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In situ stress evolution of Co films sputtered onto oxidized
Si „100… substrates
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The stress of magnetron-sputtered Co films of thicknesses up to 300 nm has been investigated in a
wide range of sputter pressures �0.05-6 Pa� by a laser-based optical bending-beam setup. To
correlate the thickness dependence of the stress with changes in the microstructure, the film
morphology was investigated by focused ion beam, scanning electron microscopy, and atomic force
microscopy. At all of the chosen sputter pressures the film stress is tensile. At low sputter pressures
its evolution with film thickness can be related to the Volmer-Weber growth mode of
medium-mobility metals and is similar to that of sputtered Cu films concerning nuclei density, island
size, and island growth. At higher sputter pressures a transition to columnar grain growth takes
place, accompanied by a decrease of the film density and an increase of the electrical resistance. The
evolution of stress and microstructure with film thickness is discussed in the context of the stress
models proposed in the literature. © 2006 American Institute of Physics. �DOI: 10.1063/1.2168243�
I. INTRODUCTION

Cobalt single layers and Co-based multilayers are of
considerable interest for applications in ultralarge-scale inte-
grated circuits, information storage media, and magnetoresis-
tive devices.1–3 Therefore, knowledge and control of the
stress development in Co films is an important issue for de-
vice functionality and reliability as well as for an understand-
ing of the basic physical properties4,5 �e.g., the stress-induced
anisotropy is often mentioned as one of the origins of the
perpendicular magnetic anisotropy6�.

Systematic in situ stress measurements7–9 performed
during evaporation of various films revealed that, depending
on the adatom mobility, the stress behavior of polycrystalline
films can be grouped into two categories. In low-melting-
point metals �i.e., high adatom mobility� such as Cu, Ag, and
Al, the stress changes from compressive to tensile to com-
pressive with increasing film thickness �type I�. High-
melting-point metals �i.e., low adatom mobility� such as Co,
Ni, Cr, Fe, and W develop only tensile stress irrespective of
the film thickness �type II�. The specific stress behavior is
correlated with different growth modes of the films.10

Only few in situ stress measurements of evaporated11–13

and sputtered14 Co films have been reported. Stress studies
by Thornton et al.15 carried out on sputtered films of the two
types mentioned above led to the following conclusions: �i�
With increasing sputter pressure the intrinsic stress passes a
tensile stress maximum and decreases again. At low sputter
pressures the stress can also become compressive. �ii� The
critical pressure at which the transition from tensile to com-
pressive stress takes place decreases with the decreasing
atomic mass of the sputtered material.

In this paper we present the results of in situ stress mea-
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surements during and after the sputter deposition of Co films
onto thermal-oxidized Si �100� substrates at various sputter
pressures. In order to correlate the stress evolution to
changes in the morphology, the microstructure of the Co
films was investigated by focused-ion-beam �FIB� micros-
copy, scanning electron microscopy �SEM�, atomic force mi-
croscopy �AFM�, and electron backscatter diffraction
�EBSD�. The stress evolution is compared with that of Cu
films16 investigated recently and discussed with respect to
the stress models proposed in the literature. Our work is part
of a research project focusing on the in situ stress evolution
during sputter deposition of Co and Cu single layers and
Co/Cu multilayers.

II. EXPERIMENTAL PROCEDURE

The stress measurements were performed in a planar dc
magnetron sputter system that allows the deposition of single
layers as well as multilayers. A bending-beam device based
on laser-optical detection of the substrate deflection has been
used to study the stress evolution in real time. The details
concerning construction and operation of the experimental
setup can be found elsewhere.16 The substrate deflection is
proportional to the force per unit width F /w, which is equal
to the product between the average stress ��� and the film
thickness tf. It is calculated according to the well-known
Stoney equation17 from the change in the position of the two
laser beams on the detectors �1 and �2 by
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Es / �1−�s� and ts denote the biaxial modulus and thick-

ness of the substrate, respectively �Es / �1−�s�=180.5 GPa
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and ts=375 �m�, and db and L are the distance between the
two parallel beams and the substrate-detector optical path,
respectively �db=30 mm and L=495 mm�.

The base pressure of the sputter system was 10−6 Pa. The
cobalt target with a purity of 99.99% had a diameter of 75
mm. The mean distance between the target and the grounded
substrate was of 175 mm. Argon with a purity of 99.998%
was introduced as a working gas into the deposition chamber
with a mass flow rate of 10 SCCM �SCCM denotes cubic
centimeter per minute at standard temperature and pressure�.
The sputter pressure was varied in the range of 0.05-6 Pa. In
order to keep a constant deposition rate of 0.05 nm/s, the
discharge power was varied between 30 and 300 W depend-
ing on the sputter pressure used. The film thickness was con-
trolled continuously during the deposition by means of a
quartz-crystal oscillator and was checked after the deposition
by a Dektak stylus profiler. The substrate temperature was
determined by a thermocouple during and after the deposi-
tion.

The microstructure analyses of the sputtered films were
performed ex situ with a focused ion beam system FIB 200
�FEI Company�, a field-emission SEM �FE-SEM� Gemini
1530 �Zeiss NTS� equipped with an EBSD system Channel 5
�HKL Technology�, as well as a Veeco DI 3100 AFM.

