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We report on the ultrafast vibrational response of single Ge-Si core-shell nanowires obtained by epitaxial growth and investigated by
femtosecond transient reflectivity and coherent x-ray diffraction measurements. The oscillations of the sample reflectivity are correlated with
the fundamental breathing mode for wires with a diameter ranging from 150 to 350 nm and compared with solutions of the Navier
equation. Taking advantage of a free standing geometry, we are able to get a mechanical quality factor of higher than 80. Coupling electron
microscopy and pump and probe investigations with a very high spectral resolution performed on the same wire, we demonstrate that both
shell and core diameter fluctuations are revealed and quantified. X-ray coherent diffraction measurements on individual nanowires evidence
changes in the Ge-core diameter and different strain states along a single structure.

I. INTRODUCTION

Discrete vibrational modes, confined in semiconductor core-
shell nano-objects, remain rarely investigated using a standard pump

and probe scheme1 compared to metal-insulating two-component

nano-objects,2 metal-metal,3–8 or mono-component,9–14 whereas

they appear as good candidates for a wide variety of applications. In

phononic and photonic engineering, semiconductor nanowires are

used to design single photon sources controlled by surface acoustic

waves.15 They are also good candidates for developing new thermo-

electric devices.16–18 Except for a recent investigation focused on in

situ silver shell coating on a gold nanocylinder,19 core-shell or alloy

systems have only been studied on particle assemblies using an ultra-

fast acoustics approach,3,7 leading to an inhomogeneous broadening

in the frequencies of the detected eigenmodes. In addition, these

studies are restricted to metals with low acoustic contrasts, making

any characterization a challenge. However, different behaviors have
been already observed: associated with a poor shell adhesion, the
vibration could be confined in the core or in the shell,2,20,21 the
resonance modes could be reproduced using an effective model
describing the system as an alloy, or in good agreement with a
matrix modeling the core-shell architecture.7 In this context, the
acoustic study in individual core-shell semiconductor systems
represents a real breakthrough. In this article, vibrational modes
in single Ge-Si core shell nanowires, with a diameter of around
150–300 nm are monitored in the time domain using ultrafast
optical pump and probe spectroscopy. Taking advantage of a free
standing geometry, suppressing the energy relaxation channel
through the substrate across the surface of contact, we were able
to get nanoresonators to exhibit high quality factors.7 A semiana-
lytical model is used to describe the breathing mode of nanowires,
and the silicon shell thickness is deduced, thanks to the good
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spectral accuracy. Complementary X-ray coherent diffraction
measurements were also applied.22,23 They confirm a variation in
the diameter of the core and reveal a strain and lattice tilt along
the nanowire axis.

II. EXPERIMENTAL

A. Pump-probe spectroscopy

First, vertical Ge nanowires are epitaxially grown by chemical
vapor deposition on a Ge(111) substrate. In the second step, Si is
deposited to get the shell [Fig. 1(a)]. The core-shell nanowires are
finally separated from the germanium substrate using an ultra-
sonic bath and dispersed over a silicon wafer preliminarily struc-
tured with periodic pyramidal trenches [Fig. 1(b)]. Such a
geometry ensures a better acoustic confinement, in other words,
the damping rate of the elastic response is reduced. Trench num-
bering allows one to locate the same nanowire for elastic measure-
ment as well as for scanning electron microscope investigation.
The nanowire diameter which is not constant along the axis
[Fig. 1(b)] is thus determined. In the following, we demonstrate
that measuring the dynamic response along the axis sheds light
on the real shell thickness. Our pump and probe experimental
setup working in the reflection geometry is described in detail
elsewhere.24,25 A mode-locked Ti:sapphire (MAI TAI Spectra)
laser source operating at 800 nm is used to thermally excite
and optically detect the nanowire’s vibrational modes. A two-
color scheme is performed by doubling the pump frequency
(λ ¼ 400 nm) with a nonlinear crystal (BBO) to avoid scattered
light coming from the pump. The blue pump power is fixed to
300 μW with a red probe power equal to 30 μW. For such a low
optical power, the reflectivity is measured by an avalanche photo-
diode and analyzed with a lock-in amplifier. A 12 ns maximum

pump-probe time delay is achieved using a mobile reflector
mounted on a translation stage. Both pump and probe beams are
focused with a microscope objective with a numerical aperture of
0.9, fixed on a piezoelectric stage to scan the elastic response
along the nanowire axis.

