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Spatial and temporal variation of surface-enhanced
Raman scattering at Ag nanowires in aqueous
solution†
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David A. Dixon*a and Dehong Hub
The spatial and temporal variation of local field enhanced Raman scattering (SERS) at Ag nanowires
(NWs) in aqueous solution is presented for an improved understanding of the NW structure–SERS
enhancement capability relationship. Crossed Ag NWs and Ag NW bundles are found to have SERS
enhancement factors much higher than single Ag NWs because of the higher density of interstitials
formed by strong surface plasmon coupling when the wires are close to each other. The role of the
interstitials of Ag NWs is enhanced by using unpurified Ag NWs containing Ag nanoparticles or
decorating the Ag NWs surface with gold nanoparticles using galvanic replacement reaction and
electroless deposition methods. This leads to an improved SERS enhancement capability as compared to
purified single Ag NWs. Raman imaging reveals a different temporal response of the SERS signal in
aqueous solution in comparison to the photoluminescence background of Ag NWs in the absence of
Raman-active molecules. Such a different temporal response can be potentially used to separate the
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SERS signal from the fluorescence background. The Discrete Dipole Approximation (DDA) method is
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Heterogeneities in the SERS spatial distribution of the interstitials and their incident-light polarization
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dependence are illustrated by comparing the SEM image of a selected unpurified Ag NW bundle with
its Raman image.

used for the first time to calculate the local field intensity of two crossed and parallel Ag NWs.

1. Introduction
Raman spectroscopy is a relatively inexpensive technique for
the non-destructive detection of analytes and chemical imaging
with high spatial and spectral resolution.1 However, the broad
application of Raman spectroscopy for ultrasensitive detection
is limited because Raman scattering cross sections are much
smaller than those of other optical spectroscopies, such as
fluorescence. Surface-enhanced Raman spectroscopy (SERS) is
a
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a technique with extremely low detection limits made possible
by metallic nanostructures (e.g. Ag and Au), which exhibit
strong plasmon resonances under visible and near-infrared
light excitation.2,3 The resulting enhancement of the Raman
signal has been attributed to ‘‘physical’’ and/or ‘‘chemical’’
eﬀects. The physical enhancement comes from the enhanced
local electromagnetic field intensity when incident light
matches the surface plasmon resonance of Ag and Au nanostructures. The chemical enhancement is not well understood
but involves charge transfer eﬀects between the metallic surface
and the Raman active molecule. Metallic nanostructures are
capable of enhancing Raman signals by a factor of 107 or
higher.4–6 Such a sensitivity enhancement could be used to
identify organic molecules at concentrations in the ppm or ppb
range, an important level for the early-stage diagnosis of
disease.7,8 More recent SERS studies have shown that single
molecule SERS can be achieved when the molecule is placed in
a hotspot formed by two or more strongly coupled silver
plasmon antennas with an enormous local field enhancement
capability.9–11
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Silver NWs have interesting electrical and optical properties
that can be used in a variety of applications,12 including
transparent electrodes,13,14 gas sensors,15 biomolecular
sensing,16 photonic structures that can launch optical signals
at a scale without optical refraction limits,17,18 plasmonic
antennas for SERS,19,20 and enhanced-fluorescence21 of a dye
molecule attached to a Ag NW surface. SERS at NWs with welldefined aspect ratios and diameters provide new opportunities
to understand the local field enhancement of optical spectroscopy and its structural dependence. For instance, Yang and
co-workers demonstrated that interstitials of Ag nanowire
bundles can localize an intense EM field for SERS enhancement
due to the strong plasmon coupling between Ag NWs.22 Such
coupling can also be formed by introducing a single nanoparticle
onto the surface of a Ag NW as shown by Moskovits and
co-workers.23 A similar result was reported by Xu and co-workers24
on gold nanoparticle modified silver nanowires. SERS enhancement and polarization dependence on the nanogap, which was
formed by electromigration in single Ag NWs, was demonstrated
by Moskovits and co-workers.25 Similarly, Tsukruk and co-workers26
demonstrated polarization-dependent SERS from Ag NWs
modified with silver nanoparticles, and showed that the SERS
intensity of nanowire junctions and nanowire nanoparticle
junctions can be turned on/oﬀ by simply rotating the polarization
plane. However, the SERS enhancement capability in these studies was demonstrated by attaching SERS active molecules to the
surface of silver nanowires through either covalent interactions or
by using a simple drying process. To the best of our knowledge,
the spectral and spatial dynamics as well as the fluorescence
background contribution of Ag NWs coated with aqueous solution
containing Raman active molecules have not been reported
previously. Surface morphology and structural control of Ag
NWs and the eﬀect of its purity as well as aggregation on the
spatial and temporal distribution of the SERS signal are yet to be
well understood.
In our previous report, Ag NWs are used to fabricate
conductive, transparent electrodes for spectroelectrochemical
studies.27 Such NW electrodes have catalytic properties with
respect to the reduction of hydrogen peroxide. We also
presented the use of silver nanowires (NW) as a model system
to study the photoluminescence (PL) and spectroelectrochemical
activities of single Ag NWs through dynamic control of the
substrate potential in an alkaline electrolyte.28 Here, we present
the SERS enhancement capability of Ag NWs to reveal the
structural dependence and temporal variation of the SERS
obtained for molecules (e.g., 4-mercaptopyridine) in aqueous
solution. SERS at a single Ag NW, a pair of crossed, and Ag
NW bundles are measured when the nanowires are coated with
aqueous solution containing Raman active small molecules.
Junctions formed by crossed Ag nanowires, Ag NW bundles,
and NWs coated with gold nanoparticles made by galvanic
replacement reaction and electroless deposition are found to
support a stronger SERS signal than single isolated Ag NWs. The
Discrete Dipole Approximation (DDA) method is used for the
first time to calculate the local field intensity of Ag NWs to
understand their local field enhancement capability.
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2. Experimental
2.1

