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ABSTRACT: The pressure behavior of Raman frequencies
and line widths of crystalline core-amorphous shell silicon
nanowires (SiNWs) with two diﬀerent core-to-shell ratio
thicknesses was studied at pressures up to 8 GPa. The
obtained isothermal compressibility (bulk modulus) of SiNWs
with a core-to-shell ratio of about 1.8 is ∼20% higher (lower)
than reported values for bulk Si. For SiNWs with smaller coreto-shell ratios, a plastic deformation of the shell was observed
together with a strain relaxation. A signiﬁcant increase in the
full width at half-maximum of the Raman LTO-peak due to
phonon decay was used to determine the critical pressure at which LTO-phonons decay into LO + TA phonons. Our results
reveal that this critical pressure in strained core−shell SiNWs (∼4 GPa) is diﬀerent from the reported value for bulk Si (∼7
GPa), whereas no change is observed for relaxed core−shell SiNWs.

■

INTRODUCTION
The nanostructuring of materials oﬀers an unprecedented
tunability of materials properties. Nanostructured Si, such as Si
nanowires (SiNWs), is thereby of particular interest due to the
dominant role of Si in the semiconductor industry. Owing to
their interesting properties and ease of synthesis,1 SiNWs and
related axial and radial heterostructures have been shown to be
highly promising building blocks for a range of applications,
including thermoelectric devices,2−5 lithium-ion batteries
(LIBs),6 photovoltaics,7−10 and microelectronics.11−14 A
crystalline core-amorphous shell SiNW design, for instance,
applied as part of a LIB anode or NW-based solar cell, has
recently been shown to signiﬁcantly enhance capacity/power
rate and eﬃciency, respectively.14−16 Despite the progress in
their synthesis and device integration, however, the understanding of the complex properties of such nanoheterostructures remains limited. Raman spectroscopy is a nondestructive
technique that enables a detailed investigation of the lattice
dynamical properties of these novel materials. This approach
has previously been employed for crystalline SiNWs to explore
the line shape and frequency position of the optical Raman
mode.17−21 Here we aim to provide deeper insight into the
elastic properties of crystalline core-amorphous shell SiNWs via
a systematic pressure-dependent Raman spectroscopy study
accompanied by transmission electron microscopy (TEM). We
observe a strain variation based on the SiNW core-to-shell
thickness ratio, and our results show systematic deviations from
© 2013 American Chemical Society

the reported pressure dependence of bulk Si. First, the blue
shift of the Si optical phonon peak under pressure in core−shell
SiNWs is larger than that in single-crystal Si. Second, we ﬁnd
the increase in the full width at half-maximum (fwhm) optical
phonon peak following activation of LO + TA phonons
(longitudinal optical + transversal acoustic phonons) to occur
in core−shell SiNWs at lower pressure (∼4 GPa) than in bulk
Si (∼7 GPa). The Raman measurements also conﬁrm that the
SiNW core-to-shell thickness ratios aﬀect the pressure dependence of the Raman frequencies and phonon lifetimes.

■

EXPERIMENTAL SECTION
The SiNWs were synthesized by catalytic chemical vapor
deposition (CVD) using silane as precursor and Au as catalyst.
Thin Au ﬁlms (99.99%) were evaporated onto n-type Si (100)
with a 200 nm thick SiO2 layer. The thickness of the Au ﬁlm
was varied from 2 nm (referred to from here onward as ASiNW sample) to 0.5 nm (B-SiNW sample). The ﬁlm thickness
was monitored in situ by a quartz crystal thickness monitor and
calibrated ex situ (for thicker, continuous ﬁlms) by spectroscopic ellipsometry. The samples were placed on a pyrolytic
boron nitride heater stage and typically preannealed in 1 mbar
of H2 for 15 min at 500 °C in a custom-built stainless-steel
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Figure 1. (a) SEM image of A-SiNW sample. The mean diameter of these SiNWs is ∼46(9) nm and a few micrometers in length. (b) TEM image of
individual A-SiNW with a diameter of ∼46(9) nm and an amorphous Si layer ∼12(3) nm. (c) TEM image of single SiNW, (111) lattice planes, and
their (selected area) diﬀraction pattern (inset of panel c). (d) SEM image of B-SiNWs sample. The mean diameter of these SiNWs is ∼27 nm
(amorphous Si shell included) and up to a few micrometers in length. (e) TEM image of individual B-SiNW with a diameter of ∼27(5) nm and an
amorphous Si layer of ∼12(3) nm. (f) TEM image of a single SiNW, (111) lattice planes, and their (selected area) diﬀraction pattern (inset of panel
f).

