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In epitaxial films, large elastic strain originating from the lattice misfit with the substrate remains, and it
could affect the elastic stiffness. However, we found that epitaxially grown Cu thin films on �001� Si show
exceptionally stable stiffness: the average out-of-plane elastic constant throughout the film thickness was
independent of the film thickness and of the annealing procedure up to 150 °C. We calculated the strain
dependence of the elastic constants using the higher-order elastic constants and confirmed that the misfit strain
with the substrate hardly affects the stiffness in the particular case of Cu�001� thin films.
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I. INTRODUCTION

Physical properties of thin films attract many researchers
because they are often different from those of bulk materials,
and anomalous properties often allow development of high-
performance devices. Elastic stiffness is one of the funda-
mental physical properties, and the thin-film elastic stiffness
has been considered to be different from that of bulk mate-
rial. In polycrystalline films, defects such as nanocracks,
point defects, dislocations, and incohesive-bonding regions
at the grain boundaries make the elastic stiffness smaller than
the defect-free bulk material’s stiffness.1–5 On the other hand,
some studies reported enhanced elastic stiffness in superlat-
tice thin films, which was attributed to a large strain origi-
nating from the lattice misfit at interfaces between the
elements.6,7 Recently, complicated thickness behavior of the
stiffness was observed in metallic films,8–10 where the stiff-
ness significantly depended on the film thickness. Thus, thin-
film stiffness varies depending on the thickness, substrate,
deposition condition, annealing condition, and so on, and it
has been recognized to be unstable.

However, in this study, we confirmed stable elastic modu-
lus of epitaxial �001� Cu films deposited on monocrystal
�001� Si substrates by laser acoustic-phonon-resonance spec-
troscopy. The laser acoustic-phonon resonance spectroscopy
determines the average out-of-plane modulus throughout the
thickness of thin films. The stiffness of the epitaxial Cu film
is independent of its thickness in the range of 16–90 nm,
showing approximately the same value as that of the bulk
Cu. Furthermore, it is not affected by the post-annealing pro-
cedure at up to 150 °C. Considering that epitaxially grown
thin films show fine crystallinity and include few defects,
this stable elasticity is an expected result. However, we have
to note that such a heterogeneous epitaxial film possesses
large elastic strain originating from the lattice misfit with the
substrate; the strain reaches of the order of 10−2 at the inter-
face, which will not occur in the bulk material because of
dislocation movements. It is expected that a large elastic
strain changes the elastic stiffness according to anharmonic
interatomic potential.11,12 However, our observation contra-
dicts this prediction.

Cu is a familiar material, and Cu thin film is extensively
used as a metallization material in many devices, owing to its
favorable electric conductivity and high tolerance to elec-

tromigration. However, its elastic property has not been re-
ported in detail because of the difficulty of measuring the
thin-film elastic stiffness. In previous studies, the stiffness of
thin films was measured by gripping the specimens to stretch
or bend them.1,3 The gripping condition seriously affected
the resultant stiffness, and quantitative evaluation has been
difficult. Alternatively, the Brillouin scattering method con-
tactlessly estimated the frequency of acoustic phonons in
thin films, and standing waves in the thickness direction was
observed,13–15 which enables to determine the out-of-plane
elastic constants, as well as the laser acoustic-phonon reso-
nance spectroscopy. Brillouin scattering is applicable for
transparent or translucent materials, whereas the acoustic-
phonon resonance spectroscopy is for opaque materials.
Therefore, when metallic thin films are studied, the latter is
efficient.

II. LASER ACOUSTIC-PHONON RESONANCE
SPECTROSCOPY

For determining the reliable elastic stiffness of ultrathin
films, we have developed the laser acoustic-phonon
resonance spectroscopy.8 When an ultrashort light pulse
��100 fs� irradiates the film surface, acoustic phonons are
excited, and nonpropagated modes remain to develop into
standing waves. Their resonance frequencies fn are deter-
mined by fn=n�C /� / �2d� when the acoustic impedance of
the film is larger than that of the substrate. Here, d, �, n, and
C are the film thickness, mass density, integer indicating the
resonance mode, and the elastic stiffness associated with the
longitudinal wave propagating along the film-thickness di-
rection, respectively. The oscillations were detected by moni-
toring the intensity of the delayed probe beam reflected at the
film surface because the reflectivity is changed by the strain
at the film surface.16 Here, we have to note that the laser
acoustic-phonon resonance spectroscopy determines the av-
erage elastic stiffness in the film-thickness direction.

