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Vibrational response of free standing single copper nanowire through

transient reflectivity microscopy
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Unstitut des NanoSciences de Paris, UMR7588 CNRS, Université Pierre et Marie Curie, 4 place Jussieu,

75005 Paris, France

2Aix-Marseille Université, CNRS, IM2NP UMR 7334, Faculté des Sciences, Campus de Saint-Jéréme,
Avenue Escadrille Normandie Niemen—Case 142, F-13397 Marseille Cedex, France
3GSI Helmholtz Centre for Heavy lon Research, Planckstr. 1, D-64291 Darmstadt, Germany

We report on the ultrafast vibrational response of single copper nanowires investigated by femtosecond transient reflectivity
measurements. The oscillations of the sample reflectivity are correlated with individual modes of resonance for wires with a
diameter ranging from 100 to 500 nm and are compared with 2D finite element simulation. Fluctuation of the sample-substrate
coupling is illustrated through its effect on the damping rate. We demonstrate elastic confinement in free standing wires which
allowed the detection of up to the third harmonic of the breathing mode. By removing the energy relaxation channel towards
the substrate, we obtained nano-oscillators with quality factors up to 130. Finally, taking advantage of the very high spectral
resolution achieved on free standing wires, we could observe the elastic coupling between two close wires via their polymer

cladding.

. INTRODUCTION

In nanoparticles, coherent acoustic vibrations may be
excited by light absorption. Both the absorption, assisted by
the well known localized surface plasmon phenomenon and
the vibrational response, related to energy transfer towards
the lattice, have been intensively studied during the last dec-
ades. Phonon as well as electron confinement in small par-
ticles give new opportunities in various fields as photonics,'
electronics,” chemistry,” or biology for cancer therapy.*’
The vibrational resonances and the plasmon oscillations can
be tuned by the size, the shape, and the local environment.
Especially for vibrational modes in nanoscale systems, the
eigenmodes exhibit frequencies in the range of a few 10 GHz
up to 1 THz. In order to address such high frequency fea-
tures, time-resolved optical spectroscopy experiments are
now considered as a powerful approach. Ultra-short
femtosecond pump pulses induce a fast lattice heating by
electron-phonon coupling. The associated thermal expansion
is optically detected by a time delayed probe pulse. Initially,
the measurements were performed on a large number of
nanoparticles in order to increase the signal to noise ratio.
Nevertheless, even if the synthesis processes are nowadays
more and more controlled, the vibrational response is always
strongly affected by the inherent size and shape distribution
of the nanoparticle ensemble. In this case, it is not possible
to obtain any accurate information about nanoparticles elas-
tic properties.

In order to overcome this drawback, recent measure-
ments on single nanoparticles have been reported. Since the
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pioneer work of van Dijk et al..® which investigated the
dynamic response of gold nanospheres, a large variety of
materials and particle shape has been investigated like nano-
prisms,7 nanowires,® nanorings,g’lo nanocubes,'1 nanorods,I2
dimer nanoparticules,'” and nanoparticles.'* All these results
have been obtained by measuring the transient absorption sig-
nature, in transmission geometry using high numerical aper-
ture objective to recollect a maximum of light. Moreover,
few results have been recently reported on reflectivity config-
uration in near'>™'” and far field."*° In general, the vibra-
tional modes observed are assigned to breathing modes of the
structure. According to the particle shape, additional exten-
sional or flexural signatures have been also reported.”'*'
The common denominator of all these previous studies is the
clear evidence that particle coupling with the local environ-
ment leads to a huge damping rate. The particle-substrate
interaction is at the origin of the acoustic energy transfer into
the substrate. As a direct consequence, the resonator exhibits
a low quality factor, defined by the energy stored over the
energy lost in one cycle. Nevertheless, such an interaction has
been recently tuned in order to create an efficient bulk trans-
verse wave emitter with tunable frequency.?” In order to get
insight about the energy relaxation process, across the particle
surface, different routes have been investigated. In the case of
particles embedded in a glass matrix, the increasing hydro-
static pressure obtained with the diamond anvil cell technol-
ogy”” has demonstrated a huge effect on the damping rates.
Additionally, the lifetime of nanoring vibrations has been
reduced by immersion in glycerol solution.” In both cases, the
opening of additional relaxation channels contributes to
reduce the vibrational spectral richness of the nanoparticles.
Indeed, even if the measurements are performed on a single
nanoparticle, broad peaks are revealed on the Fourier



spectrum, and thus a fine estimation of the elastic properties
is very challenging.

