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The synthesis and properties of interstitial phase films
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Abstract. The methods of synthesis of interstitial phase films
(transition metal carbide, nitride, boride, and hydride films) are
described. Different versions of their chemical and physical
deposition from the gas phase are compared and discussed. The
available information about the structures, electronic structures,
and physicochemical properties of the films (including alloyed and
multilayer films) is surveyed and analysed. The bibliography
includes 225 references.

1. Introduction

The term ‘interstitial phases’ (IP) (or interstitial alloys, interstitial
compounds, and Hagg’s phases) appeared more than 60 years ago
in studies of the structures of the phases in transition metal —light
nonmetallic element (hydrogen, nitrogen, boron, carbon, etc.)
systems. Hagg ! put forward the hypothesis that the small atoms
of the light elements are inserted in the interatomic sites within
typical close-packed metallic structures: face-centred cubic
(FCC), hexagonal close-packed (HCP), and body-centred cubic
(BCC).

The structures of typical IP of the NaCl type, in which the
octahedral positions in the metallic FCC sublattice are occupied
by carbon or nitrogen atoms, and of the CaF> type, in which the
hydrogen atoms are located in tetrahedral positions of the FCC
lattice, are well known from the results of neutron diffraction
studies.? The structures of the borides are somewhat more com-
plex in most cases than those of the hydrides, carbides, and
nitrides, but the familiar simple relations, proposed by Hagg and
based on a purely geometrical approach, proved suitable only for
stoichiometric phases. Deviation from stoichiometry led in the
vast majority of cases to the ordering of the nonmetallic sublattice
and the formation of IP with a complex structure, the metallic
sublattice of which was no longer in any way characterised by
simple FCC, HCP, or BCC type packing. For this reason, as has
been emphasised in the monograph of the present author and
Umanskii,? the term ‘interstitial phases’ is mainly of historical
significance. At the present time the IP include Group III1-VI
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transition metal hydrides, nitrides, carbides, and borides with
metal-like properties, as well as certain monoxides (for example,
TiO). A series of monographs (see, for example, Refs 2—21) and a
multiplicity of communications have been published in collections
and numerous periodicals devoted to the problems of the prepa-
ration, properties and applications of IP. However, questions
concerning films have been described in the monograph literature
on a very limited scale — so far as we are aware, only in a single
monograph.” This situation is due to the fact that IP films began to
be actively investigated only during the last 10— 15 years after the
development of an effective method for their preparation by
physical deposition from the gas phase (the so called PVD
technology), although chemical deposition from the gas phase
(the CVD technology) had long been known. The extensive
application of such films in the tool industry and in electronics
stimulated the study of the characteristic features of their synthesis
and properties. As regards the number of publications, titanium
nitride is the undoubted leader. In this connection, one should
note the reviews??=2% and certain monographs on films and
coatings.??~3! The available information on nitride, boride,
carbide, and hydride films is scattered in the periodical literature
and needs to be surveyed. We may also note that this problem
appears of current interest also in connection with the develop-
ment of studies on IP-based nanocrystalline materials.3? 33

I1. Preparation

We shall consider films with a thickness up to several micrometers.
Thicker films and coatings will not as a rule be analysed. Table 1
presents the principal methods of preparation of IP films. The
classification presented is arbitrary because, for example, many
physical methods include chemical reactions and chemical proce-
dures have been stimulated by physical influences.?> The table
includes only the principal methods of synthesis (vaporisation and
condensation processes in an inert medium or in the reaction
medium are usually implied). Nitride films can be obtained by
virtually all methods, while hydride films can be prepared only by
the low-temperature methods in view of the considerable dissoci-
ation pressures of the hydrides. The carbide and boride films
occupy an intermediate position.

1. Physical methods

a. Thermal evaporation

In connection with the high melting points of the majority of
carbides, nitrides, and borides, the processes involving evapora-
tion by resistive or radiation-induced heating are used compara-
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Table 1. Principal methods of preparation of IP films.

Method Principal varieties Compound
Physical methods
Thermal Activated reactive Nitrides and carbides
evaporation evaporation
Electron-beam Borides and carbides
heating
Laser treatment Nitrides and carbides
Ton Ton arc Nitrides and carbides
plating sputtering
Magnetron Nitrides, borides,
sputtering carbides and hydrides
Ton-beam Nitrides and borides
treatment;
implantation

Chemical methods

Deposition from  Plasma-associated and Nitrides, carbides,

gas phase plasma-activated CVD and borides
processes; electron
cyclotron resonance
Thermal Gaseous and condensed Nitrides and borides
decomposition precursors
Nitridation Low-temperature version; Nitrides and hydrides
and hydridation implantation

tively rarely. Electron-beam evaporation (EBE) has been used to
obtain carbide, boride, and carbidoboride (TiC/TiB,) films.3*
This method has been used with heating of the substrates to high
temperatures (650—1600 °C); the rate of deposition was up to
6 pm min— ! and the thickness of the layers was 0.25—0.3 mm, but
their hardness was relatively low (up to 20—30 GPa) owing to
intense recrystallisation. Laser evaporation (LE) is also used.

The thermal vaporisation of metals and alloys in a reaction
medium with simultaneous saturation by the interstitial elements
(carbidation, nitridation and hydridation) is more common. A
version of this method — activated reactive evaporation (ARE) —
is particularly well known, although the latter is ‘akin’ to ion
deposition processes. Laser reactive sputtering of niobium targets
in carbon-containing media for the preparation of superconduct-
ing niobium carbide films has been described.?> The use of a glow
discharge and of other plasma-activating processes for these
purposes is known,3¢ but the most effective variety of the ARE is
arc vapour ion deposition (sputtering) (AVID).

In order to obtain IP films by the thermal vaporisation
method, account must be taken of the characteristic features of
this process. The compounds from which films are obtained
possess in most cases wide ranges of homogeneity and vaporise
predominantly (at least in the initial stage) incongruently. The
possibilities of statistical-thermodynamic methods, which make it
possible to estimate the rates of vaporisation and the congruently
vaporising IP compositions have been examined in mono-
graphs.2 19

The vacuum vaporisation of intermetallic compounds of the
type FeTi and LaNis with subsequent hydridation (VViH) is also
used to obtain hydride films (see, for example, Singh et al.>” and Li
and Cheng 3%).

b. Ion plating

The term ‘ion plating’ was first encountered in the communication
of Mattox and McDonald * for the designation of a wide range of
plasma-activated PVD processes in which the surface of the
support was subjected to the action of an ion stream before the
deposition of the film. The excitation of an arc discharge in a

nitrogen or carbon-containing atmosphere is one of the most
common variants of this technology, which has found extensive
industrial application (on ‘Bulat’ type devices in our country).
Metallic cathodes are used as a source of metal ions in AVID, high
degrees of ionisation being attained under these conditions (from
30% to 100%), the kinetic energy of the ions is from 10 to 200 eV,
and the rate of deposition may be up to 1 -3 pm min—!.40-41

In most cases Ar + Ny or Ar + C,H,, reactive working media
at a pressure of ~10~3 mm Hg and metallic cathodes (Ti, Ti—Al,
Zr, Mo, Cr, etc.) are used in AVID. The principal deficiency of
AVID is the formation of the so-called drop phase as a result of
the intense influence exerted by the arc on the cathode and the high
probability that metal drops enter into the films deposited.
Filtered AVID processes, where the drop phase can be to a large
extent filtered off by means of a magnetic field, are known.?# 4243
Also known are hybrid variants of PVD, including both multi-
cathode devices and a combination of AVID and magnetron
sputtering (MS), which makes it possible to obtain a wide variety
of types of multilayer and doped films.**

A more flexible variety of ion deposition is MS. In magnetron
sputtering, it is possible to employ not only metal and alloy
cathodes but also cathodes made of IP as well as nonmetallic
compounds and to reduce the temperature of the support to
100—200 °C and sometimes even below that. These factors greatly
expand the possibilities for the preparation of films in amorphous
and nanocrystalline states and also of supersaturated solid sol-
utions. There are numerous variants of MS: d.c. sputtering, high-
frequency sputtering, application of a bias voltage to the sub-
strate, the use of so called unbalanced magnetrons, etc.?*26-41
However, the degree of ionisation, the kinetic energy of the ions,
and the rate of deposition are in almost all cases lower than for
AVID (< 10%, up to 10 eV, and <0.1-0.2 pm min—! respec-
tively).

Different variants of the ion-beam treatment (IBT), in which
atoms are dislodged from the target by the bombardment of its
surface with ion beams, have also come to be widely used. The ion
beams are also employed for the treatment of the films formed.
Figs 1 and 2 present two schemes for the ion-stimulated deposition
of nitride films. In the first case, the metal ions are generated by
bombarding a metallic target with inert gas or nitrogen ions and in
the second a stream of metal atoms is generated by means of an
electron-beam treatment.*>-46 Such methods make it possible, on
the one hand, to synthesise superstoichiometric compounds
and, on the other, to vary the crystallisation conditions. For
example, bombardment with heavy ions (320 keV Ar>* or
320 keV Xe?*) in the deposition of TiB; films leads to the
appearance of crystallinity even when the process is carried out

1500 eV

Figure 1. Schematic illustration of the binary ion-stimulated deposition
of nitride films.*>

(1) Target (Ti, Zr, Hf); (2) source of nitrogen ions or of a mixture of argon
and nitrogen ions for the support; (3) source of argon, xenon, neon, or
nitrogen ions for the target; (4) substrate; (5) angular mechanism rotation;
(6) coordinate fixer; (7) current density counter; (8) rate of deposition
counter.




