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We studied the tensile stress and grain-width evolution in sputter-deposited Cr films with thickness
from 20 nm to 2.7mm. Films were deposited in an industrial Hauzer 750 physical vapor deposition
machine at 50–80 °C. The films exhibited a columnar microstructure. A power law behavior of the
tensile stress as well as of the average grain width with thickness was observed. Both power
exponents were strongly dependent on the Ar pressure during deposition. The power exponenta for
stress varied from 0.26 to 0.79 for the range of Ar pressures useds5310−3–2310−2 mbard. The
mechanism of tensile stress generation is the shrinkage of the grain boundaries. Assuming the same
shrinkage of the grain boundaries all through the layer, the stress and the grain width would be
inversely proportional. Indeed, the grain width followed the same power law as the stress at low Ar
pressurefa=0.3s1dg, but not at high Ar pressurefa=0.58s3dg. Transmission electron microscopy
showed the formation of numerous voids. At higher Ar pressure the void fraction is significantly
higher than at low pressure, thereby diminishing stress generation. ©2005 American Institute of
Physics. fDOI: 10.1063/1.1876579g

I. INTRODUCTION

Intrinsic stress is an important characteristic of thin
films. It has a major effect on the performance of a thin metal
coating. The origin of stress in sputter-deposited metal films
has been intensively investigated during several decades. It
has been established that, basically, the tensile stress in
sputter-deposited thin films is due to the attraction between
grains at grain boundariessgrain boundary shrinkaged and
the compressive stress is generated by ion-peening.1,2 Re-
cently it was shown for a series of Cr films deposited at a
pressure of 0.3 Pa that the tensile stress is proportional to the
amount of grain boundaries per unit length.3 This proportion-
ality requires that grain boundaries undergo the same shrink-
age all through the layer. The general validity of this hypoth-
esis can be disputed since it is easy to imagine that shrinkage
of the grain boundaries is dependent on, for example, crys-
tallographic orientations of neighboring grains, which may
change with thickness.

The microstructure of polycrystalline films deposited by
magnetron sputtering is qualitatively described by the struc-
ture zone modelsSZMd ssee Ref. 4 and references thereind.
SZM is based on experimental observations and differenti-
ates microstructures on the basis of the ratio between the
substrate temperature and the melting point of the material,
Ts/Tm. As the substrate temperature increases, SZM predicts
the microstructure to be, first, rather open columnarszone Id;
then competitive growth is predicted, which results in colum-
nar structure with grains widening with thicknessszone Td;
zone II, at even higherTs, predicts much larger columnar
grains. However, other parameters, for example, gas pres-

sure, level of contamination, and ion bombardment, can in-
fluence the growth resulting in the microstructure of another
zone. When grown in zone T, grains widen with thickness,
while tensile stress decreases. The widening of the grains
results from competitive growth of grains with different crys-
tallographic orientations and, consequently, with different
growth rates.5 Faster growing grains widen on the expense of
others. In this way, grains with a certain preferential orienta-
tion start to dominate and a certain crystallographic texture is
formed.

A number of atomistic growth models as well as stochas-
tic growth equations describe the surface growth in terms of
scale invariance.6,7 The scaling behavior of grain width and
surface roughness with thickness was also observed experi-
mentally: in bcc high-melting point metal films3 and in fcc
low-melting point metal films produced by sputter
deposition8 as well as by other methods.9,10 The power ex-
ponents describing the growth are characteristic parameters
of a growing system. However, experimental conditions can
influence the overall growth behavior and power exponents
as well. The two surface processes influencing the growth of
high-melting point metals are surface diffusion and geomet-
ric shadowing. While in molecular-beam epitaxy only sur-
face diffusion is relevant, in physical vapor deposition
sPVDd both phenomena are of importance.11

Cr films are often deposited by PVD in industrial appli-
cations. In this paper, we report on the scaling behavior of
the tensile stress in sputter-deposited Cr films and relate it to
the grain growth. The experimental conditions corresponded
to the border between zone I and zone T. Since no recrystal-
lization occurs during deposition of Cr at room temperature,
the microstructure of a film preserves the growth history.
Thus, stress measurements were combined with transmission
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electron microscopy study of the microstructure. The influ-
ence of Ar pressure during sputter deposition on the scaling
behavior and on the film microstructure was investigated.