The electrical resistance of the Co films was measured at
room temperature �RT� by the van der Pauw method. In or-
der to estimate the mass density of the samples the weight
was measured before and after the deposition.

III. RESULTS

Figure 1 shows the evolution of the intrinsic component
of the force per unit width �F /w�int, which develops during
and after the sputter deposition of 300-nm-thick Co films at
RT and various sputter pressures. �F /w�int is obtained by
subtracting the thermal stress contribution from the measured
F /w curve. During the deposition the substrate temperature
increases slightly by 4° to 15° depending on the Ar pressure.
The corresponding thermal stress is calculated by using the
linear thermal-expansion coefficients of the substrate and
thin film at RT �i.e., �Si=2.5	10−6 K−1 and �Co=12.5
	10−6 K−1� and the biaxial modulus of the thin film �i.e.,

FIG. 1. Evolution of the intrinsic force per unit width measured continu-
ously during �left� and after �right� the sputter deposition of Co films with a
rate of 0.05 nm/s and at various Ar pressures as indicated. The thermal
force component has been subtracted from the experimental data. The inset
shows the evolution of �F /w�int during the early stages of deposition.
Ef =211 GPa and � f =0.32 for polycrystalline Co�. The ther-
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mal component �F /w�th is compressive and estimated to be
smaller than 23% of the measured F /w. For example, at a
sputter pressure of 6 Pa a value of �F /w�th=15 N/m is ob-
tained for a 300-nm-thick Co film.

At all film thicknesses and sputter pressures �F /w�int is
tensile �Fig. 1�. At low Ar pressures �0.05 and 0.2 Pa� a
relatively large tensile stress contribution is observed at the
early stages of the deposition, which levels off at a thickness
of about 10 nm. At higher Ar pressures �0.5-6 Pa�, �F /w�int

increases almost linearly with film thickness up to 300 nm,
where the deposition was stopped. The slope of the �F /w�int

curve is highest at 0.5 Pa, similar to that previously observed
by Klokholm and Berry.11 Upon increasing the Ar pressure to
2 or 6 Pa, the slope of the force curve and, accordingly, the
related stress decrease significantly. The stress dependence
on sputter pressure is summarized in Fig. 2, which shows the
average intrinsic stress calculated by Eq. �1� for the continu-
ous Co films, i.e., at thicknesses above 10 nm. After the
deposition the stress becomes immediately constant and does
not change during the next 16 h, demonstrating that the stress
relaxation is negligible in the entire range of sputter pres-
sures investigated.

Figure 3 shows the cross-sectional FIB images of the Co
films deposited at different sputter pressures. The FIB images
clearly show that the Co films sputtered at higher sputter
pressures �0.5, 2, and 6 Pa� grow by columnar grains. The
average grain size decreases from about 80 to 60 nm with
increasing sputter pressure.

The AFM investigation reveals that the surface rough-
ness of the Co films increases considerably upon raising the
sputter pressure. Two examples at sputter pressures of 0.05
and 6 Pa are shown in Figs. 4�a� and 4�c�, respectively.
Whereas at 0.05 Pa the roughness is as low as 0.5 nm, it
increases by more than one order of magnitude to 6 nm for a
sputter pressure of 6 Pa. The results obtained by the SEM
�Figs. 4�b� and 4�d�� are similar to those obtained by the
AFM investigations. Interestingly, for samples deposited at
higher pressures �2 and 6 Pa� pronounced black contours
separating the grains can be seen in the SEM images �Fig.
4�d��.This is the result of the “open” columnar microstruc-
ture.

FIG. 2. The evolution of the average intrinsic stress during the sputter
deposition of Co films calculated from Fig. 1 for film thickness above 10 nm
�a� and the average intrinsic stress at 300 nm as a function of Ar pressure
�b�. The thermal stress component has been subtracted from the experimen-
tal data.
We could not deduce the grain size from EBSD measure-
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ments because no diffraction patterns were obtained which
might be a hint for very small and/or distorted crystallites.

Also, the electrical resistance and the mass density of the
Co films depend significantly on the sputter pressure.
Whereas the resistance increases with sputter pressure, the
mass density of the film decreases. The results of the micro-
structure investigations, mass density, and resistivity data are
summarized in Table I.

IV. DISCUSSION

As revealed by our experiments, the stress, growth, and

FIG. 3. The cross-sectional FIB images of Co films with a thickness of
about 300 nm and deposited with a rate of 0.05 nm/s at Ar pressures of �a�
0.05 Pa, �b� 0.2 Pa, �c� 0.5 Pa, �d� 2 Pa, and �e� 6 Pa.
morphology of the sputtered Co films as well as their physi-
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cal properties are characterized by a strong dependence on
the sputter pressure. Our structural investigations show that
the Co films grow by the Volmer-Weber mode. The SEM
images of the samples deposited at low Ar pressures �not
shown here� confirm discontinuous film morphology at
thicknesses below 10 nm. The film stress actually is very
similar to that of polycrystalline metal films that are at the
transition between high and low adatom mobilities �Sec. I�.
In the coalescence stage a large tensile stress develops due to
the formation of grain boundaries,18–21 which levels off when
the films become continuous at a thickness of about 10 nm.
This is consistent with the stress behavior of the low-
mobility metal films prepared in previous studies by
evaporation.10

