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Abstract

Ti,_,Si, N, films were synthesised by RF reactive sputtering from Ti and Si elemental targets, in an Ar/N, gas mixture. XRD
results revealed the development of a two-phase system, composed of a nanocrystalline f.c.c. TiN (phase 1: B1 NaCl type) and a
second one (phase 2), where Si atoms replaced some of the Ti ones, inducing a structure that we may call a solid solution. An
amorphous phase, supposed to be of silicon nitride, within grain boundaries seems to be also present, especially for high Si
contents. TEM experiments confirmed the f.c.c.-type structure for phase 2, which is the only phase that develops without ion
bombardment. The higher lattice parameter of phase 1 (~ 0.429 nm compared to 0.424 nm for bulk TiN) may be explained by the
residual stress effect on peak position. The Ti replacement by Si would explain the low value of the lattice parameter for phase 2
(~0.418 nm). All samples showed good results for hardness (Hv > 30 GPa), and TisSi, ;sN; o3 at a deposition temperature of
300°C showed a value of approximately 47 Gpa, which is approximately double that of pure TiN. For higher deposition
temperatures, an increase in hardness is observed, as demonstrated by this same sample, which at 400°C reveals a value of
approximately 54 GPa. Similar behaviour was observed in adhesion, where this same sample revealed a critical load for adhesive
failure of approximately 90 N. In terms of oxidation resistance, a significant increase has also been observed in comparison with
TiN. At 600°C, the oxidation resistance of Tig5,Si, 3N, 1o is already 100 times higher than that of TiN. For higher temperatures
this behaviour tends to be even better when compared with other nitrides. © 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction illustrating that beyond bonds, the microstructure,

which varied from amorphous in the former to tur-

The search for new superhard materials is increasing
considerably. One of the fundamental concepts is based
on Cohen’s theoretical approach, regarding the depen-
dence of the bulk modulus of a material on the strength
of inter-atomic bonds [1]. Within this approach, it was
predicted that C;N, hardness should be close to that
of diamond; however, the results revealed that it does
not exceed 30 GPa [2]. On the other hand, non-
stoichiometric structures composed of these two ele-
ments (CN,) reached values between 50 and 60 GPa,
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bostatic-type in the latter, is certainly determinant in
this hardening process [3].

Based on this assumption, and in a set of simple and
well-established rules [4,5], S. Veprek developed a new
concept for producing superhard materials, of which
the basic idea is to avoid the usual mechanisms leading
to the fracture of crystalline (multiplication, movement
and pile-up of dislocations) and amorphous (growth of
microcracks) materials [3]. This idea involves the prepa-
ration of a two-phase system, composed of a nanocrys-
talline material embedded in an amorphous matrix;
where (TM,SN (TM = transition metal, e.g. Ti, V, W,
etc.) is one of the most well known. One particularly
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interesting case is that of Ti—Si—N, which has been
mostly prepared by plasma assisted chemical vapour
deposition (PACVD) techniques [6], although they were
primarily prepared by physical vapour deposition (PVD)
(reactive sputtering) from composite targets (Ti Si,)
[7]. These film structures resulted in a two-phase alloy
of TiN grains embedded in an amorphous matrix of
silicon nitride [6,7]. The outstanding values of hardness
in these systems (higher than 50 GPa) has attracted the
attention of several research teams.

Regarding the explanations for such outstanding be-
haviour, and especially the relationship to the devel-
oped microstructure [8], it is necessary to perform
detailed structural analysis, namely to identify the type
of phases that are developed. The investigation of its
relation with the deposition technique, as well as the
particular deposition conditions, are two of the most
important issues to be clarified. The claimed two-phase
nc-TiN /a-Si; N, mixture [3] is far from being the syste-
matic structure obtained from the deposition process,
namely from reactive magnetron sputtering. Further-
more, it is clear from the published works [2,3,6,7,9]
that the knowledge of the mechanisms that explain the
observed behaviour, either physical or mechanical, is
yet insufficient. This is the main purpose of this work,
which consists of the preparation of Ti; _,Si, N, coating
and the study of its structural and mechanical property
relationships.

