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Abstract: This paper presents a cost-effective approach for the template-assisted electrodeposition
fabrication of substrates for surface-enhanced Raman scattering (SERS) with metal nanowires (NWs)
grown in pores of polymer track-etched membranes (TM). This technique allows the synthesis of NWs
array with its certain surface density and diameter (from dozen to hundreds of nm). NWs length also
may be varied (order of µm) by controlling deposition time. Here we grow vertical Ag-NWs which
are leaning towards their nearest neighbors, forming self-assembled bundles whose parameters
depend on the NW aspect ratio (length to diameter). We show that in such bundles there are
“hot spots” in the nm-gaps between NWs tips. Computer simulations have demonstrated a strong
enhancement of the electric field within these hot spots; thus, the Raman signal is markedly amplified
for analyte molecules placed directly inside the gaps. We have experimentally proved the potential
of this SERS-technique on the example of 4-Mercaptophenylboronic acid (4-MPBA). For 4-MPBA
the maximal enhancement of Raman signal was found at NWs length of ~1.6 µm and diameter of
~100 nm. The effect is higher (up to twice) if “wet” substrate is used just immediately after the TM
polymer removal so that the tips are brought to lean after analyte exposure. We suggest this new
type of nanostructured SERS-substrates as a base of effective sensing of extremely low concentration
of analytes.

Keywords: surface-enhanced Raman scattering (SERS), track-etched membranes; template synthesis;
nanowires; gap hot spots; substrates; Purcell-effect; single molecule; sensors; metamaterials

1. Introduction

Surface-enhanced Raman scattering (SERS) is an analytical tool that can be applied to
molecules, providing vibrational spectra, and which can be adsorbed on specially prepared
substrates or nanoparticles in colloidal solutions for its spectral identification. Moreover,
the SERS-signal of analyte molecules adsorbed on hot spots areas is amplified hundreds of
times compared to the signal from randomly adsorbed molecules on the surface [1].

Hot spots on the surface can be found between adjacent plasmon nanostructures if the
distance between them is less than 4 nanometers. This type of hot spot is called the “gap
hot spot”; the calculated intensity enhancement factor (EF) of the obtained SERS-signal
is of 108–1010 [1,2]. Greater EF was presented for the case when a gold tip was on the
top of a planar gold surface, so-called TERS EF, that may be up to 1011 in the nanometer
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gap [2]. This enhancement is due to the strong modifications of local fields, that also change
the luminescence properties [3–5]. The analysis of fine structured electronic-vibrational
luminescence spectra is also quite a productive analytical method, but usually at cryo-
genic conditions [6,7], as well as comparison of data on phonoluminescence and Raman
scattering [8]. Considering the influence of local fields, it is also important to take into
account their fluctuations in dielectric solutions, thus enhancement parameters may vary
from molecule to molecule [9,10], as well as the structure of plasmonic near field [11].
All together this gives the route towards analytical sensitivity up to the level of single
molecules, quantum dots, and nanoparticles.

Gap hot spots are formed inside gaps between two or more particles of any shape,
inside cavities, or crevices [12,13]. Gap hot spots form mostly during the aggregation of
colloidal solutions producing disordered noble nanoparticle clusters, in which interstitial
gaps correlate with achievable field enhancement. In view of the colloidal solutions insta-
bility and low reproducibility of the SERS-signal, for obtaining the spectrum of an analyte
of lower concentration it is better to use solid substrates [14]. Gap hot spots also may be
formed on the adaptive silver films (ASFs) in which a protein solution can slightly dissolve
the Ag-particle surface to make them movable and therefore perfectly match different
analytes [15]. Thus, the substrates with ordered geometry have undoubtable advantages.

