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Abstract

This paper reports on the preparation of TiN, thin films by d.c. reactive magnetron sputtering. The coating thickness ranged from 1.7 to
4.2 um and the nitrogen content varied between 0 and 55 at.%. X-Ray diffraction showed the development of the hexagonal a-Ti phase, with
strong [002] orientation for low nitrogen contents, where the N atoms fit into octahedral sites in the Ti lattice as the amount of nitrogen is
increased. For nitrogen contents of 20 and 30 at.%, the ¢-Ti,N phase appears with [200] orientation. With further increasing the nitrogen
content, the 6-TiN phase becomes dominant. The electrical resistivity of the different compositions reproduces this phase behavior. The
hardness of the samples varied from approximately 8 GPa for pure titanium up to 27 GPa for a nitrogen content of 30 at.%, followed by a
slight decrease at the highest contents. A similar increase of stresses with nitrogen is observed. Structure and composition with the
consequent changes in crystalline phases and the lattice distortion were found to be crucial in the evolution of the mechanical properties.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The continuous progress in surface and thin film tech-
nology is largely connected to the adjustment of structural
and chemical film properties to actual applications. The
resulting demands for increased sophistication of thin film
structures can, in general, only be achieved by an appro-
priate choice and precise control over the parameters gov-
erning the deposition process. Besides the deposition
parameters related with the film forming particle flux,
stoichiometry of the deposited films has to be considered
as one of the most essential parameter for determining the
microstructural properties and chemical binding conditions
of the growing film. In this respect, thin films elaborated
through physical vapor deposition (PVD) processes are well
known to exhibit a microstructure that is strongly dependent
on these stoichiometric features [1,2].
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In recent years there has been an increasing interest in
elucidating the mechanisms which lead to thin-film property
modification caused by the so-called substoichiometric
condition [3—8]. Much of our understanding of these struc-
tures and the relationships to their formation mechanism has
come from the study of both computer simulation and
theoretical methods [3—11]. This study is of major impor-
tance since a detailed understanding of the processes is
fundamental for the preparation of new materials and novel
devices that exhibit improved physical properties [12—14].

Stoichiometric titanium nitride (TiN) is actually one of
the most important technological coating materials, not only
because of its excellent tribological properties, but also due
to its good chemical stability. It is certainly, in tribological
terms, the most explored PVD hard thin film material and
most extensively used in industry. It is used in a wide range
of applications, which vary from protective material for
machine parts and cutting tools [15] to diffusion barriers in
semiconductor technology [16]. In the past, properties of
substoichiometric titanium nitride (TiN,) have been studied
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by comparably few researchers considering only basic
properties such as hardness, phase composition or lattice
distortion [17-23]. All these investigations focused mainly
on the 6-TiN-phase, whereas little attention was paid to the
properties of the nitrogen containing «-Ti phase. In this
paper, we investigate the structural, physical and mechanical
properties of substoichiometric TiN, coatings aiming an
accurate understanding of its evolution as a function of
the increasing nitrogen content.

2. Experimental details
2.1. Sample materials

The TiN, samples were deposited by reactive d.c.
magnetron sputtering, from a high purity Ti target
(200 x 100 x 6 mm®) onto polished high-speed steel (AISI
M2), stainless steel (AISI M316) and single crystal silicon
substrates. The depositions were carried out in a ‘home-
made’ magnetron sputtering apparatus, in an Ar/N, atmos-
phere [24]. This deposition system consists of two verti-
cally opposed rectangular magnetrons (unbalanced of type
2 [25]) in a closed field configuration. Primary vacuum in
the deposition chamber was achieved using two rotary
pumps (8.5 and 12 m’/h). The secondary vacuum was
obtained using two turbomoleculares pumps of 190 and
400 1/s. The substrates were ex situ ultrasonically cleaned
and in situ sputter etched for 15 min. in a pure Ar
atmosphere, using a pulsed power supply: 7= 0.35 A;
V=300 V; =200 kHz. A pure titanium adhesion layer
(d.c. power source: /=1 A, V=360 V; Vyas=—70 V;
T, =250 °C) with a thickness of ~ 0.40 pm was
deposited on the substrate prior to the coating deposition.
A summary of all the main deposition parameters is
illustrated in Table 1.