The synthesis and properties of interstitial phase films

55

8 9
7
e B L4
6 5 ™~~10
——

4 |

3

2

1
Figure 2. Schematic illustration of the EATON Z-200 IBED appara-
tus.46

(1) electron-beam vaporiser; (2) stream of vaporised metal atoms;
(3) vaporisation lens; (4) separator; (5) substrate; (6) ion beam (N* or
Ar"); (7) separator; (8) ion beam current density counter; (9) cooled
support holder; (10) rate of deposition counter.

at room temperature.*” Only the formation of amorphous films
was observed under these conditions without an ion-beam treat-
ment. The use of molecular dynamics methods for IBT processes
has been described.*®

2. Chemical methods

a. Deposition from the gas phase

The traditional CVD technology, associated with high-temper-
ature gas reactions of the type

TiCly + 1N, + 2H, — TiN(s) + 4HCI, (1)
TiCly + 1C,H,, + H> - TiC(s) + 4HCI + (% - 1)H2, )

TiCl + 2BCl; + 5H» — TiBa(s) + 10HCI, 3)

has long been used to obtain wear-resistant protective layers,
films, and general purpose coatings. Reactions (1)—(3) have been
formulated in their final form but in fact they consist of many
stages and in addition admixtures of oxygen complicate their
occurrence in almost all cases. A comprehensive review of the
studies devoted to wear-resistant TIN CVD coatings has been
published.?” Not only single-layer IP films but also multilayer and
doped compositions of the type Ti(CiN,), TiC + TiN,
TiC + AlOs;, TiC + TiB,, and TiC + Al;O3 + TiN have been
developed and are manufactured on the industrial scale.?*27

In most cases the temperature range for the deposition of
CVD films is 900-1100 °C. Rates of deposition of
0.03-0.2 um min—! are typical for these conditions. The search
for the possibility of reducing the process temperature, dictated
mainly by the requirements of electronics and machine building,
have led to the creation of different variants of physically
stimulated regimes, in which plasma and laser techniques, electron
cyclotron resonance (ECR), etc. are used.**—>* The following
features are characteristic of these variants:

(1) the deposition temperature is reduced to 600—300 °C and
below;

(2) the rates of deposition are 0.001—0.2 um min—1!;

(3) organometallic precursors of the type of titanium tetra-
kis[dimethyl (or diethyl) amides] or tetraisopropoxide —
Ti[N(CH3)2]s, TiIN(C>Hsls and Ti[OCH(CH3)>]4 — having a
high vapour pressure are used;

(4) compared with the usual CVD technology, these methods
require special apparatus, so that their application is in most cases
justified economically only in electronics.

Figure 3 presents a schematic illustration of the apparatus in
which titanium tetrakis(dimethylamide) vapour and nitrogen are
used and which is activated in an ECR cell.>! The initial vacuum in
the apparatus is maintained with the aid of a turbomolecular
pump at a level below 10~ mm Hg, while the working nitrogen
pressure is 10~4 mm Hg. The temperature of the substrate, on
which a shift potential is established, amounts to ~100 °C. The
highest rates of deposition (~6 x 10~* um min—') and compara-
tively low electrical resistances of the films have been observed
when a shift potential of —50 V was applied to the support. The
composition of the films, monitored with the aid of XPES, proved
to be as follows (at. %): Ti ~ 42, N ~ 42, C ~ 10, O ~ 6. Other
schemes for the employment of ECR in order to obtain TiN films
have been described. When these schemes are employed, the
impurity content can be reduced by an increase in temperature
but the rates of deposition remain nevertheless relatively low
(~1073 um min—1),32-34
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Figure 3. Schematic illustration of the apparatus for the deposition of

TiN films using an organometallic precursor and the activation of nitrogen
by means of cyclotron resonance.”!

(1) turbomolecular pump; (2) nitrogen traps; (3) substrate with a device for
heating and the measurement of temperature; (4) bias voltage source;
(5) organometallic precursor (7' = 75 °C); (6) supply of nitrogen; (7) cell
of 90 W cyclotron resonance apparatus with a high-frequency generator
and source and mains potential generators.

Examples of the synthesis of films comprising complexes of
group IV and V transition metal tetrakis (dialkylamides) and
ammonia at atmospheric pressure have been described.>> % Fairly
high rates of deposition (0.02—0.2 um min—!) and low temper-
atures (200—400 °C) were then noted and the impurity content
was low; the formation of TiN, Zr3Ng4, Hf3N4, VN, Nb3;Ny, and
TasNs was detected. Epitaxial layer-by-layer growth of TiN film
at 500 °C was observed when TiCls, and NH3 were supplied
alternately to the support with injection of zinc vapour after the
supply of titanium chloride.>”

It is seen from the foregoing that, in the course of the updating
of the regimes in the traditional CVD technology, experimental
data have accumulated and new schemes have been tested, but it is
so far difficult to give preference to any one of them.

b. Thermal decomposition

The thermolysis of gaseous and condensed precursors for the
preparation of IP films is used comparatively rarely. As regards
titanium nitride and carbonitride films there have been indications
that thermal decomposition of organometallic compounds of the
type of titanium tetrakis(dialkylamides), including polymeric
ones, is possible without the addition of ammonia to the reaction
zone. 4958
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The deposition of titanium, zirconium, and hafnium boride
films by the thermolysis of borohydrides has been described in
several communications (see, for example, Refs 59—62). At fairly
low decomposition temperatures (100—250 °C), the formation of
both amorphous and crystalline films with a fairly high metallic
conductivity is observed. The latter property is particularly
attractive for the employment of these films in electronics as
diffusion barriers. However, owing to the high reactivity of
borohydrides, so far boride films are obtained by this method
mainly on a laboratory scale.

c. Nitridation and hydridation

The nitridation and hydridation methods are applied in different
variants: ionic and laser implantation of nitrogen and other
interstitial elements in thin metallic films (Figs 1 and 2) or surface
layers,®*~ %5 nitridation of surface layers in a high-frequency dis-
charge,% high-temperature (400 °C) nitridation by hydrazine,®’
and hydridation of films at low temperatures including electro-
chemical and magnetron synthesis.3”-38- 606 However, compared
with methods for deposition from the gas phase and thermal
decomposition, nitridation and hydridation have no special
advantages. Hydride films may be an exception, but the character-
istic features of their preparation have so far been investigated on
a limited scale.

II1. Composition, structure, defects, and eletronic
structure

The thickness of the films determines the application of the
corresponding methods for their investigation.”® This applies
particularly to the study of their decomposition and defectiveness,
for which many methods are employed; XPES, XRD, Auger
electron spectroscopy (AES), scanning and transmission electron
microscopy (SEM, TEM), Rutherford back scattering spectro-
scopy (RBSS), electron microprobe analysis (EMA), positron
annihilation spectroscopy (PAS), secondary ion mass spectrome-
try (SIMS), scanning tunnelling and atomic force microscopy
(STM, AFM), selected area electron diffraction (SAED), and
others. In most cases, two and more methods are used to ensure
the reliability of the results.

1. Composition

Table 2 presents certain results of the analysis of the composition
of IP films obtained by different methods. The formulae of the
films, found in a number of investigations,>!> 3234 60.72.75,76 yere
calculated by ourselves on the hypothesis that the boron, nitrogen,
oxygen, and carbon atoms are located in one sublattice (for
example, in octahedral positions), while the smaller hydrogen
atoms are in another sublattice (for example, in tetrahedral
positions). In many cases, the synthesis of IP films is accompanied
by the formation of superstoichiometric compounds. The influ-
ence of argon pressure on the boron content in diboride (TiBz and
ZrB»), hexaboride [(La, Ce, Sm, Y)B¢], and dodecaboride (ZrB»)
films obtained with the aid of MS has been examined.”” The
formation of superstoichiometric phases in the first two cases and
of prestoichiometric phases in the last case was noted. This was
attributed to the characteristic features of the mobility and the
collision reactions of the boron and metal atoms. The formation
of superstoichiometric titanium carbonitrides and boridonitrides
with the aid of MS has also been reported.”® The important
question concerning the relation between the compositions of the
target and the sputtered film as regards IP has not so far been
considered in detail. It has been noted 7® that the depletion in
carbon of a nonstoichiometric titanium carbide (TiCy s) target has
been detected with the aid of MS.

In the synthesis of the usual IP, the formation of super-
stoichiometric phases is observed mainly in the presence of oxygen
impurities, which leads to the appearance of structural (non-
thermal) vacancies in the metallic sublattice.>7 The insufficiently
complete attestation of the compounds listed in Table 2 precludes

Table 2. Compositions of certain IP films synthesised by various methods.

Compound Method of Method Ref.
preparation  of analysis
NbCo.75-0.98 LRS XPES 35
Ti(No.72C0.1700.11)1.38 ECR " 51
TiNo.74-1.07Ho.1-0.42 " RBSS 52
Ti(N~09Co0.0500.03)0s-13Ho.1 03 " SIMS 54
TiN, Zr3;Ny, Hf5N4, VN 05115, Low-tempe- RBSS,
NbN| 35, TaN 7 rature CVD  XPES, 55,56
SAED
Zr(Bo.67C0.1700.16)2.25 TD AES 60
TiN]_z, ZI‘N1>5, NbN()_g, TaNo s Implanta- RBSS, 64
tion XRD
TiNos-1.2 DCMRS RBSS, 71
XPES,
SAED, XRD
(Ti,ALZr)(No.9600.04)0.96 " " 72
TiNo2-1.14 " AES 73
TiB2.1 2385 HFMNS AES,XRD 74
Zr(No.83C0.1300.04) ~2 HFMRS " 75
Ti(Bo.800.11N0.045Co0.045)2.5 HFMNS AES 76

Note. The following designations have been adopted: LRS — laser
reactive synthesis; ECR — electron cyclotron resonance; TD — thermal
decomposition; DCMRS and DCMNS — direct current magnetron
reactive and nonreactive (i.e. sputtering by neutral atoms) sputtering
respectively; HFMRS and HFMNS — high-frequency magnetron reac-
tive and nonreactive sputtering respectively.

conclusions concerning the nature of the superstoichiometry of
the IP films. Accurate measurements of the X-ray and pyknomet-
ric densities as well as detailed elemental and phase analyses are
therefore needed. One should bear in mind that the agreement
between the results of the determination of the elemental compo-
sitions of the films by various methods is not always satisfactory
and this problem requires special consideration in almost every
case.

