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We fabricated ordered hexagonal-packed vertical silicon nanowire �SiNW� arrays with varying
diameters of 450–900 nm and varying lengths of 0.54–7.3 �m, and studied their Raman
enhancement properties. We found the Raman enhancement per unit volume �REV� increased with
decreasing wire diameters and oscillated with wire length, and the REV of seven 450-nm-diameter,
3-�m-long SiNWs was about twice that of a single SiNW having the same size. The differences
were attributed to the vertical finite-length cylinder structures of the SiNW array, as supported by
finite-difference-time-domain simulation results based on the helical resonant surface wave
model. © 2011 American Institute of Physics. �doi:10.1063/1.3584871�

Since silicon �Si� is an inefficient light-emitting material,
the stimulated Raman amplification of Si is instead more
suitable for realizing lasing.1–4 Current Si Raman lasers
could indeed be achieved with a lasing threshold of 20 mW
via a 2 cm Si ring resonator.5 As ultra compact Si lasers with
a lower threshold are needed for photonic applications, sub-
micrometer Si waveguides have been investigated and shown
to have enhanced Raman gain and low loss.6,7 Individual Si
nanowire �SiNW� is also a promising laser candidate, which
has been shown to exhibit a strong Raman enhancement fac-
tor of �800 compared to bulk Si.8 However, realization of
SiNW Raman laser still faces challenges, such as poor repro-
ducibility in fabrication via bottom-up methods and difficult
manipulation of small-sized SiNWs of high Raman gain. In
this letter, we present the controlled fabrication of ordered
vertical aligned SiNW arrays with tunable diameter and
length, and detailed study of their Raman activity. We found
Raman enhancement of SiNW arrays was morphology de-
pendent, and about twice that of a single SiNW.

We fabricated ordered SiNW arrays by using nanosphere
lithography and metal-induced etching as before9 with slight
modifications. Briefly, polystyrene �PS� microspheres �mi-
crosphere GmbH� of �980 nm in diameter, were diluted 1:1
by volume ratio with ethanol, and injected into the water
surface of a Petri dish containing a p-type �100� Si wafer and
deionized water till all water surface was covered by a PS
monolayer. The PS monolayer was lifted up slowly by the Si
wafer underneath, after which the wafer was allowed to dry
in air. Reactive ion etching was used to etch the PS using
oxygen gas at 40 SCCM �SCCM denotes cubic centimeter
per minute at STP� flow rate and 30 mTorr, and the etching
time was varied to control the diameters of PS microspheres.
The substrate was next coated with a gold layer of 20 nm by
electronic beam deposition, and ultrasonicated in chloroform
for 1 min to remove the PS monolayer. The wafer was then
immersed in a mixed solution of 0.4 M hydrofluoric acid and
hydrogen peroxide under ambient air condition for 5 to 20
min to obtain SiNWs arrays of different lengths. The as-
prepared SiNW arrays were washed by aqua regia to remove

the gold layer, cleaned by deionized water, and dried by ni-
trogen gas for Raman measurement.

The as-made vertical SiNW arrays shown in Figs. 1�a�
and 1�b� were highly ordered and hexagonally packed with
uniform diameter and length, which enabled stable and re-
producible measurement of Raman scattering. The intensity
of the first-order Raman scattering of Si �520 cm−1� from the
SiNWs arrays was compared to that from Si wafer to obtain
the Raman enhancement per unit volume �REV�, defined as
REV= �Inw /Vnw� / �Ibulk /Vbulk�,

8 where I is the Raman inten-
sity of SiNW �nw� or Si wafer �bulk� and V the correspond-
ing Raman sampling volume. The measurement was con-
ducted in the backscattering scheme �Fig. 1�c�� with a
Renishaw InVia Raman system equipped with a HeNe laser
of 632.8 nm at 17 mW power and its polarization direction
labeled by E. As illustrated in Fig. 1�d�, the scheme would
excite the SiNWs lying within the laser spot of diameter D,

a�Electronic mail: apannale@cityu.edu.hk.