2. Experimental

Single crystal silicon ({100}) wafers and polished
high-speed steel (AISI M2) substrates were used for
the deposition of Ti;_,Si, N, samples. The films, with
thickness ranging from 1.3 to 3.3 pm, were prepared in
an ALCATEL SCM650 apparatus by RF reactive mag-
netron sputtering in an Ar/N, gas mixture, and with
DC bias voltages ranging from —75 to +25 V. High
purity Ti and Si targets, a constant substrate holder
rotation of 4 rev./min, and temperatures ranging from
200 to 500°C were used. In order to enhance the
adhesion, a Ti adhesion layer of approximately 0.35 pm
was deposited on the substrates prior to depositions.
Rutherford backscattering spectrometry (RBS) and ‘ball
cratering’ (BC) experiments were used to determine
the atomic composition and thickness of the samples,
respectively. X-Ray diffraction (XRD) and transmission
electron microscopy (TEM) were used for structure
characterisation. XRD diagrams were recorded in a
SIEMENS D35000 diffractometer (CuK_) using the
conventional Bragg—Brentano ©-20 configuration.
TEM observation was performed in both conventional
(JEOL 200CX) and high-resolution modes (JEOL
JEM3010), with accelerating voltages of 200 and 300

kV, respectively. The samples were prepared by the
microcleavage technique.

The hardness experiments were carried out in a
Fischerscope H100 ultramicrohardness tester, equipped
with a Vickers diamond indenter. The applied load was
increased in 60 steps (the same for unloading) until the
nominal load reached 30 mN (maximum load in all
tests). The system had a load resolution better than 1
N and the range of the nominal test load is between 4
mN and 1 N. The indentation depths were obtained
with an accuracy of 2 nm. Fifteen tests were performed
in each sample, with an additional ten for samples with
high dispersion in the results. A careful procedure for
test calibration was used, as outlined in [10,11].

In adhesion characterisation, scratch tests were per-
formed in a computer-controlled Sebastian Five-A
(Quad group) scratch tester. The tests were conducted
with fixed standard conditions, using a 200-pm dia-
mond tip, a constant scratching speed of 10 mm /min
and a loading rate of 100 N/min. An average number
of five tests were performed in each sample.

The oxidation resistance experiments were per-
formed in air in a furnace, for temperatures ranging
from 500 to 900°C and annealing times varying from 15
min to 9 h. The depth concentration profiles after
annealing were measured by RBS. Experimental spec-
tra were fitted using the RUMP program [12].

3. Results

Detailed information in terms of sample composi-
tion, thickness and grain size (vertical coherence width)
evaluation can be found in [10].

3.1. Structural characterisation

The results revealed a mixture of two phases (Fig. 1),
where the so-called phase 2 is the only one formed
under no bombardment of the growing film (bias volt-
age > 0). Regarding phase 1, the results reveal the
development of a f.c.c.-type structure (B1 NaCl), with a
lattice parameter of approximately 0.429 nm [10], with
small variations according to variations in stress states
[13]. By XRD, the exact nature of phase 2 was difficult
to evaluate, since in most cases only one family peak is
clearly visible [10]. However, TEM observation of a
sample (Ti,¢,Siy,0N; ;) prepared with a bias voltage
of +25 V (revealing only phase 2) has confirmed that
phase 2 is also of a f.c.c.-type structure, as demon-
strated on Fig. 2. The simulation of the diffraction
rings was performed taking into account a f.c.c.-type
structure, resulting in a lattice parameter close to that
obtained in XRD. In Fig. 2a, a grain larger than 15 nm
is clearly visible, although the large grain sizes involved
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in these samples makes an accurate evaluation difficult,
because of the possible superposition of different grains.
The separation of these two phases, although quite
simple by XRD, becomes extremely difficult to fulfil in
electron microscopy, due to the small differences in the
inter-atomic spacing. This fact implies that in diffrac-
tion mode, the possible existence of two distinct rings
for each reflection could appear as only one (although
thicker). However, the existence of two distinct types of
grain observed under high resolution, although not
certain, could be an indication of this mixture. Fig. 3
shows two micrographs of a Ti,4;Si;;;N;,, coating,
where these two types of grain are clearly visible. This
kind of grain mixture was never observed in samples
with only phase 1 present, namely pure TiN. In the
rings of the first image, the growth direction is also
pointed out (significant brightness increase in some
parts of the ring), revealing the <200 preferential
growth, which could be proved in cross-section observa-
tion that it was parallel to the substrate surface. This
result confirms that obtained by XRD [10]. Although
the bigger grain, attributed to phase 2, is smaller than
those of this same phase in the unbiased samples, the
ion bombardment (V,;,, = —50 V) and/or superposi-
tion between that and other grains might explain this
result.