Oxygen is one of the commonest impurities in IP. Fig. 4
presents the dependence of the titanium, nitrogen, oxygen, and
carbon concentrations on the surfaces of TiN films on the partial
pressure of oxygen in a direct current magnetron reactive sputter-
ing (DCMRS) chamber. The plots were constructed from results
obtained by the AES method in situ.”® Analysis demonstrated how
important is the ‘vacuum hygiene’ in the preparation of IP films: at
an oxygen partial pressure in excess of ~10~® mmHg (total
pressure ~10~3 mm Hg), a decrease in the nitrogen concentra-
tion and an increase in the oxygen impurity content are observed.
A similar situation has been noted also for water vapour.

¢ (at.%)
60

40

20

Figure 4. Dependence of the concentrations of oxygen (/), nitrogen (2),
carbon (3), and titanium (4) on the surfaces of TiN films on the partial
pressure of oxygen.”?
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Figure 5. Variation of the contents of argon (1), neon (2), and xenon (3)
in the region of homogeneity of hafnium nitride.*?

The presence in the films of inert gas atoms, entrained in the
course of sputtering and implantation, is noteworthy. Fig. 5
presents the dependence of the argon, neon, and xenon contents
on the composition of hafnium nitride films synthesised in
accordance with the binary ion-stimulated deposition scheme
(Fig. 1). The content of the inert gases increases significantly
with increase in the amount of nitrogen in the superstoichiometric
nitrides, the total amount of these gases being, as expected,
inversely proportional to their atomic radius. The above concen-
tration dependence may be associated with increase in the
concentration of structural vacancies in the nonstoichiometric
phases. An approximately similar situation has been observed also
for titanium and zirconium nitrides.

Interesting possibilities of XPES in relation to the analysis of
Ti(B,N), films have been demonstrated by Mollart et al.8° Fig. 6
presents the XPE spectra of the 1s states of boron and nitrogen in

I a
TiB,
TiB || | | By0s TiN | | BN
BN
Bls Nls
i
i
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3 3
1 1 1 1 1
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TiN | | BN
Nls
1
2
3 3
1 1 1 1 1 1
185 190 195 395 400 405

Bond energy /eV

Figure 6. XPE spectra of the ls states of boron and nitrogen in
nitridoboride films of different composition before annealing (a) and
after annealing at 400 °C (280 min) (b).%°

(1) TiB>N; (2) TiBNy.s; (3) TiBN.s.

nitridoboride films of different composition in the initial and
annealed states. The films were obtained by the direct current
magnetron nonreactive sputtering (DCMNS) method using
Ti— BN composite targets of different composition. By employing
standards for TiB, TiB,, BN, and B,0Os3, it was possible to estimate
with an accuracy of £30% the phase compositions of different
films, which agreed qualitatively with data obtained from the
Ti—B—N phase diagram. The XRD and AES methods proved
less informative in this respect, although the latter has been
recommended for the determination of the [N]/[Ti] ratio in
titanium nitride.8!

2. Structure and defects

a. Lattice parameters and occupancy of sublattices

The IP structure began to be investigated a long time ago, but an
insufficiency of results obtained on well attested objects is never-
theless still felt. It was noted above that accurate measurements of
the X-ray and pyknometric densities are needed for the elucida-
tion of the occupancy of the metallic and nonmetallic sublattices
in IP. Such densities are nontrivial for low dimensionality objects
such as films.

A decrease in the lattice parameter on deviation from stoi-
chiometry has been noted for both the usual®? and film 2>%3
titanium nitride specimens (Fig. 7). A similar situation is charac-
teristic also of hafnium nitride.®* The absolute values of the lattice
parameters for IP films are usually greater than for massive
specimens. This is as a rule attributed to the influence of the
residual stresses, the grain size, and also the presence of impurities.
It is striking that the period depends on the film thickness. A
decrease in the lattice parameter with increase in the thickness of
TiN, NbN, and CrN films has been noted (it is particularly
marked up to a thickness 50—150 nm); on the other hand, for a
zirconium nitride film the lattice parameter also increases with
increase in thickness.®3 The presence of an appreciable crystallo-
graphic anisotropy in the lattice deformation parameters for the
substoichiometric and stoichiometric titanium nitrides is also of
interest.®? Thus the relations a(200) > a(111) and a(200) < a(111)
are characteristic of TiN - ss and TiN . | o respectively. The latter
relation is also observed for superstoichiometric TiN films, which
has been attributed to the possible formation of a phase with a
CaF, type structure in the form of nanocrystals.®¢ However, an
unambiguous treatment of these and other changes in the lattice
period in IP films requires additional studies and a detailed
elemental analysis.

7/gem=3

50 F_—- +

4.0 | | | |
0.6 0.8 1.0 [NJ/[Ti]

Figure 7. Variation of the density (y) in the region of homogeneity of
titanium nitride films.32

Dashed line— calculated results obtained. on the basis of a purely vacancy
approach.

In a number of investigations, the point defects in the films
were studied by positron annihilation spectroscopy.$* 8789 The
presence of defects of the type of vacancies, interstitial atoms,
micropores, and others has been noted. However, the treatment of
the annihilation characteristics in IP with different sublattice
occupancy is still far from being fully understood, so that neutron
diffraction studies with determination of the locations of light
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atoms and of the ordering of structural vacancies might therefore
‘throw light’ on this problem.

Certain interesting features of the crystal structures of Ti(Si,
N, 0), NbN, ZrN, LaBgs, CeBs, SmBg, ZrB>, and TiB, films
(anisotropy of the lattice parameters, the influence of the film
thickness on the crystallinity), as well as single crystal film
deposition processes, the formation of supersaturated solid sol-
utions, etc. have been examined in a number of investiga-
tions.””-%0-% The characteristics of the ordering in IP films
remain virtually little investigated, although an appreciable
amount of information has accumulated for these compounds in
the usual (nonfilm) form.2 10-20

b. Residual stresses and texture

The residual stresses in IP and their structure have been thor-
oughly investigated and described in the literature (see, for
example, Refs 22,24-26, 83, and 95—97). The residual macros-
tresses are measured by an X-ray method (the so called sin*{s
method) and many mechanical methods. It is believed that the
residual stresses are due to the difference between the coefficients
of linear thermal expansion of the film and the substrate and also
to the characteristic features of the film growth. For the majority
of PVD films, these stresses are compressive; for TiN CVD films,
tensile stresses have been noted.?> Appreciable compressive
stresses have been detected also for TiC and TiB, PVD
films.?>3 It has been observed that the bias voltage and ion
bombardment exert a significant influence on the residual
stresses.?® 83 In the region of homogeneity of TiN, the residual
stresses vary nonmonotonically, minimum stresses being charac-
teristic of the TiN.o7 composition, to which the maximum
hardness corresponds (see below).%?

The study of the texture of TiN CVD films revealed that the
preferred orientations depend on the deposition temperature and
on the molar ratio [TiCls]/[NH3](mnyrip)-°® Three types of
preferred orientations have been detected; the <100> texture is
characteristic of low deposition temperatures; the <110 > texture
corresponds to moderate temperatures and low values of mnyTij;
the <111 > texture corresponds to high process temperatures and
high values of mnyTi)- The changes in the nature of the texture are
attributed to the characteristic features of the supersaturation in
the gas phase. Weber et al.,>> who used the ECR method to
activate nitrogen, noted that the preferred <200> orientation
was observed for TiN films when N, was employed, while the
< 111> texture was characteristic of the film when ammonia was
employed. It has also been noted that the latter texture is
manifested for titanium nitride (PVD) with a nearly stoichiomet-
ric composition (TiNysgs_1.0); for compositions with a lower
nitrogen content, the <311> and <200> textures predomi-
nate.”> The influence of substrate layers (titanium nitride or
carbide) on the textures of AVID carbide and nitride films
respectively and also of multilayer nitride films has been ana-
lysed.85-97

The influence of film thickness and partial nitrogen pressure in
PVD processes has been investigated.®- 190 With increase in film
thickness from 1.3 to 6.8 pum, the preferred texture changed from
the <200> orientation to <111>; the opposite change was
observed when the partial nitrogen pressure was increased, which
was accompanied by a decrease in the residual compressive
stresses. Such changes in texture are associated with the deforma-
tions accumulating during the deposition of the films when
account is taken of the anisotropy of the surface energies of
different crystallographic faces.

Figure 8 illustrates the influence of the thickness of the TiB,
films obtained by the DCMRS method on the nature of the X-ray
peaks.”3 The ratio of the intensities of the (001) and (101)
reflections is manifested fairly clearly only for thicknesses in
excess of 1300 A. A predominantly random orientation is char-
acteristic of thinner films (Fig. 8a), while the <001> texture
begins to be manifested distinctly when the thickness increases.
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Figure 8. Diffractograms for a TiB; film obtained at an angle of 5 °.3

(a) the influence of thickness; (b) film 860 A thick; film thickness (A):
(1) 5000; (2) 2800; (3) 1800; (4 1300; (5) 860.