Ag NWs synthesized by the polyol reduction method

Ag NWs were synthesized by following literature procedures.29,30 Briefly, 15.0 mL of ethylene glycol was placed in a
25.0 mL Erlenmeyer flask and heated in a silicon oil bath at
160 1C. A 120.0 mL solution of 4.0 mM CuCl2H2O in ethylene
glycol was added to the flask as a seeding reagent for Ag
nanowire formation. The mixture was continuously stirred
and allowed to heat for 15 minutes. After the allotted time, a
5.0 mL solution of 114.0 mM polyvinylpyrrolidone (PVP)/ethylene
glycol was added, followed by a 5.0 mL solution of 94.0 mM
AgNO3/ethylene glycol. The mixture was allowed to heat and stir
for 3 hours. The product was then centrifuged and washed with
acetone and water. The final product was dispersed in 2-propanol.
A purified Ag NW sample was obtained by repeating the centrifugation and dispersion steps more than three times to remove
small Ag nanoparticles. An Ag NWs sample obtained from Seashell
Technology (La Jolla, California) was used as a control for single
nanowire Raman imaging studies.
2.2

Synthesis of Ag NWs coated with Au

Gold modified Ag NWs were synthesized using the electroless
deposition method.31 Briefly, a 100.0 mL aliquot of the purified
Ag NW solution was added to 3.0 mL of deionized (DI) water.
50.0 mL of an aqueous solution containing 1.0 M PVP was then
added to the solution. After continuously stirring the mixture
for 5 minutes, 100.0 mL of an aqueous solution of 20.0 mM
FeCl3 was added drop wise to the flask. The solution was
allowed to stir for 1 hour before adding 50.0 mL of 0.1 M AuCl3
to the reaction. The color change in the reaction solution
indicated that gold was deposited on the Ag NWs. The NWs
were centrifuged and washed with water to eliminate the excess
FeCl3 and AuCl3. The NWs were then dispersed in 2-propanol.
The gold modified Ag NW sample was transferred onto a 200
mesh copper grid (Electron Microscopy Sciences, Hatfield, PA)
and imaged using a FEI Tecnai F-20 Transmission Electron
Microscope (FEI, Hillsboro, OR).
2.3 Preparation of samples for SERS imaging and Raman
spectrum
Glass cover slips (22 mm  22 mm  0.17 mm, Corning) were
sonicated first on each side in methanol for 30 minutes. The
glass cover slips were then placed in an UV/ozone system
(BioForce Nanosciences, Ames, IA) for 5 minutes on each side.
Ag NWs were dispersed in 2-propanol and then transferred by a
pipette onto the cleaned glass cover slips and allowed to dry.
A 1.0 mM solution of 4-mercaptopyridine (Mpy), adenine,
cytosine, guanine, or thymine was deposited on top of the
nanowires for Raman spectra collection and imaging.
2.4 Scanning confocal microscopy and scanning electron
microscopy
An Olympus IX-71 Inverted Microscope was used with a 100
numerical aperture oil-immersion objective (NA = 1.3) to magnify
the nanowires. A spectrometer with a liquid-nitrogen cooled
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digital CCD spectroscopy system (Acton Spec-10:100B Princeton
Instruments, Trenton, NJ) using a monochromator (Acton
SP-2558, Princeton Instruments, Trenton, NJ) was used to collect
Raman spectra of the sample. The exposure time was 30 s. A
camera (Q-Imaging, Olympus) was placed in the beam path after
the filter but before the beam splitter to image the nanowires.
To obtain structural information of Ag NW bundles to
compare with their Raman images, samples were dispersed
on a photo-etched indexed coverslip (Electron Microscopy
Sciences, Hatfield, PA). A half wave plate polarizer was placed
in line of the beam and rotated using an automated stepping
motor (Thorlabs, Newton, NJ). Samples were then cleaned of
objective oil and placed in a gold sputter coater (BioRad E
5400). The samples were coated with gold for B60 seconds
total. They were then imaged using a scanning electron microscope (JEOL FE 7000, JEOL USA Inc., Peadbody, MA).
2.5

