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Growth stress in tungsten carbide-diamond-like carbon coatings
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Growth stress in tungsten carbide-diamond-like carbon coatings, sputter deposited in a reactive
argon/acetylene plasma, has been studied as a function of the acetylene partial pressure. Stress and
microstructure have been investigated by wafer curvature and transmission electron microscopy
(TEM) whereas composition and energy distribution functions of positive ions were obtained by
electron probe microanalyzer, elastic recoil detection analysis, and mass-energy analyzer (MEA). It
has been observed that the compressive stress decreases with increasing acetylene partial pressure,
showing an abrupt change from —5.0 to —1.6 GPa at an acetylene partial pressure of 0.012 Pa. TEM
micrographs show that by increasing the acetylene partial pressure in the plasma from 0 to 0.012 Pa,
the microstructure of the coating changes from polycrystalline to amorphous. MEA results show that
the most probable energy of positive ions bombarding the substrate during deposition in pure argon
and argon/acetylene atmosphere is the same. Based on the results, it is concluded that the huge
variation in the compressive stress at low acetylene partial pressures is due to a change in the
microstructure of the coating from polycrystalline to amorphous and not to the energy of positive

ions bombarding the film. © 2009 American Institute of Physics. [DOIL: 10.1063/1.3073890]

I. INTRODUCTION

The understanding and control of the mechanical and
tribological properties of tungsten carbide-diamond-like car-
bon (WC-DLC) coatings and multilayers, prepared by reac-
tive sputter deposition processes, have become subjects of
great interest. The low coefficient of friction against steel
combined with the high wear resistance and chemical inert-
ness make WC-DLC very attractive for industrial applica-
tions, such as protective c:oatings.h7 Thin films on a sub-
strate are usually in a stressed state. The stress in the film can
conveniently be described as the sum of a thermal stress and
an intrinsic stress. The thermal stress is due to a different
thermal expansion of substrate and film while cooling from
deposition temperature to room temperature. The intrinsic
stress is due to the growth process itself. The intrinsic stress
can either be tensile or compressive.g_10 The control of the
stress in thin films is of crucial interest because high intrinsic
stress values can cause mechanical failure, such as delami-
nation or cracking of the film, limiting therefore the applica-
bility of the coating.

Previous investigations on WC-DLC coatings deposited
by reactive rf-magnetron sputter deposition in an argon/
hydrocarbon atmosphere have shown dependence of the film
density, hardness, coefficient of friction, and stress on the
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substrate bias and the amount of the hydrocarbon gas in the
plasma.l_4 Recently, we reported that by increasing the
acetylene gas flow in the argon/acetylene plasma, the hard-
ness and compressive stress decrease.' X-ray diffraction
analysis shows that films deposited in a pure argon atmo-
sphere, consist of polycrystalline WC grains, whereas those
deposited in argon/acetylene atmosphere are amorphous. In
the present paper, we investigate the influence of the compo-
sition, microstructure, and energy of the positive ions bom-
barding the film on the intrinsic stress.

Il. EXPERIMENTAL

WC-DLC coatings have been deposited by reactive rf
unbalanced magnetron sputter deposition from a WC target
in an argon/acetylene atmosphere onto 100 mm Si wafers
with (001) orientation. The thickness of the Si wafer is
525 pm. Coating thicknesses were measured by cross-
sectional scanning electron microscopy micrographs (not
shown here). It varies from 255 to 1100 nm when increasing
the acetylene partial pressure from 0 to 0.075 Pa. The experi-
mental details of the film sputter deposition process have
been reported previously.1 The acetylene partial pressure was
measured using a mass-energy analyzer. The internal stress
of the WC-DLC coatings was calculated from the measured
curvature of the substrate wafer before and after deposition
and by using the Stoney equation for stress measurements.”

The tungsten and carbon content in the WC-DLC coat-
ings was measured by electron probe x-ray microanalysis
(EPMA). The measurements were carried out with a JEOL
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FIG. 1. Compressive stress of the WC-DLC coatings deposited in argon/
acetylene atmosphere as a function of the acetylene partial pressure.

JXA 8900R microprobe using a focused electron beam with
energy of 10 keV and a current of 200 nA. Prior to each
measurement, the surface of the specimen was decontami-
nated with an in situ air jet for 30 s. The composition at each
analysis location of the sample was determined using the
x-ray intensities of the constituent elements (C Ka and
W Ma) after background correction relative to the corre-
sponding intensities of reference materials (i.e., Fe;C for car-
bon and pure W for tungs.ten).ll The obtained intensity ratios
were processed with a matrix correction program based on
the ®(p2) method.'” In the EPMA, neither hydrogen nor
argon were taken into account in the calculation of the tung-
sten and carbon concentration.

