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High-frequency vibrations related with copper nanowires on a silicon substrate are studied using picosecond
ultrasound spectroscopy. The reflectivity change in the probe light pulse is monitored after irradiation of the
specimen with the ultrafast light pulse, showing high ��75 GHz� and low ���15 GHz� frequency vibra-
tions, which are identified to be thickness resonance of nanowires and collective-mode resonances on the
substrate, respectively. The nanowires are subjected to the current-loading test to induce electromigration. The
thickness resonance frequency significantly decreases as the progress of the electromigration while the other
frequencies and the resistance remain nearly unchanged. The micromechanics analysis and the vacancy diffu-
sion theory indicate the growth of thin defects at grain boundaries for softening the nanowires.
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Mechanical spectroscopy in nanostructures has been made
possible with picosecond ultrasound, including nanowires1–3

and nanodots,1,4,5 where the ultrafast pump light pulse causes
vibrations related with the nanostructures, and the time-
delayed probe light pulse detects them through the optoelas-
tic effect.6 Intensive studies were made for identifying ob-
served vibrations of the reflectivity change in the probe light
pulse, and theoretical1,7 and numerical2,8 calculations were
developed for explaining the vibrational frequencies. How-
ever, few studies discussed the relationship between the reso-
nance frequencies and microstructure inside the nanostruc-
tures. In this paper, we find out significant softening of
copper nanowires during electromigration using the picosec-
ond ultrasound spectroscopy. The stiffness decreases by
�20% even with a low-current density with which the elec-
tromigration failure would not occur.

Nanostructures on substrates experience the deposition
procedure, which introduces defects related with vacancies.
Previous studies showed that as-deposited thin films were
significantly softer than the corresponding bulk materials be-
cause of the defects.9–11 Vacancies will cause diffusion with
the presence of the electric field and stack at grain bound-
aries to form clusters and voids, known as electromigration.
They can recover with low-temperature annealing procedure9

but most nanowires are used with the as-deposited condition,
and the current application will cause the vacancy flow,
which grows thin defects at grain boundaries, lowering the
macroscopic stiffness. Thus, the stiffness will be an impor-
tant characteristic for evaluating microstructure evolution in
nanowires. Furthermore, the stiffness has been considered as
a principal parameter affecting the electromigration behavior
in confined metallic nanowires.12,13 However, evolution of
the stiffness in nanowires has never been measured previ-
ously: This is the principal purpose in this paper.

The electron-beam-lithography method was used to fabri-
cate the copper nanowire specimens on �001� Si substrates as
shown in Figs. 1�a� and 1�b�. 499 nanowires are aligned in
parallel with a constant spacing D. The length, width w, and
thickness t of a nanowire were 5000 nm, 300 nm, and 30 nm,
respectively �Fig. 1�c��. The spacing D was 800, 1000, or

1200 nm. Thin aluminum lines were bonded on the two flat
electrodes to apply currents in the nanowires.

We used a mode-locking titanium-sapphire pulse laser
with 100 fs pulse width. Both pump �800 nm, 60 pJ� and
probe �400 nm, 80 pJ� light pulses were applied perpendicu-
larly on the specimen surface. The time resolved reflectivity
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FIG. 1. �a� Schematic of the nanowire specimen fabricated on a
�100� Si substrate by the electron-beam-lithography method. Num-
bers are dimensions in micrometer. �b� Scanning electron micro-
graph near the middle of the nanowire after the current-loading test.
�c� Schematic of the cross section of the nanowire specimen.
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change in the probe light was measured by changing the light
path of the probe light. Details of our optics appear
elsewhere.14

Figure 2�a� shows the typical reflectivity changes ob-
tained at the middle of the nanowire specimen. Just after the
excitation, high-frequency oscillations are first observed �see
the inlet�, which are followed by low-frequency oscillations.
Corresponding Fourier transform spectra �Figs. 2�b� and
2�c�� show peak frequencies at 3–10 GHz denoted by fR1 and
fR2, 70–80 GHz by f thick, and 235�2 GHz by fBO. The last
one corresponds to the Brillouin oscillation in Si,15 which is
caused by interference between the surface reflected light
and diffracted light by the strain pulse propagating in the Si
substrate. Its theoretical frequency is fBO=235 GHz at 400
nm,16 showing good agreement with the measurement.

