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’ INTRODUCTION

One dimensional metal nanostructures with the capability of
guiding electromagnetic energy are attractive for nanoscale
optical devices and circuits.1,2 These nanostructures can be also
excellent candidates for Raman markers that exploit surface-
enhanced Raman scattering (SERS) phenomena.3-9 One-
dimensional nanostructures show promising capabilities for
guiding and confining the exciting light in nanogaps (“hot
spots”), providing dramatically enhanced local electromagnetic
field and coupling of localized surface plasmon resonances. To
explore this important phenomenon, a number of different noble
metal nanostructures have been fabricated, assembled, and
synthesized, and some have been suggested as prospective
Raman markers for chemical and biological detection.10-16

Several recent examples of label-free Raman markers from
metallic/bimetallic nanostructures include silver nanowires and
their bundles,17-19 silver nanocubes and nanoplates,20,21 rods
with fabricated gaps,22 nanodumbbells,23 gold nanowire-gold
nanoparticles,24,25 crossed gold nanowires,26 ZnO nanowire-
silver nanoparticle hybrid nanotrees,27,28 and silver-gold
nanocobs.29 Efficient SERS phenomena have been observed
for crossed silver nanowires and for prefabricated bundles with
localized nanojunctions. Moreover, intriguing polarization-
dependent SERS phenomenon that can be utilized for waveguid-
ing and controlled longitudinal surface plasmon localization
have been demonstrated for silver nanowires decorated with
multiple nanoparticles and their clusters.30 However, examples of
single-nanoparticle-based hot spots with SERS appearance tuned
by the polarization-dependent excitation conditions are rarely
demonstrated.

Here, we report on remarkable properties of crossbars of silver
nanowires partially decorated with spherical silver nanoparticles
associated with SERS hot spots with optical turning on/off
mediated by polarization conditions at a nanojunction. Massive
fabrication can be achieved via a double-step transversal capillary

transfer microprinting approach. Such addressable on/off
behavior is controlled by the rotation of the polarization plane
which excites transversal plasmon resonances and initiates
selective excitation of SERS hot spots at different locations.
Moreover, we demonstrated the possibility of massive fabrication
of such junctions by simple, double-step capillary transfer
lithography,31,32 which might open a path for large-scale assay
applications.

’RESULTS AND DISCUSSION

The silver nanowires exploited in this study were obtained
according to a well-established procedure with optimization of
chemical composition to obtain predominantly nanowires with a
minor content of nanoparticles (see Experimental Section).33

The resulting product was a mixture of silver nanowires
and spherical nanoparticles. The silver nanowires were isolated
from the spherical nanoparticles by multiple centrifugation
(3000 rpm) and redispersion in methanol.

For the purpose of this experiment, the silver nanowires were
only exposed twice to the centrifugation and redispersion cycle to
maintain certain concentration of spherical silver nanoparticles,
which gives the silver nanowires/spherical silver nanoparticles
mixture.34-39 These 5 μm long silver nanowires with a diameter
of 120 nm, due to the synthetic procedure, are capped with a
monolayer of polyvinylpyrrolidone (PVP), as suggested earlier.40

Indeed, a direct comparison of TEM (visualizing only silver
nanowires) and AFM (visualizing nanowires with shell) data
shows that the upper limit of the PVP coating thickness could not
exceed 5 nm (not shown).

We used the sacrificial double-step microprinting approach
with polymermicropatterns as guided templates for the deposition
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ABSTRACT: We fabricated silver nanowire crossbars partially decorated with silver
nanoparticles via a double-step transversal capillary transfer microprinting approach and
demonstrated their polarization-dependent surface-enhanced Raman scattering (SERS)
properties. We demonstrated that SERS intensity of nanowire junctions and nanowire-
nanoparticle junctions can be turned on/off on demand by the rotation of the
polarization plane, which excites specific transversal plasmon resonances and initiates
selective excitation/suppression of central and auxiliary nanostructured junctions. We
suggest that massive fabrication of such addressable crossbar nanojunctions is important
for exploiting these SERS markers for chemical and biological detection assays.
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of silver nanowires to prepare crossbar arrays of silver nanowires
on a silicon substrate (Figure 1). To yield a highly oriented array,
silver nanowire solution (1-3 mg/mL in methanol) was drop-
casted onto the array of narrow channels composed of a sacrificial
polystyrene (PS) micropattern (ridges with 3 μm periodicity and
1 μm height), resulting in parallel arrays of silver nanowires. The
1 μm thick sacrificial PSmicropattern was deposited on the silicon
substrate by a polydimethylsiloxane (PDMS) stamp. After deposi-
tion of silver nanowires, the PS pattern was lifted off by toluene,
leaving patterned stripe arrays of highly oriented silver nanowires
(Figure 2a). We repeated the process of PS micropatterns
perpendicular to the first layer of silver nanowire arrays to prepare
crossed arrays of silver nanowires.41

