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S
ince the SERS effect was discovered in
1974,1 it has been used widely in the
detection of molecules for the possibi-

lity of enhancing the Raman emission of
molecules adsorbed onto a metal surface2

or metal compound surface with metal
decoration.3 Its sensitivity was dominated
by the electromagnetic enhancement due
to localized plasmon resonances, which is
influenced by some general factors, such as
size, shape, gap distance, wavelength, and
polarization of the incident light.4,5 Up to
now,many efforts havebeenmade to explore
new SERS substrates with high sensitivity and
reproducibility through the use of electron
beam lithography,6 notably nanosphere litho-
graphy,7 electrospinning technique,8 as well
as the simple and low-cost chemosynthesis
method for single-nanoparticle SERS.9�13 On
the other hand, the major studies of SERS
have also focused on understanding how
light interacts with matter at the nanometer
scale using some new techniques. For exam-
ple, electron energy loss spectroscopy (EELS),
combined with recent developments in spec-
trum imaging and data processing, has been
used to observe the energy and distribution
of surface plasmons.14�16 Tip-enhanced Ra-
man spectroscopy (TERS)-based method
has also been used to figure out the correla-
tion between TERS signals and the morpho-
logical changes of nanostructures.17,18 In
addition, some researchers have started the
theoretical19 and experimental20 work to
investigate the influence of fine geometric
nanostructures on local field enhancement,
which is capable of improving the enhance-
ment factor and better understanding of
subtle physical mechanism of SERS.

Nanostructured substrates for SERS are
expected to be anisotropic in terms of the
local surface plasmon resonances (SPR),21

which are created by strong electromag-
netic coupling between adjacent metallic
nanostructures. If probe molecules are lo-
cated in such nanogaps as local Raman
“hot spots”, the Raman scattering can be en-
hanced strongly due to local electromag-
netic field enhancements. Many researchers
have reported a SERS signal with respect
to polarization on the coupled metallic
nanowires.22,23 While others showed the
polarization-dependent coupling between

* Address correspondence to
chding@mail.xjtu.edu.cn,
lizy@aphy.iphy.ac.cn,
jxfang@mail.xjtu.edu.cn.

Received for review May 31, 2011
and accepted November 7, 2011.

Published online
10.1021/nn203889d

ABSTRACT Using three-dimensional fi-

nite-difference time-domain (FDTD) simulation,

we described a systematic investigation on the

electric field enhancement of the silver corru-

gated nanowires. The enhancement factor (EF)

of surface-enhanced Raman scattering (SERS)

for corrugated nanowires can be markedly

increased by 1 or 2 orders of magnitude as

compared with the smooth nanowires. Moreover, the EF can be further increased with

nanoparticle attachment on the corrugated Ag nanowires owing to the coupling between the

discrete plasmon state of the nanoparticles and continuum plasmon states of the corrugated

nanowire or the crossed corrugated nanowires. The surface plasmonic field distribution of Ag

nanowires can be effectively controlled by the polarization of the incident light. Raman spectrum

measurements show that the relatively dense corrugated nanowires exhibit a relatively high

reproducibility and SERS enhancement attributed to the elimination of polarization-dependent

SERS�anisotropic enhancement via the overlapping of randomly distributed Ag nanowires. Such

nanostructures as potential nanoantennas offer a route to optimize plasmon coupling for

designing miniaturization integration.
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the collective surface plasmon modes of two identical
particles.24�26 Xu's group has studied the polarization
dependence of SERS in the coupled gold nanoparti-
cle�nanowire system for nanoparticles with a variety
of shapes.19 Recent investigations have further ex-
tended into the plasmon propagation along thinmetallic
nanowires as highly promising plasmonic waveguides in
photonic and electronic devices.27,28 A side-by-side ar-
rangement of a nanocross and a nanobar geometry was
introduced as a new building block for coherently
coupled localized surface plasmon resonance (LSPR)
nanocavities.29 However, although the plasmon coupling
phenomenon for nanowires systemhas been extensively
reported from both theories and experiments, even in
crossed nanowires, the influence of the coupling in
corrugated nanowire networks with the attachment of
nanoparticles on the SERS enhancement has not yet
been investigated in detail.
In this article, we have studied the size, shape, and

polarization dependence of local field distributions in
five models of Ag nanostructures through three-
dimensional finite-difference time-domain (FDTD) si-
mulation. By the calculation of the electromagnetic
field enhancement of different models of nanowires,
we were able to evaluate how the fine geometrical
configurations of metal nanostructures, for example,
corrugated nanowires, or nanoparticle-attached corru-
gated nanowires, influence the enhancement factor
(EF) of SERS relative to smooth nanowires. Both the
experimental and simulation results show that rela-
tively dense overlapped nanowire networks exhibit a
high reproducibility and SERS enhancement owing to
the formation of homogenously distributed hot spots
and the interwire effect.