Figure 1 shows the typical responses of the time-resolved
reflectivity variation and the corresponding Fourier spectra.
Observed signals consist of two oscillations. The low-
frequency oscillation originates from the acoustic-phonon
resonance within the Cu film, whose frequency changes with
the film thickness. The second �high-frequency� oscillation
�Brillouin oscillation� is generated by interference between
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the light reflected at the substrate surface and the light dif-
fracted by the acoustic wave propagating in the substrate.17

This oscillation frequency is given by 2mv /� for the normal
incident light, where m, v, and � denote the refractive index
and the sound velocity in the substrate, and the wavelength
of the light, respectively. By using bulk material’s values for
them, we predict the oscillation frequency of 235 GHz,9

which agrees well with the peak observed in the spectra. The
signal from Brillouin oscillation becomes small as the film
thickness increases because the reflectivity at the film in-
creases with the film thickness, and the probe light cannot
penetrate into the substrate. For example, in the case of epi-
taxial Cu films, the signal from Brillouin scattering disap-
peared when the film thickness was larger than 45.9 nm
�Fig. 1�b��.

The other peaks thus indicate the resonance frequencies of
acoustic phonons. In the laser acoustic-phonon resonance
spectroscopy, acoustic phonons are simultaneously generated
at the same time throughout the film-thickness direction.
Among them, the fundamental standing wave �n=1� was
preferentially detected because of high attenuation of higher-
frequency modes �n=2,3 , . . .�. We determined the elastic
stiffness from the resonance frequency of the fundamental
mode using the bulk mass density, and the film thickness
determined by the x-ray reflectivity measurements.18,19 Note-
worthy point of this technique is that we can contactlessly
determine the elastic stiffness without ambiguous param-
eters; we need only the film thickness, mass density, and the
resonance frequency. This feature enables accurate measure-
ments of thin-film elastic stiffness.

III. SPECIMEN

Cu thin films were deposited on the �001� plane of
monocrystal Si substrates by the RF magnetron sputtering.

Two kinds of substrates were prepared: �i� �001�Si covered
with the natural oxide and �ii� �001�Si etched by hydrofluoric
acid �10% HF� for 60 s at room temperature to remove the
natural oxide. By removing the oxide, the predominant crys-
tallographic orientation of the deposited Cu films in the film
thickness direction changed from �111� to �001� �Fig. 2�.
Here, we express them as Cu�111�/Si and Cu�001�/Si speci-
mens, respectively. For Cu�001�/Si specimens, the diffraction
peak from Cu�002� plane was observed even if the film was
thinner than 12 nm. However, for Cu�111�/Si specimens thin-
ner than 20 nm, we did not observe any diffraction peaks.
This result indicates well-developed crystallinity of
Cu�001�/Si specimens comparing to the Cu�111�/Si speci-
mens. When the film thickness of Cu�111�/Si specimens was
larger than 60 nm, we observed diffraction peaks from �111�
and �002� planes, which indicates that Cu�111�/Si specimens
are polycrystalline.

We confirmed the epitaxial growth of Cu�001�/Si by the
in-plane x-ray diffraction measurement. We set the detector
to detect the diffracted beam from Cu�200� planes, and the
specimen was rotated around the film-thickness direction.
Then, the same measurement was made for the Si�400�
planes by changing the detector’s position. During one revo-
lution of the specimen, four diffraction peaks were observed
for Cu�200� and Si�400� �Fig. 3�. This result indicates that
the Cu�001�/Si shows fourth-order rotational symmetry
about the thickness direction, and epitaxial growth of Cu film
is confirmed. Furthermore, difference of diffraction angle by
45° between Cu�200� and Si�400� indicates that Cu�001� film
is grown epitaxially with a 45° in-plane rotation about the
�001� direction of Si.

IV. RESULTS

For comparison to the measured elastic constants, we cal-
culated the longitudinal-wave moduli along �100� and �111�
directions using the elastic stiffness Cij of the monocrystal
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FIG. 1. �Color online� �a� Oscillations of the reflectivity from
epitaxially-grown Cu thin films on Si substrates. �b� Fourier spectra
of the corresponding responses.
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FIG. 2. X-ray diffraction spectra in high-angle regions of Cu
thin films deposited on Si�001� with or without HF treatment
�Co K��.
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bulk Cu, �C11=167.0 GPa, C12=120.9 GPa, and C44

=74.64 GPa�,20 and obtained Cbulk
�001�=C11=167.0 GPa and

Cbulk
�111�= �C11+2C12+4C44� /3=235.8 GPa, respectively. They

are the possible maximum moduli without any defects, and
we define them as the standard moduli for Cu�001�/Si and
Cu�111�/Si, respectively.