In order to have further information regarding this
phase mixture, and specifically that referred to as phase
2, extended EXAFS experiments are currently being
performed on these samples, and the preliminary re-
sults seem to confirm this Si introduction in the TiN
matrix [14].

3.2. Mechanical characterisation

3.2.1. Hardness
Fig. 4a shows the dependence of hardness on the Si
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Fig. 1. Example of XRD diffraction patterns of Ti;_,Si,N, films
illustrating the two crystalline phases that are developed.

content. Fig. 4b shows the variation in hardness as a
function of the applied bias voltage. As is clear from
Fig. 4a, the addition of Si improves the hardness of
TiN, with this hardening effect being more pronounced
for Si contents of approximately 7 at.% (deposition
temperature of 300°C). This behaviour is in accordance
with the foregoing investigations in other groups [3,9],
and is consistent with the formation of TiN nanocrys-
tals embedded in an amorphous silicon nitride tissue.
The beneficial effects of this structural arrangement
reach a maximum for this region of compositions, which
can be explained by taking into consideration the
nanocomposite structure described by Veprek [3], based
on the theoretical approach of R. Hertzberg [4] and A.
Kelly [5]. For higher Si contents, the hardness becomes
quite similar to that of Si;N, [9], which is also consis-
tent with the increase in the amorphous matrix re-
ferred to. These results are also consistent with previ-
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Fig. 2. (a) High-resolution transmission electron microscopy image (HRTEM) from Tig;Si o N; g7 (Fpias = +25 V); and (b) corresponding

diffraction rings.
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(b)

Fig. 3. HRTEM images from Ti 4;Si 5, N, ;, fragments prepared by the microcleavage technique.

ous results obtained on nanocomposite materials, such
as NiTi(N) deposited by ion beam assisted deposition
[15,16], which is composed of TiN nanocrystals embed-
ded in an amorphous matrix. It has been shown that
the hardness and wear improvements depended on
both the nanograin size and the composition of the
amorphous matrix.

The low values of hardness for samples prepared
with a positive bias voltage, where the diffraction pat-
terns revealed only the formation of phase 2 and grain
size values of approximately 23-30 nm [17], can be
explained by the particular structure that is developed
in these samples. The development of this structure
can be explained by the low deposition temperature
(300°C), together with the absence of ion bombard-
ment, which does not provide the necessary mobility of
the species at the growing film in order to ensure phase

segregation and the consequent formation of polycrys-
talline grains and the amorphous matrix. These are
probably the main events that could explain the forma-
tion of that phase, which might be the so-called solid
solution. Furthermore, the presence of this phase 2 is
certainly a factor to take into account, as it is reflected
in the results of hardness as a function of temperature,
Fig. 5a. Although the Si contents are relatively high, a
significant increase in hardness is clearly visible. The
presence of phase 2, clearly visible at 200°C, Fig. 5b,
disappears progressively as the temperature is raised,
probably due to an enhancement in species mobility at
the growing film and/or changes in ion-to-atom flux
ratios. This increase in mobility is then enough to
ensure the nanocrystal /amorphous phase segregation,
enhancing the hardening benefits attributed to this
structural arrangement [3].
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In spite of the high Si content in the sample pre-
pared at 500°C (14.0 at.%), a hardness value of approx-
imately 49 GPa is obtained. The more effective phase
segregation certainly plays the most important role,
since in the case of Ti 4551, 5N, o5, Which showed the
highest hardness value at 300°C (47 GPa), showed a
value of approximately 54 Gpa at 400°C, but without
any traces of phase 2, which was present at 300°C (Fig.
D.

3.2.2. Adhesion

Three types of critical loads were identified: L,
being the first cohesive failure, L, the first adhesive
failure and L, the load at which more than 50% of
the coating was removed from the substrate. The evalu-
ation of these adhesion loads was achieved by the
conjugation of optical observation with the variations
in the acoustic emission signal and the inflection in the
friction force curve [18]. Fig. 6 shows the dependence
of these adhesion loads on the Si content and deposi-
tion temperature.

The similarity between the behaviours shown by these
graphs and those of hardness, implies that the mecha-
nisms of property improvement are basically the same.
The result at 2.5 at.% Si (Fig. 6a) is somewhat unusual,
which could be the result of two main factors: the large
difference in failure mechanisms revealed by the sam-
ples in this composition region [18], and significant
stress reduction revealed by this sample [13]. Similar
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Fig. 4. Ultramicrohardness values of Ti,_,Si,N, samples as a func-
tion of: (a) Si content (=50 V bias voltage); and (b) bias voltage
(300°C substrate temperature).
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Fig. 5. (a) Ultramicrohardness values of Ti;_,Si, N, samples as a
function of temperature; and (b) corresponding diffraction patterns.

