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Abstract

We study the high pressure response, up to 8 GPa, of silicon nanowires (SiNWs) with ~15 nm
diameter, by Raman spectroscopy. The first order Raman peak shows a superlinear trend, more
pronounced compared to bulk Si. Combining transmission electron microscopy and Raman
measurements we estimate the SINWs’ bulk modulus and the Griineisen parameters. We detect
an increase of Raman linewidth at ~4 GPa, and assign it to pressure induced activation of a
decay process into LO and TA phonons. This pressure is smaller compared to the ~7 GPa
reported for bulk Si. We do not observe evidence of phase transitions, such as discontinuities or

change in the pressure slopes, in the investigated pressure range.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Materials with dimensions ranging from a few angstroms to
several nanometers can be routinely synthesized by a number
of techniques [1]. Owing to their confined size and high
surface-to-volume ratio, these can show different mechanical,
electronic and optical properties from those of bulk [1-5].
Nanostructured silicon is particularly interesting, because
present-day information technology is still largely pinned on
this widely available material. Silicon nanowires (SiNWs)
have stimulated extensive efforts, ranging from the integration
of optoelectronic devices into Si microelectronics [6-8] to
large-area applications such as photovoltaics [9-11] and
thermoelectrics [12, 13].

Raman spectroscopy has proven to be an effective and
nondestructive characterization technique to understand the
lattice dynamics of SiNWs [14-20]. Phonon frequencies
and linewidths give valuable information about microscopic
parameters such as bonding and structure as well as deviations
from the crystalline counterpart [21-23]. The available data
on SiNWs’ mechanical properties show significant differences.
Some report a Young and bulk modulus decrease with respect

0957-4484/11/195707+05$33.00

to bulk Si, depending on diameter [24-27], while others claim
an opposite trend [28, 29, 2].

Here, we perform Raman scattering experiments to
investigate the influence of hydrostatic pressure on the
longitudinal and transversal optical (LTO) optical phonon
mode of SINWs with a mean diameter of ~15 nm. We find
a slightly more pronounced pressure dependence compared to
bulk Si. In particular, the Raman linewidth shows a significant
increase above a critical pressure (~4 GPa), which we assign
to the activation of an additional decay channel into LO + TA
phonons.

2. Experimental details

SiNWs are grown by vapor transport [20]. SiO powder is
evaporated at ~1400°C in a horizontal tube furnace for 3 h.
The Si vapor condenses at ~900 °C on a quartz substrate. The
average wire diameter is ~15 nm, consisting of an outer 2—
3 nm SiO; shell and a crystalline Si core. During synthesis,
Ar is allowed to flow (100 sccm) as carrier gas at pressures
close to atmospheric (800-1000 mbar). In parallel with SINW
growth, reduction of the pressure enhances the formation of

© 2011 IOP Publishing Ltd  Printed in the UK & the USA
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Figure 1. (a) Representative morphology of our SINW sample. (b) Individual SINW and (inset) its diffraction pattern.

Table 1. Lattice parameter, a, nearest-neighbor distance, d, and bulk
moduli of SINWSs. For comparison the values for bulk Si are
included.

Sample a (A) d=*5(A) K, (GPa) Reference
SiNWs (I50m)  5.57(5)  0.046(1) — This study
SiNWs (15 nm)  0.5437 0.0499 — [34]
SiNWs (I5nm) 5435 00500  — [21]
SiNWs (70 nm)  5.423(2)  0.0504(1) 123(5) [36]
SINWs (22nm)  5.448  0.0496  — 35]
Bulk Si 5.43 0.05017 100(2) [33]
Bulk Si 5.435 0.0500 99.9 [41]
Bulk Si 5.435 0.0500 94.8 [42]

Si—SiO, nanochains, i.e., filamentary nanostructures where
crystalline Si spheres are connected by SiO, bridges of variable
length [20, 30].