Figure 4 shows the thickness dependence of the stiffness,
normalized by the standard modulus, and that of the strain
S� in the out-of-plane direction. Before the deposition, the
interatomic distance between �100� planes in a bulk Cu plate
was determined by the x-ray diffraction measurement, and it
was defined as the standard interatomic distance of the un-
strained Cu. S� was then determined from the standard value
and out-of-plane interatomic distance of thin films. In Fig. 4,
the stiffness of Cu�001�/Si is independent of the film thick-
ness, and it is comparable with the standard modulus, while
the stiffness of Cu�111�/Si is smaller than the standard modu-
lus by 20%. Furthermore, Cu films shrink in the out-of-plane
direction �elongate in the plane� for both Cu�001�/Si and
Cu�111�/Si; S� of Cu�001�/Si was negative, and its absolute
value increased as the film thickness decreased, while S� of

Cu�111�/Si appears independent of the thickness.
Next, we investigated the effect of the post annealing

treatment on the stiffness and internal structure. This anneal-
ing treatment was carried out just after the deposition in
vacuum for 30 min. Figure 5 shows x-ray diffraction spectra
of Cu�001�/Si specimens at low and high angle regions. In
the low-angle region, an oscillation pattern is caused by the
interference of x-rays reflected at the surface and at the in-
terface. When the annealing temperature reaches 200 °C, the
oscillation pattern diminishes, and in 30-nm thick Cu�001�/Si
it becomes invisible. In high-angle regions, the diffraction
peak from Cu�001� also diminishes and disappears as the
annealing temperature increases. These results indicate that
the post annealing treatment causes the interdiffusion to gen-
erate a second phase, making roughened interface. However,
when the annealing temperature is below 150 °C, the oscil-
lation pattern and the diffraction peak are clearly observed.
Therefore, the interdiffusion barely occurs by the post-
annealing below 150 °C, and its effect on the elastic con-
stants is negligibly small compared with the measurement
errors in the film thickness. On the other hand, significant
temperature dependence of the x-ray diffraction spectrum
was not observed for Cu�111�/Si.

Figure 6 shows the annealing-temperature dependences of
the elastic stiffness and S�. Although the stiffness of
Cu�111�/Si specimens increases as the annealing temperature
increases, that of Cu�001�/Si remains unchanged. The post
annealing treatment increased the magnitude of S� in
Cu�001�/Si, and the stiffness was expected to be changed.
However, the stiffness of Cu�001�/Si was not affected by the
annealing procedure.

V. DISCUSSION

We observed that Cu�001� films grow epitaxially on Si
substrate by the x-ray diffraction measurements, and they
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FIG. 3. �Color online� In-plane x-ray diffraction spectra from
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shrink in the thickness direction. Because the in-plane inter-
atomic distance of Si is larger than that of Cu by 6.2%, Cu is
extended biaxially in the in-plane direction, which decreases
the interatomic distance normal to the film surface because
of Poisson’s effect. Considering that x-ray diffraction mea-
surements determine the average strain in the film, the mag-
nitude of the measured S� should decrease as the film thick-
ness increases because the in-plane strain in Cu �001�
becomes maximum at the interface with the substrate, and it
decreases as the distance from the interface increases. Ob-
served film-thickness dependence of S� shows the same
trend as this prediction, and we attribute it to the distribution
of strain along the thickness direction. For polycrystalline
thin films, residual stress originates from several factors such
as the mismatch in the thermal expansion coefficient be-
tween the film and substrate, coalescence of grains, and dif-
fusion of sputtered atoms into the grain boundaries,21,22 and
it has been reported that the in-plane residual stress easily
changes depending on the film thickness. However, S� of the
Cu film was independent of the film thickness.

Magnitude of observed S� of Cu�001�/Si specimen is sig-
nificantly larger than that of Cu�111�/Si, which makes one
expect the significant change in the stiffness because of an-
harmonic interatomic potential. However, the elastic stiffness
of Cu�001�/Si is comparable to the stiffness of the bulk Cu,
being independent of the strain. This is an interesting result.
On the other hand, the elastic stiffness of the as-deposited
Cu�111�/Si is significantly smaller than the predicted value.
This is the general elastic behavior of the thin films, and it is
often attributed to the micro- or nanodefects, and amorphous
phases at grain boundaries, because the macroscopic elastic
stiffness of polycrystalline thin films are sensitive to the
bonding condition at the grain boundaries,23 where the amor-
phous phases and incohesive bonds appear. For comparison,
the elastic stiffness and S� of Co and Fe thin films measured
by the same method were shown in Fig. 4. Their elastic
moduli are different from the bulk values, and compared to
them, the stability of the stiffness of Cu�001�/Si is remark-
able.

For understanding the unchanged elastic stiffness of the
epitaxial Cu films, we discuss the strain dependence of elas-
tic stiffness using the third-order elastic constants. In this
calculation, we assume that the thin films are extended biax-
ially along the in-plane directions, and they shrink in the
film-thickness direction because of Poisson’s effect.

