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Nanowires (NWs)/Ag sheath composites were produced to investigate plasmonic coupling between vertically aligned NWs for sur-
face-enhanced Raman scattering (SERS) applications. In this investigation, two types of vertical NW arrays were studied; those of
ZnO NWs grown on nanosphere lithography patterned sapphire substrate via vapor-liquid-solid (VLS) mechanism and Si NW
arrays produced by wet chemical etching. Both types of vertical NW arrays were coated with a thin layer of silver by electroless silver
plating for SERS enhancement studies. The experimental results show extremely strong SERS signals due to plasmonic coupling
between the NWs, which was verified by COMSOL electric field simulations. We also compared the SERS enhancement intensity of
aligned and random ZnO NWs, indicating that the aligned NWs show much stronger and repeatable SERS signal than those grown
in nonaligned geometries.

1. Introduction

Nanostructures, especially nanowires (NWs), have inspired
much interest due to their potential applications in elec-
tronics, photonics, and life science [1–5]. In particular, NWs
used for surface-enhanced Raman scattering (SERS) are of
significant interest since SERS spectra can provide trace level
detection and a chemical fingerprint by which a molecule can
be identified. Several NWs types have been used to investi-
gate the SERS effect, including silver NWs [6, 7], gold NWs
[8], semiconductor NWs [9], and dielectric NWs [10–12]. It
has been demonstrated that the geometry of the nanowires
and the orientation of the molecules play an important role
in the SERS process [10–14]. However, most of the reported
NW structures were randomly distributed on a surface,
where the largest SERS enhancements noted were in the NW
crossing [10] and between the NW and the substrate [14].
Since it has been shown experimentally that the largest en-
hancements were between two closely aligned parallel NWs
[13], an obvious extension of this result is to investigate the
SERS enhancements of a large number of aligned parallel
NW arrays. Thus, in this work, we have investigated the effect
of close parallel NW alignment on the SERS response and
on the reproducibility of the SERS signal. In addition, we
have also investigated the plasmonic properties of periodic
and nonperiodic NW arrays.

Since the “hot spots” or regions of plasmon coupling are
the region from which SERS would have the largest enhance-
ment and closely aligned NW should experience coupling
along the whole lengths of the wires, we have produced
arrays of plasmonic nanowires to investigate this SERS effect.
Here we used two types of vertical NWs, ZnO NWs, and
Si NWs, respectively, to investigate SERS enhancement due
to the plasmonic coupling between closely packed NWs.
Many lithographic techniques have been used to fabricate
ordered patterns on a surface, including photolithography,
e-beam lithography [15, 16], ion beam lithography [17],
X-ray lithography [18, 19], nanoimprint lithography [20,
21], and scanning probe lithography [22, 23]. However, all
of these techniques are time consuming and costly. Here we
employed the nanosphere lithography (NSL) approach [24–
26], which has the advantages of low cost and simplicity, to
produce the hexagonal gold dot patterns on c-sapphire and
to successfully grow vertically aligned ZnO nanowires by the
well-known VLS process. In this way, the ZnO NWs can be
arranged in a repeatable hexagonal pattern creating ordered
and aligned NW arrays for surface-enhanced Raman scatter-
ing (SERS) applications. The closely packed vertical Si NWs
were fabricated by wet chemical etching [27]. The Si NWs
and ZnO NWs arrays were coated with a thin layer of Ag,
using an electroless plating technique, and their plasmonic
properties were investigated.
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2. Experimental Details

A bare c-sapphire piece with the size of 1 × 1 cm−1 was
cleaned in a piranha solution at 90◦C for 30 min to produce
a hydrophilic surface, rinsed by DI-H2O, and dried under
a flow of nitrogen. Commercial silica nanospheres (NSs)
slurry, with a diameter of 300 nm, was further diluted in a
mixture of the surfactant Triton X-100 and methanol (1 : 400
by volume), with a dilution fraction of 1 : 3. NS lithography
was performed on the sapphire surface by spin-coating the
diluted silica nanosphere at a speed of 3600 rpm for 60 s.
The sapphire surface, having a single layer of closely packed
NS, was then covered by 10 nms of gold, using an FC-2000
Temescal e-beam metal evaporation system, at a rate of
0.5 Å/s. After the gold deposition, the NS were removed by
sonicating in DI-H2O for 1-2 minutes. Well-ordered gold
particles in hexagonal patterns were left on the sapphire
surface, and they served as a catalyst during the vertical ZnO
growth.