To assess the validity of the classical continuum theories
at the nanoscale,”**> and to enable a high quality factor
response, the elastic energy must be confined into the nano-
structure and any mechanical coupling must be suppressed.
Experimentally, this is achieved by investigating free stand-
ing nanostructures. In this work, the ultrafast vibrational
response of single copper nanowires, with diameter ranging
from 100 nm up to 500 nm, has been investigated by femto-
second transient reflectivity measurements. The observed
sample reflectivity oscillations are related to individual reso-
nance modes. We compare time resolved acoustic signatures
measured on a nanowire deposited on a (100) silicon wafer
and those of its free standing counterpart. We demonstrate
that a large elastic energy confinement gives the opportunity
to observe up to the third harmonic of the fundamental
breathing mode. Moreover, additional modes coming from a
non uniform wire cladding have been identified. Finally, the
realization of these high quality factor oscillators enables us
to demonstrate an acoustic coupling effect between two
nanowires located at a very short distance.

Il. EXPERIMENTAL DETAILS AND SAMPLE
DESCRIPTION

A. Sample preparation

Copper nanowires were prepared by electrodeposition in
etched ion-track membranes.”® To fabricate the membranes,
30 um thick polycarbonate foils (MAKROFOL, Bayer) were
irradiated at the UNILAC accelerator of GSI with ~GeV
Au®" jons. Each ion creates a damaged cylindrical zone
along its trajectory through the foil called latent track. After
irradiation, these tracks were selectively etched in a 6M
NaOH solution at 50 °C resulting in cylindrical smooth nano-
channels. The channel diameter increases nearly linearly
with the etching time. After etching, the membranes were
rinsed in deionized water. We then sputtered a thin layer of
Au on one side of the membrane. The layer was reinforced
electrochemically with Cu, and served as cathode in a
two-electrode electrochemical cell, while a Cu rod served as
anode. After nanowire growth, the polymer membrane was
dissolved in dichloromethane, and the wires were detached
from the cathode by ultrasonification. In a final step, the
nanowires were drop-casted onto the substrates.

In order to reduce the influence of the silicon substrate
on the dynamic response, we dispersed the wires on a Si wa-
fer which has been preliminary structured with periodic
trenches (Figure 1). We used a 2 in. n-type Si(001) substrate.
First, a dry oxidation using oxygen gas in a tube furnace
leads to the formation of a SiO, layer at the Si wafer surface.
A positive resist (Shipley S1813) was spin coated on the sur-
face and exposed to UV light using a standard optical lithog-
raphy system. The key point in this process is to take care of
the alignment of the desired structures with respect to the
wafer’s flat. After being developed, rinsed in water, blown
dry, and postbaked, the sample was etched. SiO, was locally
stripped in a buffered HF solution (BHF) and resist was
removed in acetone. Finally, the sample with a patterned
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FIG. 1. SEM image showing two single copper nanowires placed across py-
ramidal trenches fabricated by lithography and anisotropic silicon etching.

oxide mask on top was dipped in a hot 40% KOH solution to
perform anisotropic Si etching. This process, resulting in pits
of pyramidal form, was stopped when the trenches reached
~2 um depth. The last step of the patterning substrate
method consisted in removing with BHF the remaining SiO,
layer from the surface yielding the desired trench network in
the silicon wafer. The trenches are aligned along the (110)
direction, with a periodicity close to 10 um (Figure 1).

B. Experimental setup

Our experimental setup uses a mode-locked Ti:sapphire
(MAI-TAI Spectra) laser source operating at 800 nm, with a
repetition rate of 79.8 MHz. The pulse time width is less than
100 fs at the laser output. The pump beam is modulated at
1.8 MHz to perform synchronous detection on the sample
reflectivity. The pump and probe beams are focalized by an
objective with a NA=0.9 fixed on an XY piezoelectric
stage. The objective lens is scanned over the surface to locate
the wire. Then a measurement area is selected on the wire.
The spatial resolution of such mapping along the wire is esti-
mated to be ~0.7 um. In the present study, even if we can
exalt the pump absorption process, we do not try to tune the
pump wavelength close to the localized surface plasmon res-
onance which is strongly size dependent.”’’ To avoid scat-
tered light coming from the pump beam, a two-color
experiment is performed by doubling the pump frequency
(A=400nm) with a nonlinear crystal. A dichroic filter
located in front of the diode system suppresses the light of
the pump beam. In order to prevent nanowire being damaged
by the probe beam, its power is reduced below 50 uW and
the power of the pump beam does not exceed 200 uW. With
such experimental conditions, the acoustic signal and the op-
tical reflectivity are stable during all the average processing.

