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Abstract: The sensitive characteristics of surface-enhanced Raman scattering (SERS) can be applied
to various fields, and this has been of interest to many researchers. Propagating surface plasmon
resonance (PSPR) was initially utilized but, recently, it has been studied coupled with localized
surface plasmon resonance that occurs in metal nanostructures. In this study, a new type of metal
microstructure, named crater, was used for generating PSPR and Ag nanowires (AgNWs) for the
generation of LSPR. A crater structure was fabricated on a GaAs (100) wafer using the wet chemical
etching method. Then, a metal film was deposited inside the crater, and AgNWs were uniformly
coated inside using the spray coating method. Metal films were used to enhance the electromagnetic
field when coupled with AgNWs to obtain a high SERS intensity. The SERS intensity measured
inside the crater structure with deposited AgNWs was up to 17.4 times higher than that of the flat
structure with a deposited Ag film. These results suggest a new method for enhancing the SERS
phenomenon, and it is expected that a larger SERS intensity can be obtained by fine-tuning the crater
size and diameter and the length of the AgNWs.

Keywords: crater structure; AgNWs; surface plasmon; SERS

1. Introduction

Surface plasmon resonance (SPR) is a phenomenon in which free electrons within
the metal surface oscillate collectively when light is irradiated on the metal-dielectric
interface [1,2]. SPR is classified into two types: propagating surface plasmon resonance
(PSPR), which occurs in the form of surface plasmon polaritons (SPPs) along smooth metal–
dielectric interfaces, and localized surface plasmon resonance (LSPR), which is generated
locally between metal nanostructures [3]. There are several methods for generating SPR,
such as making micro- and nano-sized holes [4,5] or creating a rough surface using nanopar-
ticles [6,7], nanospheres [8,9], and nanowires [10,11] on metal films such as Ag and Au.
The electric field is enhanced through resonance between the incident light source that has
a specific wavelength, and either a sharp corner of the metal nanostructures or the narrow
gap between the nanoparticles, which is called the “hot spot” [12]. The electromagnetic
field can, therefore, be enhanced by generating PSPR and LSPR through these various
methods, but the enhancement effect is limited when only one type of SPR exists. A higher
electromagnetic field enhancement can be obtained by coupling PSPR with metal micro
and nanostructures and LSPR by hot spots on the surface [13]. For example, Abutoama et al.
obtained ultra-high field enhancement through coupling localized and propagating surface
plasmons by fabricating grating geometry structures and depositing nanoparticles [14].
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The enhanced electromagnetic field causes a surface-enhanced Raman scattering (SERS)
phenomenon in which a weak Raman signal due to a small scattering cross-sectional area is
greatly amplified [15]. SERS is a key interest of many researchers because it can be applied
to various fields, such as marine environment, medicine, food science, biology, and optics,
as a sensitive technology for detecting very low concentrations of molecules [16–19]. In
particular, SERS is very useful for searching various poisons or toxins present in seawater
or ocean creatures. Cao et al. analyzed saxitoxin using cysteine-modified Au nanopar-
ticles [20]. And Schmidt et al. detected poly-nuclear aromatic hydrocarbons with high
carcinogenicity using Ag colloid as a SERS probe [21]. One method of creating SERS is to
use Ag nanowires (AgNWs), which are one-dimensional metal nanostructures with a high
aspect ratio. They are widely used as transparent electrodes due to their excellent electrical
conductivity and optical transparency [22]. Additionally, they are suitable nanostructures
for producing the SERS phenomenon due to their large surface area, good crystallinity, and
wide plasma resonance band between the UV to the near-infrared region [23,24]. Kang et al.
enhanced SERS intensity by crossing a pair of metal nanowires [25]. Chen et al. fabricated
a layer-by-layer assembly of AgNWs to obtain high-density hot spots [26]. Yoon et al.
fabricated a simple SERS architecture by forming hot spots between a metal film and
a nanowire [27]. In this case, the substrate for SERS requires a uniform distribution of
nanostructures for the uniformity and stability of the Raman signal. To create a uniform
distribution, the self-assembled monolayer, electrochemical deposition, and spray coating
methods are adopted [28–30]. Within this study, the spray coating method was chosen
and applied, which deposits relatively uniformly over a large area. To further enhance the
SERS effect, a volcanic crater type structure capable of condensing light was fabricated,
and a metal film and the AgNWs were sequentially deposited therein. The deposited
AgNWs form a high-density hot spot due to the gap between the AgNWs and the metal
film. Thus, the LSPR generated by a hot spot can be coupled to the PSPR generated by the
metal film deposited inside the crater. The enhancement of the electric field was analyzed
through SERS measurements taken from inside the crater and the flat surface, and these
are explained in relation to the FDTD simulation result.

