Available online at www.sciencedirect.com

sc.suce@p.“cw

Surface and Coatings Technology 174-175 (2003) 68-75

SURFGE
= LOATINGS

JHinoLoGY

www.clsevicr.com/locate/surfcoat

ELSEVIER

Influence of Ti addition on the properties of W—Ti—C/N sputtered films

A. Cavalero*, B. Trindade, M.T. Vieira

ICEMS, Departamento de Engenharia Mecanica — FCTUC, 3030 Coimbra, Portugal

Abstract

Thin films of W-Ti—C/N were deposited by d.c. reactive magnetron sputtering from W-Ti targets with 0, 10, 20 and 30
wt.%Ti. The influence of titanium and interstitial element (carbon and nitrogen) contents on the structure, hardness and adhesion
of the coatings was evaluated by X-ray diffraction analysis, ultramicroindentation and scratch-testing, respectively. The results
show different compositional dependencies of the structure and grain size of the films. Hardness was related with the structure of
the films, including lattice distortion and grain size. The higher hardness values (=50 GPa) were obtained for W—Ti—N films
with 4045 at.%N deposited from the W—20 wt.%Ti target in a reactive N, atmosphere. However, these films present relatively
low adhesion to the substrates with critical loads of 30 N. The best compromise between hardness and adhesion was reached for

W-Ti—N films with low nitrogen and titanium contents.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

In the last two decades, much research work was
carried out on the development of coatings based on the
W-Ti system. The driving force for these studies were
originaly the good thermal behavior of this system
making it suitable as a diffusion barrier in integrated
circuits (e.g. Refs. [1-10]). In spite of the multiple
references in the literature concerning the development
of coatings based on Ti or W nitrides or carbides for
mechanical applications only few coatings involving
simultaneously W and Ti were studied [11-14]. From
these, two studies [11,12] dealt with multilayer films
and two other concern the deposition of W—Ti—N/C
mixing films. Nevertheless, only a very limited range of
the ternary W-Ti—N/C chemical composition diagram
was covered (Fig. 1—circle points). Shaginyan et d.
[13] studied the deposition from a W + 10 wt.%Ti target
with increasing partial pressure ratios of N, in the
deposition chamber. Neither other Ti contents nor C-
containing thin films were analyzed. By their side,
Koutzaki et al. [14] athough have analyzed Ti contents
from 0 to 100 at.% only studied C-containing films with
atomic contents in the range from 35 to 50 at.%C.
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Regarding our studies on the W-Ti—C/N system,
severa papers with results concerning particular films
have been published up to date, either on their oxida-
tion/corrosion behavior [15—19] or mechanical proper-
ties [20—24].

This research study has two objectives: (i) to extend
the zone of the ternary W—Ti—N/C system diagram to
other chemical composition films as it is shown in Fig.
1 (square points) and (ii) to compile the results obtained
so far on the ternary W-Ti—N/C system. Results
concerning the structure, hardness and scratch test
behavior of the coatings will be presented and discussed.

2. Experimental procedures
2.1. Deposition technique

The films were deposited by d.c. reactive magnetron
sputtering with a specific target power density of 10
W cm~2 and a negative substrate bias of 70 V. Targets
of W-Ti aloys with 0, 10, 20 and 30 wt.%Ti were
sputtered in a mixed Ar+CH,(N,) atmosphere with
CH4(N,)/Ar partia pressure ratio in the range 0-1. The
total deposition pressure was 3 10~ ! Pa. The substrates
of M2 (AlSI) high-speed steel were heat-treated in order
to reach a final hardness of 9 GPa. After grinding they
were polished with diamond pastes down to a particle
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Fig. 1. Chemica composition of the W-Ti—C/N films studied in the
literature (circle points) and in the present work (square points).

size of 1 wm. Before deposition, the substrate surfaces
were ion cleaned with an ion gun. The cleaning proce-
dure included afirst electron heating, up to temperatures
close to 450 °C and afterwards Ar* bombardment for 8
min (ion gun settings at 20 A, 40 V, substrates at
—100 V). The deposition time was 30 min and the final
thickness of the films was in the range from 2.5 to 5
pm.

2.2. Characterisation techniques

The structure of the films was analyzed by X-ray
diffraction (XRD) using a Siemens diffractometer with
Co Ka radiation. A Cameca SX-50 electron probe
microanalysis apparatus was used to determine the
chemical composition of the coatings.