The reflectivity from the sample is measured by an ava-
lanche detector and analyzed with a lock-in amplifier. A maxi-
mum pump-probe time delay equal to 12 ns is achieved using
a mobile reflector system mounted on a translation stage.

lll. RESULTS AND DISCUSSION
A. Supported nanowires

First, let us consider the case of a single Cu wire depos-
ited on a flat (100) silicon wafer. Figure 2 presents a typical
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FIG. 2. (a) Transient sample reflectivity obtained on a single 200 nm diame-
ter copper nanowire placed on a flat Si substrate. After the sharp electronic
signal, we observe an oscillatory signature with two frequency components.
The feature at lower frequencies, called fy, results from the contact with the
substrate, while the feature at higher frequency, called f;, corresponds to the
first breathing mode of the wire. (b) Time resolved measurements for copper
wires with diameter 100 (red line) and 200 nm (black line).

change of reflectivity (AR/R) measured during 2.5ns on a
200 nm diameter wire. The signal represents the vibration of
the nanowire, which is clearly composed by two frequencies,
a low frequency f, around 1.85GHz and a higher one f;
around 15.6 GHz. The same behavior has been observed for
thinner wires with a diameter of 100 nm (see Fig. 2, inset).
The position of the two frequencies component is correlated
to the particle size. Thus, it is blueshifted for smaller diame-
ters. The evolution of f; has been followed for wires with a
diameter ranging from 100 to 500 nm and compared with the
frequency of the first breathing mode for an infinite wire in
Fig. 3. The experimental values are depicted by red symbols,
while the frequencies of the modes for an infinite wire are
presented by empty black symbols. The latter may be
deduced from the resolution of the propagation equation in
cylindrical coordinates,

pNVZii + (A4 p)VV - il = p(0Pii/0r), 0))

where i is the displacement vector, p the density, and A and
u the Lamé’s constants.

The standard resolution is based on the Lamé potentials
method for isotropic material”*~" and applying the free
boundaries conditions. In the case of anisotropic systems, 2D
finite elements simulations may be performed to extract the
vibrational landscape.

The excellent agreement between the experimental val-
ues and the simulation, assuming an isotropic elastic behav-
ior, allows us to clearly identify the first breathing
resonance. This resonance is characterized by a pure radial
displacement with a nod located at the center, as schemati-
cally shown in the inset of Figure 3. In the present case, the
variation of the dielectric constant is the origin of the optical
signature. To extract the lifetime of this first resonance, the
data were fitted with a sum of exponentially damped cosine
function,
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FIG. 3. Evolution of the frequency position of the first f;, second f,, and
third f; breathing modes versus the wire diameter. The full and empty sym-
bols correspond to theoretical and experimental values, respectively. We
obtained a very good agreement assuming isotropic elasticity for the copper
wire. X-ray diffraction measurements performed on the same system have
confirmed a polycrystalline structure. The Young modulus, Poisson ratio,
and density have been fixed in finite elements simulation to 110 GPa, 0.35
and 8700 kg/m®, respectively. Inset: calculated displacements of the breath-
ing modes. The first mode of vibration exhibits a nod in the center while the
displacement exhibits two nods in the case of the second harmonic.

AR = ZiAi exXp (— %) COS(ZTEfi t+ ¢i)7 (2)

where A; is the amplitude, 7; is the lifetime, f; is the eigen-
mode frequency, and ¢; is the phase.

The quality factor Q = nft is estimated at 28 and 39 for
wires with diameter 100 nm and 200 nm, respectively. Such
low quality factors have been often reported in experiments
performed in a similar geometrical set up.® Indeed, the con-
tact between the particle and the substrate is an open channel
of energy relaxation which leads to a huge damping rate of
the first breathing mode of vibration.

