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Stress in hard films is the net sum of tensile stress generated at the grain boundaries, compressive
stress due to ion peening, and thermal stress due to the difference in thermal expansion of the
coating and substrate. The tensile part due to grain boundaries is thickness dependent. The other two
contributions are not thickness dependent. Summation of the three components leads to a stress
gradient in the coating. In the present paper it is demonstrated that adding the three contributions
mentioned above yields a good description of the observed dependence of stress on thickness in CrN
coatings. © 2006 American Institute of Physics. �DOI: 10.1063/1.2363818�

INTRODUCTION

In order to discuss the occurrence of stress in thin films,
it is useful to distinguish films made from materials that do
reconstruct during growth �typically low melting point fcc
materials� and films that do not reconstruct during growth,
�typically high melting point metals and ceramics�. The dis-
tinction is not absolute, the important quantity is the homolo-
gous deposition temperature Tdep/Tmelt.

1,2

For films deposited at a high Tdep/Tmelt ratio the grain
boundaries are perpendicular to the surface and the width of
the grains increases with increasing film thickness.1,2 For
aluminum deposited at room temperature Tdep/Tmelt=0.31. At
this homologous temperature an intermediate grain structure
is obtained.3 This grain structure implies lateral grain growth
during film growth and makes the description of stress de-
velopment with thickness quite a challenge. The problem
becomes even more complicated when one realizes that the
observed stresses are of the same order as the yield stress of
the film material. Extensive experiments have been per-
formed on stress in these films.4–6 Even a model with micro-
structure dependent stress relaxation has been offered.5 This
model captures the experimentally observed effects, but it
lacks the simplicity of the description by Doljack and
Hoffman.7

Stress development in films made out of high melting
point materials is much more traceable. In those films the
grain boundaries are formed at the arrival of the atoms at the
growing surface of the film. The resulting grain structure has
been captured in the zone model by Movchan and Demch-
ishin as zone T. The zone model, especially zone T, has been
elaborated on both experimentally2 as well as theoretically.8,9

Recently, we demonstrated the existence of a stress gra-
dient in Cr thin films.10 In that paper it was shown that the

tensile stress at height z in the film was directly proportional
to the number of grains per unit length at height z. Since the
number of grains per unit length at height z shows a power
law dependence on the height z, so does the tensile stress at
height z. The total stress in the film is the integral of the
stress at height z over the thickness divided by the thickness.
In Ref. 10 it is shown that the total tensile stress shows a
power law dependence on film thickness. The physics under-
lying this proportionality of tensile stress and number of
grain boundaries per unit length is the grain boundary shrink-
ing, as introduced by Doljack and Hoffman in their seminal
paper.7

Compressive stress is caused by ion peening.11,12 An ion
bombardment on the growing film induces defects, either
argon or self-interstitials, leading to compressive stress. In
x-ray diffraction on chromium films we observed an increase
in lattice parameters in all directions with respect to the val-
ues calculated for a biaxial compressive stress.13 For sputter
deposited chromium films we showed that the tensile stress
originating at the grain boundaries and the tensile stress due
to the ion induced defects are additive.13

Me–N films are of extreme technological importance,
e.g., TiN, TaN, TiAlN, and CrN. Unfortunately, for these thin
films it is less easy to isolate the various contributions to the
stress. In order to obtain good quality films, deposition has to
be done at elevated temperature while applying a bias volt-
age to the substrate. In the present paper we show that the
description developed for chromium can also be applied to
CrN.

EXPERIMENT

Chromium nitride films were deposited in a Hauzer HC
750 deposition machine. The films were deposited on
100 mm diameter Si wafers with 100 orientation by reactive
sputter deposition in an argon nitrogen plasma from a chro-
mium target. The dimensions of the target were 120
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�600 mm2 and the power applied to the target was 5 kW.
The bias applied to the samples was 175 V. This value was
chosen based on Ref. 12, in which for TiN it was shown that
below 200 V bias growth in zone T occurs. A higher bias
voltage might lead to renucleation. During deposition a sec-
ond plasma source was engaged in order to obtain a suffi-
ciently high plasma density to ensure not only a bias voltage
but also a sufficient bias current to warrant the deposition of
dense films.14 The argon flow was 115 SCCM �SCCM de-
notes cubic centimeter per minute at STP� in all experiments.
The nitrogen flow was either 50 or 70 SCCM. The pressure
during deposition was about 0.4 Pa. The samples performed
a planetary motion in front of the target. The chamber was
heated by resistive heaters to 450 °C during deposition. Two
series of films �N2 flow either 50 or 70 SCCM� ranging in
thickness from 12 nm to 3.5 �m were deposited using these
parameters.