2. Experimental Procedure
2.1. Fabrication of Crater Structures

A 300 nm thick SiO2 thin film was deposited on a 350 µm thick GaAs (100) by RF
sputtering. To make circular patterns with a diameter of 50 µm on the SiO2 thin film, we
first performed ultrasonication using acetone, methanol, and deionized water for 5 min,
sequentially. Moisture was removed with N2 gas, and then a wafer was placed on a hot
plate at 90 ◦C for 10 min to completely remove the remaining moisture. In the second
process, the photoresist (GXR-601) was spin-coated on a wafer, and then soft baking was
performed on a hot plate at 90 ◦C for photolithography. Finally, the pattern was formed by
exposing the wafer to UV light for 10 s and developing it for 30 s. To control the size of the
crater, lapping was performed on the bottom of the substrate to a thickness of 100–125 µm
for 2 h. A wafer was attached to the slide glass with transparent rosin, and a crater structure
was fabricated using the wet chemical etching method, with an etching solution prepared
with a volume ratio of H2SO4:H2O2:H2O = 1:5:5.

2.2. Spray Coating of Ag Nanowires (AgNWs)

To control the density of the AgNWs, the AgNWs suspension was diluted with
ethanol to prepare a concentration of 2 mg/cm3. The AgNWs in the suspension were
evenly dispersed through ultrasonication. The AgNWs suspension was sprayed vertically
22 cm from the sample that was placed on a hot plate at 150 ◦C. Finally, the sample was
heated on a hot plate at 150 ◦C for 1 min to evaporate the remaining ethanol.
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2.3. Characterization

The fabricated crater structure was analyzed using a high-resolution 3D microscope
(VHX-7000, KEYENCE, Osaka, Japan). AgNWs were characterized using field-emission
scanning electron microscopy (FE-SEM, CLARA, Tescan, Brno, Czech Republic).

Raman spectra was obtained using UniDRON (UNinanotechnology, Yongin, Korea).
Each sample was measured using a 10× objective lens and a laser with a wavelength
of 532 nm while immersed in 0.1 M aqueous solution of pyridine. The power of the
incident laser was approximately ~0.5 mW and the exposure time was set to 20 s for all
measurements. The error bars were calculated from the data obtained by measuring several
parts of the same sample.

2.4. Finite-Difference Time Domain (FDTD) Simulations

In this study, the FDTD simulation conditions were as follows: (1) The top and bottom
layers of the FDTD region absorbed light fully without reflection, indicating that they
were perfectly matched, and an asymmetric boundary condition was applied because the
structure is symmetrical about the y-axis. (2) A simulation time of 10,000 fs was sufficient
to simulate the exact plasmon phenomenon. (3) The electric-field monitor was set up to
contain part of the object, and mesh sizes of 0.1 nm × 0.1 nm × 0.1 nm were applied. (4) A
total-field scattered-field source with a wavelength of 532 nm was propagated along the
y-axis at the top of the object. (5) The nanowires and thin film that met the light in the
simulation were silver, gold, and GaAs.

3. Results and Discussion
3.1. Finding a Metal with Excellent Surface-Enhanced Raman Scattering (SERS) Properties When
Combined with AgNWs

First, to determine which metal film has high SERS properties when combined with
AgNWs, we prepared 2 nm thick Au and Ag films on GaAs (100) substrates, and 4 cm3

of AgNWs/ethanol dispersion was spray-coated on each sample. The average diameter
and length of the AgNWs were approximately 70 nm and 50 µm, respectively. Raman
measurements were performed to compare the SERS characteristics according to the metal
films, and the schematic is shown in Figure 1a.