Recently, experiments performed in reflectivity geome-
try have demonstrated that the low frequency component f;
could be treated with the Hertz contact theory.'”' Because
of the sudden expansion associated with the breathing reso-
nance, the particle-substrate interface oscillates with fre-
quency related to the contact stiffness. Such approach could
explain why the frequency of this oscillation increased for
smaller diameter wire, in good agreement with previous
results reported on spherical particles.'” In such case, the
transient signature may be explained across an interferomet-
ric scheme.?” Here, the uniaxial nanowire geometry offers an
unique opportunity to investigate the acoustic signature on a
same system at different points along the growth direction.
Figure 4 presents a reflectivity measurement performed on
the same supported system but at another location. The
observable mode splitting of the fundamental breathing
mode, revealed by a better spectral resolution, is linked to a
specific nanowire configuration and will be discussed later.
Nevertheless, in the associated Fourier spectrum, the low
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FIG. 4. Transient sample reflectivity obtained on a supported nanowire sys-
tem composed by two closed nanowires. The observable splitting of the fun-
damental breathing mode linked to this specific configuration will be
discussed at the end of this article. Nevertheless, we may observe a smaller
damping rate, which may be related to a local modulation of particle-
substrate coupling amplitude. Inset: Fast Fourier transform showing a new
acoustic feature f, located around 39.6 GHz which may be associated to the
excitation of the second harmonic breathing mode.

frequency f, has almost disappeared while a substantial
increase of the quality factor for the first breathing mode has
been determined now estimated at 50. These two results indi-
cate a local reduction of the contact between the nanowire
and the substrate.

Moreover, the elastic confinement contributes to the
detection of new vibrational features. Indeed, a higher fre-
quency component is observed around 39.6 GHz. According
to finite element simulations with different wire diameters,
the evolution of this new signature reported in Fig. 3 fits
very well with the expected behavior of the second order

breathing mode, characterized by a pure radial displacement
with two nods, (see inset Fig. 3).

Even if the fluctuation of the particle-substrate contact
was fortuitous in the latter experiment, this result clearly
demonstrates that the large dispersion of the damping
rate reported in literature is linked to fluctuations of the
boundaries conditions at the interface with the substrate.
Additionally, we demonstrated that new vibrational eigenm-
odes could be detected if the substrate influence is reduced.

B. Free standing nanowires

In a next step, we aimed at the detection of higher vibra-
tional modes by eliminating the influence of the substrate,
placing the nanowires across microtrenches and investigating
the vibrational landscape of a single free standing nanowire.
Figure 5 presents the time resolved signature measured on a
200 nm diameter free standing Cu wire measured for longer
delays ~5ns. A clear oscillatory signature is thus revealed
for the freestanding nanowire on a time scale considerably
larger than the one of its counterpart wire placed on the Si
surface (~2-3ns, Fig. 2). As a direct consequence of the
suppression of the relaxation channel towards the substrate,
elastic confinement is increased. Now, the lifetime of the first
and second breathing modes leads to quality factors equal to
80 and 130, respectively. Such increase of the life time has
been recently observed in similar suspended gold nano-
wires.”” In some cases, the signal to noise ratio is so high
that the third order breathing mode located at ~60 GHz can
be detected, the resonance frequency being in very good
agreement with the simulations (see Fig. 3). The detection of
high harmonic signature has to be emphasized. Indeed, atom-
istic simulations’ predicted that the breakdown of the elas-
ticity may occur for bigger nanoparticles on the high
harmonic rather than for fundamental modes. In general with
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FIG. 5. (a) Transient sample reflectivity obtained on a single free standing nanowire with a diameter of 200 nm. (b) Comparison of Fast Fourier transforms for
a free standing wire embedded in polymer residue and for a wire free from any polymer cladding, previously located by electron microscopy. The weak and
broad residual signature in the very low frequency domain (between 0 and 2 GHz) is not relevant with any vibrational signature but find its origin in the process
to compute the FFT without any apodization function. This residual feature could be suppressed with generalized Hamming function. We can notice that signa-
tures with frequency f, lower than 15.6 GHz, coming from vibrational modes into the cladding, are eliminated. Left inset: SEM picture presenting a wire with
a clean surface and an area embedded in a polycarbonate shell. Right inset: Total displacement mapping of the first breathing mode (9 GHz) into the encapsula-
tion shell for a thickness of 20nm with 1.2 g/cm3, 2.1GPa, and 0.38 for the density, the Young modulus, and the Poison ratio, respectively, of the

MAKROFOL polymer.



similar system in contact with a substrate, such high fre-
quency vibrations are quenched. Nevertheless up to now, no
clear breakdown has been experimentally revealed but fur-
ther investigations on smaller wire diameters are in progress.

