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ABSTRACT Metallic nanoparticle-decorated silicon nanowires showed considerable promise in a wide range of applications such as
photocatalytic conversion, surface-enhanced Raman scattering, and surface plasmonics. However there is still insufficient amount of
Raman scattering in Si nanowires with such decoration. Here we report the heteroepitaxial growth of Ag nanoparticles on Si nanowires
by a surface reduction mechanism. The as-grown Ag nanoparticles exhibited highly single crystallinity with a most probable diameter
of 25 nm. Raman scattering spectroscopy showed a new sideband feature at 495 cm™"' below the first order Si transverse optical
Raman peak due to HF etching. This new feature sustained after sequential surface treatments and rapid thermal annealing, therefore
was attributed to polycrystalline defect at subsurface, which was confirmed by high-resolution transmission electron microscopy
observations. Correlated atomic force microscopy and Raman mapping demonstrated that single Ag nanoparticle decoration
significantly enhanced Raman signal of Si nanowire by a factor of 7, suggesting that it would be a promising approach to probe
phonon confinement and radial breathing mode in individual nanowires down to sub-10 nm regime.
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rowth of low-dimensional heterostructures with
modulated structures or compositions not only pro-
vides new systems to study fundamental physical
properties at nanoscale but also exhibits technological im-
portance for a variety of applications in nanoelectronics and
nano-optoelectronics. Representative examples are zero-
dimensional (i.e., nanocrystals or nanoparticles) or one-
dimensional (i.e., nanowires) core—shell/core-multishell
heterostructures,' ~* axial heterostructures,®® twinning su-
perlattices,” and so forth. As such, wave functions that
describe elemental excitations such as electrons, photons,
excitons, or phonons are strongly altered leading to coherent
charge transport*®? and tunable nanoscale optical proper-
ties (high quantum yield, engineered emission bandgap,
etc.).'°""? At the nanoscale, some conventional “rules” in
thin film growth, for example, lattice mismatch requirement
is relaxed leading to unconventional growth of heterostruc-
tures as recently demonstrated in the nonepitaxial growth
of metallic-semiconducting core—shell heterostructures with
dramatic lattice mismatch.'*
Recently, heterostructures with zero-dimensional metallic
nanoparticles decoration on one-dimensional semiconduc-
tor nanowires, especially silicon, have attracted considerable
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attention, due to their potential applications in solar energy
conversion,'” surface-enhanced Raman scattering (SERS)' ¢
and biosensing.** An efficient method that has been used
to decorate silicon nanowires with metallic nanoparticles,
for example, Au or Pt, is galvanic displacement in which
metallic ions are reduced with electrons supplied by virtue
of silicon half-cell reaction.?> This process can be generally
described using the following equations

Anodic: Si + 6F~ — SiF,*” + 4e”
Cathodic: M"" + ne” — M

where M denotes metal atoms (e.g., Au or Pt). Semiconduc-
tors, for example, silicon, act as the source of electrons that
reduces the metal ions in solution on surface. HF is needed
to remove silicon oxide, which is the product of this corro-
sion reaction, therefore ensuring continuous metal ions
reduction. However, this process is spontaneous with a
considerably large reaction rate and forms high-density
coating of nanoparticles, thus making it less favorable to
control the size and density.'”'®?> A slightly different
strategy was employed here in order to improve the inter-
face quality as well as controllable growth of metallic nano-
particles on nanowires. The essential idea is that freshly
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silicon surface exhibits surface reduction potential to reduce
noble metallic ions in solution.?> As the deposited metal is
more noble (i.e., easier to reduce) than the substrate and
hydrogen, the galvanic displacement thus occurs spontane-
ously. In addition, cutting the supply of HF makes the
electron supply discontinuous such that only well separated
nanoparticles will be formed. As a case study, we took a
challenging effort to decorate monodispersed Ag nanopar-
ticle on Si nanowires and investigate the Raman scattering
and mapping with the resolution down to single nanoparticle
level.