The thermal stability of texture orientations in IP films has been
investigated on a limited scale.

c¢. Grain size (of crystallites) and morphology

The study of the fine structure [the size of the crystallites (L) and
microstrains (¢)] and also of the morphology of IP films is needed
to elucidate their properties. Fig. 9 presents the (200) and (111)
reflections for a titanium nitride film obtained in accordance with
the ion-stimulated deposition scheme (Fig. 2).4¢ The broadening
of the peaks as the energy of the Xe ions is varied can be seen. The
quantity L is estimated from the familiar Scherrer formula using
the measured peak width at half-height level. For accurate
calculations, it is necessary to take into account the contribution
of microdistortions to the width of the peaks. For this purpose, use
is made of different modifications of the familiar Warren — Auer-
bach and Williamson — Hall methods.!0!

Table 3 presents certain results of the determination of the
values of L and ¢ for IP films. The size of the crystallites in the films
investigated is in most cases < 50 nm and they can therefore be
assigned to the class of nanocrystalline (nanostructural) objects. A
detailed study of the influence of the temperature of the substrate,
the bias voltage, and the duration of sputtering on the value of L
estimated from the width of the (111) reflection has been under-
taken for TiN.!03 It is of interest that the influence of temperature
is manifested distinctly only for a bias voltage of about
—60 V,whereas at —100 and —200 V it is virtually absent in the
temperature range 150— 500 °C. The influence of various factors
on L and ¢ for the magnetron sputtering of a wide variety of
targets (TiNi, TiCos, TiB + Ti, etc.) has been described.”® 107 It
was noted in the same investigations, in particular, that the reason
for the difference between the values of L determined by the XRD
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Figure 9. Overall form of the (200) and (111) reflections for a TiN film.®
Energy of xenon ions (kV): (1) 40; (2) 20.

Figure 10. The fracture surface in a TiN film in the region of indentation
by the microhardness measuring device.

The photograph was taken on a high-resolution scanning electron micro-
scope (FEG-SEM) and has been kindly provided by Ma and Bloyce.!!0

Table 3. Dimensions of crystallites and the magnitude of microdistortions.

Compound Method L/nm? 103¢ Ref.
of preparation
TiNoas—1.0 AVID 9-21 0.8-2.6 95
TiN IBT 4-8 - 102
TioN " 6-21 - 102
TiN " 5-20 — 46
TiN AVID 20 — 103
DCMRS 35 — 103
TiN " 23-66 0.8-13 104
TiN " 30-140 — 105
ZrN HFMRS — 9 91
NbC DCMNS 30— 140 - 106

aThe values of L were estimated from the Scherrer formula in addition to
the results obtained from the literature.®!-95 104

and TEM methods may be packing defects, which contribute to
the broadening of the X-ray reflections and the block nature of the
structure. Such differences for nanocrystalline materials are fairly
frequent,'°! which is associated with the columnar nature of the
morphology of many IP films. A combination of various methods
for the determination of L is therefore needed, particularly in
relation to multilayer objects.”®

The presence of edge misfit dislocations with a Burgers vector
1/2 [110], characteristic of carbides and nitrides with the NaCl
structure, has been detected in multilayer TiN, NbN, VN, and
(TiV)N films, which were deposited by the DCMRS method on
the (100) face of a MgO single crystal.!%® The relaxation of the
stresses with formation of a domain structure under the influence
of the differences between the lattice periods and layer thicknesses
has been observed. The density of the loop dislocations fell from
5x10'2to 1.5 x 10'° cm—2 with increase in the temperature of the
single crystal support from 550 to 850 °C, which ensured the
formation of single crystal TiN films.!%?

The morphology of the structural features of IP films may be
characterised as columnar and as random with a wide range of
intermediate variants. Fig. 10 presents a typical columnar struc-
ture of a TiN film obtained by the DCMRS method.'!? In cross
section, the size of the crystals reaches 200—300 nm. This photo-
graph clearly illustrates also the presence of a residual plastic
deformation of the fibres of the brittle titanium nitride in the

region of the microindentation. The influence of the deposition
temperature and of the shift potential on the morphology of TiN
films has been described.!?> Depending on the deposition con-
ditions, in cross section the form of the crystals varied from
triangular to square and their size was between 50 and 500 nm,
which is greater by factors of 2—4 respectively than the X-ray
determinations of L (Table3). This difference must be attributed
to the approximate nature of the estimates from the Scherrer
formula. Another type of fracture in TiN films obtained by the
DCMRS method in apparatus with four planar nonbalanced
magnetrons (a columnar amorphous structure) has been described
by Effoglu et al.!'! The possibility of obtaining columnar struc-
tures by employing stronger magnetic fields was demonstrated in
the same study. It is of interest that films with a noncolumnar
amorphous structure had more effective mechanical and opera-
tional properties. It has also been noted that the imposition of a
shift potential during magnetron sputtering promotes the elimi-
nation of the porosity of the films.!'!?

The study of the fractures in boride films (see, for example,
Refs 74,76,77,113, and 114) revealed different structural types. A
stone-like fracture or a ‘cauliflower’ type fracture with a partially
manifested columnar structure is characteristic of these films, the
columnar structure becoming more pronounced with increase in
the nitrogen content (Figs 11 and 12). The porosity of the films is
usually low or virtually absent, but it must nevertheless be taken
into account in the analysis of the properties of the films. The

Figure 11. The fracture surface in a TiB, film obtained by the DCMNS
method.!'!*
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Figure 12. The fracture surface in a Ti(B,N), film obtained by the
DCMNS method. !4

methods for the determination of porosity from electrochemical
measurements in relation to TiN, Ti(B, N), and (Ti, AI)N films
have been described by Aromaa et al.'!> and the general features
of the macro- and micro-defects in the coatings have been
analysed in a monograph.!''® We may note that the general level
of the porosities of films obtained by the IBT and HFMNS
methods was from 0.003% to 0.239%.'!> The topography of the
film surfaces was investigated both with the aid of scanning
electron microscopy (Figs 10—12) and (especially) scanning tun-
nelling and atomic force microscopy.!!’

The characteristic features of the morphology of the IP films
obtained with the aid of CVD technology have been examined in a
series of studies (see, for example, Refs 27, 55, and 118—120). It is
important to note that, when two- or three-phase systems (com-
positions such as TiB,—TiC, SiC-TiC—-C, TiN—AIN, etc.) are
codeposited, nanostructural multilayer and mixed films, coatings,
and layers with L ~ 10—20 nm may be obtained judging from the
equilibrium phase diagrams. By virtue of the high process temper-
atures (~1000—1100 °C), the rates of deposition are very high
(~1 mm h—"). For the SiC—TiC—C nanocomposites, a texture
in the growth of (Si, Ti)C crystallites with a transverse dimension
of 10—15 nm in the <220> direction was noted; according to
Raman spectroscopic data, the size of the graphite inclusions did
not exceed several nanometers.!1?

Thus a wide spectrum of morphological structures, caused by
the diverse influence of the deposition conditions, impurities, and
other factors in the PVD and PCD processes, is characteristic of IP
films. In a number of studies (see, for example, Refs 24,26, 121,
and 122), attempts were made to put forward schemes which
would make it possible to predict the formation of particular
structures in the PVD films. The prediction was based on the
analysis of homologous deposition temperatures, the gas pressure,
the shift potential, etc. Estimates of the conditions for the
production of single crystal and polycrystalline formations are
available for CVD films.!?* However, in the vast majority of cases
the predictions are so far qualitative in character.

A schematic illustration of typical morphological structures is
presented in Fig. 13 in relation to TiN and (TipsAlps)N PVD
films. The authors of this scheme ?® note that, apart from the
principal factors indicated (deposition temperatures and ionic
characteristics), parameters such as the composition of the
plasma-forming gas, the impurities, etc. may greatly alter the
nature of the morphology of the deposited films. The wide variety
of factors exerting an influence, listed above, does not as yet
permit an a priori prediction of the formation of particular
morphological structures and this question requires further study.

Figure 13. Schematic illustration of typical morphological structures of
TiN and (Ti0_5A10_5)N PVD ﬁll’l’lS.28

(a) low deposition temperatures (7 < 500 °C) and low energy character-
istics of the ions; (b) low deposition temperatures and average energy
parameters of the ions (100—500 eV) (¢) high deposition temperatures
(T > 500 °C) or low temperatures but high low-energy ion fluxes.

3. Electronic structure and chemical bonding

The electronic structure and chemical bonding in carbide and
nitride films have been investigated by numerous workers (see, for
example, Refs 21, 55,56,84, and 125-128). One of the latest
communications devoted to this problem is a review.'?* The
binding energies of Ti 2p3/», B 1s, and N 1s core levels have been
measured®’- 125127 for Ti(B,N),, TiB,, and TiN films as well as
those of the Ti 2p, N 1s, and O 1s levels for TiN, and Ti(N,O),
films. The effective charges on the titanium, oxygen, and nitrogen
atoms have been estimated.!?’ The possible influence of structural
deflects in IP on the binding energies of the core levels and the
difficulties in understanding the nature of the IP have been
discussed.®* Detailed XPES studies on cubic (Ti,A)N films as
well as quantum-chemical calculations made it possible to esti-
mate the effective atomic charges and the distribution of the local
density of states and to conclude that there is an ionic component
in the bonds.!?*126 Comparison of the estimated cohesion and
substitution energies in titanoaluminium nitrides and carbides
showed that the formation of the latter is less probable.