The initial characterization of the sample is performed
with a 200 kV transmission electron microscope (TEM)
(Tecnai G?20 from FEI). The macro-Raman setup consists
of a Dilor-XY 800 spectrometer equipped with a triple
monochromator and a charge coupled device (CCD) with
A = 5145 nm excitation from an Ar" laser, in back-
scattering geometry, with 1.0 cm™! resolution. Pressure
measurements are carried out with a Syassen—Holzapfel-
diamond anvil cell [31] with a 4:1 methanol-ethanol mixture
as pressure medium, to ensure good hydrostatic conditions at
least up to 10 GPa. The ruby fluorescence [32] is used for
pressure calibration. The spectra are fitted with Voigt functions
after background subtraction.

3. Results and discussion

Figure 1(a) shows the SiNWs’ morphology. They have a
core diameter of ~8 nm and an amorphous SiO;-coating of
~3.5 nm, as seen in figure 1(b). The inset of figure 1(b)
plots the Fourier-transform of the crystallographic planes of
an individual SiNW. This indicates that the crystallographical
growth direction is unchanged along this SINW. A change
would be indicated by more reflections in the Fourier-
transformed image. From the diffraction pattern, the lattice
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Figure 2. LTO frequency as a function of laser power, for 514.5 nm
excitation. The line is a guide to the eye.

parameter (a) is determined to be 5.57 £ 0.05 A. Figures 1(a)
and (b) show a lattice parameter expansion of ~2%, compared
to bulk Si (5.43 A [33]). This is consistent with previous
x-ray diffraction (XRD) studies of SiNWs, where a larger
lattice parameter compared to bulk Si was reported (0.1% [34],
0.4% [21], or 0.31% [35]). However, other TEM imaging work
found a smaller one (0.14%) [36], table 1.

A high excitation power can increase the local temperature
in SiNWs, causing a red shift and a broadening of the Raman
peaks [14-16]. Therefore the laser power must be kept
at a low level to avoid such local heating effects. This
effect is negligible in bulk Si because of the better thermal
conductivity of the bulk crystal [14, 37-40]. Thus, we first
consider the possibility of thermal effects by studying the
LTO mode as a function of excitation power, see figure 2.
We detect a softening with increasing power at a rate of
127 cm™ mW~! up to 13 mW, followed by saturation.
This softening is reversible. The extrapolated zero-power
Raman peak position is 518.9 £ 0.6 cm™!. The Raman
red shift caused by overheating depends on the thermal
anchoring of the SiNWs to the substrate [14] and the
thermal conductivity of the surrounding gas [14, 15, 17].
These factors, together with the power density on the laser
spot, which depends on the micro- or macro-experimental



Nanotechnology 22 (2011) 195707

S Khachadorian et al

Raman Intensity (arb. units)

downstroke

520 540 560 580

Raman Shift (cm'1)

500

Figure 3. Raman spectra of SiNWs at various hydrostatic pressures,
recorded ((a)—(d)) upon pressure increase, and (e) after pressure
decrease, for 514.5 nm excitation.

setup, influence the value of the frequency versus power
slope. This value was reported as 0.5 cm™! mW~! [15]
and 1 cm™! mW™! [43, 17] for a macro-Raman setup, and
~2.5 cm~' mW~! [44] for a micro-one. Furthermore, [17]
reported a linear dependence of this slope with the inverse
thermal conductivity of the medium surrounding the SiNWs.
In our high pressure setup, the medium is a methanol-
ethanol mixture with thermal conductivity (0.204 W mK~! for
methanol [45] and 0.168 W mK~! for ethanol [46]) higher than
air (0.024 W mK~! [47]). Therefore, we conclude that the laser
induced overheating in our high pressure Raman measurements
performed for ~1.5 mW excitation power should be about ten
times smaller than in air, and thus negligible.