Silicon nanowires (SiNWs) used in this work were syn-
thesized using the well-documented vapor—liquid—solid
mechanism in a gas phase chemical vapor deposition sys-
tem. Monodispersed 30 nm Au nanoparticles (Ted Pella)
were used as catalysts. Silane (2 sccm) and diborane (2.5
sccm) were used as Si source and doping gases. The growth
was carried out at ~450 °C for 10 min at a pressure of 40
Torr under 10 sccm Ar carrier gas environment. Details can
be found from ref 24—26. The as grown SiNWs were
dispersed into DI water by ultrasonicating silicon substrate
(~5 mm by 10 mm) and etched in 5% aqueous HF solution
for 20 s to produce H-terminated surface, followed by a
10—15 min centrifugation at 14 000 rpm to remove HF and
precipitate nanowires. A minimum of three times of DI water
wash and centrifugation were performed to remove the HF
residue. Afterward, the as-treated SiINWs were mixed with
1.0 mLof 1.3 x 107> M AgNOs solution for 10 min to grow
Ag nanoparticles on SiINWs, as we found optimal uniform
heteroepitaxial growth of Ag nanoparticle at this
concentration.

After the reaction, a few drops of suspension were put
on top of lacey carbon grid (Electron Microscopy Sciences)
for electron microscopy studies. Transmission electron mi-
croscopy (TEM) imaging and elemental mapping were car-
ried out under JEOL (JEM1400 and JEOL 2100) microscopes.
For Raman scattering studies, we used GaAs [100] wafer
with Au markers defined by electron-beam lithography
followed by usual lift-off process. In this approach, we
conducted studies on individual Ag-SiNW and traced the
evolution of line shape as we changed various treatments.
Most importantly, it is feasible to correlate spatially resolved
Raman mapping result to atomic force microscopy (Vecco,
Dimension V), which can identify the size and location of
Ag nanoparticles on SINW. Raman scattering spectroscopy
and mapping were carried out on a WITec CRM200 confocal
Raman microscopy system (25 um pinhole). The excitation
laser is a double-frequency Nd:YAG laser (532 nm, CNI Laser)
with a laser power below 1.0 mW. The spot size of the 532
nm laser was estimated to be 0.5—1.0 um with a 100x
objective (N.A. of 0.95). The Raman scattered light was
directed to either 1800 or 600 grooves/mm grating and
detected using a charge-coupled-device (CCD) thermoelec-
trically cooled to —52 °C. The stage movement and data
acquisition were controlled using ScanCtrl Spectroscopy Plus
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software from WITec GmbH, Germany. Oxygen plasma
treatment was carried out in a plasma etcher (AST product
Inc., U.S.A.) at a pressure of 1 Torr with a continuous 50
sccm O, gas supply. UV/ozone treatment was carried out in
a UV-1 dry cleaner (Samco, Japan). Rapid thermal annealing
was conducted in an AccuThermo AW610 processor (All-
win21 Corp, U.S.A).

Figure 1 displays the characterization of as grown Ag
nanoparticle decorated SiNWs. From panels a and b, one
can see well-separated nanoparticles formed along SINW;
clear and clean SiNW surface were also identified. By count-
ing over a thousand of Ag nanoparticles, a diameter distribu-
tion (blue bar chart) was obtained as shown in Figure 1c,
where the red curve is a log-normal distribution giving rise
to a most probable diameter of 25 nm. Log-normal distribu-
tion (fld) = fo + A exp[—In(dldy)/w]?, f, is a baseline, dy is
the most probable diameter, w is a peak width parameter,
A is a constant that describes the peak intensity) was
previously demonstrated to describe nanomaterials growth
effectively.?” To confirm the composition of nanoparticles
grown on SiNWs, elemental mapping was carried out under
TEM. Figure 1d shows a bright field TEM image taken under
scanning transmission electron microscopy (STEM) mode
with the corresponding continuous and uniform Si K edge
and discontinuous dotlike Ag L edge mapping shown in
Figure 1e.f, respectively. Clear contrast between Si and Ag
was identified, suggesting a pure Ag nanoparticle phase
decoration.