Using the sapphire substrate prepared above, the growth
of the vertical ZnO NWs was carried out in a horizontal fur-
nace via the vapor-liquid-solid (VLS) growth mechanism.
The mixture powder of ZnO : C (1 : 1 by weight) used as the
source was placed at one end of an alumina boat, and the
substrate with the gold pattern was put directly above the
material sources, face down. The furnace was heated to
900◦C while flowing simultaneously a mixture of argon and
oxygen gases in a ratio of 25 : 1 through the tube.

For the formation of the Si NW arrays, commercial
p-type Si (100) wafer with narrow resistivity range of 6.3–
7.0Ω-cm was cleaned by piranha solution for 30 min at
90◦C and then rinsed by DI water. Then 5% HF aqueous
solution was used to remove the oxide layer for 2 min, which
generated a fresh Si surface passivated with H-termination.
The resulting clean Si wafer was put into a mixture of 4.8 M
HF and 0.005 M AgNO3 solution for 1 min. Then the wafer
with a layer of silver was taken out of the solution, rinsed
with DI water, and immediately immersed into wet etching
chemicals of 4.8 M HF and 0.4 M H2O2 in the dark. After
30 min, the wafer was taken out, rinsed with DI water, and
immersed in dilute HNO3 (1 : 1 v/v) to dissolve the extra
Ag catalyst. Finally the wafer was washed with 5% HF again
to remove the oxide layer, cleaned with DI water, and dried
under a flow of N2. All was carried out at room temperature.

An electroless silver plating approach was employed to
produce ZnO or Si NWs core/Ag sheath composites for the
SERS investigations. The detailed procedure has been well
demonstrated in our previous report [11, 12]. Briefly silver
mirror reaction was used to produce neutral Ag in solution,
and the freshly formed Ag nanoparticles were simultaneously
deposited on NW surface, coating the whole surface of the
nanowires.

A LEO scanning electron microscope (SEM) with energy
dispersive X-ray (EDX) was used to investigate the topogra-
phies of NS patterned surface, growth of the vertical ZnO
NWs, etching of the Si NWs, and electroless silver plating of
the vertical ZnO or Si NWs. The SERS measurements of ZnO
NWs were carried out utilizing a well-known SERS molecule,
benzene thiol (BT), and a confocal µ-Raman system which

consisted of a Mitutoyo Microscope and an Ocean Optics
QE65000 spectrometer equipped with a thermoelectrically
cooled CCD. The 514.5 nm line of an Ar ion laser was used as
the excitation source. The microscope utilized a 100x 0.7 NA
objective for focusing the laser light and was coupled to the
spectrometer through a fiber optic cable. The spectra were
collected with low laser power of 0.75 mW at the sample. This
was done to prevent desorption and damage to the SERS-
active molecules, benzene thiol, and to prevent alterations to
the Ag layer. The SERS behavior of Si NWs arrays was per-
formed using a Delta Nu system which consists of an Olym-
pus Microscope and a Raman spectrometer equipped with a
thermoelectrically cooled CCD. The 785 nm line of Ti : Sap-
phire laser was used as the excitation source to detect the
SERS strength dependence on a single NW/silver composite.
The microscope utilized a 50x 0.75 NA objective for focusing
the laser light. The spectra were collected with a laser power
of 3 mW at the sample.

3. Results and Discussion

A single layer of closely packed silica nanospheres produced
by self-assembly is shown in Figures 1(a) and 1(b). By this
simple and high throughput way, the NS patterned area tens
of microns in size can be easily produced. After the depo-
sition of 10 nm of gold, the liftoff was performed in DI-H2O
by sonicating. Hexagonal periodic Au particle arrays were
obtained, as shown in Figure 1(c). When performing the
sonicating lift-off process, 1-2 minutes was used. Longer son-
ication time usually led to the loss of the hexagonal gold pat-
terns, while a shorter time resulted in incomplete liftoff of the
nano-spheres from the substrate. Figure 1(d) shows an SEM
image after the patterned sample was lifted off and anne-
aled at 500◦C for 10 min. The distance between two nearest
nanoparticle centers is around 170 nm. Considering the 3D
structure of the gold particles, the spacing may even be smal-
ler, down to less than 100 nm, which provides one way to
obtain ordered ZnO NW arrays for further plasmonic stud-
ies.