II. EXPERIMENTAL DETAILS

Cr films with thickness from 20 nm to,2.5 mm were
deposited in an industrial Hauzer 750 PVD machine. The
target plate has dimensions of 6003120 mm2 and is placed
at 18-cm distance from the sample holder. Sis100d wafers of
100-mm diameter with a native oxide were used as sub-
strates. The temperature of the substrate during deposition
was in the range of 50–80 °C. We applied a dc-power of
5 kW to the target, which resulted in the deposition rate of
,2 nm/s, slightly dependent on Ar pressure. Ar pressure
was varied in the range between 5310−3 and 2
310−2 mbar.

Film stress was measured before and immediately after
deposition with a wafer curvature method.12 The surface
morphology was examined with scanning electron micros-
copy sSEMd. X-ray diffractionsXRDd was used to determine
crystallographic texture in films. Transmission electron mi-

croscopysTEMd was applied to cross sections of two thick
samples produced at 5310−3 and 2310−2 mbar. The bright-
field images and selected area diffraction patterns were ob-
tained with a Philips CM30T microscope operating at
300 kV. Elemental composition of selected regions of a
specimen was done with energy dispersive spectroscopy
sEDSd.

III. RESULTS

Figure 1 shows the development of stressssd with thick-
nessstd in Cr films produced at four different Ar pressures:
5310−3, 7310−3, 1310−2, and 2310−2 mbar. The stress
curvessstd are presented on a double-logarithmic scale in
order to illustrate the power law dependence,sstd,t−a. The
power exponent for thinner films varied with Ar pressure in
a wide rangesa=0.26, 0.43, 0.57, and 0.79, respectivelyd. At
a thickness of around 1mm the stress curves no longer fol-
low the power law and tend to level off for all Ar pressures.
Force per unit length is an integral of stress over thickness of
the film and represents the moment exerted by the film on the

FIG. 1. Stress vs thickness in double-logarithmic scale for samples pro-
duced at Ar pressures ofsad 5310−3, sbd 7310−3, scd 1310−2, and sdd 2
310−2 mbar. The slopes of the lines, fitted through the data, are 0.26, 0.43,
0.57, and 0.79, respectively.

FIG. 2. Force per unit length vs thickness drawn on a linear scale. Data of
Fig. 1 were used.

FIG. 3. Average grain width vs thickness on a double-logarithmic scale for
two samples grown at the outermost Ar pressures ofsad 5310−3 and sbd
2310−2 mbar. The slopes are equal to 0.31 and 0.58, respectively.

FIG. 4. SEM images of thick samples in series grown atsad 5310−3-, sbd
7310−3-, scd 1310−2-, andsdd 2310−2-mbar Ar pressures. For the average
grain widths see Table I.
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substrate. The transition is seen even better when the data are
presented as force per unit length versus thickness graph,
sstdt versust, on the linear scalesFig. 2d. The right part of
the graph is close to linear, pointing to the absence of a stress
gradient, in contrast to the left part.

TEM study showed that the films posses a columnar mi-
crostructuressee Fig. 5d. The average grain width as a func-
tion of distance from the substrate was estimated with TEM
for two thick samples. Figure 3 presents the result for
samples grown at the outermost Ar pressure. The grain-width
increase at a low Ar pressure of 5310−3 can be described by
a power law with the exponentsa=0.3±0.1d close to that for
the stress evolution in the filmsa=0.31d. At an Ar pressure
of 2310−2 mbar, the power exponent for the grain growth is
significantly smaller than that for the stress development
s0.58±0.03 as compared to 0.79d.

It was observed by XRD that the 1.3mm-thick samples
possessed 110 fiber-type crystallographic texture. The texture
was comparable in all cases.

The surface morphology of 1.2–1.3mm-thick films was
studied with SEMsFig. 4d. The average grain widths are 50,
65, 65, and 100 nm for samples grown at 5310−3, 7310−3,
1310−2, and 2310−2 mbar respectivelyssee also Table Id.
Another feature observed with SEM is that grains of the
sample grown at the highest pressure are faceted and possess
sharp edges.

TEM images from the top part of films grown at an Ar
pressure of 5310−3 mbar sad and 2310−2 mbar sbd are
shown in Fig. 5. The structure of samplea is rather dense in
comparison with the porous structure of sampleb. 110 tex-

ture was observed with selected area diffraction patternssin-
sets in Fig. 5d, which is common for bcc metals.

