heat flux, which 
determine the shape of the molten pool as well as the local solidification conditions 
(such as solidification speed, V s, thermal gradient at the solid/liquid interface, G). Then 
we will discuss the formation of microstructures with special emphasis on the effects 
associated with rapid solidification. Finally, the concept of microstructural selection 
maps, necessary for any rational process and alloy development, will be presented. 

2. Solidification conditions 

During laser surface remelting, an approximately hemispherical pool is produced when 
the scanning velocity is lower than the rate of heat diffusion. The pool shape becomes 
elongated at high scanning velocities. 

Figure 2 : 

v~ 
b 

Typical cut through the centerline of the molten pool during laser surface 
remelting. Vb is the scanning speed, V s the solidification speed and e the 
angle between V s and Vb. 
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As the liquid solidifies epitaxially from its own substrate, there is no nucleation barrier 
for crystallisation and growth will be columnar in the majority of cases. Local 
variations of the solidification speed can be determined from the orientation of the 
microstructuret or from the shape of the molten pool. For the case of laser surface 
remelting, the vectors of the scanning speed, Vb, and solidification speed are coplanar 
in a longitudinal plane through the centre of the pool, and therefore [1] : 

(1) 

with e the angle between Vs and Vb, see Figure 2. When the experimental 
determination of the microstructural orientation is not possible, the shape of the molten 
pool can be calculated by solving the heat flux equation using numerical techniques [2]. 
In the latter case however, there are always uncertainties about the boundary conditions, 
such as absorption of laser energy by the metallic surface. These problems do not arise 
if one measures the growth rate from the orientation of the microstructure, as explained 
above. 

Figure 3 shows (for an AI-33wt%Cu alloy) the evolution, as a function of depth, of Vs, 
G, the cooling rate, t (= G· V s) and the ratio GN s, for two scanning speeds, obtained 
using the model presented in [2]. It is interesting to note that the solidification speed 
starts from zero, at the bottom of the trace, and rapidly increases to a value close to the 
scanning speed at the surface. Over the same distance the thermal gradient, which is 
strongly positive, decreases to a minimum value at the surface. The cooling rate 
increases very rapidly at the beginning and stays at a very high and approximately 
constant value throughout most of the laser trace, as is the case for V s. The GN s ratio is 
very high at the bottom of the trace and therefore the formation of a planar interface is 
possible initially [3] (see also part 3.1 below). However, the very rapid increase of Vs 
often destabilises this interface before a stationary state is being reached. 

t Strictly valid for microstructures growing parallel to the heat flux, as is usually the case for eutectic or 
high speed cellular-dendritic growth. In the case of well developed dendrites, see for example Rappaz et 
al., Metall. Trans. 21A, 1990, 1767 
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Figure 3: Laser surface remelting of an AI-33wt%Cu alloy. Calculated results for 
two different scanning velocities showing the evolution as a function of 
depth of (a) the solidification speed, V s, (b) the thermal gradient at the 
solid/liquid interface, G, (c) the cooling rate, t and (d) the ratio GNs. 

During laser cladding a molten pool with a complex shape is formed. As before, liquid 
solidifies epitaxially from the substrate, there is no nucleation barrier, and growth is 
columnar. The highly alloyed materials usually used in laser cladding applications 
maintain a dendritic morphology with well developed secondary branches through the 
range of possible processing conditions. Therefore, the growth directions are essentially 
dictated by the cristallographic directions, and no simple relationship between the 
orientation of the microstructure and the solidification speed can be deduced. In order 
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to have an idea of the solidification speeds occurring during the process, results from 
numerical calculations can be used. 

Figure 4 shows (for Stellite 6 deposited on stainless steel) the molten pool shape 
calculated using a 2-D numerical model [4]. Two different isotherms were used to 
determine the limits of the liquid pool: 

• The liquidus of the substrate material in front of the clad (ahead of the laser), as 
the substrate has to be melted in order to ensure a metallurgical bond. 

• The liquidus of the clad material on the top of the clad (behind the laser). 

a= 1450°C 
b = 1350 "C 
c = 1300 °C 
d = 1250 "C 
e = 1200 °C 
f= 1150 °C 

Laser 

Substrate 

Figure 4 : 2-D numerical simulation of the laser cladding process. Calculated quasi­
stationnary temperature field in the specimen near to the laser beam 
during cladding of Stellite 6 onto stainless steel. 
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An average solidification speed can be determined for a given processing condition, as 
shown in Figure 4. The solidification speed occurring during the actual 3-D cladding 
process can be assumed to be situated between the average value from the 2-D model 
and the scanning speed, Vb. The calculations are assumed to give the correct order of 
magnitude for the thermal gradient. In the case of Stellite 6 cladded on stainless steel, 
Table 1 gives the calculated values for G and V s for three conditions ranging from slow 
to high scanning velocities for the cladding process [5]. 

Table 1 : Calculated thermal gradients at the solid/liquid interface and estimated 
solidification speed for different laser cladding processing conditions 

Process. condition Vb [m/s] G [Kim] Vs [m/s] 
Slow 1.7.10-3 2.105 1.4 . 10-3 

Intermediate 1.33· 10-2 6· 105 1.2· 10-2 
Fast 1.67 . 10-1 1.106 1.1 . 10-1 

3. Solidification microstructures 

During the solidification of an alloy, essentially two types of microstructures may be 
formed: 

• A dendritic microstructure, implying the formation of essentially tree-like primary 
crystals, with growth directions following preferential crystallographic 
orientations. For metals with a cubic structure, these are the <001> axes. 

• An eutectic structure, which implies the coupled growth of two or more phases. 
These microstructures can be characterised according to their morphology and 
growth type, see for example Ref [6]. The morphology can be lamellar or fibrous, 
depending on the volume fraction of the minor phase, and the growth type regular 
or irregular depending on the melting entropy of the minor phase. 

Furthermore, under certain conditions the alloy can transform without the formation of 
a solidification microstructure, i.e. with a planar front. This can occur with both slow 
and fast solidification velocities. At high solidification rates, banded structures formed 
by the alternative growth of a planar front and dendritic or eutectic growth have also 
been observed [7, 8]. 

The models describing planar and dendritic growth will be presented below for 
constrained growth conditions (G>O). For the description of eutectic growth, see for 
example [6]. 
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3.1 PLANAR FRONT GROWTH 

Before considering planar front growth, it is necessary to know the conditions under 
which a planar front is stable. Mullins and Sekerka were the first to carry out a linear 
stability analysis of a planar solidification front and considered an alloy with 
composition Co growing in a positive temperature gradient [9]. The main result of this 
study is illustrated in Figure 5. 

lO -1 

lO-3 yl 
a l 

I 
,......., 
E 10-5 
::i. ....... 

c< 

lO-7 
Yes l Planar front 

I 

10-9 

10-9 -7 -5 -3 - I 1 
10 10 10 10 10 

V s [m/s] 

Figure 5: Planar front stability domain calculated for the Ag-5wt%Cu, with G = 
104 Km-l. The constitutional surfusion limit, V cs, and the absolute 
stability limit, Va, are also indicated. 
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Between V cs and Va, there exists a range of wavelengths of morphological 
perturbations, A, which destabilise the planar interface, and therefore the solidification 
microstructure will be cellular or dendritic. At low growth speed the limit of stability is 
of the same order as that given by the constitutional supercooling criterion [10] : 

(2) 

where D, is the solute diffusion coefficient in the liquid; k the partition coefficient 
obtained from the phase diagram, given as : 

with Cs and C, the equilibrium solute concentration in the liquid and solid phase 
respectively; m the liquidus slope; G the weighted thermal gradient at the interface, 
given by: 

G _ (Gs'Ks + G"K,) 
- (Ks + K,) 

with Ks and K, the thermal conductivities in the solid and liquid phase respectively; and 
L1 T 0 is the liquidus-solidus temperature interval at Co. 

With increasing solidification speed, the characteristic solute diffusion distance 
(""Dt/Vs) diminishes faster than the size of the structure (""lffVs). At high growth rates, 
the diffusion length is comparable to the size of the microstructure and the 
concentration gradients in front of the tips and troughs of a perturbed interface become 
similar. This effect restabilises the planar front at a critical velocity called the absolute 
stability limit, Va, given by : 

(3) 

where r is the Gibbs-Thomson coefficient. 

Linear stability theory for constant partition coefficients predict that for growth rates 
below V cs or above Va the planar front is stable. Under stationary conditions, the 
growth temperature is that of the solidus and the concentration in the solid at the 
interface, Cs*, equals Co, i.e. the solidifying crystal has the composition of the melt. 
The concentration in the liquid at the interface, C,*, is given by Cofk. 

In the linear stability analysis carried out by Mullins and Sekerka [9] it was assumed 
that local equilibrium was always present at the interface. However, under high 
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solidification speeds, such as those associated with laser treatments, loss of local 
thermodynamic equilibrium at the growth front must be taken into account. When the 
displacement rate of the solid/liquid interface becomes high, the solid has insufficient 
time to reject the excess solute in order to equalise its chemical potential with that of 
the liquid. The concentration in the solid will therefore increase with respect to the 
equilibrium concentrations, leading to solute trapping. At very high solidification 
speeds, the solid and the liquid have the same chemical composition and the partition 
coefficient equals unity. This variation of the partition coefficient with the growth rate 
implies that the solidus and liquidus approach each other and converge about the To 
line of the phase diagram. Therefore, a modification of the equilibrium liquidus slope, 
me, with the solidification speed must be introduced. It is also necessary to account for 
the temperature dependence of some physical parameters, e.g. the diffusion coefficient. 
In addition, at very high growth rates (> 1 ms-1) kinetic attachment effects must also be 
taken into account. The kinetic effects will not be taken into account here. The 
following equations give the velocity and temperature dependencies of k and m after 
Aziz [11] and Boettinger and Coriell [12] : 

k(V T) = lee(T) +.Pi 
s, 1 + PI (4) 

with the interfacial Peelet number Pi = ~.~) 

and the effective liquidus slope 

(V T) - . {I ke - k(l - In(k/ke») 
m s, - me + 1 - ke (5) 

where lee and llle are the equilibrium partition coefficient and liquidus slope respectively 
and ao is a length characterising the thickness of the interface. A more complete 
description of the subject can be found in [6]. 

3.2 DENDRITIC GROWTH 

The columnar growth characteristics of an alloy dendrite are essentially dictated by the 
solute field around the tip. In order to reject the solute efficiently, the crystal adopts the 
shape of a needle with a parabolic-like tip of radius R. For this morphology, Ivantsov 
[13] has obtained the following relationship between the supersaturation, n, and the 
Peelet number, Pe : 

00 

fexpz(-Z) ·dz n = Iv(Pe) = Pe·exp(Pe)· 

Pe 

(6) 
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with Q and Pe given by : 

(7) 

Equation (6) relates Q to the product R· V s. In order to determine the undercooling for a 
given growth speed, the second equation needed can be obtained using a stability 
criterion [14] or the more recent and exact solvability criterion [15]. With 

r 
R = { } 0.5 

cr*·(m·Gc·~ - G) 
(8) 

where Gc is the solute concentration gradient in the liquid at the interface, 

cr* = 4!2 and ~ = 1 - 2k!{[1 + (2rc/Pe)2]0.5 - 1 + 2k}, 

the following quadratic equation is obtained for constrained growth conditions (G>O) 
[16] : 

2 V s . A + V s· B + G = 0 (9) 

h A rand B __ m-Co·(1-k)·~c were = 
cr*·(2Pe·D\)2 Dr{l- (l-k)·Iv(Pe)} 

For normal growth speeds and negligible thermal gradients, it is possible to simplify (9) 
and one finally gets [6] : 

4rc2·D\·r 
R2Vs =---'-­

m·Co·(1-k) 
(10) 

Four terms in equation (9) are influenced by high solidification speeds: 

• the term ~c, which comes from the Mullins-Sekerka stability analysis [17] and 
changes from 1 to zero at large velocities, 

• the partition coefficient, k, and the liquidus slope, m, both reflecting the non­
equilibrium condition at the interface, 

• the diffusion coefficient, Dl, and its variation with interface temperature. 

The dendrite tip temperature, T*, is given by : 
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T* =Tm + m·Co 
1 - (1-k)·Iv(Pe) 

2r 
R 

with T m the melting temperature of the pure component. 

(11) 

Figure 6 shows for an AI-2wt%Fe alloy, the evolution of the characteristic size scales 
with solidification speed [18]. Primary and secondary dendrite spacings of around 
50 nm have been measured. For comparative purposes, the calculated variation of the 
tip radius R is also shown. One can see that both the primary and secondary dendrite 
arm spacing follow relatively well a ').,). V s = const. relationship, in a similar way to the 
calculated radius which diminishes with the speed (according to equation (10) at low 
and medium velocities) down to a minimum value. The absolute stability limit, as 
predicted by Mullins and Sekerka [9], is also shown and corresponds well to the 
maximum growth rate observed experimentally. 

AI-2wt%Fe 
-6 

10 ~--------------------------------, 

-7 
10 

-8 
10 

.01 

o Primary spacing 
• Secondary spacing 

-- Calculated radius 

.1 

Vs [m/s] 

10 

Figure 6: Laser surface remelting of an AI-2wt%Fe alloy. Measured primary and 
secondary dendrite arm spacing, as well as calculated tip radius as a 
function of solidification speed. The arrow indicates the absolute stability 
limit predicted by Mullins and Sekerka. 
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3.3 ABSOLUTE STABILITY AND BANDED STRUCTURE 

In different studies on dendritic [18, 19, 20] and eutectic [19, 21] systems, the 
appearance of a banded structure at rates above absolute stability has been observed 
before complete planar front restabilisation occurred. Figure 7 [7] shows a TEM 
micrograph of such a structure. Studies have shown that the light bands consist of a 
supersaturated solid solution, interpreted as resulting from the high speed growth of a 
planar front, while the dark band structure was similar to that which occurred before the 
appearance of the bands (that is eutectic or dendritic). The growth speeds of the planar 
front and of the eutectic (or dendritic) front are very different, showing an oscillatory 
instability of the front of the type that has been discussed by Coriell and Sekerka [22] 
and Merchant and Davies [23]. The mean growth speed of the solidification front, 
imposed by the displacement rate of the thermal isotherms, is situated between these 
two extremes, i.e. maximum rate of eutectic (or dendritic) and minimum rate of stable 
plane front growth. A phenomenological model, based on these observations has been 
proposed to explain the origin of the bands [7, 8]. 

Figure 7 Remelting of the AI-33wt%Cu eutectic alloy. Transition between the 
columnar eutectic grains and a banded structure. This transition occurs at 
a solidification speed of V s = 0.5 ms- I . 
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4. Microstructure selection maps 

The macroscopic heat flux conditions, in tandem with the microstructural models can 
be used to determine microstructure selection maps. The different microstructural 
domains for single phase growth can be indicated using a thermal gradient versus 
solidification speed diagram. Superposing the G and V s values for different depths in 
the trace, calculated for a given laser treatment (see Figure 3), indicates the different 
microstructures that will appear in the laser trace. Figure 8 shows such an example, 
calculated for an AI-2wt%Fe alloy and for two scanning speeds [24]. In both cases 
planar front growth is predicted at the bottom of the trace, but most of the trace will 
exhibit a dendritic microstructure which becomes finer as the surface is approached. 
Using a scanning speed of 2 ms- I , a banded structure will appear at the highest growth 
velocities, but no complete supersaturation of the solid. 
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Figure 8: Processing map relating the morphology of the solidification front and 
the thermal gradient for two different laser remelting traces (Vb = 0.2 and 
2 ms· l ) numerically calculated in AI-2wt%Fe. (P) indicates planar, (C) 
cellular, (D) dendritic and (B) banded structure growth. The numbers on 
the processing traces indicate the depth from the surface (in [11m]) which 
is subject to the corresponding V s-G pair. 
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The thermal gradient affects the microstructure most strongly at low growth speeds. 
However, under laser processing conditions the solidification speed is usually high and 
thus it may be more useful to use the approach shown in Figure 9 [25]. When 
nucleation is easy (as is the case in most laser treatments where no nucleation barrier 
exists), the growth morphology that will appear under given solidification conditions is 
the one with the highest interfacial temperature (under constrained growth conditions), 
see for example [26] . Therefore, combining the different microstructural growth 
models, it is possible to predict the structure which will appear as a function of 
solidification speed and composition. 
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Figure 9: (a) Predicted curves of T as a function of V s for the 26wt%Cu alloy, 
divided in the velocity ranges for eutectic (E), dendritic (D) and banded 
or planar front growth (B). (b) The AI-Cu phase diagram, showing the 
predicted hypoeutectic side of the coupled growth zone and the regions 
of dendritic and banded or plane front growth. (c) Predicted 
microstructural map for alloy composition and Vs, for hypoeutectic alloy. 
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Figure 9 shows such a map, experimentaly determined and calculated for the binary AI­
Cu system [25]. It can be seen that, for a broad range of compositions, a laser remelted 
hypoeutectic alloy will exhibit a eutectic structure. 
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Figure 10: Experimental microstructure selection map of the pseudobinary (Co,Cr)­
Cr7-xCoxC3 system. 

The other example concerns the quasi-binary system, CO-Cr7C3, which forms the basis 
of Stellite-type hardfacing alloys. Figure 10 shows the experimentally determined 
microstructure selection map [27]. For hypereutectic alloys close to the eutectic 
composition, the transition speed from a eutectic structure to a structure with primary 
Co-dendrites was determined. Furthermore, for highly hypereutectic alloys, transitions 
from a primary carbides plus eutectic structure towards an entirely eutectic structure 
were observed. 
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s. Conclusions 

Elevated solidification speeds can be achieved during laser materials processing. This 
unique aspect of these treatments opens new possibilities for the specific designing of 
new alloys. The processes leading to the formation of microstructure have been 
discussed. Different effects related to high solidification rates have been presented 
which affect the hardness (refinement of the size of the microstructure), as well as the 
properties such as the wear resistance (size and content of hard phases, morphological 
transitions). Models describing the microstructural growth at high solidification rates, 
combined with appropriate selection criteria, allow the development of maps for 
predicting the type of microstructure that will appear as a function of the process 
parameters. Processing conditions can then be determined in order to produce the 
optimum structure for a given application. 
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ABSTRACT. Especially for the deposition of hard materials hybrid processes are considere::. The 
deposition of ternary layers composed of Ti and other metals and nitrogen and of Cr and other 
metals and nitrogen with a combination of reactive arc evaporation and magnetron sputtering is 
discussed in detail. For the plasma CVD process of TiN the influence of different plasma excitation 
methods is shown. The combination of PVD and plasma CVD is discussed for the deposition of 
metal-carbon coatings. The experimental difficulties of laser CVD for TiN deposition and its 
advantages in contrast to normal CVD are described. 

1. Introduction 

In the field of coatings against wear and friction a trend towards application-specific 
coatings can be observed. A prerequisite to develop and apply such coatings is the realisa­
tion and qualification of such coatings for different applications in a short time at low cost. 
This in turn needs a flexible and easily adaptable coating technique. Hybrid coating 
processes can be a way to achieve these flexibility. What does the terminus "hybrid deposi­
tion process" mean? Hybrid, from the Greek word for "outrage", in Latin means descent 
from dissimilar parents. So the expression "hybrid deposition process" will be used for 
deposition processes using different sources or using a combination of different processes 
simultaneously for one deposition or for one deposition run. 

This paper will be limited to the description of the deposition of thin layers by vacuum 
coating processes, especially to hard coatings. Apart from this other hybrid deposition 
processes can be investigated, e.g. electrolytic deposition with laser beam activation etc .. 

2. Hybrid Deposition Processes 

2.1. HYBRID PVD 

Physical vapour deposition (PVD) is in principle a deposition of coatings from the vapour 
phase. Well known is the evaporation in high or in ultrahigh vacuum by heating the material 
by different means. The elevated temperatures for evaporation or sublimation arc in most 
cases achieved by direct or indirect electrical current heating of wires and crucibles, or by 
bombardment of the material with a high voltage electron beam. Laser ablation is also a 
possibility. A very popular PVD method is the sputter process, high frequency sputtering 
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for insulating materials, and - now most important - magnetron sputtering of metals or 
reactive magnetron sputtering for different compounds. A new cathodic process with fast 
growing application is the arc evaporation where the material is evaporated from the 
cathode spot of an arc of low voltage and very high current density. A very interesting ap­
plication of the hybrid PVD concept is the combination of such an arc evaporator and a 
magnetron sputter cathode. 

2.1.1. Combination of cathodic ~puttering and arc deposition. Recenlly the authors /1/ and 
others /2,3/ were ahle to show that processes using cathodic alloy sources, like the magne­
tron or the arc-evaporator, allow realisation of homogeneous ternary hard (Ti,AI)N­
coatings as well as coatings with graded composition by changing the bias voltage in the 
course of the deposition run. In the development of application tailored ternary coatings, 
however, where the optimum composition is not yet known, the approach via alloy sources 
is expensive, difficult and time consuming and sometimes a separate developmental pro­
blem. For these reasons a different approach was investigated, using a hybrid source set-up 
with simultaneous deposition from a magnetron and arc-evaporators and elemental metals 
as starting materials. 

2.1.1.1. Experimental. As a basis for the deposition set-up, an arc-ion-plating machine (type 
PVD 20, Interatom) was used, which allows installation of up to three random arc sources 
( Chamber size 130 I , rotary pump 65 mJ/h, diffusion pump 3000 lis ). For the magnetron 
source the mounting feed through in the top of the vacuum chamber was used , while: the 
two horizontal mounting sites were used for the two arc sources. A schematic view of the 
deposition set-up is shown in Fig. 1. The magnetron was a specially designed 6"-source 
(Teer Coating Services Ltd., Hartlebury) with an unbalanced magnet system. The cathode 
design allows a relatively deep insertion of the target into the vacuum chamber. The set-up 
allows to change the distance between the rotatable substrate holder and the target 
between 200 and 300 mm. The following power supplies were used in the experiments: 
random arc cathodes ( 100 A, 25 V power source from lnteratom), magnetron (10 A, 1000 
V, from Advanced Energy), substrate bias ( 5 A, 1000 V, Interatom). 

2.1.1.2. System Ti - Al - N. Because of the high droplet formation of the arc source with low 
melting materials like aluminium, aluminium was taken as sputtering cathode and titanium 
as the arc cathode. Different series of experiments were performed. First it was tried to 
work without argon in the vacuum atmosphere to investigate the innuence of the sputtering 
effects arising from the metal ions originating from the arc sources which arc accelerated 
towards the magnetron cathode. These experiments were performed in pure nitrogen in 
the pressure region of (2-3) -10-3 mbar. In a second series of experiments, argon was added 
to the nitrogen to a total pressure of 2 -10-2 mbar. For the deposition of graded coatings, the 
power of the arc-sources was kept constant while the power of the magnetron was increased 
in steps. These experiments were also performed in an argon nitrogen atmosphere under 
the pressure conditions mentioned above. 

Due to its high oxidation resistance, the ternary compound (Ti,AI)N is one of the 
most thoroughly investigated supplementary hard coatings to TiN /4/. So this compound 
was a good standard to start with this set-up and to compare the coatings achieved by the 
hybrid process with coatings achieved by use of alloy cathodes. After having shown the 
usefulness of this approach at this example by depositing homogeneous coatings as well as 
coatings with graded composition, however, numerous other ternary coatings were dC[losi-
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ted. The main emphasis was directed to systems consisting of TiN and the nitride of another 
metal l type(Ti, M2) NJ and chromium nitride plus the nitride of another metal [typc(Cr, 
M2)N]. 

The results of the initial experiments for depositing TiAIN-coatings without argon as 
a sputtering gas show that deposition rates above 3 ,um/h and AI-concentrations in the 
coating above 12% were not achievable by this approach. So titanium ions from the arc 
source seem not to play an important role in sputtering of the aluminium cathode material. 
Deposition experiments with addition of argon to the sputter gas however allowed growth 
rates of up to 9,um/h and AI concentrations of up to 50%, as shown in the diagrams in Fig. 
2. The properties of these films are comparable with coatings deposited from alloy sources 
by use of the arc ion plating process. As shown in Fig. 3, increasing magnetron power not 
only increases Al concentration, parallel to this increase in A1 concentration, a change in 
fracture morphology from columnar to glassy or nanocrystalline can be observed. Coatings 
with graded composition, either with increasing or decreasing Al concentration to the 
surface, were deposited by changing the magnetron power in the desired direction. In this 
case the same morphology changes were observed within the depth of the coating /5/. Fol­
lowing these encouraging initial results it was tried to synthesise other compound films. 

2.1.1.3. Coatings in the Systems (Ti, M2)N. To realise coatings in the system (Ti,M2)N, 
combinations of titanium with a second metal (M2), such as Zr, Y, Nb, Ta, Cr and W, were 
deposited in an argon-nitrogen atmosphere. 

A first step to deposit two different compositions in every system, is using fixed power 
at every source and changing the distance between the magnetron target and the substra­
te in the experiments. The results of these experiments are summarised in table 1. In Fig. 
4 fracture cross section micrographs of two different compositions of (Ti,Ta)N are 
displayed. While the composition with about 31 at. % tantalum still shows the columnar 
structure typical for TiN coatings, an increase of the tantalum concentration to 71 at.% in 
the second coating changes the morphology entirely to a nanocrystalline, glassy fracture 
morphology. XRD-analysis of such coatings shows very broadened reflexes of Ta2N and 
TiN only. 

In a second series of experiments for each system coatings with graded composition 
were deposited with a fixed target/substrate distance, either by changing magnetron power 
or arc-source power. In most cases, however, magnetron power was changed as this source 
allows variations over the whole useful power region without causing instabilities in the 
magnetron performance. As an example of such coatings the Auger-depth profile of a 
TixWj.xN coating is shown in Fig. S. The coating composition starts at the coating substrate 
interface with nearly pure titanium nitride and ends up with about 40% W at the surface. 

2.1.1.4. Coatings in the System (Cr,M2)N. CrN hard coatings are on the way sharing a 
certain part of the market for coatings against wear, corrosion and friction, especially for 
coatings on tools used in the fabrication of components made from copper and copper 
alloys, where TiN has shown little success. Based on these facts, ternary hard coating 
systems with Cr as the base metal and addition of a second metal (M2), such as AI, V, Nb, 
Ti, Ta and W were realised by use of the hybrid process. In this group there arc several 
combinations, where realisation of starting alloys in a quality which would allow evapora­
tion by arc-sources, is itself a problem. The deposition parameters used, and typical 
properties like deposition rate, Knoop hardness and adhesion measured by the Rockwell 
indentation test, are shown in table 2. As chromium nitride itself is a material which tends 
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to show glassy fracture it is not so surprising that in this group more coatings with glassy 
fracture were observed. 

It is interesting to note that in most cases the coatings designated as layered did not 
show columnar growth in the fracture. These layered coatings arc characterised by concen­
tration changes of the sputtered material which may be originated by periodic argon partial 
pressure fluctuations caused by the pressureregulation system. As an example fracture 
cross sections of two compositions from the system (Cr,V)N with a relatively high Cr con­
centration are shown in Fig. 6. 

Coatings with graded composition have also been realised for every combination in 
this group. A~ a typical example an Auger depth profile of (Cr,Ta)N is shown in Fig. 7. 

2.2. PLASMA CVD PROCESS 

In chemical vapour deposition (CVD) all starting materials are in the gaseous or vapour 
state, and they react by means of additional energy at surfaces to solid coatings. Plasma 
CVD can be taken as a hybrid process, because it combines pure plasma activated processes 
like the plasma polymerisation and the chemical vapour deposition. CVD normally is a high 
temperature deposition with gaseous precursor materials which gains its process energy 
from the substrate heating. In plasma CVD additionally a gas discharge is activated in the 
precursor gas mixture or in some of the gas mixture components. This can be done in 
addition to the substrate heating but normally it is used to lower the substrate temperature 
considerably. By this means the CVD coating process can be applied also to coat tempera­
ture sensitive substrate materials like hot work tool steels or semiconductor devices. All 
kinds of electrical sources and discharges are in use, DC, pulsed DC, radio frequency (RF), 
and microwave. The discharge can take place in the vicinity of the substrate or downstream 
plasma CVD can be used. In the latter case the activated species responsible for the 
deposition process are generated in some distance from the substrate. During their lifeti­
mes, they travel to the substrate, and high energy particles from the gas discharge cannot da­
mage the substrate. 

2.2.1. Deposition of TiN with plasma CVD. A good example for showing the advantage of 
a hybrid deposition technique is the plasma CVD deposition of TiN. TiN coating of hard 
metals by high temperature CVD is a well known process for more than 20 years /6/. From 
thermodynamic calculations the overall reaction 

2TiCVg) + N2(g) + 4Hig) ------> 2TiN(s) + 8HCI(g) 

gives a solid coating of TiN at temperatures higher than about 900 0c. So this coating 
process is only useful for hardmetal substrates like turning inserts. But also for hard metals 
the high coating temperature is a disadvantage because fracture toughness and transverse 
rupture strength are decreasing /7/, and tools coated in such a manner are thus not suitable 
for interrupted cutting. High temperature CVD TiN can be deposited with a rate of 2 /Lml 
h. Its adherence to steel is very high, there is always a titanium carbide intermediate layer 
grown from the carbon contained in the steel. The surface is rather rough, shiny surfaces 
can only be achieved by polishing after deposition. 

For the plasma CVD process the same overall formula is correct. But the deposition 
temperature can be below 500 °C, because the thermodynamically possible temperature 
limit is lowered by the activation delivered by the plasma /8/. With a typical set of parameters 
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given in table 3 TiN can be deposited onto steel with sufficient adhesion. 
Interesting is the influence of different methods to excite the plasma on the coating 

properties. 

2.2.1.1. Experimental. For the deposition experiments a parallel plate reactor with symme­
trical electrodes was used in a horizontal position. The electrodes were 15 cm in diameter 
and the distance between them 5 cm. The bottom electrode was the substrate electrode. It 
could be heated to 500 0c. The reactor was also symmetrical regarding gas llow. Process gas 
was introduced through a ring tube around the bottom electrode and 3 cm above it. The 
reactor was exhausted through holes around the bottom electrode. The mass flow was 
controlled at all gas inlets. The working pressure was set automatically by a throttle valve 
to a desired value. 

The schematic drawings of the connection of electrical power supplies are shown in 
Fig. 8. The DC and the pulsed DC power sources were connected to the bottom electrode, 
while the top electrode is floating. The pulsed power source was used at a pulse amplitude 
of - 500 V, a pulse duration of 100 f.Ls, and a variable pause time between 35 f.Ls and 500 f.Ls. 
The pulse/pause ratio can be used to control the substrate temperature. The radio frequen­
cy of 13.56 MHz was coupled capacitively to the top electrode. The bottom electrode was 
either floating, connected to ground, or to a negative bias voltage. The RF power levels 
were between 60 Wand 100 W. Microwave excitation was used in a downstream configu­
ration, so that in this case gas flow was asymmetric, i.e. from one side only. The gas was 
excited outside the reactor in a quartz tube of 1/2" diameter at a distance of 20 cm from the 
edge of the bottom electrode. 

The deposition parameters were the same for the various deposition methods or were 
varied only within a narrow range (Table 3). The starting gases were always titanium te­
trachloride, nitrogen, and hydrogen. The pressure range was 10n Pa to 600 Pa, with most of 
the experiments being done in the lower pressure range. The substrate temperature was 
always about 500 °C with small process dependent variations. 

2.2.1.2. Coating Experiments. With the exception of the microwave downstream process it 
was possible to deposite TiN coatings with all of the plasma excitation methods. In the 
microwave process experiments with excitation of single gas components or mixtures led to 
various, unusable, results. Because of the poor layer features (colour and thickness), no 
further investigations, e.g. now variations, and no analysis of the composition or the layers 
were made. The conclusion from the microwave experiments is that TiCl, has to be excited 
to deposit TiN from TiCI4, N2, and H2 gas mixtures. When this is done however the reactions 
occur so rapidly that subsequent transport of excited components to the substrate position 
is not possible. Instead, deposition occurs in the quartz tube used for the excitation. 

The general features of the TiN coatings obtained by DC plasma CVD, RF plasma 
CVD, and pulsed plasma CVD are quite comparable /9/. 