We studied a large number of free standing structures
observing an extremely small fluctuation of the first breath-
ing mode frequency value, namely less than 2%-3%. In
addition, for some structures we observed an additional fea-
ture placed usually at frequencies f, lower than the first
mode (e.g., see fy ~9.2GHz in Fig. 5(b)). The position of
this feature f, exhibited very large fluctuations, being located
between 3 GHz and 10 GHz. The origin of this signature can-
not be explained by fluctuations of the wire diameter itself.
Scanning electron microscopy (SEM) revealed in some cases
a shell around the nanowire consisting of residual polycar-
bonate whose thickness varies significantly along the nano-
wire (Fig. 5(a), inset). 2D finite elements simulation predicts
possible breathing modes into this polymer shell located
between ~3GHz and ~10GHz, for shell thicknesses
between 50 nm and 15 nm, respectively. These values are in
good agreement with the polymer shell sizes revealed by
SEM measurements. Time resolved experiments performed
on selected wires, free from any polycarbonate residue, pre-
sented in Fig. 5(b) exhibit as expected only breathing modes
signatures of the Cu nanowire.

Finally, we have investigated the dynamic response in
the case of two free standing wires in close proximity as illus-
trated in the SEM image in Figure 6(a). Since the diameters
of the two wires differ by less than 2%, they resemble two
almost identical oscillators, which when pumped and probed
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FIG. 6. Transient sample reflectivity obtained on two coupled copper nano-
wires. A clear beating phenomenon is observed, with two close frequency
components in the Fast Fourier spectrum which is presented on the top.
Inset: SEM picture presenting the two very close nanowires measured,
exhibiting the same diameter.

simultaneously should exhibit nearly the same breathing
modes frequency. Figure 6(b) presents the dynamic response
of these two wires exhibiting a beating structure which is
revealed as well in the Fourier spectrum displayed in Fig.
6(c). Thus, the acoustic features corresponding to the first
breathing mode are located at 15GHz and 16GHz.
Nevertheless the frequency splitting amplitude of the first
breathing mode, obviously larger than spectral resolution, is
around 1GHz. In other words, the splitting effect is much
larger than a simple discrepancy of the resonance pulsation of
the free oscillators due to the small difference in size, esti-
mated at 0.6 GHz. This phenomenon can be explained by a
coupling between the two wires via polymer residues. The
presence of coupling media between the wires is revealed as
well by the lower acoustic feature around 9.3 GHz. In such
case, a system of coupled equations for the two oscillators
could be written as followed:

¥+ o’ =bix 3)

Xy + 6022)(2 = by x;

with w; and w, being the resonance pulsation of the two
oscillators without coupling, b; and b, being the coupling fac-
tors, and x; and x, being the motions of the two oscillators.

From this set of equations, the two eigenmode pulsations
of the system formed by the two wires may be deduced,

o \/w%+w%—\/—4b1b2 "
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@
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Consequently, for a finite coupling efficiency, a global
response composed by two frequency components slightly
splitted around the initial frequency resonance of the single
oscillators is predicted. For the present case, this frequency
amounts to around 15.6 GHz being in good agreement with
the results reported in Figure 6(c). We estimated the spring
constant which can describe the coupling across the polymer
using the splitting amplitude, and compared it to ES/L. where
E is the Young modulus of the polymer, S is the surface of
contact area, and L is the gap distance between the two nano-
wires. A value of 10nm could be estimated from the SEM
images for the gap nanowire distance. Taking into account
an encapsulation shell thickness of 20 nm the contact surface
is equal to 75%1 nm? where 1 is an arbitrary length along the
growth axis. In spite of such a simple model, the measured
splitting effect can be reproduced assuming a Young modu-
lus for the coupling media of ~8 GPa which is not so far
from the value of the MAKROFOL polymer (2.1 GPa) given
by the manufacturer. Such fine effect, across the polycarbon-
ate cladding, could not be revealed for a system which is in
interaction with the substrate, because of a poor spectral re-
solution. For the same reason, it is also illusory to estimate
the substrate influence on the frequency position of the
breathing mode of vibration in such a local oscillator.



IV. CONCLUSIONS

In summary, we have shown that thanks to the use of free
standing copper nanowires, we were able to observe different
orders of the breathing mode up to 78 GHz. We obtained a
very good agreement between experimental and simulated
frequencies in an isotropic copper assumption. Taking advant-
age of the suppression of the mechanical coupling between
the nanostructure and the substrate, we have obtained nano-
oscillators exhibiting high quality factors. Finally, the elastic
confinement gives us the unique opportunity to observe the
vibrational response of two coupled wires embedded in
polymer shell. In the future, such fine spectral features could
provide a new way to extract subtle fluctuation of crystallo-
graphic orientation along a single nanowire and could be
directly correlated with X-Ray diffraction techniques.
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