By repeating this template-orientation procedure in an ortho-
gonal direction, amassive silver nanowire array with orthogonally
oriented silver nanowire pairs of L and T shapes as well as
crossbars can be formed (Figure 2b). Overall, more than 40% of
all silver nanowires participate in the formations of junctions
between perpendicular nanowires of different types.

Individual crossbars are composed of two perpendicular silver
nanowires with one nanowire crossing another, as visible from
SEM and AFM images (Figures 2 and 3). Cross-sectional analysis
of crossbars in the junction point shows that top and bottom
nanowires are not significantly deformed after the formation of

crossbars and stay within (5% (Figure 3c). Therefore, PVP
coating is not significantly deformed by slightly bend the top
nanowire and allow access of external analytes to the central
junction. Occasionally, silver nanoparticles attached to the silver
nanowires can be also observed on corresponding SEM and AFM
images (Figures 2 and 3).

Raman spectra of bulk PVP, which is a coating material for
silver nanowires, showed characteristic bands in the 740-
1650 cm-1 range, corresponding to ring breathing vibrations,
and a strong peak at 2925 cm-1, which corresponds to CH2

asymmetric stretching (Figure 4).40 Raman spectra of PVP-
coated silver nanowires show a strong peak at 232 cm-1 due
to Ag-O stretching vibration. A strong peak at 1599 cm-1

showed up as a result of SERS (Figure 4).42 This characteristic
band with high intensity was utilized in this study for Raman
micromapping.

Figure 5a displays an example of such measurements, which
include optical images of a selected nanowire crossbar. Optical
images of the silver nanowire crossbars show the presence of
nanoparticles located along the nanowires as well as in the
vicinity of the crossbar. The corresponding SERS micromapping
for this selected silver nanowire crossbar at different orientations
of this crossbar with respect to the polarization direction (always
horizontal) is shown in Figure 5b. Raman scattering collected
with high resolution (50 nm per pixel, λ = 514 nm) at this
polarization shows the strongest central spot (1), which corre-
sponds to the crossbar nanojunction (Figure 5). This location
represents the most intense hot spot caused by coupled trans-
versal plasmon resonances of bottom and top nanowires.

A characteristic pattern of other bright spots corresponds to
the locations of silver nanoparticles along the vertical nanowires
(three spots in the middle section, points 2-4) (Figure 6). Low-
intensity spots are also associated with left and right (point 5) tips
of the horizontal nanowire (Figure 6).

Rotation of the polarization plane with respect to the crossbar
changes their scattering intensities dramatically (Figure 5b).
Raman scattering shows the central brightest hot spot, which
corresponds to the junction of the nanowires at different
polarization orientations with significant increase at 45� polar-
ization orientation (Figure 5b). The intensity of this hot spot
changes somewhat at different polarization orientations due
to background scattering and fluorescence with overall intensity
gradually decreasing due to continuous photoinitiated pyrolysis
during long-time collection of images (from left to right in
Figure 5c).43-45 It is worth noting again that all images presented
here are collected from a central junction (single pixel size of
50 nm), thus reflecting highly localized point excitation and not
integrated Raman scattering averaged over a large surface area.

In contrast to overall intensity, the shape of the double band
within 1400-1600 cm-1 does not change much at different
polarization orientations.46 On the other hand, a characteristic
cross-shaped pattern of localized hot spots at 0� can be recog-
nized at 45� and partially at 135� as well as 180�, although with
lower intensities (Figure 5). However, the cross-shaped pattern
disappears for the 90� polarization orientation.