A typical transient reflectivity measured on a suspended
single nanowire is given in Fig. 2. Except for the sharp electronic
signature in the first picoseconds, the signal is mainly dominated
by an oscillating response close to 14 GHz. Additional higher
frequency components could be detected but due to their much
lower magnitude, we have neglected them in the following.
This mentioned frequency component is correlated to the nano-
wire size, namely, blueshifted for smaller diameters. As usually
reported,26 femtosecond laser excitation pulses absorbed in nano-
objects induce modal selection revealing specifically the breathing
mode and their harmonics in infinitely long nanowires, charac-
terized by a pure radial displacement. Cubic Ge and Si materials
exhibit a low anisotropic Zener index close to 1.6, then the fre-
quency changes linked to specific crystalline orientation are
expected to be small. To quantify this effect, finite element simu-
lations, including cubic elastic tensor, have been performed in a
pure silicon nanowire for all the nanowire orientations and are
reported in Fig. 3. The associated frequency variation reaches
only 0.5 GHz for the breathing mode centered at 29 GHz.
As long as the nanowire is supported on a substrate, such small
variations cannot be detected due to their low quality factor.
Taking advantage of a better elastic confinement in free
suspended nanowires, such an anisotropic feature could be

FIG. 1. (a) The scanning electron microscope image of the as-grown Ge-Si
core-shell nanowires. (b) Single nanowire, crossing a pyramidal trench fabri-
cated by lithography and anisotropic silicon etching, with a total diameter close
to 150 nm. The orange labels correspond to the localizations where the pump
and probe measurements have been carried out.

FIG. 2. Transient reflectivity obtained on a free standing Ge-Si core-shell nano-
wire with a total diameter close to 250 nm. Inset: Fast Fourier Transform (FFT)
of the experimental signal showing a sharp peak around 14 GHz.
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revealed but remains smaller than the effect of the fluctuating
shell thickness as discussed in the following. Consequently, we
only consider their isotropic elastic constants. The vibrational
mode frequency is generally obtained by solving the Navier equa-
tion for the isotropic material. The standard resolution is based
on the Lame potentials method for isotropic material27–29 and
applying the free boundary conditions. Finite element simula-
tions, which were carried out to quantify the effect of the real
hexagonal shape, show a difference of only 2–3 GHz in the
studied diameter range. This discrepancy has the same magni-
tude than the accuracy of the frequency determination on oscilla-
tions exhibiting a quality factor around 20, then the cylindrical
hypothesis will be considered in the following to reach a semian-
alytical model. For a pure cylindrical nanowire, the breathing
eigenmode equation is given by
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where a(sh) is the radius of the nanowire and a(co) is the core
radius. c(co)L and c(co)T are the longitudinal and transverse sound
velocities of the isotropic material of the core; c(sh)L and c(sh)T are
the longitudinal and transverse speed of sound of the isotropic
material of the shell. C(sh)

11 and C(co)
11 are, respectively, the elastic

constant of the materials constituting the shell and the core.

Let us write x(sh)j ¼ 2πf
(co=sh)
L(0,j) a(sh)=c(sh)L , γ ¼ c(sh)L =c(co)L , and

f ¼ a(co)=a(sh). The first radial breathing mode is the solution
j ¼ 2.

