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Strain Relaxation and Vacancy Creation in Thin Platinum Films
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Synchrotron based combined in situ x-ray diffractometry and reflectometry is used to investigate the
role of vacancies for the relaxation of residual stress in thin metallic Pt films. From the experimentally
determined relative changes of the lattice parameter a and of the film thickness L the modification of
vacancy concentration and residual strain was derived as a function of annealing time at 130 °C. The
results indicate that relaxation of strain resulting from compressive stress is accompanied by the creation
of vacancies at the free film surface. This proves experimentally the postulated dominant role of vacancies
for stress relaxation in thin metal films close to room temperature.
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Thin metal films with a thickness in the nanometer to the
micrometer range are important for various areas of science
and technology: microelectronics, optoelectronics, data
storage, microelectromechanical systems (MEMS), cata-
lysts, hard and abrasive coatings, and environmental and
chemical protection. Devices in these fields all depend
critically on the microstructure, the properties, and the
stability of thin metal films deposited on appropriate sub-
strates. Important characteristics are residual stress and
strain, which often develop in film-substrate combinations
[1-3]. An unfavorable consequence of high stress is crack
formation, local plastic deformation, and layer delamina-
tion [4]. Consequently, understanding and controlling stress
in thin films is an important task in modern technology.

Residual stresses, which are commonly assumed to be
biaxial in thin films, result from different thermal expan-
sion coefficients of substrate and film (thermal stress) and/
or from stress formation during film deposition (grown-in
stress). During isothermal annealing residual stresses relax
as a function of annealing time and temperature. This
relaxation was extensively investigated in numerous stud-
ies [5-10]. Various possible microscopic mechanisms of
stress relaxation were suggested, for example, diffusional
creep, power law creep, grain boundary gliding, twin for-
mation, or grain rotation [8,10—12]. In polycrystalline films
close to room temperature a central mechanism that gov-
erns stress relaxation by inelastic deformation is thought to
be atomic diffusion, predominantly along grain boundaries
[2,3,13—15]. This is especially true for nanometer grained
structures that are typical for such materials. In unpassi-
vated metal films stresses relax almost completely above
the temperature at which grain boundary diffusion can
occur [14], which emphasizes the importance of this
mechanism. It is suggested that stress relaxation is taking
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place by the transport of atoms and of the corresponding
point defects between the free surface of the film and the
grain boundaries due to a stress induced difference in the
chemical potential [3,14]. Assuming a vacancy mechanism
that commonly governs diffusion in metals [16], a flux of
vacancies counterbalances the flux of atoms in the opposite
direction. In the case of tensile stress, vacancies have to be
transported to the surface where they are annihilated and in
the case of compressive stresses vacancies have to be
created at the free surface and have to migrate to the grain
boundary in order to enable stress relaxation.

However, up to now no clear experimental proof was
presented for a direct correlation between stress relaxation
and vacancy formation or annihilation, e.g., at the free
surface, which is a prerequisite for a diffusion controlled
mechanism. In order to get more insight into this topic, a
quantitative, quasisimultaneous in situ characterization of
the modification of vacancy concentration and of residual
strain in metallic films is necessary. In the present study we
applied a method which is based on the fundamental con-
cept of dilatometry [17,18] and which is used to study
vacancies in thermal equilibrium [19]. We modified this
basic concept by using an experimental arrangement that is
completely based on x-ray scattering techniques. This has
the advantage that the use of synchrotron radiation be-
comes possible, which allows us to carry out time-resolved
studies to measure fast relaxation processes taking place on
a time scale of minutes. In order to detect directly the
modification of the vacancy concentration, x-ray diffrac-
tometry (XRD) is used to determine the of the out-of-plane
lattice parameter a and x-ray reflectivity (XRR) is used to
detect the film thickness (macroscopic lengths change)
L. The relative change in vacancy concentration (atomic
fraction) Ac for a cubic metal is then given by [19]
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where AL and Aa are the respective changes of @ and L.
Note that in Eq. (1) a factor of 3 is lacking in comparison to
the classical formula used for bulk materials [19]. This is
due to the fact that for thin films a modification of the
vacancy concentration is mainly taking place at the free
film surface parallel to the substrate. The time dependent
relative change of the out-of-plain strain Ag is then
given by

Asz&=l_v
a
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assuming a biaxial stress model, where Ao is the modifi-
cation of the in-plane stress during annealing, E is the bulk
modulus, and » the Poisson number.

