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This paper reports incredibly large and rapid evolution of elastic constants in deposited copper and
silver films observed by the resonant-ultrasound spectroscopy. The evolution begins just after
stopping the deposition with the temperature dependent recovery rate. To explain the mechanism,
we propose a model, where the elastic constants at grain boundary regions increase by 67% at least.
Diffusion of atoms along the grain boundary region is a possible reason, and we confirm that the
activation energy is much smaller than that for grain-boundary diffusion in bulk materials.
These results are explained by drastic structure change at grain boundaries, being similar to
phase transition from liquid into solid phase. © 2010 American Institute of Physics.
�doi:10.1063/1.3407540�

I. INTRODUCTION

Recovery and recrystallization usually occur when a
solid is heated or deformed. However, in polycrystalline thin
films, they occur after stopping deposition without being
heated or deformed.1–3 It has been considered that atoms at
film surface and grain boundaries are thermodynamically un-
stable during and just after the deposition, and recovery and
recrystallization occur to make the film thermodynamically
stable by causing atoms to flow between the film surface and
grain boundary. Among studies on recovery, curvature mea-
surements found a drastic stress evolution that in-plane in-
trinsic stress changes from compressive to tensile just after
stopping the deposition.4–9 Considering that sign of the stress
is changed and a large part of the stress evolution completes
within several tens of minutes, fast and drastic structure evo-
lution is thought to occur in the films. Especially, as indi-
cated, recovery is associated with the structure change at the
grain boundaries. Chason et al.,10 for example, observed the
recovery of the in-plane stress in Ag polycrystalline thin
films and they attributed this to the diffusion of excess atoms
from grain boundary regions to surface. Finite element
method11 and molecular dynamics simulation12 also expect
that the structure evolution at grain boundaries contributes to
the stress evolution. X-ray diffraction analysis,1 cross-
sectional observation using focused ion beam,2 and in situ
real-time reflection high-energy electron diffraction13 are
used for studying the structure evolution in thin films. How-
ever, they cannot monitor the rapid structure evolution and
are not sensitive to the local structure change. Scanning tun-
neling microscopy has contributed to understand the struc-
ture evolution at the surface,14–16 and in situ measurement is
possible.17 However, observable region is limited to the sur-
face, and in continuous films it cannot necessarily observe
the diffusion at grain boundary. Therefore, there is still con-

siderable controversy over the structure evolution at grain
boundary; to understand the recovery phenomena, we need a
novel measurement, which is sensitive to the grain-boundary
structures.

We then focus on the elastic constants. They inherently
reflect the interatomic bond strength and decrease when thin
incohesive bonds are included.18,19 Thus, monitoring the
elastic constants during the recovery provides us with the
essence of the recovery phenomena in thin films. It enables
us to discuss the microstructural evolution at the grain
boundaries inversely. In addition, this study has a significant
effect on the curvature measurements. In curvature measure-
ments, elastic constants of thin films are required in convert-
ing the curvature to the stress and eliminating the thermal
stress from the measured stress. In the calculations, elastic
constants have been considered to be comparable to those of
the bulk materials. However, elastic constants actually show
recovery as described later, and for quantitative evaluation of
the stress recovery, the elastic recovery has to be considered.
For these reasons, study on elastic recovery plays an impor-
tant role for understanding the recovery, but measurement of
the elastic constants of thin films is never straightforward;
conventional methods were impossible to monitor the elastic
recovery. This problem is solved by using an advanced
resonant-ultrasound spectroscopy.20 Elastic recovery of Cu
and Ag films is investigated, and the results are compared
with the previously reported stress-recovery behavior. Then,
we propose a model to explain the elastic recovery.

II. EXPERIMENTS

Elastic recovery is monitored by measuring a free-
vibration resonance frequency of a substrate on which film is
deposited. Before deposition, the substrate’s resonance fre-
quency is measured, which depends on the mass density,
dimensions, and elastic constants, Cij.