Figure 2 shows detailed analysis of high-resolution TEM
images of Ag nanoparticle and SiNW interface. It can be seen
from Figure 2a that crystalline Ag nanoparticles were grown
epitaxially from Si nanowire surface. This heteroepitaxial
characteristic is similar to what has been reported in Au
nanoparticles grown on SiNWs via galvanic displacement.?’
The SINW was identified to grow along [110] direction. To
the best of our knowledge, our result is the first demonstra-
tion of heteroepitaxial growth of Ag nanoparticles on SINWs.
From the inspection of many HRTEM images of Ag nano-
particle SINW interface, we found that most Ag nanoparticles
are single crystalline while a few exhibit twinning boundary
defects. Some nanoparticles also showed faceted surface
suggesting a high crystallinity. In terms of Ag nanoparticle
crystallinity and size/density control, this strategy showed
much better results than previously reported Ag nanoparticle
decorations.'®7 82921

Raman scattering is a powerful technique to study semi-
conductor nanomaterials, as the line shape and peak posi-
tion of Raman-active vibrational modes provide meaningful
information concerning crystalline quality, secondary de-
fects, surface states or phonon confinement states in
nanomaterials.?®>° In metallic nanoparticle semiconductor
nanowire heterostructures, systematic Raman scattering of
Si nanowires due to nanoparticle decoration is lack. Here we
systematically studied how Raman line shape changes as the
nanowires were decorated with nanoparticles. Figure 3
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FIGURE 1. Ag nanoparticle-decorated Si nanowires. (a,b) Typical TEM images of as prepared Ag decoration on Si nanowires. (c) Diameter
distributions of Ag nanoparticles and log-normal distribution fitting (red curve), which indicates a most probable diameter of 25 nm. (d)
Bright-field TEM image taken under STEM mode. Elemental mapping of (e) Si K edge and (f) Ag L edge confirms that the nanoparticles are

indeed Ag.

FIGURE 2. HRTEM images of Ag-decorated Si nanowires. (a) HRTEM shows heteroepitaxial interface between single crystalline Ag nanoparticle
and Si nanowires. Most Ag nanoparticles exhibit high single crystallinity, while a few show twinning boundaries. Scale bar is 5 nm. (b) HRTEM
reveals polycrystalline regimes at the Si nanowire surface (black arrows). Scale bar is 10 nm.

shows detailed characterization of Raman scattering spec-
troscopy study of Ag nanoparticle decorated SiNWs. Figure
3a exhibits a comparison of Raman spectra taken from
individual nanowires in three different conditions. The as
grown Si nanowire shows a single Raman peak at 518 cm™!
due to 3-fold degenerated transverse optical (TO) phonon
modes at the zone center. This Raman peak exhibits an
asymmetric broadening toward the low-energy side and a
slight downshift by 2 cm™ as compared to bulk Silicon TO
peak at ~520 cm™'. This asymmetric broadening and
downshift are due to laser-induced inhomogeneous heating
since the nanowire is freestanding on the substrate and
therefore a poor thermal anchorage to the substrate is
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anticipated.’'>* The nanowires studied here are about 30
nm in diameter and therefore the phonon confinement is
not important.*®>> After HF etching, the Raman spectrum
shows an additional Raman band (~495 cm™') below Si TO
peak, similar feature was observed for a nanowire after Ag
nanoparticle decoration for many nanowires (about 7 out
of 10). The Raman band at 293 cm™' is due to GaAs
longitudinal optical (LO) phonon modes.> Figure 3b displays
a typical zoom-in spectrum of Ag-SiNW nanowire taken on
GaAs substrate (the optical image is shown as an inset with
black arrow indicating the position of the nanowire), the data
(blue solid squares) were fitted well by multiple Lorentzian
line shape (blue curve) and the decomposition was shown
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FIGURE 3. Raman scattering of individual Ag-decorated Si nanowires. (a) Typical Raman spectra of Si nanowires before HF etching, after HF
etching, and after Ag-nanoparticle growth. A sideband of 495—496 cm™' below Si TO Raman peak was identified. Spectra of SiNW after HF
etching and after Ag-nanoparticle growth were shifted upward for clarity. (b) Lorentzian line shape analysis and decomposition of a typical
spectrum taken from an individual Ag-decorated SINW on GaAs substrate (inset, the arrow indicates the position of Si nanowire and the
numbers are Au markers defined by e-beam lithography). (c) The evolution of Raman line shape from nanowire shown in Figure 3b inset
under various surface treatment. The spectra (except for as prepared) were shifted upward for clarity and normalized with the Si TO peak
intensity. Both Si TO and the sideband peak do not change appreciably. (d) Full width at half-maximum (fwhm) values of Si TO Raman band
at ~518 cm™! and the sideband ~495 cm™!. fwhm of Si TO Raman band does not show considerable variation after various treatments, while
fwhm of 495 cm™' band exhibits a significant increase after O, plasma treatment, suggesting a deleterious effect to phonon lifetime due to