For the experiments, about 40 nm thin Pt films were used
as a model system because this element is relatively inert
against oxidation. The films were deposited by magnetron
sputtering on Si wafers which were thermally preoxidized
(400 nm SiO,) in order to prevent reactive diffusion.
Sputtering was carried out in an argon atmosphere at a
power of 200 W and a base pressure better than 10~% mbar.
For the in situ experiments XRR and XRD in symmetric
0/260 geometry were done at the Rossendorf beam line
(ROBL) of the European Synchrotron Facility (ESRF).
These experiments were performed at a wavelength of
1.08 A (E = 11.5 keV) using parallel beam mode. In situ
annealing was carried out at a temperature of 130 °C in
a resistance furnace with a Be dome evacuated to
3 X 107® mbar which was mounted on a goniometer.
The x-ray investigations were accompanied by ex situ
transmission electron microscopy (TEM) with an imaging
corrected FEI Titan 80-300 operated at 300 kV. TEM
cross-section sample preparation was done by in situ liftout
using a FEI Strata 400 S Dual-Beam focused ion beam
(FIB) with the final polishing performed at 5 kV. High
resolution photoelectron spectroscopy measurements using
a monochromatic Al Ka source (K-Alpha, Thermo
Scientific) excluded oxide formation at the surface in the
as-deposited state and after annealing of the Pt film.

Figure 1 shows cross-sectional transmission electron
microscopy (TEM) bright field and dark field micrographs
of an as-deposited Pt film and after in situ annealing at
130 °C for 15 h. From these images we see that the as-
deposited sample is composed of columnar grains oriented
perpendicular to the film surface. The columnar grains
have diameters of about 10-20 nm and a length which is
approximately the film thickness of 40 nm. The grains
show a preferred (111) orientation. For the sample an-
nealed at 130 °C, the microstructure and grain size is not
significantly modified. From plain view bright field and
dark field as well as HR-TEM images (not shown) a grain
diameter of 10-20 nm is confirmed.
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FIG. 1. Cross-sectional TEM images of (a) an as-deposited Pt
film (bright field), (b) an as-deposited Pt film (dark field), and
(c) a film annealed at 130 °C for 15 h (dark field). The cap layer
is due to FIB preparation.

Figure 2 shows the Pt (111) Bragg peak measured by
XRD for a sample annealed at 130 °C for 15 h and for the
same sample cooled to room temperature afterwards. The
peak position of the heated sample is located at smaller 26
values indicating an increase of the interplanar distance
dyy; due to thermal expansion. Bragg peaks were fitted
with Lorentzians to extract exact Peak positions. The error
limit of the peak position is about 3 X 10~* deg which
leads to an error of 5 X 1075 A in dy;, according to the
error propagation law.

Figure 3(a) shows the XRR curve of an as-deposited
sample. The fringes result from the interference of the x
rays reflected at the surface and at the Pt/SiO, interface,
respectively. The thickness of the Pt film was determined
using the angle (or g,) positions of the fringe maxima as
described in Ref. [20]. In addition, the whole experimen-
tally determined XRR profile was least-squares fitted using
the Parratt formalism [21] (program package PARRATT32).
As is obvious from Fig. 3(a), a very good agreement is
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FIG. 2. (111) Bragg peak of a sample annealed at 130 °C for
15 h and of the same sample cooled down to room temperature
afterwards. Shown are data where the intensity is normalized to
the incoming beam.
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FIG. 3. (a) Experimentally determined XRR curve of an as-