The normalized breathing mode period vs the nanowire
diameter is plotted in Fig. 4 for different shell thicknesses. Only the
nanowires exhibiting a quality factor larger than 20 have been
selected. The quality factor Q of the resonance is given by π * f * τ,
with f being the frequency of resonance and τ the exponential time
decay. As expected for constant nanowire diameter, the period of
the breathing mode increases for smaller shell thickness due to
smaller elastic constants of the Ge core. Additionally, the change
induced by the shell is larger for smaller diameter. The error bars
have been estimated using the τ parameter.

Coupling SEM investigations to measure the diameter at
different locations along the nanowire axis placed over a trench
with picosecond acoustic measurements performed at the same
location, we can superimpose the experimental results in Fig. 4.
Special care has been paid to extract errors bars taking into account
the quality factor of the observed resonances. Two families can be
clearly distinguished, the first one is characterized by a poor accu-
racy of the breathing mode frequency, due to huge intrinsic
damping rate. This family has been excluded from fine analysis.
The second one exhibits a very small dispersion of the period of
vibration. Among the nanowires belonging to the second family,
some of them exhibit resonance frequencies which could not
be reproduced by a single simulated curve, highlighting both

FIG. 3. Simulated frequency variation of the first radial breathing mode in
a pure silicon nanowire with a total diameter of 200 nm, for different nanowires
orientations. C11 ¼ 166 GPa, C12 ¼ 64 GPa, and C44 ¼ 80GPa. For the
Ge core, this curve is similar with lower frequency response.
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fluctuation of the core and shell size. Inversely, we can notice that
some wires express an elastic behavior in good agreement with an
assumption based on a constant shell thickness along the axis
(see the arrow in Fig. 4). The change of the total diameter is mainly
associated with the core’s diameter variation. Selecting the latter
nanowires, we can estimate the fluctuation of the silicon shell thick-
ness deposited on the germanium core. Such experiments, realized
over 56 nanowires coupling diameter investigation performed by
electron microscopy and ultrafast spectroscopy, are summarized
in Fig. 5. Only the nanowires exhibiting quality factor larger than
20 have been selected. The fluctuation of the shell thickness is
large from 10 up to 45 nm, with a modal value equal to 23.1 nm
(see Fig. 5) in good agreement with the nominal value of 20 nm.

B. X-ray coherent diffraction

In order to get a detailed understanding of the crystallo-
graphic structure of these nanowires, X-ray coherent diffraction
experiments were performed on single Ge-Si core-shell nanowires
at the ID01 beamline at the ESRF (Grenoble, France). Since the
ID01 beamline provides a nano-focused beam, of the order of the
nanowire diameter, they can be studied either as grown or after
detaching them from the Ge-substrate and deposited on the
Si-trenches. The latter procedure may induce crystallographic

defects in the structure so that it is preferable to use a SEM-FIB
manipulator to isolate one of the wires, as explained elsewhere31

and shown in Fig. 6, in order to be studied by X-ray diffraction.
In this way, it is possible to analyze the crystal structure of a
single nanowire and localize defects or map elastic strain.

The synchrotron experiment was performed at 8 keV, the
coherent X-ray beam being selected using upstream slits and then

FIG. 6. SEM image showing how the nanowire (NW) is isolated using a
SEM-FIB manipulator. The NW is glued on a Cu tip with carbon in the upright
position.

FIG. 4. Normalized breathing mode period plotted against the nanowire total
diameter. Bold black lines correspond to shell thicknesses equal to 0, 10, 20,
30, and 40 nm from top to bottom. Dashed lines have been calculated with a
step of 2 nm. The elastic constants and density values used are
ESi ¼ 169 GPa, EGe ¼ 132 GPa, νSi ¼ 0:22, νGe ¼ 0:19, ρSi ¼ 2330 kg=m3,
ρSi ¼ 5320 kg=m3 for the Young modulus, the Poisson ratio, and density,
respectively. Colored data have been recorded along the axis of different nano-
wires with a nominal total diameter around 150 and 300 nm, each color repre-
sents one nanowire response. The green arrow underlines measurements
performed on label 0–7 on a nanowire exhibiting a constant shell thickness and
a high quality factor.