Hydrogen incorporation is an important factor influenc-
ing the properties of DLC coatings.13 Hydrogen content in
the WC-DLC coatings was measured by using elastic recoil
detection analysis (ERDA) applying a 6 MV Tandem van der
Graaf accelerator."* The detector is a silicon surface barrier
and the angle of incidence with the sample surface is 20°.
The particles are recoiled from the surface by a 20 MeV Si**
ion beam. In front of the detector, a 13.2 um Mylar foil is
placed to stop all particles except hydrogen. The recoil angle
is 30°.

The microstructure of WC-DLC coatings has been ana-
lyzed by cross-sectional transmission electron microscopy
(TEM). Microstructural analysis has been performed on a
CM30T Philips TEM operating at 300 kV. A mass-energy
analyzer (MEA), model PPM 442, Pfeiffer Vacuum, was em-
ployed for the ion energy distribution measurements. The
measurements were carried out in a DN160/100CF reducing
cross with the DN160CF flanges along the magnetron axis. A
detailed description of the MEA measurements is provided in
Refs. 15-17.

lll. RESULTS AND DISCUSSION

The stress results presented in Fig. 1 are the sum of the
intrinsic stress and the thermal stress. However, the thermal
stress is small compared to the intrinsic stress. The thermal
expansion coefficients of WC and Si are almost equal. We
estimate a maximum thermal stress for our measurements in
the order of 100 MPa. Compared to measured stresses in the
GPa range, we neglect the thermal stress. Compressive stress
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FIG. 2. Carbon (c) and tungsten (w) concentrations in at. % measured by
EPMA, as a function of the acetylene partial pressure.

of the WC-DLC coatings as a function of the acetylene par-
tial pressure from 0 to 0.08 Pa is presented in Fig. 1. The
uncertainty in acetylene partial pressure increases at pres-
sures lower than 0.01 Pa. It is clear that the compressive
stress decreases with the acetylene partial pressure. Of par-
ticular interest is that as soon as the depositions are carried
out with addition of 0.012 Pa of acetylene partial pressure,
the compressive stress abruptly decreases from —5.0 to —1.6
GPa, while further increase of the acetylene partial pressure
only results in a moderately lower compressive stress values.
The question now is: What causes this huge change in com-
pressive stress? Is it due to a massive change in the ion
bombardment? Does the acetylene dramatically change the
Ar* density? Or does the acetylene lead to an incorporation
of carbon in the growing film, changing the microstructure,
and thereby changing the stress?

Figure 2 shows the tungsten and carbon concentration in
at. % determined by EPMA in WC-DLC coatings as a func-
tion of the acetylene partial pressure. From Fig. 2, it is evi-
dent that when the acetylene partial pressure increases from
0 to 0.08 Pa in the plasma, the carbon concentration in the
film increases monotonically from 44 to 92 at. % whereas
the tungsten concentration decreases from 56 to 8 at. %. The
increase in carbon concentration may be due to the increase
of the decomposition rate of the hydrocarbon gas in the
plasma with increasing the acetylene partial pressure. The
decrease of the tungsten in concentration and also in absolute
sense (not shown here) can be associated with a lower sput-
tering yield of a contaminated WC target.3 4

Figure 3 shows the hydrogen concentration depth pro-
files extracted from ERDA experiments. The depth scale is
expressed in atoms/cm? of W, C, and H. The profiles show a
hydrogen concentration gradient increasing with depth
roughly from 0.1 to 0.8 at. % in a pure WC layer. For WC-
DLC coatings deposited at 0.012 and 0.04 Pa of acetylene
gas partial pressure, the hydrogen concentration increases
from 3.5 to 4.5 at. % and 10 to 12 at. %, respectively.
Hence, as expected, the hydrogen content in the WC-DLC
coating increases with the acetylene gas partial pressure dur-
ing deposition.

Figure 4 shows a dark field TEM image and selected
area diffraction patterns (SADP) of coatings deposited in a
pure argon atmosphere [Fig. 4(a)] and in argon/acetylene at-
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FIG. 3. Hydrogen concentration depth profiles extracted from ERDA experi-
ments of the WC-DLC coatings deposited in pure argon atmosphere and at
0.012 and 0.04 Pa of acetylene partial pressure. The ends of the curves mark
the probing depth of ERDA, which depends on the composition of the
sample.

mosphere at 0.012 Pa of acetylene partial pressure [Fig.
4(b)]. The cross-sectional TEM micrograph of the coating
deposited in a pure argon atmosphere exhibits a columnar
grain structure parallel to the growth direction with a column
width between 10 and 40 nm. The presence of dotted diffrac-
tion rings as observed in the SADP image in Fig. 4(a) (inset)
indicates a WC polycrystalline phase as previously deduced
from XRD.' The tungsten and carbon concentrations were 56
and 44 at. %, respectively. On the other hand, the cross-
sectional TEM micrograph and the diffuse diffraction rings

