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ABSTRACT: As a label-free and sensitive biosensor, surface-enhanced Raman spectroscopy
(SERS) is a rapidly emerging technique. However, because SERS spectra are obtained in the
area of light excitation and the enhancement effect can be varied depending on the position of a
substrate, it is important to match the enhanced area with an illuminated spot. Here, in order to
overcome such difficulty, we demonstrated a new technique combining SERS with plasmonic
trapping. By plasmonic trapping, we can collect gold nanoparticles (GNPs) in the middle of
initially fabricated nanobowtie structures where a laser is excited. As a result of trapping GNPs,
hot-spots are formed at that area. Because SERS is measured in the area irradiated by a laser,
hot-spot can be simultaneously coincided with a detection site for SERS. By using this, we
detected Rhodamine 6G to 100 pM. To further verify and improve the reproducibility of our
technique, we also calculated the electric field distribution, trapping force and trapping
potential.

Surface-enhanced Raman spectroscopy (SERS) has been
widely used to sensitively detect biomolecules since it was

developed,1,2 because it can provide the fingerprints of target
molecules so that it is possible to qualitatively detect them in
extremely low concentrations.3−10 In this regard, previous
SERS studies have focused on obtaining high sensitivity and
selectivity by maximizing the enhancement factor,4,6,11−18

which especially depends on which substrates researchers use
for SERS.3,10,19−21 Previously, by using focused-ion-beam
lithography,22,23 shadow overlap ion-beam lithography,24,25 or
ion-assisted aerosol lithography,26 scientists tried to easily and
efficiently fabricate substrates; however, it is still challenging to
develop a more economical and time-saving method. Even
though substrates are fabricated with high enhancement
effect,27,28 since it is difficult to obtain uniformly large-scaled
hot spots, it needs to find hot spots and detect target molecules
exactly there, which is called the “alignment” between hot spots
and detection sites. Also, low reproducibility of SERS should be
overcome to quantitatively detect molecules.
Here, we suggest a new technique of Raman spectroscopy

using plasmonic trapping which is an advanced technique of
optical trapping.29 Plasmonic trapping is a technique that can
control the position of metal structures, moving them to the
desired position by the gradient of electric field intensity.30−35

This ability to control particles to the desired position is
connected to fabricating hot spots in the desired position.36

Specifically, we can build hot spots in the desired position by
trapping gold nano particles (GNPs) onto gold nano bowtie
patterns which are easily fabricated by nanosphere lithography
(NSL).25,37,38 It makes gaps between nanobowtie patterns
narrower, which contributes to enhancing Raman signal and
trapping force because the enhancement of them depends on

the electric field which is related to how narrow the structure-
to-structure distances are. We can simultaneously build hot
spots and obtain the signals of SERS over time by plasmonic
trapping combined with conventional SERS, because the laser
which is used for plasmonic trapping is also used for Raman
spectroscopy at the same time. Owing to its controllability in
fabricating autoenhanced areas for detection, we named the
proposed technique autoenhanced Raman spectroscopy
(AERS).
We initially fabricate raw nanobowtie patterns with 100 nm

gap between a pair of bowties by NSL, and then decrease the
gap size to less than 2 nm by attaching GNPs in between the
gap using plasmonic trapping. In this manner, GNPs can be
collected in the area where the laser is illuminated, and these
aggregated GNPs between the gaps serve as hot spots in the
SERS measurement. The proposed technique is largely based
on the classical electromagnetic theory which states that either
the shortened nanogaps or structures with sharp tips can
strengthen the electromagnetic field which is directly connected
to the enhancement of SERS signal.39

Through this simple method, we could clarify that hot spots
could be aligned with detection sites since the GNPs were
trapped at the sites where we excited by a laser, and the Raman
signal was detected at that same site by the same laser. To verify
effectiveness of our technique, we detected Rhodamine 6G
(R6G) in various concentrations and determined that the
detection limit is about 100 pM. This approach also provided
quantitative data that would be difficult to obtain by
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conventional SERS. Additionally, we tried to resolve the
reproducibility problem by conducting experimental and
numerical analysis. Experimentally, we conducted AERS and
took scanning electron microscope (SEM) images of substrate
morphology over time. Numerically, we calculated the electric
field distribution, which is contributed to the enhancement of
the signal, and trapping force and trapping potential, which are
contributed to understanding plasmonic trapping.