plasma impingement.

as black curves. Two Raman band peak positions were
identified to be at 518 and 495 cm™" with similar fwhm of
around 10 cm™!. This line shape analysis will be used to
evaluate the line shape change as we change the processing
conditions to be discussed shortly.

The new Raman band at 495 cm™" in SiNWs (after HF
etching and Ag nanoparticle decoration) is very interesting.
Two generic scenarios have been reported to exhibit ad-
ditional Raman band below Si TO Raman peak at 520 cm™".
Hydrogenated amorphous silicon prepared by very high
frequency plasma-enhanced chemical vapor deposition (VHE-
PECVD) gave rise to a broad Raman band centered at ~480
cm™! with the fwhm as large as 50 cm™!'.>>° Such a large
fwhm is an outcome of amorphous silicon which decreases
the phonon lifetime significantly as compared to crystalline
silicon. Porous silicon prepared by electrochemical etching
of Si in HF solution also showed broad shoulder band at
~484 cm™! with a fwhm ~64 cm™!,?” which was attributed
to the disorder induced by HF etching. However, there is no
available detailed explanation on the nature of such disorder,
which is presumably a mixture of polycrystalline silicon in
an amorphous matrix as the peak position and fwhm are
similar to hydrogenated amorphous silicon.?*® In our SINW
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sample, the sideband feathered at 495 cm™! is relatively
intense, that is, the fwhm is similar to crystalline Si TO
Raman peak. Therefore, the sideband is not likely to origi-
nate from hydrogenated amorphous silicon®*?® or similar
disorder due to HF electrochemical etching.?”

[s it due to the surface termination groups such as Si—H
or Si—F bonding? We carried out a series of sequential
surface processing of SINWs dispersed on GaAs substrate (for
example, as shown in Figure 3b inset) and then traced the
line shape evolution of the same nanowire. The processing
conditions are (1) oxygen plasma treatment for 2 min at 50
W radio frequency power with an O, flow of 50 sccm; (2)
UV/ozone treatment for 10 min at 200 °C; (3) rapid thermal
annealing in forming gas (5% H, in Ny) at 600 °C for 5 min;
and (4) rapid thermal annealing in O, 600 °C for 5 min. The
resulting spectra are shown in Figure 3c. All of the spectra
except as dispersed were shifted upward for clarity. All the
spectra were normalized by the peak intensity of Si TO peak.
One important observation is that the 495 cm™' feature
sustained after all the surface treatment, suggesting that the
origin of this 495 cm™' was not due to surface-related
bonding. Even though all of the spectra look similar, their
fwhm indeed showed some interesting evolutions versus
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processing conditions as plotted in Figure 3d. As can be seen
from Figure 3d, the fwhm for Si TO peak at 518 cm™" did
not change much from 10 cm™'; however the 495 cm™'
sideband showed significant increase (from 10 to 20 cm™)
upon O, plasma treatment. The robustness (peak position
and fwhm) of this peak again suggested that it is not due to
disorder as in ref 37, because otherwise the fwhm would
decrease as the annealing temperature was increased. We
hypothesized that the sideband feature we observed was
probably due to polycrystalline silicon defect formation
below the surface, which is a transition phase between
crystalline silicon and amorphicity/disorder phase by a long
time of HF etching. In such situation, the phonon lifetime
will then be much longer than in amorphous a-Si:H and
porous Si,”>?® which would result in a comparable fwhm
with Si TO Raman peak in SiINWs. Careful HRTEM analysis
indeed confirmed the existence of polycrystalline Si nano-
crystals beneath the nanowire surface as shown in Figure
2b, black arrows indicate the position of polycrystalline Si
regime. Upon 50 W O, plasma treatment, this subsurface
polycrystalline regime was further damaged by plasma
impingement leading to a significant decrease of phonon
lifetime, hence the increase of fwhm was shown in Figure
3d, while this deleterious effect can be recovered by the
subsequent 200 °C treatment in UV/ozone in which no
energetic radicals existed in the process and therefore no
further damage to the polycrystalline defects.