Stress was measured by wafer curvature.15 The curvature
and weight of the wafer was measured before and after depo-
sition. In both measurements the curvature was measured
versus an optical flat in order to avoid errors due to misalign-
ment of the lasers. Thermal stress was measured by reheating
the wafer after deposition from RT to 400 °C while at the
same time observing the curvature of the wafer. Composition
was checked by electron probe micro analysis �EPMA�; crys-
tallinity and phases were checked by x-ray diffraction. Mi-
crostructure was observed by transmission electron micros-
copy �TEM�. A flow of 50 SCCM of nitrogen led to films
with composition of Cr54N46. A nitrogen flow of 70 SCCM
led to films with a composition of Cr51N49. X-ray diffraction
on films from both series showed only CrN peaks.

RESULTS

In Fig. 1 the average stress in the film as a function of
film thickness h in the CrN films deposited with a nitrogen
flow of 70 SCCM is presented. The data have been fitted by

�av�h� = C1 + C2h−p, �1�

with h the thickness of the film and p the exponent that
describes the evolutionary grain growth.

From the fit we obtained C1=−1.80 GPa, the limiting
value for stress in thick films, C2=44 MPa m0.22, a number
proportional to the amount of stress generated per grain
boundary, and p=0.22.

In Fig. 2�a� TEM cross section of a CrN film deposited
with a N2 flow of 70 SCCM is shown. The development of
the microstructure, with many grains at the bottom of the
film and less grains at the top, is clearly visible. Also visible
are two horizontal bands at half height and 5/8th height.
Those bands are caused by a failure of the second plasma
source during deposition. Locally, the density of the film will
be somewhat lower, but the evolution of the grain structure is
seen to be unaffected. From this TEM micrograph the devel-
opment of grain size �w� with height in the film z is analyzed
�Fig. 3�. A power law fit, with a power prescribed by the data
in Fig. 2, is made,

FIG. 1. Stress in CrN coatings deposited at 450 °C with a bias of 175 V.
The curve is a fit to the data by a power law plus a thickness independent
term.

FIG. 2. TEM cross section of a 1 �m thick CrN coating.

FIG. 3. Grain width vs height in the film. The curve is a power law fit to the
data points with the exponent obtained from the fit to the stress data in
Fig. 2.
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w�z� = C3zp, �2�

with C3=1.25�10−6 m0.78.
As stated before, the total stress is the sum of the con-

tributions by grain boundaries, ion peening, and thermal ex-
pansion. Of these three the contribution by the grain bound-
aries is easily isolated since it is the only contribution that
depends on thickness. The other two contributions are thick-
ness independent and need a separate experiment to be iso-
lated. After deposition and cooling to room temperature, we
reheated a wafer with a 0.98 �m thick CrN film to 400 °C
while measuring the curvature and hence the stress. In Fig. 4
the data are presented. The data points during heating and
cooling almost coincide, indicating little relaxation or oxida-
tion of the film. From the data points obtained during cooling
the coefficient of thermal expansion of CrN can be
determined.16

�CrN = �Si −
d�/dT

�E/�1 − ���CrN
. �3�

Taking �CrN=0.25, combined with E / �1−�2�=280 GPa re-
ported for these films earlier,14 leads to �E / �1−���CrN

=373 GPa. With �Si=2.6�10−6 K−1 �Ref. 17� and the mea-
sured value of d� /dT=−1.70 MPa/K, this leads to �CrN

=7.16�10−6 K−1.
The contribution of thermal expansion due to the el-

evated deposition temperature of 450 °C to the room tem-
perature stress follows directly from the slope of d� /dT mul-
tiplied by �T and is 731 MPa tensile. From the fit of Eq. �1�
to the thickness dependent stress measurements, we obtained
−1.85 GPa as a limiting value for the stress in thick films.
Combining this number with the thermal stress leads to an
ion peening contribution of −2.58 GPa to the total stress.