■ EXPERIMENTAL SECTION

The fabrication method involves patterning 500 nm poly-
styrene (PS) beads on a cover glass by drop casting. Initially,
the cover glass is washed thoroughly with piranha solution to
make the surface more hydrophilic and clearer, where the ratio
of H2O2 to H2SO4 is 1:3. After cleansing, to form a monolayer
of PS beads, we drop 15 μL of solution of 500 nm PS beads
(Polyscience, U.S.A.). Then gold is deposited onto a previously
fabricated monolayer of PS beads to a thickness of 30 nm using
an e-gun evaporator (ZZS550−2/D, Maestech, Republic of
Korea). The remained PS beads are removed using a plastic
tape and toluene solution. As a result, raw nanobowtie patterns

can be obtained. These patterns are made of hexagonal arrays
with an approximately 100 nm structure-to-structure distances.
The SEM image of raw nanobowtie is shown in Supporting
Information.
We set a polydimethylsiloxane (PDMS; Dow Corning,

U.S.A.) well on the arrays and load the mixture of analytes for
SERS, in which the mixture consists of 100 μL of R6G (Sigma-
Aldrich, U.S.A.) and 100 μL of a colloidal solution of 50 nm
GNPs (BBI Solutions, U.K.). Then we cover the top of the well
with a cover glass to prevent evaporation during the AERS
process and set the substrate on a microscope (Carl Zeiss
Axiovert 200 inverted microscope, Germany). A 785 nm
wavelength laser (CNI MDL-III-785 nm, China) is focused on
the substrate. After the GNPs are attached, the enhanced signal
can be observed at the same time when the substrate is being
formed. We used 10 mW laser and set acquisition time to 10 s.
Finite-element method (FEM) simulations are performed by

using COMSOL Multiphysics (COMSOL Inc., Sweden). A
single geometric nanobowtie is fabricated by three cylinders (r
= 500 nm, h = 30 nm), and for practicality, we use a filet
function to make a curved edge. The radii of the curvature are

Figure 1. Schematic image of autoenhanced Raman spectroscopy (AERS). Time-dependent Raman signals were detected in 10 μM R6G solutions at
0, 120, and 240 min after laser exposure, respectively.

Figure 2. Time-dependent SEM images of substrate and SERS signal of R6G at (a) 0, (b) 20, (c) 40, and (d) 60 min after illumination. Each line
represents different concentrations of R6G: red line means 10 μM, blue line means 1 μM, black line means 100 nM. Over time, as more GNPs are
attached, structure-to-structure distances gradually decrease and AERS intensity increases. In order to clearly illustrate, nanobowties are
pseudocolored as red and GNPs are done as yellow (scale bar represents 200 nm).
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500, 9, or 6 nm. The detailed geometry is shown in Figure S3.
In the model, a pair of single nanobowties are located on a
glass, leaving a space of 100 nm. Water is used as the medium
above the substrate. A 785 nm laser is illuminated on the
geometry from the bottom, which is x-polarized, the power of
the light is 6.802 GW/m2 and the E0 of the light is 1.963 MV/
m. All of the parameters reflect the experimental setup. As a
boundary condition, we use perfectly matched layers (PMLs)
that cover the entire geometry like a thin crust; the PMLs are
colored as blue in Figure S4. These PMLs absorb all of the
incident light and make it possible for us to focus on the region
of interest, particularly the nanobowtie and GNPs. All the
simulations are run on a Dell Precision T7600 with Xeon CPU
E5−2630 2.30 GHz (6 processors) and 128 GB of memory and
the minimum mesh size is less than 1 nm.

■ RESULTS AND DISCUSSION
Figure 1 schematically shows the process of detecting R6G by
AERS. Initially, we fabricate gold nanobowtie patterns by NSL.
Then, after loading a mixture of GNPs and R6G on nanobowtie
patterns, we illuminate a laser into the substrate, in which the
calculated laser spot size is approximately 1.470 μm2. Over
time, GNPs are attached to the sharp tips of initially formed
nanobowties by plasmonic trapping and it gradually decreases
the gap size between bowties and it increases Raman intensity.
As an initial substrate, nanobowtie patterns significantly work as
a prime antenna. Without any bowtie patterns in the initial step,
the trapping forces exerted on GNPs are not enough to trap
GNPs, ultimately causing GNPs to be randomly distributed on
the substrate.
The narrow gaps fabricated by plasmonic trapping generate a

strong electromagnetic field, and the enhanced electromagnetic
field contributes to enhancing Raman signal, simultaneously.
Interestingly, we need only one laser in order to attract GNPs
to the focused area by plasmonic trapping and strengthen
Raman signal at the same area over time. In other words, it is
possible to detect Raman signals of biomolecules by exposing
plasmonic enhancers, or GNPs and target molecules, or R6G,
on basic nanobowties by a single laser.
Experimentally, we obtained SEM images of each structure

and AERS signal of R6G by using our technique over time as
seen in Figure 2. Figure 2a−d represent SEM images and AERS
signals at 0, 20, 40, and 60 min after laser illumination,
respectively. GNPs are attracted to the desired sites where we
illuminate by a laser. This means that we can control the
position of hot spots and can also detect target molecules there
at the same time. In Figure 2, each color line represents
different concentrations of R6G; red line represents 10 μM,
blue line represents 1 μM and black line represents 100 nM.
These R6G in low concentrations cannot be detected only by
raw bowties; however, as time goes by, the intensity of signals
gradually increases. This is because additionally attached GNPs
can enhance the electric field and trapping force enough to trap
more and more GNPs as they shorten the structure-to-structure
distances. With 15 mW laser, we could detect R6G to the
concentration of 100 pM and the data are represented in Figure
S6.
Our concept has differences with conventional SERS using