CVD chamber (base pressure ≤10−7 mbar). Undiluted silane
was then introduced at a pressure of 7 mbar for a growth time
of 10 min. After growth, the samples were then left to cool
(<50 °C) in vacuum before being removed from the chamber.
As-grown samples were characterized by scanning electron
microscopy (SEM; Philips, XL-30) and TEM (FEI Tecnai G2
20, 200 kV). The Raman spectra were recorded using a DilorXY800 Raman spectrometer equipped with a cryogenic charge
coupled device (CCD) detector. The 514.5 nm line of an Ar+
laser was used for excitation. The Raman signal was measured
in backscattering geometry with a spectral resolution of 1.0
cm−1. High pressure was applied by means of a Syassen-type
diamond anvil cell.22 The 4:1 methanol−ethanol mixture was
used as pressure-transmitting medium, and the ruby
ﬂuorescence technique was used for pressure calibration.23
For these measurements, the SiNWs were removed from the
substrate by scraping using a very sharp needle under an optical
microscope and dissolved in the methanol−ethanol mixture. A
droplet of the solution was then placed in the gasket of the
diamond anvil cell.

to be independent of the crystalline SiNW core diameter. This
allows us to grow radial heterostructures with a controlled coreto-shell thickness ratio via a simple one-step CVD exposure.
100 SiNWs from each sample were randomly chosen from the
SEM images (Figure 1a,d) by the analytical software (ImageJ),
and their diameter distribution was determined. The
amorphous side-wall thickness was measured for 10 randomly
chosen points in SiNWs for each sample along the individual
NW by means of TEM images and was found to have a mean
value of 12 nm for A and B samples (standard deviation (stdev)
3 nm), as shown in Figure 1b,e, respectively. (See also Figure
S3 in the Supporting Information.) The average total diameter
for samples A and B is 46 and 27 nm with a stdev of 9 and 5
nm, respectively. (See Supporting Information Figures S1 and
S2.) We found that the thickness of the native oxide is always 1
to 2 nm. The inset of Figure 1c,f shows the Fourier-transform
of the crystallographic planes of an individual A- and B-SiNW,
respectively. The results reveal that the extracted lattice
constant of A-SiNWs nanowires is expanded by ∼0.4%
compared with bulk Si, whereas the lattice constant of BSiNWs shows no such diﬀerence.
Raman Spectra of SiNWs. Figure 2 displays two typical
room-temperature Raman spectra from the A- and B-SiNW
samples. In the case of A-SiNWs, next to the prominent ﬁrstorder peak of Si at 520 cm−1 and the second-order feature of Si
at 300 cm−1, a merged feature (at low energy ﬂank of LTOpeak of Si) at about 480−490 cm−1, which is commonly
assigned to the scattering from amorphous silicon,24−27 can be
observed. Also, the Raman spectra of the B-SiNWs show a
relatively intense broad spectral structure between 300 and 500
cm−1 and a feature at about 480−490 cm−1. The Raman signal
arising from the background features (broad peak between 300
and 500 cm−1 and amorphous Si feature at about 480−490

■

RESULTS AND DISCUSSION
Structural Characterization. To study the inﬂuence of the
amorphous Si shell on the pressure response of the Si core,
samples with two diﬀerent core-to-shell thickness ratios were
studied, as shown in Figure 1. On the basis of the use of a
thicker Au catalyst ﬁlm, the average crystalline SiNW core
diameter is larger for sample A (∼22 nm) compared with
sample B (∼3 nm). In both cases, the dominant axial growth
direction is along the (111) orientation. (See Figure 1c,f.) The
use of undiluted silane as CVD precursor leads to radial growth
of amorphous (a-) Si coating the catalytically grown crystalline
SiNW core. The growth rate of the a-Si shell is thereby found
4220
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Figure 2. Raman spectra of A- and B-SiNWs. The broad structure
(300−500 cm−1) and the feature at about 480−490 cm−1 in B-SiNWs
are characteristic Raman features of amorphous Silicon. The more
prominent features in B-SiNW reveal the higher shell/core ratio of this
sample compared with sample A.
Figure 4. Raman spectra of B-SiNWs under ambient conditions (a),
high pressure (b−d), and after decreasing pressure to 0.31 GPa (e),
measured with 514.5 nm excitation.