The hardness of the coated samples were evaluated
using ultramicroindentation (Fischer Instruments—
Fischerscope), with an indentation load of 50 mN. The
testing procedure, including the correction of the exper-
imental results for geometrical defects in the indenter,
thermal drift of the equipment and uncertainty in the
initial contact, was described elsewhere [25].

The scratch tests were performed in a commercial
scratch-testing equipment (CSEM Revetest) fitted with
an acoustic detector. Detailed morphologies of scratch
channels were observed by means of scanning electron
microscopy (Jeol JSM-T3330) equipped with energy
dispersive X-ray analysis (TRACOR).

3. Results and discussion
3.1. Chemical composition

Fig. 2a—d shows the evolution of the chemical com-
position of the films as a function of the CH, and N,

partial pressure ratios. As it would be expected the
increase of the reactive gas partia pressure in the
chamber during the deposition givesrise to a progressive
increase of the C and N contents in the films (Fig. 2a
and b). However, particularly for films of the system
W-Ti—N, the incorporation of the reactive element is
much easier for Ti-containing targets. For example, for
Pn,/Par=0.35, the N content in the films deposited from
the W and the W+ 30 wt.%Ti targets varies from 5 to
50 at.%, respectively. Thisisin agreement with the great
difference of the heat of formation between tungsten
and titanium nitrides [26]. For the W-Ti—C films, the
carbon contents measured do not differ so much as for
N-containing films, which can be explained by the lower
differences in the chemical affinities of W and Ti to C
in comparison to N [26].

Concerning the W/Ti ratios, it can be concluded from
the analysis of Fig. 2c and d that the films have higher
tungsten content than what would be expected from the
targets composition. This is due to the preferentia re-
sputtering of Ti atoms from the film due to the bom-
bardment by either the Ar* ionsinduced by the negative
substrate bias or the fast neutrals atoms reflected at the
target [13,27]. Moreover, the presence of C or N in the
films leads to a decrease of W/Ti ratio in relation to
W-Ti film. When these elements are added to the films,
the higher affinity of Ti for these elements leads to the
formation of strong Ti—N(C) bonds making harder the
preferential re-sputtering of Ti (lighter element) in
relation to W and thus leading to smaller W/Ti ratios.

3.2. Structure

3.2.1. W-Ti binary system

Fig. 3 shows the XRD patterns of the various W—Ti
films. The main phase indexed is b.c.c. and can be
regarded as a metastable solid solution of Ti in the a-
W phase. With the increase of the Ti content there is a
progressive shift of the diffraction peaks for lower
angles, corresponding to an increase of the interplanar
distance, induced by the presence of the larger Ti atoms.
However, the film deposited from the W+20 wt.%Ti
target does not follow exactly thistrend. A close analysis
of the XRD pattern of this film (see the insert in Fig. 3
in a root scale) alows detecting a small peak that can
be ascribed to the low temperature h.c.p. Ti phase. This
suggests the depletion of Ti from the b.c.c. phase, which
can explain the reason why the XRD pattern of this
sample shows an a-W (11 0) diffraction line at almost
the same 26 value as the film deposited from the W +
10 wt.%Ti target. The h.c.p. Ti phase has aso been
detected by Ramarotafika and Lemperiere [7] in W—Ti
sputtered films synthesised with low deposition rates.

3.2.2. W=Ti—C/N systems
The structural results obtained for the W—Ti—C/N
coatings deposited from the W+ 10 wt.%Ti target in a
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Fig. 2. Chemical composition results of the W—Ti—N/C sputtered films as a function of the partial pressure ratio pcy,w,/Par; (8 C content; (b)
N content; (¢c) W/Ti ratio for W—Ti—C films and (d) W/Ti ratio for W—Ti—N films.
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Fig. 3. XRD patterns of W—Ti films deposited by sputtering W targets

alloyed with different Ti contents (26 from 44 to 51°).

reactive atmosphere do not differ from those obtained
for the binary W—C/N systems [28,29]. Carbon or
nitrogen contents lower than 20 at.% give rise to the
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Fig. 4. Evolution of the lattice parameter and grain size of W—Ti—

C/N sputtered films, deposited from the W+ 10 wt.%Ti target, as a
function of the interstitial element(s) content.
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Fig. 5. XRD patterns of W—Ti—N/C sputtered films deposited from
the W+30 wt.%Ti target with increasing: (a) C content; (b) N
content.

confirmed by the progressive shift of the diffraction
peaks of b.c.c. W-phase to lower angles. For the W—
Ti—N coatings, nitrogen contents in the range 20-35
at.% leads to the formation of «-W and f.c.c. NaCl-type
W.,N phases. For higher N contents only this last nitride
was detected.