Figure 3 plots the Raman spectra of SiNWs recorded for
increasing pressures. This shows an upshift and broadening
of the LTO Raman peak, with no change of lineshape.
We assume the Raman signal collected from necklace
shaped nanostructures to be negligible, due to their small
concentration in our sample. Figure 4 plots the fitted pressure
evolution of the LTO peak. We note that the effect of the
compression and the decompression processes on the Raman
spectra is reversible, as confirmed by the pressure dependence
of the LTO peak full width at half maximum (FWHM) in
figure 5. We fit the data in figure 4 with a quadratic function of
pressure:

w(P) =519.11(6) [cm™ ']+ 6.11(4) [cm > GPa™?] - P
—0.080(5) [cm™% GPa?]- P2 (1)
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Figure 4. Pressure dependence of the LTO optical phonon in SiNWs.
The black solid (open) circles denote data under increasing
(decreasing) pressure. The red solid line corresponds to the pressure
dependence of bulk Si from [41].
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Figure 5. Pressure dependence of the LTO mode FWHM in SiNWs
and bulk Si. The filled (open) circles refer to increasing (decreasing)
pressure for SINWSs. The red solid line corresponds to the calculated
trend for bulk Si at O K from [52]. The red solid circle is our
measured FWHM of bulk Si at 295 K.

For comparison, figure 4 also plots the room temperature
pressure dependence for bulk Si, taken from [41]. Quadratic
terms in the pressure dependence of the Raman frequencies
originate from the nonlinear relationship between the relative
lattice compression Aa and the external pressure P [48]. The
volume dependent change for a phonon of frequency w is
characterized by the Griineisen parameter y, defined as [49]

dlnw 1dlnw Ko dw
() o

dinV B 0P w dpP
where K is the bulk modulus, B the isothermal volume
compressibility and V the molar volume in cm® mol™'.
Combining the fit parameters from equations (1) and (2), we
gety/Ko = (11.77£0.08) x 1073 GPa~! and y = (10.1 &
0.2) x 1073 GPa~! for our SINWs, as reported in table 2. The
corresponding bulk Si values using the data in [41] are also
shown in table 2. These are ~17% (10%) smaller than those
for our SiINWs, respectively, suggesting that our SINWs have a
smaller bulk modulus than bulk Si.
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Table 2. Phonon frequency at zero pressure, linear and quadratic pressure coefficients, y /K and y 8, for our SINWs. The corresponding

values for bulk Si are also included.

o do — &4 % 1072 L x107 ypx107
Sample (cm™!) (GPacm)™' (GPacm)™2 (GPa™") (GPa™h) Reference
SiNWs  519.11(6) 6.11(4) 8.0(5) 11.77(8) 10.2(2) This study
Bulk Si  519.5(8) 5.2(3) 7.0(2) 10.0(6) 9.2(5) [41]
Bulk Si  518.6 5.5 8.6 10.61 — [42]

Table 3. Griineisen parameter, y, and isothermal volume compressibility, 8, calculated using the estimated bulk modulus from equation (3).

The corresponding values for bulk Si are also reported.

a Ko Ko B(x107%)
Sample  (A) (GPa) (equation(3)) (GPa) y (GPa)~! Reference
SiNWs  5.57(5) — 90(3) 1.06(3)  9.6(4) This study
Bulk Si  5.435 99.9 98.26 0.98(6) 9.4(9) [41]
Bulk Si  5.435 94.8 98.26 1.00115 — [42]

The calculation of y and B requires the knowledge of the
bulk modulus of the SINWs (see equation (2)) [49]. In [50]
a formula was suggested to determine the bulk modulus of
diamond and zinc-blend semiconductors:

Ko (GPa) = ¢ x d (A)~3? (3)

with K the bulk modulus and d the nearest-neighbor distance.
In [50] the proportionality constant ¢ in equation (3) was
reported to be 1971 GPa A™. Table 1 presents a literature
survey of the experimental lattice parameters and bulk moduli
of SiNWs and bulk Si. Combining these values and

equation (3) we estimate an average c~1962 GPa A,

The measured lattice parameter a for our SINWs is 5.57 &
0.05 A. The corresponding nearest-neighbor distance is d =
a x ~/3/4 =2.4140.02 A. Thus, the extracted bulk modulus
using equation (3) is 90 & 3 GPa, which is ~11% smaller than
that for bulk Si. This allows us to estimate y = 1.0640.03 and
B=(9.6+£0.04) x 1073 GPa~! for our SiNWs, as reported in
table 3. These results indicate a smaller bulk modulus, and thus
a bigger compressibility for our SINWs compared to bulk Si.
We note that [36] reported an increased bulk modulus (123 +
5 GPa) for SiINWs with ~70 nm diameter, as derived from high
pressure synchrotron measurements. However, their lattice
parameter was 5.423 A, i.e. ~0.13% smaller than for bulk Si.
Others reported a larger lattice parameter, and consequently a
smaller bulk modulus [34, 21], see table 1.