Raman and photoluminescence wide-field imaging

A second Olympus IX-71 Inverted Microscope coupled with an
EM-CCD camera (Andor, 512  512, 16 um, BV, 10 MHz, 100C
EX, South Windsor, CT) was used to collect Raman and photoluminescence signals. The sample was excited using a 488 nm
Self-Contained Argon-Ion Laser (Edmund Optics Inc., Barrington,
NJ) and imaged with a 100 oil-immersion objective (NA = 1.3).
The Raman images were collected with the same objective by
passing all scattered light through 500 nm long pass (Z488LP,
Chroma Technology, Brattleboro, VT) and 488 nm notch filters
(Edmund Optics Inc., Barrington, NJ). The collected Raman
images contain photons of both fluorescence background and
all Raman scattering modes.
2.6 Discrete dipole approximation (DDA) calculation for local
field enhancement of Ag NWs
The scattering and absorption of the incident electromagnetic
wave by the Ag NW targets and the electric field near the target
are calculated with the DDSCAT 7.1 package32 using the DDA.
In our simulation, isotropic dipoles are evenly placed in a
cylinder to represent a Ag NW at dipole–dipole distances of
2.25 and 4.5 nm, which are approximately 6 and 11 times the
experimental cell distance (a = 4.08 Å) of bulk silver in the
NW.33 These cylinders were 400, 800, and 1600 nm in length
and 80 nm in diameter. The dipole–dipole distance of 2.25 nm
was used for the 400 nm length rods and the dipole–dipole
distance of 4.5 nm was used for the 400, 800, and 1600 nm rods.
It should be noted that the DDA has not been used for the local
field calculation for two Ag NW plasmon antenna systems
previously.
2.6.1 TWO TOUCHING CROSSED AG NWS. Two identical Ag NW
cylinders, one along the x-axis, and the other along the y-axis,
are placed in the x, y, z coordinate system touching each other,
in such a way that the z-axis passes through the center of the
circle at the mid-length of each cylinder, so that they resemble
the crossed diagonals of a square viewed from the top. The
xy-plane is tangent to both cylinders, with the x-axis and y-axis
being the tangent lines. With a dipole–dipole distance
of 2.25 nm for the 400 nm rods, there are B360 000 dipoles.
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For the longer dipole–dipole distance, the systems with 400,
800, and 1600 nm rods have B45 000, B90 000, and B179 000
dipoles. The incident radiation is along the z direction, with a
polarization angle of 01 or 451. We plotted the area of the
electric field near the target, which included a square prism
with a size of 70  70  75 dipole3 (or 160  160  170 nm3)
centered at the origin O (0,0,0). Points are taken for every dipole
in the x and y directions and are taken for every five dipoles in
the z direction to calculate E2/E02, where E is the scattered
electromagnetic field and E0 is the incident electromagnetic
field. Summation over E2/E02(x, y, z) with the same (x, y) but
diﬀerent z will reduce the z variable dependence, thus giving
the Ez2/E02 vs. (x, y) 3D plots.
2.6.2 TWO PARALLEL AG NWS. Two identical Ag NW cylinders,
as described above, are placed along the x direction parallel to
each other in Cartesian space, separated by 5 nm. The geometry
center of the system is set at the origin. Therefore, the xy-plane
at z = 0 passes through the axes of both cylinders, the yz-plane
at x = 0 cuts each cylinder at the mid-point in length, and the xzplane at y = 0 is parallel to each cylinder with the same distance.
The incident radiation is introduced along the z direction, with
a polarization angle of 01, 451 or 901, which is the azimuth
angle of the polarization vector to the x-axis. We plotted E2/E02
for the square area centered at the origin in the yz plane at x = 0.
The plotted area has a size of 90  90 dipole2 (200  200 nm2).

3. Results and discussion
3.1

Structure of Ag NWs

Fig. 1 shows the SEM and Scanning Transmission Electron
Microscopy (STEM) images of the purified silver NWs. Nanowires with an average diameter of 80 nm and lengths from 2 to
8 mm were obtained. The STEM image obtained using a high
angular annular dark field (HAADF) detector shows no surface
contamination of spherical silver nanoparticles on the nanowires. The purified wires are important for studying the structural
dependence and spatial distribution of the SERS enhancement
studies described below. To study the SERS intensity spatial
distribution and time dependence at the purified Ag NWs, a
wide-field imaging Raman setup was used. The experimental
setup has an EM-CCD camera that allows the dynamic changes in
the SERS to be recorded at high speed without loss in the
detection sensitivity of the SERS signal over a broad spatial range.

Fig. 1 SEM (A) and STEM (B) images of purified silver nanowires prepared by the
polyol reduction method.
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Fig. 2 (A) Raman image of isolated Ag NWs coated with DI water. Ag NWs were
made by the polyol reduction method in the presence of PVP. (B) Raman intensity
profile of three selected Ag NWs from panel A. (C) Raman image of Ag NWs
coated with 5 mM Mpy aqueous solution. (D) Raman intensity profiles of three
selected Ag nanowires as shown in panel C. Excitation wavelength: 488 nm.