cm−1) is more pronounced in the case of the B-SiNWs
compared with the A-SiNWs. This conﬁrms the higher
thickness of the amorphous shell for the B-SiNWs compared
with A-SiNWs.
Raman Shift of SiNWs under Hydrostatic Pressure.
The Raman spectra of the A-SiNWs and B-SiNWs, recorded for
diﬀerent hydrostatic pressures excited with 514.5 nm, are
shown in Figures 3 and 4, respectively. Both Figures show the

The pressure dependence of the peak position of the optical
Raman mode of both samples for increasing (black solid
circles) and decreasing pressure (open circles) is illustrated in
Figures 5 and 6, respectively. Our experimental results for

Figure 5. Pressure dependence of the optical mode in A-SiNWs. The
solid (open) symbols denote data taken for increasing (decreasing)
pressure, whereas the black solid line is least-squares ﬁtting. The red
solid line corresponds to the pressure response of bulk Si.28
Figure 3. Raman spectra of A-SiNWs under ambient conditions (a),
high pressure (b−d), and after decreasing pressure to 1 GPa (e),
measured with 514.5 nm excitation.

increasing pressure were ﬁtted with a quadratic least-squares ﬁt
to:
ωA ‐ SiNWs(P) = 518.7(4) [cm−1] + 6.4(3) [cm−1 GPa−1]·P
− 18(4) × 10−2 [cm−1 GPa−2]·P 2

optical Raman mode of SiNWs under ambient conditions (a),
in various hydrostatic pressures (b−d), and ﬁnally under release
of pressure (e) at 1 and 0.31 GPa for A-SiNWs and B-SiNWs,
respectively. Upon pressure application, the observed Si Raman
peak shifts toward higher energies for both samples. Also, no
marked changes in the spectral line shape with applied pressure
were observed.

(1)

ωB ‐ SiNWs(P) = 520.5(2) [cm−1] + 5.1(1) [cm−1 GPa−1]·P
− 6(2) × 10−2 [cm−1 GPa−2]·P 2

(2)

where ω(P) is the Raman shift as a function of pressure. The ﬁt
parameters for A-SiNWs and B-SiNWs are tabulated and also
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quite good agreement with the experimental value of bulk-Si
pressure coeﬃcient (Δω/P = 5.2(3) cm−1/GPa). Comparing
this with the value of A-SiNWs with a pressure coeﬃcient of 6.4
± 0.3 cm−1/GPa results in the term χ(p + 2q) in eq 3 to a value
of 12.8, which is ∼27% larger than the corresponding for bulk
silicon. In the case of B-SiNWs, more bulk Si-like properties
were calculated, as Δω/P = 5.1(1) cm−1/GPa and the term χ(p
+ 2q) = 10.2. Assuming that (i) the deformation potential
constants remain unchanged for our samples and (ii) our
samples are isotropic, the compressibility (χ) of A- and BSiNWs can be calculated as
χSiNWs = χbulk ×
Figure 6. Pressure dependence of the optical mode in B-SiNWs. The
solid (open) symbols denote data taken for increasing (decreasing)
pressure, whereas the black solid line is least-squares ﬁtting. The red
solid line corresponds to the pressure response of bulk Si.28

(4)

Using this Equation, the isothermal compressibility (χ) and
bulk modulus (K0 = χ−1) of our samples were calculated and
listed in Table 1. The isothermal compressibility and bulk
modulus of A-SiNWs (B-SiNWs) turn out to be χ = 0.0125(9)
GPa (0.0100(6) GPa) and K0 = 80(5) GPa (100(5) GPa),
respectively. The results show that the A-SiNWs (with a larger
core-to-shell ratio) are more compressible compared with the
bulk Si, whereas B-SiNWs (smaller core-to-shell ratio) show a
more bulk-like compressibility. To obtain more detailed insight
into the elastic properties of A- and B-SiNWs, the deﬁnition of
Grüneisen parameter γ for a quasi-harmonic mode of frequency
ω can be written as:33