Beyond the initial stage of the deposition an inhomoge-
neous tensile stress is developed in the depth of Co films for
all values of sputter pressure �Fig. 2�a��. We assume that the
microstructure which develops with film thickness has a
dominant role for the development of the inhomogeneous
stress in the film depth; i.e., for high sputter pressure, the
open microstructure evolves with the increase of film thick-
ness. The details of the stress dependence on the film thick-
ness cannot be understood by the presented results. There-
fore, further microstructure investigations are necessary in
order to know how the microstructure evolves with film
thickness.

Now we discuss the compressive stress contribution at
low sputter pressures. Two mechanisms have been proposed
in the literature for the compressive stress contribution ap-
pearing in the continuous films. For evaporated films capil-
larity effects8 in the island stage were considered to generate
a compressive strain field that is propagated into the continu-
ous film upon further growth.22 It decreases with film thick-
ness when the strain information from the interface gets
gradually lost due to incorporation of defects. For sputtered

FIG. 4. The AFM ��a� and �c�� and SEM ��b� and �d�� images of 300-nm-
thick Co films sputtered at Ar pressures of 0.05 and 6 Pa.
films the compressive stress has been attributed to lattice
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distortions produced by energetic particles striking the film, a
mechanism known as “atomic peening”.23,24 In the experi-
ments presented here �Fig. 2�a�� and also for sputtered Cu
films16 the compressive stress contribution decreases again at
a thickness of about 150 nm, a finding that is accounted for
only by the first mechanism.

As evidenced by the FIB investigations, with increasing
Ar pressure a transition to columnar grain growth takes
place. This change in the grain growth has to be attributed to
a decreasing kinetic energy of the Co atoms as a direct con-
sequence of the increasing slowing down and thermalization
of the sputtered particle flux in collisions with the sputter gas
atoms. Again in agreement with previous studies10,11 the
stress of such films is tensile and dominated by the grain-
boundary relaxation mechanism.18 A linear increase of F /w
with film thickness is expected, which is nearly fulfilled for
the �F /w�int curve at 0.5 Pa.

At Ar pressures above 0.5 Pa the tensile stress decreases
again. In a recent study by Misra and Nastasi25 a similar
behavior was observed for sputtered Cr films. The cross-
sectional transmission electron microscopy on the Cr films
prepared at higher sputter pressures ��0.5 Pa� revealed a
columnar porosity at the grain boundaries. As discussed by
Misra and Nastasi25 and Muller26 the density at the grain
boundaries strongly affects the interatomic forces there and
can explain the lowering of the tensile stress. Such a porous
morphology is obtained when the kinetic energy of the im-
pinging target atoms becomes too small due to the increasing
thermalization at higher sputter pressures. In fact, our SEM
investigations indicate a more open microstructure at the
grain boundaries for the samples deposited at Ar pressures
above 0.5 Pa, which, accordingly, is responsible for the ob-
served reduction of the tensile stress.

The evolution from a relatively dense to a more open
microstructure with higher surface roughness is further cor-
roborated by the increase in electrical resistivity measured
at RT from about 10	10−8 to 70	10−8 
m and by the
reduction of the mass density from 5.84	103 to 4.75
	103 kg/m3.

V. CONCLUSIONS

We investigated the stress of sputtered Co films at vari-
ous sputter pressures �0.05-6 Pa� up to a thickness of 300 nm
and related it to the morphology. At low sputter pressures
�0.05-0.2 Pa� the evolution of stress and morphology re-

TABLE I. The results of microstructure investigatio
thickness of about 300 nm for various sputter pressur
from FIB images by interactive linear analysis. The
�rms� value determined over a 1	1 �m2 area of the

Sputter pressure

Grain size �nm� �FIB cut�
Surface roughness �rms� �nm�
Resistivity �10−8 
m� �Resistivity of bulk Co at RT
5.7	10−8 
m.�
Mass density �103 kg/m3� �Mass density of bulk Co
RT is 8.90	103 kg/m3.�
sembles that of Volmer-Weber metal films with medium ada-
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tom mobility. A large tensile stress due to grain-boundary
formation dominates only in the discontinuous films. With
increasing sputter pressure the kinetic energy of the sputtered
Co atoms decreases due to rising collisions with the sputter
gas phase and a transition to columnar grain growth takes
place. Accordingly, a nearly constant tensile stress is ob-
served during the entire growth, which reaches its maximum
value at a sputter pressure of about 0.5 Pa. At even higher
sputter pressures the microstructure of the Co films becomes
more open, indicating that the surface mobility of the im-
pinging atoms has decreased further and the tensile stress
contribution is reduced again. The evolution of stress can be
fully understood and described by a combination of the stress
mechanisms proposed already in the literature for evaporated
and sputtered films. The sputter pressure proves to be a sen-
sitive deposition parameter for controlling the stress, growth,
and morphology of sputtered thin films.
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