RESULTS AND DISCUSSION

Ag corrugated nanowires were synthesized within a
3D electrochemical deposition system by using two
silver electrodes and an unusually high overpotential
within the deionized water. Figure 1a shows the scan-
ning electronmicroscopy (SEM) imageof Ag nanowires
obtained via the electrodeposition for 30 min in 40 mL
deionized water, which reveals that the products con-
sist of a large area of dense nanowire networks (see
also Figure S1a,b in the Supporting Information). The
SEM image of relatively loose nanowires is presented in
Figure S1c. From themagnified image of Figure 1a, the
Ag nanowires demonstrate the irregular corrugation-
like features with some nanoparticle attachment
(Figure 1b,c). The morphology is similar to the Ag
nanowires synthesized in our previous report.30

The interval between two nodes varies from ∼50
to ∼200 nm. The widths of Ag nanowires are approxi-
mately 100�150 nm. A typical TEM image of the silver
corrugated nanowires (Figure 2a) and its correspond-
ing selected area electron diffraction (SAED) pattern
(Figure 2b) further reveal that each segment is a single

crystal and growing along Æ111æ directions. The joint of
nodes was investigated inmore detail from the HRTEM
image (Figure 2c), which shows that crystallographic
defects existed in the corrugation-like Ag nanowire
(Figure 2d,e).
Owing to their unique geometrical configurations,

we utilized these corrugated nanowires as SERS sub-
strates by using crystal violet (CV) as the detection
molecule. The Raman image of the relatively sparse Ag
corrugated nanowires is shown in Figure 3a, obtained

Figure 2. (a,b) TEM image and HRTEM image of an indivi-
dual Ag corrugated nanowire (its SAEDpattern shown in the
inset). (c) Magnified image of one knot of corrugated
nanowire, (d,e) HRTEM images of knot indicated with
dashed squares in the image of panel c. The inset in panel
c shows the crystallographic defect along the white line in
panel e.

Figure 1. (a) SEM image of the silver nanoparticle-attached
corrugated nanowires synthesized in pure water under 30 V
applied potential and 30 min electrodeposition time. (b,c)
High-magnification images of corrugated Ag nanowires.
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from the integration of a strong Raman band of CV
molecules at 1172 cm�1 over 1120�1250 cm�1. The 3D
projections of these images are shown in Figure 3b. It is
clearly seen that the hot spots over the sample are non-
uniform and have polarization characteristics which
will be elucidated in Figure 4. The typical SERS spectra
obtained from the relatively sparse nanowires at
633 nm excitation are displayed in Figure 3c, applying
a low-magnification objective (∼3 μm laser spot),
0.1 mW excitation power, and 20 s acquisition time.
The SERS spectra represent the characteristic peaks
of the CV molecule at 1172, 1371, and 1619 cm�1

and correspond well to the ordinary Raman spectra of
CVmolecules in the solid state and in aqueous solution.
Raman peak height at ∼1172 cm�1 is about 4545
counts at the concentration of 10�9 M and 1590 counts
at 10�10 M. According to the calculations of EFs for
CV molecules (described in refs 10, 12, 13, and 31�34),
we estimated EFs of about 1.58� 108 and 5.5� 108 for
the SERS substrate assembled by relatively sparse
nanowires at the above two concentrations, respec-
tively. According to the calculations by Garcia-Vidal
and Pendry35 and experiential observation,23 incident
radiation excites a plasmon trapped in the nanogaps
between cylinders, which can lead to SERS enhance-
ments as large as 107. It is deduced that the EF of Ag
corrugated nanowires can be increased at least 1 order
of magnitude as compared with smooth nanowires.
To further reveal the physical mechanism of the

observed enhancements of the light emission for
various Ag nanostructures, we carried out FDTD simu-
lations of local field distributions as shown in Figure 4.
Three types of simplified Ag nanostructural models