Another type of hot spot, known as the “tip hot spot”, is formed near any single
nanosized roughness with a high surface curvature at the poles of the nanosphere, at the
tips of nanorods, and nanotriangles due to the lightning-rod effect [13], or other types
of metal nanoclusters on surfaces and/or nanoantennas [16,17]. In this case, there is a
significant increase in the electromagnetic field intensity associated with the concentration
of its electric component on nanoscale tips or irregularities. As an example, substrates
with arrays of nanowires (NWs) [18–20] provide SERS EF up to 107. Also, a higher aspect
ratio (length to diameter) demonstrates a bigger enhancement factor [21–23]. Moreover,
SERS substrates with the NWs array may demonstrate bigger EF due to the NWs leaning
feature that is caused by capillary force. It can be easily observed on substrates with silicon
nanopillars made by maskless dry etching and coated with silver [24]. As a result of the
analyte adsorption and drying, the analyte molecules appear to be sandwiched between
neighboring nanopillars, that is, in the hot spot area and demonstrating strong signal
amplification. This synthesis strategy allows varying of nanopillar length and diameter
without using a template, but this strategy is costly and time-consuming. This is the reason
why synthesis with templates is preferred.

This paper represents a simple strategy for the fabrication of the SERS-active substrates
by the template synthesis on commercial track membrane (TM). Track membranes are
made by irradiating a thin polymer film with high-energy ions, followed by physical and
chemical treatment. As a result, a system of cylindrical pores of identical size is obtained
in the polymer. Pore diameters can vary from 20 nm to several micrometers. Pore surface
density is set at the initial stage of irradiation of the polymer film and can reach the value
of 109 cm−2 [25]. Variation of the pore diameter and its surface density makes TMs a very
promising basis for template synthesis [26–31]. The electrochemical deposition method is
then used to obtain the substrates with NWs array. This method allows producing SERS
substrates with parameters that repeat the pore structure of the track membrane. Due to
the features of the template synthesis technology, it is possible to vary not only the diameter
and surface density of NWs but also their length. Of particular note is the fact that template
synthesis technology allows one to control the geometry of the tips [32]. This makes it
possible to adjust the position of the plasmon resonance to the experimental wavelength
range, and, as a result, to increase the contribution of the resonance to the amplification of
the obtained SERS-signal. Such substrates with the leaning neighboring silver nanowires
(Ag-NWs) amplify the signal due to the presence of a gap hot spots.

A similar effect of the gap hot spot formation due to the Ag-NWs leaning with the
following bundle formation had also been noted for the substrates with Ag-nanorod
arrays fabricated by the electrodeposition using porous anodic aluminium oxide (AAO)
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membrane as a template. Ag-nanorods were left in distilled water before the analyte was
added, to avoid preliminary leaning of the tips of Ag-nanorods. After the analyte adding
and substrate drying, analyte molecules were trapped in the gap hot spot region [33].
However, dozens of Ag-nanorods were leaning together due to the high surface pore density
of the AAO membrane, thus the point of contact between the tips of individual Ag-nanorods
was impossible. Control over NWs leaning can be achieved by the dissolving of the template.
The template layer is decreased by etching, and the NWs length can be controlled by etching
time. If the analyte is added during membrane dissolving then many analyte molecules will
be trapped in the spacing between neighboring NW tips, i.e., in the hot spots region [34].

As well as the porous aluminium oxide, TMs have a unique intrinsic structure,
which produces various metal structures of nanometer dimensions. However, porous
aluminium oxide has a high surface density, which affects the NWs leaning and does not
allow controlling it. TMs do not have this drawback, since the surface pore density of TMs
and, consequently, the NWs surface density can be varied within wide limits (typical values
are from 105 to 109 cm−2) regardless of the diameter. That makes possible the optimization
of NWs density on the surface of the substrate for the gap hot spots formation.

2. Experimental
2.1. Ag-NWs Synthesis

Substrates with the Ag-NWs array for SERS spectroscopy were fabricated by tem-
plate synthesis on commercial PET (polyethylene terephthalate) TM (produced in Flerov
Laboratory of Nuclear Reactions, JINR, Dubna, Russia) with a surface pore density of
1.2 × 109 cm−2.