Table 4 presents the experimental binding energies for the 1s
levels of nitrogen and the levels of the metals in Group IV and V
transition metal nitride films synthesised from organometallic
precursors and ammonia at low temperatures.>> 3¢ These films
were characterised by a low content of impurities (less than 1-2
at. % of oxygen and carbon) and by the small size of the
crystallites (L ~ 2—5 nm). However, the hydrogen content, char-
acterised by the ratio [H]/[M], varied in the range 0.5—1.35. The
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Table 4. The binding energies (eV), found by the XPES method, for films
deposited at 200 °C.3¢

Com- Precursor Energy of Energy Em
pound N 1slevel level of

metal

atom
TiN Ti(NMe,)s/NH3 396.9 Ti 2ps)2 454.8
Zr3Ny Zr(NMe,)4/NHj3 397.2 Zr3ds)» 180.3
Hf3Ny4 Hf(NMe,)4/NHj3 397.0 Hf 417> 15.1
VN V(NMe»)4/NH3 397.0 V 2ps);» 513.1
NbsN4 Nb(NEt»)s/NH3 397.4 Nb 3ds), 204.1
Nb3Ny4 Nb(NMe,)s/NH3  397.2 Nb 3ds)» 203.9
T33N5 Ta(NM€2)5/NH3 396.9 Ta 4f7’/2 24.0

binding energies in the films do not differ from those for the
nitrides in the usual polycrystalline state 3¢ and it has not so far
been possible to detect a possible change in the electronic structure
in the nanocrystalline state.

IV. Properties

1. Electrical and optical characteristics
a. Electrical resistivity
The metal-like nature of the interstitial phases is manifested
primarily in their electrical properties — a low specific resistance
(p) and a positive coefficient of its temperature dependence
(o = Ap/pAT). This is associated with the characteristic features
of the energy spectrum of the electrons in IP and with the high
concentration of carriers.>7-17 The level of the resistivity in some
of the IP (for example, stoichiometric Group IV transition metal
nitrides and borides) is appreciably lower than in the correspond-
ing metals. On the other hand, certain superstoichiometric IP, in
particular nitrides, behave as semiconductors and dielectrics. The
deviation from stoichiometry has a great influence on the elec-
trical properties. Furthermore, as in the case of metals and alloys,
p and « are greatly influenced by the overall impurity content and
the defectiveness of the structure, including the grain size and the
cross-section of the specimens (we have in mind the scattering of
the carriers at the grain boundaries and on the outer surfaces). The
study of electrical properties is a fairly representative method for
the investigation of the composition and ideality of IP films, but a
detailed attestation of the test objects is then of course required.
Table 5 presents the results of the determinations of p for IP
films obtained by different methods. Not all the data are pre-
sented, but only those which are most reliable (in this sense the
results for TiN are outstanding). In a number of instances, one
should not overestimate the value of the information presented,
since there are no detailed data on the composition, defectiveness,
and thickness of the films. Nevertheless, we shall emphasise
certain general characteristics of the results presented in Table 5.
1. The variation of p in the region of homogeneity of the IP is
not monotonic. This is illustrated in Fig. 14 for TiN, ZrN, and
HfN films synthesised in accordance with the ion-stimulated
deposition scheme (Fig. 1).#> The increase in p on deviation
from stoichiometry in the decreasing direction (n < 1) is usually
attributed to the scattering of the carriers by structural vacancies
in the nonmetallic sublattice. The considerable increase in p for
n > 1 is due to the transition to compounds with nonmetallic
conductivity. A similar situation has been observed for yttrium
and lanthanum dihydride and trihydride films.'*¢ We may also
note that, on the one hand, the variation of the electron energy
spectra on passing from MN to M3Ny has been confirmed also by
quantum-chemical calculations '4° and, on the other, the fact that
the concentration of inert gases increases in the superstoichiomet-
ric nitrides (Fig. 5). At the same time a different type of variation
of p may be observed in the region of homogeneity, for example, p
for tungsten nitride films diminishes on deviation from stoichi-
ometry.!36

p /nQ cm

107

100 -

10* |
10°

102 -

A—//\
3

10 1 1
0.5 1.0 1.5

[N]/[M]

Figure 14. Variation of the resistivity in the region of homogeneity of
HfN (/), ZrN (2), and TiN (3).4°

2. By comparing the overall level of the values of p with the
available data for IP (see, for example, Refs 2,7, and 17), one may
note that results indicating a high degree of ideality and a low
impurity content have been obtained only in isolated instances
(TiN single crystal films '*° and extremely ideal ZrN films 3?).
This was achieved by employing single crystal supports (MgO and
Si) and by the thorough maintenance of other deposition con-
ditions (high temperatures, low ion energies, ‘vacuum hygiene’,
etc.).

Figure 15 presents the dependences of p and of the width of
the (200) reflection for a ZrN film on the of energy nitrogen
ions.!32 The low values of p were determined by the deposition
temperature (not above 800 °C) and the corresponding specified
generation of nitrogen ions and zirconium atoms ensuring the
formation of a zirconium nitride with a nearly stoichiometric
composition. The influence on p by various conditions in the
deposition of TiN films on single crystal silicon supports with a
germanium sublayer under the conditions of pulsating laser
vaporisation has been analysed in detail.'3!

3. It has been noted >’ that minimal values of p have been
obtained for a thickness of a TiN CVD film greater than
100-150 nm. For PVD films, the critical thickness was
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Figure 15. Dependence of the resistivity and the width of the (200)
reflection for a ZrN film on the energy of nitrogen ions.!'3?
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Table 5. The resistivities (p) of IP films at room temperature.
Film Method P /nQ cm Ref. Film Method p/pQ cm Ref.
of preparation of preparation
Nitrides Carbides
Ti-oN DCMRS ~200 22 ZrCoyo ARV 560 137
Ti(No.72Co.1700.11)1.3s  ECR ~250 51 NbC o8 LV 2050 35
Ti(No.68C0.2200.10)1.44 " ~ 600 51 NbC. 1o " 4(T=4K) 138
TiNo.se " 45 52 Borides
TiN;.02Ho.15 " 100 52 )
TIN- DCMRS 1% o TiB. HFMNS 500 (150) 139
TiNj 06 ARV 82 73 TiBy-2. PCMNS ~260(120) 140
TiNo,gg " 110 73 T1B~2 " ~150 141
TiN_ 1o DCRMS (single 18 129 2B, 250 (75) 139
TiB.» HFMNS 296 141
crystal film) "
TiN. o AVAD (filtered) 20 130 ZrB.> 250 (75 139
TIN,\ 10 LV 26 131 ZI‘(B()_67C()_17O()_16)2_25 TD (T =100-270 OC) 150 60
7Ny CVD (T = 200400 °C) > 106 55 HIB, HEMNS ~370 142
ZIN_ s HFMRS ~100 75 HIB... ~230 143
ZiN_1o IBT 17.8 132 YB.. EBE 55 144
HFN, CVD (T = 200400 °C) > 106 55 YB.4 . 51 144
HIN, HRMRS ~200 133 YB~ 88 144
VN, CVD (T = 200 °C) 108 s LaB_g DSMNS 104 144
Nb3Ny4 CVD (T = 200 °C) 103104 56 Hydrides
NbN .1 ECR 75 92 TaHo.4s EBE and hydridation ~ ~46 145
Ta_>N HFMRS 200 134 YH 20 VViH ~50 146
TasNs CVD (T = 200 °C) > 10° 56 YH <255 " ~10* 146
MoN 1 DCRMS ~480 135 LaH -0 " ~40 146
W_oN " ~400 135 LaH - s " ~105 146
Carbides LaNisH. " ~670 147
TiC~1.0 ARV 40 137 LaCosH <. :: 350-660 148
TiCos CVD 196 137 SmCosH. 360-440 148

3040 nm, 'Y although the most reliable results were obtained for
a thickness of ~260 nm; a preliminary consideration of the role of
the scattering of carriers at intergrain boundaries and on the film
surfaces has been carried out. These questions appear to have been
inadequately investigated for IP films.

4. The results presented for carbide, boride, and hydride films
indicate that the optimum conditions for their preparation with an
ideal structure have not so far been found. The values of p for
annealed specimens are indicated in brackets for TiB., and
ZrB . films, but one should recall that the resistivity p of boride
single crystals may be an order of magnitude lower (see, for
example, Zhurakovskii and Nemchenko !7 and Serebryakova et
al.'s).

An important parameter reflecting the influence of purity and
ideality and also containing information about the nature of the
carriers is the coefficient of the temperature dependence of the
resistivity (o). Table 6 presents results reflecting the influence of
the conditions in the deposition of TiN films by the HFMRS
method on p and o and superconducting characteristics. These
data clearly indicate the high structural sensitivity of the electrical
characteristics. We may note, that according to the results of
Johansson et al.,'? « = 6.2x 10~3 K~! for ideal single, crystal
TiN films (p =18 pQcm) (for a film ~260 nm thick,
o =6.4x10—3 K—1)30 It has been reported in a review > that
o= (1-2)x 10—3 K~ for the majority of the usual TiN films. A
negative value of « is characteristic of the nonmetallic type of
conductivity, for example, in the case of Zr3Ny films.”® A different
sign of o has been noted for NbN films: positive for single crystal
films °2 and negative for polycrystalline films.!>!