The concentration dependence of lattice parameter
and grain size of the a-W phase is given in Fig. 4. This
plot corresponds to films obtained from the W-10
wt.%Ti target, as a typica example of al the other
films. As can be seen, there is a good linear relationship
between the lattice parameter of the b.c.c. a-W phase,
calculated from the (110) diffraction peak, and the
content of the interstitial element (C and/or N) in the
films. The same is true for the evolution of the grain
size, calculated by the Scherrer's formula from the
integral width of the a-W (11 0) diffraction peak [30].
However, in this last case, the higher is the interstitial
content the lower is the grain size of the tungsten solid

solution. The lattice distortion induced by the presence
of increasing amounts of C/N in the interstitial positions
of the b.c.c. a-W phase is responsible for the reduction
of the range of structural order of the films.

Significant structural differences induced by C and N
were detected in films obtained from targets with Ti
contents higher than 20 wt.% (Fig. 5a and b). Anaysis
of the XRD patterns of the W-Ti—C/N films, obtained
from the W—-30 wt.%Ti target in reactive atmospheres,
reveals a shift of the XRD lines of the films with low
intergtitial contents (<20 at.%) to lower diffraction
angles, indicating that an interstitial solid solution is
being formed for these compositions. In spite of the
lack of experimental evidence we are convinced that up
to 20 at.% of interstitial elements no significant precip-
itation of nitride/carbide phase is expected as was
referred by Shaginyan et al. [13]. On the basis of XPS
results, these authors stated the formation of Ti—N
bonding (titanium nitride) before the appearing of the
tungsten nitride phase. In fact, besides the detection of
Ti—O bond due to surface contamination, only Ti—N
bonds were identified in the Ti 2p XPS spectrum of the
N-containing film. On the other hand, the deconvolution
of the W 4f peak alowed concluding for the existence
of free W and vestiges of tungsten nitride phase (W-N
bonds). This can be explained as Ti has a higher affinity
for C and N than tungsten [26]. Therefore, if any
precipitation is formed in the Ti—-W-C/N films contain-
ing lower interstitial contents, it should be a Ti-rich
nitride/ carbide instead of W-rich phase(s). In this case,
a depletion of Ti and C/N would be expected in the
b.c.c. a-W phase and, consequently, the gradual shift in
the position of the (1 1 0) diffraction line with increasing
N/C content would not occur. However, as can be
observed in Fig. 6, a gradual increasing in the lattice
parameter of the b.c.c. W-phase of all the W—Ti—C/N
coatings is observed with increasing N/C contents, as
observed for binary W—N/C films. Consequently, if one
assumes that precipitation of nitrides/carbides might

34 —
e W Solid symbols - With N A
= W+10%Ti| Open symbols - With C //
Z 3% o WH20%Ti a
T A W+30%Ti K -
2 33 /
? 3.
g P
s e
3 325
o
2
3 327
3.15 ; {
0 5 10 15 20 25

C,N content (at.%)

Fig. 6. Evolution of the lattice parameter of the b.c.c. a-W phase of
W-Ti—C/N sputtered films with increasing C and N contents.
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Fig. 7. Evolution of (a) hardness and (b) grain size of W—Ti—C sputtered films with increasing C content.

occur in low N/C content films, their total amount shall
be negligible.

Another important feature of the XRD patterns of the
Ti-W-C/N coatings is their asymmetry (see eg. the
film with 20 at.%N in Fig. 5b), which might be justified
by three main factors: (1) the precipitation above
referred to, but, as concluded, in a negligible amount;
(2) the result of different grain sizes and residual stresses
across the thickness of the films, as referred by Koutzaki
et al. [14] and (3) the formation of two solid solutions
with different Ti and W contents, as a result of the high
temperature miscibility gap existing in the W—Ti phase
diagram.