FIG. 5. Estimated shell thickness distribution histogram. Adjusted in red by a
normal distribution, with a standard deviation σ ¼ 7:9 nm centered in
μ ¼ 23:1 nm. The median quality factor is greater than 20.
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focused with a Fresnel zone plate to a spot size of 100� 400 nm2

on the sample, which consisted of a nanowire with a core diameter
of about 200 nm, a shell of 50 nm (from growth parameters), and
an exploitable length of 7 μm. The intensity distribution around
the 111 Ge Bragg reflection was measured in coplanar diffraction
geometry, with a 2D MAXIPIX detector placed in the far field. At
the working energy, 111 Ge and Si Bragg reflections are accessible
at a scattering angle of 2θB ¼ 27:44� and 28:63�, respectively.
Rocking curves at different positions along the length of the nano-
wire were performed around the 111 Ge Bragg reflection with a
step size of Δθ ¼ 0:005�. The recorded diffraction patterns, taken
every 800 nm along the wire, are displayed in Fig. 7.

The diffraction patterns are characterized by six streaks that
correspond to a hexagonal cross section of the wire, despite the fact
that a circular section has been assumed in the vibrational analysis.
One-dimensional cuts along the streaks show a modulated intensity
whose periodicity relates to the well-defined crystalline facets of the
wire as d ¼

2π
ΔQ
, where d is the diameter of the nanowire and ΔQ

the distance between interference fringes in the diffraction pattern
along the streak direction. The thickness fringes visible in Fig. 7
lead to a 220 nm diameter that varies along the length: a difference
of about 45 nm was found between the upper and lower positions
where the measurements were performed, the wire being thicker at
the bottom. No signal from the shell was detected either at the Si

bulk position, probably due to its low thickness. In order to investi-
gate the Si-shell, independent TEM studies of NWs grown in the
same fashion but with different sizes were performed. The cross
section of one of them is shown in Fig. 8.

In addition to the thickness variation of the Ge determined
from the diffraction patterns, a spotty-streak (circled in Fig. 7) is
visible all along the wire. This streak is believed to arise from other
illuminated parts of the nanowire, which would be illuminated by
the large footprint of the X-ray beam on the sample and that
would have, therefore, different lattice misorientations because of
bending or torsion (see below).

The centrosymmetry of the diffraction patterns may correspond
to a free or weakly strained Ge core. However, the strain is not
homogeneous along the wire: one may notice a splitting of the diffr-
action peak in Fig. 7(c) or a double streak in Figs. 7(d) and 7(f). The
strain evolution within the wire can be measured taking as reference,
for instance, the position of the Ge Bragg peak in the detector at the
bottom of the wire [Fig. 7(f)]

ϵ(%) ¼
a� aref

aref
� 100, (3)

where a is the lattice parameter at any given position and aref is the
reference one. The calculated strain is displayed in Fig. 9. The nano-
wire exhibits a maximal compressive strain at the center of the wire
of Δϵ ¼ �0:018%.

In addition, if one defines the orientation of the atomic planes
at this reference position as “normal orientation,” the angular

FIG. 7. Diffraction patterns recorded around the 111 Ge Bragg reflection at
different positions (every 800 nm) along the length of a single nanowire, from
top to bottom. The red circles show the spotty-streak from other parts of the
wire illuminated by the footprint of the X-ray beam.

FIG. 8. TEM image showing the core and shell of the Ge-Si nanowire and
its hexagonal cross section.
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deviation at the other positions along the length of the wire with
respect to the reference can be extracted. The difference in tilt of
the crystallographic planes, usually referred as “lattice tilt,” can be
determined as follows:

α ¼ arccos
~Qref �

~Q

~Qref

�

�

�

� ~Q
�

�

�

�

!