2.2. Characterization techniques

An average number of five ball cratering experiments
were carried out in each sample in order to determine its

Table 1
Deposition parameters during sample preparation

thickness. The composition and homogeneity of the films
was assessed by RBS and ERDA. RBS studies were
performed with a 1 mm diameter collimated beam of “He"
or 'H" ions. The backscattered particles were detected at
140° and close to 180°, with respect to the beam direction
using silicon surface barrier detectors with resolutions of 13
keV and 16 keV, respectively. The results were analyzed
with the NDF code [26].

X-Ray diffraction (XRD) patterns were recorded in a
SIEMENS D5000 diffractometer (Cu K, radiation) in 6—260
(Bragg—Brentano) mode, equipped with a secondary graph-
ite monochromator to avoid parasitic intensities (fluores-
cence) of Fe and Cr atoms from steel substrates. The
resistivity of the films was measured by the van der Pauw
method [27] at room temperature, using silver paint contacts
in the films deposited on Si substrates.

Residual stresses, a,, were calculated using the Stoney
equation [28], from substrate curvature radii, measured
before and after coating deposition by scanning the sample
surface with a laser beam and measuring the reflected light
intensity (laser triangulation). The deflections of the surface
used for the determination of the radius of curvature were
measured with accuracy better than 1 um. The parabolic
deflections correspond to orthogonal directions in the film
surface plane. For more detailed information on the proce-
dure see Ref. [29].

Coating hardness was determined from the loading and
unloading curves, carried out with an ultra low load
depth sensing nanoindenter—Nano Instruments Nano-
indenter II [30], equipped with a Berkovich diamond
indenter and operating at a constant displacement rate
of 5 nm/s. An indentation depth of 100 nm was used for
every measurement. This indentation depth was kept
within the recommended value of roughly 10-20% of
the film thickness to avoid substrate effect [31]. The
unload segment is load controlled with an unloading rate
equal to 50% of the loading rate, at the end of the
previous load segment. The unloading continues until
90% of the previous load has been removed from the
indenter. The elastic modulus was estimated by the slope
of the initial portion of the unloading curve, adopting

Substrate temperature

Rotational speed

Target to substrate distance

d.c. bias voltage

Ton current density at the substrate [24]
Total pressure

Base pressure

N2 flow

Ar flow

N, partial pressure

d.c. current density at the Ti target

250 °C

7 rot./min

70 mm

—-70V

1.5E20 ions™ 'm~2
=4x10" ' Pa
~1x10"*Pa

0 to 8 sccm

23 scem
0to3x10 %Pa

1 %102 A/m* (V = 400 V)
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Sneddon’s flat—ended cylinder punch model [32]. Hard-
ness values were obtained from the average of 20
measurements at different positions.

3. Results and discussion

3.1. Characterization of the as deposited samples

The dependence of coating composition on nitrogen flow
during the process was measured by RBS. Fig. 1 illustrated
the RBS result obtained for one of the samples. No oxygen
and argon were detected in the as-deposited samples, which
mean that their content is less than ~ 2 at.%. The nitrogen
content of the films first rises slowly from 0 to 8 at.% upon
increasing the nitrogen flow from 0 to 3 scem, Fig. 2.
Further increase of the nitrogen flow ratio leads to a steeper
increase of the coating nitrogen content up to 50 at.%, for
6.5 sccm, which corresponds to the stoichiometric situation,
TiN. For higher flows (= 6.5 sccm), the nitrogen content
rises only slightly.