Strong light scattering of the silver nanowires would allow direct
observation of nanowires to more easily focus the laser to spot an
interesting area of single Ag NWs.
3.2 SERS signal spatial distribution and time dependence at
purified Ag NWs
Fig. 2A illustrates the Raman image of isolated Ag NWs under
deionized (DI) water. The Raman intensity profiles of each
individual Ag NW show discrete photoluminescence (PL) active
sites. This can be clearly seen in the PL intensity profiles of
three selected Ag NWs in panel B of the figure. Such an
irregular PL intensity distribution can be explained by intrinsic
PL of Ag NWs as illustrated in our previous studies.28 SERS of
surfactant molecule PVP used for synthesizing the NW is overwhelmed by the fluorescence background of silver NWs. In
addition to the spatial discrete emissive sites on silver NWs
under DI water, Ag NWs under DI water also show temporal
dynamic changes that are diﬀerent from the SERS response of
NWs coated with an aqueous solution coating of SERS active
species. In the presence of a surface coating with aqueous
solution containing 1.0 mM Mpy, the collected signal at the
sites of isolated nanowires is increased greatly because of the
NW enhanced Raman scattering of Mpy as shown in Fig. 2C.
Raman intensity profiles at each individual nanowire have
fewer dark sites (Fig. 2C) in comparison to the image of
nanowires under DI water (Fig. 2A). This is because of the
uniform distribution of molecules in solution and their collective
contribution to the SERS signal when the molecules diﬀuse close
to the local areas of Ag NWs to increase their light absorption and
Raman scattering capability. In comparison to the large Raman
enhancement at the interstitials of Ag nanowires observed by
others,21–24 isolated nanowires coated with aqueous solution
containing Mpy show only moderate SERS enhancement at the
interstitials of nanowires. This happens because there are no
interstitials formed at isolated NWs for the best local field
enhancement in our focal volume for Raman generation.
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Fig. 3 (A) Raman/PL image of a bundle of Ag NWs in water. The mean counts of
this image are 611 (+/ 10) per 10 milliseconds. (B) Raman/PL image of the same
bundle of Ag NWs coated with a 1.0 mM Mpy aqueous solution. The mean
counts of this image are 1152 (+/ 584) per 10 milliseconds. (C) Corresponding
Raman/PL trajectories of the circled two spots of Ag NWs from (A) and (B)
corresponding to the fluorescence background of silver (black) and Raman of
Mpy (red), respectively. (D) Statistical analysis of Raman and fluorescence
backgrounds of silver NW and intensity counts distribution in image (A) and (B).