Table 6. The influence of the conditions in the deposition of TiN on the
resistivity (p), the temperature coefficient of the resistivity («), the temper-
ature of the transition to the superconducting state (7¢), and the width of
the superconductivity transition (AT¢) (film thickness 30 —100 nm).!3°

Temperature  Bias p /uQ cm 103 T. /K ATJ/K
of support/°C  voltage /V JK—1
40 0 205-215 026 <43 0.04
40 —115 120-135 0.56 <43 0.04
500 0 65-170 1.02 484 <0.02
500 —100 45-60 1.34 5.04 <0.02

A detailed study of the electrical properties of epitaxial single
crystal multilayer TiN—VN films has been undertaken.!>?> Meas-
urements of the Hall constant (Ry) and p showed that ry (and
hence the concentration of carriers n = 4.5 x 10?2 cm—?) is inde-
pendent of the thickness of the layers, while p and the mobility of
the carriers (m) increase sharply, like o, with decrease in thickness,
starting with 6 nm. For layers more than 10—15 nm thick, the
following values were obtained: p~30puQcm, m~=
S5em?2 V-!s—1 and « &~ 1.6 x 10~ ! K—!. Estimation of the free
path length (1) of the electrons within the framework of Drude’s
model and on the assumption that the Fermi surface is spherical
led to A &~ 4.6 nm (both for TiN and VN). These estimates are
approximate because, for example, the Fermi surface for nitrides
is clearly anisotropic. Nevertheless they are probable. The of the
electron free path length in TiN (according to the data of Tsai et
al.’3%) is 39— 96 nm (Table 6); according to Krasnosvobodtsev et
al.,'3® 1 > 40 nm for stoichiometric NbC films. Unfortunately,
the available information about other electrical characteristics
(Hall parameters, magnetic resistance, thermo-e.m.f., etc.) for IP
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films is limited and is restricted to data for TiN,!2%- 153 HfN, 33 and
FeTiH.!54

b. Optical properties

Data on the optical properties of IP are important for decorative
applications and also for the construction of devices for the direct
conversion of energy. It is well known that in the region of
homogeneity titanium nitrides have different colours: TiN ¢ s is
metallic grey, TiN <og is bright yellow, TiN <¢.95_0.97 is golden
yellow, and TiN| ¢ is brown; carbon and oxygen impurities lead to
the blackening and the appearance of a blue tint in the specimens.
The optical properties of nitride films have been analysed in
reviews on the basis of their electronic structures.?? 84 The change
in optical properties on passing from yttrium dihydride to the
trihydride is beautifully illustrated by experiments described by
Huiberts et al.'# and showing that the change in the hydrogen
composition of the films is accompanied by a transition from
mirror reflection (metal-like YH <») to transparency (nonmetallic
YH - ») (see also the resistivity p in Table 5).

The characteristics of the optical properties of nitride films are
presented in Table 7. It is seen that the influence of deviations
from stoichiometry is fairly appreciable. The effects associated
with the influence of impurities and surface roughness have been
analysed.>> 136 For ZrN film containing 10 at.% of oxygen, the
refractive index proved to be 2.15—-2.25.5° The optical properties
of TiN (O, films obtained by the DCMRS method on architectural
glass have been analysed by Polato et al.!>7 It has been proposed
that the stoichiometry of TiN films be monitored in situ on the
basis of spectroscopic ellipsometric measurements. '8

Table 7. Optical properties of nitride films.

Nitride Forbidden Refractive Reflectance Ref.

band width  index? (%)®

leV
Zr3Ny 2.2 29-33 55
Hf3Ny4 2.7 24-28 55
VN 1.5-1.7 56
Nb;3Ny4 1.5-2.7 56
TasNs 2.7 3.0-3.1 56
TiN<10 0.13 57
TiN<1o 0.20 73
TiNo.¢7 0.45 73
TiNj 04 0.1 155
TiNo.os 0.15 155
TiNo.g 0.35 155
TiNo s> 0.45 155

4 Determined with the aid of an ellipsometer (wavelength 622.8 nm).
®Photon energy 2.8 eV.

Boride films are also promising for decorative applications.
LaBg films have a characteristic violet colour, while ZrB; is silver-
grey. On doping with nitrogen, the refractive index of the latter
remains constant over a wide range of wavelengths and they are
extremely corrosion resistant.”’

2. Hardness

There is no doubt that the measurement of hardness is one of the
most popular methods for the investigation of the properties of
films, since it is readily accessible and yields much information.
However, an unambiguous interpretation of the results obtained
by this method is not simple in many instances owing to the high
structural sensitivity of hardness and its dependence on the
method of measurement and the influence of the load, the film
thickness, and the nature of the support. It is difficult to compare
the absolute values of hardness and they require a careful analysis.
The result of the measurement of the hardness of IP films have
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Figure 16. The influence of grain size on hardness.
(@) 1 N load; film thickness 2025 pm; support — Ti—6Al-4V alloy;*>
(b) 0.025 N load; film thickness 1—1.5 pm; substrate — stainless steel.!3°

been discussed in a number of studies (see, for example,
Refs 22-28,76,77,95,96, 114,129,130, and 159-164). We shall
consider them for the most thoroughly investigated titanium
nitride.

The influence of various factors on the hardness of TiN films is
illustrated in Figs 16—18. Much attention has been
devoted 73129130 to the attestation of the objects of study and
the results of these investigations are fully reliable. The familiar
Hall—Petch relation, linking hardness (strength) to grain size,
holds quite well for films obtained by the AVID method (Fig. 16).
Admittedly, it has been noted °° that, together with the change in
grain size, the nitrogen content and the residual stresses also
changed in the films (Fig. 17) and the change was nonmonotonic.

Hy /GPa
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Figure 17. Variation of hardness and residual compressive stresses in the
region of homogeneity of TiN.%
For conditions, see Fig. 16a.
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Figure 18. The influence of the load on the hardness of the (111) face of a 10 | o~ ———__3 4 2.5 — 0.432
single-crystal TiN film.!2° L L -
Thickness 2 um; substrate — MgO single crystal. c
Thus, the relation presented in Fig. 16a reflects the combined N e / 2 ] 40 0442
influence of such factors on the hardness of the films. The results 10 /\‘_/\ 3 420 40440
for the variation of hardness in the region of homogeneity of TiN L ! ' .
agree with the latest data published on this question.!®82 It is d
important to stress that the relations presented in Fig. 16 have 30 F
been obtained for different loads in the tests (the usual Vickers é 135
method *> and nanoindentation.!3). The dimensional effect (the / 1 0.451
influence of the load) is illustrated in Fig. 18, where data for an 10 ;3 25 1 0.449
ideal single crystal TiN film are presented. We may note, however, 1 ! i
that certain data of the above studies *> 3% do not agree with the e
results of other investigations, (for example, of the influence of 30 F 7+
residual stresses 83). The overall level of film hardness 5 does not /\ 7
appear very high, which is probably associated with the nature of /_ 2 140 046l
the support and the thickness of the films in these experiments (in 10 o 120 4 0459
the discussion of the data in Table 3 above, we have already | 3 4
emphasised the uncertainty in the determination of ). f
It follows from the foregoing that the treatment of the results I*
of the measurement of hardness is not quite so simple. We 30 Wl
endeavoured to collect information about the hardness of IP /__ 2 420 4 0.430
films and attached to them data on the conditions of preparation 0L NG 3
and measurement (Table 8). Some of the tabulated results have 115 10426
1 1 .

been estimated by means of the relation proposed by Jonsson and
Hogmark.!>® Modelling of the hardness of films on supports as
the hardness of composites in many cases leads to entirely
reasonable results. The values of Knoop hardness are as a rule
lower than those of Vickers hardness. The following comments are
useful for a correct interpretation of the data presented in Table 8.

1. The methods and deposition regimes employed exert a
considerable  influence on the hardness of the
films.77.79-129.130,169.173,178.188 The deposition temperature, the
shift potential, the characteristics of the ions, the temperature of
the subsequent annealing, and other parameters affect the struc-
tures of the films and determine their hardness. The results 78188
for TiC—NiB; and Ti(B,N), films are especially striking in this
respect. In the first case, there is a considerable difference between
the amorphous and crystalline states (it is not the same for
individual compounds and their mixtures). For the boridonitride
film, an increase in deposition temperature from 20 to 400 °C also
led to an almost twofold increase in hardness. The lower hardness
of ZrB, and Zr(B,N) films compared with that of titanium
diboride and nitridoboride films is also striking. The addition of
nitrogen to the former led to the disappearance of the fine
columnar structure and the formation of hexagonal boron nitride
with a low hardness and effective lubricating properties, which led
to an appreciable increase in wear resistance.”’

2. Asarule, AVID regimes lead to higher hardness parameters
compared with other methods. Thus, at the optimum nitrogen
pressure and temperature of the support, the hardness of TioN and
TiN was respectively ~46.5 and ~42 GPa (load 0.5 N, film
thickness 4—6 pm).!8% 190 The influence of nitrogen pressure on
hardness, lattice period, and half-height peak width of the (111)
reflection is illustrated in Fig. 19 for TiN, (TiZr)N, ZrN, and

10—2 10-1

Pn /Pa

Figure 19. Dependence of hardness (7), lattice parameters (2), and width
of the (111) reflection (3) on the nitrogen pressure.'*°

(a) TiN; (b) (Ti—25 mass% Zr)N; (c) (Ti—50 mass%, Zr)N; (d) (Ti—
75 mass% Zr)N; (e) ZrN; (I*) (Zr—2 mass% Nb)N; (f) (Ti—21 mass%
Mo)N, (7*) (Ti—31 mass% Mo)N.

(Ti,Mo)N films. It is striking that cubic titanium nitride which has
not yet attained the stoichiometric composition has the maximum
hardness. The introduction of dopants into TiN (up to 50%) does
not alter the general characteristics (Figs 195 and 19¢), but films
with a higher content of zirconium (Fig. 19d) as well as films of
ZrN itself (Fig. 19¢) are characterised by a single maximum in the
relations presented, because the ZroN phase is absent from the
Zr—N; system. The situation is more complex for (Ti,Mo)N
films — in the presence of 21 mass% of Mo it resembles that for
weakly doped (Ti,Zr)N films, while a body-centred cubic metallic
phase appears for 31 mass% of Mo in the structure and low
nitrogen contents.

3. Certain results presented in Table 8 have been obtained in
nanoindentation experiments, i.e. for small loads under the
conditions of continuous indentation (see, for example,
Refs 130, 165,167, and 168). These data may be somewhat lower
than the usual results as a consequence of the influence of the
relaxation effect, despite the fact that the influence of the support
and of the load is eliminated under nanoindentation conditions
(Fig. 18) and this tends to increase the results of the determination
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Table 8. Hardness of IP films.