21,22 During deposition,
the resonance frequency changes depending on the mass den-a�Electronic mail: nobutomo@me.es.osaka-u.ac.jp.
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sity, thickness, and Cij of deposited film. After stopping the
deposition, mass density, dimensions, and Cij of the substrate
are unchanged, and the film thickness is also constant. Re-
covery could cure the nanoscale defects, and the mass den-
sity of the film may increase, which will decrease the reso-
nance frequency. However, as shown later, resonance
frequencies actually increase after stopping the deposition;
the mass density increment cannot explain this observation.
Therefore, the frequency evolution is attributed to the elastic
recovery of the film.

Frequency evolution is monitored using tripod needle
transducer. It consists of two piezoelectric pinducers and a
needle-shape thermocouple, and is located in the sputtering
chamber; a substrate is placed on the tripod transducer. A
pinducer is driven by a sinusoidal continuous wave �cw� sig-
nal of typically 20 Vpp that is generated by the synthesizer.
The pinducer vibrates the substrate. The other pinducer de-
tects the vibrational amplitude of the substrate. By changing
the frequency of the cw signal, a resonance spectrum is ob-
tained. This involves no coupling agent and no external force
except for the own weight of the substrate, realizing an ideal
free-vibrations measurement. The tripod needle transducer is
connected to a heat exchanger vessel. By filling the vessel
with the liquid nitrogen, the substrate is cooled down to
about −44 °C. Detail of the measurement setup is shown in
the supplemental file23 and elsewhere.20

Cu or Ag is deposited on rectangular-parallelepiped sub-
strates of monocrystal Si, typically measuring 3.500
�3.000�0.100 mm3, by the rf-magnetron sputtering.
Edges of the substrates are parallel to �100�, �010�, and �001�
directions, respectively. Typical resonance spectrum of a Si
substrate is shown in Fig. 1�i�. When the frequency of cw
signal corresponds to a resonance frequency of the substrate,
the resonance spectrum shows a peak. Lorentz function is
fitted around the peak, and the center frequency is defined as
the resonance frequency. Before deposition, the background
pressure was less than 4.0�10−4 Pa. During the deposition,
Ar pressure was 0.4 Pa. Substrate temperature ranged from
−44 °C to room temperature. Film thickness was determined
by x-ray reflectivity measurements24,25 after deposition, and
the typical film thicknesses were 200 nm and 250 nm for Cu
and Ag films, respectively. X-ray diffraction measurements
showed �111� texture for both of them in the thickness direc-
tion.

III. RESULTS

Figure 2 shows typical evolutions of the resonance fre-
quency and the substrate temperature. Figure 1 shows the
resonance spectra at four moments indicated by arrows in
Fig. 2. Deposition was started at �30 min and was stopped
at 0 min. Resonance frequency decreased from the beginning
of deposition due to the mass loading, and rapidly increased
after stopping the deposition. Increment ratio of the reso-
nance frequency at room temperature was 0.023%–0.060%
and 0.039%–0.087% for Cu and Ag film, respectively. The
substrate temperature monotonically increased by about
2 °C during the deposition, and it slowly decreased after-
ward. Figure 3 shows the enlarged view of the increment
behavior of the resonance frequency after stopping the depo-
sition. The slower frequency increment appears at lower sub-
strate temperature.

IV. DISCUSSION

There are two possible factors causing the frequency in-
crements: �i� temperature dependence of Cij and �ii� recovery
of the thin film Cij. Temperature decrement usually increases
the elastic constants, and may consequently increase the
resonance frequencies. The influence can be evaluated by
calculating the resonance frequency of film/substrate layered
specimen by Rayleigh–Ritz method26 using the reported tem-
perature dependence of Cij.