3.2. Structural characterization

Previous investigations of substoichiometric titanium
nitride films deposited by different PVD techniques, have
shown that increasing nitrogen flows and so its partial
pressure during the deposition process leads to gradually
higher nitrogen contents in the films [18,21]. The increase in
the N content that is observed here for nitrogen contents up
to 45 at.%, was also evidenced by other authors [21], and
can be related to both the continuous insertion of nitrogen
within the crystalline lattice of Ti, as well as to the operation
conditions that consist in low quantities of nitrogen gas
flows and thus not severe poisoning of the target [18,21,33].
The €-Ti,N phase, a line compound only existing for very
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Fig. 1. RBS spectra obtained with a 1.5 MeV'H" beam for a film grown
with a gas flow of 5 sccm and a bias voltage of — 50 V. The continuous line
indicates the best fit derived from the NDF simulation. The barrier around
channel 240 is due to signals from the substrate.
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Fig. 2. Plot of the nitrogen content as a function of the nitrogen gas flow.

specific titanium to nitrogen ratio [34—36], crystallizes in
the ‘anti-rutile’ (P4,/mnm) structure, which consists of a bec
Ti lattice, with N atoms filling one-half of the available
octahedral sites (rather than all of the octahedral sites as in
TiN). As N is added to Ti, Ti transforms from the hep a-Ti
phase to the bee e-TipN phase, and finally to the fcc 6-TiN
phase. Although the appearance of this e-Ti,N phase is not
clearly visible due to the influence of the diffraction peak
corresponding to the {111} planes of 6-TiN phase, it seems
nevertheless to be particularly evident for samples with 20
and 30 at.% N (as expected from the phase diagram [34—
36]). A closer look to the XRD diffraction patterns, Fig. 3,
reveals the development of the hexagonal a-Ti phase with
strong [002] orientation for low nitrogen contents. The
diffraction peaks are progressively shifted towards lower
diffraction angles as the N content increases. For nitrogen
contents of 20 and 30 at.%, the e-Ti,N phase appears with a
[200] orientation. Furthermore, and although it does not
seem clearly visible, the 6-TiN phase might be already
developing in this range of nitrogen contents. The broad
diffraction lines do not allow an easy conclusion concerning
the exact nature of the crystalline compounds present in the
diffractograms, though the phase diagram predicts only the
e-Ti,N phase as well as the a-Ti.

The titanium—nitrogen phase diagram is complex, but
basically Ti crystal is said to be an ‘interstitial’ crystal where
N atoms fit into the gaps in the Ti structure. This structure
evolves from hexagonal «-Ti (space group P63/mmc), to
face-centred-cubic 6-TiN (space group Fm-3 m), the N
atoms being into octahedral sites of the Ti lattice as the
amount of nitrogen is increased. The a-Ti lattice is able to
accept small amounts of nitrogen at octahedral sites [37],
but since PVD is a thermodynamically non-equilibrium
process, the «-Ti lattice may be forced to accept more
nitrogen atoms due to hindered mobility of the deposited
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Fig. 3. Evolution of the XRD patterns of the films as a function of nitrogen
contents. S corresponds to the diffraction lines of the substrate.

particles [19]. Therefore an oversaturated metastable solu-
tion of nitrogen in titanium is formed for the lower N
contents. The shift in the diffraction lines revealed by Fig.
3 is thus a consequence of this progressive increase of N
interstitials in octahedral o-Ti sites, which causes lattice
distortion. At intermediate concentrations of N between 20
and 30 at.%, the diffraction peaks become quite broad
indicating that grains of very small sizes and large micro
strains are developed. This tendency towards smaller grain
sizes is typical of highly saturated metal—metalloid alloys
and can be described by the Gibbs—Thomson equation [38].
Oversaturation under non-equilibrium conditions often leads
to vanishing lattice order [17], inducing an increase in the
deposition rates. This is the case here where an increase in
this parameter is observed for the films with the lowest N
concentration (<10 at.%) (Fig. 4). As the stoichiometric
condition becomes closer and thus approaching the equili-
brium condition, the deposition rates decrease as illustrated
in Fig. 4. The reason for this decrease in the deposition rate
is that the reactive gas can react with Ti target to form a
nitrided compound layer at its surface, which reduces the
metal sputtering yield. This is partly due to the poor
sputtering capability of nitrogen upon replacing argon and
partly from the target poisoning effects (induced by the
increasing amount of nitrogen in the chamber) where the
sputtering yield for nitride is much smaller than the metal,
and partly that these compounds have higher secondary
electron emission yields than metal targets [18,21,33]. With

further increase of nitrogen flow, the deposition rate is
almost unchanged and very low.