FIG. 1. �Color online� SEM image of SiNWs array of diameter of 850 nm
and length of �a� �7.30 and �b� 5.21 �m. The scale bar is 5 �m. �c�
Illustration of backscattering scheme of Raman measurement. The excitation
laser is focused by an objective onto the SiNW array. Backscattering means
that the scattered Raman signals of the SiNW array are collected by the
objective in the reverse path of the excitation laser. �d� Sampling volume of
diameter D and height L, and E the polarization direction. �e� Illustration of
a helical resonant surface wave on the surface of a finite cylinder.
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and collect the Raman signals emitted primarily from the
SiNWs enclosed within a cylindrical sampling volume of
diameter D and height L,10 defined theoretically as L
=4� / 	� tan2�sin−1�N.A.��
, where � is the wavelength of
the excitation laser, and N.A. the numerical aperture of the
objective used. To investigate the dependence of REV on
wire diameter and length, we prepared SiNW arrays with
varying diameters of 450–900 nm, and varying lengths of
0.54–7.3 �m. All SiNW arrays had periodicity of �1 �m
as they were prepared with the same PS microsphere tem-
plate. Three objectives with a laser spot size of �3.0 �m,
1.5 �m, and 1.2 �m, respectively, were used to probe the
Raman signals of one or more SiNWs to study the REV
difference.

The changes in REV with the wire diameter of SiNW
arrays and laser spot sizes are shown in Fig. 2�a� with the
length of the SiNW arrays fixed at �3.00 �m. It shows that
REV increases with decreasing wire diameter and becomes
larger as more SiNWs are probed by a larger laser spot. For
the laser spots of �1.2 �m and 1.5 �m that would detect,
respectively, one and two SiNWs on average, the REV curve
shows little difference, whereas the REV clearly becomes
larger for the �3.0 �m laser spot that would probe seven
SiNWs. Significantly, for the SiNWs of 450 nm in diameter
the REV excited by the �3.0 �m laser spot is �160, while
the REV excited by the �1.2 �m spot is only 90.7, thus the
former REV is almost twice as large as the latter. Figure 2�b�
shows all three REV curves for SiNWs of 850 nm in diam-
eter oscillate with wire length and the REV excited by the
�3.0 �m laser spot is distinctly larger than of the two
smaller laser spots.

The Raman signal of SiNW array arises from the inelas-
tic scattering of the incident light by the optical phonon in
the Si crystal, whereas Raman enhancement is due to
morphology-dependent resonance of the Raman signal in the
SiNW array.11,12 Cao et al.8 demonstrated the resonance of
Raman signal in single SiNW by calculating an elastic scat-
tering model of infinite-length dielectric cylinder. The model
explained the increasing REV with decreasing SiNW diam-
eters as in Fig. 2�a�, although it could not account for the
effect of wire length. Deeper understanding of the resonance
in dielectric cylinders and spheres revealed the presence of
surface-waves that encircled the excited object and interfered
constructively with one another to give the resonance.12–17 In
our case of finite-length SiNW array, the surface-waves in-
terpretation should also be able to explain the REV variation
with wire length and laser spot size. To check this supposi-

tion, we used finite-difference-time-domain �FDTD� �Refs.
18–20� method to simulate SiNW array resonances under
different laser spots by calculating the elastic scattering of
linearly polarized monochromatic incident plane waves by
vertical Si cylinders in vacuum as in Fig. 1�d�. As the en-
hancement process involved the incident light and the Ra-
man light, two plane waves of the original wavelength �0
=633 nm and Raman-shifted wavelength �1=654 nm, re-
spectively, were used to evaluate the Raman enhancement
using QRaman=Qincident��0�Qscatter��1�,8 where Q= IE / I0 is the
normalized electric intensity of SiNW.