The polarization-dependent appearance and disappearance of
the different hot spots can be understood considering recent
results on SERS behavior of one-dimensional structures. Indeed,
it has been demonstrated that decorating silver nanowires with
nanoparticles results in highly localized plasmon resonances
along the nanowires.47 It has been also observed that the
excitation of transversal plasmon resonances in decorated silver

Figure 1. Fabrication of a crossbar array of silver nanowires using
sacrificial polymer micropatterns as guided templates in the double-step
transversal capillary transfer microprinting and orientation process.

Figure 2. Dark-field optical micrographs of (a) uniformly oriented
silver nanowires and (b) an array of orthogonal nanowires. (c,d) AFM
images of individual silver nanowires and crossbars.
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nanowires for polarization perpendicular to the long axis causes a
significant polarization-dependent SERS effect.30

In the case of the crossbars locally decorated with silver
nanoparticles, we can distinguish two very different polariza-
tion-dependent phenomena. Polarization-independent charac-
teristics of the central hot spot with the highest intensity can be
caused by complementary contributions of coupled orthogonal
transversal plasmon resonances at different polarization orienta-
tions (Figure 6). If the hot spot is formed at a nanoparticle-

nanowire gap, strong polarization dependence should be ob-
served with strongest Raman intensity observed if the direction
of polarization is perpendicular to the nanowires long axis.30

These differences should cause a peculiar polarization-dependent
behavior of crossbars, which is very different from the behavior of
single nanowires and their bundles. Namely, this unique feature is
an unchanged central hot spot at the crossbar junction combined
with strong polarization-dependent auxiliary hot spots along
nanowires, as illustrated in Figure 5. The pattern observed in

Figure 3. (a) SEM of a single silver nanowires crossbar with attached nanoparticles and (b) 3D AFM images of central junction of silver nanowires
crossbar, which allows one to distinguish top and bottom nanowires with corresponding cross sections (c).
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the experiment discussed here can be explained by lateral
attachment of the associated silver nanoparticles (points 2-4)
to vertical nanowires and nanoparticle (point 5) attached to the
nanowire’s tip (Figure 6). In this schematic, white arrows show
different directions of localized transversal plasmon resonances
between nanowires and nanoparticles as well as at the junction of
two different crossbar orientations, which correspond to two
situations with 0� and 90� polarizations, as presented in Figure 6.

We further demonstrate the polarization-dependent SERS
results for other shapes of crossbars for which the horizontal
nanowire is located on top of the vertical nanowire in Figure 7.
SEM images of the crossbars confirm the location of nanopar-
ticles, which is exactly corresponding to the SERS hot spots, as
indicated in Figure 8 and illustrated in Raman micromapping in
Figure 9. Each Raman spectra from the silver nanowire crossbar is
demonstrated in Figure 9, and the red circles correspond to the
different hot spots. Overall, these results reveal polarization-
independent characteristics of the central hot spot caused by
coupled transversal plasmon resonances of the bottom and top
nanowires.

At different polarization directions, the relative Raman inten-
sities at the central junction of the nanowire crossbar is main-
tained as the same intensity as shown in Figure 7a (point 1). On
the other hand, the SERS at the junction of nanowire and
spherical nanoparticles shows the polarization-dependent char-
acteristics. At the hot spots marked as red circles in the SEM
images (Figure 7a, points 2,3), the relative Raman intensities
from PVP coating at the junction between nanowire and
nanoparticle are observed to be enhanced as the polarization
direction is changed due to the coupling with the silver nano-
particles (Figure 7b). The stronger Raman intensities were also
observed when the direction of polarization is perpendicular to
the nanowires long axis. Lower Raman enhancement is observed
in the case of the junction between attached nanoparticles and
nanowire (Figure 7a, point 4) and if the laser polarization
direction is perpendicular to the nanoparticle-nanowire gap
(Figure 7b). The schematic of the hot spots (red circles) of the
silver nanowire crossbar with attached nanoparticles and

Figure 4. Raman spectra of bulk PVP material and silver nanowires
coated with PVP.

Figure 5. (a) Optical micrographs, (b) Raman micromapping of crossbars with different orientation (dashed circles indicating attached silver
nanoparticles on silver nanowires and corresponding hot spots, polarization is horizontal for all images), and (c) corresponding Raman spectra of central
junction from images b.
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nanoparticle dimers also correlates with variable SERS intensities
at different polarization directions (Figure 8).