Ag-NWs array on TM was manufactured in the following way. A thin silver coating of
50–70 nm was deposited on one side of the TM (Figure 1a) by thermal vacuum deposition
to create a conductive layer. Then, a metal layer with a thickness of about 10 µm was
electrochemically deposited on the silver-coated side of TM (Figure 1b) [32]. The next step
was the electrochemical deposition of silver using the commercial silvering electrolyte
(KLIO Company, Russia) into the pores of the TM (Figure 1c). The deposition was carried
out in galvanostatic mode at a constant current value of 10 mA. In the process of metal
deposition, the cell voltage was monitored by Elins P30S potentiostat (Chernogolovka,
Russia), that allowed it to set the length of the NWs during the growth process. The length
of NWs was varied from 500 nm to 12 µm. At the end of the galvanic deposition process,
the TM with an array of Ag-NWs inside its pores was washed from the electrolyte and then
etched in a concentrated alkali solution (6 M NaOH) at a temperature of 60 ◦C (Figure 1d).
After the template etching, the metal substrates with the array of Ag-NWs were washed in
distilled water.
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Figure 1. Scheme of the template synthesis of silver NWs: (a) initial TM, (b) formation of a conductive layer, (c) electro-
chemical deposition of metal into the pores of TM, (d) TM removal.

2.2. Microscopy

The obtained substrates were characterized by optical microscopy. The NWs length
and their behavior during the evaporation were defined using Nikon LV100 optical micro-
scope (Japan) and by scanning electron microscope (SEM) JEOL JCM-6000.
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2.3. SERS Spectroscopy

SERS spectra from obtained substrates were acquired with BWTech spectrometer
(InnoRam, Oklahoma, OK, USA) with a 20× magnification lens and excitation wavelength
of 785 nm. Samples were put on a standard microscope slide and placed under the
microscope objective. As an analyte, 4-mercaptophenylboronic acid (4-MPBA) was used.
An aqueous solution of 10 µg/mL 4-MPBA was adsorbed for an hour at room temperature
on substrates, then an excess of analyte was washed off with water. Raman spectra
were acquired in 1 s with a spectral resolution of 3.5 cm–1 over the entire spectral range.
The diameter of the laser spot was 100 µm and the laser power was of 30 mW.

3. Results and Discussion

To the NW’s diameter optimization, the plasmon resonance in cylindrical two-dimensi-
onal (2D) NW under 785 nm laser excitation was simulated using electromagnetic PIC-code
KARAT [35]. Longitudinal NW dimension was considered much larger than the transverse
one. Figure 2 shows the dependence of the normalized electric field amplitude (E/E0)
on single NW diameter at various distances from its surface; here, E is the amplitude of
resulting electric field near the single NW, E0 is the amplitude of an incident laser electric
field. To describe the electrodynamic properties of NWs, the Drude model was applied
taking parameters for silver with laser excitation wavelength equal to 785 nm: a plasma
frequency of 8.78 eV and damping constant of 0.02 eV [36]. Simulated E/E0 dependence
on the Ag-NW diameter at various distances from its surface is present on Figure 2 and it
is consistent with another study in which the field enhancement near the Ag-nanosphere
is present [11]. It is seen that the maximum E/E0 was obtained at the Ag-NWs diameter
ranging from 100 to 120 nm for all distances from the Ag-NW surface. Based on the
obtained results, the diameter of the Ag-NWs was chosen to be 100 nm and the substrates
were synthesized.
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After the TM removal and following washing the substrates with the array of Ag-
NWs, those substrates were left in distilled water. In this state, the Ag-NWs array remains
uniformly distributed and maintains the structure of the initial TM. As distilled water was
evaporated, Ag-NWs were leant together due to the capillary force, forming a hot spot
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between their tips and leading to the formation of a large-area ordered array of Ag-NWs
bundles along the irradiation strips of the TM.

The substrate drying process and the characteristic leaned microstructure can be
observed in real-time mode using an optical microscope. Figure 3 shows photos of the
substrate surface with the Ag-NWs length of 12 µm in a wet form (Figure 3c) and after air-
drying (Figure 3d). At the moment of complete drying of the substrate, surface tension will
cause the Ag-NWs to lean towards their nearest neighbors, thus creating bundles. The length
of the Ag-NWs was investigated by scanning electron microscopy (SEM) (Figure 3b). It also
should be noticed that the morphology of the produced SERS totally reproduces the
structure of the using TM (Figure 3a).
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It was found that the largest length corresponds to bundles with a greater number of
Ag-NWs due to their high elasticity. As a result, bundles consisting of dozens of densely
leaned Ag-NWs formed without the breakaway of the Ag-NWs from the substrate. With a
decrease in the length of the Ag-NWs, the number forming the bundle became smaller,
and at a length in the range of 1.5–3 µm it was possible to observe single leaning Ag-
NWs. When the length of the Ag-NWs was less than 1 µm, single standing Ag-NWs were
observed on the surface without leaning. Based on the chemical compositions of studying
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substrates obtained from EDX analysis we can conclude that there is no influence of the
copper layer and we end up with the Ag-NWs array on Ag-substrate.