Figure 3�a� shows the cross-sectional distribution of the
normalized electrical intensities on three SiNWs of the seven
SiNWs excited by the �3.0-�m-wide laser of 654 nm, re-
vealing that electrical standing waves of different shapes ap-
pear on the surface of seven SiNWs, whereas Fig. 3�b� shows
that weaker waves appear only on the middle SiNW as it is
the sole wire excited by the 1.2-�m-wide laser of the same
wavelength. These standing waves are the resonant surface
waves that helically propagate on the surface of the finite-
length cylinder as illustrated in Fig. 1�e�.16,17 Figures 3�c�
and 3�d� show similar results under 633 nm excitation but
most resonant electrical intensities are confined inside the
SiNWs. From QRaman=Qincident��0�Qscatter��1�, the enhance-
ment should be contributed by resonances of both the inci-
dent light and the Raman light. The incident light is first
scattered by the SiNW into all directions. The azimuthal
component of the light scattered into the SiNW is totally
reflected by the curved inner wall of the SiNW to form a
wire diameter-dependent head-to-tail light path that matches
the constructive interference conditions to establish reso-
nance inside the SiNW. This internal resonant electric field
interacts inelastically with the SiNW crystal to emit the Ra-
man light. The Raman light is then scattered again by the
SiNW to build resonances not only inside the SiNW but also
on its surface. The resonant helical surface wave appears

FIG. 2. �Color online� �a� Change in REV vs wire diameters of SiNW array
of �3.0 �m wire length under different laser spot sizes. �b� REV change vs
wire lengths of SiNW array of 850 nm in diameter under different laser spot
sizes.

FIG. 3. �Color online� FDTD-simulated cross-sectional distributions of nor-
malized electrical intensity �IE / I0� of three SiNWs of 450 nm in diameters
and 3.0 �m in length under excitation of �a� �3.0-�m-width laser of 654
nm, �b� �1.2-�m-width laser of 654 nm, �c� �3.0-�m-width laser of 633
nm, and �d� �1.2-�m-width laser of 633 nm. The laser polarization direc-
tion is along the x axis.
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because as the wavelength of the Raman light increases
��1=654 nm�, the resonant azimuthal component inside the
wire leaks out on the SiNW surface, and the axial component
on the SiNW surface is reflected by the base of the SiNW to
form a wire length-dependent head-to-tail path and satisfy
the resonance condition. Although the REV already removes
the contribution of internal field resonance of the incident
light, the surface wave resonance of the Raman light leads to
the increase in REV with the number of excited SiNWs be-
cause the total electrical intensities on the surface waves of
seven SiNWs in Fig. 3�a� is apparently larger than that of the
single SiNW in Fig. 3�b�.

On the other hand, there are many helical surface wave
propagating back and forth along the SiNW due to the base
reflection, and their constructive interference occurs only on
specific resonant diameter and length of the SiNW.17 From
the resonance of infinite-length cylinder in the work of Cao
et al.,8 we can see that the SiNW diameter dominates the
resonance. Under the resonant diameter, it is the finite length
of the SiNW that gives rise to a discrete set of pitch angles of
the helical surface waves.17 Thus different wire lengths cor-

respond to different surface resonance patterns �Fig. 4�, and
the varied total surface electrical intensities result in the REV
oscillation with wire length.

In conclusion, ordered SiNWs arrays with controllable
sizes were fabricated. Raman enhancement from SiNWs ar-
rays was found to increase with decreasing wire diameter, to
oscillate with wire length, and to increase with increasing
number of SiNWs probed. The variation was due to the
morphology-dependent resonance of SiNWs, and could be
explained by an elastic scattering model of helical resonant
surface waves and supported by FDTD simulation. The
present understanding of the enhancement mechanism would
benefit the design and development of Si nanophotonic de-
vices as well as Si Raman laser.
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FIG. 4. �Color online� FDTD-stimulated profiles of normalized electrical
intensity �IE / I0� along the axial direction �z axis� on the surfaces of the
middle SiNW of 850 nm in diameter and lengths of �a� 3 �m, �c� 5 �m,
respectively, under �3.0-�m-width laser of 654 nm, �b� the corresponding
cross-sectional electric distribution of SiNWs in �a�, and �d� the correspond-
ing cross-sectional electric distribution of SiNWs in �c�.
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