To compare with the fluorescence background and SERS
enhancement capability of isolated silver NWs, we use the
Raman images of a bundle of Ag NWs covered with DI water
(Fig. 3A) and 1.0 mM Mpy (Fig. 3B), respectively. Only discrete
photoluminescence spots can be observed from pristine Ag
NWs coated with DI water as shown by the photoluminescence
intensity spatial distribution profile of a selected single row
plot in Fig. 3A. The mean photoluminescence counts of Fig. 3A
are 611  10. Similar to the results shown in Fig. 2, we only
observed irregular light emitting sites from individual NWs but
the PL intensity is much stronger than isolated Ag NWs because
of strong plasmon coupling. SERS of surfactant molecule PVP
used for synthesizing the NW might contribute to the image in
Fig. 2A and 3A but the fluorescence background of silver NWs
would dominate the signal. In contrast, a strong SERS intensity
can be observed for 1.0 mM Mpy coated wires as shown by the
single raw Raman profile in Fig. 3B. The observed average
intensity from the Ag nanowire bundle in the presence of
1.0 mM Mpy is much higher than the PL signal of isolated
wires (cf., Fig. 2A) and the Ag NW bundle (cf., Fig. 3A). The
shape profiles of the individual NWs can be well-resolved
because of the strong SERS signal that is particularly enhanced
near the wire surface due to the strong plasmon coupling.
Single light emitting spots in Fig. 3A and B are selected as
shown by the circled areas in both images to illustrate the
diﬀerence in the time evolution of these two spots (Fig. 3C). Ag
NWs under DI water exhibit dynamic changes in the background
photoluminescence. This interesting behavior is found to be a
disordered process due to a spontaneous photochemical reaction
at each individual Ag NW under laser irradiation. Therefore, a
blinking background signal can be observed, and the burst
frequency and the amplitude of the background light emission
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vary from wire to wire as shown by the collected Raman trajectories
in Fig. 3C. Additional time evolution traces of the photoluminescence background are available in the ESI† (Fig. S1). Our previous
studies28 indicate that such discontinuous photoluminescence
emitting sites have dynamic disordered blinking behavior, which
was found to follow the probability density distribution function,
P(t) = occurrence(t)/Dt, for both ON and OFF states. The calculated
probability density distribution P(t) is found to be proportional to
t m, where m is a constant and t is the duration time of the ON or
OFF state of the silver photoluminescence. m has an average value
of 2.44 (0.20) for ON states and 1.87 (0.23) for OFF states. Ag
NWs under a 1.0 mM Mpy solution exhibit a stable Raman signal
for over an hour under 1 mW laser excitation. Again, a single spot
highlighted by the dash circle in Fig. 3B was selected and its
Raman/photoluminescence trajectory is shown in Fig. 3C with
time resolution equal to 10 ms. In comparison to the trajectories
and spatial distributions of the particles under water (Fig. 3A), only
slow fluctuations of the Raman signals are observed under 1 mM
Mpy. Such a slow fluctuation of the SERS signal from selected NWs
can be explained by the diﬀusional motion of Ag NWs since the
NWs are not covalently attached to the substrate. Ten additional
time evolution traces are shown in the ESI† (Fig. S1). The SERS
signal remains stable after 20 seconds of measurement, indicating
the stabilized hotspots and homogenous distribution of SERS
active molecules near the Ag NWs. Fig. 3D shows the statistical
analysis of the Raman intensity and its spatial population
distribution for the above two scenarios from Fig. 3A and B,
respectively. The mean fluorescence count of 611  10 per
10 milliseconds shows that a low population was obtained for
Fig. 3A, whereas the 1 mM Mpy coated sample shows twice the
SERS intensity and density for the same bundle of Ag NW with an
average intensity of 1152 (584) counts per 10 milliseconds. The
overall enhancement in the total counts and density of the Raman
signal are attributed to the strong local field enhancement by
the Ag NW bundle, and the enhancement is much higher than the
isolated Ag NWs due to the surface plasmon coupling when the
NWs are approximated to each other.
We also studied the excitation intensity dependence of the
Raman signal of Mpy and bare Ag NWs. When we increased the
laser power from 0.18 mW to 1.8 mW, a dramatic increase in
the Raman signal of Ag NWs is observed in comparison to the
fluorescence background of the silver. This result indicates
that coating the surface to increase Raman signal intensity
at optimal excitation intensity would help separate the
background fluorescence signal and its blinking dynamics
from the collected Raman image. Dramatic increases in photoluminescence intensity without Raman active molecules under
DI water at stronger laser intensities was observed and can be
explained by enhanced photochemical reactivity as more active
fluorescent silver clusters are produced. The enhanced PL
background is overwhelmed by the strong SERS signal in the
presence of 1.0 mM Mpy. Such diﬀerent temporal response and
spatial heterogeneities of the SERS signal and PL background
would help separate the PL background signal from the Raman
signal for Raman imaging application. However, the PL background
signal of Ag NWs still remains problematic for SERS detection at low
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analyte concentrations (e.g., single molecule detection11,34)
when the SERS signal is relatively weak. The average SERS
intensity at laser intensity of 1.8 mW is almost one order of
magnitude higher than the Ag NW PL background, whereas the
SERS signal at low laser intensity of 0.18 mW is only twenty
percent higher than the Ag NW PL background. In comparison
with isolated Ag NWs, interstitials formed by two NWs or
nanowire bundles lead to ‘‘hot spots’’ that support intense
local scattering. The total Raman intensity depends on the
density of interstitials in the focus volume.
3.3 Comparison of SERS from single, crossed, and bundled Ag
nanowires
To obtain SERS spectra for individual Ag NWs, a white lamp
was first used to help visualize the wires coated onto the cover
glass. The Ag NWs have lengths up to several microns and are
80 nm in diameter, so they can be easily visualized under the
microscope due to strong visible light scattering and absorption. Meanwhile the focused laser spot can be either manually
or automatically moved onto any region of interest on the cover
glass so that Ag NWs can be selectively excited. We used a CCD
camera to take a wide-field image of the Ag NWs when both the
white light and laser are turned ON as shown in Fig. 4A–D. After
selecting the region of interest, the white light source is turned
OFF and laser clean-up filters are used to obtain Raman spectra
of the selected region.
High quality purified Ag NWs were used for collecting
Raman spectra to illustrate the structure–function relationship
without being obscured by the Ag nanoparticles and other
contaminants involved in the synthesis of the silver nanowire.
Fig. 4 shows the Raman spectra of Mpy enhanced by Ag NWs
coated with a 1.0 mM Mpy solution. Fig. 4A depicts a single Ag
NW, Fig. 4B depicts two crossed Ag NWs, and Fig. 4C depicts
multiple connecting Ag NWs. The Raman spectra for images
Fig. 4A–C do not show significant enhancement. Fig. 4D shows
a bundle of Ag NWs with the largest SERS enhancement.