To demonstrate the effect of various mechanisms on the amplification of the analyte
SERS-signal, a series of samples with different Ag-NWs lengths were tested. The substrates
were divided into three groups along the Ag-NWs length. Each group was split into “dry”
and “wet” (Figure 4). “Dry” substrates were obtained by drying the substrate immediately
after the TM removal and the following washing, while the “wet” ones were left in distilled
water until the analyte exposure.
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During the substrate drying, gap hot spots are formed in the spacing between the
neighboring Ag-NWs. When the analyte is added to the “dry” substrate, the molecules are
adsorbed along the entire Ag-NWs length, but can no longer be placed in the spacing be-
tween the neighboring Ag-NWs, since they were already leant before the analyte exposure.
In the case of the “wet” substrate, the analyte molecules are also adsorbed on the entire
Ag-NWs length. In the drying process, the Ag-NWs are leaning, and the molecules are
trapped in the nanometric gap between the neighboring Ag-NWs, that is, in the gap hot
spot region.

Figure 5 shows SERS-spectra of 10 µg/mL 4-MPBA adsorbed on the substrate with
1.1 µm Ag-NWs. All spectra were recorded six times from the different places of the
substrate and then averaged, and the standard deviations are presented in Table 1. Based on
the obtained spectra, we can conclude that on the “wet” substrates the probability that the
analyte molecules will be in the gap hot spot region is greater than on the “dry” ones. It may
be demonstrated by the spectrum intensity on the “wet” substrate, which is almost two
times higher compared to the “dry” one. Moreover, the SERS-signal of 4-MPBA obtained
on the substrate with the Ag-NWs array is more detailed compared to ordinary Raman
of neat solid 4-MPBA presented in the paper [37]. The Raman spectrum of 10 mg/mL
4-MPBA also was recorded in our experiment and the most intense peak is presented in
Figure 5. The Raman spectrum was recorded at the laser power of 120 mW and acquired
in 10 s; a 785 nm laser was used. To lead the Raman spectrum to the same conditions as
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the SERS spectra, we assume that the intensity dependence on the laser power and the
accumulation time is linear, so the Raman intensity was divided by 40.
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Figure 5. SERS-spectra of 10 µg/mL 4-MPBA adsorbed on the “wet” (green dash line) and “dry” (red dash-dot line)
substrates with 1.1 µm Ag-NWs. For comparison the ordinary Raman spectrum of 4-MPBA is shown (blue solid line):
brightest Raman spectral peak at ~1600 cm−1 (in enlarged scale in the dashed circle insert). On the insert chemical structure
of the analyte molecule is shown.

Table 1. Summary of the investigated 4-MPBA intensities adsorbed on different types of substrates differs by Ag-NWs
length collected in 1571 cm−1.

Substrates Type Length of
Ag-NWs, µm

Aspect Ratio
(Length/Diameter) Type of Substrate Mean Intensity ×

103, a.u.
Standard Deviation

× 103, a.u.