Film Method of preparation Thickness /pm  Load /N Support ® Hardness / GPa® Ref.
Nitrides
TiN; o AVID (filtered) 20-25 1 Ti—6Al-4V 17.6+0.9 95
TiNo g7 " 20-25 1 Ti—-6Al-4V 21.24+0.5 95
TiNo.e6 " 20-25 1 Ti—6Al-4V 25.6+0.8 95
TiNo.as " 20-25 1 Ti—6Al-4V 22.44+0.9 95
TiN, HFMRS 1.8-2.5 0.1 RS ~343 110
TiN, " 4.8 0.15 RS (~31.2) 111
(11D)TiN <, DCMRS 2 0.03-0.05 (111)MgO 22.6+0.2 129
TiN-< 10 AVID (filtered) 1-1.5 0.025 SS 34.4 130
TiN; o DCMRS 5 0.01-0.03 SS ~24 165
TiNo .86 " 5 0.01-0.03 SS ~28 165
TiNo.ss " 5 0.01-0.03 SS 31-32 165
TiNj s3 IBT 0.3 0.25 SS ~30 166
TiNo.9 " 0.3 0.25 SS ~35 166
TiNo.47 " 0.3 0.25 SS ~217.3 166
TiNo.os PVD(T = 500 °C) 5 0.025 HA 32.4+3.7 167
ZrN, AVID 2-3 0.5 SS (26-32) 168
ZrNy " 2 0.5 HA 2742 169
HfN, " 2-3 0.5 SS (26-32) 168
(100)VN, DCMRS 2.5 0.08 (100)MgO ~15.94+0.2 170
NbN, AVID 2 0.5 HA 3442 169
CrN, " 2 0.5 HA 2342 169
MoN, DCMRS 5-20 0.5 SS 35 171
(100)Tip.sVo.sNy " 2.5 0.08 (100)MgO 20+0.3 170
TipsVo.sNy AVID ~5 0.5 RS ~32 172
Tio.25Vo.75Nx " ~5 0.5 RS ~44 172
Tio.sAlo.sNy DCMRS 3 0.1 SS 41+9.8 173
Tio.7Zro.3Nx " 5 0.5 HA ~33 174
(Ti,AlLZr)N¢ " 5 0.5 HA 343 72
Carbides
TiCy CVD 6.5 0.025 HA 38.94+6.0 167
TiC, AVID (700 °C) 5-7 0.5 RS 393 175
(600 °C) 5-7 0.5 RS 36.2 175
TiC~oss CVD 15 0.5 HA ~39 176
Ti(Co.8600.14)1.04 IBT 1.5 0.1 (111)Si (28.2) 177
TiC, DCMNS 5 0.5 HA 333 178
TiC,(amorphous) " 5 0.5 HA 24.5 178
TaC, CVD 8 0.5-39 Tantalum 14.6 © 179
MoCo.52 DCMRS 5-20 0.5 SS 30 171
W(C0.9300.07)1.1-1.2 HFMRS 7 0.01 SS 31 180
WC, " 5 0.15 RS 45.5 181
WC, + Co " 4.5 0.15 RS 20-39 181
TiCN, CVD 3 0.025 HA 30.84+3.1 167
TiCo.sNo.s AVID (600 °C) 5-7 0.5 RS 26 175
TiCy2Nos " 5-7 0.5 RS 25.5 175
Ti0_7Zr0,3C DCMRS 5 0.5 HA 45 174
Borides
TiB~.» DCMNS 5 0.5 HA 34 182
TiB ., (amorphous) " 5 0.5 HA 23.5 178
TiB.2s " 4.1 0.15-0.30 HA 51 183
TiB ., HFMNS 5 0.25 SS 37.2 184
TiB.19 DCMNS ~8 0.5 RS ~062.5 185
TiB ., IBT 1 0.25-0.75 HA 27.5¢ 186
Ti(B,O,N,C)25 © DCMNS 1.8 0.5 (100)TiB» 44,744, 51¢ 76
ZrB.» " 5 0.2 SS 21.6 187
YBes-7.:s " 2-5 0.1 SS 17-18 77
LaBgs_7 " 2-5 0.1 SS 10-29 77
SmBg.s5_7 " 2-5 0.1 SS 16-20 77
CeB7_75 " 2-5 0.1 SS 15-22 77
TiB1.6No.s DCMRS 49 0.15-0.30 HA 57 183
TiB2.1No6 " 5 0.5 RS 41.5 185
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Table 8 (continued).
Film Method of preparation Thickness /pm  Load /N Support ® Hardness / GPa® Ref.
Borides
TiBNo.4 HFMNS

20 °C 1-3 (100 nm)¢ RS ~30 188

400 °C 1-3 (100 nm) < RS 55 188
TiB; 5Co s DCMRS 2.7 0.15-0.30 HA 43 183
TiB>Co.4No.4 " 4.9 0.1-0.30 HA 50 183
Zr(B,N), " 2-5 0.1 SS 5-20 77

a Supports: RS — rapidly rusting steel; SS — stainless steel; HA — hard alloy. ® Vickers hardness; the numerals in brackets represent the Knoop hardness.
¢See also Table 2. 4 Depth of penetration by the indentor. € Estimated by the method proposed in the study of Jonsson and Hogmark.!'?

of hardness. Yet another characteristic feature of nanoindentation
is possible additional scatter of the results associated with the
influence of the roughness of the surface (Figs 10—13)

4. A series of data confirm the Hall — Petch relations as regards
films (see Fig. 16 and Miura et al.'®!), but this problem does not
appear to have been exhausted, particularly in view of the need for
a detailed structural and other attestation of the films. For
example, the nanoindentatlon of TiN CVD films,'? deposited
on a silicon single crystal at 350 °C, yielded a hardness of
12.7 GPa for a grain size of ~10 nm. This ‘record breaking’
minimal result (see also Gao et al.*?) requires an explanation. A
series of data on WC films 80181 also need interpretation.

5. Alloying is accompanied by an increase in hardness, which
has been observed for (Ti,A)N, (Ti,V)N, (Ti,Nb)N, (Ti,Zr)N, and
(Ti,Zr)C films. The presence of oxygen leads as a rule to a decrease
in hardness. The influence of nitrogen and carbon atoms is
approximately additive. When (Ti,Zr)N and (Ti,Zr)C films are
annealed, the spinodal decomposition in the TiN-ZrN and
TiC—ZrC systems leads to the formation of a nanocrystalline
two-phase structure with a high hardness.'%%-174 This is clearly
seen as regards the influence of the annealing temperature on the
hardness of doped and multilayer films based on TiN (Fig. 20).
The anomalous behaviour of (Ti,Zr)N films is evident.

These data also demonstrate the advantage of multilayer films
compared with monolayer and doped films. Composite or multi-
layer films (they are also referred to as superlattices) have recently
attracted much attention.’® 182-193 Their high hardness and wear-
resistance characteristics have been demonstrated in relation to
films in a series of systems: TiC-TiB,, SiC-TiC, B4C-—
TiB,,!82-193.194 TiN—ZrN, TiN—NbN, TiN-CrN,35169.195
Ti—VN, TiN—NbN, TiN—(Ti,Nb)N,%:170 TiN — SizNy,%¢
and TiN—CN,.""7 The technological prospects for the combina-
tion of CVD and PVD layers have been discussed.!?8

Figure 21 illustrates the variation of the hardness of multi-
layer TIN—ZrN, TiN—NbN, and TiN—CrN films with increase
in the number of layers (the overall thickness of all the films was
the same and amounted to 2 pum). It is possible to specify at least
four factors responsible for the increase in hardness with increase
in the number of layers (with decrease in their thickness): the
increase in the number of interfaces preventing the propagation of
dislocations and cracks; the decrease in grain size in individual
layers with decrease in their thickness; the increase in the density
of noncorrespondence dislocations and the possible more favour-
able situation as regards residual stresses in the case of multilayer
structures. The nonmonotonic variation of hardness in the case of
TiN-CrN films may be attributed to the formation of (Ti,Cr)N
solid solution and hence to the disappearance of interfaces, which
has been confirmed by X-ray phase studies. The formation of a
limited amount of solid solutions has also been detected for
TiN-NbN and TiN-ZrN films even for the maximum number
of layers (180) and individual nitrides continued to be detected by
the XRD method. This confirms the major role of interfaces. The
reasons for the high hardness of multilayer films have also been

discussed in reviews.?%°¢ Attention has been turned to the
appreciable difference between the elastic properties of the layers
in superlattices.
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Figure 20. The influence of annealing temperature on the hardness of
monolayer (TiN, ZrN, NbN, CrN, Cr;N), multilayer (TiN-ZrN,
TiN-NbN, TiN-CrN), and alloyed [(Ti, Zr)N, (Ti,Nb)N, and
(Ti,Cr)N] films.'®®

a: (1) TIN—-ZrN, 20 layers; (2) TiN—-ZrN, 10 layers; (3) (Ti,Zr)N; (4) TiN;
(5) ZrN; b: (1) TIN-NDN, 20 layers; (2) TIN-NDbN, 10 layers; (3) TiN;
(4) NbN; (5) (Ti,Nb)N; ¢: (/) TiN; (2) CrN; (3) CraN; (4) (Ti,Cr)N;
(5) TiN-CrN, 20 layers; (6) TIN—CrN, 10 layers.
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Figure 21. Dependence of the hardness of multilayer nitride films on the
number of layers.$3
(1) TIN-NbN; (2) TiN-ZrN; (3) TiN—CrN.

It is of interest that after some time (possibly several months,
which could not unfortunately be established) the high hardness of
the TIN—NDbN and TiN-ZrN films vanished, evidently as a
consequence of the diffusional dissipation of the individual
layers.®5 The existence of relaxation effects in multilayer nitride
films has also been noted by Hultman et al.'% The problem of the
stability of multilayer structures over a wide temperature range
requires separate study.