The low-frequency peaks are identified as the collective-
mode resonances,4,5,8 which are dispersive surface-wave
modes, as follows. Because the nanowires become vibra-
tional sources, surface waves are generated simultaneously
from individual nanowires. They can be coherent when the
wavelength or its integral multiples are nearly equal to the
wire spacing. Figure 3 shows the dispersion curves obtained
for the nanowire specimens with different spacings of D
=800, 1000, and 1200 nm, where kR=2� /D is the wave
number. The solid line denotes the nondispersive relationship
between the wave number and the frequency; its slope cor-
responds to the Rayleigh-wave velocity Vs=5000 m /s on Si
�001�.17 The broken lines are dispersion curves of the collec-
tive modes calculated with the effective-mass approximation
near the surface: We calculated the effective mass density
with �ef f = �tw�w+Dhm�s� / �Dhm+ tw� by simply considering
the volume fraction of the nanowires in the propagation re-
gion. Here, �w and �s denote mass densities of the nanowire
and substrate, respectively. The effective penetration depth of
the mth collective mode, hm, was assumed to be hm
=0.15D /m. �In a homogenous material, nearly 50% kinetic
energy of Rayleigh wave exists within the depth of 15% of
the wavelength.� Then, the dispersion relationship is given
by � /kR=m�Vs

2�s /�ef f. This approximation favorably ex-
plains all measurements for fundamental �fR1� and second
�fR2� modes with only one parameter hm, supporting that the
resonance frequencies near 3–10 GHz represent the
collective-mode resonances. We could determine the reso-
nance frequencies within 3% error among different speci-

mens, indicating the high precision of the nanowire dimen-
sions and high signal-to-noise ratio obtained in our optics
�see inlets in Fig. 3�.

The resonance frequency at 70–80 GHz is considered as
the thickness resonance in the nanowire. Because of the large
aspect ratio of the cross section of the nanowire and restric-
tion of the in-plane deformation by the substrate, the elastic
constant related with the deformation in the thickness direc-
tion can be approximated by the longitudinal-wave modulus,
which is Cw=198.5 GPa for polycrystalline copper. Because
the acoustic impedance of Cu is larger than that of Si, the
reflection at the Cu/Si interface will not cause significant
phase change, and nearly free-boundary resonances occur.
Thus, the resonance frequency f thick=�Cw /�w /2t
=78.5 GHz is obtained for the fundamental thickness-
resonance mode. This value is consistent with the measured
resonance frequency �70–80 GHz�, and we identify it to be
the through-thickness resonance of the nanowires. �The num-
ber of grain will be small in the thickness direction but the
measurement gives the averaged stiffness in the spot size of
the laser beam �near 50 �m in diameter�, where many grains
are involved, allowing the aggregated stiffness to be good
approximation.� f thick was also independent on the wire spac-
ing D, confirming that it corresponds to the through-
thickness resonance.

Figure 4�a� shows changes in the resonance frequencies
measured at the center region and the electric resistance as
the current-loading test progresses. We applied the rectangle
current pulse with the duration of 1 �s and the current den-
sity of j=1 GA /m2. The repetition frequency of the pulse
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FIG. 2. �a� Time-resolved reflectivity change in the probe light,
and corresponding Fourier spectra for �b� low-frequency and �c�
high-frequency oscillations.
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FIG. 3. Dispersion curves for collective modes. Solid line is the
dispersion curve of the Rayleigh wave on �100� Si and broken lines
are those calculated by the effective-mass approximation.
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was 100 Hz. f thick significantly decreases whereas the
collective-mode resonance frequencies remain nearly un-
changed. The resistance slightly increased by 0.5%. �This
current density is much lower than that used in the previous
study ��100 GA /m2� of electromigration in copper
nanowires.18� fBO was also unchanged throughout the
current-loading test �not shown�. The overall waveforms
were identical to that of Fig. 2�a� during the current-loading
test.