In Fig. 5 the stress thickness dependence of CrN films
deposited at a nitrogen flow of 50 SCCM is presented. Ap-
parently, stress in understoichiometric CrN films develops
with thickness comparable to stress in stoichiometric films.
The data can be fitted by the same power law that was used
for the stoichiometric films. The limiting value of compres-

sive stress is larger than in the case of stoichiometric CrN,
−2.69 vs −1.85 GPa. The scatter in the data, however, is also
larger; therefore no conclusion is drawn from this difference.
A TEM micrograph of the understoichiometric CrN film
showed less smooth grain boundaries, in line with the scatter
in the stress data.

DISCUSSION

The thermal expansion coefficient of CrN has been de-
termined from wafer curvature measurements at tempera-
tures between RT and 400 °C. At RT the coated side of the
wafer was curved convex, indicating a compressive stress in
the CrN film. Upon heating the radius of curvature became
smaller, indicating �CrN��Si. This was no small effect �see
Fig. 4�. Since �Si=2.6�10−6 K−1, we believe the values re-
ported previously for �CrN 0.7�10−6 �Ref. 18� and 2.3
�10−6 �Ref. 19� to be inaccurate. The high temperature
value �850–1040 °C� for �CrN=7.5�10−6 reported in �Ref.
19� is much closer to the value we report: 7.16�10−6 K−1.
We suppose that the reported low values for �CrN have been
obtained on porous films. In �Ref. 18� a hardness of 10 GPa
is reported, characteristic of porous films. Even though the
value for Er reported in �Ref. 14� coincides with other re-
ports cited in that paper, ECrN,poly=280 GPa is much smaller
than ECrN,001=405 GPa reported in �Ref. 20�. If that value
were to be used in calculating the coefficient of thermal ex-
pansion from our measurements, one would arrive at �CrN

=5.75�10−6 K1.
Combining Eqs. �1� and �2�, we arrive at an expression

for the amount of grain boundary shrinking � associated
with the tensile stress.10

� =
�1 − �CrN��1 − p�

ECrN
C2C3. �4�

Entering fit values and constants in Eq. �4� yields �CrN

=0.08 nm �27% of the Cr–Cr distance in CrN�. This number
is higher than the number obtained for chromium films,
0.013 nm �5% of the interatomic distance�10 but equal to the

FIG. 4. Stress in a 1 �m thick CrN coating on silicon during reheating and
cooling.

FIG. 5. Stress in an understoichiometric CrN coating. The fit is by power
law plus thickness independent term. The exponent in the power law is
taken from the fit in Fig. 3.
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number quoted by Doljack and Hoffman7 for nickel, �Ni

=0.08 nm �25% of the interatomic distance�. If neighboring
grains would not interact, the average extra distance between
two atoms on each side of the grain boundary would be 50%
of the interatomic distance. Hence any value for � less than
50% of the interatomic distance is physically feasible.

For stoichiometric films we expected a priori a stress
development with thickness comparable with the observed
behavior in chromium films. Surprisingly, also understo-
ichiometric films, which contain a mixture of the hexagonal
Cr2N phase and the cubic CrN phase, show a qualitatively
equal development of stress with thickness.

CONCLUSIONS

In conclusion stress in CrN films is described by the sum
of three contributions. Tensile stress is generated at grain
boundaries and during cooling from the elevated deposition
temperature to RT. Compressive stress is generated by ion
peening. The tensile stress due to grain boundaries depends
on the height in the film. At each height in the film it is
proportional to the number of grains per unit length at that
height, leading to a stress gradient over the thickness of the
film. The evolution of grain size and stress with thickness is
described by the same power law. From this common de-
scription an amount of grain boundary shrinking of 0.08 nm
is deduced. The thermal tensile stress is not dependent on
film thickness. Compressive stress is caused by ion peening.
Also, these latter two effects have been isolated.
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