Phonon confinement is another scenario that may lead
to the redshift of Si Raman peak. According to the phonon
confinement phenomenological model proposed by Rich-
ter,”® in quantum size nanocrystals the Raman selection rule
q = 0, where q is the phonon wavevector, is relaxed such
that a range of phonons extended from the Brillouin zone
center will be activated, therefore leading to a redshift and
asymmetric broadening of the first order Raman band.
Modified Richter model was also recently used to explain
the confined phonon states in SiNWs by a few groups.?®**
However, this model predicts only ~15 cm™' redshift even
for a 2 nm nanocrystal when compared with bulk Si TO
peak®® and therefore cannot explain the 23 cm™! redshift
in our result.

Recently, a few groups have reported additional Raman
band features (494, 508 cm™!, etc.) in hexagonal polymor-
phic silicon nanocones*' and nanowires.** To investigate
whether we actually studied nanowires with other Si hex-
agonal polymorphism, we dispersed our nanowires onto
SiNx membrane TEM grids to perform TEM inspection on
those wires which showed 495 cm™! sideband features (data
not shown here). No twinning stacking fault was found in
those wires. Instead, we still observed crystalline cubic phase
Si nanowires as expected from the nanowire growth condi-
tion which usually produces crystalline SINWs consistent
with many other earlier reports.**?® Therefore both phonon
confinement due to small Si nanocrystals and polymorphic
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FIGURE 4. Polarization-dependent Raman scattering spectroscopy.
(a) Raman spectra of two polarization configurations; “parallel” is
denoted when the laser field is parallel to the nanowire axis while
“perpendicular” is denoted when the laser field is perpendicular to
the nanowire axis. When the laser field is perpendicular to the
nanowire axis, the Raman signal is strongly suppressed; this effect
is attributed due to a nanoantenna effect. (b) Intensity polar plots
of Si TO Raman band and the sideband at 495 cm™'. Slightly
distorted antenna polar plots were identified.

Si stacking fault defect can be ruled out to explain our 495
cm™' sideband features.

As a comparison, we also carried similar growth using
freshly grown SiNWs in pure H, atmosphere which naturally
results in H-terminated surface thus HF etching is no longer
necessary. Indeed, those nanowires can reduce Ag in situ
on surface of SiNWs. For the 19 out of 20 nanowires we
studied, Raman scattering did not show this 495 cm™!
sideband. The one that showed 495 cm™' was attributed to
twinning stacking fault as observed by Lauhon group.*” It is
also worth to note whether this polycrystalline defect forma-
tion during HF etching is unique in nanowires. We processed
HF etching of [100] and [111] Si wafers with native oxide
using the same concentration of HF and etching time,
Raman scattering spectra did not resolve any 495 cm™
sideband. Therefore, we conclude such polycrystalline defect
formation is unique in nanowires. Nevertheless, we cannot
exclude the possibility that complicated surface reconstruc-
tion may form once Ag or Au ions were added, which has
been partially discussed by Sayed and co-authors.*’