compared with those of bulk Si28,29 in Table 1. Upon pressure
release, the frequency shifts are fully reversible, exhibiting no
apparent hysteresis. For comparison, the room-temperature
pressure dependence of the optical Raman mode for bulk Si
(red solid line) taken from Weinstein et al.28 (see Table 1) is
presented in Figures 5 and 6.
As listed in Table 1, the pressure coeﬃcient (dω/dP) of ASiNWs (6.4(3) cm−1/GPa) diﬀers from the one of B-SiNWs
(5.1(1) cm−1/GPa) and bulk silicon (5.2(3) cm−1/GPa.
Moreover, the Raman frequency at zero pressure, ω0, for ASiNWs (518.7(4) cm−1) shows an oﬀset compared with those
of B-SiNWs (520.5(2) cm−1) and bulk silicon (519.5(8) cm−1).
The Raman frequency oﬀset of A-SiNWs at zero pressure
indicates a slight lattice expansion compared with that of bulk
silicon,30 which will be discussed later. The quadratic pressure
coeﬃcient of A-SiNWs (−18(4) × 10−2 cm−1 GPa−2), as listed
in Table 1, is more pronounced compared with those of BSiNWs (−6(2) × 10−2 cm−1GPa−2) and bulk silicon (−7(2) ×
10−2 cm−1 GPa−2). Under a hydrostatic stress P using the
compliance components Sijkl, the linear variation of the Raman
shift of silicon can be written as31
Δω =

ω0SiNWs
(dω/dP)SiNWs
×
ω0bulk
(dω/dP)bulk

γ=−

⎛ K ⎞⎛ d ω ⎞
d ln ω
1 ∂ ln ω
⎟
=
= ⎜ 0 ⎟⎜
⎝ ω ⎠⎝ d P ⎠
d ln V
χ ∂P

(5)

where V is the molar volume in cm3/mol. Using the ﬁtting
parameters of Table 1 and eq 5, the values of γ/K0 = γχ =
12.3(5) × 10−3 GPa−1 (γ/K0 = γχ = 9.8(2) × 10−3 GPa−1) were
calculated for A-SiNWs (B-SiNWs). Extracting the values for
Grüneisen parameter γ requires the knowledge of the bulk
modulus of the SiNWs studied in this work. Because these
parameters are not known for our SiNWs from direct
measurements, they were calculated from eq 4 for A- and BSiNWs and listed in Table 1. The bulk modulus of A-SiNWs
(80(5) GPa) is ∼20% lower than the value of bulk
counterparts. In the case of B-SiNWs the value of bulk
modulus is the same as those of bulk counterparts. The values
of Grüneisen parameter γ for A-,B-SiNWs are the same as the
value for the bulk counterpart; see Table 1. This is a
consequence of the assumption that the deformation potential
constants p and q stay unchanged in our samples. As previously
mentioned, the observed oﬀset in the Raman frequency of ASiNWs at zero pressure indicates a slight lattice expansion
compared with that of bulk Si. However, because the oﬀset of
Raman peak at zero pressure was within the error of peak

(S11 + 2S12)(p + 2q)
χ (p + 2q)
×P=
×P
2ω0
6ω0
(3)

where χ is the isothermal compressibility and p and q are the
phenomenological deformation potential constants. Using the
elastic compliances of bulk silicon S11 = 7.68 × 10−3 GPa−1 and
S12 = −2.14 × 10−3 GPa−1 and phenomenological deformation
potential constants32 p = −1.85/ω20, q = −2.31/ω20, and ω0 =
520 cm−1, we obtain Δω/P = 5.046 cm−1/GPa, which is in

Table 1. Phonon Frequency at Zero Pressure, One Phonon Linear- and Quadratic-Pressure Coeﬃcient Obtained from Best
Quadratic Fit to the Measured Data, the Results of Bulk Modulus (K0) Isothermal Volume Compressibility χ, and Grüneisen
Parameter γ for A- and B- SiNWsa

a

sample

ω0 (cm−1)

dω/dP (cm−1 GPa−1)

(d2ω/dP2) × 10−2 (cm−1 GPa−2)

K0 (GPa)

χ (GPa−1)

γ

A-SiNWs
B-SiNWs
bulk Si28
bulk Si29

518.7(4)
520.5(2)
519.5(8)
518.6

6.4(3)
5.1(1)
5.2(3)
5.5

−18(4)
−6(2)
−7(2)
−8.6

80(5)
100(5)
98
94.8

0.01253(9)
0.01002(6)
0.0102
0.01055

0.98(7)
0.98(5)
0.98(6)
1.0058

Data for bulk Si are taken from Weinstein et al.28 and Mernagh et al.29
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⎛ γ2
⎛ γ ⎞
γK ′ ⎞ 2
⎟P
ω = ω0 + ω0⎜ ⎟P + ω0⎜ 2 −
2K 02 ⎠
⎝ K0 ⎠
⎝ 2K 0