The Ratio of Intensities
Obtained on the “wet”
and “dry” Substrates

Short NWs

0.6 60
Wet 1.67 0.74

1.30
Dry 1.28 0.29

0.7 70
Wet 3.77 0.92

1.17
Dry 3.23 0.78

Medium-sized
NWs

1.1 110
Wet 8.98 0.64

2.35
Dry 3.82 0.52

1.6 160
Wet 20.18 1.37

1.46
Dry 13.80 1.12

2.1 210
Wet 12.52 0.76

2.03
Dry 6.17 0.82

2.5 250
Wet 8.91 0.37

1.44
Dry 6.43 0.39

Long NWs

5 500
Wet 6.80 0.31

1.97
Dry 4.99 0.34

7.7 770
Wet 5.57 0.83

1.12
Dry 3.45 0.91
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Figure 6 shows the dependence of the SERS-spectra on the Ag-NWs length. Table 1
summarizes SERS intensities for 4-MPBA molecules adsorbed on Ag-NWs substrates with
different length. With the length of the Ag-NWs in the range 3–12 µm (long nanowires),
the signal intensity recorded on the “wet” substrate is 30% higher than from the “dry”
one. With the length of the Ag-NWs from 1 to 3 µm (medium-sized nanowires), the signal
intensity recorded on the “wet” substrate is 49% higher. On substrates with Ag-NWs
with a length of less than 1 µm (short nanowires), there is a slight increase in intensity
in the case of “wet” NWs (less 30%), since Ag-NWs hardly lean due to their too short
length. Therefore, we deal with the simple array with non-leaning Ag-NWs, and the signal
amplification is only due to the “lightning rod” effect.
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Figure 6. SERS-spectra of 10 µg/mL 4-MPBA adsorbed on the “dry” and “wet” substrates with
Ag-NWs with a diameter of 100 nm collected in 1571 cm−1.

The difference of SERS-signals caused by Ag-NWs length can be explained by the
different leaning feature. In the case of “medium-sized NWs”, units of them are leaning
partially along their length, so the Ag-NWs tips are parallel for the case of “dry” substrates.
For the “wet” substrates, Ag-NWs tips are also parallel in the center of the bundle and few
of them slightly diverge apart at the bundle edges, forming bigger spacing between their
tips— in that spacing gap hot spots are presented by analogy with the colloidal solutions
(Figure 7b). As it can be from the SEM images (Figure 7), exactly the “medium-sized
NWs” are able to form vertical bundles, in which individual NWs fit tightly to each other,
being located almost parallel.

When the Ag-NWs are “long”, dozens of the neighboring Ag-NWs tend to lean and
the bundles become bigger with the increase in NWs length (Figure 7a), so that long NWs
can no longer be positioned vertically (due to the combination of their mass and elastic
properties) and they lean on each other, forming nano-contacts of the “tip-surface” type.
As there is an insignificant difference in the Ag-NWs lengths along the substrate and some
Ag-NWs are shorter than another, after the drying process the tip of one Ag-NW will be
close to the side surface of its neighbor Ag-NW. For the “wet” substrates there will be a
nanometer gap between the Ag-NW tip and the side surface of its neighbor, and for the
“dry” ones there will be a point of contact between them. “Short NWs” are not elastic and
the capillary force is not enough to lean them, and the increase of analyte SERS-signal is
very slight (Figure 7c). The optimal aspect ratio is found to be 160.
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Figure 7. Feature of the leaning of the 100 nm diameter Ag-NWs, depending on their length.
(a) shows that sufficiently long NWs form the bundle, while so-called “middle-sized” NWs form the
point contact between their tips (b). NWs with the length of fewer than 1 µm are not leaning due to
its short length (c).

To study the effect of the gap on the electric field enhancement the simulation was
performed by code KARAT for the case of “long” and “medium-sized” Ag-NWs with
a monochromatic incident laser wavelength of 785 nm. The laser pulse with linear (Ex,
By) polarization propagated from the top down along z-direction (Figure 8), where the
amplitude of the incident wave was taken as a unit of arbitrary units (a.u.). The normalized
electric field amplitude E/E0 was obtained by the following procedure: the field amplitudes
were calculated at all points of the computational area at each moment of time, then the
ratio of the field amplitude at a certain point to the amplitude of the incident was found.
A large E-field was found to be at the gap in the spacing between the adjacent Ag-NWs for
the case of “wet” substrates, where Ag-NWs were not pre-leaned (Figure 8a,c).
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Figure 8. E-field distribution in the nanometric gap between two Ag-NWs for two types of substrates: (a) “wet” and
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The maximum E/E0 for the “long” Ag-NWs in the case of “wet” substrates was found
to be 21.1 in the gap (order of 1 nm) between neighboring Ag-NWs (Figure 8a). For the case
of “dry” substrates (NWs that are tightly leaning to each other), large E-field was found at
the Ag-NWs touchpoint with the maximum E/E0 of 13.1 (Figure 8b).