It is also interesting to study the polarization-dependent
Raman scattering from individual Ag-SiNW, which may
provide fruitful information concerning how nanoantenna
effect and bulk Raman tensor play important roles in
polarization dependent Raman scattering.*>** Antenna ef-
fect in nanomaterials was first predicted by Ajiki and Ando
in single-walled carbon nanotubes in which they demon-
strated that optical absorption is strongly suppressed when
the incidence electric field polarization is perpendicular to
the nanotubes axis.*> Since then, such antenna effect has
been reported in Raman scattering from both nanotubes**™*®
and nanowires.** Figure 4a displays the polarization-de-
pendent Raman scattering from individual Ag-SiNW, where
the Raman intensity for both Si TO peak and the sideband
is indeed much stronger when the laser field is parallel to
the nanowire axis. Lorentzian line shape analysis indicates
that the peak intensity is more than 10 times stronger in
parallel polarization. As the polarization angle changes
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FIGURE 5. Raman mapping of individual Ag-decorated Si nanowires. (a) AFM image of a 6.7 um long Ag-decorated Si nanowires. Line profile
across A spot indicates a diameter of 38 nm for this nanowire; profiles across B and C spots revealed two Ag nanoparticles with diameters of
~34 and ~20 nm, respectively. (b) Raman mapping of nanowire shown in (a) integrated from 450—550 cm™! for parallel (left) and perpendicular
(right) polarizations. Strong enhanced Raman scattering was identified to be due to Ag nanoparticle. Scale bar is 300 nm. (c) Raman mapping
of the same nanowire integrated from 270—310 cm™ ! for parallel (left) and perpendicular (right) polarizations. Scale bar is 300 nm. (d) Raman
mapping of another as-grown Si nanowire (no Ag nanoparticles) for parallel polarization integrated from 450—550 cm ™!, approximately uniform
intensity distribution along the whole wire length. Scale bar is 1 gm.

between laser field and the nanowire axis, both Si TO and
495 cm™! sideband exhibit typical dipole antenna plot
(Figure 4b), consistent with nanoantenna effect reported in
GaP nanowires.** However, it was observed that both polar
plots showed an ~10—15¢ distortion compared with previ-
ous literature,** which suggest that Ag nanoparticle decora-
tion may change the local electric enhancement dependence
on laser polarization angle. Further simulation by including
the surface plasmon probably will shed light on this hypo-
thesis.

[tis a hot topic that Ag nanoparticles on 1D SiNWs (grown
either bottom-up by CVD method or top-down via etching
Si wafer) can be used as a sensitive SERS interface, !~ 18:20-21
which seems to exhibit better control of morphology (surface
roughness) than 2D surface. Here in this scenario, we are
mainly concerned with electromagnetic enhancement due
to localized surface plasmons. Metallic nanoparticle or par-
ticle configuration (for example, bow-tie arrangement) dra-
matically enhances the local field intensities, leading to both
enhanced excitation radiation and emission radiation. Most
of the above demonstrations adopted some dye molecules
such as rhodamine 6G adsorbed onto Ag-SiINWs in the sense
that the SERS measurement is still from an ensemble of Ag-
SiNWs. Furthermore, no spatially resolved studies have ever
been conducted to evaluate the SERS effect of Ag-SINW. In
this paper, we have systematically studied how spatially
resolved Raman mapping can be used to study enhanced
Raman scattering from individual SINWs with Ag nanopar-
ticle decorations and explored the utilization of SINWs as the
“reporter” in the quantitative analysis of Ag nanoparticle as
a SERS interface.