2.2.1.3. Chlorine Content. TiN can be deposited even at 300 °C by plasma CVD, but the 
lower the substrate temperature is, the higher is also the chlorine content in the film, if TiC!; 
is used as a precursor gas. High temperature CVD TiN has no detectable chlorine incorpo­
rated, but for plasma CVD TiN the chlorine content can be very high, and this afl'ccts the 
corrosion resistance seriously. Fig. 9 shows the chlorine content varying with the substrate 
temperature and also with negative bias voltage. 
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2.2.1.4. Coating Uniformity on Three-Dimensional Parts. One of the most interesting que­
stions in the application of plasma CVD processes is how good is the throwing power in 
plasma CVD compared with that of HT CVD and with PVD processes. To answer this 
question test samples of high-speed tool steel (M2, DIN No. 1.3343) with dimensions 15 x 
15 x 6 mm3 and fine ground surfaces were coated via the different methods. They were 
arranged on the substrate electrode as shown in Fig. 10. In a first series of experiments RF 
plasma CVD's were performed. The substrate was t1oating, or biased with different nega­
tive voltages up to -500 V. Other coatings were made with negative DC voltages up to 
-800 V, but with a t10ating top electrode. The bars in Fig. 11 show the resulting thickness 
values at the various measurement points. The dotted line marks the mean value of all the 
thicknesses measured. The black bars show the values for a coating with RF plasma PVC 
and i10ating substrate, while the white bars show the thickness values for a DC plasma CVD 
coating experiment at -800 V glow discharge voltage. RF plasma CVD coatings with 
negative bias voltages at the substrate (e.g. -300 V) show intermediate values between these 
two sets of thicknesses. 

The interpretation is as follows: In a pure RF plasma CVD all the activated species 
in front of the substrate react to the growing layer. So the layer thickness at a distinct 
location depends on the solid angle seen from this point. Inner edges form the smallest solid 
angle, and so the thickness decreases rapidly on the side walls towards the bottom electrode. 
The outer corners arc preferred in deposition. In DC plasma CVD, we have a plasma 
chemical vapour deposition superimposed by a sputtering process. Sputtering occurs 
preferentially at outer corners, while inner edges gain additional thickness from the back­
scattering effect which is pronounced at high pressures. Non-uniformity in the coating 
thickness of a pure RF plasma CVD layer can thus be compensated to some degree with an 
appropriate negative bias voltage. 

This effect can also be emphasised by increasing the pressure. Fig. 12 shows the mean 
thickness values of the coatings of Fig. 10 (sample arrangement "B") for RF plasma CVD 
with t10ating potential, a DC plasma CVD, and of pulsed plasma CVD coating at 1.5mbar 
and at 6mbar working pressure for the top surface, the side surface, and for the bottom 
surface of the sample part jutting out. It is easy to see from the bars that especially pulsed 
plasma CVD at high pressure gives the best coating uniformity. In the case of normal DC 
plasma CVD an intensive hollow cathode discharge glowed below the part jutting out and 
seemed to suppress deposition on this part of the sample surface. Due to the switching 
frequency of about 5000 Hz hollow cathode discharge did not develop with pulsed plasma 
CVD and so a layer could be deposited. 

As hard metals do not change fracture toughness and rupture strength at these tem­
peratures, now special hardmetal inserts arc coated commercially at about 600°C substrate 
temperature with TiN by plasma CVD driven by a pulsed dc current /11/. 

2.2.2. Deposition of Diamond Layers. An example for a low pressure and moderate tempe­
rature material synthesis that is only possible by combining different methods, is the 
deposition of diamond layers. These diamond layers have obtained great interest during the 
last years because diamond is a material with extremely outstanding features: diamond is the 
hardest material, its optical transmission gap in the wavelength scale is high, the heat 
conductivity is the highest of all materials at room temperature etc .. Diamond in thin layer 
can be produced using hydrogen/ hydrocarbon gas mixtures by deposition from acetylene 
t1ames, by the so-called hot-wire method, and with highest quality by microwave plasma 
CVD, Fig. 13. A typical set of deposition parameters for the last mentioned deposition 
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method is given in table 4. 
Trying to deposit from hydrocarbon gas with substrate temperature alone, that is 

trying pure CVD, results in the pyrolytic deposition of graphitic carbon layers. Plasma 
excitation of hydrocarbon gases and ambient temperature gives polymeric soft layers with 
high hydrogen content. Only by combining both processes diamond layers like that of Fig. 
14 can be deposited. 

According to the deposition parameters the layers contain more or less non diamond 
carbon,the best proof for diamond is the Raman spectroscopy /12/. 

A very important treatment step is the substrate preparation. By this preparation 
growth sites must be made on the surface and the density of these sites inlluences the 
growth velocity of continuous layers. An example for the different effects of ultrasonic 
treatment with diamond suspension are given in Fig. 15. It can be seen that low growth site 
density results in the growth of rather big single crystallites. Fig. 16 shows such single 
crystaIIi tes. 

2.3. COMBINATION OFPVD AND PLASMA CVD 

The very low friction coefficient against itself and against steel and the low wear of layer and 
counterpart make the diamond like carbon coatings (DLC) very interesting for tribological 
applications. The tribological features of DLC depend mostly on the low interference and 
the high chemical inertness of the carbon. DLC made by plasma CVD from hydrocarbon 
gases like methane contains about 30 at. % hydrogen and has a considerable part of diamond 
like bonds depending on the deposition conditions. It can be made very hard but hardness 
is difficult to measure because of the large part of elastic recovery after the hardness 
indentation. Usually DLC shows high compressive stress. The chemical inertness - useful in 
tribological applications - simultaneously hinders a good adhesion to steel substrates. 
Together with compressive stress this results in low coating adherence. It has be shown /13/ 
that small amounts of metals with concentration below 10 a1.% lower the stress of DLC and 
make it possible to coat steel with sufficient adherence. These Me:C coatings composed of 
DLC with metal carbides dispersed in it /14/ show the same tribological features as pure 
diamond like carbon. 

In practice a Me:C coating should be a layered coating with smooth transition from 
pure metal to Me:C with very low metal content. The deposition process, table 5, starts with 
magnetron sputtering in an argon discharge /15/. This is a pure PVD process which deposits 
the first metallic interrace layer giving the high adherence to the substrate. In a second step 
an increasing hydrocarbon gas now is mixed to the argon. This starts two mechanisms. First 
the hydrocarbon is cracked in the sputter discharge and carbon is incorporated in the 
deposited metal layer. Second carbon is also deposited onto the sputter target thus poiso­
ning this target more and more. As a result the sputter rate of metal decreases drastically 
and the deposited layer becomes carbon rich. At least the process is dominated by plasma 
CVD from the hydrocarbon/argon discharge, because the sputter rate of carbon from the 
poisoned target is too low to be alone responsible for the growth rate of the Me:C layer. 

The adherence to various steels and hardmetals was tested by depositing Zr:C of 
3.5 /Lm under identical conditions. The bias voltage was only -SOV so that layers with a low 
hardness of HKO.05 = 500 but also with low stress were deposited. This should result in a 
relatively high adherence to the steel. In the diagram Fig. 17 the critical loads are plotted 
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for the different steels and hardmetals. Both acoustic critical loads and optically measured 
critical loads are shown. As usual for the acoustic critical load the onset of a high and 
continuous acoustic emission was taken; for the optical value the beginning of a continuous 
damage of the coating aside the scratch line was measured by microscope. 

There are three groups of materials. The Zr:C coatings adhere quite well to the steels 
from the first group, that are cold work tool steels; the mean critical load Fe of this group 
is 50 N. Nearly no adherence - the critical load is below 5 N - exists to the hardmetals tested 
here. Hot work tool steels behave quite different. No adherence can be achieved tll the steel 
1.3207, and there is no difference whether the steel is made by powder metallurgy (index 
"p") or by a melting process (index "s"). But the adherence to the steel M3 (1.3344) is 40 N 
and that is comparable to the adherence values of the steels of the first group. 

When looking at the components of the steels and hardmetals, there is one compo­
nent common to all materials to which Zr:C does not adhere, that is cobalt. All other 
components do not seem to influence the adherence behaviour so drastically. 

2.4. LASER CVD 

Similar to plasma CVD which delivers additional excitation energy to the CYD process by 
the plasma, in laser CYD the excitation is given by the laser light. In contrast to the other 
CVD methods laser CYD enables the very localised deposition of layers without need of 
any masking techniques or etching after deposition. A second important advantage is the 
low temperature of the bulk of the substrate because heating occurs also localised to the 
surface region involved in the coating process. 

Two mechanisms can be distinguished in principle. In pyrolytic laser CYD the laser 
beam is directed perpendicular to the surface to be coated. It heats the top of the surface 
to such a temperature that the conventional high temperature CYD process can start at this 
localised surface region. In photolytic laser CYD the laser beam is directed paraliel to the 
surface to be coated. It excites the gas mixture in front of the substrate, so that excited 
species can diffuse to the surface and react there in building the coating. Of course both 
processes can also be combined. 

To get useful coatings a lot of parameters must be taken into account. The lasers can 
be used in the continuous wave mode or in the pulsed mode and pulse frequencies can be 
varied. These parameters influence especially the surface temperature, but also the growth 
rates e.g. when diffusion limited steps are involved. The laser wave length rules the 
absorbance in the gas mixtures but also in the substrate surfaces. In addition a growing layer 
changes the absorption of the laser light and changes in the growth velocity and very high 
temperature changes can be the result. Further experimental difficulties can arise from 
dark reactions and unwanted depositions on entrance windows. 

An experimental set-up is shown in Fig.17 /16/. It is assembled for the deposition of 
TiN in the pyrolytic way. A~ precursor gases TiCl4 or Tetrakis (Tetrakisdimethylaminotita­
nium), N2 or NH4 are used. The Fig.1S shows a deposited layer. The Ar+laser beam was 
scanned over the steel substrate. The ripple formation seen in the high magnification 
picture is probably due to interference effects /16/. 
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3. Other Hybrid Processes 

A new approach is a source configuration constructed to allow operation in the magnetron 
discharge regime or in the arc discharge mode /17/. Among other possibilities one can think 
about as hybrid processes the laser induced galvanic deposition is in the experimental state 
/18/. Laser triggering of a cathodic arc could also be seen under this item /19/. Surely other 
methods can be combined for special purposes when the combination gives an advance for 
the coating process. 

4. Summary 

The combination of different sources or processes to form a hybrid deposition process 
always then is meaningful when special conditions are necessary which cannol be achieved 
by one of the processes or sources alone. This was shown for the hybrid PVD deposilion. 
Combination of arc with high ion density and droplet-free magnetron sputter source easy 
to be regulated for low rates, is a simple and inexpensive possibility to develop ternary 
compounds of varying composition. With plasma CVD the coating temperature can be 
lowered to such a degree that temperature sensitive substrate materials arc not changed in 
their properties during coating. New processes like diamond deposition at low pressure and 
moderate temperatures can be used with reasonable deposition rates. Combining PVD and 
plasma CVD in consecutive steps enables the deposition of complex coatings like Me:C 
with metallic interface layer for enhanced adherence to steel substrates. By use of laser 
beams in a CVD environment localised and, for the bulk of the substrate, low temperature 
depositions are possible without the need of masking. 
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Table 1 Deposition conditions and properties of coatings in the system (Ti,M2)N 

Coating 'ARC I MAG Rate Metal 1 Metal 2 fracture Hardness Rockwelltest 

A A pm/h at. % at. % morphology (HKN 0.05) 

Ti-AI-N 60 7,5 7,1 70,9 28,7 dense, column. 2747 -1 

60 9,5 9 42,3 57,3 microcryst. 1760 -1 

Ti-V-N 60 8 12,8 50 50 dense, column. 2350 2 

Ti-Cr-N 60 5 11 40 60 dense, column. 2300 

90 5 10,3 70 30 microcryst. 2700 

Ti-Ta-N 60 8 10,6 28 72 glassy 3472 

60 4 7 68 32 layered 2611 2 

Ti-W-N 60 4 7,9 36,5 63,5 layered 3324 0 

60 2 4,9 66 34 layered 2514 

(Bias voltage 50 V, distance from magnetron target 200 mm, Argon pressure 210.2 mbar, 
Nitrogen flow 60 ml/min) 

Table 2 Deposition conditions and properties of coatings in the system (Cr,M2)N 

Coating IARC 'MAG Rate Metal 1 Metal 2 fracture Hardness Rockwelltest 

A A pm/h at. % at. % morphology (HKN 0.05) 

Cr-AI-N 60 10 10,6 70,4 29,4 glassy 2778 

Cr-Nb-N 60 10 13,2 34 65,8 dense, column. 2737 0 

Cr-V-N 60 8 8,4 58 42 glassy 2254 0,5 

90 8 9,6 62 38 glassy 2260 0,5 

Cr-Ta-N 60 7 11,7 33 67 dense, column. 2728 

60 3,5 8,4 73 27 layered 2450 

Cr-W-N 60 4 6,9 40 60 dense, column. 2693 0,5 

60 2 4,9 67 33 layered 2406 

(Bias voltage 50 V, distance from magnetron target 200 mm, Argon pressure 210 2 mbar, 

Nitrogen flow 60 ml/min) 
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Table 3 Process Parameters for Plasma CVD of TiN 

hydrogen flow 1000 cm3/min (standard conditions) 

nitrogen flow 200 cm3/min (standard conditions) 

TiCl, flow 5 cm3/min (standard conditions) 

total pressure 

rf power density 

substrate temperature 

growth rate 

2 mbar 

0.7 W/cm2 (13.56 MHz) 

460°C 

2.5pm/h 

Table 4 Diamond Deposition by Microwave Plasma CVD 

methane flow 

hydrogen flow 

2.5 cm3/min (standard conditions) 

497.5 cm3/min (standard conditions) 

30 mbar 

2.45 GHz 

1kW 

total pressure 

microwave frequency 

microwave power 

substrate silicon wafer, scratched with diamond polish 

paste (1 pm and 0.25 pm) 

substrate table temperature 

growth rate 

800°C 

0.3pm/h 

Table 5 Hybrid PVD - plasma CVD Zr:C coating process 

process step target time substrate pressure sustrate 
power temperature (Ar+CHj bias 

m~ mbm V 

sputter cleaning 15 RT -> 180°C 6.10-2 -2000 

Zr interface layer high 6-10-3 -100 

ethine layer 
flow thickness 

ml/min pm 

o 

o 0.1 

intermediate layer low 10 610-3 -100 -> -250 0 -> 80 

Zr:C layer low 25 130°C 610-3 -250 80 3 
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Fig. 1 Schematic view of the PVD hybrid set-up 
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Fig. 3 Fracture cross section of (Ti,AI)N-coating with different AI concentra 
tion 
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Fig. 4 Fracture cross sections of two (Ti,AI)N-coatings with different com­
position 
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Fig. 14 Plasma CVD diamond layer, surface and fracture cross section 
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ABSTRACT. This article gives an overview of current techniques to determine 
hardness, Young's modulus and stress state of a thin solid fIlm on a substrate. The former 
two are measured with an instrument sometimes referred to as a nanometer indenter. It is 
capable of detecting continuously the indentation depth of a diamond tip in dependence of 
load on the indenter with nanometer precision. From loading-unloading cycles the 
mechanical parameters hardness and Young's modulus are calculated. The stress state of 
thin fIlms can be obtained by measuring the curvature of a bent substrate with the stressed 
fIlm fIxed to it or by x-ray techniques to determine the spacing between strained crystal 
planes. The mathematical theory, assumptions and limitations of these techniques are 
discussed and two examples of the information obtained from these measurements are 
presented. 

1. INTRODUCTION 

For an optimisation of the performance of thin wear resistant fIlms, but also just to 
make sure that fIlms will stand their expected service life in other applications, a precise 
determination of their mechanical properties is necessary. The hardness and Young's 
modulus, though not the only parameter, strongly influence the wear behaviour by 
determining the degree of strain around abrasive particles ploughing through the fIlm. The 
stress in the fIlm on the one hand increases or decreases the strain the fIlm can bear before 
fracture occurs. On the other hand it also determines, together with the adhesive force 
between fIlm and substrate, whether the fIlm keeps attached to the substrate during 
tangential loading or whether it buckles, cracks or spalls off at intolerable low loads. 

In the last years great progress has been made in determining the "simple" mechanical 
properties hardness, Young's modulus and stress by theoretically describing, at least 
approximately, the stress fields in loaded fIlms on substrates. Parallel to these developments 
- and often before them - instruments with the required precision have been developed 
being capable of precisely positioning a sample with sub micron and millirad accuracy and 
measuring displacements with Angstrom resolution. Only from these developments it is 
understandable that today mechanical properties of fIlms with thickness of less than 1 flm 
can be determined without troubling influence of the substrate material. 
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2. THEORY 

2.1. Hardness and Young's modulus 

In conventional hardness measurements the contact area between indenter and 
specimen is measured in an optical microscope after removal of the load. Due to the 
extremely small dimensions of the imprints used in thin films testing, this method can not be 
applied because of the finite resolution capabilities of optical microscopes. Curves of 
displacement vs. load and time data are used instead. They give much more information 
about elasticity, plasticity and time dependent behaviour of the sample than conventional 
hardness measurements. Furthermore the measurement systems can be used to obtain load­
displacement data for specially machined samples like beams and thin film membranes from 
which Young's moduli, yield and residual stresses of the layers can be determined. 

2.1.1. Indentation of thin films on substrates 

2.1.1.1. Determination of contact area 

I Fm : ------t- -----: 

Figure 1. Definition of geometric parameters of indenter-sample contact. Under 
maximum load Fm (thick lines) the contact is described by the total depth Ej; and plastic 
depth Cpl after load removal (broken lines) by the final depth ff 

The major drawback of nanoindentation is that the exact contact area between 
indenter and sample is unknown. The contact area, however, is the value which is essential 
in determination of hardness and Young's modulus as is shown in this chapter. 
Unfortunately no closed analytical solutions for the elasto-plastic contact problem of 
indentation exist. Plastic theory can give only an estimate for a material that yields at a 
certain stress and exhibits no work hardening [1, 2, 3]. On the other hand elastic theory 
[4, 5, 6] of course neglects all effects of plasticity which playa crucial role in indentation 
deformation. Older conventional hardness measurements [7] and recent theoretical 
considerations [8] and experiments [9] show, however, that it can also give an 
approximate, but satisfying description of the elastic displacements around the plastically 
deformed zone immediate to the indenter. 

For any axisymmetric indenter penetrating an elastic half space, the relationship 
between the contact stiffness S, contact area A and the reduced Young's modulus Er of half 
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space (Eo, va) and indenter (Ei , vi) is given by (p = 2/-{;. for conical and spherical 
indenters) [8] 

(1) 

with (2) 

The hardness of the sample is defined as the ratio of maximum load F m to the contact 
area A under load. 

(3) 

The difficulty lies in properly determining the plastic indentation depth e that is a 
measure of the contact area. Several experimental studies show [9, 10, 11, 11] that the 
observed unloading curves on a variety of materials ranging from soft metals and polymers 
to hard ceramics and single crystals like sapphire can be described by the elastic unloading 
of a smooth rotational symmetric punch, whose shape function is given by 

m 
y=p*lxl (4) 

Equation (4) with m = 1 describes a conical punch, with m = 2 a parabolic one and 
with m ~ 00 a flat ended cylindrical punch. The resulting unloading curves are given by (e/ 
final depth at zero load) 

1 __ 1- n 

that is for 

the cone: 

the parabolic punch: 

e - Ef = a* P l+m = a * P (5) 

, pl!2 
E - Ef = a'i' 

2/3 
E - Ef = a* P 

(6) 

(7) 

1 
the flat ended punch: E - Ef = a* P (8) 

That means the unloading curves vary between linear and parabolic behaviour. 
Loubet [10] and Doerner and Nix [11] pointed out, that with a large range of materials the 
linear approximation gives a satisfying description. Recently Oliver and Pharr [9] found 
even better consistency of measured Young's moduli with literature values when using the 
parabolic punch approximation (m = 2) especially with materials of a high hardness to 
modulus ratio. 

In any case the plastic depth is calculated from a model of elastic reloading the 
plastically deformed sample (situation after load removal) to the total indentation depth Et. 

(9) 
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Figure 2. Loading-unloading curves from measurements on silicon (100) and sapphire 
(1000). Shown are the definitions for the symbols used in the text. ft: total indentation 
depth, fp: plastic indentation depth, £f final indentation depth, Fm: maximum load. 

The values of care 2/1[*(1[-2) for the conical, 0.75 for the parabolic and 1 for the flat 
ended cylindrical punch (the Loubet-Doerner-Nix approximation). The contact area is 
calculated from A = k *Ep 2 and the hardness from 

Fm 
H=-2' (10) 

kE 
p 

where k is a proportionality constant describing the bluntness of the indenter (k = 24.5 for 
the Berkovich-type indenter usually used in thin fIlm testing and also for the Vickers-type 
indenter), which can be calculated from simple pyramidal geometry. So hardness and 
Young's modulus of the sample can be determined in principle from the unloading curve 
with the help of equations (1) and (11). 

The procedure is the following: 
a.) Following Loubet, Doerner and Nix set c = 1, do a least-squares-fit to the fIrst 

linear part of the unloading curve and calculate the plastic depth and contact 
stiffness. 

b) Following Pharr and Oliver, do a least-squares-fit of equation (5) to the 
experimental data, determining a, EI. and n. Differentiate analytically equation (5) at 
maximum load F m to obtain the unloading stiffness S. If n "" 1.5 use the parabolic 
punch approximation (with c = 0.75) to determine the plastic depth, hardness and 
Young's modulus. 

2.1.1.2. Indentor geometry 

Due to the very small size of the indentations allowable in thin fIlm testing (see 
chapter 2.1.1.3.) the perfection of the indenter tip plays a crucial role. The three-sided 
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Berkovich-type indenter (Apex-angle 115°) is preferred to the conventional four-sided 
Vickers-type indenter as it can be ground to a better tip normally. Careful examinations 
[11, 13, 14], however, have shown, that the inevitably rounded tip geometry has to be 
accounted for. Fortunately this can be done with a correction function depending on 
indentation depth. 

Doerner and Nix [11] calculated an 'area function' describing the depth dependence of 
the true sectional area of the pyramid. They obtained it by comparing the sizes of indents in 
a soft metal (determined by TEM replication methods) and the experimental load­
displacement data. This is a rather complicated and time consuming method. A simpler one 
is making a series of impressions at various loads in a reference material (single crystal 
silicon in [13], single crystal aluminum and fused silica in [9]). Then it is assumed that the 
material properties (hardness of silicon in [13], Young's modulus of aluminum and fused 
silica in [9]) are independent of indentation depth, so that any deviation measured is due to 
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Figure 3. Measurements on various bulk materials including geometric correction 
(three-sided pyramid, k = 3,854). Shown is the depth dependence of the measured 
hardnesses for (see legend) silicon (111), tungsten, steel 4568 H, aluminum and PMMA. 
Metal samples were mechanically polished, silicon and PMMA were measured as 
delivered. 

the tip rounding. The area function can then be determined from the deviation of measured 
hardnesses or Young's moduli resp. from a constant value. 

Fryda and Taube [13] used the following correction function for the plastic depth Ep 
to determine a corrected contact area A = k Ep carr.2 

- * (~ 1) lOp eorr. - Ep uncorr. + Et E b - c + 
t 

(11) 

whereas Oliver and Pharr [9] propose 
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Acorr. = k*Ep uncorr? + Cl *Ep uncorr. 

C2*Ep uncorr.1I2 + C3*Ep uncorr. 1I4 + 
... + C8*Ep uncorr. 1I128 (12) 

Results from measurements on various bulk materials show that with the use of 
equation (12) nearly depth independent value of hardnesses and Young's moduli are 
obtained (figures 3 and 4). Variations can be attributed to the mechanical polishing of the 
metallic samples. 

-. 
5 iV'l films 

~f ~2 ~3 ~4 0,5 

Indentation depth / layer thickness 

Figure 4. Results from the same measurements as in figure 3. Broken lines indicate 
literature values of Young's moduli of the samples. Shown is the depth dependence of 
the measured Young's moduli for (see legend) tungsten, silicon (111), steel 4568 H, 
aluminum and PMMA. 

2.1.1.3. Substrate influence 

A reason of major concern in thin film hardness testing has to be the substrate 
influence on the measured hardness. As long as no analytical indentation theory for thin 
fIlms on substrates exist, limits to the allowed indentation depths have to be found. An 
older conservative rule established by Buckle [15] for hardness testing is that the 
indentation depth should not exceed 10% of the ftIm thickness. This result was also found 
in a work describing purely plastic behaviour of the material [3], but larger indentation 
depths should be allowed if layer and substrate are similar. The 10% rule of thumb was 
confirmed by experiment [13] (see figure 5) and in several numerical studies by finite 
element methods (FEM) [16, 17, 18]. A FEM study of the indentation of thin fIlms by 
conical indenters by Bhattacharya and Nix [16] indicates that two separate equations for 
the cases soft ftIm on hard substrate (case 1) and hard film on soft substrate (case 2) can 
describe the numerical results for the composite hardness. How well these equations work 
in practice has yet to be demonstrated. Bhattacharya and Nix found for the hardness of the 
ftIm substrate composite (tj ftIm thickness, E: indentation depth, crS, crf yield stress of the 
substrate and film resp.) 
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Figure 5. Substrate influence on the measured hardness of sputtered tungsten films on 
(legend from top downwards) bulk tungsten, silicon, glass and aluminum. Shown is the 
ratio of measured hardness to reference hardness vs. the ratio of indentation depth to 
film thickness. Reference value is the hardness of thick films at large indentation depths 
of 15 CPa. Ie: ratio of film hardness to substrate hardness. 

Case 1: H = Hs + (Hf - HS) exp (- ;~~ ;: (~J) (13) 

Case 2: ( Hf/Hs E) 
H = Hs + (Hf - Hs) exp - a f I as .JEfl Es tf 

(14) 

Elastic theory for the substrate influence on the measured Young's modulus predicts a 
lower limit of less than 5% [19, 20], which was also found experimentally [13] (figure 6). A 
probably useful expression for relating the measured elastic contact stiffness with the film 
and substrate geometrical and mechanical properties was given by King [21]. 

ErO 
S=f3 Er-fAl ,,2 efA 2 efA 2' (15) 

~(1- e-at[lv A) +~e-ext[lvA+~ 
E f ES EO 

where tf is the layer thickness, Era the reduced modulus of substrate and indenter and EO 
and Vo the elastic,.£onstants of the mdenter. The parameter ex also depends on the geometry 
and the ratio tj'VA. ex was calculated numerically and can be obtained from King's article 
where it is presented graphically. 

King found that the right side of equation (1) has to be multiplied with a factor in 
order to account for the exact geometry of the indenter (f3 = 21.../rc = 1.129 for a conical 
indenter, f3 = 1.142 for a quadrangular indenter, f3 = 1.167 for a triangular indenter). Here, 
too, the practical usefulness of King's equations has not been demonstrated yet. 
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Figure 6. Substrate influence on the measured Young's moduli of sputtered tungsten 
films on (legend from top downwards) sapphire, bulk tungsten, steel, silicon, aluminum 
and glass. Shown is the ratio of measured modulus to the Young's modulus of bulk 
tungsten (406 CPa) vs. the ratio of indentation depth to film thickness. A: ratio of layer 
modulus to substrate modulus. 

2.1.1.4. Limits 

Besides the errors resulting from the imperfect indenter tip geometry and the 
substrates influence, there are some restrictions for the morphology of the layers to be 
tested. Due to the extremely small imprint sizes, effects of surface roughness, crystallite 
size, film inhomogeneity and surface contamination can have a significant influence on 
measurement results. The determination of the contact area with the method described 
above relies on the assumption of a smooth plane contact between surface and indenter. 
Therefore, in order to get reliable results with an acceptable variance, the sample has to be 
homogeneous and flat at least on the length scale of the imprints. Comparison with 
literature values of the Young's moduli of bulk materials show, that at least with polished 
samples hardnesses and Young's moduli can be determined with an agreement within 10% 
from the load-indentation depth data. 

On the other hand one can test the lateral distribution of mechanical properties of the 
sample with very high resolution. 0.5 )lm are possible with conventional X-Y-tables and 
even better with piezo drives. Some people even speak of their nanometer-indentation 
system as a mechanical properties microprobe. The ability of probing locally the mechanical 
response is the most interesting feature of this measurement method and perhaps can give a 
better understanding of processes happening at the asperities of contacting bodies in 
friction and wear. 
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2.1.2. Other methods for determination of Young's modulus 

2.1.2.1. Cantilever and beam bending 

Another method for determining Young's modulus and yield stress is offered by the 
microbeam technique [22]. By microelectronic fabrication methods free-standing 
cantilevered microbeams of the substrate with the film on it are prepared. The load­
deflection data from measurements in a nanometer-indentation system can be used to 
determine both the in-plane elastic modulus and the yield strength of film material. From 
the slope of the initial linear portion of the load-displacement curve Young's modulus is 
calculated from 

(16) 

where w is the deflection, I the effective length, b the width and t the thickness of the beam. 
The yield is calculated from the load, at which yielding occurs, i. e. when the load­
deflection data become irreversible, through 

lil 
<Jy = b t2 . (17) 

An advantage of this technique is, that it evaluates the in-plane Young's modulus, 
which can be different from that measured by indentation, and that the yield stress of the 
film can be measured directly provided that the substrate does not yield earlier. The 
disadvantages include complicated sample preparation and the necessity of determination of 
certain geometrical sample parameters with great precision. 

2.1.2.2. Membrane method 

Still another method which uses the superior load and displacement resolution of 
nanoindentation-systems is the deflection of a free standing circular section of the film, 
where the substrate has been removed, e. g. by chemical etching, so that the film forms a 
drumhead like membrane [23]. When deflected by a point load in its centre, the 
displacement of the centre w is given by 

F a2 

w = 16 'IT D f g(k) , (18) 

with a being the radius of the membrane, Df the flexural rigidity of the film given by 

E f t3 
D = 12 (1 _ v?) (19) 

and the function g(k) depending on the tension in the membrane and its geometry. 

2.2. Stresses 

Stresses in thin films can result from various sources. Usually they are composed of 
thermal stresses, resulting from the differing thermal expansion coefficients of film and 
substrate, and internal stresses, whose sources are often not quite clear. In polycrystalline 
films tensile stresses can arise through recrystallization, so that crystal boundaries vanish 
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and the volume of the film shrinks. In amorphous films like a-C:H the carbon network 
normally exhibits high compressive stresses due to bending and compressing of C-C bonds. 
In either case the stress of the film is a factor critically influencing its adhesive properties, 
but also properties like hardness and fracture strength. For promoting good adhesion a film 
without any stresses is wanted, whereas compressive stresses lead to a higher fracture 
strength by hindering crack nucleation and growth. 

Methods to measure stresses using continuum mechanics (determination of substrate 
curvature) normally are applicable only to simple biaxial stress states parallel to the 
substrates surface, but have the advantage of inexpensive and quick determination. The x­
ray methods are much more time (and money) consuming, but are able to give the complete 
three dimensional stress state of the sample (at least in principle) if the elastic constants are 
known. Of course they are not applicable to materials without sharp diffraction peaks like 
amorphous layers. 

2.2.1. Curvature methods 

R 

Figure 7. Geometry used in beam and plate bending (after [24]). 

One method is to measure the bending of a free standing beam or plate of a relatively 
thin substrate by the stresses of the film deposited on it. Elastic theory for the deflection of 
a beam gives [25] 

2 
4 Es ts h 

a="3 ~ }2tf (20) 
S S 

with ts and trthe thicknesses of substrate and film resp., IS its length and h the height of the 
middle of the beam over the foundation. 

In the case of a plate bent by a film (biaxial in-plane stress) elastic theory gives [26] 
2 

Es ts 
a= 1- Vs 6R tf (21) 
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where R is the radius of curvature of the free standing sample. Ways to detennine the 
deflection or curvature resp. are given in the experimental section. 

2.2.2. X-ray methods 

Methods requiring a higher experimental effort are the x-ray diffraction techniques. 
By detennining the lattice spacing of certain crystalline orientations, at least the biaxial 
stress state of the sample and with more experimental effort the complete three-axial stress 
in the film can be detennined in principle, if the elastic compliances are known. 