position, no eﬀects due to lattice contraction can be observed
for the B-SiNWs.
It was previously reported by some groups using X-ray
diﬀraction (XRD)34−37 and high-resolution TEM19,34,38−40 that
the lattice parameter of the SiNWs is larger than its bulk
counterpart, which was explained as a result of the tensile stress
induced by the SiOx shell of SiNWs. It should also be
mentioned that there is literature that reports no lattice changes
or the opposite trend20,41 for the crystalline core of SiNWs. The
lattice expansion (a − a0) leads to a small stress, causing a
Raman red shift (Δω0), which can be calculated by30 Δω =
−nγω0 (a − a0)/a0, where n is the dimensionality of the
materials (n = 1 for SiNWs), γ is the Grüneisen parameter
(0.98), and ω0 is the Raman frequency of the corresponding
bulk material (520 cm−1). Inserting the Raman frequency shift
at zero pressure (Δω) of A-SiNWs in the equation above and
corresponding data from Table 1 results in a lattice parameter
of a = 5.46 Å, which is ∼0.4% larger than the bulk Si (a0 =
5.431 Å). This value is consistent with the data obtained from
selected area electron diﬀraction (inset of Figure 1c) and highresolution TEM (Figure 1c) images. Previously Custer et al.42
had observed that the amorphous-silicon is 1.8% less dense
than the crystalline-Si, leading to a higher average interatomic
distance in the a-Si compared with the crystalline counterparts.
Barla et al.43 reported a slightly bigger lattice parameter for
porous Si compared with the crystalline counterpart on a
amorphous-crystalline-Si (a-c-Si) interfaces, which can lead to a
lattice expansion in the c-Si. The ﬁndings of Custer et al.42 and
Barla et al.43 are consistent with the reported lower bulk
modulus of a-Si (83 GPa).44 At the a-c-Si interface, the
diﬀerence in the density in the two phases and also lattice
mismatch can result in a lattice contraction in the amorphous
side and a lattice expansion on the crystalline side after
equilibrium is reached.43,45 Consequently, the diﬀerent
measured bulk modulus for A- and B-SiNWs can be interpreted
as followings: In the case of A-SiNWs, the a-Si shell exerts a
tensile stress on the Si-core, both in growth direction [111] as
well as in tangential direction, whereas the radial components
would be compressive due to the Poisson eﬀect. This explains
the higher value of the lattice constant and consequently the
higher compressibility of A-SiNWs, which have a higher core−
shell thickness ratio. As the core−shell ratio becomes smaller
and consequently the surface-to-volume ratio increases, the
strain energy stored inside the core seems to increase up to a
point, where plastic deformation of the shell region is assumed
to occur. The very strong counteracting stress components at
the core-shell interface led to the conclusion that the strain
energy in this region is relaxed by incoherent atomistic
reordering of the Si atoms. This relaxation results in a stressfree Si core, which results in the bulk-like compressibility of BSiNWs. The use of a quadratic function for ﬁtting the pressure
dependence of Raman frequencies can be justiﬁed by eq 5.
Pursuant to Murnaghan’s equation of state,46 bulk modulus of
materials varies linearly with the applied hydrostatic pressure.
Knowing that, the K0 in eq 5 was replaced by its linearized
expression, (K0 + K′P), at nonzero pressures. After the
replacement, the integration of eq 5 yields:
γ / K′
⎛
K′ ⎞
P⎟
ω = ω0⎜1 +
K0 ⎠
⎝

(7)

where K′ is the pressure derivative of bulk modulus. Comparing
the ﬁt data of eq 2 for A- and B-SiNWs with eq 7, we obtained
for A-SiNWs K′ = 5.5(7), a 50% larger ﬁrst pressure derivative
of the bulk modulus compared with that if the bulk
counterparts, which was calculated to be K′ = 3.6(7). For ASiNWs, this deviation results in a stronger increase in the bulk
modulus K with applied pressure, causing a larger negative
quadratic pressure coeﬃcient. (See Figure 5.) For B-SiNWs,
the quadratic pressure coeﬃcient shows a similar value to the
bulk counterpart, which results in a bulk-like ﬁrst derivative of
bulk modulus (K′ = 3.3(7)). As shown in Figure 6, the pressure
dependence of Raman frequencies of B-SiNWs shows the same
curvature as the bulk counterpart.
Phonon Decay in SiNWs under Hydrostatic Pressure.
Now the pressure dependence of the phonon line width is
considered. The observed line shape corresponds to the
convolution of a Lorentzian with the Gaussian instrumental
proﬁle, which can be described by a Voigt proﬁle.48 The fwhm
of the Lorentzian component was extracted by ﬁtting a Voigt
proﬁle to the experimental data using a ﬁxed width (2.5 cm−1)
for the Gaussian instrumental component (obtained from a line
spectrum from a neon lamp; see the inset in Figure 7). In