For the vertical ZnO nanowire growth, the well-known
vapor-liquid-solid (VLS) growth mechanism was used. Due
to the need to form a eutectic with the Au dots for
NW growth, high selectivity of the growth resulted, and
well-ordered ZnO NW arrays were obtained, as shown in
Figure 2(a). Since the NW growth rate depends on the size
of the initial Au catalyst, some differences in the NW total
lengths were noted. However, the hexagonal patterns are
quite recognizable. To produce the patterned nanowire arrays
required, we optimized the growth time to 10 minutes in
order to control the nanowire growth length, as shown
in Figure 2(a). In the case of longer NWs, the detailed
information is discussed in what follows. In addition, the
distance between the gold catalyst can be controlled by
varying the size of the nanospheres, which provides a
way to control the spacing between the vertical NWs. A
representative image of the vertical ZnO NW covered with
a thin layer of silver using the electroless plating approach is
shown in Figure 2(b), by which the roughness of the silver-
coated NW surface is visible.
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Figure 1: SEM images of monolayer of 300 nm silica nanospheres (a, b), hexagonal patterns after liftoff by sonicating (c, d).
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Figure 2: SEM images of short ZnO NWs as grown (a) and after
silver coating on ZnO NWs surface (b); surface-enhanced Raman
spectra (c) on silver-coated NWs at patterned area (red line 1),
random area (blue line 2), and no NWs area (brown line 3) micros-
cope image of SERS measurement sample (d).

Representative surface-enhanced Raman scattering
(SERS) spectra of three regions are shown in Figure 2(c),
including a well-ordered NWs area, random NWs area,
and no NWs area. Figure 2(d) is a corresponding optical
microscope image, showing the different areas. The major
Raman peaks at 1002, 1071, and 1576 cm−1 can, respectively,
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Figure 3: SEM images of ZnO NWs as grown (a) pattern area and
(b) random area; surface-enhanced Raman spectra (c); (d) micros-
cope image of SERS measurements of area 1 and 2.

be assigned to symmetric ring breathing, in plane C–H bend-
ing and in plane C–C stretching of the phenyl ring from
the active molecules, benzene thiol (BT), which are in good
agreement with those reported previously [28–33]. It is ob-
vious that the strongest SERS signal is obtained on the well-
ordered vertical NWs arrays area, while no enhancement is
received on the area without NWs, further confirming the
important effect of dielectric ZnO NW on SERS mechanism,
as reported previously [10]. The intensity of the 1567 cm−1
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Figure 4: Representative SEM images of Si NWs produced by wet chemical etching (a), and silver-coated Si NWs (b). The sample stage was
tilted 45◦ when imaging. (c) Surface-enhanced Raman spectroscopy (SERS) patterns at different spots.

SERS band on the patterned vertical NW area is about 4
times stronger than those of the random NW area. This ob-
servation can be attributed to the reproducibility of the well-
patterned NWs, while the NWs on the random area are
stochastic. It has been demonstrated that the randomly dis-
tributed dielectric NW core/Ag sheath composite lying on
the surface can also produce notable SERS signal due to the
interactions between silver-silver particles and silver-NW
substrate [11, 12]. In addition, there may be plasmonic coup-
ling in the well-ordered area because of the close distance
between the adjacent aligned NWs. Since this effect increases
with the number of aligned NWs, this may also be contri-
buting to the enhanced SERS measured. It is well known
that the SERS effect relies on enhanced electric fields that
are created because of light-induced plasmons in the silver
nanoparticles. As reported earlier [11], the plasmons in clos-
ely spaced metal nanostructures are coupled to form regions
of very high field, further enhancing the SERS response.

The strongest SERS enhancement displayed above was
obtained using the short vertical ZnO NWs with the length
of less than 700 nm. In fact, we also investigated the SERS
behavior on the well-ordered and patterned sample with
longer NWs. Several-microns-long vertical ZnO NWs of

patterned area and unpatterned area are, respectively, shown
in Figures 3(a) and 3(b). As shown in Figure 3(c), the SERS
intensity is moderately greater in the aligned case than in
the nonaligned case. Figure 3(d) is an optical microscope
image of the measured surface area with ordered or random
ZnO NWs. It is well known that SERS signals depend on
density, size, morphology, and thickness of the coated mate-
rial. However, in the case of closely packed and vertically
aligned random NWs, the silver particle coverage is gradually
decreasing as a function of depth, from the NWs top to the
bottom, which can be attributed to the well-known capillary
effect since we introduced solutions to perform the electro-
less silver plating. This defect of the silver particles coverage
on NWs could affect the strength of SERS due to lack of
“hot spots.” In fact, the NW density of unpatterned area is
greater than in the patterned case. This is logical, since in the
unpatterned area, a continuous Au film is used as a catalyst,
and thus, in the VLS growth, a large number of catalyst
islands form to grow NWs. In the patterned area, however,
only a very small fraction of the substrate is covered in Au
islands, since most of the area is taken up by the nanospheres,
which of course get removed prior to growth, leaving only
the small triangular regions of Au, as shown in Figure 1(c).
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(a) Top view (b) Side view

(c) 10% wider wire (d) 2 rows above defect

Figure 5: COMSOL simulations of the plasmonic coupling of parallel Si NWs; (a) top view; (b) side view, (c) local enhacement decrease
(less intense red regions) with larger NW diameter “defect” and (d) no effect on SERS enhancement of the NW arrays two rows away from
NW “defect.”