Figure 8. Co-ordinate systems (L: laboratory, S: sample) and geometry used for 
polycrystalline x-ray residual stress determination (after [27]) 

A quite common method known as the 'sin2\jf method' is described ~. g. by Shute et 
al. [27]. This method is applicable to elastically isotropic materials. The laboratory and 
sample co-ordinate systems are defined in figure 8. The x-ray beam impinges on the sample 
surface in the Ll L3 plane with L3 being the direction of the half angle between incident and 
reflected beam having an angle \jf with the samples surface. It measures the distance 
between diffracting crystal planes d<j>\jf in the direction given by the normal L3. The strain in 
this direction £33 is then given by 

(22) 

Six independent strain measurements must be performed in order to completely 
detennine the samples stress tensor. The strain found in the laboratory system can then be 
transformed to strains in the sample co-ordinate system by standard tensor transformations, 
and by use of Hooke's law the following equation for an elastically isotropic material results 
«(Ji/ elements of the engineering 6x6 stress array). 
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d<l>'I' - do _ 
dO -

l+v 
~ (0"11 COS2<j>+ 0"12 sin 2<1>+ 0"22 sin2<j>- 0"33) sin2\jf 

l+v v 
+ ~ 0"33 - E (0"11 + 0"11 + 0"33) 

l+v 
+ ~ (0" 13 cos<1>+ 0"23 sin<1» sin 2\jf (23) 

In the case of a biaxial stress state, i. e. for a fIlm under stress parallel to the substrate 
surface (0"33 = 0"13 = 0"23 = 0), this reduces to 

dqnv-do l+v . ~ 
do = E O"<j> sm2\jf - E (0"11 + 0"11 ) 

with O"<j> = (0"11 cos2<1>+ 0"12 sin 2<1>+ 0"22 sin2<1» (24) 

For a homogeneous stress distribution, O"<t> is independent of \jf and can be determined 
from the slope of the 'd' vs. sin2\jf plot. DeviatIons from this expected linear behaviour can 
be attributed to inhomogeneous stress distributions in the sample [27]. Stresses in the 
sample can be measured with an accuracy of better than 5 MPa. 

Methods for determining stresses in elastically anisotropic and textured fIlms have 
also been developed (for an overview see e. g. [28]). The experimental procedure is the 
same, i. e. lattice plane spacings have to be determined in various <1> and \jf directions and 
from this together with the knowledge of the elastic constants of the material the stress 
state can be determined. If the fIlms exhibit texture, e. g. (111) typical for FCC metals, no 
knowledge of the lattice parameters of the un strained crystals is required as the equations 
simplify to 

£<j>iill[111] 

(25) 

where d\jl is a set of particular planes with normals at an angle \jf with respect to the sample 
surface, and Sij is a component of the engineering 6x6 compliances array. 

By measuring two peaks with different \jf this equation can be solved for the 
unknown stress 0" and unstrained lattice spacing d2. This analysis is valid for both epitaxial 
and fibre-textured films and corresponds to the sin \jf-method described above. 

3. EXPERIMENTAL 

3.1. Nanoindentation 

In the literature several nanometer-indentation systems are described [29, 30, 31, 32, 
33, 34, 35] of whom at least one is commercially available. They differ in their depth and 
force resolution capabilities (resolutions better than 0.1 nm and O.OlIlN resp. are achieved 
in the better systems), the way the penetration depth is measured (inductive or capacitive 
transducers) and the overall construction of the apparatus. Load is typically applied either 
through a coil and magnet assembly (and is calculated from the current through the coil) or 
by the use of a piezoelectric drive for which a load cell is needed in the load train. 
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15 11,. 13 12 1110 

Figure 9. Sketch of the nanometer-indentation system used by the author. (1, 14, 15) 
sample on X-Y-stage, (2) indenter tip, (3) indenter tip holder (shaded), (4) air bearing, (5, 
6) stops for holder movement, (7) central shaft, (8, 9) friction drive system with linear 
motor, (10, 11) electromagnet and coil (force), (12) inner and (13) outer inductive 
displacement transducer. 

Figure 9 shows a sketch of the indentation system used by the author which was 
originally constructed in the PHILIPS Research Laboratories in Eindhoven in the 
Netherlands by Wierenga and Franken [33] . The central shaft (7) is used for placing the 
indenter and holder assembly (2, 3) on the sample. The automatic move control stops the 
shaft when the indenter holder is somewhere in the middle between the stops (5, 6). 
Transducer (12) measures the indenter movement relative to the shaft (7), transducer (13) 
the shaft movement. Both work with a resolution of better than 2 nm at depths up to 5 /lm. 
Forces between 10 /lN and 50 mN can be applied with a resolution of 5 /IN. Due to the 
horizontal construction measurements are started with the indenter tip touching the sample 
with a force of about 10 to 30 /IN. This preload gives an uncertainty in the zero of 
indentation depth which can be neglected at least with hard films. 

3.2. Substrate Curvature 

The curvature of substrates with stressed films on them can be measured in various 
ways. Flinn [24] gives estimates of the measurement accuracy necessary to determine the 
stress with a resolution of a few MPa. 

The displacement of the middle of the bent sample h and the angle e is given by 
(figure 7) 

(26) 
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. w 1 e = 2 arcsm ( 2R ) '" w * R (27) 

A typical a-C:H fIlm prepared at the FhG-IST has a thickness of 2 /-lm on a silicon 
wafer (ES = 167 CPa, Vs = 0.25, ts = 350 /-lm). At a stress of, say, 500 MPa this leads 
(equation 22) to a radius of curvature of 4.55 m. Using a 3" wafer, a height of 159.5 /-lm 
must be measured with an accuracy of 1 % to obtain a precision of 5 MPa. For the same 
precision an angle e of 16.7 rnrad must be measured with an accuracy of 1 %. 

A simple method is to prepare samples on cover glass stripes (e. g. 70 mm long, 
10 mm wide and 150/-lm thick, ES = 70 CPa). The height of the sample's surface over a 
reference plane with the sample lying on it can be detected by scanning the surface with an 
optical displacement sensor. Sensors with an accuracy of 0.1 /-lm are readily available. 

Another way is to use two parallel laser beams and measure the angle between the 
deflected beams [36]. If this is done by measuring the position of the reflected beams at a 
distance L the distance between the two beams is given by 

(28) 

To obtain the precision of 1 % at a distance L = 2 m with the data above, D must be 
measured with a resolution of 0.1432 mm which is no problem for position sensitive photo 
diodes [24]. 

MSFa 
SS ---
.8 
«l ... ... 
~ 
~ 
~ 
~ 

'Ii! 
«l ... 
,c 
< 

I 

10-2 
Mo 

Nb 

10-5 a-C:H (diamond like carbon) 

10-6 
O~~1-0--2~O---3~O---4~O---5~O--~6-0--7~O--~BO 

- metal content [at.%] 

Figure 10. Dependence of abrasive wear rates of various Me-C:H films on metal content. 
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4. CASE STUDIES 

4.1. Metal-containing hydrogenated carbon films (Me-C:H) 

Me-C:H films represent a very promising layer material as they exhibit excellent 
abrasive and adhesive wear properties, combined with a low friction against e. g. steel and 
good adhesion on metallic substrates [37, 38, 39, 40]. At the FhG-IST they are prepared in 
a DC-Magnetron or RF sputtering process where additionally a hydrocarbon gas (typically 
ethine) is decomposed. They exhibit a significant minimum in abrasive wear at metal 
contents of about 10 at. %. Figure 10 shows the typical dependence of the abrasive wear 
rates of various Me-C:H films (Me = Mo, B, W, Ti, Nb, Si, Ta) on metal content 
compared to that of a pure a-C:H layer (,diamond-like carbon' deposited in a rf plasma 
CVD process on the cathode). 

Fundamental investigations were performed in the last years to correlate the wear 
behaviour of the films with structural and mechanical properties of the films at the 
example of Nb-C:H films [41]. The structure of the film can be explained by a simple 
model of nanocrystalline NbC particles embedded in an amorphous hydrocarbon matrix. 
The size of the carbide particles increases from around 20 to 50 A with increasing metal 
content, their number density remaining almost constant [40]. From IR spectroscopy a 
decreasing H content of the films with increasing metal content can be concluded. The 
strong increase of absorption in the NIR which is more than expected from the increasing 
metal content can perhaps be attributed to formation of graphite clusters. Probably the 
degree of cross linking is strongly influenced by the degree of bombardment with Ar ions 
and neutrals reflected from the metal target [41]. 

Nanometer indentation experiments were performed to see whether the minimum in 
abrasive wear could be correlated with a maximum of hardness and/or Young's modulus 
or their ratio. The latter is considered as a measure of the degree of elastic strain around 
the impression [42, 43]. 
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Figure 11. Influence of metal content and Argon pressure during deposition on the 
hardness of Nb-CH films (~: 1.3 Pa Ar, 0: 2.3 Pa Ar). 
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Figure 11 and 12 show the dependence of hardness and Young's modulus of Nb-C:H 
films on metal content and Argon pressure during deposition. As can be seen from the 
figures the minimum in abrasive wear can not be explained by a maximum of hardness and 
Young's modulus alone. Also the friction and fracture properties of the films have to be 
taken into account [40] leading to a quite simple model of their wear properties [41]. 
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Figure 12. Influence of metal content and Argon pressure during deposition on the 
Young's modulus of Nb-C:H films (~: 1.3 Pa Ar, 0: 2.3 Pa Ar). 

The variation of hardness and Young's modulus with carbide content can be 
understood from simple rules of mixtures of a carbide and an a-C:H phase [14, 41]. With 
Nb-C:H films a lower dependence of mechanical properties on Ar pressure was found than 
with other metal containing films [39]. The main trend, however, is found that films 
deposited at lower pressure exhibit higher hardnesses and Young's moduli and better wear 
resistance. From this a significant influence of Ar bombardment on the mechanical 
properties of the a-C:H matrix is concluded. This has consequences especially for film 
deposition on three dimensional substrates in a parallel plate deposition chamber as here the 
bombardment varies with orientation of the substrate surfaces relative to the electrode 
plates. 

4.2. Polycrystalline diamond films 

As the adhesion of diamond films to the substrate is a major problem in the 
application of the films to cutting tools, it is necessary to control the intrinsic stresses of the 
films. Films with low residual stresses should exhibit at least less adhesion losses during 
service. For the application of diamond films as a carrier membrane for x-ray absorber 
masks in x-ray lithography it is of utmost importance that the films do not buckle due to 
compressive stresses in the films. 

In our laboratory diamond film stresses were monitored during layer deposition by 
the wafer curvature technique described above [36]. Two parallel laser beams were 
reflected by the sample surface in a distance of 2 cm and their position was monitored on a 
screen 2 m away from the deposition chamber. Because of the non-vanishing substrate 
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curvature developing during deposition the angle between the two beams changed. From 
the angle the substrate curvature could be calculated and is shown in figure 13. The film 
thickness during deposition was calculated from the average growth rate, i. e. film 
thickness divided by deposition time. 
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Figure 13. Development of the reciprocal radii of curvature l/R during deposition of 
diamond films at 950·C (a) and at 850·C (b). The increase of l/R at the end of each curve 
is caused by deformation due to compressive stress induced by cooling to room 
temperature. The arrows point at values of 1 /R after etching away of the diamond film. 
Plastic deformation of sample (a) is confirmed by the non-vanishing radius of curvature 
after complete removal of the diamond film by reactive ion etching. 

Sample (a) from figure 13 was deposited at 950°C on a silicon wafer. Due to the 
growing film having intrinsic tensile stresses the substrate bends more and more. At a 
thickness of 2.3 !lm deposition was stopped for 1.5 h, but the temperature was kept at 
950°C. As can be seen from the step in the curve, the substrate continues bending though 
no film is growing. Then deposition continued and was stopped at a film thickness of 
4.1 !lm. On cooling to room temperature compressive stresses are induced due to different 
thermal expansion coefficients of diamond and silicon (shown by the decrease of 11/R1). 
Then the diamond ftlm was etched away in an Ar/02 plasma. The residual bending of the 
substrate at the end of etching is a clear indication of plastic deformation of the silicon 
(111) wafer. 

Sample (b) was deposited at only 850°C and grown to a thickness of only 1.7 !lm. 
With this sample nearly all stresses are released upon cooling and a nearly stress free film is 
left. Upon etching away of the diamond fIlm the rest of the substrate stresses are released 
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showing that at this lower deposition temperature and smaller deposition time no creeping 
of silicon took place. 

The consequence of these and other experiments was the finding that by choosing a 
proper deposition temperature and a certain substrate pretreatment (leading to films with 
the right grain size), tensile growth stresses can be controlled and compensated by the 
compressive thermal stresses due to thermal contraction of film and substrate, thus leading 
to a nearly stress free film at room temperature. 

5. CONCLUSION 

Due to recent instrumental developments more fundamental mechanical properties 
like hardness, Young's modulus and residual stress of thin films of only a few microns down 
to sub micron thickness can be determined. This yields a better understanding of processes 
occurring in wear and friction during service of coated substrates. With the knowledge of 
these parameters models of more complicated mechanical properties can be validated and a 
systematic optimisation of the layer-substrate composite is possible thus avoiding the usual 
trial and error approach to given wear situations. 
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The friction and wear performance of surfaces is critical to the functionality of industrial mechanisms, 
engines transmissions and all manner of process plants, especially with regard to their efficiency of 
operation and life cycle costs. Whilst typically dominated by mechanical properties, it is increasingly 
realised that surface chemistry also plays a mojor role in determining the friction and wear behaviour. 
Thus in recent years there have been many attempts to formulate a basic understanding of friction and 
wear, and to develop equipments and test procedures which allow the study and standardised testing of 
couples for different applications. The theoretical and practical background to this subject is covered 
in this chapter. 

1. Introduction 

When one considers the range of uses to which surface engineered components are put, it is evident 
that no single test method can ever fully characterise a surface for every possible use. In different 
applications, temperatures involved may be very low ( eg cryogenic) or very high (eg molten metal) the 
contact pressure may vary considerably and the nature of the contact (eg sliding or impact) can differ. 
Similarly the environment may be inert or even vacuum. In fact the range of possible operating 
conditions is so wide that many researchers have voiced the view that the only effective way to evaluate 
the tribological properties of a surface or mechanism is to run it in its normal operating mode. The 
problems with this are that it gives limited scope for accelerated testing, it can be expensive and does 
not provide a standardised procedure, which can be adopted at different laboratories and which can 
form the basis of standard specifications for coatings. Thus, in spite of their drawbacks, standardised 
friction and wear test methods are being developed, and these will be discussed in this chapter. 

2. Friction and Wear Basics 

2.1 FRICTION 

Friction is the tangential resistance to motion which is experienced whenever one solid body moves on 
another. The coefficient of friction, u, is given by the frictional force F divided by the normal load W 
on the contact: 

}l = F/W. 

The mechanism of friction in sliding contacts has been explained by the adhesional effect between 
surface asperities. This concept was developed by Bowden & Tabor (Ref 1), who explained that when 
two asperities are forced into contact they may weld together. When one of the solids moves relative to 
the other their shear strength causes a resistance to motion. During sliding, new microwelded 
junctions can be expected to be formed and broken continuously. 
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Fig 1 The three components of sliding friction are 
a) adhesion, b) ploughing and c) asperity deformation. 

The adhesion model of friction has, however, been criticised, since: 

i) the agreement between the theoretical and experimental values of the coefficient of 
friction is not particularly good, 

ii) the model does not take into account the surface roughness effect on friction, 
iii) there is a lack of evidence that the junctions will be produced or be of the necessary 

strength, 
iv) when the normal force pressing the surfaces together is removed an adhesive force 

cannot be detected. 

Bowden and Tabor have also included the ploughing effect in their concept of friction in Ref 1. When 
a hard asperity or a hard particle penetrates into a softer materials, and "ploughs" out a groove by 
plastic flow in the softer material this action creates a resistance to motion as shown in figure 1 (b). 

Some workers (reviewed by Rigney and Hirth (Ref 2» have concentrated even more on the effect of 
plastic deformation losses in friction. Th~ influence of plastic deformation of asperities was considered 
by Green (Ref 3) and extended by Edwards and Halling (Ref 4). They showed that resistance to 
motion arises from the work done when asperities are plastically deformed as they slide over each 
other, as shown in figure 1 (c). On the basis of studies concentrating on plastic deformation losses in 
the materials, Heilmann and Rigney (Ref 5) suggest an energy-based friction model where 
metallurgical effects are included. 

A new concept of friction, called the genesis of friction, has been presented by Suh and Sin (Ref 6). 
They show that the mechanical properties affect the frictional behaviour to a greater extent than 
chemical properties when sliding occurs without a significant interfacial temperature rise. They divide 
the effect of friction into three basic mechanisms, one due to asperity deformation, one due to 
adhesion and one due to ploughing. the adhesional mechanism in many practical cases may not be the 
most dominant of the three. They also stress the influence of the history of sliding on the frictional 
force. On the basis of experiments carried out with specimens made of engineering materials they give 
the following typical values for the three components of the coefficient of friction (with maximum 
values in brackets where appropriate): 
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i) Friction due to asperity deformation, Jld = 0 - 0.43 (0.75). It appears that asperity 
deformation is largely responsible for the static coefficient of friction. 

ii) Friction due to adhesion,}Ja = 0 - 0.4. The low value is for a well lubricated surface, 
the high value for identical metals sliding against each other without any surface 
contamination or oxide layers. 

iii) Friction due to ploughing, J.1p = 0 - 0.4 (1.0). The low value is obtained when either 
wear particles are totally absent from the interface or a soft surface is slid against a 
hard surface with a mirror finish. 

In a study of the microscopic mechanisms of friction Kim and Suh (Ref 7) found that the component of 
ploughing of the surfaces by wear particles is the most important in most sliding situations. They show 
that friction at the microscopic scale is a result of bond breaking of individual atoms, instigated by 
strong adhesion or by mircroasperity interlocking, and slip along the crystal planes in the presence of 
defects. Breakage of cohesive bonds will occur during microsplastic deformation or fracture. 
Depending on the relative strength of the interfacial bond and the cohesive bonds of the solids, 
breakage of the bonds will occur at locations that offer the least resistance to sliding. In another review 
on adhesion, friction and wear Landheer and de Gee (Ref 8) point out that a boundary lubricant mm 
only a few molecules thick, in the nanometer range, can effectively reduce friction, eg from u = 1.0 to 
0.1, without affecting asperity interaction and thus, the ploughing effect. Based on knowledge available 
the mechanisms of friction in sliding contacts it seems that the particle ploughing effect and the 
adhesion effect are important and either of them may dominate the frictional behaviour depending on 
the tribological contact conditions. The existence of interfacial mms, as contaminants, oxides or 
coatings can crucially affect the behaviour. 

So far we have considered friction mechanisms only in relation to the sliding of one surface over 
another. In the case of rolling, the coefficient of friction is normally much smaller. The general 
considerations in relation to contact mechanisms are also valid for rolling contacts, but because of the 
difference in contact kinematics other contact effects may dominate the frictional beh,aviour. 

The main contributions to friction in rolling contacts are: 

i) micro-slip effects within the contact area, 
ii) elastic hysteresis of the contacting materials, 
iii) plastic deformation of the materials and 
iv) adhesion effects in the contact. 

The contact mechanics for rolling are certainly complex but fairly well understood on a macroscopic 
level (eg Refs 9,10,11). The study of influence of surface coatings in rolling is less well developed. 

2.2 WEAR 

Wear typically involves the removal of material from solid surfaces as a result of one contacting surface 
moving over another. Thus both friction and wear are the results of the same tribological contact 
process that take place between two moving surfaces. However, their interrelationship is not well 
understood. It is co=on that low friction corresponds to low wear and high friction to high wear as 
shown in Ref 12 by Saka. However, this is not a general rule and there are several examples (eg 
Franklin Ref 13) of contradictory behaviour. Furthermore, the changes in the wear value may well 
change by several orders of magnitude as opposed to the coefficient of friction, which very rarely 
changes by more than one order of magnitude. 
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Typical wear mechanisms are adhesion, abrasion, fatigue and chemical wear. It is very common that in 
a real contact more than one wear mechanism is acting at the same time. (Ref 14). Indeed one may 
instigate another (Ref 15), as shown in Fig 2. 
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Fig 2 Interacting Wear Mechanisms 
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The combination of wear mechanisms operating depends on the contact conditions and will result in a 
specific type of wear or wear modes. Examples of wear modes are scuffmg, fretting, scoring, mild 
wear, severe wear, impact wear, erosion, cavitation, diffusion wear, solution wear, melt wear and 
oxidational wear. The wear mode is typically defmed based on how the surface appears after the 
contact. The wear mode defmes a certain set of conditions where the interrelationship between the 
influencing parameters is similar and thus the different effects can be physically described and 
mathematically formulated. One example of this is the suite of wear-rate equations used in the wear 
maps devised by Lim and Ashby (Ref 16). 

The basic mechanisms of wear are shown in figure 3 

c 
' 0 

b d 

Fig. 3 The basic mechanisms of wear are a) adhesion, b) abrasion, c) fatigue and d) chemical wear. 
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ADHESIVE WEAR. 

When asperities of one surface come into contact with asperities of the counterface they adhere 
strongly to each other and form asperity junctions. Relative tangential motion of the surfaces causes 
separation in the bulk of the softer asperities and material is removed. In adhesive wear the surface 
material properties as well as protecting surface fIlms or contaminants, play important roles. 

The adhesive wear mechanism was described by Bowden and Tabor (Ref 1) and it has been the 
dominant wear theory for sliding contacts since the. The adhesion wear theory has however, been 
criticised (eg Ref 17) by the following arguments: 

i) it seems unlikely that the interface is stronger than either of the bulk materials, 
ii) it cannot explain the wear of the harder surface which frequently is observed 
iii) it cannot explain observed effects of surface roughness, 
iv) the maximum work required to generate wear particles is two to three orders of 

magnitude smaller than the external work done, 
v) it cannot explain the relation between friction and wear, and 
vi) it does not take into account mirostructure and metallurgical parameters. 

There is, however, enough experimental evidence to prove that adhesion may occur in many sliding 
situations. In failure modes like scuffmg and seizure the effect of adhesive wear is particularly 
important. 

ABRASIVE WEAR AND ASPERITY DEFORMATION 

Wear by plastic deformation takes place both in abrasive wear and during asperity deformation. 

Abrasive wear occurs in contacts where one of the surfaces is considerably harder than the other or 
where hard particles are introduced into the contact. The harder surface asperities are pressed into 
the softer surface which results in plastic flow of the softer material around the hard surface. When the 
hard surface moves tangentially, ploughing and removal of softer material takes place with grooves or 
scratches in the surface resulting. Depending on the geometry of the harder surface and the degree of 
penetration, the removal of material can take different forms, such as ploughing, wedge formation or 
cutting. 

A distinction is often made between two-body and three-body abrasive wear, where the latter refers to 
situations whenhard particles are introduced between the moving surfaces. The mechanism of 
abrasive wear has been studied extensively and has been described by several authors ( eg Refs 18, 19, 
20). 

FATIGUE AND DELAMINATION WEAR 

Loading and unloading of surface, that results in a stress level in the material that it can sustain once 
but not if it is repeated many times, results in a fatigue crack. Fatigue can form the origin for large 
scale cracking and liberation of surface material to form wear debris. 

Classic surface fatigue wear is a lifetime limiting failure in ball and roller bearings and in gear contacts. 
In these concentrated contacts the Herzian pressure at the surface creates a stress fIeld beneath the 
contact zone. The maximum shear stress occurs about one third of the contact length beneath the 
surface in the case of pure rolling and moves to the surface with increasing traction. For coeffIcients of 
friction exceeding 0.32 the maximum shear stress will be found on the surface (Ref 21). 
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CHEMICAL WEAR 

In chemical wear the wear process is dominated by chemical reactions in the contact, initiated by the 
influence of the environment, in combination with mechanical contact mechanisms. Rubbing in 
combination with the chemical reactions in the contact results in wear product formation and removal 
of material. The rubbing action can result in increased temperatures at the surface and creates surface 
cracks more chemical reactions taking place. On the other hand the chemical reactions at the surfaces 
will make them softer and weaker and thus decrease their resistance to new crack formations and 
liberation of surface material to produce wear products. The mechanisms of chemical wear have been 
discussed by Czichos (Ref 10) and Buckley (Ref 20). 

Oxidational wear is the most co=on chemical wear process. A thin layer of oxides will almost always 
be formed on the top of metal surfaces. This is in fact an important protecting layer because without it 
both the friction and wear in metal contacts would be extremely high. If this layer is continuosly 
removed by a rubbing action, and the formation of new layers is speeded up by a high humidity 
environment that can reach the contact the result is a typical form of oxidational wear. 

In certain cases wear can be due to chemical instability of the materials. Examples of this are found in 
the metal cutting process where the chip moves rapidly along the tool surface. Temperatures at the 
interface are often up to over 7000 C and the surface of the chip that slides against the tool is virgin and 
may be partly molten. This process can result in two kinds of wear due to chemical instability, as 
shown by Suh (Ref 22). One is the solution wear due to dissolution of the tool material in the chip. 
The other is the diffusion of elements from the tool material into the chip, leading to weakening and 
ultimate failure of the cutting tool. 

VELOCITY ACCOMODATION CONCEPT 

A different approach to the question of how wear mechanisms should be classified is the velocity 
accomodation approach developed by Berthier et al (Refs 23 and 24) and Godet (Ref 25). They 
identify four basic mechanisms with which the velocity difference between two surfaces in relative 
motion can be accomodated. They are by elastic deformation, fracture, shear and rolling. These basic 
mechanisms may occur in either of the two surfaces (first bodies) or in the lubricant between them 
(third body). The advantage with this approach is that the fundamental tribological mechanisms are 
simplified to well known mechanisms of material behaviour that can be characterized by properties 
such as the Youngs modulus, fracture toughness and shear strength. It is, however, clear that much has 
to be done before these basic properties can be combined to form a model that represents friction and 
wear behaviour in real contacts. However this does seem to be a promising direction. 

WEAR EQUATIONS 

Because of the complexity of the wear process, which cover many materials, contact conditions and 
environmental parameters in a number of different combinations, it has not been possible to formulate 
a universal equation of wear. Numerous authors (reviewed in Ref 26) have developed wear equations 
for the different wear modes but all of them are quite limited in their range of validity. 

A more general approach is taken by Lim and Ashby (Ref 16) when they show the Validity ranges of six 
different wear modes in a wear map with normalised contact pressure and normalised velocity as 
coordinates and also give wear equations for each wear mode. The identified wear modes are 
ultramild wear, delaminatin wear, mild oxidational wear, severe oxidational wear, melt wear and 
seizure. The presentation is, however, limited to a steel sliding pair in a pin-on disc machine. 
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It is possible to observe some co=on features when studying the proposed wear equations for the 
different wear modes. Often the worn volume is directly proportional to the normal load and the 
distance of movement and inversely proportional to the hardness of the material. This relationship was 
earlier observed by Holm (Ref 27) and Archard (Ref 28) and it can be formulated as: 

W.s 
V=K H 

where V is the worn volume, W is the normal load, s is the distance of movement, H is the hardness 
and K is a constant. This should not be considered as a universal wear equaton because there are 
several examples of tribological contacts where it is absolutely invalid. 

WEAR RATE 

For design and material development purposes it is necessary to have some universal quantitative 
parameter for wear. To use only the volume of material removed is not sufficient because of the very 
different test conditions in use. The Holm wear relationship is often used for formulating the wear 
rate, this gives a practical and more general value for the amount of wear. We will use for the wear 
rate, K', the value of the constant K' divided by the hardness H in accordance with common practice 
today. Thus the wear rate is: 

K'= 
-L 
W.s 

which is often given with the dimensions (1O-15m3/Nm). Even though this is still not the ideal way of 
expressing wear, it has widespread support. There is also a clear physical argnment for using the wear 
rate as defmed above because it is the worn volume divided by the mechanical energy input into the 
contact. The contact energy input can be described as the product of the normallOa'd, the velocity and 
the applied time which again is the same as the product of load and distance which is in the equation. 
It is strongly reco=ended that this way of expressing wear should be taken into use as widely as 
possible to make is possible to compare and utilize wear data produced in different contact conditions. 

The above overview of the basics of wear emphasises contacts between solid surfaces in relative 
motion. No mention has been made of wear mechanisms involving erosion, for example by the 
impringement of fluids or solid particles. The response of a surface to such impact will depend on a 
number of factors, such as the impact angle and the velocity. In many studies it has been shown that a 
brittle material will erode more when the impact is at normal incidence, whilst a tougher or more 
elastic material will erode more at grazing incidence. 

3. Friction and Wear of Coated Surfaces 

It is considered to be outside the scope of the Chapter to go into detail on the various contact stress 
distribution models which have been developed for coated surfaces. An excellent review of the case of 
the stress-strain relationship for elastic layers on elastic substrates loaded by rigid spheres is given by 
Tangena (Ref 31). For other aspects, such as the effects of thermal stresses, intrinsic stresses and 
cracks, the reader is referred to Ref 32. 

The macromechanical tribological mechanisms describing the friction and wear phenomena involve the 
stress and strain distribution in the whole contact, the total elastic and plastic deformations they result 
in and the total wear particle formation process and its dynamics. In contacts with one or two coated 
surfaces four main parameters can be defmed which control the tribological contact process. They are 
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i) the coating to substrate hardness relationship, 
ii) the thickness of the coating, 
iii) the surface roughness and 
iv) the size and hardness of the debris in the contact 

The relationship between these four parameters will result in a number of different contact conditions 
characterized by specific tribological cntact mechanisms. Ref 32 discusses typical tribological contacts 
when a hard spherical slider moves on the coated flat surface, in relation to the above parameters. 

One effect, noted by Bowden and Tabor, is the mechanism by which a soft fIlm can reduce the friction 
coefficient (see Fig 4). This gives rise to the concept of an optimum mm thickness to reduce the 
friction coefficient. 

F= As 
Cd) 

F= As 

(b) 

r="-"--'..:..::=-~F = As 

eel 

s is small 

but 
P- is large 

A is small 

but 

s is large 

Eet.'1 A &" 

are small 

Thin film ef soft metal 

Fig 4 Reduction in friction by depositing a soft fIlm. 

In terms of the basic mechanisms coated surfaces follow most of the behaviours referred to in section 
2, although modern coating techniques now provide the possibility to optimise for given requirements 
(eg resistance to chemical diffusion or abrasion). A model for the identification of optimal ceramic 
coatings is presented by Kramer (Ref 33). 

4. Friction and Wear Tests 

4.1 BACKGROUND 

Given the variety of possible mechanisms operating during a tribological contact, it is not surprising 
that there are very many different configurations available to test the friction and wear behaviour of 
coated surfaces. There is an ASTM book devoted to this subject (Ref 29), and Bhushan and Gupta 
(Ref 30) cite 8 typical contact geometries, just for sliding tests. There are many more than this, to 
simulate different wear mechanisms. Some of these are reviewed below. 

4.2 SLIDING TESTS 

Considering the tests listed in Table 1, taken from Ref 30; the pin on disk is by far the most widely 
cited standard test amongst tribologists. Indeed it is the subject of an international interlaboratory 
excercise aimed at standardisation under the auspices of V AMAS (Versailles Project on Advanced 
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Materials and Standards) . The lessons learned from this excercise have been used for an ASTM wear 
testing standard (G-99) and a draft DIN standard (DIN 50324) 

TABLEl. Details of Typical Geometries for Friction and Wear Testing (After Ref. 30) 

Geometry Type of contact Type of loading 

1. Pin-on-disc (face loaded) 

2. Pin-on-flat (reciprocating) 

Point! 
conformal 
Point! 
conformal 

3. Pin-on-cylinder (edge loaded) Point/ 
conformal 

4. Thrust washers (face loaded) Conformal 

5. Pin-into-bushing Conformal 

6. Flat-on-cylinder (edge loaded) Line 

7. Crossed cylinders Elliptical 

8. Four balls Point 

Static, dynamic 

Static, dynamic 

Static, dynamic 

Static, dynamic 

Static, dynamic 

Static, dynamic 

Static, dynamic 

Static, dynamic 

Humidity & 
Temperature Sensor 

COunter-welght Environmental 
Chamber j 

Treck Radius 
Positioning 

Drive Shaft 

Fig 5 Schematic of a Pin on Disc Tester 

\ 

Applied Load 

Type of motion 

Unidirectional 
sliding,osciallating 
Reciprocating sliding 

Unidirectional sliding 
osciallating 
Unidirectional sliding, 
oscillating 
Unidirectional sliding, 
oscillating 
Unidirectional sliding, 
oscillating 
Unidirectional sliding, 
oscillating 
Unidrectional sliding. 