(shown in the left column of Figures 4 and Figures S2
and S3) including the smooth nanowire, corrugated
nanowires and nanoparticle-attached corrugated na-
nowires were calculated, respectively. The geometrical
parameters, optical parameters, and calculation of the
enhancement factor are demonstrated in the Support-
ing Information. The maximal electric field strength
|E|2 is found to be about 4.3, 201, and 238 for three
models (the color bars of Figure 4a�c), respectively,
when the polarization of the incident light is parallel
to the long axis of the nanowire. For SERS, it is generally
agreed that the Raman intensity increases by a
factor |E|4.20 According to the FDTD calculations of

Figure 3. (a) Two- and (b) three-dimensional Raman images
of the relatively sparseAg corrugatednanowires, displaying
a color-coded area by mapping the CV Raman peak at
∼1172 cm�1. The right bar of the 3D image is the average
CCD counts after subtracting background contributions.
(c) SERS spectra of crystal violet adsorbed on the relatively
sparse Ag corrugated nanowires at concentrations of
(i) 10�9 M and (ii) 10�10 M, obtainedwith 633 nm excitation.

Figure 4. E-field amplitude patterns from theoretical cal-
culations at the excitation wavelength of 640 nm for
(a) smooth surface silver nanowire (length = 1800, width =
100, height = 50 nm). (b) Corrugated nanowire with six
nodes (each node: the dimension of long axis (D1) is 300 nm,
the dimension of short axis (D2) is 150 nm, joint width (D3) is
50 nm, the thickness (H) is 50 nm). (c) Corrugated nanowire
with one ellipsoidal particle attachment (nanowire dimen-
sion is the same aspanel b, and theparticle: short axis 50 nm
and long axis 70 nm). (d) Irregular corrugated nanowire
(second node:D2 = 100 nm, andother nodes are the same as
the ones of panel b) and (e) narrow corrugated nanowire
(each node: D2 = 100 nm, and other nodes are the same as
the onesof panel b) andperpendicular to the incidentwave-
vector k. The arrows represent the different polarization
directions: (i) 0�, (ii) 45�, and (iii) 90�.
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the maximum field enhancement (|E|2), the EF of three
models can be found to increase in a series: smooth
nanowire < corrugated nanowire < nanoparticle at-
tached corrugation-like nanowire. Moreover, the EF
of corrugated nanowire model (Figure 4b) can be
increased by 2�3 orders of magnitude as compared
with the smooth nanowire (Figure 4a). Considering
that the experimental structures aremore complicated
and irregular than the models used in the simulations
(i.e., Figure 4b,c), an irregular model with a prolonged
node and a reduced dimension (i.e., D2, from 150 nm
for Figure 4b to 100 nm for Figure 4d) was made as
shown in Figure 4d. One can clearly see that irregular
corrugated nanowire demonstrates an increased field
enhancement, that is, 267 for the light polarized
parallel to the long axis of nanowire. In order to
evaluate if the reduced dimension contributes to the
increased enhancement, one more model of the cor-
rugated nanowire with the uniform narrow node
(i.e., D2 = 100 nm) was also calculated (Figure 4e).
Interestingly, the narrow corrugated model displays a
relatively low SERS enhancement relative to the case in
Figure 4b. In this regard, the introduction of the
irregular node does not reduce the field enhancement.
On the contrary, the irregular corrugated nanowire
seems more preferable to contribute to a higher field
enhancement thus an increased SERS enhancement
factor.
When the polarization direction is perpendicular to