Figure 4�b� shows changes in the resonance frequencies
along the longitudinal direction of the nanowires after the
current loading test. The collective-mode resonance frequen-
cies again remain unchanged while the through-thickness
resonance frequency takes significantly lower values near the
middle of the nanowires.

These observations indicate three important characteris-
tics. First, the nanowires do not cause detachment from the
substrate. Otherwise, the collective-mode resonances would
have not been observed. Second, the change in the volume
fraction of the defects during the electromigration should be
significantly small. The spot diameters of the light pulses are
about 50 �m, and about 50 nanowires participate in the
thickness resonance. Because the through-thickness reso-
nance frequency is highly affected by the dimensions of the
nanowires, many nanowires must keep their shape so as to
make the coherent vibrations observable during the current-
loading test. Thus, the volume fraction of the defects will be
nearly unchanged to retain the rectangle cross-section shape
and dimensions. The scanning electron microscopy observa-
tion actually found no significant change in their dimensions
�Fig. 1�b��. Third, the depression in f thick means remarkable
decrease in the stiffness of nanowires. For example, the stiff-
ness has to be lowered by 20% to cause a 10% decrease in
the resonance frequency. Also the defects are accumulated in
the middle part of nanowire. The vacancy flow should be
enhanced near the center of the nanowires19 because both
line ends are connected to the large flat electrodes, where the
temperature remains colder because of much lower current
density. This effect is clearly indicated by lower f thick values
near the center of the nanowires �Fig. 4�b��.

To explain the large decrease in the stiffness during the
electromigration, we assume that initially introduced vacan-
cies are diffused along grain boundaries, resulting in very
thin defects, keeping the total volume fraction of defects
nearly unchanged. Because the contribution of thin defects to

the stiffness decrease is much larger than that of spherical
defects due to the stress concentration,20 drastic decrease in
the stiffness can be expected even with a constant defect
volume �Fig. 5�. Based on this model, we calculate the time
behavior of the stiffness during the electromigration below.

The initial microstructure consists of the polycrystalline
copper and spherical defects �vacancies� with the volume
fraction of v0, and we use the micromechanics theory to
calculate its macroscopic elastic constants C0 as21

C0 = CM + v0�Cd − CM�Ad��1 − v0�I + v0Ad�−1, �1�

where Ad= �SCM
−1�Cd−CM�+I�−1. CM and Cd denote the

elastic constants of the matrix and defect, respectively. S is
the Eshelby tensor, and its nonzero components are deter-
mined by the shape of defects and Poisson’s ratio of the
matrix as tabulated by Mura.22 We used the aggregated elas-
tic constants of copper using the Hill averaging method23 for
CM, and the stiffness of air for Cd �nearly zero stiffness�.
Previous study revealed that the longitudinal-wave stiffness
of deposited copper thin films is lower than that of the bulk
material by a factor of 0.8–0.9.9 Here, we assume that v0
=0.05, which yields the initial stiffness lower than the bulk
value by 87%.

The current flow causes diffusion of vacancies near the
grain boundaries, growing into the thin defects with the vol-
ume fraction of v2�t� at a time t. Because of the assumption
of the constant total volume of defects, the volume fraction
of the spherical defects v1�t� decreases to v0−v2�t� �Fig. 5�.
Because initially introduced spherical defects will exist uni-
formly and they are much smaller than the wavelength, we
consider that the microstructure at t�0 can be regarded as a
two phase composite consisting of the matrix, whose stiff-
ness is modified by the spherical defects, and the inclusions
of the thin defects. Thus, the matrix stiffness CM�t� will in-
crease as the electromigration progresses while the overall
stiffness �C�t�� should decrease more significantly because
of the larger contribution of the thin defects.