Fig 5 showns a typical pin on disc layout. Control of humidity and temperature is critical to 
repeatability in pin on disc (and indeed all) tribological tests. In the authors' laboratories a spherically­
ended pin geometry has been adopted (most conveniently a ball of 10mm diameter), run with a 10N 
normal force at a 0.1 m/sec sliding speed. A test distance of 100 to 1000 m is typical, at a relative 
humidity of 50%. Some typical results are given later. Measurement of wear should ideally be 
achieved by profI!ometry. 
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4.3 ABRASIoN TESTS 

The best known tests in this category are the Taber test (shown in Fig 6), and the rubber wheel test 
(shown in Fig 7). hoppar 

-'" 
Fig 6 The Taber test 

quartz sand 

waights 
spglClman o (25 x6Q x 5mm) 

rUbbar-rimmad whQ.al 

Fig 7 The Rubber 
Wheel Test 

The ftrst of these relies on the abrasiveness of the wheel to create wear, whilst the second utilises a 
"third body" particulate abrasive (either dry or in a slurry). A typical medium is sand, and the 
specillcation for the dry sand test is ASTM G65, whilst the wet test is known as the SAE wet sand 
rubber-wheel test. Further details are in Ref 29, with practical results later in this Chapter. 

4.4 ROLLING CONTAcrTESTS 

Many tribologicalcontacts involve a rolling action, which may be combined with sliding. The most 
common test to sumulate this is the "twin disc" machine (Fig 8), which can be used as varying slid-roll 
ratios. This is used, for example, to investigate the performance of carburised surfaces for gears, which 
are subjected to Hertzian-type contacts. 

t .. 
Fig 8 The twin disc conftguration 

Other rolling contact tests, such as the rotating four ball test or the rolling element on flat test are 
useful for evaluating lubricants and high-cycle fatigue behaviour of ball bearings. 
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5. PRACTICAL TEST RESULTS 

5.1 PIN ON DISC TESTS 

5.1.1 Interlaboratory Comparison 

The authors have conducted a pin on disc test on a number of ceramic coatings, in particular as part of 
a round robin study (Ref 34). This investigation was carried out in order to identify the variability in 
tests carried out in 3 different laboratories, under nominally identical conditions. Three coating 
combinations were used, as summarised below: 

Coating Source Laboratory Designation Coating Method 
Material 

TiB2 +BN (A) DR DC ionisation 
assisted EBPVD 

TiB2 +N (B) TRD RF magnetron 
sputtering 

TiAlN (C) VTT DC ionisation 
assisted EBPVD. 

Several coating thicknesses were included, in the range 2 to 8 pm, representing typical values for PVD 
deposits. The substrate material in each case was polished ASP 23 tool steel hardened to 64 RC, with 
a surface finish of 0.4).Ull Ra. The tests were carried out using a fixed lOrnm diameter polished ball as 
the pin (M50 steel), hardened to 62 RC. The tests were performed unlubricated at a sliding speed of 
O.lm/sec and a normal force of lON, for 250m sliding distance. The relative humidity during testing 
was 50 ± 2% at VTT and DR, and 68 ± 4% at TRS. The temperature for the VTT and DR tests was 
21 ± 2°C, whilst for TRD it was 23 ± 1°C. 

p 
COATING A COAllNG B COATING C 

r--- +r+-
r--

,----
-~ 1+-,..--

-f-

0,8 0,8 

0,6 0,6 

0,4 0,4 

0,2 0,2 

a 
UH THO VTT UH THO VTT UH THO VTT 

a 

Fig 9 Steady state coefficient of friction in pin on disc tests. Error bars show standard deviations. 

The tests were carried out twice in each laboratory for each coating. Figure 9 shows the values of the 
steady state friction coefficients. For coatings, A and C the correlation is good, whereas for coating B 
the variation in the coefficient of friction is from 0.59 to 0.91. The lowest values were measured at UH 
and the highest at VTT. This may be an indication of differences in the measuring equipment or 
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apparatus characteristics ( eg vibration). This level of variability has been measured also in 
multilaboratory studies carried out on bulk materials. 
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Fig 10 The mean values of the wear rates 

The wear rate values and standard deviations are summarised in Figure 10. The wear rates of the 
coated discs follow the same order as the steady state coefficient of friction. Even though the standard 
deviations are quite large, the wear rates in the tests carried out in different laboratories are of a 
similar order of magnitude. The wear rates for steel pins and coated discs for coatings A and B are in 
agreement, whereas the tests carried out in THD on coating C gave higher values compared to the 
others, which is probably due to the influence of a higher relative humidity at THD, but could also be 
related to the fact that the disc orientation was vertical at THD and horizontal at the other laboratories 
(meaning that debris retention would be less in the former case). During the tests a white powdery 
debris was observed, and examination of the wear surface showed the formation of transfer layers on 
the pins. The worn surfaces of the discs were smooth with some scratches. The dominant wear 
mechanisms were thus regarded as similar in each test. It should be pointed out that different wear 
track diameters were used to ensure similar sliding speeds. This meant that the number of wear passes 
differed; UH being the greatest, followed by THD and then VTT. There was, however, no systematic 
increase in wear rate related to the number of passes. This confIrms the importance of tribological 
processes, compared to ones based on fatigue alone in this kind of contact. 

The above interlaboratory study demonstrated the variations which can occur in pin on disc tests, even 
when identical coatings are being tested and when similar wear mechanisms occur. Other work has 
shown that if parameters such as the relative humidity or operating environment change then the 
differences in friction and wear performance can be dramatic. Thus there is a need in this test (as in 
all tribological tests) to try to ensure identical conditions, and to perform repeat testing to assertain the 
level of reliability. Total repeatability should not, however, be expected since friction and wear are due 
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to contact phenomena, usually on surfaces with properties which must exhibit some variability (eg in 
terms of crack formations and composition), thus tribological phenomena will exhibit statistical 
variability and this must be borne in mind when interpreting data. 

5.1.2 Other Results 

In addition to the study outlind in 5.1.1, there have been very many results of pin on disc tests on 
coatings reported in the Iiterature.Hintermann and co-workers have been most prolific in this regard 
(eg Ref35). In particular, Hintermann has highlighted the possibility to engineer specific friction and 
wear properties by appropriate selection of surfaces. He identifies four modes: 

I High friction - high wear 
II Low friction - high wear 
III Low friction - low wear 
IV High friction - low wear 

Specific application requirements may require different modes. For example, a clutch system may 
need to operate in mode IV, whilst a bearing may require to operate in mode III. In most applications 
it will be necessary to define which of the contacting surfaces is required to exhibit the greater wear. 

Ref 36 reports test carried out on a range of PVD coatings and bulk materials, which gave the 
following conclusions with regard to pin on disc wear and friction: 

Requirement 

i) Low friction and low pin on disc wear 

ii) Intermediate friction and low pin and disc 
wear 

iii) High friction, high disc wcar 

Solution 

TiN or TiC coated pin against TiN coated disc 

TiC or Ti02coated pin against uncoated steel 
disc 
TiN or uncoated stcel pin against uncoated stcel 
disc 

For rubbing contacts against copper, molybdenum nitride was found to be preferable to the titanium­
based coatings. 

The couple of TiN or TiC against TiN or TiC is an example of a situation where "like on like" does not 
necessarily produce high adhesive wear. Clearly contact chemistry is an important consideration here, 
and there have been reports that beneficial oxides may form to prevent adhesion. The situation is 
aided by the relatively inert nature of most ceramics. 

A class of materials which is attracting considerable interest presently are the "diamond-like" carbon 
(DLC) coatings, produced typically by plasma assisted CVD methods. These fihns are usually 
amorphous and contain hydrogen. They can be very hard, though they may lack temperature and 
environmental stability. In Ref 37 a series of pin on disc tests are reported on various hard carbon 
coatings, doped with various additional elements, rubbing against SAE 52100 steel balls (lOmm in 
diameter) at normal forces of 10,20 and 30N, unlubricated, for 100m. Two different deposition 
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techniques were used, one not involving plasma assistance (Set One) and the other with plasma 
assistance during deposition (Set Two). The substrate (disc) was polished ASP 23 steel (nominal 64 
Rc). Figures 11 and 12 su=arise some results. The coating source materials were as follows: 

a) Graphite 
b) Graphite + Boron Nitride 
c) Graphite + Titanium DiboridelBoron Nitride 
d) Grapite + Tungsten 

The mean Vickers micro-hardnesses of the coatings were: 

Set One Set Two 

a) 200S (lSg) 4790 (2Sg) 
b) 1760 (lSg) 3460 (2Sg) 
c) 1370 (lSg) 37S0 (2Sg) 
d) 1190 (15g) 3940 (25g) 

Substrate 1055 (15g) 950 (25g) 
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Fig 11 Volumetric Pin on Disc Wear, Set Two 
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This study highlighted the importance of both tribochemistry and mechanical properties. Firstly, note 
that the carbon plus tungsten fIlm was relatively brittle, and gave good wear resistance at lON, but 
broke-up and could not be tested at loads above this. Secondly, note that the best wear performance 
was exhibited by the C + BN illm, even though this was not the hardest. Thus the message from this 
work is that the optimum coating for one tribological contact, may not be the best for another, indeed a 
"horses for courses" approach must be adopted when selecting, and testing, coatings. By way of 
confIrmation of this observation, note that if low friction was the main objective, rather than low wear, 
in this test the carbon fIlm proved best. 

5.2 ROLLING CONTACT TEST 

Until a few years ago, conventional theories would have predicted that in rolling (Hertzian) contact 
situations the required depth of surface hardening would have to be much greater than the thickness 
levels normally associated with PVD coatings. This was based on consideration of the depth of the 
maximum shear stress. Recently considerable evidence has been accumulated to prove that this is not 
the case, and indeed that thinner PVD coatings than standard may be desirable in contact fatigue 
situations. Refs 28-42 deal with aspects of work in this fIeld. 

In Ref 37 both soft ( copper) and hard (TiN) films (thicknesses 2000A to 2)1m) were tried in rolling 
contact fatigue tests which involved balls rolling round a vertical rod. Tests were carried out at two 
contact stress levels 5.42GPa and 4.04GPa. Various other variables were included including changes in 
the ball materials and roughening of the balls. Both coatings provided improvements, but it was felt 
that the mechanisms operating were different in each case. The copper acted as a solid lubricant, and, 
due to its deformation, provided an increased contact area and a reduced Hertzian stress. The 
mechanism of improvement by the TiN was not fully explained but was believed to be related to its high 
hardness and low friction coefficient. Significantly the thinner TiN coatings deformed with the load, 
but the thicker ones cracked or delaminated. A similar result was observed by Chang et al in Ref 40. 
Using a twin-disc arrangement they showed that lum thick TiN coated surfaces under, went principally 
elastic deformation without coating debonding, even at Herzian contact stress levels of 2.3GPa, 
whereas for uncoated rollers cross-sectional micrographs revealed many near-surface microcracks 
parallel to the surface. These authors of Ref 40 believe that the hard coating suppresses the initiation 
of microcracks. Even after 33 million cycles no spalling or cracking occured, even though the uncoated 
surfaces were heavily deformed even after 10 million cycles. They present the graph shown in Fig 13 
giving the dependence of life on thickness. 
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Fig 13 Rolling Contact Life Cycles versus TiN Coating Thickness 



www.manaraa.com

310 

5.3 OTHER TESTS 

In Ref 43 results were reported of dry sand abrasive wheel tests on titanium nitride coatings deposited 
over plasma nitrided steel substrates. This work conftrmed the importance of a good surface ftnish in 
such contact conditions, where asperity removal can lead to accelerated wear. The test has also been 
useful in evaluating wet slurry abrasion resistance, for example of carburised steel surfaces, as in Ref 
44. The test is quick to, taking only a few minutes to produce measurable wear; assessment is easily 
carried out by proruometry of worn regions, or by weight loss. 

For purely erosive wear a very effective test method is to use to particle air-blast test, as described in 
Ref 45. This has the beneftt of providing controlled erodent supply (including speed and direction). 
The method can even be used as a single- particle test, whereby the damage due to one impact can be 
carefully assessed (Ref 46). Another erosion test is described in Ref 47; it is based on a centrifuge 
principle, with particles fed into the centre of a rapidly rotating disc. The authors of that paper also 
cite this method as providing a useful means of adhesion asssessment. Conversely it is interesting that 
the scratch test (the most common test of adhesion for thin PVD rums) is increasingly used as a friction 
and multi-pass wear test (Ref 48). 

There are other tests which have been designed to simulate specillc industrial contact conditions. An 
example is the bending under tension test (Ref 49), which replicates a press-forming operation and 
permits the evaluation of coatings for press tools. The test involves pulling strip metal over a coated 
die, and is a severe test of the anti-galling (heavy adhesive wear) resistance of the coating. 

F, 

Fig 14 The bending under tension test. 

Such tests are vital prior to a coating's use on expensive industrial machine tools, since failure in service 
can be very costly in down-time. For this reason many tests are also being developed to simulate metal 
cutting conditions, to permit evaluation of coatings for cutting tools (eg Refs 50,51). 

6.0 Conclusions 

In surface engineering ther is a clear need for standardised friction and wear tests for coatings and 
treatments. Such standards would enable new coatings to be evaluated against existing ones and would 
encourage design engineers and others who specify coatings to do so more widely. However it must be 
borne in mind that no single test can ever fully simulate all real operating conditions, and a coating 
performing best in one test or application may not be the most suitable for another application. The is 
thus a need to develop tests which simulate as near as possible the speciftc application for which a 
coating is intended. Only then will users be able to have full conftdence in the functionality and 
durability of an engineered surface. 
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MICROSTRUCTURAL CHARACTERIZATION OF FILMS AND 
SURFACE LAYERS 

W. GISSLER AND 1. HAUPT 
Institute for Advanced Material 
Joint Research Centre of the CEC 
c.P. 1, I-21 020 Ispra (Va), Italy 

ABSTRACT. The chapter is subdivided in two parts: structural and morphological characterization. The 
first part contains a short summary of the basic principles of diffraction: Bragg's law and intensity determi­
nation of diffraction lines. Evaluation methods of powder diffraction patterns and the influence of grain 
size and strain on the diffraction line widths are then described. X-ray diffractometer techniques, in par­
ticular Bragg-Brentano and Seemann-Bohlin types, and also the glancing angle x-ray diffractometer, are 
discussed. Finally the unique features of neutron diffraction techniques are shortly mentioned. The second 
part contains a description of the principles of scanning (SEM) and transmission electron microscopy 
(TEM). Several application examples are given. Special consideration is made of the various modes of 
TEM microscopy: Bright and dark field imaging, out of focus imaging and selected area diffraction. 

Introductory Remarks 

It is well known that the microstructure of a material strongly influences its macroscopic properties. 
The importance of such a relationship also for coatings and surface layers was established in the 
last decade. Most film deposition techniques dispose of special means (see the foregoing chapters 
on deposition methods) to influence the film microstructure. Actually the investigation of the interre­
lationship between microstructure and macroscopic properties became subject of intensive research. 
The term 'microstructure' is usually associated with several structural properties such as the crystal­
lographic structure and the orientational distribution of the crystal grains. However, the morphology 
of coatings (grain size, void distribution and second phase appearance) and the film growth mode as 
described in the various structure zone models (see e.g. [1]) are also comprised within the term 
microstructure. The main structural characterization methods are based on x-ray diffraction and are 
described in part I of this chapter. Characterization of the fihn and surface morphology are 
performed mainly by scanning and transmission electron microscopy. These techniques are dis­
cussed in part II. 
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I. Structural Characterization of Thin Films and Surface Layers 

1. Introduction 

The crystallographic structure of a film or surface layer is of crucial importance for its properties 
and performance. One ofthe best known examples is given by the various structural modifications 
of carbon: if carbon atoms are arranged in the diamond lattice we are confronted with the hardest 
and best insulating material in existence, whereas if arranged in the graphite lattice the material is 
soft and electrically conducting. 

The classical method for structure determination is based on diffraction techniques of x-rays, elec­
trons and neutrons. However, there are many other methods based on structure sensitive properties 
of the film material. For example Raman spectroscopy can be used to reveal the existence of dia­
mond domains in carbon films; this method is much more sensitive than x-ray diffraction. Another 
example is infrared absorption spectroscopy which is the standard method to distinguish between 
hexagonal and cubic boron nitride films. In a similar way many other properties such as index of 
refraction, electrical and thermal conductivity, hardness and elasticity may be used to quickly iden­
tify the possible phases of a film. However, it is evident that to correlate these properties with a cer­
tain structure an 'a priori' structure determination must be performed, and this is only possible by 
diffraction spectroscopy. 

In the following section the most common x-ray diffraction (XRD) techniques, their advantages 
and disadvantages, structure determination methods and evaluation procedures will be discussed. 
For more detailed information the reader is referred to standard books on x-ray [2-4], electron [5] 
and neutron [6] diffraction. 

2. Basic principles of crystal diffraction 

2.1. BRAGG'S LAW 

Fig. 1 shows a schematic view of the geometric arrangement of a diffraction experiment. A mono­
chromatic beam of wavelength A hits the film/substrate from which it is diffracted in several direc­

tions. The diffracted intensity is recorded as a function of the diffraction angle 1'}. As is well known 
from standard physics textbooks the intensity ofthe diffracted beam is non-zero only at those dif­
fraction angles where the Bragg condition 

2dhk1 • sin 1'} = A (1) 

is satisfied. dhkl is the spacing of the lattice planes with the Miller indices h k I . The Bragg condi­
tion is the result of a coherent superposition of elementary waves from the origin of each cell of the 
lattice. It reflects the translational symmetry ofthe Bravais lattices, but does not contain information 
on the basis of the unit cell, i.e. on the atomic arrangement of atoms in the unit cell if it contains 
more than one atom. 
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Fig. 1: Schematic layout of the beam geometry in a diffractometer 

Ifthe film material is polycrystalline consisting of randomly oriented grains, the diffraction intensity 
is directed into cones. Ifthese are projected on a flat surface which is normal to the incident beam 
concentric rings are formed (Debye-Scherrer rings). With monocrystalline film material (epitaxial 
layers) a pattern consisting of single points (Laue pattern if the incident beam is polychromatic) is 
formed. If the crystal grains of the fihn material have a preferred orientation (texture) then a pattern 
is obtained which consists of rings of non-uniform intensity. Crystal structure determination is 
based on an analysis of the angular position and intensity of the diffraction lines and spots, respec­
tively. The principles are the same for x-ray, electron and neutron diffraction. 

2.2. THE INTENSITY OF DIFFRACTION LINES 

The intensity I( -&) of the diffracted beam depends on several factors. Besides the structure of the 
film it depends also on the experimental method employed, the volume of the irradiated 
fihn/substrate combination, the geometry of the diffractometer and many other factors. In general it 
is sufficient to determine only relative intensities. The most important factors are given in the 
following. 
The atomicformfactor,fThe dependence off on 4nsin-&/A is shown in Fig. 2 for several atoms 

and ions. The rapid decrease offwith sin-&/A is due to destructive interference in the electron cloud 

60 

LL 
50 

Ba 
Ct:: 40 
0 r--
u 30 
L2 
2 
Ct:: 20 
0 
LL 

CI 
10 N 

0 
0 5 10 15 

4l1sine/A 108 cm- 1 

Fig. 2: The atomic form factor F for Ba, Cl and N vs. 4nsin-&/A 
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of the atom which is comparable in size with the wavelengths of x-rays used for diffraction experi­
ments (1 - 2 A). This means that the signal to noise ratio of a diffraction pattern worsens with in­

creasing sin f} IA. Furthermore, the maximum value f(O) is proportional to the number of electrons in 
the electronic cloud. If the film material under investigation is composed oflight and heavy elements 
and their form factors differ considerably it will be very difficult to observe diffraction peaks caused 
by light atoms in the presence of heavy ones, particulary since the form factor enters quadratically 
in the expression for the intensity 1. 
The temperature factor or Debye-Waller factor, T: It is caused by the thermally induced oscilla­
tions of an atom and is given by the expression exp( -K2u2) where u is the mean oscillation ampli­

tude of the atom and K = 47tsinf}/A. This factor also decreases with the diffraction angle, but to a 
smaller amount than the atomic form factor f. 
The absorption factor, A: Both the incident and the diffracted beams in passing through the film 

are partially absorbed leading to an absorption factor A(K). Its dependence on f} is just opposite to 
that of the temperature factor T. It has been shown in many cases that these factors cancel each 
other and that better results are obtained by ignoring both factors than by attempting to allow for 
them. 
The structure factor, F: This factor is the most important one, because it contains the information 
on the position of atoms in the unit cell of the lattice. It is given by the expression 

(2) 
j 

The summation has to be performed over all atoms j in the unit cell. The position of the jth atom in 
the unit cell is given by the coordinates a'uj, b'vj and c'Wj, where a, band c are the dimensions of 
the unit cell in the three main axis directions and lj is the atomic form factor of the jth atom. F(hkl) 
is complex, but the intensity is given by the real quantity 1F12. Simple expressions are obtained for 
cubic lattices. For a bcc structure 1F;2= 0 when h+k+l is an odd integer and 1F12= 4·f2 when h+k+! 
is an even integer. For a fcc lattice IF/2 = 16·f2 if all Miller indices arc even or odd integers; if they 
are partly even and partly odd 1F;2 = O. For example TiN crystallizes in a fcc structure, therefore 
the diffraction peak sequence ofhkl is 111,200, 220, etc. 
The multiplicity factor M: In general more than one plane hkl in a crystal can have the same spac­
ing. In the powder diffraction technique which is most widely used in film structure analysis all 
planes with the same spacing contribute to the same diffraction ring. By the multiplicity factor this 
circumstance is considered, and M is equal to the number of lattice planes of all different hkl com­
binations giving rise to the same spacing. 
Other factors: primary and secondary extinction due to reduced intensity of the incident beam as a 
consequence ofthe multiple diffraction process has to be considered in monocrystals and polycrys­
talline materials of grain size > 10 11m, but do not play an important role in film structure determi­
nation. 

The two most important factors contributing to the intensity of the diffracted beam are therefore 
the stucture factor and the multiplicity. The intensity of the diffracted beam is therefore given by: 

Ihkl = IFI2 . M (3) 

Equ. (3) gives the intensity for all combinations of planes hkl having the same lattice spacing. To 
calculate the diffraction angle for a diffraction line hkl the spacing of the corresponding lattice 
planes has to be calculated and then the Bragg equation (I) has to be applied. 
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3. Evaluation of powder diffraction patterns 

3.1. COMPARISON WITH POWDER DIFFRACTION STANDARD FILES 

Diffraction analysis serves in the practice of thin film and coating laboratories to identify the struc­
ture of a deposited film rather than to elaborate the structure of new unknown substances. The latter 
would better be performed with bulk material and in particular with monocrystals. Therefore dif­
fraction analysis as discussed here is essentially limited to a comparison of the experimentally ob­
tained diffraction pattern with patterns of substances the structure of which is already known. This 
procedure is facilitated by the fact that in general the composition of the material in question is 
known and that therefore the number of possible structures which might have been formed is lim­
ited. For such comparisons in principle, the intensity of the diffraction peaks has to be calculated 
with the help of equ. (4). An easier way, however, is to rely on the Powder Diffraction Standards. 
These are a collection of experimentally determined relative intensity values for a huge number of 
substances (Joint Committee on Powder Diffraction Standards, JCPDS [7]). They are available as 
books, microfilms and cards, and can also be retrieved from disks and data banks. The data are di­
vided in an organic and inorganic part and have several subdivisions as e.g., minerals, metals and 
alloys. Fig. 3 shows, as an example, such a card for TiN. It contains in the top part the diffraction 
lines with the highest intensity and their corresponding d values; this type of information is detailed 
in the table on the right of the card and complemented by the corresponding hkl indices. Furthermore 
the cards contain information on the crystal system and space group, the lattice constant, on physi­
cal properties such as density, melting point, colour and hardness and also on the experimental con­
ditions and their origin. Corresponding cards are available also for several non-stoichiometric 
TiNx compounds. 
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Fig. 3: Example of a JCPDS powder diffraction file of stoichiometric titanium nitride. 
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For demonstration in Fig. 4 a comparison is shown between a diffraction spectrum which was ob­
tained with a glancing angle x-ray spectrometer (see below) from an ion beam sputtered TiN film on 
a glass substrate at 77° K [8] and the line spectrum as obtained from the dhkl values and their cor­
responding relative intensities as shown on the JCPDS card of Fig. 3. It is evident that the experi­
mental line positions agree relatively well (besides a small shift to lower diffraction angles caused by 
strain), but the line intensities differ considerably. This is due to the fact that TiN films grow with a 
preferred orientation ofthe (111) plane parallel to the substrate surface. Furthermore it is interesting 
to note that the width of the lines are quite large which is due to small crystallite size and lor strain 
in the film (see below). 

Besides the JCPDS files a considerable number of other data banks exist from which crystal­
lographic information can be obtained. The most important in Europe are the Cambridge Crystal­
lographic Data File [9] and the Inorganic Crystal Structure Database [10]. Furthermore several ad­
ditional helps are available such as the Hanawalt index [11] in which substances are ordered accord­
ing to the dhkl values of their strongest lines. 

Modem diffractrometers are computer controlled and have several routines for data collection, 
data display and data evaluation. Peak search routines facilitate the measurement of peak positions 
and intensities, and deconvolution routines allow the separation of overlapping peaks. In many cases 
it is possible to immediately compare the measured diffraction pattern with peak positions and inten­
sities of a great variety of standard materials with powder standard files. 
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Fig. 4: Comparison ofa diffraction 
pattern as obtained by glancing angle x­
ray diffractometry from an ion beam 
sputtered (at 77° K) TiN film [8] with the 
line spectrum as obtained from dhkl 
values and their relative intensities from 
the JCPDS card shown in Fig. 3 

3.2 COMPARISON WITH COMPUTER GENERATED DIFFRACTION PATTERNS 

Modem film deposition methods make it possible to deposit polycrystalline films with ultrafine 
grains in the nanometer size range. Diffraction peaks reach in such cases line widths of the order of 
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10° (see below) with the consequence that several peaks overlap and a structure determination by a 
simple comparison with diffraction line positions and their relative intensities as obtained from 
standard powder diffraction data is not anymore possible. In such cases it might be convenient to 
model diffraction spectra by computer calculations and to try to find out the grain structure by 
comparison with the experimentally obtained diffraction pattern. 

An example of such a procedure is shown in Fig. 5 where a XRD spectrum obtained from a 
15 /.lm thick boron nitride film which was sputter-deposited on a glass substrate (a) is compared 
with computer generated diffraction spectra (b). Like carbon, boron nitride occurs in several 
modifications among them a graphite-like (hexagonal) and two diamond-like (zincblende and 
wurtzite) crystal structures. For the calculation of the diffracted intensity I(K), where 

K = 4nsin t?/A" the Wierl formula [12] was used which is valid for randomly oriented crystallites 

(4) 

rij is the distance between the ith and jth atom and the other variables have the same meaning as in 

formula (1). The average number n of BN molecules contained in a crystallite was choosen in such a 
way that the widths of the calculated diffraction peaks were nearly equal to the experimentally 
observed ones. From a comparison of such computed diffraction patterns with the experimental one 
it becomes evident that the film consists of a mixture of grains with hexagonal and cubic BN. It 
turned out that the hexagonal grains are much smaller than the cubic ones. Interestingly this result 
could also be confirmed by TEM investigations (see below). 
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Fig. 5: X-ray diffraction pattern of a BN film which was sputter deposited on a Si wafer (a). Results 
of a computer generated diffraction pattern for the three different BN modifications (b). 

3. Grain Size and Strain 

The width of a diffraction line is determined by the number of elementary waves which are added 
coherently to build-up the interference pattern and hence by the average size of crystal grains of 
which the material is composed. Taking into account an experimental angular resolution of the 

diffractometer of At? = 0.01° then a line broadening effect is observable if the grain size D is lower 
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then approximately I~m. With film deposition techniques such as bias sputtering, ion plating or ion 
beam assisted PVD dense films consisting of grains in the submicron and even in the nanometer 
region are obtained. Therefore their grain size determination is usually possible by a line width 
analysis. 

If 13gs is the full width at half maximum intensity of the diffraction peak, then D can be 
determined according to the Scherrer formula (see e.g., [2] ): 

K·)" f3 =--
gs D.cosi} 

(5) 

K is a constant which depends on the shape of the crystal grain and assumes in extreme cases values 
of 0.7 and 1.4, respectively. For most cases, however, it can be assumed K = I in good 
approximation. 

Another important factor contributing to a diffraction line broadening is the formation of strain in 
the film or surface. It is well known that good wear resistant films are very often subject to 
compressive stress of the order of several GPa [13]. This has the consequence that the crystal grains 
of which the material is made up are non-uniformly distorted resulting in the formation of slightly 
different lattice spacings. These effect a distribution of the diffracted beam over a small range of 
angles around the line position of the undistorted crystal. The line broadening 13st due to strain is 
given by the expression [2-4]: 

f3 = 4 . E> tan i} 
sf 

(6) 

In general line brodening might be caused both by a limited grain size and by strain in the material. 
In order to separate both contributions it is very often assumed that the total width 13tot is given 

approximately by 13gs + 13st. Then we obtain after some rearrangment the relation 

1 

E 
u 

en 
o 

20,1--------------------------------, 

I 
15 1 

1 

101 
I 

c<. 
~ 

! '1 
o~---------+----------~--------~ 

o 2 4 

47TsinB/iI 108 cm- 1 

(7) 

Fig. 6: Williamson-Hall plot of the TiN 
diffraction pattern shown in Fig. 4. For 
the grain size and strain values of 
D = 130 A and £ = 0.6 % were obtained, 
respectively [8]. 
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By plotting the expression ~cos i} /A versus sin i} fA for different diffraction lines, D and E can 
separately be determined. Such a plot is called Williamson-Hall plot and is often applied for films 
and coatings. Fig.6 shows an example, which was obtained from an evaluation of the diffraction 
pattern shown in Fig. 4. ~tot was taken from the widths of the Ill, 200, 220, 311 and 222 peaks. 

For D and E values of 130 A and 0.6 % were obtained [8]. 

5. X-Ray Diffractometers 

X-ray diffraction is a relatively low-cost technique that is non-destructive, and often complementary 
to other techniques, giving results that cannot be obtained as easily or with the same degree of 
precision by other methods. Most x-ray characterization of thin film material is done via powder 
diffraction methods. In general satisfactory results are obtained if the films under investigation are 
composed of atoms of high atomic number and thickness is in the order of several micrometers. 

A large number of x-ray diffraction methods were developed in the past. However, in recent times 
diffractometers equipped with high-power x-ray sources and counters to measure diffracted 
intensities are most commonly used for thin film and coating investigations. There are essentially 
three different methods; their principles, advantages and disadvantages will be discussed in the 
following. 

5.1. BRAGG-BRENTANO AND SEEMANN-BOHLIN GEOMETRY 
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Fig. 7: X-ray diffractometer in the Bragg­
Brentano geometry. 

The arrangement of a diffractometer in the standard Bragg-Brentano (BB) geometry is shown 
schematically in Fig.7 [14, 15]. Focal spot, sample and receiving slit are positioned on the focussing 
circle. The sample is placed tangentially to the focussing circle, enabling the use of a large sample 
area. The radius of the focussing circle depends on the Bragg angle. The incident beam is 
monochromatized either by a single crystal or by x-ray filters and then directed through a collimator 

onto the sample. The diffracted beam is analyzed as a function of the scattering angle i}. In the BB 
geometry, the angle that the sample surface makes with the incident beam, increases directly with 
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2 7J, thus reducing the sample volume in proportion to 1Isin 7J for films of thickness d « 1/11 (11 is the 
linear absorption coefficient). Together with the general reduction in scattering cross section with 

increasing scattering angle, this causes an extreme diminuition of the intensity of the higher 27J 
Bragg reflections. Because the only atomic planes which contribute to diffraction in a Bragg­
Brentano powder pattern are parallel to the sample surface, any sample texture affects diffracted 
intensities, and strong texture renders most reflections inaccessible. A consequence of this is strong 
substrate diffraction if any substrate atomic planes are within a degree or so parallel with the 
substrate surface. Diffraction from these planes may mask the presence of weak thin film peaks. 