The investigation of the coating morphology by SEM
showed a columnar-type structure for all films, lying in
the transition zone between T and I zones of Thornton
Model [39]. A closer look at the different cross-section
images revealed a clear tendency for the thickening of the
columns as the N content increases, Fig. 5. Plan view
observation also revealed some changes, namely in what
concerns the surfaces roughness, which seems to decrease
with the increase in the N content. The decrease in grain
size explains the observed densification of the initially
columnar coating structure as well as the smoothening of
the surface.

3.3. Resistivity

The electrical resistivity or a material is mainly deter-
mined by the intrinsic properties, defects and temperature
(thermal vibrations). By varying the N content and perform-
ing experiments at room temperature, phase composition,
microstructure and defects (dislocations, impurities and
grain boundaries) become determinant parameters.

The electrical resistivity for pure Ti (p approx. 60 p{)
cm) increases heavily by increasing N content up to a
maximum of p ~ 190 p{) cm at concentrations between 2
and 8 at.%. Further, increasing the nitrogen content reduces
progressively the resistivity to values below those obtained
for pure Ti (p approx. 40 pu€) cm for N> 50 at.%) (Fig. 6).
The initial rapid increase of the electrical resistivity for
increasing N concentration up to ~ 8 at.% is to be ascribed
to the increase of impurity defects: for low concentrations,
the N atoms occupy interstitial positions into the hexagonal
o-Ti structure. This fact is supported by the broadening of
the diffraction peaks (Fig. 3), indicating smaller grains and
large microstrains that accompany vanishing lattice order
and increase in the deposition rates (Fig. 4).
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Fig. 4. Deposition rate of the TiN, films as a function of the nitrogen
content.
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Fig. 5. SEM cross-section and plan view images, showing the morphological changes in TiN, films for different nitrogen flow rates: (a) 1 sccm (2 at.% N);

(b) 7.5 scem (52 at.% N).

Further, small amounts of N can occupy octahedral sites
of the Ti lattice, as indicated by the shift of the diffraction
lines in Fig. 3. This leads to the progressive formation of an
energetically more favorable lattice configuration (e-Ti,N)
by increasing N concentrations. Phase coexistence rules,
thus, the behavior of the resistivity at concentrations approx-
imately 8 at.% (maximum of resistivity). By further increas-
ing of the N content, the energetically more favorable lattice
configuration of the €-Ti,N becomes progressively domi-
nant, with the consequent decrease of the resistivity by
reducing the amount of interstitial impurity defects and the
phase coexistence (Figs. 3 and 4).

Morphology characterization revealed a thickening of the
columns and a decrease of the grain size with increasing N
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Fig. 6. Electric resistivity, p, of TiN, films as a function of nitrogen content.

content. The fact that resistivity increases for N concen-
trations up to 8 at.% and decreases for concentrations higher
than this indicates that morphology features are not a
parameter as relevant as the upper mentioned structural
variations.

3.4. Mechanical properties: hardness and residual stresses

With increasing nitrogen content the films become
harder, where the hardness value varies from approximately
8 GPa for pure titanium, up to 27 GPa for an optimal
nitrogen content of 30 at.% (Fig. 7). It is worth noticing that
the films exhibit almost a constant hardness value of
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Fig. 7. Hardness and Young’s modulus of sputtered TiN, films as a function
of the nitrogen content.
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approximately 20 GPa within the range of 45 and 55 at.% N
including stoichiometric TiN.