Figure 7. Pressure dependence of the full width at half-maximum of
the Raman lines of A- SiNWs and bulk Si. The ﬁlled (open) symbols
denote data taken from increased (decreased) pressure of A-SiNWs
Raman peak. The red solid line corresponds to the calculated results of
the bulk Si P- dependence of Raman line at T = 0 K from Menéndez et
al.47 The red solid circle refers to the measured fwhm of bulk Si at
room temperature with our Raman setup. (Inset) Part of a neon
spectrum measured with our setup. The fwhm of these peaks was
measured to be ∼2.5 cm−1 and used for deconvolution of the spectra.

Figure 7, the fwhm of A-SiNWs and bulk Si is plotted against
pressure. The ﬁlled and open circles refer to Raman line width
as a function of increasing and decreasing pressure at room
temperature, respectively; the results were reversible. The red
solid line represents the calculated results of bulk Si pressure
dependence at T = 0 K taken from Menendez et al.47 The
fwhm’s of SiNWs (ﬁlled and open circles) are larger than those
of bulk Si by a factor of two or more. The temperature
dependence of Raman optical ﬁrst-order mode was studied in
Balkanski et al.49 The line width of Raman peak at T = 0 and
294 K was reported to be 1.4 and 4 cm−1, respectively. Because
the fwhm diﬀerence between SiNWs and bulk Si at 0 K (red

(6)

From a second-order Taylor expansion of this equation we
obtain:
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solid line in Figure 7) is ∼2.5 cm−1, the observed fwhm shift
must be a pure temperature eﬀect and is not due to
conﬁnement. This result was also conﬁrmed by the fact that
for SiNWs with an average diameter of ∼46 nm the
conﬁnement eﬀects are negligible, as reported in Piscanec et
al.50 The fwhm of bulk Si measured with our Raman setup at
room temperature is at ∼4 cm−1, which also supports the fact
that the observed fwhm shift shown in Figure 7 results from a
temperature eﬀect. The increase in fwhm of the Raman peak
with the increasing pressure originates from the pressureinduced changes in phonon dispersions relation, which beyond
a critical pressure opens an additional phonon decay channel.
This can be understood if we consider the anharmonic decay of
an optical phonon into two phonons of lower energy, as
reported in Debernardi et al.51 for bulk Si using third-order
density-functional perturbation theory. In Si in particular, the
LTO-phonon decays into one LA and one TA mode. At high
pressures, the activation of an additional decay channel into LO
+ TA phonons causes a broadening of Raman peak. The
measured fwhm of SiNWs and bulk Si indeed revealed a
signiﬁcant increase at a critical pressure of about 4 and 7 GPa,
respectively. The additional decay channel is kinematically
forbidden for pressures lower than the critical pressure. From
our measured line widths of A-SiNWs presented in Figure 7, it
follows that the decay process of LTO-phonon in LO + TA
-phonon becomes allowed at ∼4 GPa, where the change in
slope of the fwhm dependence on pressure is observed.19 The
fwhm of B-SiNWs as a function of pressure is shown in Figure
8. We observed here also the rise of fwhm at somewhat larger

by momentum and energy conservation rules and applied
pressure to the dispersion relation of A-SiNWs diﬀer from
those for bulk Si. Consequently, the decay channel into LO +
TA phonons activates at diﬀerent external pressures for ASiNWs compared with bulk, whereas the B-SiNWs show a bulklike behavior.