The XRD patterns of the W—Ti—N coatings shown
in Fig. 5b indicate a precipitation of a Ti-rich nitride
(detected at the right side of the (110) diffraction
peak) for films with high N contents. This nitride must
contain a certain amount of tungsten because a progres-
sive vanishing of the (110) peak of the a-W phase up
to its total disappearing occurs with increasing N con-
tent. It should be remarked that TiN and W,N nitrides
are isomorphous phases with similar lattice parameters,
which means that they are extensively miscible [26]. A
progressive shift of the (200) diffraction line of the
(Ti,W)—N nitride to higher diffraction angles can be
observed as a consequence of the lower atomic radius
of W in relation to Ti. Regarding the W—Ti—C films,
the XRD patterns shown in Fig. 5a prove the existence
of the W-phase for carbon contents as high as 40 at.%.
The (1 1 0) diffraction line of this phase is progressively
shifted to lower angles with increasing C contents. For
55 at.%C, a NaCl-type (Ti,W)C, _, phaseis undoubtedly
indexed from the (200) diffraction line at 26 =48.3°.
The precipitation of this f.c.c. phase occurs aong the
[111] direction, which the diffraction peak superim-
posed to the (1 10) peak of the a-W phase.

The structural analysis of the N and C-containing
films agrees with the results of the W-Ti—N/C system

available in the literature. In fact, Shaginyan et al. [13]
in their studies on W—Ti—N films also detected the first
precipitates oriented preferentially following [200]
direction. Asin our case, the (11 1) plane of the f.c.c.
phase was only detected in films with very high N
contents. By their side, Koutzaki et al. [14] observed a
strong preferential orientation along the [1 1 1] direction
in W-Ti—C films with carbon contents from 40 to 56
at.%. The (200) diffraction peak was only observed
for the film with 56 at.%C and had a very low intensity.

3.3. Hardness

3.3.1. C-containing films

The influence of carbon content on the hardness and
grain size of the W-Ti—C films isillustrated in Fig. 7a
and b, respectively. In al but the W—C films the increase
of C content gives rise to increasing hardness values.
The hardness of the W—C films deposited in the present
study reaches a maximum for = 10 at.%C and decreases
thereafter. This result is in accordance with other works
on the W—C system [28,31-36]. The highest value of
hardness referred in the literature for carbon-poor W-C
coatings was obtained by Quesnel et a. [34] and is
slightly higher than the value obtained in this study (35
GPa against 30 GPa, respectively). For carbon-richer
coatings, in which the carbide phase was detected,
hardness values of 40 GPa are reported in Refs. [31,35].
Unfortunately, in the present work it was not possible
to scan C contents higher than 20 at.% since the coatings
flaked off spontaneously after deposition.

The values obtained for the W-Ti—C coatings (Fig.
7a) are higher than the majority of the values reported
in the literature by Koutzaki et al. [14]. Among the
coatings studied by this author, only two films had
hardness values higher than 15 GPa, one containing 47
at.%C (24 GPa) and the other containing 34 at.%C (30
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Fig. 8. Evolution of (a) hardness and (b) grain size of W-Ti—N sputtered films with increasing N content up to 35 at.%.

GPa). This last coating was the one with the lowest
range of structural order.

Fig. 7b shows that contrarily to hardness, the grain
size of the coatings decreases with increasing carbon
content, i.e. there is a decrease of the range of structural
order of the films with increasing carbon content. There
is agood agreement between the increase in the hardness
and the decrease in the grain size, as can be confirmed
by the simultaneous analysis of Fig. 7a and b.

In the light of the influence of structural parameters
on the hardness of hard coatings, both the grain size
and the lattice distortion have been the most utilized
parameters to establish empirical correlations. The
referred lattice distortion induced by the presence of
increasing amounts of C/N in the interstitial positions
of the b.c.c. a-W phase (Fig. 6) might be responsible
for the reduction of the range of structural order of the
films and for the increase of hardness.