27 In this calculation, we assume
that thin films have the �111� texture; �111� direction of all
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frequency of a Si substrate before, during, and after deposition of Cu film of
195 nm thickness: Cu was deposited for 30 min and the deposition was
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grains is perpendicular to the film surface and the grains are
randomly oriented around the film-thickness direction. Then,
the thin film shows transverse isotropy �hexagonal symme-
try�, and possesses five independent Cij. They are calculated
using the Cij of single crystal Cu and Ag by Hill’s averaging
method.28 In Fig. 2, the resonance frequency increases by
0.058% and the substrate temperature decreases by 0.8 °C
through the cooling stage. Rayleigh–Ritz calculations indi-
cated that this temperature change increases the resonance
frequency of Cu/Si layered specimen by only 0.0009%,
mainly from the substrate. This is much smaller than the
observed frequency increment of 0.058%. Therefore, the
temperature change cannot explain the observed frequency
increment, and it is attributed to the recovery of thin film Cij.
Among the thin film Cij, the in-plane longitudinal elastic
constant, C11, usually shows the largest contribution to the
resonance frequencies of the film/substrate layered
specimen,29 which indicates that frequency evolution reflects
mainly the recovery of C11. Assuming that the resonance
frequency depends solely on C11, it was calculated that the
frequency recovery in Fig. 2 corresponds to 15.2% increment
of C11. In bulk Al, the recovery is reported to increase the
elastic constant by 0.12% after plastic deformation.30 Com-
paring with this, the recovery degree of thin film’s C11 is
surprisingly larger.

Next, we consider the temperature dependence of the
recovery speed. Chason et al.10 approximated the stress re-
covery by exponential function, ��exp�−�t�, and evaluated
the recovery speed by deducing the relaxation rate, �; � of
the stress recovery was 0.0093 s−1 for Ag films. We also
assume that the elastic-constant recovery obeys the exponen-
tial law. Determined �, shown in Fig. 4, is almost the same
as that of stress recovery, and decreases as the substrate tem-
perature decreases. In Fig. 4, the temperature dependence of
� is approximated by Arrhenius equation, �=�0e−Em/kT, and
the activation energy of the elastic recovery, Em, is deduced
to be 0.103 eV and 0.058 eV in Cu and Ag films, respec-
tively. k is Boltzmann constant and T the substrate tempera-
ture in unit of kelvin. �0 is the relaxation rate at the high-
temperature limit. In bulk Cu, activation energies for self
diffusion and boundary diffusion are 2.04 eV and 1.08 eV,
respectively,31 and in Cu films, activation energy for elec-
tromigration is 0.8–0.91 eV.32,33 Comparing with them, acti-
vation energy for the elastic recovery is significantly smaller,
which indicates that the recovery speed is faster.

The above observations indicate that the elastic recovery
progresses faster and the recovery degree is significantly

larger than in bulk materials. We here consider mechanism of
the elastic recovery. In the case of the stress recovery, two
kinds of models have been proposed. In one of them,
Spaepen34 and Friesen and Thompson35 considered that the
stress evolution is associated with atoms at and near ledges
on the surface of the film. During film deposition, the film
surface is not in equilibrium, and ledges exist on the surface.
When deposition is stopped, the film smoothens, which de-
creases the compressive surface stress and causes a tensile
increase. In the other model, Chason et al.10 explained the
stress evolution by the flow of atoms at grain boundaries.
This model assumes that during deposition the chemical po-
tential of atoms on the film surface is higher than that at the
grain boundaries, which drives excess atoms into the grain
boundaries inducing a compressive stress in the film. When
the deposition stops, the surface chemical potential rapidly
decreases, and the atoms flow out of the grain boundary to
the surface, causing tensile stress. In polycrystalline films, it
has been demonstrated that the elastic constants are highly
sensitive to the binding conditions at the grain
boundaries.18,19 Therefore, we consider that the elastic recov-
ery is explained by the structure evolution at the grain
boundaries rather than the surface reconstruction and elastic
constants at the grain boundary regions increase after stop-
ping the deposition.