the long axis (the third column), the |E|2 values are
about 38.3, 70.4, and 116.5 for above three models
(Figure 4a�c), respectively. This value can be increased
to 20.4, 136, and 127, respectively, when the polariza-
tion direction is 45�. It is obvious that the nanostructure
with curvature and dissymmetry is prone to increase
the local field values. Meanwhile, all kinds of nanowires
as nanoantennas can affect the local plasmon field
distributions,36 which are demonstrated in Figure 4.
Furthermore, the incident light with various polariza-
tion directions can excite plasmons of different
modes.37 For the polarization parallel to the long axis
of nanowires (e.g., first column in Figure 4), the near
field distribution is symmetrical along the direction of
the long axis. When the polarization angle is increased,
the symmetric nodes of the field distribution can
transit from one side of the nanowire to the other.
Thus, the surface plasmonic field distribution of Ag
nanowires can be distinctly controlled by polarization
of the incident light. At the same time, the EF of
corrugated nanowire with nanoparticle attachment
can be enhanced by 2�3 orders of magnitude as
comparedwith the smooth nanowire. It is worth noting
that, unlike the corrugated nanowire or other models,
the smooth surface silver nanowire demonstrates a
higher field enhancement for the excitation of the
wire with light polarized perpendicular than parallel
polarization relative to the long axis. However, when

the radio of length to width for the smooth nanowires
is decreased to 1.5 (as shown in Figure S4c), the electric
field for the excitation light perpendicular to the long
axis is lower than that for parallel direction. Therefore,
this is probably related to the aspect-ratio-dependent
polarization effect of the Ag nanowires, as shown in
Figure S4.
To approach the actual situation, when two or more

corrugated nanowires are jointed together forming
overlapped nanowire networks, we calculated the sur-
face plasmonic field distribution of nanowires. Two
kinds of crossed nanowires are shown in the left
column of Figure 5, including smooth nanowires and
nanoparticle-attached corrugated nanowire systems.
The maximal electric field strength |E|2 is 59.6 for the
smooth nanowire and 578.0 for the corrugated Ag
nanowire with three nodes and nanoparticle attach-
ment systemwhen the polarization direction is along y

axis (shown in corresponding (i) of Figure 5a,b,
respectively). From the electromagnetic field distribu-
tion of the above two systems, one can find that the
asymmetrical crossed and overlapped nanowire sys-
tem is favorable to form a homogeneous local plasmon
field by the coupling of different corrugated nanowires
and nanoparticles. Although the theoretical calcula-
tions of short wire model may not capture the main
characteristic of the extended corrugation-like struc-
ture, from the comparison between the models of
three nodes (Figure S5) and the longer ones, we may
still distill the influence of attached nanoparticle quan-
tities and wire length on the field enhancement. When
the length of crossed nanowires increases, for example,
two times of model (i) in Figure 5, the field enhance-
ment of asymmetrical corrugated nanowires is in-
creased to 768, about 15 times higher than that of
smooth nanowires (57.2 inmodel (ii) of Figure 5). These
simulation results indicate that local fields of the
corrugated Ag nanowires with nanoparticle hybrids
are significantly enhanced. According to the FDTD
calculations of the maximum field enhancement
(|E|2), the crossed assembly of nanoparticle-attached
corrugation-like nanowires shows an EF of∼100 times
higher than that for crossed smooth nanowires. This
may be attributed to the interwire effect and can be
confirmed by analyzing the SERS spectra on the rela-
tively dense silver corrugated nanowire substrate.
In above FDTD calculations, as shown in Figure 5, a

contact mode between two corrugated nanowires was
used. However, in the actual case of experiments, a
great number of nanogaps can always be formed
among the crossed silver corrugated nanowires.
Therefore, some noncontact FDTDmodels with various
nanogaps and diverse polarization directions were cal-
culated, as are shown in Figure 6. With a small nanogap
between two corrugated nanowires (e.g., 1 nm), the
maximal electric field strength |E|2 of 850 and 1200
can be obtained for different polarization directions, as

A
RTIC

LE



TIAN ET AL. VOL. 5 ’ NO. 12 ’ 9442–9449 ’ 2011

www.acsnano.org

9446

Figure 6. E-field amplitude patterns from theoretical calculations at the excitation wavelength of 640 nm in a plane through
the intersection of the interface for (a) the nanoparticle-attached regular corrugation-like nanowires with 1 nm gap between
two three-node nanowires (each node:D1 = 300 nm,D2 = 150 nm,H= 50 nm, respectively); (b) nanoparticle-attached irregular
corrugation-like nanowires with 1 nm gap between two three-node nanowires (second node: D2 = 110 nm, and other nodes
are the same as the ones of panel a); (c) nanoparticle-attached irregular corrugation-like nanowires with 2 nm gap between
two three-node nanowires. The arrows represent the polarization directions. The left bottom schematic drawings show the
regular and irregular nanowires.