Figure 1b shows a comparison of the SERS intensities of AgNWs deposited on
Ag/GaAs, Au/GaAs, and GaAs substrates. For the samples, the Raman peaks of pyri-
dine were observed at the same positions of 1003 cm−1 and 1034 cm−1. Comparing the
SERS intensities at 1003 cm−1 showed that the intensity of the substrate with the Ag film
was the largest, and the SERS intensity of AgNWs/Agfilm/GaAs was approximately
2.23 times that of the AgNWs/GaAs. This indicates that the electric field is enhanced by
the LSPR generated in the gap between the AgNWs and Ag film. In addition, the SERS
intensity of AgNWs/Agfilm/GaAs was approximately 1.6 times stronger than that of
AgNWs/Aufilm/GaAs. This may be explained by the longer SPPs propagation length of
Ag compared to that of Au and, thus, a greater electric field enhancement was observed in
the gap between the Ag film and AgNWs and among the AgNWs [31]. To investigate the
electric field distribution resulting from the metal film, FDTD simulations were performed
for each condition, and the results are shown in Figure 1c–e. The diameter and length
of the AgNWs were set to approximately 70 nm and 50 µm, respectively, and the gap
between the AgNWs was set to 50 nm. As shown in Figure 1c, there was a weak electric
field enhancement between the AgNWs-GaAs substrate. Conversely, a strong local field
was confirmed between the AgNWs and metal film, as shown in Figure 1d,e. In particular,
the largest electric field enhancement was observed in the AgNWs-Ag, implying that the
surface plasmon coupling between the AgNWs and Ag films is superior to that of the
other films.
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Figure 1. (a) Schematic of the Raman measurements with a working distance of 6.8 mm and 0.1 M pyridine solution.
(b) Comparison of the surface-enhanced Raman scattering (SERS) intensities of Ag nanowires deposited on different metal
and dielectric substrates. Finite-difference time domain (FDTD) simulation data showing the cross-sectional electric field
distributions (|E|2) for Ag nanowires (AgNWs) deposited on (c) GaAs, (d) Au, and (e) Ag substrates.

3.2. Fabrication of Ag Crater Structures and Characterization of SERS

The crater structure for condensing light was fabricated by wet chemical etching on a
GaAs (100) wafer [32], a schematic of which is shown in Figure 2a.

We deposited 2 nm-thick Ag film inside the crater using the e-beam evaporation
method. The crater was analyzed using a high-resolution optical 3D surface analyzer, and
the measured 3D image is shown in Figure 2b. As can be seen from the depth profile, the
crater was etched to a depth of 125 µm. To confirm that the electric field intensity inside
the crater becomes stronger, the Raman spectrum was measured inside the crater and
outside the crater (flat), and the results are shown in Figure 2c. All measurements were
carried out under the same conditions as those shown in Figure 1b. The Raman peaks of
pyridine in the crater and flat structures were observed at the same position of 1003 cm−1

and 1034 cm−1. At the pyridine Raman peak position (1003 cm−1), the SERS intensity
inside the crater was approximately 7.78 times higher than that of the flat structure. It
was concluded that the SERS intensity was enhanced because of the strong PSPR caused
by the micro-sized crater structure and Ag film. For comparison with the experimental
data, the electric field distribution inside the crater and on the flat 2 nm-thick deposited
Ag was analyzed through the FDTD simulation, and the results are shown in Figure 2d,e.
The crater structure was fabricated using the 3D AutoCAD program. Comparing Figure
2d,e shows that the electric field inside the crater tends to be stronger than that of the flat
surface. This enhancement can be attributed to the effect of the crater structure.
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Figure 2. (a) Schematic of the fabrication process of the GaAs crater structure with the Ag film.
(b) Optic microscope image of the crater and depth profile. (c) Raman spectra on the crater and flat
structure with an exposure time of 20 s and pyridine solution of 0.1 M. FDTD simulation at (d) the
crater and (e) the flat structure.