The Si contents in these samples are 15.2, 14.3, 13.4 and 14.0 at.% at
200, 300, 400 and 500°C, respectively.

behaviour was observed in two other samples prepared
with the same deposition parameters and revealing the
same composition.

3.3. Oxidation resistance

Fig. 7a shows the variation in oxidation resistance at
a temperature of 800°C, and in comparison to other
nitrides that reveal good oxidation resistance perfor-
mance [19,20].

Despite the fact that the oxidation resistance of this
Ti;_,Si,N, system cannot be considered outstanding,
the observed results show a clear increase in oxidation
resistance with increasing Si content. For small Si addi-
tions, and although an improvement is observed when
compared to TiN, almost all the coating is oxidised for
oxidation times greater than 2 h. For higher Si addi-
tions, this behaviour is considerably improved. For 1 h
at 600°C, the oxidation resistance of Tij;,Sij 30N 1 IS
already approximately 100 times higher than that of
TiN [21,22], but approximately 10 times lower than that
of Tij;5Al, s N, for which the best oxidation resistance
behaviour was observed in the (Ti,ADN system [19,20].
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Fig. 6. Critical adhesion loads for the Ti,_,Si,N, samples as a
function of: (a) Si content; and (b) deposition temperature.

With increasing temperatures (1-h oxidation), Fig. 7b),
this difference tends to decrease slightly. For 1 h at
850°C, for instance, the oxidation resistance of
Tiy0Siy30N; 10 Is only approximately three-fold lower
than that of Ti,;5Al,N. The comparison with TiN is
inappropriate for these temperatures, as total oxidation
is observed in this material. This improvement de-
creases in importance with increasing oxidation time,
as illustrated by the result at 9 h (Fig. 7a), where the
difference between samples referred to is already ap-
proximately a factor of four. For higher oxidation times,
this difference increases even more [19,20].

On the contrary to what has been observed for
hardness and adhesion, these results reveal that a
progressive improvement is observed with an increase
in the Si content. The large amount of grain boun-
daries (small grain size) and the presence of the amor-
phous matrix at grain boundaries with the correspond-
ing formation of silicon oxide (SiO,) reduces the oxy-
gen diffusion, and are thus the main parameters which
account for the observed behaviour.

4. Conclusions

Thin films within the (Ti,SON ternary system were
prepared by RF reactive magnetron sputtering. XRD

results showed that these coatings are principally com-
posed of a two-phase mixture, with a structure close to
that of TiN. An amorphous silicon nitride material is
also developed between the grain boundaries. A lattice
parameter of approximately 0.429 nm was deduced for
phase 1. Regarding phase 2, the results obtained by
both XRD and TEM analysis indicate that this is also a
cubic lattice, where some of the Si atoms are occupying
Ti positions. A lattice parameter of approximately 0.418
nm for this phase would result from this assumption.
Fourier analysis on the X-ray diffraction patterns re-
vealed a nanocrystalline nature of the developed grains
(4-7 nm), confirmed by HRTEM micrographs. This
mixture of phases is closely related to the applied
substrate bias, since phase 2 was the only one observed
for conditions where no bombardment of the growing
film was present. The low deposition temperature and
deposition rate, and the absence of this ion bombard-
ment induce low species mobility at the growing film
that cannot efficiently segregate the nanocrystal-
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line /amorphous phase-type structure. An increase in
temperature is known to induce a more efficient phase
segregation, resulting in an enhancement of mechani-
cal properties, ruled by the two-phase structure de-
scribed by Veprek [3]. These benefits were particularly
apparent in hardness values, where an increase in
temperature (300 to 400°C) corresponded to an in-
crease from 47 to 54 GPa for Ti¢sSij 5N, o3 (Which
revealed the best hardness values at 300°C). Similar
behaviour was observed for higher Si contents. In terms
of adhesion, the behaviour is similar to that of hard-
ness, revealing critical adhesion loads for adhesive fail-
ure as high as 90 N. Higher Si additions induce a
behaviour close to that of amorphous silicon nitride,
which might be a consequence of the significant in-
crease in the amorphous phase of these structures. The
oxidation resistance is also improved for large Si addi-
tions, which can be explained by the same arguments
(i.e. an increase in the amorphous phase volume frac-
tion).
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