For “long” Ag-NWs (the leaning angle is of 21 degrees) it was found out that the E/E0
depends on the gap size x (nm) according to the exponential scaling law, derived by fitting,
and for x varying from 1 to 10 nm takes the following form:

E
E0

= 113 × e−x + 4

We can conclude that E/E0 decay drastically with gap size x.
The case of the leaning geometry, demonstrated by the example of “medium-sized”

NWs, is extremely promising. Depending on the angle between neighboring NWs, the E/E0
can be widely varied. This geometry leads to the concentration of electromagnetic energy in
a narrowing gap between NWs and to the formation of a plasmon in it with several regions
of electromagnetic field amplification, with a maximum E/E0 equals 74.5 for the case of
“wet” substrate (the opening angle of the NWs in the calculated case is equal to 2 degrees).
E/E0 is of 20 for the “dry” one in case of “medium-sized” NWs (Figure 8c,d). For the “wet”
substrates the enhancement is strongly dependent on the geometry of leaning Ag-NWs
(angle between them, length of the gap, etc.). The E/E0 obtained for “medium-sized” NWs
can be significantly enhanced due to the incident field polarization.

As it is shown in [38] the SERS signal enhancement factor (EF) is connected with
the field enhancement as (E/E0)4, considering its average over all illuminated molecules.
Thus for the “medium-sized” NWs in case of the “wet” substrates EF is approximately
equal to 3 × 107.

We have also found the experimental value of EF from the ordinary Raman and
SERS spectra of 4-MPBA on the substrate with “medium-sized” (length of 1.1 µm) NWs
(see Figure 5). The formula for the experimental EF includes the relation between SERS
and Raman intensities as well as the relation between the number of molecules in the
case of Raman and SERS. Here we compare data for most intensive spectral peak at
~1600 cm−1, which clearly resolved in all the spectra. As a result, we have found the EF for
the “wet” substrate as high as 7 × 108. We attribute the difference between experimental
and theoretical EF to the specific distribution (adsorption) of 4-MPBA molecules on the
SERS-substrate with developed relief.
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4. Conclusions

In summary, we report a simple strategy for the fabrication procedure of the SERS-
active substrates with the array of metal nanowires (NWs) using a template-assisted
electrodeposition method with commercial tracking membranes (TM). It is possible to
choose the proper TM with certain diameter of NWs and its surface density, while template
synthesis technology allows varying NWs length. Owing to different length, NWs tend
to lean forming bundles with different character of gap hot spots. According to model
calculations of electromagnetic field distribution, there is large field enhancement due to
the presence of gap hot spots in the spacing between neighboring NWs tips. For different
leaning geometries, the E-field enhancement was found to be distributed in the range up to
70 and even more. It corresponds to the estimated SERS enhancement factor up to ~107.

The applicability of this approach was confirmed by the experiments with Ag-NWs
substrates with different NWs length (from 0.6 to 7.7 µm). The optimal NWs length was
found as high as 1.6 µm in order to obtain maximum SERS spectra intensities. This length
corresponds to NWs leaning only by its tips that leads to more effective hot spot formation.

Also, SERS spectra have been measured for 4-MPBA on two different types of sub-
strates: “dry” (analyte was added after substrate drying) and “wet” (analyte was added
before drying). The intensity of the SERS-signal recorded on the “wet” and “dry” substrates
depends a lot of NWs length. For medium-sized NWs (length from 1 to 3 µm) the intensity
on the “wet” substrate is 49% higher than on “dry” because of the analyte distribution.
Analyte molecules caught between NWs tips are affected by high local electromagnetic
field, result in higher SERS signal intensity compared to molecules adsorbed on the top of
NWs tips. Finally, for optimal NWs length we achieved an enhancement factor up to ~108
for 4-MPBA on the “wet” substrates.

We assume that our substrates are cost-effective and easy to manufacture. With the
proper (optimized) parameters such substrates can be useful for numerous applications
where the ability to detect trace levels of chemicals is required.
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