We now take a closer look at the pressure dependence of
the Raman linewidths. The observed lineshape corresponds
to the convolution of a Lorentzian peak with the Gaussian
instrumental profile, i.e. a Voigt profile [51]. To determine the
linewidth of the Lorentzian component, we fit the experimental
data with a Voigt profile having a fixed width of 2.6 cm™!
for the Gaussian component, as determined by the FWHM of
a neon line spectrum. The pressure dependence of the LTO
peak position and FWHM for our SiNWs and bulk Si are
shown in figure 5. The filled (open) circles refer to pressure
increase (decrease). The trends are fully reversible. Figure 5
also plots the pressure dependence of the bulk Si FWHM at
0 K (red solid line) calculated in [52]. The FWHM of our

SiNWs at ambient pressure is ~7 cm™', i.e. ~6 cm™! larger

than the theoretical results for bulk Si (1.4 cm™! at 0 K).
Figure 5 also shows the FWHM of bulk Si measured in ambient
conditions (red solid circle) with our Raman setup. According
to [53] the bulk Si Raman FWHM changes from 1.4 cm™!
(theoretical value) to 4 cm™' for a temperature increase from
0 to 295 K. We conclude that the 2.5 cm™! residual FWHM
difference between our SiNWs and the calculated FWHM is
related to the measurement temperature (increasing the FWHM
from that calculated at 0 K to that corresponding to ambient
temperature). The remainder of this difference (from 4 to
7 ecm™') can be assigned to phonon confinement, as for [14],
where a confinement related broadening of ~2.5 cm™' was
reported for SINWs with an 8 nm diameter.

The FWHM increase for pressures up to 7 GPa in bulk Si
was assigned to the decay of LTO into LA + TA phonons [52].
According to energy and momentum conservation the LTO
phonon can decay into two phonons with total energy
corresponding to the primary LTO phonon and opposite
momentum. The bulk Si FWHM shows a remarkable increase
above a critical pressure of ~7 GPa (see figure 5) [52]. When
the pressure increases a new channel (decay of the LTO phonon
into LO + TA phonons) related to wavevector regions around
the high symmetry K and L points of the Brillouin zone begins
to contribute [52]. The final states of this decay channel are TA
and LO modes, forbidden at zero pressure, but allowed due to
pressure induced effects. In the case of our SINWSs, this new
decay channel becomes active at ~4 GPa, causing the change
in slope of FWHM as a function of pressure (P) in figure 5. As
the crystal is restricted in one or more dimensions, the phonon
scattering will not be limited to the center of the Brillouin zone,
and the phonon dispersions near the zone center must also be
considered. As a result, these symmetry-forbidden modes will
be observed, in addition to shift and broadening of the Raman-
allowed optical phonon. The larger pressure coefficient for
our SiNWs also indicates a reduced onset of the additional
decay channel. For a rough estimate, we compare the bulk Si
Raman position at 7 GPa (551 cm™!) with the pressure needed
to generate the same Raman shift in SINWs (~5.5 GPa). The
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difference (1.5 GPa) is of the same magnitude as the decreased
decay onset.

4. Conclusions

We studied by Raman spectroscopy ~ 15 nm diameter SINWs
as a function of pressure, up to 8§ GPa. We detected a more
pronounced pressure dependence compared to bulk Si. Using a
phenomenological formula and the lattice parameter extracted
from TEM measurements, we estimated the bulk modulus and
the Griineisen parameter of our SiNWs. We also found a
remarkable FWHM increase at ~4 GPa, which we assigned to
the pressure induced activation of a decay process of the zone
center LTO optical phonon into LO and TA phonons. We did
not detect any evidence of phase transition in the investigated
pressure region, nor hysteresis during the decrease of pressure.
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