deposited sample. A least-squares fit using the program
PARRATT32 is also shown (Pt layer thickness L = 413.8 A,
o(Si0,/Pt) = 4.4 A, o(Pt/vacuum) = 4.2 A). The inset shows
the scattering length density as obtained by the fit. (b) Zoom of
XRR curves of another as-deposited sample [L = 388.8 A,
o(Si0,/Pt) = 4.0 A, o(Pt/vacuum) = 5.9 A] and the same
sample annealed at 130°C for 15 h [L = 389.9 A,
o(Si0,/Pt) = 3.8 A, o(Pt/vacuum) = 5.9 Al.

given. The corresponding scattering length density as ob-
tained from the fit is shown in the iI}SGt of Fig. 3(a). Surface
and interface roughness is about 4 A. In Fig. 3(b) a zoom of
XRR curves for another as-deposited sample and the same
sample annealed at 130 °C for 15 h is given together with
Parratt fits. The clearly resolved shift in the position of the
fringes corresponds to a change in the average thickness of
about 1 A. The error limit of the calculated thickness is
0.05-0.1 A according to the error propagation law. The
Parratt simulations gave the same values for the Pt layer
thickness within error limits. In order to estimate the
significance of the error attributed to the thickness we
annealed a sample at 270 °C until L shows no further
time dependence (see below). Then we measured the re-
flectivity several times. The standard deviation of the
thicknesses derived from these measurements was
0.15 A, which means that the errors mentioned above are

reasonable. The fact that the overall intensity of the reflec-
tivity of the annealed sample in Fig. 3(b) is slightly higher,
can be explained by a tiny decrease of the surface rough-
ness (see figure caption). This in no way influences our
analysis. The roughness of the Pt/SiO, interface remains
constant during annealing.

The thermal expansion coefficient of Pt (9 X 1076 K™!
[22]) is larger than the thermal expansion coefficient of
SiO, (0.6 X 1076 K~! [22]). Therefore, heating from
room temperature to 130 °C leads to the formation of
compressive stress parallel to the sample surface and,
consequently, to an expansion of the lattice constant per-
pendicular to the sample surface. This thermal stress is
superimposed on the already present grown-in stress. The
formation of anisotropic thermal strain together with the
isotropic thermal expansion is termed thermoelastic expan-
sion of the film. At the temperature under investigation this
thermoelastic expansion is reversible and it is assumed that
stress relaxation is dominated by the relaxation of grown-in
stress.

In order to apply Eq. (1), the relative changes in L(T, )
and a (7, r) during in situ annealing were determined, using
AL/L = [L(130, 1) — L(130,0)]/L(130,0) and Aa/a =
[d11,(130, 1) — d;,,(130,0)1/d;,;(130,0)  (out-of-plane).
In this expression L(130, 0) and d;,,(130, 0) are the thick-
ness and the interplanar distance after heating up to
130 °C, but before relaxation starts. These quantities can-
not be measured directly, because during the heat-up pro-
cedure relaxation of L and d;;; already takes place. In
order to obtain the relative changes in L and d,; as shown
in Figs. 4(a) and 4(b), we calculated L(130,0) and
d;,(130, 0) in the following way: after isothermal anneal-
ing for 15 h at 130 °C, relaxation is completed and the
quantities L™%(130) and "¢(130) are measured. After
cooling to room temperature both quantities were mea-
sured again and we obtain L™%(RT) and d'¢®(RT). The
difference AL™® = [relax(130) — L12X(RT) and the cor-
responding value of Ad® are to a good approximation
the thermoelastic changes. We added these values to the
initial values measured at room temperature before anneal-
ing started in order to obtain L(130,0) = L(RT,0) +
AL™® and d,;;(130,0) = d,;;(RT, 0) + Ad¥™. The
change in vacancy concentration (atomic fraction),
Ac(T, 1), can be calculated according to Eq. (1). XRR
and XRD were measured consecutively. As the annealing
time ¢ we used the beginning of the XRD measurement
which was performed after XRR. The result is shown in
Fig. 4. We observe a clear increase of the vacancy concen-
tration as a function of annealing time [Fig. 4(c)], while at
the same time the strain is decreasing [Fig. 4(a)].