The calculation of �C�t�� takes three steps. First, we cal-
culate the matrix stiffness CM�t� with Eq. �1� by substituting
v1�t�=v0−v2�t� for v0. Second, we calculate the stiffness of
such a composite that consists of the matrix with the stiffness
of CM�t� and penny-shape air inclusions for the thin defects,
whose minor axes are aligned uniaxially. This composite
macroscopically shows the hexagonal-symmetry stiffness,
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FIG. 4. �a� Changes in the resonance frequencies and electric
resistance 	�e during the current loading test. �b� Distributions of
the resonance frequencies along the nanowires after the current
loading test.
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which can be calculated by Eq. �1� by using CM�t� for CM
and v2�t� for v0. �The Eshelby tensor for the penny-shape
inclusions is used in this calculation.� Third, the hexagonal-
symmetry elastic constants are averaged by the Hill averag-
ing method to obtain the overall isotropic stiffness, involving
randomly distributed penny-shape defects.

The above calculations require the key parameter v2�t�.
We estimate this using the electromigration diffusion equa-
tion. Vacancies will accumulate at a particular blocking
boundary, and its rate is expressed by the one-dimensional
diffusion equation along the x direction: �v /�t=D��2v /�x2

−
�v /�x�, where v is the vacancy concentration or the vol-
ume fraction, and D=D0 exp�−E /kBT� is the vacancy diffu-
sivity. E, T, and kB are the activation energy for vacancy
migration, temperature, and Boltzmann constant, respec-
tively. The parameter 
=z�e�ej / �kBT� denotes the inverse of
the length for electromigration �Blech length�,24 where z�, e,
and �e are effective valence, and electronic charge, resis-
tively. Shatzkes and Lloyd derived an analytical solution of
this equation for a semi-infinite conductor with a perfect
blocking diffusion barrier at x=0,25 and gave the change in
the vacancy concentration v�t� at the boundary. We applied
this equation for the volume fraction of the thin defects as

v2�t� = 2v0	�2�1 + erf �� +
1

2
erf � +

2�

��
exp�− �2�
 ,

�2�

where �=
�tD /2. Figure 6 shows thus calculated evolution
of the longitudinal-wave stiffness together with the experi-
mental data. �The number of the current pulse was converted
into the time using the pulse duration.� The dominant param-
eters were the aspect ratio of the thin defect and the activa-
tion energy for vacancy migration. Other parameters are
taken from literates as listed in the caption. Calculations fa-
vorably explain the time behavior of the observed stiffness:
The overall stiffness significantly decreases with time, al-
though the matrix stiffness increases slightly. The activation
energy for vacancy migration in copper is reported to be
about 0.74 eV �Ref. 26� but it is significantly lowered for
diffusion along surfaces to be 0.3–0.6 eV.27 Our calculation
requires low-activation energy as shown in Fig. 6�b�, indicat-
ing dominant surface diffusion of vacancies.

One may expect some influences of the stiffness change
on the collective modes. However, the contribution of the
stiffness of the nanowire to the collective modes is too small
to be detected through the frequency change because the lon-

gitudinal and shear strains must be zero at the surface of the
specimen. Thus, the nanowires cannot be strained very much
and their stiffness shows negligible contribution to the
collective-mode frequencies. The acceleration of the particle
movement, however, can be maximum at the surface and
their mass highly affects the frequencies. In the above model,
the stiffness decrease is caused by rearrangement of vacancy-
related defects, remaining the volume fraction of the defects
unchanged. Thus, the macroscopic mass density of the nano-
wire will be the same, giving no influence on the collective
mode frequencies.

In summary, we performed ultrahigh-frequency vibration
measurement for copper nanowires using picosecond ultra-
sound spectroscopy, and successfully identified vibrational
modes related with collective modes �surface-acoustic-wave
modes�, Brillouin oscillation in the substrate, and thickness
resonance of the nanowires. The thickness resonance fre-
quency was significantly decreased by the current loading
while the other frequencies remained unchanged. The re-
markable stiffness decrease was considered as the principal
cause for the frequency decrease, and the micromechanics
calculation combined with the electromigration diffusion
theory was presented to simulate the time behavior of the
stiffness. The calculation indicated that vacancy diffusion
along the surface and formation of thin defects to cause the
significant softening of the nanowires.
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