In the following discussion, we focus on the recovery
degree at the grain boundary regions, which are simulated by
penny-shape thin inclusions. We propose a polycrystalline
film model, in which elastic constants at grain boundary re-
gions, Cij� , asymptotically increase with time,

Cij� �t� = Cij
0 �1 − A exp�− t/��� , �1�

and the elastic constants within the grains are unchanged.
Here, Cij

0 are the elastic constants in the grains. � governs the
recovery speed, and A determines the increment degree of
the elastic constants. We assume that weak bonding regions
at grain boundary have penny-shape with elastic constant Cij� ,
and they are aligned parallel to the film-thickness direction in
an isotropic matrix of polycrystalline Cu or Ag, which has
the columnar microstructure. Cij of this composite can be
calculated using micromechanics modeling.18 The modeling
takes two steps. First, we calculate the Cij of a composite, in
which minor axes of penny-shape inclusions of air are
aligned in one direction parallel to the surface. Such a mate-
rial macroscopically shows hexagonal symmetry and has five
independent elastic constants. Second, we average the hex-
agonal symmetry elastic constants around the thickness di-
rection, x3 axis, by Hill’s approximation. The resulting elas-

tic constants, C̄ij, show transverse isotropy about the film-
thickness direction. Detail of this modeling is described in
the supplemental file.23

Recovery degree, A, is evaluated by comparing the mea-
sured and calculated elastic recovery together with other un-
known parameters: aspect ratio, volume fraction, and � of
weak bonding regions. We calculated the elastic recovery by
changing these parameters, and found that the aspect ratio
hardly affects both recovery speed and recovery degree in
the range between 0.0001 and 0.01. On the other hand, the
recovery speed was closely related with �, and the recovery
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degree highly depended on the volume fraction and A. From
these results, the volume fraction has to be determined to
infer A. However, it is quite difficult to determine it by ex-
periments. We here overestimate the volume fraction �10%�
to estimate the minimum value of A. In Fig. 5, calculated
elastic recovery behaviors are compared with the typical
elastic recovery deduced from the measured frequency evo-
lution. In this study, we observed that the recovery degree of
C11 was larger than 7%. Figure 5 indicates that A has to be
larger than 0.4 to reproduce the recovery degree, which in-
dicates that the elastic constant at the grain boundary regions
increases by at least 67% �=A / �1−A��.

We consider that this stiffening at the grain boundaries is
explained by the local structure change from liquidlike struc-
ture �not amorphous� into solid structure. Temperature de-
pendence of � supports this view. In bulk Cu, Em of bound-
ary diffusion is 1.08 eV. By assuming that Em of boundary
diffusion in Cu thin film is the same as that in the bulk Cu,
temperature at the grain boundaries can be deduced from the
Arrhenius equation. In this study, we observed that average �
and �0 are 0.013 s−1 and 1.064 s−1, respectively. From these
parameters, the apparent temperature at the grain boundaries,
T, is estimated to be 2840 °C, which is larger than the melt-
ing point of bulk Cu �1084.5 °C�. This result indicates that
the elastic constants at the grain boundaries are much smaller
than those of bulk Cu due to nearly liquid phase or super-
cooling phase, and the transition into the solid phase occurs
within a few minutes after the deposition, which increases
the elastic constants, causing the rapid and significant elastic
recovery. Amorphous structure may be a possible factor
which softens the grain boundaries. However, for example,
elastic constants of amorphous structure is smaller than those
of the corresponding crystal by 2%–36%,36 and it cannot
explain the observed increment. Therefore, drastic structure
evolution like liquid-solid transition is a possible mechanism
of the elastic recovery.

V. CONCLUSION

In summary, recovery of elastic constants of Cu and Ag
films was observed after stopping deposition. To explain the
recovery, we developed the model that elastic constants at

the grain boundaries recover by the solidification, leading to
the increment of the macroscopic elastic constants. This
model estimated that the elastic recovery at the grain bound-
aries exceeds 67%. In the common studies on stress evolu-
tion, intrinsic stress was deduced from the curvature change
assuming that elastic constants of thin films are unchanged
by the recovery. However, our finding indicates that this as-
sumption is inappropriate and the elastic recovery has to be
considered to quantitatively evaluate the stress recovery. This
knowledge must play an important role in the future research
on recovery.
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