Fig. 4 Raman spectrum of Mpy enhanced by high quality Ag NWs. The images
are of single (A), crossed (B), bundled (C), and highly aggregated (D) NWs.
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Similar to the Raman imaging results, Raman spectra collected
at the local site of silver nanowires show that Ag NWs can
enhance the Raman spectrum of Mpy and the SERS intensity
increases as the number of interstitials formed by Ag NWs
increase. No dramatic change in the SERS spectra was observed
when moving from a single wire to two crossed wires. These
results seem to contradict previous studies on the site enhancement distribution of SERS35 because one would expect great
SERS enhancement when two nanowires form a hotspot when
they couple to each other. We attribute such low SERS intensity
to the arbitrary polarization angle of the incident laser light
which is not optimized for the two crossed nanowires for the
best local field enhancement. In addition, conductive contact of
two nanowires would weaken the surface plasmon resonance of the
two crossed nanowires.36 To obtain a large SERS eﬀect in the laser
focus, one needs to increase the number of such interstitials of Ag
NWs so that the density of hotspots can be increased to localize the
incident light for the Raman enhancement. Our results also show
that the Raman spectra background increases as we increase the
number of Ag NWs in the focus region. This is caused by the
intrinsic photoluminescence of Ag NWs as discussed previously.
Such a photoluminescence background signal and its spatial
distribution for Ag NW bundles are found to be only weakly
dependent on the polarization angle of the incident laser as shown
in Fig. S2 (ESI†).
3.4 Local field calculation using the discrete dipole
approximation method to understand enhanced SERS by
Ag NWs and its polarization dependence
Numerical simulation is used to quantitatively understand the
local field enhancement by Ag NWs using the discrete dipole
approximation (DDA) method. The DDA method was used to
calculate the light scattering and absorption characteristics of
Ag NW targets with well-defined structures, in order to better
understand the observed SERS enhancement as shown in Fig. 3
in comparison with the field intensity one would expect at the
interstitials of Ag NWs. The basic concept of the DDA method is
to mesh the nanowire structure in terms of small cells, where
each cell serves as a dipole under an electromagnetic (EM) field
excitation. By computing the local electromagnetic (EM) field
intensity of each individual dipole while it interacts with its
neighbors, the overall field intensity can be calculated.
A comparison of the diﬀerent simulation results for Ag NWs
with diﬀerent lengths and dipole–dipole distances (r (d–d)) is
shown in Fig. S3 (ESI†). The shape of the plots basically does
not change as the length of the nanowire and r (d–d) distance is
varied. As shown in Fig. 5, the local field intensity of two
crossed 1400 nm long Ag NWs with diameters of 80 nm was
calculated and projected onto the same plane to illustrate the
polarization dependence of the local field intensity. We only
show the local field intensity amplitude projected onto the xy
plane while changing the polarization angle from 01 to 451 to
901. The reason for showing the projected local field intensity
in the xy plane is that the local field intensity is highly sensitive
to the position of the z plane, which cannot be resolved in our
experimental configuration. The calculation clearly indicates
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Fig. 5 The simulated local field intensity of two 80 nm diameter, 1400 nm long
crossed silver nanowires with linearly polarized incident light in the Z direction.
Wavelength: 488 nm, polarization angles 01 (A and B), 451 (C and D), and 901
(E and F). B, D and F are 3D representation of the local field intensity for the 2D
plots A, C, and E, respectively. Field intensity is summed along the Z direction and
projected onto the XY plane.

that the local field intensity at the crossing point of the two
wires is the maximum field intensity and is highly dependent
on the polarization angle of the incident light relative to the
orientation of the wires. Less field intensity at the crossed point
is expected for a 451 polarization angle than for 01 and 901. The
results of the calculations qualitatively explain the maximum
SERS enhancement observed at the interstitials formed by the
crossed point of two silver wires or Ag NW bundles. A quantitative comparison between the simulated and experimental
data would require full consideration of the refraction index
of the sample containing the Raman active molecule as well as
the actual geometry and exact distance between the wires.
The field intensity around two parallel silver wires spaced 5 nm
apart was calculated as shown in Fig. 6. Dramatic changes in the
field intensity can be observed as the polarization angle changes
from 01 to 451 then to 901 relative to the longitudinal of the
nanowires. The maximum field intensity is obtained when the
polarization direction is perpendicular to the direction in which
the wires are oriented. This is because there is a strong coupling
between the wires when their surface plasmon resonances couple to
each other in the direction perpendicular to the wires. This is
consistent with our experimental observation as we obtained
strong SERS from the gap between two wires. Similar couplings
of the surface plasmons can also be extended to the junction
formed by a spherical nanoparticle and a nanowire, as well as two
spherical nanoparticles when the physical electromagnetic (EM)
field enhancement dominates the total SERS enhancement.37,38
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Fig. 7 SERS spectra of 1 mM Mpy enhanced by unpurified Ag NWs. Image
corresponds to blank substrate (A), several crossed NWs (B), and NW bundle (C).

Fig. 6 The simulated local field intensity of two 80 nm diameter, 1400 nm long
parallel silver nanowires spaced apart by 5 nm with linearly polarized incident
light in the Z direction. Wavelength: 488 nm, polarization angles 01 (A and B), 451
(C and D), and 901 (E and F) relative to the longitudinal axis of the nanowires. B, D
and F are 3D representations of the local field intensity for the 2D plots A, C, and
E respectively. All field intensities are summed along the Z direction and projected
onto the XY plane.