Thurston and Brugger12 formulated the equation for
propagation velocities of small-amplitude waves in a homo-
geneously deformed solid as

�0W2Ui = wijUj . �1�

Solving this equation, we can calculate the strain dependence
of the elastic constant. Here, �0, W, and Ui denote the mass
density at the unstrained state, the natural sound velocity, and
the natural displacements, respectively. Then, �0W2 corre-
sponds to the governing elastic constant, and they are eigen-
values of the second-rank tensor wij given by

wij = NkNl��ijt̃kl + ��mj + 2�mj�c̃ikml� . �2�

Here, t̃i j =cijkl
0 �kl+Cijklmn�kl�mn /2 and c̃ijkl=cijkl

0 +Cijklmn�mn;
cijkl

0 and Cijklmn are the second-order elastic constants at un-
strained state and the third-order elastic constants, respec-
tively. Ni is the unit vector along the propagation direction.
�ij denotes the homogeneous Lagrangian strains. Thus, using
reported values of cijkl

0 and Cijklmn,24 we calculated the
changes of the elastic stiffness in the biaxial strain field.

In Cu thin films, the in-plane biaxial strain will vary along
the film-thickness direction; it will decrease as the distance
from the interface increases. In addition, when weak-bonding
regions exist in the film, the strain distribution becomes more
complicated. However, the in-plane tensile strain cannot be
completely released by such inclusions, and the in-plane ten-
sile strain remains; this view is supported by the compressive
strain observed by the x-ray diffraction measurements. For
these reasons, we assumed that the uniform biaxial stress is
applied in the in-plane directions to simplify the analysis,
and the modulus C�ijk�, regarding to the longitudinal wave
propagating in the �ijk� direction, was calculated. Consider-
ing that measured elastic constant is an average value
throughout the film-thickness direction, this assumption is
appropriate. When epitaxial Cu thin film is considered, the
uniform biaxial stress is applied along �100� and �010� direc-
tions. When polycrystalline Cu grows on the Si substrate,
grains are randomly oriented along the in-plane direction. We
then calculated elastic constants in �111� direction by apply-

ing the stress in �11̄0� and �112̄� directions.
Figure 7 shows the relationship between the out-of-plane

strain S� and the relative change of C�ijk� for the common
metals, and the strain dependences of the modulus of fcc
metals are also compared to the lattice parameter. Interest-
ingly, C�001� of Cu hardly depends on S�, compared to the
other metals; the stable elasticity appears only for the C�001�.
Furthermore, we found that the sensitivity of the longitudinal
stiffness in the �001� direction to the strain correlates with
the lattice parameter for fcc metals; as the lattice parameter
becomes small, strain dependence of C�001� becomes remark-
able. However, Cu �001� does not obey this trend. This dis-
agreement will include important knowledge for understand-

0 . 6

0 . 8

1

1 . 2

N
o
rm
a
li
z
e
d
 s
ti
ff
n
e
s
s

 C u ( 0 0 1 ) / S i  ( 3 0 n m )
 C u ( 1 1 1 ) / S i  ( 3 0 n m )
 C u ( 0 0 1 ) / S i  ( 6 0 n m )

0 1 0 0 2 0 0

- 0 . 8

- 0 . 6

- 0 . 4

- 0 . 2

0

T e m p e r a t u r e  (   ℃  )

S
⊥
 (
1
0

-
2

)

FIG. 6. �Color online� Changes in the out-of-plane modulus C
�upper� and S� �bottom� at different annealing temperatures. Film
thickness is near 30 nm and 60 nm.

NAKAMURA, OGI, AND HIRAO PHYSICAL REVIEW B 77, 245416 �2008�

245416-4



ing the unexpectedly stable C�001� of Cu thin film, and its
origin represents an important future research topic.

Considering the strain dependence of the stiffness of Cu
�001� calculated in Fig. 7, Cu�111�/Si specimens would be
stiffened, while the measurements showed elastic stiffness
lower than the unstrained-bulk Cu. However, as mentioned
above, elastic stiffness of polycrystalline thin films are sen-
sitive to the bonding condition at the grain boundaries. Local
amorphous phase and nanodefects are possible reasons for
the weak bonding at the grain boundaries, and we consider
that this softening effect exceeds acoustoelastic effect with
the biaxial stress field.

VI. CONCLUSIONS

We conclude that stable elasticity of epitaxial Cu�001�
films originates from its single crystal structure and the in-

sensitivity of Cu �001� to the biaxial deformation. This sta-
bility is important knowledge in the industrial field because
the insensitive elasticity of thin films makes the design of the
devices simple. Considering that the elastic properties of thin
films are still uncertain and there are many combinations of
film and substrate, there must be unidentified anomalies in
the epitaxial thin films, and this study will lead to further
investigations of the elastic constants of thin films.
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modulus C�ijk� on the out-of-plane strain S� calculated using the third-order elastic constants for the in-plane biaxial strain field. �Right�
Relationship between the lattice parameter and the strain-dependence of C�001� of fcc metals.
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