3.3. Coupling of the Ag Crater Structure and AgNWs

To generate strong field enhancement by coupling with the LSPR and PSPR, 5, 10,
and 15 cm3 of AgNWs dispersion was spray-coated on the inside of the crater and the
flat, respectively. The morphology of AgNWs was measured using FE-SEM, as shown in
Figure 3a–f.
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Figure 3. Top-view images from the field-emission scanning electron microscope (FE-SEM) of the flat
surface (a–c) and inside of the crater (d–f) coated with different amount of AgNWs dispersion, where
(a,d) used 5 cm3, (b,e) used 10 cm3, and (c,f) used 15 cm3. Schematic representation of the area on (g)
the flat surface and (h) in the crater.

The AgNWs were coated almost uniformly on the entire surface of both the flat
and the crater. Additionally, as the amount of the AgNWs dispersion was increased, the
density of AgNWs and the number of AgNW junctions also increased. However, under
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the same conditions, the density of AgNWs inside the crater was lower than that of the flat,
which is explained by the difference in area as shown in Figure 3g,h. Here, areas A and B
represent the flat area of the top surface of the crater and the inclined area inside the crater,
respectively. Area B is approximately 1.72 times larger than Area A. Therefore, if the same
amount of AgNWs dispersion is coated, the density of AgNWs inside the crater is lower.

Figure 4a shows the Raman spectrum of 0.1 M pyridine molecules on the flat surface
when coated with 5, 10, and 15 cm3 of AgNWs dispersion.
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Figure 4. Raman spectra measured in the 0.1 M pyridine solution on (a) the flat surface and (b) in the
crater structure coated with different amount of AgNWs dispersion. (c) Relative Raman intensities of
the pyridine peak at 1003 cm−1 according to the amount of AgNWs dispersion.
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Similar to the previous result, the Raman intensity appeared at the peak positions of
1003 cm−1 and 1034 cm−1 for the aqueous pyridine solution. The Raman intensity was
amplified as the amount of the coated AgNWs dispersion was increased due to the strong
plasmon coupling between the Ag film and the AgNWs, and among the AgNWs. Figure 4b
shows the Raman spectrum of the pyridine molecules adsorbed inside the crater under the
same conditions as those in Figure 4a. The SERS intensity inside the crater structure was
amplified as the amount of AgNWs dispersion increased. Therefore, the high density of
AgNWs on both the flat surface and in the crater forms numerous hot spots, contributing to
the strong SERS enhancement. Figure 4c shows the Raman intensity on the flat and inside
the crater structures at the pyridine peak position of 1003 cm−1, according to the amount
of AgNWs. For the crater coated with 15 cm3 of AgNWs dispersion, the SERS intensity
was enhanced by approximately 17.4 times more than it was on the flat surface without the
presence of the AgNWs. Despite the low density of AgNWs inside the crater, the higher
Raman signal than that of the flat surface can be explained by the SERS effect in the crater
structure, as demonstrated above. This is due to the strong coupling between the LSPR
generated by the densely coated AgNWs and the PSPR generated by the crater, which is a
metal microstructure. In addition, if the density of AgNWs in the crater increases, a larger
SERS effect can be expected.

4. Conclusions

We fabricated a micro-sized crater structure on a GaAs (100) wafer through wet
chemical etching. After uniformly coating the AgNWs, we investigated the amplification
of Raman intensity. Materials were determined as Ag and AgNWs by analyzing the
conditions under which plasmon coupling occurs strongly, through Raman measurements
and FDTD simulations. Raman signals from the flat surface and the crater were measured
to confirm that the electric field had been enhanced inside the crater. In addition, Raman
intensity showed the same tendency as the FDTD simulation data. The SERS intensity
with 15 cm3 of AgNWs dispersion in the crater was 17.4 times higher than that on the
flat surface without the presence of the AgNWs. We concluded that the amplified SERS
intensity results from the strong coupling of the PSPR by the Ag crater structure and that
of the LSPR by the Ag film and the AgNWs, and among the AgNWs. Using these results,
we will apply it to the fabrication of the marine poison detection sensor.
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