We exposed our silver nanowire crossbar with silver nano-
particles to a well-known Raman analyte, Rhodamine 6G (R6G),
to study the SERS polarization dependence with higher angular
resolution than that demonstrated for Raman mapping above.
For these measurements, the silver nanowire crossbars with silver
nanoparticles deposited on Si substrate were immersed in an
aqueous solution of 10-5 M R6G, rinsed thoroughly with
Nanopure water, and dried. SERS spectra from the silver
nanowire crossbar junction and the silver nanowire-nanoparti-
cle junction were collected with 1 s exposure time with three
rounds of accumulations to ensure high signal-to-noise ratio
(Figure 10). Characteristic Raman bands of R6G (1360, 1504,
and 1644 cm-1) from aromatic benzene rings were strongly
enhanced at the nanowire crossbar junction and visible at the
SERS spectrum (Figure 10a). The SEM image clearly shows the
silver nanowire crossbar junction and the silver nanowire-
nanoparticle junction, which corresponds exactly to the spectra
collected and analyzed (Figures 10 and 11).

Figure 6. Schematic of the different directions of plasmon resonances
of silver nanowires with attached nanoparticles at different orientations;
polarization is horizontal.

Figure 7. (a) Hot spots (circles) of silver nanowires crossbar with attached nanoparticles with different orientations (polarization is horizontal), circles
indicating hot spots at different crossbar orientations and numbers corresponding to selected points in part a. (b) Relative Raman intensity of 1599 cm-1

at each hot spot (points 1-4 from part a) of silver nanowire crossbars at different polarization directions.

Figure 8. Schematic of hot spots (circles) of silver nanowire crossbar attached with nanoparticles at different crossbar orientations.
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The relative intensity of the specific Raman band at 1644 cm-1

was monitored and plotted at each 10� of polarization orienta-
tion, as presented in polar diagrams in Figures 10b and 11b. As
was observed, the relative Raman intensities of selected band at
the central junction of nanowire crossbar maintained near

constant intensity at different polarization directions within
(30% (Figure 10b). This modest and random variation confirms
the fact that the two crossing nanowires create coupling condi-
tions that are polarization independent, as was reported above
from Raman mapping with lower angular resolution.

Figure 9. Raman spectra of a crossbar of silver nanowires; red circles correspond to the different hot spots with corresponding Raman spectra shown in
separate plots.

Figure 10. (a) Raman spectra of 10-5 M of R6G on silver nanowire crossbar junction and (b) the relative Raman intensity of 1644 cm-1 from the silver
nanowire crossbar junction at different polarization directions; the inset shows the specific crossbar tested here at a particular orientation (0�).
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However, for a single nanoparticle attached to the nanowire, a
strong polarization dependency has been observed (Figure 11).
As the polarization angle changes to become perpendicular to the
junction between silver nanoparticle and silver nanowire, the
Raman intensity increases up to 15 times due to the coupling of
nanostructures (Figure 11b).37 As the polarization becomes
close to parallel to the junction of the nanoparticle and nanowire
(see the inset in Figure 11b), the relative Raman signal intensity
decreases dramatically to close to the background level. It is
worth noting that the gradual decrease of the overall relative
Raman intensity with measuring time reflects the gradual dete-
rioration of organic molecules during the continuous exposure to
laser illumination, a common phenomenon observed for similar
nanostructures.30 However, overall it is apparent that high
angular resolution studies of polarization dependency confirm
the conclusion made above on dramatically different polarization
behaviors of the central crossbar junction and specific hot spots
formed by nanoparticle-nanowire junctions.

’CONCLUSIONS

In conclusion, we demonstrated that depending upon the
exact location and orientation of decorating nanoparticles, a
variety of different rotational patterns with different on/off SERS
intensities can be designed. Overall, this approach provides
means for the fabrication of arrays of hot spots that can be
activated only at a certain polarization direction and suppressed
at an orthogonal direction while keeping some hot spots
activated under any condition. Such an array with on-demand
activation could be of interest for multifunctional assays for
chemical and biological detections. Although carrying out the
exact placement of nanoparticles is challenging, we suggest that
the proper design of crossbars decorated with nanoparticles
might be completed by selective micropatterning, as will be a
subject of future studies.