FIG. 4. Cross-sectional TEM micrographs and selected area diffraction pat-
terns of the WC-DLC coatings deposited in a pure argon atmosphere (a),
dark field, and 0.012 Pa of acetylene partial pressure (b), bright field.
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TABLE I. d spacings of WC polycrystalline layer obtained by HREM and
SADP analysis.

d spacings
Coating Technique (A)
wC HREM *0.05 242,227,226, 2.19

polycrystalline ~ SADP  +0.03 2.48, 2.35, 2.29, 2.20, 2.11, 1.53, 1.30

present in the SADP image of the WC-DLC coating depos-
ited at 0.012 Pa of acetylene partial pressure indicate that the
coating is amorphous. As indicated in Fig. 1, at the same
pressure where the stress drops the microstructure changes
from polycrystalline to amorphous.

Table I presents the interplanar d spacings for WC poly-
crystalline film measured from high-resolution lattice images
at different locations in the images, and from SADP using
the middle of the band forming such rings. The results for the
interplanar d spacing for WC polycrystalline layer are in
agreement with previous reports indicating the presence of
several phases.6’18’19

Figure 5 shows the energy distribution functions of posi-
tive ions measured in pure argon plasma and argon/acetylene
plasma at an acetylene partial pressure of 0.019 Pa. From the
analysis of the MEA measurements, energy profiles were de-
termined for Ar*, H, Ar**, and C,H} ions. The most prob-
able energy of the ions determined by a plasma potential of
24 V were found to be independent of the plasma composi-
tion. These results indicate no change of the energy of the
positive ions bombarding the film during growth under dif-
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FIG. 5. Energy distribution as a function of positive ions type in pure argon
(a) and argon/acetylene (b) plasma measured by MEA.
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ferent atmospheres. In addition, the Ar* flux was maintained
constant, while the C,Hj flux increases with acetylene partial
pressure.

WC thin films with high tungsten concentration exhibit a
high compressive stress. This high value for compressive
stress is probably a consequence of its polycrystalline struc-
ture and the high density of pure WC films. By the addition
of 0.012 Pa of acetylene partial pressure in the plasma, the
microstructure changes from polycrystalline to amorphous
WC as confirmed by TEM analyses resulting in an abrupt
decrease of the compressive stress. This change in stress can
be due to the change in structure of the film from polycrys-
talline to amorphous WC, reducing therefore the stress of the
film. ERDA shows a continuous increase in hydrogen con-
tent with acetylene gas partial pressure. However, the stress
in the coatings drops abruptly with increasing the acetylene
partial pressure from 0 to 0.012 Pa. The formation of amor-
phous thin films can be caused by incorporation of a certain
amount of hydrogen. From the qualitatively different depen-
dence for acetylene partial pressures of 0.012 Pa and higher
of hydrogen content and stress, we conclude that the varia-
tion in intrinsic stress does not depend on the relative amount
of hydrogen content in WC-DLC coatings. No change in the
positive ion’s most probable energy, as shown in Fig. 5, sug-
gest rather limited influence of the positive ions on the mi-
crostructure and stress development in the WC-DLC coating.
Therefore, these results clearly demonstrate that the abrupt
drop in the compressive stress in WC-DLC coatings is due a
change in microstructure caused by the chemistry of the
growing film. From the tungsten carbon phase diagram,20 it
can be seen that there is no solubility of carbon in WC.
Therefore excess carbon from the acetylene on the surface of
the growing film will frustrate the growth of a polycrystalline
WC film and give rise to an amorphous film consisting of
carbon and tungsten with a carbon to tungsten atomic ratio
greater than 1.

IV. CONCLUSION

We have presented an experimental study of the influ-
ence of the acetylene partial pressure on the compressive
stress in WC-DLC coatings. We have found that by increas-
ing the acetylene partial pressure, the carbon and hydrogen
concentrations in the coatings increase, resulting in the for-
mation of an amorphous structure as observed in the SADP
images. The intrinsic compressive stress decreases to lower
values with increasing the acetylene pressure in the plasma.
For acetylene partial pressures of 0.012 Pa and higher, the
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dependence of the intrinsic stress on the acetylene gas partial
pressure does not seem to be related to the amount of the
hydrogen incorporated into the WC-DLC coating. We have
observed by TEM analysis a difference in the microstructure
in WC-DLC coatings deposited in pure argon and argon/
acetylene atmospheres. Since the introduction of acetylene
gas does not result in a significant change in the most prob-
able energy of the bombarding positive ions during growth,
the contribution of the energetic ion bombardment to the
compressive stress is not significant. In conclusion, the
abrupt drop in the compressive stress at 0.012 Pa of acety-
lene partial pressure is explained by a change in the micro-
structure from a WC polycrystalline to amorphous.
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