In the Seemann-Bohlin (SB) geometry (Fig. 8) the focal spot, sample and receiving slit are also 
mounted on a focussing circle [14, 15]. However, the sample is kept at a fixed angle to the incident 
x-ray beam, and the receiving slit of the detector is moved along the focussing circle. The incident 
angle can be as small as ~ 5° and may now be different from the Bragg angle. The sample volume 
remains thereby fixed resulting in larger diffracted intensities in particular at large Bragg angles. 
However, the major advantage for thin film applications is that small incidents angles can be used. 
This is important also in cases where strong texture effects might reduce the signal/background 
ratio. 

FOCAL\ 
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DIFFRACTOMETER 
FOCUSING CIRCLE 

SAMPLE 

Fig. 8: X-ray diffractometer in the Seeman­
Bohlin geometry 

5.2. GLANCING ANGLE X-RAY DIFFRACTOMETRY 

If the thickness of the films under investigations is in the sub-micrometer range the diffracted 
intensity may be strongly masked by substrate contributions. To improve the signallbackground 
ratio a control of the penetration depth of the x-ray beam is necessary. This can be done by a 
relatively new surface-sensitive technique, glancing angle x-ray diffraction (GAXRD)[8, 14, 17, 
18]. This technique is based on the fact that with decreasing angle of incidence the penetration depth 
of x-rays is diminished. In Table I the penetration depths for several materials are compared for the 
cases of normal BB, SB and glancing angle incidence GA at 1 ° [16]. From this comparison it 
becomes evident that for most films having a thickness in the submicrometer range the angle of 
incidence should be considerable smaller than 5° in order to avoid a penetration into the substrate 
material. 
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Table 1. Penetration depth of eu Ka radiation in various materials 

Material Norm. to Surface BB at <1>=600 SB at <1>=50 GA at <1>=10 

Au 2.5 1.25 .2 440 A 
stell (ArSr 304) 4.6 2.3 .4 800 A 
TiN 11.4 5.7 2000 A 
AI 76 38 6.6 1.3 
BN (hexagonal) 862 431 75 15.0 
C (diamond) 620 310 54 10.8 
Si02 115 57 10 2 

penetration depts in pm ifnot otherwise indicated; BB = Bragg-Brentano geometry, SB = 

Seemann-Bohlin geometry, GA = glancing angle geometry, <P = incident angle 
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In order to reduce the angle of incidence to values <j> < 5 ° it is necessary to abandon focussing 
arrangements and use a parallel beam geometry. Instead of a diverging incident beam, a high 
precision slit has been added to allow accurate control of the angle of incidence on the sample. 
Diffraction from the entire illuminated section of the sample surface is collected via a Soller slit for 
angular resolution. A monochromator may be placed after the exit Soller slit to discriminate in favor 
of the characteristic K(X lines of the source. Alternatively, a solid state semiconductor detector may 
be employed (these havea typical energy resolution of 2 %). Fig. 9 shows a schematic view of a 
GAXRD instrument being a modification of the SB focusing geometry. This arrangement is known 
as the glancing incidence asymmetric Bragg (GIAB) geometry. The resultant loss of intensity in this 

DETECTOR 

SOURCE 

Fig. 9: Glancing angle x-ray 
diffractometer in the assymetric 
Bragg geometry 

geometry is high with repect to the focussing geometry, but is compensated by a considerable 
increase in the signallbackground ratio. Fig. 10 shows as an example the diffraction pattern of a 0.3 
11m thick TiN film deposited on a glass substrate at three different graze angles of 4°, 1.5° and 0.5° 

[8]. The broad diffraction peak near 21J = 25° typical for an amorphous material disappears at the 
graze angle of 0.5° because the x-ray beam is almost completely confined to the TiN film. 
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Fig. 10: Diffraction pattern ofa 0.3 
!lm thick TiN film deposited on a 
glass substrate at three different 
graze angles of 4°, 1.5° and 0.5° [8] 

Up to now few experiments on thin films and coatings structure investigations have been performed 
with neutron diffraction. The main reasons for this are: i) powder diffraction studies with neutrons 
require a sample volume in the order of cm3; ii) neutron scattering experiments are expensive with 
respect to x-ray and electron diffraction and iii) access to neutron spectrometers is difficult and 
requires a relatively long procedure. However, with the availablility of high flux neutron reactors in 
recent years this situation might change. 

This technique is mentioned here because it has some unique features which are not available in x­
ray and electron diffraction. In contrast to x-rays, neutrons have the great advantage that the 
(coherent) scattering amplitude ac (corresponding to f(K) for x-rays) shows no regular dependence 
on the atomic number. For example deuterium has a relatively large value for ac and allows 
therefore the determination of the position also of hydrogen atoms if substituted by the deuterium 
isotope even in presence of heavier atoms. Furthermore, due to the fact that neutrons interact with 
the atomic nucleus and not with the elcctron eloud (as for x-rays and electrons) ac is constant and 
independent ofthe momentum transfer and does not display an angular dependence. This makes the 
accessible range of K values much larger. Another important characteristic of neutrons is their 
unique capability to interact with magnetic moments. Actually all essential magnetic structure 
investigation have been performed with neutron diffraction. Recently the first neutron diffraction 
experiments on TiN coatings were reported [19]. 
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II. Morphology of Thin Films 

1. Introduction 

In this chapter we will distinguish between film surface morphology and the structure of crystal 
grains, grain boundaries and small voids in the bulk of the film. These two domains are usually 
investigated by two different techniques: scanning electron microscopy (SEM) and transmission 
electron microscopy (TEM). Due to the central role of SEM and TEM in this field we will not deal 
in this article with other techniques like optical, tunneling and atomic force microscopy. 
By 'surface morphology' we mean not only the film surface but also fracture surfaces, which show 
the type of growth morphology. 

2. Surface Morphology by SEM 

2.1. DESCRIPTION OF THE SCANNING ELECTRON MICROSCOPE 

A typical setup of a scanning electron microscope is given in Fig. 11: An electron beam from a 
tungsten or LaB6 tip is accelerated by the anode (range 5 to 50 kV) and focussed via two magnetic 
lenses (magnification about 111000) in order to get a fine spot on the sample. At the same time the 
beam is scanned in x and y direction by two coil pairs. The emitted electrons from the sample are 
either collected by a detector for reflected electrons (RE) or a detector for secondary electrons (SE). 
After amplification this signal modulates the intensity of a cathode ray tube which is deflected syn­
chronously with the microscope electron beam. The magnification of the image is' adjusted by the 
amplitude of deflection in the two coil pairs. The elastically reflected electrons have the same energy 
(disregarding a small energy loss due to electron phonon interaction) as the incident beam and show 
a strong directional effect. Their backscattering coefficient depends strongly on the type of material: 
the heavier the element, the higher the backscattering coefficient. Secondary electrons leave the sam­
ple with energies smaller than 50 eV, independent of the primary beam energy (the energy range be­
tween 50 eV and the primary beam energy can be disregarded for SEM due to the weak intensity of 
these electrons). About one to two secondary electrons are generated per incident primary electron. 
Secondary electrons show almost no directional effect and can be collected from positions 
of the sample which are not directly seen by the detector, if a slight positive bias is applied to the 
specimen. Their emission intensity does not depend much on the material. Therefore the strong 
shadowing effect seen with reflected electrons is not observed; instead they display a more uniform 
illumination ofthe sample independent of the local elemental composition ofthe specimen. Fig. 12 
shows the fracture surfaces of boron nitride films deposited by magnetron sputtering with a bias of 
-20 V (left) and -100 V bias (right) [20]. The specimen deposited with low bias exhibits a more 
granular structure, whereas the high bias film shows a distinctly fibrous fracture with an irregular 
dome-like surface morphology. The reason for this exceptional behaviour is due to a mixed phase 
deposition: cubic BN crystallites are embedded in a very fine grained hexagonal matrix, as will be 
discussed later. The images of Fig. 12 could be obtained without adverse charging effects (BN is an 
insulator) at an accelerating voltage of 4.5 kV. At this voltage a charge balance of primary beam 
electrons (falling on the specimen) with scattered and secondary electrons (which leave the 
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specimen) reduces the charging effects. Charging can also be avoided by depositing a thin metallic 
film on the specimen surface. This, however, modifies the surface properties. Modem scanning 
electron microscopes have a beam resolution of better than 1 nm. However limitations in image 
quality due to specimen charging and specimen preparation are often encountered. 

3. Bulk Structure of Films Studied by TEM 

For TEM investigations thin foils of thickness 5 to 500 nm (depending on the material and type of 
investigation) have to be prepared from the "bulk" ofthe films. The foil preparation procedure will 
be described in a later chapter. With these foils it is possible to visualize structures in the nm range. 
It should be mentioned that in the case of single crystals it is even possible in the so called lattice 
imaging mode to see the projection of single atom columns and to locate dislocation lines in the 
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Fig. 12: liracture surtaces oltwo magnetron sputtered liN tilms as studied by a JEOL 840F 
scanning electron microscope: the film on the left was sputtered with -20 V and that one on the right 
with -100 V [20]. The low bias film exhibits a more granular structure and the high bias film a 
distinctly fibrous structure 

crystal [21]. Also boundaries between specially prepared monocrystals of different materials can be 
studied by this technique [22]. Here we are more interested in films with crystallite sizes in the /lm 
to nm range. TEM can be used not only for imaging but also for diffraction studies. 
It has, however, one great advantage with respect to the technique mentioned in the diffraction 
chapter: the area of diffraction can be reduced to 1 /lm in diameter (with a special option, the so 
called STEM lens, a further reduction to only 3 nm is possible). This type of diffraction is called 
SAD (small area diffraction). It allows us to study only a few crystallites, in special cases only one. 

The combination of diffraction with imaging offers new imaging modes. If the image is 
constructed by the light of the Oth order diffraction it is called bright field (BF) imaging and in the 
case of higher orders it is called dark field (DF) imaging. In the BF case all electrons pass through 
the microscope except the scattered electrons, in the DF case only the scattered electrons pass 
through the microscope, we see bright object details (i.e. crystallites in Bragg orientation) on a black 
background. 

3 .I.DESCRIPTION OF THE TRANSMISSION ELECTRON MICROSCOPE 

A scheme of a three lens transmission electron microscope is given in Fig. 13. As with an optical 
microscope lenses are used to create a magnified picture of the object. However the lenses are 
magnetic and the image is formed from the intensity distribution of the electrons leaving the bottom 
surface of the specimen The most important part concerning the resolution is the objective lens. The 
resolution (Scherzer resolution) depends mainly on the beam voltage: for a 100, 200 and 400 kV 
microscope it reaches 0.33, 0.25 and 0.19 nm, respectively. In Fig. 13a the beam pathway for bright 
field imaging is shown and in Fig. 13b the pathway for selected area diffraction (SAD) is illustrated. 
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Fig. 13: Schematic diagram of the beam pathway of a transmission electron microscope a) for bright 
field imaging and b) for selected area diffraction. The working principle of the objective diaphragm 
and the selector diaphragm are indicated 

For BF and DF imaging the objective diaphragm, placed in the back focal plane of the objective 
lens, selects the order of diffraction of the image light. In SAD the specimen area used for 
diffraction is selected by the selector diaphragm which is located in the plane of the first image (see 
Fig. 13). With a magnification M of the first lens and a diameter d of the diaphragm, the selected 
area for diffraction has the diameter dIM. For phase imaging applications the objective diaphragm 
in fig. 13a has to be wide enough that also higher order diffractions are allowed to pass. 
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Contrast of the images is generated in two different ways: a) by phase contrast: in this case the 
direct and diffracted beams are allowed to interfere with one another. Local phase shifts of an 
electron wave are created e.g., by voids or the coulomb potential of heavier atoms. Phase contrast 
imaging gives the highest resolution in transmission electron microscopy, as used for example in 
lattice imaging. Also out of focus imaging, which will be discussed later, uses the phase contrast 
mode. b) by amplitude contrast as in BF and DF imaging. In this case the diffracted light of other 
diffractions than the selected one is eliminated by a small aperture of the objective diaphragm. A 
first example for BF and DF imaging is given in Fig. 14 for a BN film [20]. This material is of 
special interest due to the appearance of mixed cubic and hexagonal phases, as mentioned earlier. 
The first broad diffraction ring (see Fig. 14d) is due to the hexagonal phase and the second narrower 
ring to the cubic phase. This favourable circumstance allows to see the grains of both crystal 
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Fig. 14: Transmission electron micrographs of a magnetron sputtered BN film: a) bright field; b) 
dark field using (Ill) cubic reflection; c) dark fIeld using (00.2) hexagonal reflection; d) electron 
diffraction pattern [20]. The studies were performed with a JEOL 200CX transmission electron 
microscope. 
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structures independently by using DF imaging with the electrons of the (111) cubic reflection or the 
(00.2) hexagonal reflection ring. The BF image (Fig. 14a) shows both the cubic and hexagonal 
grains as dark spots. Some larger cubic grains exhibit evidence ofintemal faulting, presumably due 
to twinning (cubic BN twins on {Ill}). Details especially of the small hexagonal grains are lost in 
the BF image but can be seen in the DF images (Fig. 14b and c). 

3.2. OUT OFF FOCUS IMAGING 

Films deposited with PVD techniques at low deposition temperatures often include many voids, in 
some cases even a network of micro channels. For film applications such as anticorrosive, wear 
resistant, sensor coatings, etc., it is important to know more about the morphology of microcavities 
in the nm domain. This is done by "out offocus" imaging technique which allows the identification 
of microcavities in the range from 1 to 5 nm diameter. These cavities are weak phase objects that 
are invisible in focus (objective lens focused on bottom surface ofthe specimen). However, when 
imaged under appropriate out-of-focus conditions (a few /lm), they produce in underfocussed 
condition bright spots surrounded by dark Fresnel fringes and in overfocused conditions dark spots 
surrounded by bright Fresnel fringes. The outer diameter of the central spot corresponds fairly well 
to the diameter of the cavity. More details on this contrast effect are given in the paper of Ruhle and 
Wilkens [22] who analysed this effect for small strain free cavities. Fig. 15 shows an example of an 
under focus image of a (V,Ti)C film deposited by activated reactive evaporation (ARE) at a 
relatively high acetylene pressure of 10-3 torr and 700°C [23]. 

Fig. 15: Out off focus image ofa 
(V,Ti)C film deposited by 
activated reactive evaporation at 
an acetylene gas pressure of 10-3 
Torr and 700°C. The underfocus 
condition reveals the faint network 
of cavities present [23] 

The relatively high acetylene pressure in combination with a relatively low deposition temperature 
causes a high deposition rate, a very fine-grained structure and a faint network of fine cavities. 
Higher temperature deposits with a smaller deposition rate show large grains and no cavities. The 
Knoop hardness increases from 1385 for the cavity rich structure to 2900 for the cavity poor 
structure. The usual trend that the smaller the grain size the harder the material is overcompensated 
by the presence of the cavity structure. 
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3.3. SELECTED AREA DIFFRACTION AND IMAGING 

The possibility of combining diffraction with imaging makes TEM such a powerful tool. By 
inspection of the specimen image before a SAD experiment a direct comparision of microstructure 
and electron diffraction of a region as small as I I!m is possible. This allows us to study single large 
crystal grains of the film. However, even for fine grained specimens SAD and imaging are 
complementary. It is possible with diffracted Debye-Scherrer rings to use DF imaging modes. The 
grain size can be determined by both methods: directly by DF imaging and indirectly from the width 
of broad diffraction lines. In recent years it has become common practise to add to each TEM image 
as insert the diffraction pattern. Fig. 16 shows as an example the BF images with the corresponding 
diffraction inserts for WSix coatings on a Si(lOO) substrate during an annealing process [24]. The 
average grain size (GS) increases from 2.5 nm for the as deposited sample to 265 nm for the sample 
tempered at II OO°C. The SAD spectrum shows the typical Debye-Scherrer rings of rather large 

920'C 

os - 8004 

1100 ' C 

Fig. 16: Bright field images 
with the same magnification, 
and inserts of the corresponding 
diffraction patterns demon­
strating the grain growth of 
WSix films on a (l00) Si 
substrate. Annealing tempera­
tures and average grain sizes 
(GS) are indicated in the 
figures [24] 

width for the films of small grain size and only a few diffraction spots for the films with large grain 
size. Recently instruments for analytical electron microscopy can focus the beam (with the STEM 
lens) to a spot of only a few nm in diameter. This micro diffraction is called convergent beam 
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electron diffraction (CBED). Several other modes of using a transmission electron microscope are 
not discussed here. One of them is surface chemical analysis which can be performed in high 
resolution. 

Limitations for TEM are on the low magnification end: due to the limited area, that can be made 
transparent for electrons, morphological variations on a coarser scale are difficult to observe. X-ray 
diffraction reveals more accurate lattice spacings for phase characterization than electron diffraction 
because it uses larger areas and volumes of the specimen. Texture studies are also better performed 
with x-rays. 

3.4. SPECIMEN PREPARATION FOR TEM 

Besides the great advantages which TEM bulk investigations offer in thin film research it has also a 
disadvantage: the preparation of an appropriate thin foil. A well prepared foil is the prerequisite for 
a successful TEM analysis. It involves, however, a tedious process that requires patience and some 
experience. The foil thickness is usually less than 1 ).tm; for high resolution TEM it may even be 
less than 10 nm. Specimen thinning is made in two steps: two sample slices of about lxlx2 mm are 
fixed with the coatings face to face in the inner rectangular hole of a Ti disc with the coating 
surfaces perpendicular to the disk. The whole disc including the sample slices is then mechanically 
polished to 0.1 to 0.2 mm. In the second step the center region of the disk is further thinned either by 
electropolishing with a fine jet of etching liquid which is pumped against the mechanically polished 
sample (jet-polishing) or by ion beam milling with an Ar+ beam of about 5 keY which is directed 
under an angle of 5 to 20 degrees against the sample surface [25] until perforation occurs. The 
smooth edges of this center hole are used for TEM investigations. For metals and semiconductors jet 
polishing is used preferentially whereas for insulators and ceramic materials ion beam milling is 
applied because jet polishing is not suitable in this case. 

Another method to produce foils is the deposition of a sufficiently thin film on a soluble substrate 
(e.g. Al on NaCl). After dissolution of the substrate the film is transfered on a Cu grid which acts as 
specimen holder. Direct deposition of the film on a thin amorphous carbon layer, which is deposited 
on a copper grid, is also possible; the thin amorphous carbon film is almost transparent to the 
electron beam. 
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ABSTRACT. This review considers surface engineering techniques for high temperature 
corrosion resistance. A brief description of high temperature corrosion is given and criteria 
for surface engineering are outlined. The most important classes of surface treatments for high 
temperature corrosive applications are discussed, notably surface alloying, diffusion coatings 
and metallic and ceramic overlay coatings. Also, the important role of surface modification 
techniques, in particular ion implantation, as a research tool for corrosion science is 
highlighted. 

1. Introduction 

Processes involving high temperatures (i.e. typically between 600 and 1200DC) form an 
important part of modern industrial activity. Fundamental thermodynamics predict that an 
increase in temperature leads to a higher overall efficiency, e.g. in the conversion of thermal 
to mechanical energy and subsequently to other forms of power. For example, if the inlet 
temperature of a gas turbine is increased from 900De to 12500 e (for the same energy 
consumption) the resultant power output increases by about 30%. Other industrial 
processes, which become more efficient as the temperature is increased, are those 
in which the limiting factors involve microstructural or molecular kinetic 
processes; in such cases higher efficiency corresponds to a shorter reaction time 
and therefore higher productivity for the installed equipment. Applications of high 
temperature processes are widely spread and include propulsion units (turbine and 
rocket), energy production (including nuclear energy), coal conversion, automotive 
and chemical industry, waste incineration and metals processing (Fig. 1). The 
achievement of enhanced process efficiency and economics is dependant crucially 
upon the development and application of improved structural materials. 

Several aspects influence the selection of a metallic or ceramic material for 
high temperature applications, including corrosion resistance, mechanical 
properties, resistance to erosion, materials conservation and cost effectiveness. 
Increasingly greater demands imposed on materials make it more difficult or, at the current 
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HTR: high temperature gas cooled reactor; MHD: magneto- hydrodynamic energy conversion. 

stage of development, even impossible to combine the different properties required in one 
single material. Therefore, a composite system of a base material, for example providing the 
necessary mechanical strength, with a corrosion protective surface layer, different in structure 
and/or chemical composition, supplied by a surface treatment can be an optimum choice in 
combining materials properties, In the following text the term surface treatments will be used 
to indicate both surface modifications and coatings. 

Although protective surface treatments are widely applied at low temperatures, the use 
of these at elevated temperatures is more recent. Current high temperature applications are 
limited largely to the aerospace industry. An enormous challenge exists now to develop and 
apply these techniques to other high temperature applications, such as in process industries 
and diesel engines. 

The purpose of this paper is to review the surface treatments available for high 
temperature applications, with emphasis on applications in corrosive conditions. This will 
concentrate on metallic materials, excluding refractory metals. However, it should be noted 
that the number of studies dealing with surface treatments for non-oxide ceramic materials 
is rapidly increasing. For example, in the case of ceramic composite materials, coatings are 
essential for their satisfactory operation [1-3]. By its very breadth of scope and wealth of 
detail it is difficult to review the subject in a comprehensive manner. The objective of this 
paper, therefore, will be to provide a balanced overview with firstly, a brief outline of the 
main parameters determining high temperature corrosion. This is followed by a discussion of 
the requirements for and the main classes of surface treatments for high temperature 
applications. A division is made between surface alloying and diffusion coatings and overlay 
coatings. 
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2. High Temperature Corrosion 

Alloys, which are used for structural components at high temperature are generally austenitic 
and ferritic stainless steels and superalloys based on iron, nickel or cobalt. They serve in a 
wide variety of environments depending on the type of process and process parameters. 
Oxygen, sulphur, carbon and nitrogen are the aggressive reactive species most frequently 
encountered, however, halogens, sodium and vanadium may also play an important role. The 
elements or their compounds may be present in either a gaseous or liquid form or in deposits. 
Various types of corrosion can be anticipated within different industrial processes, which will 
be surveyed. More detailed analysis is outside the scope of this paper and the interested 
reader is referred to the various textbooks on this subject [4,5]. 

Since in most of the high temperature environments oxygen is present, oxidation is 
the most important form of high temperature corrosion. Most materials are subject to oxidation 
if exposed, at a high temperature, to air or to oxygen rich environments. Oxidation resistance 
depends mainly on the potential of the alloys to form and maintain a protective oxide scale 
of Cr20 3 , AlP3 or Si02 with low rates of growth. The role of this scale is to isolate the 
bare alloy from the environment and thereby to limit the corrosive attack. Oxides of other 
high temperature alloy constituents, like Fe, Ni and Co, or mixed oxides are generally less 
protective. Silicon has the drawback that at concentrations necessary for selective oxidation 
it can form low melting point and/or brittle phases with the other alloy constituents. For this 
reason protection by silica formation is used primarily via coatings. Up to about 950°C alloys 
relying upon a Cr20 3 oxide scale can be utilised, whereas, at higher temperatures, where Cr20 3 
tends to convert to volatile Cr03 , alloys or coatings capable of forming the more stable Al20 3 
are preferred. 

In a large number of applications other reactive species, in addition to oxygen, are 
present and attack by other gaseous species must be taken into account. These species are 
mostly incapable of forming protective scales and may even form low melting or volatile 
compounds with the alloy. Sulphur is the most common contaminant, usually introduced from 
fuels, such as coal and oil. Sulphidation can reduce significantly the service life of metallic 
components and it is a matter of considerable concern, not only in processing plants in the 
petrochemical industries, but also in various energy conversion processes. The fact that oxide 
layers generally form a barrier against other reactive gaseous species means that the resistance 
of alloys to mixed gaseous attack depends on their ability, also under these conditions, to form 
a protective oxide scale either of Cr20 3 or Al20 3. This will be more difficult in environments 
of low oxygen and high sulphur activities, like for example encountered in coal gasification 
processes. Under these conditions, corrosion kinetics will determine whether a protective oxide 
scale will be established rapidly to protect the alloy from degradation by sulphur [6]. 

The corrosive action of a salt deposit and a gas may be greater than that of a gas 
alone. This form of attack is called "hot corrosion", an example of which occurs in gas 
turbines. Sulphur from the fuel and NaCI from the ingested air may react at high temperature 
to form salt vapours, such as Na2S04• At lower temperatures these vapours condense on 
component surfaces. Corrosion proceeds essentially in two stages. In the incubation period a 
protective oxide scale is formed, whereas in the propagation stage protection is lost due to its 
mechanical rupture or to its dissolution by the molten salt ("fluxing"). Hot corrosion appears 
only at intermediate temperatures determined by the melting point and the dew point of the 
salt. In general two different types of hot corrosion are distinguished, one appearing at higher 
temperatures (Type I: 800-950 DC) and one at lower temperatures (Type II: 600-750 DC). The 
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degradation modes depend on various factors including temperature range, nature of 
contaminants, gas composition and alloy composition [7]. Alumina forming materials with a 
low Cr-content are very prone to these types of attack. Si additions improve the corrosion 
protection, but have the drawbacks mentioned previously. For these reasons most alumina 
forming materials rely on the addition of Cr for resistance against hot corrosion. 

Even if a protective scale has formed, superimposed erosive, thermal and/or 
mechanical loading, as generally encountered under operating conditions, may undermine the 
scale stability causing it to crack and spall, thereby leading to accelerated corrosive attack of 
the underlying alloy. Successively less protective oxides, e.g. those of Fe and Ni, will form 
a larger part of the oxide scale and in the presence of other reactive species different corrosion 
products than oxides might be formed. In the case of corrosion protection arising from an 
artificially applied layer, spallation of this layer might be disastrous. Additionally the spalled 
fragments may cause severe erosion or blocking of gas flows. Cracking and spallation of 
protective oxide scales under practical conditions, therefore, is a subject of increasing concern. 
In this context during the last decade the beneficial role of reactive elements, such as yttrium, 
cerium and other rare earths, has received considerable attention [8-10]. These elements added 
in small amounts (less than 0.1%) to the bulk alloy or to the surface dramatically improve 
the resistance of scales against spallation. The exact underlying mechanism of the reactive 
element effect is still subject of discussion. 

3. Requiremenls for Surface Treatmenls for High Tempemture Applications. 

The purpose of a surface treatment is to provide enhanced protection over that afforded by 
the oxide scale formed naturally in the particular corrosive environment. Several factors 
influence the selection of a surface treatment, both in terms of composition of the layer and 
technique of application. These are related to the system of application, substrate material, 
surface material (including processing) and costs (Fig. 2). 

Concerning the application, the main question is whether the surface treatment can 
supply an adequate improvement in lifetime taking into account the service conditions of 
corrosion, erosion, mechanical strains, temperature and thermal changes. Also with regard to 
component geometry requirement it might be necessary that the surface treatment is applicable 
to complex shaped objects and into small holes (aerofoil cooling technOlogy). In several 
applications any change of shape or dimensions due to the treatment can be critical. It should 
be noted that the operating conditions of what seems to be a similar application, might differ 
largely. In the 1970s AI-rich coatings, which were used successfully for aircraft turbine 
applications, were found to fail when they were first used for the protection of industrial gas 
turbines. Later it was recognized that the general corrosion degradation mechanisms were 
different in these applications. For example gas turbines for marine propulsion are susceptible 
to both Type I and II hot corrosion, whereas in general those for aircrafts, operating at higher 
temperatures (Fig. 1) and using cleaner fuels, are more .subject to oxidation. However, Type 
I hot corrosion is becoming an important degradation mechanism also for aircraft gas turbines 
operating under coastal or marine conditions. The requirements upon gas turbine materials for 
military and commercial aircrafts also differ. A military aircraft gas turbine for example needs 
to provide rapid acceleration, thus leading to severe temperature cycles with subsequent risks 
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for cracking and spalling of protective surface layers. However, for military applications more 
frequent inspection and shorter time between overhauls is acceptable, sometimes being as 
short as 100 hours compared to several thousand hours for commercial aircraft. This clearly 
illustrates the requirement to treat every application of a surface treatment individually. 

Choice of the surface material is governed both by the properties of the material, as 
well as by the mode of application of the surface treatment. A necessary prerequisite is that 
the surface layer has sufficient metallurgical stability throughout the required service life. Very 
often the coating and base alloy will have widely different compositions. The activity 
gradients of the various elements across the coatinglbase alloy interface could cause diffusion, 
which can be rapid at elevated temperatures. Additionally, reaction between elements from 
the surface layer and base alloy may form detrimental phases. Elements from the base alloy 
might also diffuse to the coating/gas interface and impede the formation of a protective oxide 
scale. On the other side diffusion of elements from the surface layer into the allOY, occurring 
during application of the coating or in service, might seriously affect, for example, the 
mechanical properties of the base material. It should be kept in mind that during service at 
high temperature, the composition and structure of a surface layer could change continuously 
and therefore their properties are susceptible to modification accordingly. A point related to 
this is the self healing capability, under the operating conditions, in the event of local failure. 
Another important fact to consider is whether the surface treatment will reduce the thermal 
conductivity of the system significantly. This can be detrimental in the case of heat exchanger 
applications, whereas on the other hand this can be advantageous and is the major reason for 
the application of thermal barrier coatings. Concerning the technique side, the main 
requirements are whether the surface material can be produced in a reproducible and reliable 
way and whether the technique is applicable in the field. This raises an important point of the 
possibility of repair. Depending on the application in situ coating repair might be of great 
advantage, although this imposes considerable extra problems in the choice of surface 
treatments. 

Turning to the substrate, the influence of the treatment on its properties by e.g. heat 
treatment or interdiffusion, has to be considered. Taking into account the complex and 
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carefully controlled heat treatment cycles required to optimize mechanical properties of several 
advanced high temperature alloys it can be recognized that the temperature cycles of the 
surface treatment must be carefully tailored in the overall fabrication procedure. This 
especially applies to CVD-techniques, which are mostly characterised by high process 
temperatures (up to 1150°C). Post-coating corrective heat treatments are sometimes required 
to optimize the composite properties. 

From the above discussion it becomes clear that the role of the interface between the 
substrate and the coating is critical in providing good adhesion, a low chemical interdiffusion 
rate and good adaption of properties. In some instances an additional layer between the 
coating and substrate material might be necessary to achieve optimum performance. 

Finally, the cost factor must be taken into account. The costs involved need to be 
compared with those for other possible solutions, like the use of another (more expensive) 
material or replacing the component more frequently. Also, the use of any strategic element 
in the protective surface treatment must be considered. 

4. Surface Treatments 

Most surface layers for high temperature corrosion protection rely again on the formation, by 
interaction with the environment, of an oxide scale. The role of this scale is to isolate the base 
material from the environment and thereby to limit the corrosive attack. A major requirement 
is its ability to reform in case of spallation. However, inert corrosion resistant ceramic barrier 
coatings can also be supplied to the surface, mainly oxides like silica. It should be 
emphasized, however, that their use implies that coating failure due to cracking or spallation 
is not detrimental to the foreseen component life, since the protection cannot be restored in 
these systems. 

Several schemes have been proposed for the classification of the surface treatments. 
None of these are entirely satisfactory since several processes have characteristics that would 
fall into different categories and several procedures, e.g. laser surface alloying, are a 
combination of different techniques. In general surface treatments can be divided into four 
categories: 
- diffusion coatings and surface alloying, 
- overlay coatings, 
- mechanical working, 
- thermal surface treatments. 
A detailed description of all these techniques and their potential applications falls outside the 
scope of this paper. Discussion will be limited specifically to those techniques which are in 
use or are showing promise in high temperature corrosive applications. As a consequence it 
will concentrate on surface alloying and diffusion coatings and on metallic and ceramic 
overlay coatings. 