, (4)

where ~Qref and ~Q are the scattering vectors at the reference and
investigated position, respectively. The results are plotted in Fig. 9,
where a linear increase of the tilt is observed, yielding a 0:4� (¼α1)
rotation over 4 μm (¼h1) along the wire. The observed linear
increase in tilt corresponds to a constant curvature and bending
radius, R. From Ref. 32, R is given by R ≏ h1=2 tan (α1) ¼ 0:29mm.

A similar experiment could be performed on Si-Ge nanowires
lying on silicon, as depicted in Fig. 10. The measurements we per-
formed in this configuration show, however, that the nanowires in

contact with the substrate are highly strained, as visible in Fig. 11,
where the diffracted signal around the 224 Bragg reflection of one
nanowire is displayed. In this diffraction pattern, the form factor of
the wire is barely visible, the strain being too high to preserve the
six streaks arising from the hexagonal Ge core.

It is worth mentioning that the nanowires were observed to lie
on one of their {112} crystallographic facets when deposited on a Si
substrate, but they might be slightly rotated. This is observed in the
optical image displayed in the inset of Fig. 11, where a color change
is evidenced. When the wires are suspended between the trenches,
the measurement turns out to be difficult because of the tilt. It has
been observed, however, that in the case of metallic nanowires,
which lie on larger facets, the manipulation does not induce any
defect in the suspended area, and strained areas are localized at the
contact points with the substrate.33

III. CONCLUSION

In conclusion, the ultrafast vibrational response of single Ge-Si
core-shell nanowires has been demonstrated and analyzed using a
semianalytical approach. The identification of different elastic
responses highlights the value of individual studies over ensemble
measurements. Time resolved elastic measurements coupled with
electron microscopy investigations give us the opportunity to identify
nanowires exhibiting both shell and core diameter fluctuation in the
same batch. The latter had been studied by means of X-ray coherent
diffraction measurements, which showed a difference in diameter of
45 nm over a length of 5 μm in a single nanostructure, therefore, in
agreement with the fluctuations from the acoustic measurements.
Moreover, important variations of strain and crystallographic tilt
are evidenced in the recorded diffraction patterns. Up until now,
no clear evidence has been reported on the correlation between
such inhomogeneous strain distribution and vibrational response.
Further investigations would benefit from other coupled nondestructive

FIG. 9. Strain and tilt of a single nanowire, as a function of its length.

FIG. 10. Sketch of the X-ray diffraction setup for the characterization of
individual Si-Ge NWs lying on Si. The coherent beam is focused by a Fresnel
Zone Plate (FZP) and impinges onto the NW at the 224 Ge Bragg angle.
The diffracted intensity is collected by a 2D detector.

FIG. 11. Diffraction pattern around the 224 Ge Bragg reflection of the Si-Ge
nanowire lying on a Si substrate. The measured wire is shown in the inset,
being the one of the right.
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investigations such as simultaneous pump-probe spectroscopy.
Such an inhomogeneous strain distribution revealed by X-ray
diffraction may have a weak influence on the dynamic response
across the frequency response or the mean free path.

First, the residual strain slightly modified the elastic constant,
and then a frequency change of the acoustic vibration modes can
be expected. Nevertheless, this effect is much lower than the varia-
tion induced by the fluctuation of the nanowire diameter, as
reported in Fig. 4 and observed in SEM pictures. In order to
achieve a relevant correlation between strain distribution and the
frequency of vibration, nanowires with a constant diameter may be
more appropriate. Moreover, even if the free standing geometry
allows one to increase the quality factor of the resonators, this mea-
sured attenuation is also strongly related to the size, the guided
modes, and the intrinsic attenuation. All these phenomena must be
simultaneously taken into account and require specific experiments
at different temperatures on nanowires of a constant diameter.
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