The short-term high-temperature hardness of TiN, HfN, ZrN,
(Ti,Al)N, and TiC-TiBs films has been investigated at temper-
atures up to 1000 °C.'78- 199 Whereas the hardnesses of nitride
films differ insignificantly up to 1000 °C (8—10 GPa), the differ-
ence for TiC, TiB,, and TiC—TiB, films is more significant (for
example, at 900 °C it amounts to ~20 GPa for NiB>—20% TiC
and ~9 GPa for TiB>—50% TiC). It may be that this situation is
due to the manifestation of high-temperature superplasticity in
two-phase equimolar mixtures, which was observed in experi-
ments on creep for these and other two-phase compositions based
on refractory compounds (see, for example, Refs 16, 32, and 33).

It must be emphasised that the knowledge of hardness is useful
for correlation with numerous properties important in the prac-
tical employment of the films. Such characteristics are determined
in tests of the specimens for wear resistance, for microscratching in
the study of the adhesion of the films and coatings, and for
microbrittleness and cracking resistance in the modelling of
disintegration under a concentrated load, etc. (see, for example,
Refs 16,24, 25,200, and 201). However, these processes will not be
considered here.

3. Other characteristics

Table 9 presents data on the elastic properties. In the analysis of
these results, one should bear in mind that the absolute values of
the elastic properties are influenced not only by the method of
preparation, which determines the structure, texture, composi-
tion, and size of the specimens, but also by the method of
measurement (see, for example, the relevant reviews 164165). For
stoichiometric TiN and ZrN, the results of Torok et al.2%2 are the
most representative. They agree well with the results of the study
of Portnoi et al.2%® obtained on analogous nonporous nitride

Table 9. The normal moduli of elasticity (£), moduli of shear (G), and Poisson coefficients (v) for IP films.

Film Method of Method of Thickness Texture E /GPa G /GPa v Ref.
preparation measurement # /um

Nitrides

TiN1,o DCMRS 1 4-6 <220 > 637 - - 202
TiNos-1.0 " 2 5 — 300-450 — — 165
TiN, " 3 5 <311 >,<200 > — 0.30 203
TiNo.97 " 2 0.2-1 <111 > 550+50 — — 204
TiN-os IBT 2 0.3-0.9 — ~450 - - 205
TiN-os " 4 0.3-0.9 — — ~130 — 205
TiNo.g HFMRS 2 1-3 — 410 — - 188
TiN, DCMRS 4 2 — — ~192 — 206
TiN, AVID 2 2 — 370481 — - 207
ZrN 1o DCMRS 1 4-6 <111 > 460 — — 202
ZrN, " 3 5 <200 >,< 111> — — 0.19 203
HfN .0 " 1 4-6 <311 > 380 — — 202
HfN, " 3 5 <3l >,<I11l > — 0.35 203
VN, " 4 2 — - ~ 149 - 206
NbN, " 4 2 — — ~142 - 206
(V.Nb)N, " 4 2 — - ~ 124 - 206
(Ti,A)N, AVID 2 2 — 298+72 — — 207
(Ti,Nb)N, " 2 2 — 375443 - - 207
Carbides

TiC<1p0 DCMRS 1 4-6 <111 > 460 — — 202
Ti(C,N), AVID 2 2 — 300430 - - 207
Borides

TiB>Ny 6 HFMNS 2 1-3 — 640 — - 188
TiB1.4No s " 2 1-3 — 750 — — 188
TiBNo4 " 2 1-3 — 500 — - 188
TiBo.7No s " 2 1-3 — 453 — — 188
TiBo.cNo.s " 2 1-3 — 276 - — 188

a Methods of measurement: (1) resonance bending vibrations; (2) nanoindentation (3) X-ray studies; (4) Brillouin scattering.
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specimens prepared by the method involving, the through-satu-
ration of the metals with nitrogen.

The nanoindentation method, involving the analysis of the
form of the load-release curve, has come to be widely used in the
study of elastic properties (as in the study of hardness). However,
not all the results obtained by this method (for example, the data
of Vancoille et al.?7) have been reasonably interpreted. The high
values of the modules of elasticity (E) for certain boridonitride
films are also noteworthy.!®® It is likewise of interest that the
decrease in the deposition temperature from 400 to 20 °Cled to a
decrease in E by a factor of almost 1.5 (TiBNy ). It has been
noted 207 that annealing of the films leads to an increase in their
modulus of elasticity, but above 500 °C it diminishes. In the study
of multilayer films, anomalies in elastic properties were not
observed for the TiN—(V,Nb)N system, in contrast to hard-
ness.>%”

The tribological and corrosion properties of IP
films 2425, 77, 111, 113, 115,198, 210215 have been the subject of numer-
ous investigations. At the same time, problems such as those of
phase equilibria and the thermodynamic, thermal, and diffusion
properties have been studied to an extremely limited extent in
relation to IP films.32:33.216 So far as we are aware, the available
information about diffusion is limited to studies on films as barrier
layers (see, for example, Ostling et al.>!7 and Shin et al.?'®). The
thermodynamic properties and phase equilibria have been inves-
tigated for certain hydride films [VH(D), and PdH,].2!%-220 In
particular, a change in the nature of the isotherms and a decrease
in the critical point for decomposition have been noted in the
palladium — hydrogen system for films ~ 50 nm thick as a possible
result of the influence of nanocrystallinity on the equilibrium in
this system (for films 300 nm thick, anomalies were not
observed).220 On the other hand, for vanadium films 500 nm
thick and with a grain size of ~50 nm, measurements of the
partial and integral thermodynamic properties revealed no differ-
ences relative to the usual polycrystalline vanadium on interaction
with hydrogen.?’® The emission characteristics of lanthanide
boride films are discussed in a review.”’

The thermal stabilities and the recrystallisation of IP films
have been studied by a series of investigators (see, for example,
Refs 93,169, 174, 195,199,207, and 221-223). It is well known
that the formation of a granular structure and recrystallisation
begin even during the deposition of the films. Fig. 22 illustrates
the influence of film thickness on the grain size for various
nitrides. There is an evident difference between ZrN, on the one
hand, and TiN, NbN, and CrN, on the other. It may be that this is
associated with the greater affinity of zirconium for nitrogen and
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Figure 22. Dependence of grain size on the thickness of the films.???
(1) TiN; (2) CrN; (3) NbN; (4) ZrN.

Table 10. The grain sizes in nitride films 2 pm thick obtained by the AVID
method.???

Film Grain size/ pm Energy

of mixing
1 11 111 in (Ti, M)N

system
/kJ mol—!

TiN 0.18+0.08

CrN 0.1610.08 0.1740.05  0.1840.04 34

NbN 0.1440.03 0.04+0.01 0.08+0.02 6.1

ZrN 0.0340.02 ~0.01 0.0240.01 32.6

AIN 0.1540.05 0.08+0.03 ~0.01 37.2

Note. The following designations have been adopted: (I) unalloyed film;
(II) multilayer TiN —MN film (1020 layers); alloyed (Ti,M)N film.

the higher energy of zirconium ions. It is of interest that the
smallest grains are observed also in multilayer and doped films
with ZrN (Table 10). This is also correlated with the high energy
of mixing in the TiN—ZrN system. The latter characteristic is
known to be related to the diffusional and recrystallisation
mobilities.

The influence of film thickness, alloying, and multilayer
structure on the recrystallisation of a series of nitrides has been
investigated in a number of studies.!6%-195.221.223 Fig 23 illus-
trates this in relation to TiN and NbN. The recrystallisation of
TiN and NDbN begins at virtually identical temperatures, although
a greater spread in size is characteristic of TiN. It is also evident
that thinner films recrystallise more intensely, but in multilayer
and doped structures this process is retarded, especially in the case
of TIN-ZrN and (Ti,Zr)N (Table 10). Many details and the
mechanism of the high-temperature behaviour of IP films require
additional studies.

V. Conclusion

The available information about IP films is diverse but inhomoge-
neous. Most of it refers to nitrides and, in particular, to TiN.
Much less is known about carbides and hydrides, borides occupy-
ing an intermediate position. However, so far as one can judge
from the problems dealt with in the latest symposia on borides
(Austria, August, 1996) and hydrides (Switzerland, August, 1996),
there is a growing interest in boride and hydride films. The
reactivity and catalytic properties of thin carbide and nitride
layers are also being comprehensively investigated.?>* In the
present review, the author, whilst not claiming to examine all the
problems of film IP, has endeavoured to emphasise certain
unsolved problems and in this connection the available informa-
tion about the structures and physicochemical properties of these
objects appears far from complete. For example, the data on the
structures of the interfaces for IP films are greatly inferior to those
for metals.?? It is thought that the accumulation of new funda-
mental results for IP films will promote the development of the
physicochemical foundations of the nanostructural materials
science and the expansion of the range of their diverse applica-
tions.

This review has been written within the framework of projects
supported by the Russian Fundamental Research Fund (grant
No. 95-02-03518) and the INTAS program (grant No. 94-1291).
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alovedenie Karbidov (Physical Materials Science of Carbides) (Kiev:
Naukova Dumka, 1974)

. Yu V Levinskii Diagrammy Sostoyaniya Metallov s Gazami (Phase
Diagrams of Metals with Gases) (Moscow: Metallurgiya, 1975)
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| different thickness as a function of temperature.8>223
/I’/// }\\/f\/ 174 400 Film: (a)—(c) TiN; (d) and (e) NbN; () TiN-NbN, 20 layers;
1 X\ 200 (g) (Ti,Nb)N. Film thickness (um): (a) 12; (b) 4; (¢) 1; (d), (f), and (g) 2;
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L = grain size.
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