4.1. SURFACE ALLOYING AND DIFFuSION COATINGS 

The surface layers considered under surface alloying and diffusion coatings are formed by the 
interaction of the substrate with elements applied to its surface. The formation of the surface 
layer involves intermixing phenomena and its final composition is strongly dependant on the 
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substrate compositIon. The main surface alloying techniques used are ion implantation and 
laser surface treatments involving surface alloying, remelting and cladding. Although up to 
now these techniques have only found limited high temperature application, they are showing 
potential for use in the future. In contrast, diffusion coatings are widely used to provide high 
temperature corrosion protection. Three global classes will be discussed: simple metallic, 
modified metallic and oxide diffusion coatings. 
4.1.1. Ion Implantation In ion implantation high energy ions are generated in an ion 
accelerator and implanted into the alloy surface. Penetration depths are typically of the order 
of 0.01-1 ,um, while the concentration distribution has a maximum with values up to several 
tens of percent. Ion implantation offers several advantages, such as: thin layers are produced, 
a wide range of elements can be implanted, low process temperatures and a good 
reproducibility of the process. The absence of a definite interface solves the problem of 
adhesion. The radiation damage, which is also generated during implantation and which might 
have an important additional effect at low temperatures is rapidly annealed at moderate to high 
temperatures. The major drawbacks of ion implantation are the necessity of working under 
vacuum and the need for ion sources capable of supplying high ion doses, which make the 
process expensive. Because of this, there is no real industrial application yet and possible 
applications can only be expected for small components in which quality and durability is 
essential and as a means of conservation of extremely expensive and rare alloying elements. 
However, far more important for corrosion science is the role of ion implantation as a research 
tool. 

Ion implantation has been used extensivly and successfully for studying the 
mechanisms underlying the crucial and dominating role of specific elements upon the 
corrosion behaviour of metals and alloys. Paramount among these is the understanding of the 
so-called reactive element effect. In general it is found that the influence of these elements 
are similar whether the reactive element is implanted, applied as a coating or present as an 
alloy or oxide dispersoid addition. The effects are on the initial nucleation, growth and 
adherence of the corrosion scale. As an example. the reduction in the attack (expressed as 
weight gain per unit area) of a chromia forming austenitic stainless steel in an oxidizing 
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Fig. 3. Effect of implantation of 1017 Ce ions/cm2 on the extent of the oxidation of 20Cr-25Ni-Nb 
stainless steel in CO2 at 750-950°C [11]. 
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Fig. 4. (a) Microstructure of the spinel oxide layer formed on yttrium implanted 20Cr-25Ni-Nb steel 
after 775 h oxidation in CO2 at 825°C. (b) Energy dispersive analysis using a field emission scanning 
transmission electron microscope of the yttrium concentration profile across a spinel-spinel grain 
boundary at 100 nm from a Y203 grain. (c) Variation of the yttrium concentration along a spinel-spinel 
grain boundary with distance from a Y20 3 grain [11]. 

environment by the implantation of cerium is shown in Fig. 3. Despite the shallow 
implantation depth (less than about 0.1 ,urn), the benefits of ion implantation were maintained 
during extended exposures. The main leap forward in understanding undoubtedly has been to 
demonstrate how reactive elements, by segregating along oxide grain boundaries (Fig. 4), 
inhibit the growth of scales by cation diffusion. It could well be significant that the 
breakthrough in scale growth understanding followed the emergence of advanced surface 
analytical techniques, which enabled the precise location of the reactive elements within the 
scale to be established. 

For practical applications of far more importance are the effects of reactive elements 
upon scale adherence. In general above a threshold scale thickness spallation will occur. For 
example, in an extensive study [11], both yttrium and cerium ion implantations were shown 
to reduce the extent of chromia scale spallation from a 20Cr-25Ni-Nb stabilized stainless steel 
by a combination of inhibiting the scale growth rate and increasing the threshold scale 
thickness for spall initiation. Fig. 5 compares the time to initiate spallation during isothermal 
exposure as a function of temperature for the unimplanted material and for the cerium and 
yttrium implanted steel. This demonstrates that a dramatic four orders of magnitude 
improvement is afforded by cerium and yttrium ion implantation. Although the ion 
implantation studies have thrown into question several proposed theories for the improvement 
in spallation resistance, there has been only limited positive progress in understanding. 

It should be noted that most ion implantation studies have concerned oxidation. There 
is a considerable scope also for using the technique to address mechanistic questions 
concerned with more complex corrosion conditions, for example mixed oxidizinglsulphidizing 
conditions, which to date, with a few notable exceptions [12,13], have received little attention. 
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Fig. 5. Increase by Ce and Y ion implantation of the time for initiation of spallation upon cooling to 
room temperature of the scale fanned on the 20Cr-25Ni-Nb steel [11]. 

4.1.2. Laser Surface Treatments Although this discussion will be concentrated on laser 
processes, it should be mentioned that electron beams can be used similarly. However, lasers 
offer the considerable advantage over electron beams that vacuum systems are not required. 
On the other hand the process of electron beam interaction is better understood theoretically. 
Electron beams can also be screened electronically, thus avoiding the necessity of workpiece 
movement. In both these processes, the surface is bombarded with energetic particles. Part of 
the energy is converted into heat which can melt the surface. The underlying substrate 
material removes the heat rapidly (up to 1010 K/s). Interaction depths can be varied up to 
several mm. This allows the application of rapidly quenched materials in forms other than thin 
ribbons or sheets. Among the possible effects of electron beam and laser surface melting are 
increased solid solubility, formation of non-equilibrium microstructures, epitaxial growth and 
homogeneous fine grained microstructures. These beams can also be applied as a post-coating 
treatment to decrease coating porosity and increase adherence. A major problem is the 
development of surface stresses, which can also alter the bulk mechanical properties to a 
significant extent and might be detrimental. Other problems are related to surface crack 
formation induced by these stresses and the fact that treatment of irregular surfaces might be 
difficult. High temperature applications for these techniques are still limited, however, research 
is increasing rapidly. Although the range of laser processes is extensive, for the high 
temperature corrosion protection of metallic materials, three approaches are possible: surface 
remelting, laser surface alloying and laser surface cladding. 
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By laser remelting essentially only the micro structure of a surface layer is modified, 
although additionally the distribution of elements in the melted zone might change. Due to 
a new surface structure the nucleation and growth of corrosion products are affected, in some 
instances leading to improved oxide adherence [14]. Laser remelting has been applied 
successfully also to plasma sprayed coated surfaces to reduce coating porosity, long range 
chemical inhomogeneities and coating/substrate adherence. 

During laser surface alloying specific elements are added, for example in the form of 
a powder, to the melt pool, leading to changes in both microstructure and chemical 
composition. Laser alloying of high temperature alloys with powders containing reactive 
elements has been studied [15]. The rapid cooling rates during the laser treatment allow an 
extended solid solution of these elements in the surface, which is essentially controlled by the 
depth of the laser penetration. Another interesting research area is the production of thick, 
amorphous, oxide coatings. Amorphous ceramic coatings, because of the absence of grain 
boundaries, provide a better diffusion barrier than the naturally formed oxide scales. The 
effectiveness of this approach is well known for thin «20 .um) amorphous silica coatings, 
applied by vapour deposition teChniques [16]. Coatings, which were essentially amorphous 
and significantly thicker, can be deposited on metallic substrates by laser melting crystalline 
silica or alumina powders applied directly onto the surface. These coatings, by acting as a 
diffusion barrier, provided outstanding corrosion protection to the base alloy in both oxidizing 
and sulphidizing environments [17]. 

Laser cladding, in which a preplaced layer is fused onto the substrate, has been used 
successfully in a number of systems, especially as a possible way to fuse MCrAlY type 
coatings, in which M can be Ni, Fe or Co, on another substrate material. A complete and 
sound interface can be established with this technique. 
4.1.3. Simple Metallic Diffusion Coatings Diffusion coatings are among the most widely 
applied surface treatments [18]. They are used mostly to increase the surface content of 
aluminium ("aluminizing"). A few processes apply chromium or silicon, i.e. "chromizing" and 
"siliconizing" respectively, however, they are employed primarily for moderate temperature 
applications. Aluminizing processes are used to form a layer of aluminides (for example p­
NiAl and P-CoAl respectively on Ni- and Co-based high temperature alloys) . In the case of 
chromizing, since Cr has a large solubility in Fe, Ni and Co based alloys, in general only an 
enrichment, up to about 30%, is sought. 

The coating elements are usually supplied by pack cementation, a conventional 
reactive CVD process. The components are immersed in a powder mixture in a retort placed 
inside a furnace and heated at high temperatures (700-1150°C) under an inert or reducing 
atmosphere to prevent oxidation. The pack normally contains the coating element source, an 
activator and an inert filler. In the aluminizing process, the source can be either the pure 
element or an aluminium alloy, depending on the aluminium activity required in the pack. The 
activator, usually an halide salt, e.g. NH4Cl or NaF, dissociates at the process temperature, 
reacts with the coating element to form metal halides, which are transported to and 
subsequently disproportionate on the surface of the components. The inert filler, usually 
alumina, prevents the pack from sintering at high temperatures. 

A variation of this process uses a pulse pressure step which is based on cycled 
variations of the vapour phase pressure. In a gas phase (PWA 275 and SNECMA APVS) 
process, the parts to be protected are isolated from the pack. With such a configuration, the 
components can be cooled rapidly at the end of the coating cycle and in this way the time­
temperature programme can coincide with the heat treatment of the substrate material. 
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Fig. 6. Comparison of the structures of alurninide coatings on nickel base supera11oys: (a) low activity; 
(b) high activity process [18]. 

Moreover, the troublesome handling of fine powders can be avoided. Both types of process 
can be envisaged for protecting internal cooling passages inside airfoils. 

Depending upon the Al activity of the pack, low activity and high activity aluminizing 
can be distinguished. In the low activity process (Fig. 6a), for a Ni-based alloy, outward 
diffusion of Ni leads to an outer NiAl layer and an inner zone with transformation products, 
due to interaction of substrate and NiAl layer. In the low activity process particles from the 
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pack can often be entrapped in the outer layer. In the high activity process, NizAI3 is formed 
by inward AI diffusion. A post heat treatment is necessary to convert this brittle layer to NiAl. 
The morphology of high activity coatings is characterised by a three layered structure (Fig 
6b). The two inner ones are similar to those for the low activity coatings. Additionally an 
outer zone contains several of the elements from the substrate alloy, either in solution or in 
the form of second phase particles, such as carbides. Breakdown of these aluminide coatings 
generally results from a partial transformation of the outer NiAl layer in y'-Ni3AI, which has 
inferior corrosion resistance. 

With pack cementation techniques both a large number of components and large sized 
components can be treated, the actual limit is the size of the furnace. The capital investment 
cost for the coating equipment is relatively low and the unit cost is one of the lowest among 
coating techniques. Coating adherence to the substrate in general is very good. Additionally 
the entire surface of a complex shaped component can be coated uniformly. These advantages 
explain the wide use of these coating processes for protecting high temperature alloys, but due 
to its mode of formation its suffers from several limitations. 

The achievable coating thicknesses are constrained by the process duration used 
industrially. The thickness of diffusion coatings increases roughly as the square root of the 
process time. In practice this means that a thickness only in the order of 50-100 .um is 
attainable for durations less than 20 hours. In contrast much thicker coatings can be applied 
by overlay techniques. Another disadvantage of these diffusion coatings is that the component 
must be heated to fairly high temperatures (700-1150°C). These high process temperatures do 
not allow all alloys to be coated by these techniques, due to alterations in microstructure of 
the substrate alloy and degradation of the mechanical properties. This is a particular drawback 
for the low activity aluminizing process, which is conducted at the higher temperatures. The 
formation of a diffusion coating affects a substantial subsurface zone of the substrate material. 
This zone can have reduced mechanical properties and its presence must be taken into 
account, especially when designing thin-walled components. 

The most severe limitation with simple diffusion coatings is the lack of flexibility in 
controlling the composition of the coatings formed. Generally only a single element is 
transferred to the surface during the process. Moreover, the composition, and thus the 
properties, of the coating strongly depends on the substrate composition. The corrosion 
protection afforded by the coating is influenced strongly by the composition of the substrate, 
not in the least by minor elements. This is particularly true for inward growing diffusion 
coatings, as for instance in the case of high activity aluminizing. 
4.1.4. Modified Metallic Diffusion Coatings To counteract the limitations mentioned 
above, advanced aluminide coatings have been developed. The idea is to incorporate a 
"modifier" element in the coating in order to improve its oxidation or hot corrosion resistance. 
The incorporation is carried out by either a pretreatment or a codeposition. Three modifier 
elements are commonly introduced in aluminide coatings namely chromium, platinum and 
palladium and all of them are known to improve hot corrosion resistance. 

In the case of chromium-modified aluminide coatings the goal is to establish a surface 
Cr-content of about 20%. Three routes have been developed to enrich aluminide coatings in 
chromium. The first one consists in successively chromizing and aluminizing the components. 
Industrially available Cr-modified aluminide coatings include, for instance, CIA and PWA32. 
It has been shown also that the external zone of low activity alurninide coatings can be 
enriched in chromium through the incorporation of Cr-AI particles during a pack process [19]. 
Finally, several studies have demonstrated that codepositing Cr and AI in a single step 
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cementation treatment, with conditions determined through thermodynamic calculations, is 
feasible [20,21]. 

One of the most significant improvements of high-temperature protective diffusion 
coatings has been the incorporation of noble metals in aluminide coatings, which significantly 
enhances their resistance against Type I hot corrosion. The main reason seems to be the 
increased stability of the j3-NiAl phase. The first commercial system, designated LDC-2 [22], 
was produced by initially electroplating a thin platinum layer «10 !-Lm thick) onto a substrate 
and then aluminizing it for several hours at 1050°C. The final coating, with a thickness of 
about 80 !-Lm, presents a continuous nickel-containing PtAl2 outer layer on top of a NiAl zone. 
A slightly different process (RT22) results in a somewhat less brittle duplex structure 
comprised of a mixture of Ni(Al,Pt) and PtAl2 phases. 

Early attempts to replace platinum in the coatings by palladium, in the hope of 
reducing production costs, did not meet with overwhelming success due to the excessive 
brittleness of these coatings. A critical analysis of coating formation [23] resulted in a 
processing route avoiding hydrogen incorporation. In one process, palladium is first 
electrodeposited as a Ni-Pd alloy layer and is followed by an aluminizing process. In hot 
corrosion laboratory tests, the performance of these palladium-modified aluminide coatings 
compare well with those of MCrAlY and Pt-modified coatings (Fig. 7). The resulting coatings 
exhibit hot corrosion and high temperature oxidation resistance, determined in burner rig tests, 
equivalent to commercial platinum-modified coatings [25]. 

These examples demonstrate the possibility of incorporating a second element in 
coatings obtained by pack cementation. It must be reckoned though that the range of 
accessible compositions remain limited, and in spite of extensive effort, the incorporation of 
reactive elements is still the object of laboratory studies. The main problem is related to the 
low solubility of these elements in high temperature alloys. 
4.1.5. Ceramic Diffusion Coatings Two types of processes have been developed to 
produce corrosion resistant ceramic layers on alloys. The first group are techniques that 
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Fig. 7. Hot corrosion resistance of various protective coatings on IN-100 (Ni-15Co-lOCr-5Al-5Ti). 
Number of cycles till propagation stage of hot corrosion at 850°C, one-hour cycles, 0.5 mg/cm2 N~S04 
every 50 cycles. HA: high activity simple aluminide; BA: low activity simple aluminide; C1A: Cr 
modified aluminide; RT 22: Pt modified aluminide; MCrAlY: overlay coating [24]. 
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modify the oxide scales which grows naturally on substrate alloys or metallic coatings. The 
increase in corrosion resistance can result from a diffusion barrier effect or from an 
improvement in the oxide scale adherence. The second group comprises the techniques which 
cover the alloy with an inert, thermodynamically stable, ceramic coating. Thermal barrier 
coatings fall in the second class and will be considered under overlay coatings. Some of these 
processes have characteristics that overlap into the two categories of diffusion and overlay 
coatings. 

Concerning the modification of the natural oxide, two ways are open. The first is the 
relatively easy and inexpensive approach of pre-oxidation under well controlled environmental 
conditions. The second approach is to chemically modify the surface of the alloy, possibly 
followed by a pre-oxidation treatment, before exposure to the corrosive environment. Among 
the process parameters for the pre-oxidation treatment the most important one is environment. 
Generally a pure oxidizing gas with a low oxygen activity is preferred in order to promote 
selective formation of the most stable oxides, however, air is practically more relevant. 
Additionally the maximum temperature of pre-oxidation can be higher than that of application 
in order to rapidly form an oxide scale with a reasonable thickness. The rates of heating and 
cooling during the whole cycle is another point of control, especially related to stressing and 
related cracking and spalling of the oxide scale. Pre-oxidation has been shown to give some 
level of protection in oxidizing, carburizing and sulphidizing environments, however, in 
general this is maintained only for a relatively short times of several thousand hours or less 
[26], i.e. less than that required for industrial service. 

The approach by which the surface composition is changed most significantly utilizes 
the reactive element effect. This might be achieved, for example, through ion implantation or 
sol/gel coating techniques [16]. Subsequently, the treated material can be either pre-oxidized 
or directly exposed to the aggressive environment. Especially due to improvement in the 
spallation resistance of the oxide layer, the corrosion resistance in oxidizing, carburizing and 
sulphidizing conditions can be increased markedly and be effective also for longer times [see 
e.g. 11,12,16,26,27]. 

Using various vapour deposition techniques, including plasma assisted CVD (PACVD) 
[16,28,29], metal organic CVD (MOCVD) [30,31] and laser CVD (LCVD) [32], thin « 20 
,um) amorphous silica and alumina coatings have been produced on various alloys. Due to the 
amorphous nature of these oxides the fast transport of reactive species along grain boundaries 
is absent and these layers are thus more protective than naturally formed oxides scales. These 
coatings led to remarkable protection under oxidizing, carburizing and sulphidizing conditions. 
Protection against oxidation in CO2 at 825°C has been maintained throughout test durations 
in excess of 40.000 h [16]. A critical factor for the protectiveness of these coatings is the 
interlayer between substrate and the coating, formed by a prior pre-oxidation or CVD 
treatment [29]. Without such an interlayer no adherent uniform coating can be deposited and 
coating integrity cannot be expected to be maintained during erosive, thermal and/or 
mechanical loading. The performance of these coatings can be undermined, by an extent 
increasing with both temperature and time, by two mechanisms (Fig. 8). Crystallisation 
introduces grain boundaries, providing fast diffusion paths through the oxide coating. 
Additionally, alloy constituents, by forming more thermodynamically stable oxides, such as 
titanium and aluminium, can degrade the silica layer by reaction at the coating/substrate 
interface. 
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Fig. 8. Schematic time temperature interaction diagram for oxidation protection provided by 
amorphous silica coatings produced by PACVD [29]. 

4.2. OVERLAY COATINGS 

Although they present definite advantages, the range of compositions and structures attainable 
with diffusion coatings remains narrow. In order to overcome these limitations overlay 
coatings have been introduced. Their development has been linked directly to that of the 
deposition techniques, such as electron beam PVD (EBPVD) and plasma spraying. This class 
also includes thermal barrier coatings, whose primary task is not resistance against corrosion 
but whose development takes this into account, since they are employed in aggressive 
conditions. 
4.2.1. Metallic Overlay Coatings Although metallic overlay coatings can be deposited by 
several techniques, plasma spraying and physical vapour deposition are the most important, 
while coextrnsion is also u:.ed. The first technique employed, was EBPVD. Increasingly 
plasma spraying of powders at atmospheric pressure and more recently under argon or at low 
pressure (LPPS) have been used. The latter lead to better quality coatings due to reduced 
porosity and amount of entrained oxides. Processing often includes an additional heating step 
to reduce coating porosity and improve adhesion. The major advantages over diffusion 
coatings are increased thickness, generally about 100 ,urn, and flexibility in the composition 
of the coating. This is nearly independent of contamination from the substrate, but constrained 
by limitations of the deposition technique, especially by vapour pressure considerations. In 
general overlay coatings are more expensive than diffusion coatings. At high temperatures 
interdiffusion might become a matter of concern. The majority of the metallic overlay coatings 
belong to the MCrAlY family. A wide range of compositions is commercially available, as 
shown in Table 1. 
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Table 1. Examples of commercially available MCrAlY coatings (nominal composition, weight %). 

Designation' Ni Co Fe Cr Al Y Other 

LCD 29 Bal. 18 8 0.5 
ATD 5 Bal. 18 11 0.3 
LCD 5 BaL 19 10 0.5 
ATD2 Bal. 23 12 0.3 
LCD 7 Bal. 23 13 0.6 
ATD 14 Bal. 30 5 0.5 

Amdry 961 Bal. 17 6 0.5 
Amdry 962 Bal. 22 10 1 
ATD 16 Bal. 25 12 0.3 
Amdry 963 Bal. 25 5 0.4 
ATD 1 Bal. 38 11 0.3 

ATD7 Bal. 22 18 12 0.3 
ATD9 Bal. 20 42 5 0.3 
LN21 Bal. 22 21 7.5 0.5 
Amdry 997 Bal. 23 20 8.5 0.6 4 Ta 
LN34 BaL 0.5 20 11 0.5 0.5 Mo 

LCD 22 32 Bal. 21 7.5 0.5 
Amdry 995 32 Bal. 21 8 0.5 
LCD 37 23 Bal. 30 3 0.5 
Amdry 996 10 Bal. 25 7 0.6 5 Ta 

Amdry 970 Bal. 24 8 0.4 
ATD8 Bal. 24 11 0.6 

, ATD: coatings produced by EBPVD ( Airco Temescal) ; LN and LCD: coatings produced by 
argon shield plasma spraying (Union Carbide); Amdry : powders available for low pressure plasma 
spraying (Alloy Metals). 

The selection of an MCrAlY composition for a particular problem must be based on 
considerations of the structure and the properties of these alloys. MCrAlY alloys are generally 
multi phase materials. If the aluminium content is not too high, Ni- and Co-base alloys consist 
basically of a ductile y-solid solution containing a dispersion of ~-NiAl or ~-CoAl phases. The 
actual microstructure can be more complex [33] and include y'-Ni3Al, sigma, M'5Y and Y20 3 
phases, in addition to y and ~ in NiCoCrAlYTa alloys. Moreover it has to be borne in mind 
that the microstructure of MCrAlY alloys may depend on their thermal history (heat 
treatments and cooling rates). If the aluminium content is too high, the brittle ~ phase 
percolates and contains a dispersion of y-Ni particles. Such a structure is certainly less 
favourable in terms of ductility. In a field of the Ni-Cr-Al ternary system, a phase 
transformation occurs at about lOOO°C whereby y + ~, stable at high temperature, transform 
into y'-Ni3Al + a-Cr. This reaction is accompanied by a significant volume variation, which 
may be deleterious for the mechanical integrity of a coating/substrate system. It is 
recommended therefore that an alloy composition outside this field is selected whether by 
limiting the Al content, or by adding cobalt to destabilize y' formation. 
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The corrosion behaviour of MCrAIY alloys depends on a variety of factors, including 
alloy composition, temperature, oxygen partial pressure, duration and thermal cycling. A 
typical oxidation sequence for an MCrAlY alloy starts with the formation of transient oxides 
(NiO, spinels,etc.), growing rapidly until a continuous stable oxide layer of either chromia or 
alumina has formed underneath. As the diffusion of oxygen and metallic species is slow in 
chromia and even slower in alumina, this layer provides oxidation resistance to the alloy. The 
presence of chromium in these alloys reduces the minimum level of Al required to form a 
protective alumina scale. The presence of as little as 5 - 10% Cr reduces the amount of Al 
necessary from 40 at. % to about 10 at. %. 

To improve the corrosion resistance of Al20 3 forming alloys under hot corrosion 
conditions Cr has to be added. About 25 to 40% Cr is required for Type II hot corrosion 
protection, whereas 15 to 25%Cr is recommended for Type I resistance. It is to be noted 
though that too high a chromium content may have deleterious effects on the structural 
stability of the substrate alloy as a consequence of inward chromium diffusion. 

Alumina scales formed on MCrAl are not adherent in thermal cycling conditions, 
presumably as a result of both growth and thermal stresses. In order to improve the adherence 
of the alumina scale, reactive elements are incorporated in these alloys in small amounts (less 
than 1 %). A uniform distribution of these elements is essential and the simultaneous addition 
of several reactive elements, e.g. Y and Hf [34], can be beneficial. 

Other additional elements may playa beneficial role: tantalum for example, although 
not particularly good for oxidation resistance, prevents the outward diffusion of elements such 
as titanium, which are particularly deleterious for oxidation resistance, by tying them up, with 
carbon, in stable MC carbides. All these considerations explain the wide use of standard 
NiCoCrAlY (+Ta)-base compositions with about 20% Co, 20% Cr, 8-12 % Al and <1% Y 
(wt.%). 

Despite the flexibility they permit, the techniques commercially available to deposit 
MCrAlY coatings, namely EBPVD and plasma spraying under inert atmosphere, remain line­
of-sight processes and this, in addition to their relatively high cost, can be a real drawback 
for coating components having complex shapes. Alternative processes have been developed, 
among which are electrolytic codeposition, electrophoresis and cladding, including 
coextrusion. 

MCrAlY coatings have been obtained by co-electrodeposition of a dispersion of fine 
CrAlY powder particles within a Co or Ni matrix [35]. This operation can be carried out in 
a barrel plating unit. The barrel containing the specimens and the powder particles (10 [-tm 
diameter) is immersed into a Co and/or Ni bath and rotated. The coated components are 
subsequently heat treated for alloying and diffusion bonding the coating to the substrate. This 
process presents obvious economical advantages, especially low capital costs (claimed to be 
an order of magnitude less than existing commercial systems, unit production costs about half 
those of competing systems). Reliability performances of coatings produced by this route have 
not been published, while the technique has not yet been scaled up. 

The electrophoresis process is based on the migration of fine powder particles 
suspended in a polar solution under a dc voltage. In the process developed at SNECMA [36], 
MCrAlY powders, with sizes less than 40 [-tm, are deposited by electrophoresis on the 
components to be coated with deposition rates up to 100 [-tm/min. In order to densify the 
deposit and adjust the composition, the components are then aluminized by a vapour phase 
process. With adequate electrode geometry, components with complex shapes can be 
uniformly coated. The facilities required are relatively simple, so capital investments, as well 
as running costs, are much less than for either the EBPVD or LPPS processes. 
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In various energy conversion and chemical processes, the limited thickness of the 
coatings discussed so far are often not sufficient for long term utilization, preferably up to the 
full plant life of 30-40 years. Cladding is used in these cases to apply layers up to several 
millimetres thick. Weld deposit and plasma transfer arc processes are used, but they are 
general too slow. Coextrusion [37], is a process route which can be used to produce bimetallic 
tubes. With this process it is even possible to fabricate three layer tubes having (different) 
corrosion resistant layers on the outside and inside of the base material, which is supplying 
the mechanical strength. Several material combinations have been successfully produced, an 
example is Fecralloy 'A' steel (Fe-20Cr-5A1-0.3Y) on various substrate materials [38]. It was 
shown that corrosion resistance after 10.000 h exposure to air at temperatures up to 1000°C, 
was up to a factor of 10 better than that of the base material alone. Moreover, after 10.000 
hours, even at the highest temperature, over 80% of the original overlayer thickness was still 
available to provide continuing protection to the substrate material. In the United Kingdom 
during the past 15 years over 150 km of coextruded tube has been installed in coal fired 
boilers [37]. It is important in these applications that welding of the coextruded tubing is 
possible without any major loss in properties. 
4.2.2. Thermal Barrier Coatings The application of ceramic overlay coatings, also known 
as thermal barrier coatings (TBC), has gained major impetus during the last decade. Beside 
corrosion resistance, those coatings have a thermal conductivity an order of magnitude lower 
than that of normal alloys. As a consequence, by acting as a thermal barrier, these coatings 
provide a temperature gradient from the gas to the substrate alloy. The temperature difference 
across the coating can be as high as 150°C. This allows an increase of the inlet temperature 
and/or a decrease in cooling. The latter is very interesting, not only for aerospace applications 
but also for example in diesel engines for trucks and ships. In this application, not only 
efficiency will be improved, but also the cooling system might be eliminated, leading to a 
decrease in overall weight and a more simplified design. The cooling system of a diesel 
engine often contains more than 300 parts and is responsible for half of the engine failures. 
The main coating technique used for producing thermal barrier coatings is plasma spraying. 
Typical coating thicknesses range from about 300 .urn in combustion chamber and gas turbine 
applications up to about 3 mm in diesel engines. 

Fig. 9. Cross-section of a thermai barrier coating, showing (from top to bottom) partially stabilized 
zirconia, MCrAlY bond coat and superalloy substrate. 
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Thermal barrier coatings have been used since the 1950s for rocket propulsion and 
space applications and have been plasma-sprayed onto sheet metal combustor components for 
nearly 20 years. Only recently [39] have they been used in the more highly stressed turbine 
section of commercial gas turbine engines. Thelmal barrier coatings over the entire airfoil of 
PW4000 turbine vanes were certified in the U.S.A for production use in 1986. This progress 
was achieved by a proper control of porosity, microcrack distribution, and residual stresses 
in the coating. 

Fig. 9 illustrates the cross section of a typical thermal barrier coating. Although 
various ceramic coatings could be deployed, the most important ones in current use, are 
zirconia-based, partially or fully, stabilized with appropriate additions of Y20 3, MgO or CaO. 
Zirconia offers a good compromise with a low thermal conductivity (about 2 W/mK) and high 
a thermal expansion coefficient (10.10-6 Kl). Zirconia is monoclinic at room temperature and 
tetragonal above approximately 1050°C. This change in structure is associated with a large 
volume change of about 7%. Above 2370°C zirconia is cubic. The additions stabilize the cubic 
structure over the entire temperature range. Yttria partially stabilized zirconia, containing 6 
to 8 wt % Y20 3, has been found empirically to be most resistant in thermal cycling conditions 
[40]. This composition corresponds to the formation of a metastable tetragonal t' phase when 
the cooling rate during fabrication is sufficiently high, as in plasma spraying. With proper 
parameter adjustment, plasma spraying gives a microcracked structure particularly tolerant in 
compression. 

Recent studies [41-43] have demonstrated that thermal barrier coatings obtained by 
EBPVD have superior properties to those produced by plasma-spraying. This might be 
attributed to the anisotropic microcrack network and also to the crystallographic texture of the 
EBPVD zirconia deposits. 

The major problem with ceramic overlay coatings is spallation sensitivity, mainly 
caused by the thermal expansion mismatch between the coating and the" substrate. To 

Fig. 10. Typical example of the aluminide layer formed at the zirconia/MCrAlY interface and 
schematic representation [after 44] of the various phases formed, as determined from TEM 
investigations. 
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overcome this problem a metallic bond layer is applied. The bond layer is generally about 
100,um thick MCrAIY (typically 30-40%Co, 30-50%Ni, 20%Cr, 10% AI, 0.5% Y), which 
in addition to better spallation resistance, also hinders the fast oxygen transport through the 
porous Zr02 to the substrate. Mechanical adaptation of this interlayer is more complex than 
just a simple matching of the respective thermal expansion coefficients. In fact, the expansion 
coefficients of MCrAIY alloys are generally higher than those of superalloys. In these 
systems, strain accommodation does not occur via a purely elastic deformation but it is 
thought to occur, in a large part, by plastic deformation of the MCrAlY bondcoat, as MCrAlY 
alloys have a low flow stress above about 400°C. 