Figure 5. E-field amplitude patterns from theoretical calculations at the excitation wavelength of 640 nm in a plane through
the intersection of the interface of (a) smooth nanowires (i) L = 900 nm, (ii) L = 1800 nm, and (b) nanoparticle-attached
corrugation-like nanowires of (i) three nodes (each node:D1 = 300 nm,D2 = 150nm,H=50nm, respectively), (ii) six nodeswith
one particle (particle: short axis 50 nm and long axis 70 nm).
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shown in Figure 6a. When an irregular nanowire model
was used as shown in the bottom left of Figure 6, a
further increase of field enhancement can be achieved
(Figure 6b). Figure 6b demonstrates the maximal elec-
tric field strengths |E|2 for the irregular nanowiremodel
when the nanogapswere unchanged (i.e., 1 nm), which
gives the values around 1200 and 2600, respectively,
for different polarization directions. When the space of
nanogaps was changed, for example, 2 nm (Figure 6c),
the value of maximal field strength is around 1700,
which is about 65%of the onewith 1 nmgap (shown in
the right column of Figure 6b) at the same polarization
direction. According to above theoretical calculations,
as the space of nanogap decrease, the pileup of electric
charge and the magnitude of the charge distribution
can be increased,38 leading to an enhanced field
coupling effect between silver nanowires. The EF of
the crossed irregular corrugated nanowires with one
nanoparticle in the noncontact state (right column of
Figure 6b) is calculated about 7 � 106 according to
approximation of the Raman intensity by a factor |E|4.20

This value is markedly higher by 1 or 2 orders of
magnitude as compared with the ones of the regular
three-nodes model (see the right column of Figure 6a)
and the smooth nanowire model (Figure 5a). On all
accounts, based on the theoretical analysis, the EF on
the Ag nanowire may be significantly enhanced when
the SERS substrate consists of the multi-irregular and
crossed corrugated nanowires with a certain nanogap.
The above theoretical analysis upon the crossed

effect of corrugated nanowires can be experimentally
demonstrated as shown in Figure 7. Figure 7a shows

typical SERS spectra of CV on the relatively dense
SERS substrate assembled by nanoparticle-attached
corrugation-like Ag nanowires measured with 633 nm
excitation and at CV concentrations of (i) 10�9 M
and (ii) 10�10 M, respectively. Raman peak height
at ∼1172 cm�1 is about 8800 counts, which is higher
than the value on the relatively sparse Ag corrugated
nanowire substrate at 10�9 M. We obtained EFs of about
3� 108 and 7.1� 108 for the relatively dense nanowires
at two concentrations. Again, the EF of corrugated nano-
wires can be markedly enhanced by 1�2 orders of
magnitude relative to the EF of smooth nanowires ob-
tained in ref 23. In Figure 7b, a SERS imageof the relatively
dense Ag nanowires is displayed, and the color code
represents the integrated intensity of the characteristic
peak of CV at 1172 cm�1. The 3D projection of the SERS
image is also shown in Figure 7c. It is clearly seen that the
hot spots over the dense silver corrugated nanowires are
more uniform and “hotter” than those of relatively sparse
corrugated nanowires (shown in Figure 3). It is proved
that asymmetric structures are extremely anisotropic and
have depolarization properties.39

The homogeneity and the highly bright essence of
hot spots for the corrugated Ag nanowire SERS sub-
strate shown in Figure 7 can also be deduced from the
statistical results of the distribution of SERS enhance-
ment factor and Raman “signal” density. In order to
identify the difference between the sparse and dense
assembled Ag nanowires, the Raman signal density
was statistically recorded for only the EFs above 108. In
Figure 8a,b, we obtained the statistical distribution of
the calculated EFs for the SERS substrates shown in
Figure 6b and Figure 3a. Importantly, the most EF
values (>95%) for the dense assembled SERS substrate
are narrowly distributed in the range from 1.0� 108 to
5.0 � 108, and a small population of the EF values was
observed to be above 7� 108. While for the sparse
assembled SERS substrate, unlike the one shown in
Figure 8a, the EFs present a relatively wide distribution
from ∼107 to 2.0 � 108 (Figure 8b). Furthermore, the
Raman signal density (EFs > 108) for the relatively
dense corrugated nanowire SERS substrate is approx-
imate 94% as shown in Figure 8c. This value is about 2.6
times higher than the ones for relatively sparse nano-
wires in the measured area. In this regard, the distribu-
tion of the SERS intensity for dense assembled
corrugated Ag nanowires is more uniform than the
sparse ones. According to above experimental obser-
vation, a relatively high Raman enhancement can be
achieved for the dense assembled Ag nanowire SERS
substrate. This is reasonable because the high density
overlapping of corrugated Ag nanowires may result in
abundant small nanogaps between Ag nanowires
which contribute to additional bright hot spots as the
description and analysis from the Figure 6. Meanwhile,
the dense assembled Ag nanowire SERS substrate can
also demonstrate a better signal uniformity owing to