■

CONCLUSIONS
In conclusion, two SiNW samples with two diﬀerent core-toshell ratio thicknesses were investigated at pressures up to 8
GPa under hydrostatic conditions by using Raman spectroscopy in a diamond anvil cell. We found that the isothermal
compressibility (bulk modulus) of SiNWs with higher core-toshell ratio thicknesses is ∼20% greater (smaller) compared with
the bulk Si. This can be explained as a result of induced tensile
stress on the crystalline core by the amorphous shell. For BSiNWs (lower core-to-shell ratio compared to A-SiNWs), due
to the higher surface-to-volume ratio of the crystalline core, the
applied tensile stress by the shell on the unit volume of the core
increases. This increased tensile stress leads to a plastic
deformation of the shell and a resulting stress relaxation in the
crystalline core. This explains why in B-SiNWs a bulk-like
behavior can be observed. The results reveal that the pressure
derivative K′ of A-SiNWs (large core-to-shell ratio) is about
50% larger than that of bulk counterpart, whereas that of BSiNWs shows a bulk-like value. A signiﬁcant increase in fwhm
of the Raman peak was attributed to the LTO-phonon decay
into LO + TA phonons, at a lower pressure (4 GPa) than in the
case of bulk Si (at ∼7 GPa). The activation pressure (4 GPa)
for A-SiNWs was observed to be lower than that of bulk Si (7
GPa). One of the interesting aspects of core−shell nanowires is
the eﬀect of applied tensile or compressive stress on the
electronic band structure of the nanowires as well as on the
eﬀective mass and the mobility of the holes.52−54 Depending on
the amount of tensile or compressive stress on the core, the
nature of the bandgap can reversibly change from indirect to
direct55,56 On the basis of the ﬁndings of present study, the
tensile stress can be controlled by manipulating the core-toshell ratio of core−shell SiNW, which subsequently provides
the possibility to engineer the electronic properties of
nanowires.
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for crystalline−amorphous core−shell Si nanowires. This
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Figure 8. Pressure dependence of the full width at half-maximum of
the Raman lines of B- SiNWs and bulk Si. The ﬁlled (open) symbols
denote data taken from increased (decreased) pressure of the Raman
peak of B-SiNWs. The red solid line represents the calculated results of
bulk Si P-dependence of Raman line at T = 0 K from Menéndez et
al.47 The red solid circle refers to the measured fwhm of bulk Si at
room temperature with our Raman setup.
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(1) Schmidt, V.; Wittemann, J. V.; Gösele, U. Growth, Thermodynamics, And Electrical Properties of Silicon Nanowires. Chem. Rev.
2010, 110, 361−88.
(2) Hicks, L.; Dresselhaus, M. Thermoelectric Figure of Merit of a
One-Dimensional Conductor. Phys. Rev. B: Condens. Matter 1993, 47,
16631−16634.
4224