3.3.2. N-containing films

Fig. 8a and b show the evolution of the hardness and
grain size of the W—Ti—N films, with nitrogen contents
lower than 40 at.%, as a function of N content, respec-
tively. The values found by Shaginyan et al. [13] for
films deposited from a target with 10 wt.%Ti are aso
plotted in Fig. 8a. In the case of W-N films, the
maximal hardness is obtained for coatings with nitrogen
contents in the range 4-9 at.%. Similar to the carbon-
containing films, there is a decrease of hardness for
higher nitrogen contents. The hardness of the W-Ti—N
films with high titanium contents increases as the nitro-
gen content increases. However, the hardness of the
films deposited from the target containing 10 wt.%Ti
reaches a maximum for =16 at.%N and decreases,
monotonically with increasing N contents. This is in
accordance to the results of Shaginyan et al. [13] (see
curve in Fig. 8a). In a previous work [29], we attributed
this behavior to an heterogeneous distortion in the b.c.c.
o-W phase lattice. In that work it was suggested that

the distortion of the lattice could only influence posi-
tively the hardness of the films if all the lattice planes
had approximately the same distortion degree. When the
dilatation occurred along a particular direction, a
decrease in the hardness was observed. It should be
remarked that the lattice parameters values shown in
Fig. 6 were calculated from the position of the (110)
diffraction line of the b.c.c. a-W phase. The positions
of the other diffraction lines were not taken into account.
Shaginyan et a. [13] also justified their maximum
hardness values by a high level of microstrain in the
films, in spite of their reduced residual stresses values.
Fig. 9 shows the hardness values obtained for the W—
N and W-Ti—N films with high nitrogen contents. The
higher hardness val ues were obtained for films deposited
from the W+20 wt%Ti target (Wg,TieN, and
WoTigN,s) with chemical compositions close to the
stoichiometry and formed by a NaCl-type W,C/TiN
nitride phase. For these films, values as high as 50 GPa
were reached. In fact, it is known [37] that a decrease
in the hardness of f.c.c. transition-metal nitride sputtered
films occurs for over- or sub-stoichiometric chemical
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Fig. 9. Evolution of the hardness of W—Ti—N sputtered films contain-
ing the NaCl-type nitride phase, for N contents higher than 30 at.%.
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compositions, which corroborates the results obtained in
this study.

3.4. Scratch-testing results

The critical loads (L.) values obtained from scratch-
testing W—Ti—C and W-Ti—N films, are plotted in Fig.
10a and b, respectively. These values regard cohesive
failures from which some examples are presented in Fig.
11. Up to the maximum applied load of 70 N, no
spalling or flaking off failures were found in the scratch
tracks. Many coatings show excellent behavior with no
failures up to 70 N. However, the films deposited in
CH, reactive atmosphere from the targets with low Ti
contents show extensive spalling for high C contents.
As can be seen in Fig. 10a, sudden decreases in the L.
value arise in C-containing films for C contents in the
range 25-45 at.%, until the spontaneous flaking off of
the films after deposition is observed.

In N-containing films (Fig. 10b) decrease in the L,
values was detected for high nitrogen contents. No
spontaneous spalling was observed, whatever the N and

Ti contents in the films. The highest L. values were
reached for low or very high N contents.

Finally, taking into account the hardness values and
the critical loads recorded, one may say that the best
compromise between these two parameters was reached
for the W-Ti—N films with low nitrogen contents,
deposited from the targets with also low Ti contents. On
the contrary, the films with high Ti contents in spite of
presenting higher values of hardness show a deficient
scratch behavior. In these films, the best compromise
should be attained for N contents close to 50 at.%.
Although a lower hardness value has been measured,
the L. is excellent in these films,

4. Conclusions

W—xTi targets with x=0, 10, 20 and 30 wt.% were
used to deposit W-Ti—C/N coatings by d.c. reactive
magnetron sputtering in reactive CH, and N, aimos-
pheres. The XRD analysis reveals different composition-
al dependencies of the structure and grain size of the
films. The binary W-Ti films are formed by a metasta-
ble solid solution of Ti in the a-W phase. This phase
was also found to exist in the W-Ti—C/N coatings for

(b)

Fig. 11. Typical cohesive failures observed in the scratch tracks of
W-Ti—-C/N sputtered films; (a) tensile cracking; (b) conformal
cracking.
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low and medium C/N contents. W—Ti—C films with
high carbon contents are formed by a NaCl-type
(Ti,W)C,_, phase. Nitrogen contents in the range 20—
35 at.% leads to the formation of «-W and f.c.c. NaCl-
type W,N phases in the W—Ti—N coatings. For higher
N contents only this last nitride was detected. The
higher hardness values (=50 GPa) were obtained for
W-Ti—N films with 40-45 at.%N deposited from the
W-20 wt.%Ti target. However, the adhesion of these
films to the substrates is relatively low (critical loads of
30 N). The best compromise between hardness and
adhesion was reached for W-Ti—N films with low
nitrogen and titanium contents.
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