The polarization angle of our measurement is circular so that an
optimal SERS enhancement can be obtained without being
obscured by the orientation of two parallel wires.
The finite diﬀerence time domain (FDTD) method has been
widely used for calculating the local field distribution of a single
silver nanowire and of two parallel nanowires to understand the
strong SERS from two coupled nanowires.39 The DDA simulation
results are comparable to those from the FDTD method. Our
calculations suggest that the size of the interstitials where a
molecule may experience the largest field enhancement is smaller
than 10 nm. Only a few analyte molecules are likely to diﬀuse into
such a small volume to gain a large field enhancement when the Ag
NWs are coated with aqueous solution of a SERS-active molecule,
yielding only a very small contribution to the overall Raman
enhancement. In addition, the incident light polarization has to
be perfectly aligned with the angle of crossed nanowires for the
optimal SERS enhancement. The simulations also suggest that the
overall SERS intensity should depend on the density of interstitials
of Ag NWs in the focus volume and the total numbers of molecules
in the local field produced by the surface plasmon excitation with a
light source with an optimal polarization angle.
3.5 SERS applications of unpurified Ag NWs with high density
of interstitials
As shown by the above results, the overall average SERS
enhancement can be dramatic if the density of interstitials of
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nanowires in the focal volume is high. This can be made
possible by using unpurified silver nanowires or roughened
silver nanowires. To test this hypothesis, three diﬀerent areas
corresponding to bare cover glass, several crossed Ag NWs, and
aggregates of Ag NW and nanoparticles, respectively, were
selected to study the SERS enhancement capability in the
presence of small silver nanoparticles; their Raman spectra
are shown in the bottom panel of Fig. 7. The Raman signatures
of Mpy are greatly enhanced when the laser focus is moved onto
Ag NWs while no Raman signature of the same amount of Mpy
can be obtained on a bare cover glass. A dramatic diﬀerence in
the Raman intensity and heterogeneous spatial distribution
can be observed from blank substrate to several crossed Ag
NWs, and the largest enhancement is observed for aggregates
of Ag NWs and nanoparticles as shown in Fig. 7. We believe that
the surface plasmon coupling of the silver nanoparticles and
silver nanowires helps to form hotspots at silver nanowire
interstitials so that SERS can be promoted by the intense local
electromagnetic field manifested by the Ag NW junctions. In
addition, Mpy has a thiol functional group that is expected to
help anchor the molecule onto Ag NWs through a strong
interaction.40 This leads to the observation of an enhanced
SERS signal for this molecule on Ag NWs.
To resolve the interstitials formed by unpurified Ag NWs
with the nanoparticles and their correlation with local field
enhancement of the SERS signal, we took a SEM image (Fig. 8A)

Fig. 8 SEM image (A) of an unpurified Ag NW bundle with its surface saturated
with Mpy, and corresponding Raman image (B) at initial laser polarization angle
y = 01. Image size: 10  10 mm. (C) Raman intensity of eight selected spots 1–8
from panel A as a function of polarization angle y rotated from 01 to 1801.
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Fig. 9 Raman spectrum comparing Ag NW and Ag NWs coated with Au. A single
bare Ag NW (A) is compared to a (B) single, (C) connecting Ag NWs coated with
Au nanoparticles, and a selected TEM image (D) of gold nanoparticle decorated
silver nanowire.

of an unpurified Ag NW bundle and then compared with the
optical microscopy image of the same Ag NW bundle (Fig. 8B).
The bundle of unpurified Ag NWs contains NWs and NWs
decorated with Ag nanoparticles. Raman scattering images of
the same Ag bundle show a highly heterogeneous spatial
distribution, depending on the location of Ag NWs, and the
coupling with other NWs and Ag nanoparticles. The area of Ag
NWs decorated with nanoparticles shows a stronger fluorescence background and SERS signals than purified NWs because
the complexation with spherical nanoparticles is expected to
produce interstitials that are capable of localizing strong EM
fields as shown by our simulations and SERS enhancement of
unpurified Ag NWs. Raman and fluorescence backgrounds at
some interstitials (e.g., interstitial 2 and 6 in Fig. 8A) are
strongly dependent on the incident angle of a polarized laser
excitation as shown in Fig. 8C. This has to do with the
polarization dependence characteristics of coupled plasmonic
antennas as clearly shown in our simulations. Many other
interstitials (e.g., interstitial 1, 3, 4, 5, 7 and 8 in Fig. 8A) only
show weak polarization dependence because of the strong
photoluminescence background of silver and/or symmetric
plasmonic antenna that would not show polarization dependence
of SERS. Systematic characterization of the polarization dependence
of the Raman signal on the structural distribution heterogeneity can
be obtained by subtracting the fluorescence background from the
Raman image. The Raman intensity decreases when the polarization angle y is rotated from 01 to 1801 due to the photobleaching of
Mpy during the time of laser irradiation.
To illustrate that the unpurified Ag NWs with a high density
of interstitials can also be used for Raman detection of
molecules which do not have specific covalent binding to silver
NW surface, we investigated the Raman spectra of DNA bases in
aqueous solution at low concentrations using unpurified Ag
NWs. Fig. S4 (ESI†) shows the Raman spectra of adenine
enhanced by Ag NWs. Diﬀerent orientations of NWs were tested
to see which would give the most enhancement. The use of a

Phys. Chem. Chem. Phys.