Numerous platelike voids, situated both at the grain
boundaries and inside the grains, are outlined by Frensel
fringes in under-focus conditionssFig. 6d. The grains of
sampleb consisting of a “stem” and “twigs” are often barely
connected. The grains of samplea have a similar, but more
dense structure with voidsfFig. 6sadg. In Fig. 5sad voids are
not readily visible, but in the higher magnification with

FIG. 5. Brightfield TEM micrographs of specimens produced atsad low-
s5310−3 mbard andsbd high-Ar pressures2310−2 mbard. Selected area dif-
fraction patterns are inserted.

FIG. 6. Brightfield TEM micrographs, taken slightly under focus, from the
two samples shown in Fig. 5.

TABLE I. Characteristics of thick samples of four series grown at various Ar pressure and power exponents for
the series.

At pressure
smbard

Thickness
smmd

Average grain width
snmd

Stress
sMPad

Exponents for
the stress

Exponents for
the grain width

5310−3 1.14 50 862 0.26 0.31
7310−3 1.35 65 375 0.43 ¯

1310−2 1.37 65 269 0.57 ¯

2310−2 1.26 100 110 0.79 0.58

073508-3 Grachev, Tichelaar, and Janssen J. Appl. Phys. 97, 073508 ~2005!

Downloaded 28 Sep 2010 to 131.180.130.114. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions



under-focusfFig. 6sadg they are clearly present. Still the
grains of samplea are well-attached to each other, which
explains a higher tensile stress in the film.

Distinct areas marked in Fig. 6 with “v” are situated at
the ends of “twigs,” which correspond to wide open areas in
between grains that are partly filled with an amorphous ma-
terial. These areas were investigated with EDS. The analysis
showed the presence of a higher percentage of oxygen in this
area in comparison with the rest of the film. The enhanced
presence of oxygen in the “v” areas suggests that during
TEM-specimen preparation oxidation of ion-milling debriss
Crd collected in the voids occurred.

IV. DISCUSSION

It was proposed in a number of publications that the
tensile stress is generated by the shrinkage of the grain
boundaries.1,2 Assuming the same shrinkage of grain bound-
aries all over the layer and the power law dependence of the
grain width on thickness, the shrinkage itself was estimated
in Ref. 3. In this approach, the stress in the layer,sstd,
should be proportional to the grain-boundary density and in-
versely proportional to the grain width,sstd,g−1std. Hence,
the decrease of stress and the increase of grain width with
thickness should exhibit the same dependence.

Our results confirmed the correlation between the devel-
opment of stress and grain growth at relatively low Ar pres-
sure. At these conditions, the film microstructure corresponds
to zoneT.13 However, at a somewhat higher pressure the
grain width and the stress evolution exhibit different behav-
ior. At these experimental conditions a large number of voids
are formed, which corresponds to zone I. The open micro-
structure in this case is held responsible for the ineffective-
ness of the grain boundaries in stress generation. This ex-
plains a lower stress than expected for the given grain width.
Thus, the inverse-proportionality between grain width and
the tensile stress in the layer was affected by the void forma-
tion.

At a low Ar pressure, the kinetic energy of the deposited
atomssmainly atoms, not ions, are depositedd is not reduced
by interatomic collisions with the gas phase, and the energy
of atoms is distributed in the range of 0.1–10 eV.14 This
energy promotes surface diffusion, which, in turn, results in
the formation of a dense film. In this case, the grain bound-

aries are effectively formed and stress is high in such a film.
As Ar pressure increases, the flux angular distribution gets
wider, and the energy distribution of the deposited atoms
shifts to lower values. As voids form due to the lack of
diffusion, they are never filled-in since geometric shadowing
screens the flux of arriving atoms.

V. CONCLUSIONS

The scaling behavior of stress evolution and grain
growth in Cr films was studied. It was observed that the
power exponent depends on Ar pressure during deposition.
At low Ar pressure, grain width and stress evolve according
to the same power law. However, we found that this correla-
tion breaks down when Ar pressure exceeds a certain value.
The study of the microstructure showed that the formation of
voids in the film is responsible for the ineffectiveness of the
grain boundaries in stress generation. Void formation also
affects the relationship between the grain width and stress.
Furthermore, even for deposition at low pressure the power
law breaks down for films thicker than 1mm.
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