Since, as noted above, it is harder to get a high coverage of the
silver particles along the whole length of the NW in closely
spaced random NW arrays due to the capillary effect, one
might expect a reduction in the SERS response, although a
higher totally NW density is present. In the case of the pat-
terned area, the NWs result in better Ag coverage due to the
lower NW density and thus a more open structure. It is also
noted that increasing the plating time or concentration of the
plating solution does not help to improve the silver plating
of closely packed NWs and usually results in NW breakage
or a pileup of silver nanostructures on the tip of the NWs,
blocking the way to further silver plating of the NWs parting
depth.

It is hard to investigate the detailed morphology of the
nanostructures at high-resolution SEM due to the charging
issue of sapphire substrate, on which vertical ZnO nanowires
were usually grown. Thus, we employed semiconductor Si
NWs, which was produced by chemical wet etching and has
similar vertically aligned nanostructures to ZnO NWs. A typ-
ical side view SEM image of Si NWs is shown in Figure 4(a),
indicating that the NWs are uniform with a high density and
close spacing. The lengths of the NWs are close to 30 µm. As
shown in Figure 4(b), the vertical Si NWs were covered by
a thin layer of silver nanoparticles by electroless plating as
described above. The SERS measurements at different spots
were performed. As shown in Figure 4(c), the SERS intensity
is very uniform across Si NWs array sample, demonstrating
that the wet chemical etching and electroless plating results in
repeatable and uniform plasmonic NW large area arrays. The

lines for the SERS-active molecules, BT, are very similar to
those reported previously [28–33]. When the SERS intensity
of the Si NW arrays was compared to the ZnO NW arrays
using the 514 nm laser line, an order of magnitude greater
signal was noted for the Si NWs. This is most likely to a much
higher density of wires, which are also more closely spaced,
leading to greater plasmon coupling.

Vertical NWs with smaller separation distance can result
in the formation of hot spots corresponding to very intense
electric field. Kottmann and Martin [34] have shown that
coupled parallel metallic wires lead to a significantly enhan-
ced coupled plasmon resonance in the overall structure.
Finite element COMSOL simulation of the NW array plas-
monic properties is shown in Figure 5. As can be seen in
Figure 5(a), parallel and closely packed NWs/Ag composites
induced high electric field along the whole length of the
nanowires, which result in the very large enhancement of
the observed SERS signals. Figure 5(b) is a side view of the
parallel NW/Ag composites, clearly demonstrating the strong
plasmonic coupling between the NW/Ag composites. Fur-
thermore, on average, the strong plasmonic coupling is not
dramatically influenced by small variations in the nanowire
diameters. Figure 5(c) shows the influence of a 10% increase
in the thickness of the central nanowire. The local fields
around the nanowire are reduced leading to a factor of 4
decrease in the very local SERS enhancement. However, note
that areas that are only several nanowires away from our
defect show virtually no change in the SERS enhancement.
In fact as shown in Figure 5(d), the line of nanowires that
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are two rows above the defect are not impacted by the defect
at all. Thus, the plasmonic fields behave similarly to semicon-
ductor bands that have local densities of states from impuri-
ties that are isolated from the semiconductor conduction or
valence bands. This analogy further suggests that even in the
“amorphous” case, which is random distributions of aligned
nanowires, there should still be a high SERS uniformity
across the array, as shown in Figure 4.

4. Conclusion

We have successfully produced ordered, parallel ZnO and Si
nanowire arrays on c-sapphire and Si substrates, respectively.
The area of periodic ZnO NWs exhibits 4 times stronger
SERS signal than those of random ZnO NWs, demonstrating
the feasibility of using metal/dielectric nanowire periodic
arrays to enhance the SERS signal. The wet chemically etched
Si NWs were also studied, demonstrating the strong plas-
monic coupling between the parallel NWs/Ag composites.
These results are in good agreement with our COMSOL sim-
ulations of the closely packed vertical NWs/Ag composites.
Since large SERS enhancements and SERS uniformity and
repeatability are important issues, this study provides poten-
tial for the development of reliable, remotely deployable, and
more sensitive optically based sensors.
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