The results shown in Figs. 4(a) and 4(c) can be explained
with the following model. For the present nanostructural
arrangement all the grain boundaries are expected to be
under an identical normal stress. During isothermal anneal-
ing vacancies are created at the free surface of the Pt film.
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FIG. 4. Relative changes (a) of the out-of-plane lattice parame-
ter a and of the in-plane lattice parameter (b) of the thickness L
and (c) of the vacancy concentration (atomic fraction) Ac as a
function of annealing time at 130 °C. Where no error limits are
indicated, they are less than the diameter of the symbol.

This is reflected in the observed increase of Ac in Fig. 4(c).
Since these vacancies are assumed to be highly mobile
(activation energy: about 0.5-0.8 eV) [23] at the surface
they diffuse to the grain boundaries and penetrate the film
along the grain boundaries. Volume diffusion is expected to
be frozen in at the temperature under investigation (acti-
vation energy: 2.7 eV) [16]. At the grain boundaries a
process has to take place which results in a reduction of
the biaxial stress. This relaxation process may take place
by a gap closure process as illustrated in Ref. [13]. The
arrival of the vacancies at the grain boundary creates an

extra free volume or a ‘““‘gap” at the grain boundary. To
maintain the low equilibrium vacancy concentration in the
grain boundary, the crystal will tend to annihilate these
vacancies immediately, eliminating the free volume by
closing the grain boundary gap. Such a gap closure process
results in lateral film shrinkage and consequently in a
reduction of compressive stress in the direction parallel
to the film surface and also of the out-of-plane lattice
parameter as shown in Fig. 4(a). The in-plane lattice pa-
rameter was also measured in a different experimental
session using energy-dispersive XRD and a similar setup.
As is obvious from Fig. 4(a), we found a continuous
increase of the in-plane lattice parameter during annealing
in accordance with the suggested model. However, since
the data were not obtained during the same experiment,
they are not used for a further quantitative analysis.

Please also note that the increase in vacancy concentra-
tion of almost half of a per cent as shown in Fig. 4(c)
cannot be associated with the equilibrium value in the film,
which is expected to be much lower. What is measured
here is the creation of vacancies at the free surface.
Afterwards these vacancies diffuse to the grain boundary,
are annihilated, and further vacancies are created in order
to enable a continuous stress relaxation.

It has to be noted that vacancy creation as the dominat-
ing process cannot be unambiguously identified from
Fig. 4(c). In principle, all other types of volume-assisted
defects like multiple vacancies, nanovoids, or interstitials
may lead to the same behavior. A significant role of inter-
stitials in the observed process is, however, very unlikely,
because interstitial annihilation [which could also explain
the results in Fig. 4(c)] is taking place in Pt at and below
room temperature [24]. A significant amount of nanoscopic
voids was not detected by TEM imaging. However, the
presence of multiple vacancies or small vacancy clusters
cannot be completely ruled out at the present stage of the
study. Nevertheless, the explanation of our results based on
vacancy creation is the most likely explanation. In addi-
tion, the free surface of the film might not be the only
source of vacancies. At present we cannot exclude the
existence of a low density layer between Pt and SiO,
(see, e.g., Ref. [25]), which might also be a source of
vacancies. However, such a layer is not supported by the
PARRATT32 simulations of Fig. 3(b).

In conclusion, our experiments suggest that strain re-
laxation in thin Pt films close to room temperature is
correlated to the generation of vacancies at the free surface
of the film. These vacancies are expected to diffuse to the
grain boundaries, where stress can be released. The mea-
surements prove the dominant role of vacancies for stress
relaxation in thin metal films at low temperatures and
support a diffusion controlled relaxation mechanism.
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