dx.doi.org/10.1021/jp309842c | J. Phys. Chem. C 2013, 117, 4219−4226

The Journal of Physical Chemistry C

Article

(25) Haberl, B.; Liu, A.; Bradby, J.; Ruffell, S.; Williams, J.; Munroe,
P. Structural Characterization of Pressure-Induced Amorphous Silicon.
Phys. Rev. B: Condens. Matter 2009, 79, 1−8.
(26) Li, B.; Yu, D.; Zhang, S.-L. Raman Spectral Study of Silicon
Nanowires. Phys. Rev. B: Condens. Matter 1999, 59, 1645−1648.
(27) Adachi, M. M.; Anantram, M. P.; Karim, K. S. Optical Properties
of Crystalline-Amorphous Core-Shell Silicon Nanowires. Nano Lett.
2010, 10, 4093−4098.
(28) Weinstein, B.; Piermarini, G. Raman Scattering and Phonon
Dispersion in Si and GaP at Very High Pressure. Phys. Rev. B: Condens.
Matter 1975, 12, 1172−1186.
(29) Mernagh, T.; Liu, L.-G. Pressure Dependence of Raman
Phonons of Some Group IVA (C, Si, and Ge) Elements. J. Phys. Chem.
Solids 1991, 52, 507−512.
(30) Phonons: Theory and Experiments; Bruesch, P., Ed.; Springer:
Berlin, 1982.
(31) Lucazeau, G. Effect of Pressure and Temperature on Raman
Spectra of Solids: Anharmonicity. J. Raman Spectrosc. 2003, 34, 478−
496.
(32) Anastassakis, E.; Cantarero, A.; Cardona, M. Piezo-Raman
Measurements and Anharmonic Parameters in Silicon and Diamond.
Phys. Rev. B: Condens. Matter 1990, 41, 7529−7535.
(33) Blackman, M.; Daniels, W. B. In Light Scattering in Solids IV;
Cardona, M., Güntherodt, G., Eds.; Springer: Berlin, 1984.
(34) Yu, D.; Lee, C.; Bello, I.; Sun, X.; Tang, Y.; Zhou, G.; Bai, Z.;
Zhang, Z.; Feng, S. Synthesis of Nano-Scale Silicon Wires by Excimer
Laser Ablation at High Temperature. Solid State Commun. 1998, 105,
403−407.
(35) Wang, R.-p.; Zhou, G.-w.; Liu, Y.-l.; Pan, S.-h.; Zhang, H.-z.; Yu,
D.-p.; Zhang, Z. Raman Spectral Study of Silicon Nanowires: HighOrder Scattering and Phonon Confinement Effects. Phys. Rev. B:
Condens. Matter 2000, 61, 16827−16832.
(36) Fukata, N.; Oshima, T.; Murakami, K.; Kizuka, T.; Tsurui, T.;
Ito, S. Phonon Confinement Effect of Silicon Nanowires Synthesized
by Laser Ablation. Appl. Phys. Lett. 2005, 86, 213112.
(37) Lu, M. Silicon Quantum-Wires Arrays Synthesized by Chemical
Vapor Deposition and Its Micro-Structural Properties. Chem. Phys.
Lett. 2003, 374, 542−547.
(38) Lugstein, A.; Steinmair, M.; Hyun, Y. J.; Hauer, G.; Pongratz, P.;
Bertagnolli, E. Pressure-Induced Orientation Control of the Growth of
Epitaxial Silicon Nanowires. Nano Lett. 2008, 8, 2310−2314.
(39) Su, Z.; Sha, J.; Pan, G.; Liu, J.; Yang, D.; Dickinson, C.; Zhou,
W. Temperature-Dependent Raman Scattering of Silicon Nanowires. J.
Phys. Chem. B 2006, 110, 1229−1234.
(40) Yu, D. P.; Bai, Z. G.; Ding, Y.; Hang, Q. L.; Zhang, H. Z.; Wang,
J. J.; Zou, Y. H.; Qian, W.; Xiong, G. C.; Zhou, H. T.; et al. Nanoscale
Silicon Wires Synthesized Using Simple Physical Evaporation. Appl.
Phys. Lett. 1998, 72, 3458.
(41) Wang, Y.; Zhang, J.; Wu, J.; Coffer, J. L.; Lin, Z.; Sinogeikin, S.
V.; Yang, W.; Zhao, Y. Phase Transition and Compressibility in Silicon
Nanowires. Nano letters 2008, 8, 2891−2895.
(42) Custer, J. S.; Thompson, M. O.; Jacobson, D. C.; Poate, J. M.;
Roorda, S.; Sinke, W. C.; Spaepen, F. Density of Amorphous Si. Appl.
Phys. Lett. 1994, 64, 437.
(43) Barla, K.; Herino, R.; Bomchil, G. Determination of Lattice
Parameter and Elastic Properties of Porous Silicon by X-ray
Diffraction. J. Cryst. Growth 1984, 68, 727−732.
(44) Mathioudakis, C.; Kelires, P. Softening of Elastic Moduli of
Amorphous Semiconductors. J. Non-Cryst. Solids 2000, 266−269,
161−165.
(45) Bernstein, N. Atomic Scale Structure and Dynamics of
Amorphous-Crystal Interfaces in Silicon: Simulations with Empirical
and Quantum-Mechanical Approaches. Ph.D. Thesis, Harvard
University, 1998.
(46) Murnaghan, F. The Compressibility of Media under Extreme
Pressures. Proc. Natl. Acad. Sci. U.S.A. 1944, 30, 244.
(47) Menendez, J.; Cardona, M. Temperature Dependence of the
First-Order Raman Scattering by Phonons in Si, Ge, and α-Sn:

(3) Christofferson, J.; Shakouri, A.; Majumdar, A. Characterization of
Heat Transfer along a Silicon Nanowire Using Thermoreflectance
Technique. IEEE Trans. Nanotechnol. 2006, 5, 67−74.
(4) Hochbaum, A. I.; Chen, R.; Delgado, R. D.; Liang, W.; Garnett, E.
C.; Najarian, M.; Majumdar, A.; Yang, P. Enhanced Thermoelectric
Performance of Rough Silicon Nanowires. Nature 2008, 451, 163−7.
(5) Boukai, A. I.; Bunimovich, Y.; Tahir-Kheli, J.; Yu, J.-K.; Goddard,
W. A.; Heath, J. R. Silicon Nanowires As Efficient Thermoelectric
Materials. Nature 2008, 451, 168−71.
(6) Chan, C. K.; Peng, H.; Liu, G.; McIlwrath, K.; Zhang, X. F.;
Huggins, R. A.; Cui, Y. High-Performance Lithium Battery Anodes
Using Silicon Nanowires. Nat. Nanotechnol. 2008, 3, 31−5.
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