Thermal barrier coatings are dynamic systems in the sense that the zirconia topcoat, 
the MCrAIY bondcoat and the substrate superalloy interact at high temperature. Fig. 10 shows 
a representative alumina layer, which has formed at the zirconia/MCrAlY interface during 
high temperature exposurc. The schematic representation of the phascs present in this alumina 
layer, as determined with TEM, show how complicated is the system. Microstructural and 
microanalytical investigations have indicated [34] that the formation of this oxide layer results 
from the MCrAlY oxidation, as well as from the interaction between alumina and zirconia. 
It is important to remark that the interfaces in this multilayer system are sound and in practice, 
spallation rarely occurs at interfaces. Instead, failure of thermal barrier coatings happens 
generally (Fig. lla) by propagation of a macrocrack inside the zirconia layer, near the 
alumina/zirconia interface. The crack propagation results from compressive stresses arising in 
the top coat on cooling because of the thermal expansion mismatch. More extended internal 
oxidation of the bondcoat can destroy the barrier, as shown on Fig. llb, as the transformation 
of the MCrAIY alloy into oxide is accompanied by a volume expansion, which generates 
additional stresses inside the zirconia topcoat. 

Although good performance has been obtained in applications using clean fuels, 
premature coating failure may result from hot corrosion (Fig. 12). Under cyclic oxidation 
conditions a regular increase in mass is observed, mainly due to oxidation of the MCrAlY 
bond coat. However, with the simultaneous addition of a salt, a dramatic degradation occurs 
after short testing times. Several mechanisms have been proposed to explain the degradation 
modes of TBC in hot corrosion conditions, namely: zirconia destabilization, bondcoat 
sulphidation, solidification of sulphate in cracks and crack propagation assisted by sulphate 
vapours [45]. 

Fig. 11. Typical degradation modes of thermal barrier coating (a) propagation of a main crack 
parallel to the ceramic/bond coat interface and (b) internal oxidation of bond coat. 
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Fig, 12. Weight variations of a thermal barrier coating tested at 950°C in cyclic oxidation with and 
without the addition of a salt [45]. 

Despite present problems with some types of high temperature corrosion, the 
spallation resistance and reliability of thermal barrier ceramic overlay coatings are very 
promising. Further improvements can be expected in both processing and composition, both 
of the oxide coating and bond coat. Modelling of the mechanical behaviour and life of thennal 
barrier coatings, which is being carried out, currently especially in the U.S.A. [46], could be 
particularly beneficiaL The existing models have been developed from a predominantly 
phenomenological approach and involve a number of empirical parameters. It must be 
emphasized that, up to now, several aspects are poorly understood, especially the creep and 
inelasticity of ceramic and bond coatings, geometry effect (roughness of metal/ceramic 
interface), oxidation-induced damages and evolution in service of properties of the different 
layers. 

5. Concluding remarl<s 

The applications of surface treatments to metallic components operating at elevated 
temperatures under corrosive conditions, can improve to a considerable extent the efficiency 
with which they operate, may increase component life in an economically significant manner 
and may even be essential to their effective perfonnance. For the various surface treatments, 
improvements both in composition and techniques, are available and significantly better 
properties might be anticipated. It must be kept in mind that the surface layer must be 
developed as an integrated system, related to the selection pyramid of application, substrate 
material, surface material and economics. 

Surface engineering for high temperature corrosion resistance is an extremely active 
field of research in which constructive interactions between industrial needs, process 
development and materials science are crucial. A variety of treatments is presently available, 
giving the designer the possibility, in principle, to tailor surface treatments in response to 
specific needs. It must be recognised though that in order to exploit the full potential of the 
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latest developments, additional effort is required to go beyond the empirical (and successful) 
approach often used up to now. More specifically, in order to meet the most challenging 
applications (such as the design of thermal barrier coatings on highly stressed components and 
the formulation of coatings for use in extreme conditions) extensive work has to be 
undertaken in particular on acquiring detailed knowledge of basic phenomena ( interfacial 
reactions, interdiffusion, scale adhesion) and on modelling the behaviour of coated systems. 
This should be accompanied by developing equipment for testing surface treated materials in 
conditions simulating, as closely as possible, the practical applications. This needs to include 
testing under mechanical loading, i.e. creep and fatigue (thermal and mechanical fatigue), 
combined with corrosion and erosion, possibly with in situ diagnostics. This not only raises 
the need for advanced testing techniques, but also that of standards for testing mechanical, 
physical and chemical properties and for inspection techniques. 

It should be remarked that the main current use of advanced surface treatments for 
high temperature components are largely in the field of aero gas turbines. Other industrial 
processes can benefit from the knowledge obtained from this application, as well as from 
coatings used in non high temperature applications, like the micro-electronic industry. This 
diversification could provide substantial economic and environmental benefits. 

Additionally, surface engineering techniques, in particular ion implantation, can be 
used as research tools to study corrosion mechanisms. The significance and potential of this 
indirect contribution to corrosion science should not be underestimated. More extensive 
exploitation of these possibilities can be expected to provide firm scientific guidance necessary 
for innovative material engineering, including surface engineering. 
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ABSTRACT. Vapour-deposited hard coating like TiN, ZrN and a great number of ternary or multicompo­
nent compounds of the transition show a variety of colours out of which the golden TiN is the most well­
known tint. The use of such coatings for decorative purposes combines their decorative properties with 
their excellent wear resistance and good corrosion resistance. In the present paper first the colours and 
their dependence on composition and process parameters are discussed followed by information on the cor­
rosion behaviour of coating/substrate systems and their testing methods. Finally, examples are given for 
the application of decorative hard coatings and specific coating sequences for improvement of the corro­
sion resistance if less noble substrate materials have to be coated. 

1. Introduction 

Since the beginning of technological development men tried to modify surfaces by coating or other 
treatments. And also since the very beginning decorative coatings were in the focus of interest 
besides functional purposes. The parts to be coated were first in the area of subjects of religion as 
well as political might and power. Later jewelry and things of daily use were decoratively coated 
and nowadays the applications are numerous ranging from architectural purposes and household 
parts to custom jewelry. Regarding the processes, the technical possibilities changed from massive 
coatings like leaf gold via pastes as used in fire gilding, enamels, paints and lacqueurs to the variety 
of electroplating processes (elctrochemical deposition - ECD - with atom by atom deposition) and 
other e1ctrochemical reactions like anodical oxidation. Most recently the physical vapour deposition 
(PVD) processes were successfully applied. Besides the intrinsic colours of metals and alloys also 
coloured compounds like nitrides or carbides can be deposited by PVD. The latter coatings combine 
decorative aspects (even if limited in their colour variation) with high wear resistance and good 
corrosion resistance. Starting from the golden colour of TiN (and also ZrN and HfN), changes in 
the N content or additions of C or 0 and of other metal components yield variation in the colour 
towards light gold, metallic silver, greenish gold, reddish gold, brownish yellow or dark blue. Other 
transition metal compounds exhibit metallic, grey or black colours. 

As PVD coatings normally are not defect-free but show pores and pinholes, corrosion attack of 
the coated parts can occur if corroding substrate materials are used. The actual research activities 
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are therefore directed to develop denser film structures and corrosion resistant interlayers deposited 
by ECD or PVD. Furthermore, new colours are searched. 

In the present paper the colours of hard coatings and their variation will be discussed as well as 
the corrosion behaviour of decorative coating systems. Finally, examples of presently applied deco­
rative coating systems will be given. The emphasis is laid on decorative PVD hard coatings even if 
other techniques still playa very important role and also show new developments. 

2. COLOURS OF HARD COATINGS 

Colour is the most important property of decorative coatings. It, however, needs solid state physics 
to understand the physical processes. Without any further discussion, it is mentioned that colour is 
due to the selective reflectance of certain wavelengths in the visible range of electromagnetic waves 
(380 - 780 nm). It is correlated to the band structure and the density of states. The colour of con­
ductive solids is due to interband transitions whose threshold lies in an energy range corresponding 
to the visible region of the electromagnetic waves. The impression of colour in the human eye is the 
result of the reception of the spectral composition of the radiation entering the eye, which is done by 
three different kinds of photo receptors in the retina. The individual sensitivity govern the colour 
impression of men. 

Colours can be characterized by several standards. According to DIN 5033 they are given by 
tristimulus values. Another wiedly used system is CIEL *a*b*. For a well-defined characterization 
also the illumination has to be standardized (angle of incidence and angle of viewing, e.g. 45/0 ge­
ometry, or diffuse illumination and normal viewing, dlO; or vice versa 0/45 or Old). These geome­
tries were successfully applied in colorimetry and the appearance of gloss and mat, or structured 
and non-structured surfaces. The colour appearance of decorative coatings can also depend on the 
direction of illumination and viewing. The CIEL*a*b* values are especially suitable for the meas­
urement of colour differences. The a* value reflects red and green colours when positive an nega­
tive, respectively, and b* gives yellow (positive) and blue (negative) colours. The brilliance is given 
by the L* value [1]. 

2. 1. COLOUR OF BINARY COMPOUNDS 

The best known decorative hard coating is TiN. Figure 1 shows the reflectance of TiN in compari­
son that oftwo gold alloys [2,3]. It can be seen that the spectral dependency is relatively similar but 
the absolute values are noticeable lower for TiN. The colour of TiN (and also all the other nitrides) 
depend strongly on the N content. It changes from bright golden to a light gold and metallic silver 
with decreasing N content and to brownish yellow for overstoichiometric compositions. This means 
that the colour depends strongly on the deposition parameters, especially the N2 flow [2-11] as is 
illustrated in Fig. 2 [2,3]. Other process parameters influencing the colour via chemical composi­
tion or film structure are the deposition process (sputtering, arc evaporation, ion plating), substrate 
temperature, substrate bias, deposition rate, geometrical arrangement oftarget and substrate 
(distance and direction of metal atom incidence), and surface roughness. Thermal posttreatments 
(aging} may influence the colours of the IVa metal nitrides. Such changes are accompanied by 
changes in the lattice parameters [12-14]. Also the other IVa metal nitrides ZrN and HfN show 
golden colours, but shifted to greenish and brownish, respectively. The first one matching the brass 
colour [15]. The colours of some other binary and multicomponent hard coatings together with 
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some Vickers hardness numbers are given in Table 1. The bold-typed compouds are of major tech­
nical application up to now. 

100 

80 

60 

40 

20 

~_~Au 

AU-L9]1N14 
TiN 

O-~--------,-----____ ~ __________ ___ 
I I I 

400 600 

Figure 1. Reflectance of TiN, Au and a gold alloy as a function of wavelength [2,3] 

2.2. COLOURS OF "TERNARY" COMPOUNDS 

Additions of 02 or hydrocarbons to the reactive atmosphere for the reactive PVD process yields 
some 0 and C contents in the film, i.e. oxy- or carbonitrides are obtained which are characterized 
by more or less pronounced colour changes when compared to the pure binary hard coating. On the 
other hand, additions of a second metallic component may result in drastic colour changes, of 
course depending again on the nitrogen content. It has to be mentioned that high amounts of a sec­
ond metal (up to 60 %) do not alter the f.c.c. lattice structure ofthe TiN, even if the second nitride, 
like AlN (hex) exhibits a different lattice structure [29]. 

Within the search for new colours, a great number of "ternary" compounds based on the IVa 
metal nitrides have been studied, e.g. (Zr,Al)N, (Zr,Cr)N, (V,AI)N [17], (Ti,Cr)N [17,18], 
(Ti,V)N, (Zr,V)N [19] (see also Table 1). Examples of the colour change are illustrated in Fig. 3 
and 4, showing the L *, a * and b * values as a function ofN2 flow rates. In the latter the variation 
for different base materials with the same addition is demonstrated. The curves start at the center 
of the axis (metallic grey) and tum with increasing N content (from increasing N2 flow) towards 
yellow and mostly some reddish touch. In part, some slightly greenish golden colours are also ob­
tained. 

Other colorimetric studies were made e.g. with Zr-B [20]and Zr-B-N [21] films. 
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Figure 2. Colour of sputter-deposited TiNx films as a fuction ofN2 flow 

TABLE 1. Colour and hardness of some hard coatings 

Coating 

Mg3N2 
TiN 
ZrN 
HfN 
Cr2N, CrN 
TaN 

Be2N 
CeC2 
TiC 
TiC/WC 
NbC 
TaC 
SiC 

Colour 

yellow - green 
yellow golden 
greenish yellow 
yellow - brown 
grey 
greyish blue 

red 
yellow - red 
light grey 
dark grey 
light brown 
pale yellow - brown 
black 

Hardness 

2400 
2600 
2750 
2500 
2700 

1500 - 2900 
1400 

1800 
3500 
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TABLE l. cont. 

Ti(C,N) 
Zr(C,N) 
V(C,N) 

(Ti,AI)N 
(Ti,Al)(O,N) 
(Ti,Zr)N 

red - yellow - violett 2700 
silver - golden yellow 
pale yellow 

yellow - dark blue 
black 
golden colours 

2400 - 2900 

40.---------------------------------~ 

b* Ti (99,5) 
~---------

30r : I 
20 ;t~ TiV (70/30) 

I Irr~) 1 J,TN (50/~O) 
/ 

-1oL-~_--------' -4 -2 o 2 4 6 8 * 10 a 

* 100 I 
L 80-l TiV (50/50) 

60tr=====T. =(;----===::::::o:::::::r ,====::.=-=_~_~_~_~_::_~_=_ =_ d--..j 
40 [I ~,J) TiV (70/30) 

I 
20t 
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f N2 [seem] 

Figure 3. Colour variation of TiNx and (Ti,V)Nx films as a function ofN2 flow [17] 
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Figure 4. Colour variation of AI-containing IVa metal nitrides as a function ofN2 flow [17] 

3, Corrosion of Coating/Substrate Systems 

Decoratively coated parts are often exposed to environmental attack resulting in a more or less 
severe corrosion. The hard coating material itself show a relatively noble behaviour when studied 
from the electrochemical point of view. When deposited on a less noble substrate material, 
e.g. like steel or brass, the so-called galvanic corrosion may take place where the substrate material 
is severely corroded at places of film defects like pores or pinholes. Thus, decorative coatings have 
not only to be studied for their colour but also with respect to the corrosion behaviour of the coat­
ing/substrate system [22]. 

The corrosion test can be divided into the two classes of technical short-time tests and electro­
chemical measurements. In the first, actual environmental attack is simulated by certain spraying or 
immersion tests to accelerated corrosion. The latter allow to draw detailed information on the cor­
rosion mechanism. Tables 2 and 3 summarize the major corrosion tests. 
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TABLE 2. Short-time test for corrosion studies 

Test Conditions Information 

a Condensed water- Saturated water vapour Behaviour in 
contg. climate 40 oC, 24 h cycles humid environm. 

b Condensed water Water vapour + As (a) with 
alternating 0.07 vo!.% S02, polluted gas 
atmosphere 18-28 °C/40% hum. and 

75-300 OC/40% hum, 
cycles, 24 h each 

c Salt spray test NaCl, 50 gil, 35°C, Ocean climate 
pH7 

d Salt spray test As (c) + CH3COOH, Salted roads 
ctg. acetic acid 35°C, pH 3.2 

e CASS As (d) + 
0.26 g'l CuCI2.H20, 
50°C, pH 3.2 

f Artificial sweat 40°C, 24 h cycles Wearing of 
decorative 
parts 

g Immersion test solutions ofHCI, Corrosion in 
HN03, etc. aqueous media 

As an example, Fig. 5 shows the potential-current density curves ofPACVD-TiN coatings on 
stainless steel SS41 as a function of film thickness. As can be seen, the corrosion current decreases 
strongly with increasing thickness. But even at 14 urn the behaviour of pure TiN (on glass) is not 
yet reached completely [23]. 
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TABLE 3. Electrochemical measurements in corrosion studies 

Test Condition Information 

Potentiostatic U = const. Time dependence of 
corrosion current 

Potentiodynamic Uvariable Corrosion mechanism 

Galvanostatic 1= const. Time dependence of 
corrosion potential 

Galvanodynamic I variable Corrosion mechanism 

Potential 1=0 Behaviour in 
galvanic corrosion 

Polarization U variable around Absolute corrosion 
resistance corros. potential rate 

Impedance RF voltage Changes in surface 
states 

Bold-typed: Most used methods. 

TiN/SS41 TTm thickness [J1ml 

>- 100 
.--
<n 
c 
Q) 
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.-- 10-2 
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Q) 
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10-4 

-5 0 5 10 

potential 1O-2*E [mV) 

Figure 5. Current-potential curves for PACVD-TiN on SS41 as a function of film thickness tested 
in 1 M HC!. For comparison TiN on glass [23] 
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The evidence of corrosion studies can be summarized as follows [22]: 
(i) Short-time test with accelerated attack can only partly simulate actual corrosion; they give 
qualitative and reproducible results in laboratory tests or quality assurance. Simulation of corrosion 
in practical use is improved by ation of different short-time tests. 
(ii) Electrochemical measurements reflect the fundamental behaviour ofthe coating/substrate sys­
tem; only the corrosion rate is influenced but not the mechanism. The information obtained always 
reflect the total system medium-coating-substrate. A low corrosion current density does not neces­
sarily mean a better coating material but only a better coating/substraet behaviour. 
(iii) Little, if any, correlation exists between technical and electrochemical results. 
The corrosion behaviour of PVD hard coating/substrate systems can be improved by the following 
measures: 
(i) Dense coating structures have to be produced by suitable selection of deposition parameters 
(temperatue, bias, etc.) 
(ii) More noble substrate material and improved surface quality ofthe substrate reduce the corro­
sion tendency. 
(iii) Dense and noble interlayers deposited by ECD or PVD decrease the corrosion attack. 

4. Decorative Coating Systems 

4.1. DEPOSITION OF DECORATIVE COATINGS 

The decoratively coated parts comprise a great number of parts of the daily use like watch cases, 
watch bands, eyeglass frames, writing utensils, custom jewelry, household parts, door knobs, metal 
fittings, sanitary parts, and even cutlery. 

Decorative hard coatings are deposited by reactive PVD processes like magnetron sputtering [5], 
cathodic arc evaporation [24] and ion plating [9,10,25]. In all processes the N content can easily be 
controlled (and changed if desired) by controlling the N2 pressure or flow. For a homogeneous 
coating of complex parts, they have to be rotated or siimultaneously coated by different sources 
like, e.g., the double cathode sputtering device [2,3,5]. 

The decorative coating procedure can be performed in batch equipment; the different process 
steps all are done within on system having total charging times of 70 - 90 min. In contrast, in-line 
coating systems show a number of advantages: e.g. several processes can be performed simultane­
ously by transportation ofthe parts via locks, better vacuum conditions, lower risk of contamina­
tion, simple realization of sandwich layers. Disadvantages can be seen if different reactive gases 
have to be applied, if no intermediate locks exist. Furthermore, the break of one module stops the 
complete process [26,27]. 

The following list gives an example for the various process steps to be performed after the sub-
strate cleaning and ECD interiayer deposition [27]: 

Visual control of incoming parts 
Placement on transport racks 
Ultrasonic wet cleaning and solvent drying 
Heating and outgassing 
Ion etching 
PVD plating (e.g. sputter ion plating), 0.3 - 1 pm 
Cooling 
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Deloading 
End control (visual inpection and others) 

4.2. INTERLAYERS 

While noble or passivating substrate materials (titanium, stainless steel, etc.) can directly be coated, 
other materials need a corrosion resistant interlayer deposited by ECD or PVD techniques 
(see Fig. 6). 

TiN 

Substitution of 
substrate material 

TiN 
. -' ," I·" 

EI~~~r.DI:~!~~i~g 
. I', J ••• ,~ .. ,j _ .. ',_" .• 

Brass 

or 

Nickel-

silver 

corrosion protection by 
electroplated interlayer 

Brass 

or 

Nickel­

silver 

Corrosion protection by 
PVD barrier 

FIGURE 6. Possible solutions for corrosion resistant barrier layers [28] 

Such interlayers might be electroplated Ni which also allows the selection of certain surface effects 
(bright, semibright, pearl, etc.) according to the bath applied. Electroplatings also show a leveling 
effect resulting in smooth substrate surfaces. The presently best coating sequence for decorative 
coatings on brass or German silver substrate consists of a Ni and a Pd-Ni interlayer (see Fig. 7). 
The reasons are levelling effect ofNi, dense and pinhole-free structure ofPd-Ni and the electro­
chemical properties ofPd-Ni. There, however, is a need to replace Ni-containing interlayers be­
cause of the increasingly observed nickel allergy, even if - compared to electroplated gold coatings -
practically no wear of the decorative hard coatings is observed. 

The use ofPVD interlayers would simplify the overall coating process because "only" another 
PVD step has to be included in the in-line procedure and no other "wet" coating has to be applied. 
Requirements for PVD coatings are: dense pore-free structure, diffusion barriers (for Zn, Pb of the 
substrate material), corrosion resistance, matching the electrochemical potentials, sufficient 
ductility, non-toxic and physiologically non precarious, and finall competitive cost of material and 
target processing. 

The disadvantages ofPVD coatings, i.e. pores and pinholes. can, in part, be overcome by 
intermediate etching processes as was proved by electrochemical measurements of coating systems 
(e.g. Ti). Among a large number ofPVD barrier layers studied the following turmed out to best up 
to now: TiNiMo 56/24120, TiMo 70130, CrAI 75125 and Ti [28]. Like in decorative PVD films, the 
process parameters (bias power, cathode power, total pressure, magnetic field, intermediate 
etching) exhibit a strong influence on the efficiency of the PVD barrier layers 
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TiN 

1 IJT1,PdNi' 75:25 

Figure 7. Presently best results of corrosion protection in decorative coating [28] 

Finally, it should be noted that, in part, a final gold flash is vapour deposited in order to get the 
lustre of true gold or to match completely the colour values of the gold standards. This top coating 
has additionally the advantage that it will not be completely worn due to the microroughness of the 
PVD hard coatings (see Fig. 8.) 

For technical papers see also [30 - 35]. 

Ti(C,N) 

Substrate 

AuN i 

Substrate 

Figure 8. Wear of thin precious metal overlayers on hard coatings 
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ABSTRACT: Diamond and diamond-like layers present outstanding possibilities of 
development, and in many cases like in optics or microelectronics, decisive technological 
jumps are expected. This is due to the exceptional combination of properties of these 
materials. The properties of diamond and diamond-like layers, the expected markets and 
applications of diamond and diamond-like films are presented. The techniques available for 
diamond films production by thermal and plasma activated methods are reviewed. A 
description of the principal mechanisms of diamond deposition as well as the problems 
related to it are discussed. In the case of diamond-like carbon, the mechanisms of 
densification under ion bombardment are presented. 

1. Introduction 

Diamond and hard carbon materials have been the object of intense research programmes in 
the past 40 years. The work has primarily concentrated on synthesis of diamond by high 
pressures and temperatures with a solvent catalyst: under these conditions, diamond is the 
stable phase of carbon. This research has been successful, and production of stones by this 
technique is now a common practice in industry. The work on production of diamond 
films at low pressures, where it is metastable, has started over 3 decades ago, but only 
reached a level of significant activity in the last five years. This long incubation period is 
due to the skepticism of the scientific community concerning the very low deposition rates 
obtained at the beginning: For this reason, the work on production of diamond films at 
low pressures, although started in the US in the 50 by Eversole [1], was then 
progressively abandoned. At the same time, in USSR, Derjaguin and Fedoseev [2] have 
pursued intensively their work on the subject for more than 20 years. When the deposition 
rates reached the order of II-LIn/h, a large impulse was given by the Japanese teams in the 
80's [3,4,5,6], soon followed by US researchers and an US DoD Diamond programme in 
the mid to late 80's, as well as a large effort in Europe. Today, the low pressure methods 
are studied worldwide, the growth rates reach typically a few tens of J..lm per hour, and 
industrial companies like De Beers, Norton, Diamonex or Crystailume are able to produce 
stand alone layers of diamond of 0.5 to 500 J..lm thickness on areas of several square 
centimeters. In addition, the properties of hard diamond like or hydrogenated carbon 
coatings, discovered during the same period, are particularly interesting for applications in 
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wear resistance technology. The use of diamond films will grow considerably in the next 
ten years, and the world market for diamond films is expected to be several billions $ in 
year 2000. 

2. Diamond films 

2.1. STRUCTURE AND PROPERTIES OF DIAMOND 

The diamond cubic lattice consists in two interpenetrating fcc lattices displaced by one 
quarter of the cube diagonal. Each carbon atom is placed at the center of a tetrahedron (see 

Fig.I), and linked to its neighbours by covalent cr bonds arranged as hybrid sp3 atomic 
orbitals: the high strength and the symmetry of the bonds are responsible for the hardness 
of diamond. The lattice can also be visualized as planes of saturated carbon cycles of 6 C 
atoms stacked in an ABC ABC sequence along <111> direction. Each cycle is in a "chair" 
configuration and all C-C bonds are staggered. This cubic structure is the most abundant 
form of diamond .. However, another lattice with an hexagonal symmetry can be 
constructed with the same tetrahedral nearest neighbor configuration. In this hexagonal 
diamond (or lonsdaleite), the planes of the chairs are stacked in a ABABAB sequence [7]. 
In simple organic molecules, this configuration is usually less stable because of steric 
interactions. This is why hexagonal diamond is usually not obtained, although it could be 
formed by homogeneous precipitation from an activated vapor phase [7,8]. 

In graphite, the carbon atoms are linked by sp2 orbitals in a planar structure (Fig 2), 
with a weak binding between planes, allowing easy sliding and giving lubricating 
properties to graphite. 

Figure 1 : Carbon configuration in the diamond 
structure 

Figure 2: Carbon configuration in the 
graphite structure [7] 

The interest in diamond comes from its exceptional combination of properties as 
compared with other materials (Table 1). For instance, the combination of high thermal 
conductivity and low thermal expansion makes diamond a very good choice for heat 
dissipation for advanced electronic systems. 
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Material 

Bulk Diamond 
CVDDiamond 

Cu 
BeO 
AlN 

A1203 

Thennal expansion 
(10-6 rC) 

2.6 

4.5 
5.9 

5.4 

Thennal Conductivity 
(W cm-1 K-l) 

20 
10 

4.0 
2.6 
1.7 
0.2 

Table 1 : Comparison of thennal properties of Diamond to other materials 
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The mechanical properties of diamond are outstanding (see Table 2): its hardness and 
Young's modulus are the highest known. It is resistant to corrosion and has an excellent 
thennal conductivity. It could be used as a coating for tools but problems of poor adhesion 
of the films to the substrates still limit its applications [9]. 

Material E (GPa) H (GPa) Y (GPa) 
Diamond 1050 103 59 

Si 130 10.4 112 
a-C:H 50-150 5-15 3-10 
WC 534 35 
Steel 212 
AI 71 

Table 2 : Comparison of mechanical properties of materials with diamond: 
Elastic modulus (E), Hardness (H) and Young's modulus (Y) [9]. 

The electronic properties of diamond make it a very attractive in device applications: its 
band gap is 5.45eV, and its conduction band is similar to that of Si. This means that 
diamond is very resistant to radiation (factor of 100 compared to Si) and makes it a very 
good candidate for applications in high power electronic systems (microwave generators) 
or aggressive environments (space, nuclear reactors). It has moreover a very high 
breakdown value (107V/cm). It has also a very high resistivity (1013 to 1016 Ocm), a high 
carrier mobility (2200 cm2/Vs for electro;s and 1600 for holes) : this high mobility is 
insensitive to magnetic fields, which is interesting for High Frequency systems [9]. 
Diamond has also a very high sound velocity (18200mls), is transparent to radiations in a 
large domain of wavelength between IR to UV, and has a good transmission coefficient for 
X rays and UHF. 

2.2 PRESENT APPLICATIONS OF POLYCRYSTALLINE DIAMOND FILMS: 

The many applications where diamond is already routinely in use, take advantage of its 
exceptional bulk properties, listed above, where the inclusion of large number of defects in 
the layer have little or no detrimental effect on the layer perfonnance. Such applications 
already are or soon will be economical and viable industrial applications, for instance [10] : 

- Superhard wear resistant protective coatings for cutting tools and wear parts [11,12]. 
- Abrasive powders 



www.manaraa.com

374 

Applications Properties utilized Material 

Bearings A,B,C,D,E,F 2,3,4,5,6 
Barrier coatings B,C,F 3,4,5,6 
Heat sinks F 1,2,3,4,5,6 
Cutting tools A,B,D,E,F 1,2,3,4,5,6 
Surgical blades A,D 1,3,4,5,6 

Knives A,B,D,E 1,3,4,5,6 
Abrasives A,F 2,3,5,6 
Medical implants A,B,C,E 3,4 
Wire drawing dies A,B,D,E,F 1,2,3,5 

Table 3: Mechanical applications of superhard materials (see legend next page) 

Applications Properties utilized Material 

Transistors 
High performance F,M 1,5,6 
High temperature B,C,F,L,M,N 1,5,6 
Radiation hard F,J,L,M,N 1,5,6 
High power F,L,M,N 1,5,6 

Electrical insulator B,J,K,M 1,3,4,5,6 
Substrates, heat sink F,K,M 1,3 
X ray masks A,B,C,D,G 1,3,4 

Direct write microe1ect. A,B 4 
Magnetic disks, heads A,B,E 1,4 
High voltage switches F,K,M 1,5,6 
Thermistors F,J 1,3,5,6 
Packaging A,C,F,K,M 1,3,4 

Table 4: Electronic applications of superhard materials (see legend next page) 
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Applications Properties utilized Material 

Windows, lenses, mirrors A,B,C,D,F,H,I,J 

XRays windows A,B,C,D,F,G 1,3,5,6 
Mirror substrates A,B,C,F 1 
Heats sinks F,K,M 1,3,5,6 

Optical emitters, lasers F,J,L 1,5,6 
Opt. activated switches F,J,L,M,N 1,5,6 
UV detectors J,L 1,6 
Optical waveguides C,H,I,O 1,3 

Table 5 : Optical applications of superhard materials (see legend below) 

Properties 
A - Hardness 
B - Chemical stability 
C - Low penneability 
D - Young's modulus 
E - Friction coefficient 
F - Thennal conductivity 
G - X Ray transmission 
H - Infrared Transmission 
I - Visible transmission 
J - Large band gap 
K - Electrical insulating 
L - Semiconducivity 
M - Dielectric strength 
N - Carrier mobility 
o -Refractive index 

Material 
1 - Diamond single crystal 
2 - Diamond, polycrystalline composite 
3 - Diamond, polycrystalline film 
4 - Diamond-like material 
5 - SiC 
6- c-BN 

Legend for Tables 3, 4 and 5. 
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- Decorative, scratch or corrosion-resistant surfaces to be used for medical, optical, 
chemical and other applications. 

- Heatsinks for chips, taking advantage of diamond high thermal conductivity. 
- Components for tweeters and acoustic equipment, taking advantage of diamond 

sound transmission capabilities. 
- Mechanical supports for crucibles where chemical inertness, rigidity and high 

melting point are necessary. A summary of the properties used and their related 
applications is proposed in Table 3, 4 and 5 [13]. 

2.3. DEPOSITION TECHNIQUES 

Most of the techniques of deposition of diamond films are based on gas phase 
decomposition of hydrocarbon compounds in the presence of an excess of atomic 
hydrogen. The processes can be all classified as Chemical Vapour Deposition (CVD) 
techniques and the different mechanisms of diamond production are explained in the next 
section. These CVD reactions can be performed at low pressure (10 to 200 mbar) or 
atmospheric pressure: The low pressure type lead to films of high purity, good uniformity, 
which are produced at deposition rates of 0.5 to 10 I . .un/h. For the high pressure technique, 
deposition rates can reach 10 to lOOI.Un/h and more, but uniformity is generally lower [10]. 
One of the most important aspects of diamond deposition is the presence of atomic 
hydrogen. Sufficient quantities of H can be obtained by two basic activation methods: 
Activation by high temperatures, and activation by electric of electromagnetic gas 
discharges: 

2.3.1. Thermally Activated Chemical Vapour Deposition (TACVD) " In TACVD, the 
chemical reaction leading to the formation of diamond is activated by a heat source. The 
main techniques are the following: 

- Laser Enhanced Chemical Vapour Deposition [24] (Fig 3): an ArF excimer laser 
(193nm) is used to locally induce the chemical reaction of C2H2 and H2 at the laser spot 
impact at the surface. Low deposition rates are obtained, and the applications of this type 
of technique will probably be limited by the fact that it is a discontinuous process, i.e. the 
laser spot has to be displaced on the surface in order to get a film of large dimensions. 

window 

laser beam 
~i ~ gas inlet 

I 'T 04 

\U'- }J ~ 
~ d I '~ated substrate 

win ow L 
dJ 
pump 

Figure 3 : Laser enhanced chemical vapour deposition. 
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- Hot Filament Chemical Vapour Deposition (HFCVD) [14,15]: A tungsten filament or 
foil is heated to 2000 to 2800K to dissociate gas mixtures containing from 0.2 to 2% Cf4 
in H2, at a pressure between 6000 Pa and atmospheric pressure (FigA). At these 
temperatures, the dissociation products are mainly radicals such as CH2, CH3, C2H and 
CH, acetylene and atomic hydrogen as well as unreacted CH4 and H2 [16,17,18,19]. The 
filament is typically placed at a distance of lcm from the surface to minimize thermalization 
and radical recombination. Filament of W, Ta, Mo and Re have been used successfully to 
produce diamond[20]. 