’EXPERIMENTAL SECTION

Synthesis of Silver Nanowires. Silver nanowires were
synthesized according to the polyol method introduced by Xia
et al. using silver nitrate as the precursor, poly(vinylpyrrolidone)
(0.36 M concentration and molecular weight, Mn = 1 300 000 g
mol-1) as the capping agent, and ethylene glycol as the solvent
and reducing agent.33 A solution (60 mL) of PVP in ethylene
glycol was heated at 160 �C under constant stirring for 1 h. Next,
a separate solution (30 mL) of silver nitrate in ethylene glycol
(AgNO3, 0.12 M) was prepared at room temperature with
vigorous stirring. Fe(acac)

3 (50 μg) in ethylene glycol solution
(0.5 mL) was added to the hot PVP solution, followed by
dropwise addition of the homogeneous silver nitrate solution.
The solution mixture was stirred for 1 h, or until the solution
turned opaque gray. The formation of silver nanowires could be
easily confirmed from an optical microscope with 20� or 50�
objectives, which is best observed in the dark-field mode. The
product is a mixture of silver nanowires and spherical nanopar-
ticles. The silver nanowires were mostly isolated from spherical
nanoparticles by multiple centrifugation (3300 rpm) and redis-
persion in methanol. For the purpose of this experiment, the
silver nanowires were only exposed to the centrifugation and
redispersion cycle twice to maintain a certain concentration of
spherical silver nanoparticles, which gives a silver nanowire/
spherical nanoparticle mixture.
Fabrication of the Crossbar Arrays of Silver Nanowires.To

prepare crossbar arrays of silver nanowires on silicon substrate,
sacrificial polystyrene (PS) micropatterns (Janssen Chimica,
Mw = 250 000) was used as guided templates for the deposition
of silver nanowires. We first drop-casted silver nanowire solution
(1-3 mg/mL in methanol) onto the array of narrow channels
composed of a sacrificial PS micropattern (ridges with 3 μm
periodicity and 1 μm height) to prepare parallel arrays of silver
nanowires. The 1 μm thick sacrificial PS micropattern is

Figure 11. (a) High-resolution SEM image of the junction between silver nanoparticle and nanowire and (b) the relative Raman intensity of 1644 cm-1

from the silver nanowire-nanoparticle junctions at different polarization directions; the insets show the specific nanowire-nanoparticle end tested here
at two particular orientations (90� and 0�).
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deposited on silicon substrate by a PDMS stamp. After deposition
of silver nanowires, the PS pattern was lifted off by toluene, leaving
patterned stripe arrays of silver nanowires. We repeated the
process of PS micropatterns perpendicular to the first layer of
silver nanowire arrays to prepare crossed arrays of silver nanowires.
Raman Mapping of the Crossbar Array of Silver Nano-

wires. Confocal Raman mapping of crossbar arrays of silver
nanowires with the highest resolution (360 nm �360 nm spot
size, 1.7 mW) at peak of 1600 cm-1 was conducted at different
polarization directions (0�, 45�, 90�, 135�, 180�) (Alpha300R
Witek confocal Raman microscope) with an argon ion laser, λ =
514.5 nm, with the incident power set within 1-3 mW.48

SEM of the Crossbar Array of Silver Nanowires. A field-
emission scanning electron microscope (FESEM, LEO 1530)
was used to investigate the morphology of crossbars of silver
nanowires. Dark-field optical images of crossbars and orthogonal
silver nanowire arrays were obtained using a LEICAMicrosystem
DM4000 microscope.
AFM of the Crossbar Array of Silver Nanowires. AFM

scanning was conducted to show the morphology of the silver
nanowires on a Dimension 3000-Nanoscope IIIa microscope
(Digital Instruments). AFM images were collected in the tapping
mode according to the procedure adapted in our laboratory.49,50

AFM images of at least several different areas on the crossbar
arrays of silver nanowires were obtained and the representative
image of silver nanowires was selected. Silicon nitride tips were
used with spring constants ranging from 0.01 to 50Nm-1 and tip
radii between 20 and 50 nm. AFM scanning was conducted with
the rate of 0.8-1.0 Hz.
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