The essential procedures followed in this study are the
determination of Ag nanoparticles position and size on
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SINW, Raman mapping of the nanowire, and the correla-
tion study of the two. AFM is an ideal technique for us to
build such a correlation. The left panel of Figure 5a
displays an AFM image of a 6.7 um long Ag-SiNW and the
corresponding line scans of three different locations
(A—C) along the nanowire are shown in the right panel.
Line scan A indicates the diameter of SINW is 38 nm, line
scans B and C suggested that two nanoparticles reside on
SiNW surface with diameters of ~34 and ~20 nm,
respectively. Figure 5b displays the Raman mapping
results integrating from 450—550 cm™! when the laser is
polarized along nanowire (left) and perpendicular to
nanowire axis (right), which demonstrate spatially how
Si TO and 495 cm™! sideband depend on polarization.
When the laser-field polarization is perpendicular to the
nanowire, the Raman scattering is completely suppressed
along the whole length, that is, barely detectable signal
above noise level, consistent with the previous polariza-
tion dependence and antenna effect results (Figure 4). On
the contrary, when laser is polarized along the nanowire
(Figure 5b left panel), the mapping result shows signifi-
cantly stronger Raman signal. Furthermore, the Raman
intensity is no longer homogeneous along nanowire whole
length; instead, two “hot spots” were identified whose
positions were consistent with AFM image (Figure 5a).
This is due to a strong local field enhancement that
originated from surface plasmon. From Lorentzian line
shape analysis in the parallel polarization, the strongest
Raman spectrum (position C) showed a factor of 7-fold
enhancement compared with the weakest position (A),
which is a significant signal enhancement for scattering
from a single nanowire. Another observation is that in our
far-field scattering geometry-enhanced Raman signal due
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to Ag nanoparticle SERS effect is very much delocalized
(~2 um). Two factors contribute to such delocalization;
one is the finite laser spot size (~1 um), the other is the
short-range of surface plasmon field attenuation that is
presumably on the order of nanoparticle diameter. Similar
mapping was also performed between 270—310 cm™!,
where GaAs phonon Raman bands (LO 292 cm™!, TO 269
cm™!) were included, as shown in Figure 5¢ (left panel,
parallel polarization; right panel, perpendicular polariza-
tion). Surprisingly, we observed that the existence of
SINW enhanced the Raman scattering from GaAs sub-
strate considerably (by a factor of 2, Lorentzian line shape
analysis is not shown here). We tentatively attribute this
effect to a SERS-like effect where the nanowire itself
increases the effective roughness and works as an an-
tenna,** which enhanced the local field intensity. As a
control experiment for Ag-SiINW decoration, we showed
in Figure 5d a Raman mapping results (450—550 cm™)
for a SINW without any Ag nanoparticles when the laser
is polarized along the nanowire axis. The uniform inten-
sity of the signal suggests the absence of surface-enhanced
Raman scattering effect.

Considerable progress has been made in investigating the
phonon properties of individual semiconductor nanowires
on a number of important topics, such as phonon confine-
ment,*®>> Fano resonance,’**? surface phonons,*° and
nanoantenna effect.** However, there are still some funda-
mental questions to be addressed, for example, the radial
breathing mode in nanowires (similar to what was found in
carbon nanotubes), which has been predicted to be signifi-
cant for nanowires down to 10 nm regime by a few theoreti-
cal calculations®®~>? but has yet to be confirmed by experi-
ment. The challenge is that the signal is considerably weak
when the diameter is smaller than 10 nm, hence Raman
scattering in Si nanowires is not as resonant as in carbon
nanotubes. Our controlled Ag-decoration approach provides
a possible pathway to investigate radial breathing mode in
nanowires (e.g., Si) at the single nanowire level at small
diameter regime.

In conclusion, we have achieved heteroepitaxial growth
of Ag nanoparticles on Si nanowires using a galvanic surface
reduction method. Systematic Raman spectroscopy studies
have revealed a new intense Raman band below Si first
order TO Raman peak due to HF etching. This new band
remained after a sequential surface treatment and rapid
thermal annealing and was attributed to polycrystalline
defects at subsurface of nanowires. Formation of such
defects was confirmed by high-resolution transmission elec-
tron microscopy. Correlated atomic force microscopy and
Raman mapping of individual Ag-decorated Si nanowires
demonstrated that the Si first order TO Raman peak was
enhanced significantly due to surface plasmon. Our findings
suggest that introducing well-controlled metallic nanopar-
ticles could be a way to eventually probe confined phonon
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states and radial breathing mode in nanowires down to sub-
10 nm regime.
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