- Combustion Flame Technique [21,22,23]: based on the combustion of an acetylene 
oxygen mixture (ca. 1:1) at atmospheric pressure (Fig.5), this simple procedure leads to 
very high deposition rates. The combustion reaction produces reactive species which lead 
to diamond deposition on a water cooled substrate, placed between 1 and 5 mm away form 
the flame. Still some work has to be performed to assess the economic viability of the 
process. 

Gas inlet Acetylen + Oxygen 

Furnace Hot filament 

Burner 

te J'-'-=-- Flame cone 
sUbstra~ Inner flame 

Quartz tube Substrate 
water cooled substrate holder 

Figure 4 : Hot Filament CVD Figure 5 : Hot flame technique 

2.3.2. Plasma Activated Chemical Vapour Deposition: Instead of thermal energy, a 
plasma discharge in the gas mixture can be used to create the reactive species necessary to 
produce diamond. The systems the most used is Microwave Plasma Chemical Vapour 
Deposition (MPCVD) [25,26]. It generally consists in a tubular reactor into which the 
reactive gases (mainly carbon compounds and H2) are introduced (Fig.6). In the 
microwave cavity, energetic electrons are produced, which lead to dissociation and 
excitation of the gases. The substrates are placed in the gas discharge itself, parallel or 
perpendicular to the gas flow. The microwave power is generally of the order of 100 to 
800 W, and the pressures used can vary between 10 and 200 mbar. However, lower 
working pressures can be reached by working in the Electron Cyclotron Resonance (ECR) 
mode [27]. The advantage of working with MPCVD is that plasmas of high densities can 
be produced, which lead to a high concentration of reactive products, and hence relatively 
higher deposition rates. 

Radio Frequency discharge (Fig. 7) can also be used for diamond deposition [28]. 
The experimental conditions are similar to the ones described above. However, due to the 
lower efficiency of the discharge for H2 dissociation, this system is less adapted to the 
production of diamond films of good quality and deposition rates are lower than MPCVD. 
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Figure 6: Microwave Plasma CVD and magnetic confinement 
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Figure 8 : DC plasma arc system 
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DC, RF or MW plasma discharges working at atmospheric pressures have also been 
used [14,29]. These systems produce high deposition rates, between 20/J.m/h and 80!lm/h 
[30]. However, because of the hydrodynamics of the gas phase in the reactor and on the 
substrate surface, the film thickness uniformity is difficult to control. A modification of the 
technique consists in creating the plasma at atmospheric pressure and expanding it in a 
chamber at low pressure[29,56]. The deposition uniformity is thus improved and the 
deposition rates are still several tens of !lm per hour. 

Hybrid techniques, combining one or several of the above mentioned, have been also 
reported, for instance Filament Assisted MPCVD [27], or Hot Filament and bias voltage, 
referred to as Electron Assisted CVD (EACVD) [31]. 

2.4. MECHANISMS OF DIAMOND DEPOSITION 

The formation of diamond under metastable conditions is possible because of the small 
difference of free energies of formation of diamond and graphite (at 298K, the difference is 
only 0.03 eV per atom, only slightly greater than the thermal energy kT) and a finite 
probability of growth thus exists for the two allotropes in the kinetic controlled regime. 
Diamond CVD processes can be considered as a combination of gas phase chemical 
reactions with surface controlled kinetics. 

2.4.1. Different chemical reactions: The atomic attachment mechanisms at the diamond 
gas interface are not clear in all details, and several possible models have been proposed 
recently for instance by Frenklach and Spear [34] and Tsuda et al [35]: Typically, one can 
consider several deposition reaction, leading to diamond (d-C), graphite (g-C), and 
different amorphous carbon and hydrogenated amorphous carbon (a-C, a-C:H), competing 
against each other as well as against etching reactions of these same compounds by the gas 
phase. They can be summarized in the following way [26,36]: 

• Deposition of carbon compounds : Most of the reactions studied up to now are 
related to the atomic hydrogen- carbon radical reaction, which can be expressed as : 

I-I 

(CxHy,C ) + (d-S) ~ a-C, g-C, a-C:H 
H 

(CxHy,C) + (d-S) ~ d-C 
where (CxHy) indicates the mixture of hydrocarbon compounds in the gas phase and d-S a 
diamond formation site at the surface. 

• Etching of the deposits in presence of atomic hydrogen: 
H 

d-C ~ (d-S) + CH4 
H 

a-C, a-C:H, g-C ~ (d-S) + CH4 

For all these reactions, the role of atomic hydrogen is of primary importance, as will 
be explained in section 2.4.3.The proportions of the different components in the gas phase 
(H: 90-99%, CH4: 0.5 to 5% and 02 : 0 to 2%) play also an important role on the 
crystalline quality of the deposit, its microstructure and the deposition rate. In particular, 
the nature of the carbon source (CH4, CO, ethanol, acetone ... ) has a direct influence on 
the concentration of precursors in the gas phase, which in turn determines the efficiency of 
the reaction. It seems however that diamond production based on H-O-CxH components 
always proceeds through the same types of reactions: for instance, Cerio et al [32] showed 
that starting with CO for the carbon feed material, the chemistry involved in the gas phase 
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was similar to that which occurs when diamond is grown using hydrocarbons as carbon 
source gas, although deposition rates were lower. 

Other types of reactions based on carbon-hydrogen-halogen reactions have also been 
reported[33], and it seems that low T (2S0°C-7S0°C) deposition is possible through 
different mechanisms which still have to be identified. 

The difficulty of growing diamond comes from selecting the process parameters 
leading to the highest differences between deposition reactions of diamond and the 
corresponding etching reactions. The different mechanisms are detailed in the next sections 
but it must be kept in mind that the effects of all the parameters are coupled. 

2.4.2. Type of precursor,' The nature of the precursors determines the thermodynamic 
driving force of the reaction, which produces a modification in the nucleation density and 
thus on the film microstructure. Tsuda et al.[3S] and Harris [38] have proposed growth 
mechanisms based on CH3 radicals. Tsuda's model required the participation of CH3+, 
which is very unlikely in the case of HFCVD. On the other hand, Harris [38] correctly 
predicted the growth rates obtained in HFCVD (O.S to SI-un/h) by proposing a CH3 surface 
reaction and adjusting gas phase reaction rates. The principles of the reaction is the 
following: CH3 is produced at the surface by a reaction of the type CH4 + H -> CH3 + 
H2, where CH3 and H are adsorbed on the surface. The surface diffusion of the species is 
impossible, because of the high adsorption energy and the high coverage of the sites, and 
CH3 is adsorbed on a step at the surface, which creates a displacement of the interface. 
Free surface and step sites are created by a H abstraction mechanism which can be 
described in the following way: 

Hg + Hstep -> step + H2. 
These reaction mechamsms were used by Goodwin [37] who successfully modelled and 
predicted the high deposition rates (20 to 200/-lm/h) of DC plasma and oxygen-acetylen 
torches processes. 

Another mechanism based of the ethyl radical has also been proposed by Frenklach 
and Spear [34] and is still the object of discussions. 

It seems however that both methyl and ethyl radicals can act as precursors for the 
different types of deposition techniques, but with different efficiencies: for instance, in the 
case of MPCVD, Harris and Martin[38], Harris and Weiner [39], or Martin and Hill 
[40,41] could grow diamond from acetylene and methane. From the deposition rates, they 
found that methane seemed the most probable species for diamond formation, and that the 
quality of the films obtained was better in that case. Martin and Hill [40,41] modelled the 
kinetics of the flow tube experiments and found that the reaction efficiencies for CH3 and 
C2H2 were 10-3 and less than 10-5 respectively. Chu et al.[42], using carbon 13, could 
show that in presence of both reactants, diamond seemed to form more readily from 
methane than acetylene, without being able to rule out completely the latter hypothesis. 
Muranaka et al. [43] showed that by suppressing C2H2 in the gas phase, diamond growth 
rate was increased. In a DC plasma system, Plano et al.[44] showed that both the CH3 
radical concentration and the diamond deposition showed the same power law dependance 
on the initial Cf4 concentration. 

As a conclusion, it can be said that different reactants can be used for diamond 
formation, depending in particular on the CVD reaction type and the atmosphere 
composition. What emerges is that diamond production has to be made preferably in such 
conditions that a large amount of CH3 is formed, and that CH3 is the most efficient species 
in the case of pure hydrocarbon-hydrogen atmosphere both for MPCVD and HFCVD. 
More work has to be performed to identify the surface mechanisms through which 
diamond crystals nucleate in order to get a better control on diamond nucleation. 
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Furthermore, the use of halogens in the gas phase to promote new deposition mechanisms 
seems to be very promising. 

2.4.3. Role of H : A lot of work has been devoted to the analysis of the role of atomic 
hydrogen. It was found that its presence in supersaturation was an absolute requisite for 
the formation of diamond, because of its high reactivity: for instance, the enthalpy of 
formation of CA4 from graphite and H2 is 50 to 80kcallmole, and only 7 to 9 kcallmole 
when the reaction is made with atomic hydrogen [45]. Its action is multiple and is related to 
sp3 bond stabilization, to selective etching of g-C, a-C and a-C:H, and gas phase reactions 
which can be in certain cases promoted. This can be summarized as follows: 

- H being very reactive, it adsorbs readily on the growing surface and terminates 
dangling bonds of the C atoms, preventing the formation of sp2 bonds with the 
neighbouring atoms adsorbed at the surface. [ 46,47] Celii and Butler [17] have shown that 
this action was even more important than the promotion of reaction in the gas phase in the 
case ofHFCVD between 1100 to 1300K. 
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Fig. 9b : C atom removal rate by different 
molecules as a function of temperature 
[50]. 

<- Fig. 9 a: Etching rate of carbon by atomic 
hydrogen as a function of temperature [49]. 

I. 

- Based on thermodynamic calculations and on comparison with the results of the early 
work of the Russian teams, Frenklach and Spear [34] proposed that the role of H could be 
twofold : reaction with hydrocarbon molecules to form C2H2 (supposed to be the most 
important precursor of growth), and activation of the surface by H abstraction, following 
the reaction: 

H 

Cs-H+H -7C;+H2 
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the activated species on surface acting as a preferential site for precursor adsorption. 
- In a very interesting paper on MPCVD with a CO/H2/He atmosphere, Muranaka et 

al.[ 48] showed that without the presence of H atoms, C and C2 radicals were formed in 
the gas phase, and only sootlike carbon was deposited. H addition to the gas phase was 
found to enhance diamond growth by suppressing the formation of these C and C2 
radicals, which inhibited diamond growth by blocking the nucleation sites. Moreover, it 
was found that atomic hydrogen in the ground state enhanced diamond growth by 
removing the amorphous carbon deposits (selective etching), while electronically excited 
hydrogen was found to combine to a-C to form a-C:H for which the etching reaction was 
slower. However, it is not certain that these results can be extended to other atmosphere 
compositions and other techniques. 

- The role ofH as an etching agent has been studied by Vietzke et al.[49] and Rosner 
[50] (see Fig. 9a and b). It is found that the etching rate of diamond is 1 order of 
magnitude smaller than graphite, and 3 orders of magnitude smaller than a-C:H. Mucha et 
al. [26] also showed the role of selective etchant of a-C and a-C:H by atomic hydrogen. 
The ratio H/Hydrocarbon concentration in the reactants has also a strong effect on the 
microstructure of the film, as shown on Fig. 10 [23]. 

Increasing Hydrocarhon/Hydrogen ratio 

<f?-(j·O 
Octahedron Cubo octahedra t 

~--LJJ 
Amorphous Micro crystalline Cube 

... amorphous 

Figure 10 : Effect of H/Hydrocarbon on diamond microstructure. 

2.4.4. Role of Oxygen: It has been shown very early that small additions of oxygen to 
the gas discharge had a beneficial effect on the deposition of diamond [51,52]: the 
deposition rates obtained were higher, the quality of diamond films measured by Raman 
spectroscopy was improved, and oxygen generally increases the parameter domain in 
which good diamond crystals can be obtained (see Fig.ll a and b). However, oxygen also 
increases the etching reaction rates and a large quantity of 0 (larger than 1 to 5% 
approximately depending on the process) suppresses completely the diamond deposition. 

The role of oxygen can be attributed to : 
- an increase in the H concentration, which selectively etches a-C or g-C and decreases 

the C2H2 concentration leading to the effects explained above [36,40] . However, using 
thermodynamic calculations, Mucha et al. [26] showed this effect can explain only a factor 
of 2 in improvement, and not for the factor of about 10 or more as generally obtained 
experimentail y. 

- an acceleration of the etching reactions of a-C and g-C by H, or selective etching by 
o of non diamond carbon [26]. 
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- saturation of the reactor walls by 0 adsorption, thus preventing the wall 
recombination of H and increasing its concentration in the gas phase [26,40]. 
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Figure 11 a: Evolution of the Raman spectra vs temperature with and without 
oxygen in an HFCVD system (30mbar, 1.5%CH4, 120W) [57]. 
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a function of 02 concentration for MPCVD (400W, 30mbar, 100sccmn-I ) 
and HFCVD (l20W, 30mbar, 100scc mn- I ) [57]. 
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- formation of CO bonds on the diamond surface, which react with H2 to give H, 
increasing the H concentration [26]. 

It is probable that several of these mechanisms are active simultaneously, with relative 
importances depending on the deposition technique used. 

2.4.5. Kinetics of diamond growth: Kinetics of diamond growth depends strongly on the 
process used, as well as the gas composition: several orders of magnitude of difference 
between the deposition rates for different processes (e.g HFCVD and Oxygen Acetylen 
torch) have already been mentioned above. 

The process temperature has a multiple and complex effect on the reaction rates of the 
different chemical reactions in the gas phase, as well as on the transport kinetics to the 
surface; the combination of these different effects changes in a very complex way the 
deposition and etching reaction rates described above, and thus the diamond deposition 
kinetics. For instance, Kweon et al.[53] studied the kinetics of diamond deposition with 
HFCVD form a mixture of Cf4 and H2. They showed the variation of growth rate with 
temperature shows a distinct maximum around 900 to 950°C, this maximum being shifted 
to somewhat higher temperatures when the methane concentration is increased. Similar 
results were obtained with different oxygen composition, as shown on Fig. 12 [56,57]. 
This behaviour can be attributed to the decrease of H supersaturation with increasing 
temperatures resulting in changes in the competition between growth and etching 
processes. K we on et al. also showed that in their operating conditions, the growth rate of 
diamond could be described by the rate constant of a first order reaction, and that the 
deposition is controlled by surface reaction for T lower than llOOK, with an activation 
energy of 11 kcal/mole. They suggested that the controlling step for this reaction was H 
abstraction, in agreement with Frenklach and Spear[34] . At higher temperatures, they 
found that the reaction was controlled by transport in the gas phase with an activation 
energy of 3.8 kcaVmol, confirmed by the results of Rau and Pitch [54]. 

Muranaka et al.[36,45] studied the kinetics of diamond deposition in the case of 
MPCVD from COIH2 and CO/Oz/H2 mixture between 600 and 1000K. Their deposition 
rates were much larger (up to one order of magnitude) than CH4f02 and CH4f02/H2 
systems. The deposition rates followed an Arrhenius behaviour, with activation energies of 
5.2 and 7.0kcal/mol for CO/H2 and CO/Oz/H2 respectively, lower than the value reported 
above. At lower temperatures (403K), the Arrhenius law was not followed in the two 
systems, indicating a probable change of mechanism in the deposition conditions, as the 
deposition of a mixture of diamond and graphitic phase. The difference of the activation 
energies can be attributed to the very different conditions (MPCVD and HFCVD, as well 
as gas compositions) between the two sets of experiments. 

Temperature has also an effect on the preferential growth of crystalline orientations: 
for instance, Muranaka [36] reported the preferential diamond growth of (001) direction at 
high temperature and (111) at low temperature (400-750°C) in MPCVD ofCO/Hz/02 gas 
mixtures. 

2.4.6 Nucleation density : The microstructure of the films depends on the nucleation 
density and the deposition rate. The nucleation density depends on the type of substrate, 
on its preparation, on the temperature and on the gas composition. Generally, for given 
experimental conditions, the nucleation density increases strongly when temperature 
decreases [55,56,57], as shown on Fig. 13. 

For instance, Muranaka et al.[36,48] studied the nucleation densities in MPCVD. The 
nucleation densities observed between 690 and 995K followed also an Arrhenius law, 
with an activation energy of 8.8kcaVmol, close to the value for diamond growth obtained 
before suggesting the intervention of mechanisms similar of those of deposition. 
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Figure 12 : Average size of diamond particles vs T for 2 oxygen 
concentrations in HFCVD (l20W, 30m bar, lOOsccm, 1.5%C~) [57]. 
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Figure 13 : Nucleation density as a function of T for 2 oxygen concentration 
with HFCVD (120W, 30mbar, 100sccm, 1.5%C~) [57]. 
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Chang et al.[52] also studied the effect of pressure on nucleation density in Filament 
Assisted MPCVD with CH4fH2/02 mixtures between 850 and 950K. They showed that 
the nucleation density decreases when increasing the pressure up to 10 Torr. Beyond this 
value, the tendency was reversed. 

2.4.7. Effect of the discharge and presence of charged particles (e- and ions) : The 
efficiency of the discharge, and particularly the efficiency of creation of atomic hydrogen 
determines the maximum hydrocarbon source concentration for which crystalline diamond 
is obtained. However, it has been demonstrated that energetic ions have a detrimental 
effect on diamond formation, the bombardment destroying the local order of crystal 
[3,62]. On the other hand, Sawabe and Inuzuka [31] have shown the effect of electron 
bombardment during diamond growth by HFCVD. They reported that the growth rate of 
diamond was accelerated by concomitant electron bombardment of the surface. It was also 
found that when a negative voltage was applied to the substrate holder in MPCVD, 
diamond and SiC were grown. On the other hand, if a positive voltage was applied, the 
growth rate of diamond was accelerated and no SiC was deposited. It was suggested from 
these results that electrons promote the formation of atomic hydrogen, or hinder its 
recombination on the substrate surface [45]. Threshold energies to produce atomic 
hydrogen and its ions by e- ->H2 collision is 8.5eV for H2 ->2H, 13.5 eV for H ->H+, 
and 15.4eV for H2 -> H2+' It was then suggested that the optimum energy for electrons in 
EACVD would be between 8.5 and 13.5eV [45]. 

2.5 EFFECT OF SUBS1RATE AND SURFACE PREPARATION 

The strong influence of surface preparation on diamond deposition has been demonstrated. 
Generally, the substrates are scratched or abraded with a diamond paste or treated in an 
ultrasonic bath with diamond particles suspension in alcohol [58]. This preparation method 
increases the nucleation rate, and can decrease the deposit quality [58] although no 
satisfactory explanation was found. Recently, Dennig and Stevenson [59] have 
investigated the effect of surface topography on the nucleation behaviour of diamond 
films. The Si surfaces were submitted to a controlled etching, without any polishing. It 
was found that the initial presence of diamond crystallite was not necessary for nucleation 
and that diamond growth occurred preferentially on locations that protrude from the 
surface, such as edges or apices, as opposed to sharp valleys or flat regions [60]. 
Scanning tunneling microscopy results seem to support this observation [61]. Several 
explanations were proposed, namely the minimizing of interfacial energy by forming 
diamond nuclei on sharp convex surfaces, the presence of more dangling bonds at sharp 
corners which promotes the chemisorption of nucleating species, and larger reactant fluxes 
on these sites. However, the nucleation and growth rates were not reported, and 
quantitative comparison with the conventional scratching technique was not possible. 

More recently, B.R. Stoner et al.[62] showed that nucleation of diamond on silicon 
was greatly enhanced by substrate biasing at the beginning of growth. Moreover, they 
could show that the deposited carbon at the early stage of growth was converted to 
amorphous silicon carbide by reaction with the substrate under bombardment. For a critical 
thickness of a-SiC, carbon clusters were formed on which dismond nuclei could grow. 

The influence of the nature of substrate has been studied by Singh et al.[63]. It was 
found that deposition rate depends on the ability of the substrates to form carbides, and on 
the diffusion rate of carbon in the material. For instance, for high carbon solubility and 
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high temperature, the diffusion of carbon in the material consumes all the reactive species 
on the surface and prevents diamond growth. 

2.6 REMARKS: 

An interesting observation is that the techniques used for diamond deposition are very 
different. In the Thermally Assisted methods, such as HFCVD, thermal plasmas, and DC 
plasma jet, the temperature of the neutral species and the electrons are the same, and much 
higher than the substrate temperature. In Microwave CVD and DC glow discharges, the 
electron temperature is much greater than the neutral species and substrate temperature 
(typically 10000 to 20000K against about 1000K). However, both techniques produce 
diamond although the thermal methods can achieve the highest rates. 

Another interesting observation of the same nature was made by Bachmann et al. [64] 
who showed that low pressure diamond synthesis was observed only within a well defined 
composition field of the C-H-O phase diagram. This observation was made from several 
publications describing work performed with different temperatures and processes, and 
starting from different precursor materials (CH4-H2, C2H2-H2, CO-H2, CH3COCH3-
02 .... ). Surprisingly, all these experiments show this common feature, although all of the 
experimental parameters (T, p, flow rates, plasma density, and so on) which we have 
shown have a strong influence on diamond production and growth, are not taken into 
account in this simple phase diagram. However, this work could allow prediction of gas 
phase composition and starting materials suitable for diamond production. 

3. Diamond-like carbon (DLC) 

3.1. INTRODUCTION 

A large research work has been carried out recently to produce carbon films with good 
mechanical and optical properties and high resistivity with PVD or CVD techniques. These 
films have unusual and interesting properties: they are typically harder, more dense and 
resistant to chemical reactions than polymers. Owing to the large variety of production 
methods of these films, leading to large spectrum of properties, Angus [14] has proposed 
to classify them following their density in gram-atom of carbon per cm3 and H content, 
which defines thus 2 domains of existence of diamond-like carbon corresponding to a-C 
and a-C:H, as shown on Fig. 14 [14]. 

3.2. DEPOSITION TECHNIQUES 

The deposition techniques for producing diamond-like carbon are divided into Ion Beam 
Techniques, Plasma Deposition Techniques and Laser ablation. In all the deposition 
techniques, carbon is condensed on a surface from a carbon source, under ion beam 
assistance. The carbon source can be either a gas or a solid target, each one leading to a 
different type of composition of the mm and impurity content, as mentioned in Table 8. 
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Figure 14: Classification of carbon compounds with H content (abcissa) and 
carbon atom density[14]. DI=Diamond, GR=graphite, AD = adamantanes, 
AL=alcanes, AR = polynuclear aromatics, AC=oligomers of acetylene, AM = 
low density amorphous carbon. 

The common characteristics of all these processes and the main difference with diamond 
deposition is the presence of energetic species (10 to 500eV) which collide with the surface 
atoms of the mm during the growth: this bombardment has a strong effect on the properties 
of the film [56], such as hardness, stress and density [65,66] as will be detailed below. 
For most of the techniques presented above like CVD or bias sputtering, the bombardment 
conditions are not independently controlled during the process, and it is hard to determine 
what was the effect of bombardment alone. 

Deposition 
Techniques for 

Dlamondllke 

Figure 15 : Methods of diamond-like carbon deposition 
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Processes from hydrocarbon Processes from solid C 
gases 

PACVD Hydrocarb. Ion Arc DCorRF Ion Beam Laser 

(DC orRF) Ion Beam Plating Discharge Sputtering Sputtering Ablation 

Pressure 0.01-0.5 10-7 to 0.1 0.75 < 5 10-3 < 10-3 < 10-6 

(Torr) 10-5 

CH4, C2H2 CH4, C2H2 Ar, Ar+ H2 Ar 

Gases C6H6 C4H lO/Ar C6H6 Ar+C~ Ar+H2 -
C4HlO CO, CO2 

Solid - - - Graphite Graphite Graphite 

ta rget 

Impurity Gas Filament Glid Gas Gas Gas powder 

source React. walls React. walls React. walls React. walls React. walls React. walls React. walls 

Gas Gas Target Target 

.. 
Table 6: Dtfferent DLC depOSttlOn techmques and thetr charactensttcs[56]. 

On the other hand, in DIBS and IBAM techniques (Fig. 16 and 17) the bombardment 
source is completely independent from the deposition process and a very fme control of the 
effect of bombardment can be analyzed as explained in the next section. In the following, 
we will restrict the discussion to non hydrogenated diamond like carbon (a-C), although 
most of the results are similar for a-C:H. For more information of other types of DLC, 
references like for instance Angus et al. [3,14,67] and Robertson [9] could be consulted. 

Ion source 

~;;;;;;;;;;;;;;;;;;;;;;;;;;;;;l= Su trate 
Carbon layer 

t 

Ion source 
50 to 300 eV 

Figure 16: Dual Ion Beam Sputtering: 
one beam is used for sputtering the C 
target, and the other for assistance. 

Substrate 
\~;;;;;;;::';;;;;;;;;;;;;;:;!1===' Carbon layer 

water 

Ion source 
50 to 300 eV 

Figure 17 Ion Beam Assisted 
Deposition. The ion beam is used for 
deposition assistance. 
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3.4. MECHANISM OF a-C DEPOSITION 

It is well established that low energy ion bombardment of a growing film leads to dramatic 
changes in the properties of the PVD and CVD coatings [68,69]. In the case of carbon 
deposition, the bombardment under controlled conditions of the film can promote the 
diamond-like character of the deposited layer [69,70]. Different models have been 
proposed to explain this phenomenon[72,73]. For instance, Weissmantel [75] has 
proposed a model in which a pressure front due to the local heating by the cascade is 
assumed to favour the higher density sp3 structure. The preferential sputtering of sp2 sites 
has also been proposed[73]. Another idea suggested by Lifshitz et al.[72] was the 
preferential displacement of atoms depending on their bond type: the energy of the bonds 
between diamond atoms being greater than in graphite, it was suggested that a preferential 
displacement of sp2 atoms occurred in a layer under bombardment, leading to an increased 
sp3 concentration. The preferential displacement model was confirmed by Rossi and Andre 
[65] by comparison of Monte Carlo calculations and density measurements on carbon films 
made by IBAM and DIBS. For instance Fig. 18 shows the evolution of density of 
diamond like films made by DIBS (at 200eV and 101lNcm2) which clearly shows the 
changes in density of the carbon film with the ion mass. These results are directly related to 
ballistic effects since the densification is proportional to the energy transfer during 
collisions as shown in Fig.19. A maximum of density is also found for a given ion with 
energy, the position and the value of which depend on ion/atom fluxes ratio and ion mass 
(Fig. 20). 
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Figure 18 : Evolution of density of a C film made by DIBS vs the ion mass 
(200 eV and 1OIlNcm2)[65]. 
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Figure 19 : Evolution of the density of DIBS film as a function of ballistic 
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mass.(for a constant energy 200eV and current)[65]. 
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Figure 21: Optimum densification energy for DLC as a function of ion mass 
[65]. 

This result can be interpreted by the fact that below a given ion energy, only the 
carbon atoms linked with sp2 bonds are displaced. The displacements produce 
rearrangements of the carbon atoms which can be linked in sp3, thus increasing the film 
density. Beyond a critical collision energy, sp3 atoms are displaced and the bonding 
changed to sp2, thus decreasing the density. The critical collision energy depends on the 
ion mass, as shown in Fig.21 [65] and is correctly predicted by the Monte Carlo simulation 
of preferential displacement. However, other calculations made by Moller [74] have shown 
that preferential displacement alone could not explain the observed changes in density. This 
result still has to be conflfffied, but a possible explanation could be linked to the changes in 
defect size distribution due to bombardment. 

Fig.22 shows the stress build up in the diamond-like films as a function of ion energy 
and flux [76] for Ar ions. It can be seen that stress increases rapidly with ion bombardment 
but that the decrease in density at higher energies is not followed by a decrease in residual 
stress. In the case where mechanical applications of a-C are considered, a trade-off 
between density and stress has to be found. 

3.3. STRUCTIJRE OF a-C AND A-C:H 

The physical properties of DLC films depend on the method of preparation. For a given 
method, the ratio sp3/sp2 can be affected by the presence of H in the films. Several models 
of structures for diamond-like carbon have been proposed: Robertson [77] proposed a 
model based on graphite inclusions in a sp3 hybridized atoms network. The network 
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would be responsible for the mechanical properties of the layer, as the size of sp2 
aggregates would be responsible for optical and electrical properties. Conversely, Collins 
et al. [78] explains the high densities of a-C obtained in laser ablation with a structural 
model consisting of sp3 hybridized atoms aggregates (75% in volume) linked to each other 
by sp2 and sp3 atoms. Galli et al. [79] using molecular dynamics calculations showed that 
the a-C structure was made up of 85% sp2 atoms and sp3 clusters. Finally, using Raman 
spectrometry and HRTEM, Andre [71] found that a-C made by Ion Beam Assisted 
methods consisted of graphite microcrystals linked by sp3 atoms: the increase of density 
observed with bombardment was correlated with decrease in graphite aggregates sizes. 
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Figure 22: Compressive stress in the film as a function of Ar ion energy 
(constant flux of 0.01 mA.cm-2s- l ) and ion flux (energy =100eV) [66]. 

,-., .... , 
": 

N 

'5 
CJ 

-< 
5 
---
~ = = = 0 .... 

DLC films can be very hard, and values of the order of 30 to 40 GPa have been 
reported[70,71], see Fig. 23. The diamond-like coatings have a low friction coefficient 
(0.02 to 0.2), increasing with humidity, and their wear resistance is quite good [71,80]. 
The DLC films generally absorb in the visible but have good transmission in the IR region 
and can be used as IR antireflection coatings on germanium optics and Si solar cells. DLC 
has a high electrical resistivity, and is chemically stable. 

3.4 APPLICATIONS OF DIAMOND-LIKE CARBON 

We have seen in the first sections that there is a considerable interest in growing pure 
diamond films for mechanical or optical applications [80]. However, many of the coatings 
requirements can already be met using DLC with even some advantages that diamond fIlms 
do not have yet (low surface roughness for instance). This leads to many potential 
applications as friction and wear resistant coatings, antireflection coatings on Ge [81,82], 
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protective coatings on ZnS windows, on aluminium mirrors or for photothermal 
conversion of solar energy[81]. Biomedical applications should be a domain of application 
of DLC films for several reasons: good compatibility with living tissues, low friction 
coefficient and low wear rate: applications like anti clogging for veins or parts of artificial 
hearts, or anti wear coatings for protheses. Currently, the main market for DLC films is 
related to IR windows, but the new markets mentioned above should develop rapidly in the 
near future. 
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Fig.23: Hardness of DLC films as a function of ion energy for DIBS and 
IBAM films under Xe and Ar ion assistance [71]. 

4 Conclusions 

Although CVD diamond devices are already industrially produced today, the important role 
of these films for a large number of applications in mechanics, optics and electronics still 
remain a challenge.The nucleation density, the growth rate, the adhesion to the substrate 
and the surface roughness must be improved. The quality, the microstructure and the 
properties of the diamond films depend on the substrate, its preparation, the first stage of 
deposition and the plasma characteristics. Further research still has to be performed to 
optimize the deposition conditions in order to make diamond coatings industrially more 
attractive. 

Applications of diamond-like carbon, although not as important as those of diamond, 
are already on the market, for instance for IR windows. The technological problems to be 
solved are related to improvement of adhesion and internal stress control. It is expected that 
DLC layers will be used intensively for applications where optical properties combined 
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with a low friction coefficient, smoothness and wear resistance make them the material of 
choice in some industrial applications already mentioned. 
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