Two main factors may contribute for this increasing
hardness of the TiN, films: (i) structure/composition
(affected by the processing conditions) and; (ii) the lattice
distortions that are responsible for a reducing in dislocations
motion [19,36,40]. In terms of the structural features, it is
worth notice that the two harder samples are those that seem
to reveal the presence of the -Ti,N phase, corresponding to
20 and 30 at.% N (see Fig. 3). The existence of this phase
has been claimed to act as a hardening factor [41—44]. This
effect is presumed to be in the form of either: (i) a
precipitation nuclei, which rarely exhibit their own diffrac-
tion pattern and in such a case precipitation hardening effect
is considered or; (ii) very fine grains, which is probably the
case here, taking in consideration the large broadening of
the diffraction peaks of samples with 20 and 30 at.% N. The
initial hardening for the lowest N contents is a consequence
of the distortion in the a-Ti lattice, due to N incorporation
[36]. In fact, this lattice distortion, and the consequent
increase in residual stresses can be observed in Fig. 8,
which shows the evolution of the residual stresses with
the N at.%. From this graph it is clear that all coatings are in
a high in-plane compressive stress states ranging from — 3.2
down to — 8 GPa. The formation of the 6-TiN phase, Fig. 3,
and consequently a more stable and energetically favourable
structure is expected to be followed by stress relief, as is the
case illustrated in Fig. 8, for the samples with the highest N
contents.

Moreover and even though it is not detected by RBS
(meaning that it should be less than 2 at.%), it is to admit the
existence of impurities such as those of oxygen that would
influence hardness values [45—47]. The existence of some
impurity atoms induces further local lattice strains, which
inhibit the movement of dislocations, and thus strength,
hardness and ductility are enhanced. This process is known
as solid—solution hardening. A plot of hardness variation
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Fig. 8. Residual stresses in the TiN, films as a function of the nitrogen
content.
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Fig. 9. Plot of hardness vs. residual stresses for the entire set of samples.

with the compressive stresses, Fig. 9, shows the existence of
a relationship between compressive stresses and hardness.
The hardness increases almost linearly with increasing
stresses, showing that in fact not only phase formation
and composition, but also the lattice distortions related to
structural defects and correspondent increases in intrinsic
stresses are determinant effects influencing the measured
hardness of the coatings.

4. Conclusions

TiN films with different nitrogen contents were prepared
in order to analyze the structural and mechanical features
that occurred with the variation of this element content.
With the increase in the flow rate of the gas, the nitrogen
content first rises slowly from 0 to 8 at.%. Further increasing
the nitrogen flow ratio leads to a steeper increase of the
coating nitrogen content up to 50 at.%, which corresponds
to the stoichiometric compound, TiN. For higher flows, the
nitrogen content rises only slightly.

XRD diffraction patterns revealed the development of the
hexagonal «-Ti phase with strong [002] orientation for low
nitrogen contents. For nitrogen contents between 20 and 30
at.% the e-Ti,N phase appears with [200] orientation.
Further increasing the nitrogen content, the 6-TiN phase
appears. SEM micrographs show a columnar-type structure
lying in the transition zone between T and I zones of
Thornton Model for all films, with a clear tendency for
the thickening of the columns as the N content increases.

With increasing nitrogen content the films become
harder, varying from approximately 8 GPa for pure
titanium up to 27 GPa for a nitrogen content of 30
at.%. The hardness remains constant with a value of
approximately 20 GPa within the range of 45 and 55
at.% N. This behavior is mainly influenced by the two
following contributions: (i) structure/composition (affected
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by the processing conditions) and; (ii) the lattice distortion
and the correspondent increase in stresses. The two harder
samples are those with the presence of the e-Ti,N phase,
revealing a strong influence of crystalline structure in
hardness behavior. The measurements of the electrical
resistivity reproduce the phase behavior mentioned above.
Interstitial impurities and phase composition are more
relevant parameters than the microstructure itself for the
behavior of the electrical resistivity.

Hardness also increases almost linearly with increasing
stresses, revealing that the lattice distortions and the corre-
spondent increases in intrinsic stresses are determinant for
the hardening of the coatings.
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