Figure 7. (a) SERS spectra of crystal violet adsorbed on the
relatively dense Ag corrugated nanowires at CV concentra-
tions of (i) 10�9 M and (ii) 10�10 M, obtained with 633 nm
excitation. (b) Two- and (c) three-dimensional Raman
images of the relatively dense Ag corrugated nanowires,
displaying a color-coded area by mapping the CV Raman
peak at ∼1172 cm�1. The right bar of 3D image is the
average CCD counts after subtracting the background
contributions.
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the high density assembly and the depolarization
effect of highly overlapped asymmetrical silver corru-
gated nanowires.39 It is worth noting that the estimated
EF value through the experimental measurement is
higher than the calculated one (proportional to ∼|E|4)
according to the FDTD simulations of themaximum field
enhancement (|E|2). This is acceptable since chemical
enhancement and surface roughness factors can be
involved in actual experiments. The similar phenomena
have also been observed in previous literature.10,40,41

CONCLUSION

In summary, we have shown that the irregular and
crossed corrugated Ag nanowire networks can be
synthesized through a 3D electrochemical deposition.
The relatively dense corrugated nanowires exhibit a
relatively high reproducibility and SERS enhancement.
Five simple theoreticalmodels including smooth nano-
wire, corrugated nanowire, one nanoparticle attached

corrugated nanowire, irregular corrugated nanowire,
and narrow corrugated nanowire have been calculated
to study the relation between the high electric field
enhancement and the fine structure of Ag nanowires.
The surface plasmonic field distribution of nanowire
can be effectively controlled by the polarization of the
incident light. Moreover, the irregular corrugated
nanowire seems more preferable to contribute to a
higher field enhancement. Further considering the
crossed mode of smooth and corrugated nanowires,
it is demonstrated that the EF of overlapped corru-
gated nanowires can be markedly enhanced by 2�3
orders of magnitude as compared with the crossed
smooth nanowires. Asymmetrical aggregated Ag cor-
rugated nanowires are highly anisotropic, leading to
high reproducibility and homogeneity of the SERS
signals in the crossed corrugated nanowire networks,
which is expected to have practical application as an
effective SERS substrate.

EXPERIMENTAL SECTION
Preparation of Ag Nanowires. Only two ingredients are required

in this protocol: silver electrodes and deionized water. Two
parallel electrodes of silver plate (99.995%) with dimension
of 50 � 10 � 0.5 mm separated by a distance of 10 mm
were immerged in deionized water. The deposition process
was performed under a strong direct current (DC) potential
of 30 V. After finishing the deposition process, the product is
transferred to a Si substrate. Then the product was washed
with ethanol and deionized water and dried at ambient
temperature.

Characterization. The morphology and surface structure of
the nanowires were characterized by scanning electron micro-
scopy (SEM, LEO 1530). The TEM observations were performed
with a FEI-Titan 80-300 operated at 300 kV. The TEM samples
were prepared by carefully dropping silver suspension onto a
carbon-coated TEM grid. Raman measurements were per-
formed in backscattering geometry with a WiTec CRM200
confocal Raman microscope at the excitation wavelengths of
633 nm. Raman imaging of hot spots over silver nanostructures
was performed on the CRM200 microscope employing a piezo
table for sample scanning with a typical X�Y step of 200 nm
(200 � 200 nm2 scanning pixel size), a high-resolution 100�
objective (∼0.5 μm laser spot), and a spectrum acquisition time
of 2 s per pixel. The Raman images represent a color-coded area
of the characteristic Raman band of CV at 1172 cm�1 integrated
over 1120�1250 cm�1 with a subtracted broad background
signal.
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