PCCP
single Ag NW does not greatly enhance the Raman signal. The
Raman spectra of two adjacent Ag NWs for adenine were greatly
enhanced by the coupling of the NWs. The Raman spectra of
cytosine show that a single silver NW has a lower Raman
intensity and the Raman peaks are better resolved with two
crossed nanowires. Similarly, Raman spectra for guanine and
thymine enhanced by a pair of crossed Ag NWs show that
crossed wires enable strong local field enhancement. All
enhanced Raman spectra of DNA bases using unpurified NW
are consistent with previous spectra collected for other DNA
bases.41
Consistent with SERS of Mpy at unpurified Ag NWs, small
silver nanoparticles contained in the Ag NWs play an important
role in the strong SERS signal as the interstitials formed by a
spherical nanoparticle and nanowire are expected to produce
strong plasmon coupling for Raman enhancement.26 Thymine
was also used to test if the Raman spectra changed over time
(Fig. S4, ESI†). Spectra were collected every 30 s for 120 s. A
diﬀerence in the spectra from 30 s to 60 s was observed. This
may be due to the diﬀusion of the thymine molecules in and
out of the interstitials. After 90 s, there was little to no Raman
enhancement. This indicates that the molecule has photobleached and/or the NWs have been oxidized in aqueous
solution.
We used electronic structure theory at the density functional
theory (DFT) level with the B3LYP exchange-correlation
functional42,43 and the aug-cc-pVDZ basis set44 to calculate
the Raman spectra of the molecules as an aid to assigning the
relevant peaks. Selected values with reasonable Raman intensities
are given in Table S1 (ESI†) and used to help assign the observed
spectra (Fig. S5, ESI†). Reasonable agreement is found for the
bands that can be assigned. The optimized geometries and total
energies of Mpy, adenine, cytosine, guanine and thymine for the
Raman spectra calculations are listed in Table S2 (ESI†).
3.6 SERS enhancement with purified Ag NWs with high
density interstitials after gold nanoparticle decoration
The single Ag NW studies above show that two wires coupling
to each other provide strong SERS enhancement, particularly at
the point where two wires are close to each other. Little field
enhancement is seen when the polarization is along the wire
and no enhancement diﬀerence was observed when the laser
was moved along a single Ag NW. Therefore, one of the
coupling wires could be replaced by spherical nanoparticles
to form a high density of interstitials for enhancement due to a
SERS particle–wire coupled system.
To form a coupled nanoparticle/nanowire structure, the
galvanic replacement reaction and electroless deposition methods
were combined. Ag nanowires were coated with Au by first
oxidizing the Ag with FeCl3 while reduced Fe is deposited onto
the silver wire surface. AuCl3 was then used to oxidize the formed
Fe clusters to form gold nanoparticle coated Ag NWs. Fig. 9 shows
the Raman spectra of adenine collected using a bare single Ag NW,
single Au coated Ag NWs, and two gold modified Ag NWs coupled
to each other at the end in a definite angle. The presence of gold
nanoparticles on the Ag NW surface is confirmed by electron
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microscopy (Fig. 9D) and the EDX spectrum of the nanostructure
(Fig. S6, ESI†). Surface modification with gold enhanced the SERS
signal of single Ag NWs due to the formed plasmon coupling
between gold nanoparticles and silver. In addition, the increase in
the surface area available at the micrometer scale allows for more
interaction between SERS active molecules and gold in the focal
area, thereby increasing the total SERS signal. A higher SERS signal
can also be observed when two wires are coupled to each other but
the coupling results in a higher fluorescence background with no
overall SERS feature changes. Further studies on the particle size
and coverage dependence of SERS on single Ag NWs are underway.

4. Conclusions
Temporal and spatial Raman activities for Ag NWs coated with
aqueous solution containing Raman active small molecules are
studied and compared with NWs under DI water. Our study has
shown that:
(1) PL background signal trajectories of Ag NWs have blinking
activities while the SERS signal is stable when the NWs are
coated with an aqueous solution containing concentrated Mpy.
Such diﬀerences in temporal responses would allow one to
separate the PL background signal of silver from the SERS signal
to benefit ultrasensitive molecular sensing using the Raman
imaging method.
(2) Crossed and bundled Ag NWs showed significantly more
Raman intensity than single NWs. Heterogeneities in the
spatial distribution of SERS at purified and unpurified Ag
NWs can be observed due to the heterogeneous interstitials
formed by NWs, and such heterogeneity can be further
enhanced by Ag nanoparticles contained in unpurified Ag NW
samples, and Ag NWs decorated with Au nanoparticles
via galvanic replacement reaction and electroless deposition
methods. Such surface modification for high density interstitials
would support SERS enhancement capability of a large scale
substrate and could serve as an ideal substrate for single
molecule detection.
(3) The enhancement capability and polarization dependence of the Ag NWs can be qualitatively explained by the local
EM field enhancement of crossed and paired nanowires. The
DDA method is used for the first time to calculate the local field
intensity of two crossed and parallel Ag NWs.
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