nanogaps of randomly aggregated GNPs. They depend on
whether many GNPs are intensively aggregated at specific spots
because it is uncontrollable to collect GNPs together. Even
after they are well aggregated, researchers should find the hot-
spots with highly shorten nano gaps and detect the Raman

signals at that position, but it is impracticable to find nano
structures by a microscope during experiments. However, since
we use plasmonic trapping, we can control aggregation sites, or
hot-spots and also simultaneously detect target molecules at
exactly same sites. Unlike conventional SERS, in which the data
can vary by a lot of variables, our method reduces these
variables due to high controllability, which is directly
contributed to increasing reproducibility.
Also, we quantitatively analyzed the AERS of R6G as shown

in Figure 3. Figure 3a shows the AERS signals of 100 nM R6g

after 0 to 240 min after laser illuminates, in which the signal at
0 min signifies AERS on raw bowtie patterns and the signal at
240 min signifies that on the completed AERS substrate. A
nearly flat signal at 0 min increases by 40 fold after 240 min by
construction of a completed AERS substrate. In Figure 3b, we
tried to show how much the enhancement increased in case of
each concentration. In this regard, we used I/I0 as y axis to
illustrate how much the signal at each time, I, is enhanced
compared to the initial signal, I0. What is intriguing is that the
trend of increment is clearer in case of low concentrations such
as 100 nM rather than in relatively high concentrations. This is
because R6G in lower concentration initially has extremely
weak SERS signals so that the value of I0, or the denominator,
becomes smaller. So, if the intensity is strengthened as gap size
decreases over time, the value can become relatively bigger. By
the same reason, because the Raman signals of target molecules
in a relatively dense solution can be detected on raw
nanobowties, it seems as though they are not fully enhanced.
We numerically analyzed AERS with a FEM tool, as well.

These numerical simulations can support our experiment
results as a proof. Also, we tried to verify that the electric field is
enough to effectively enhance SERS signal and trapping force is
strong enough to attract GNPs into the desired position. So, we
first calculated the electric field distribution surrounding our
substrate, which is related to the enhancement of SERS signals.
It is known that the intensity of SERS signal is proportional to
the fourth power of electric field. Particularly on a focal plane,
the enhancement of electric field has maximum value. So, we
simplified structures for numerical analysis equal to the
experimental structures only on the focal planes, where we
set a focal plane as 25 nm by z-axis. As seen in Figure 4a−c, it is
recognizable that the schematic images for simulation are equal
to the experimental structures at 0, 20, and 40 min after
illumination, respectively.
Figure 4d−f shows the numerical results of electric field

distribution in case of different structures which are represented

Figure 3. Quantitative analysis for R6G by AERS. (a) AERS signals of
100 nM R6G after 0 to 240 min. (b) Time-dependent relative AERS
intensities of R6G against the initial intensities of R6G at 1510 cm−1.
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in Figure 4a−c, respectively. In Figure 4d, at the beginning,
there is no strong electric field and limited hot spot area.
However, as time goes by, as more particles are attached in
between the gap by plasmonic trapping, the substrate has
decreased the structure-to-structure distances, and it is
connected to increasing electric field and broadening hot
spot. In Figure 4e, the structure at 20 min after illumination has
more powerful gradient of electric field and has broader hot
spots area compared to the initial raw bowtie. A total of 20 min
after then, the enhancement is extremely strengthened and the
area of hot spots highly increases, as represented in Figure 4f.
Compared with the maximum value of electric field in case of
Figure 4d, that in case of Figure 4f is more than 4-fold.
We previously mentioned that plasmonic trapping is one of

the significant factors in our research; thus, it is necessary to
obtain the trapping force for plasmonic trapping. The force of
plasmonic trapping is typically proportional to the square of the
electric field gradient. In this regard, gradually shortening gap
over time generates the enhanced trapping force in which the
trend of increment is equal to the electric field distribution in
Figure 4. That is, as GNPs are attached between bowties and
they are closely packed, the enhanced trapping force
sequentially generates stronger attraction. Thus, to further
verify AERS, we performed numerical analyses of trapping force
and trapping potential in addition to calculating the electric
field distribution.
Figure 5 includes trapping force and potential calculation.

Initially, we calculated trapping forces in case that a GNP is
attached to the base by 10 nm from a bowtie. By conventional
electromagnetic theory, it could be calculated. According to
other researches about optical or plasmonic trapping, the
trapping force is expressed as40,41

∮= ·F T n ds( )
s (1)

, where T represents Maxwell stress tensor and n is the normal
vector perpendicular to the surface. Trapping force can be also
derived from polarizability, but because T and n are easily
calculated by COMSOL, we used this equation. A floating
GNP, represented as a gold dashed circle in Figure 5a, is freely
moving around the fabricated gap such that it would be
attracted by the trapping force. Its magnitude greatly increases
around the gap, where the electric field highly strengthened.
Thus, the trapping force reaches nearly 4 pN at 55 nm by z-axis.
In addition, as mentioned, the gap size decreases with GNPs
attached and it sequentially causes the trapping force to be
enhanced. In Figure 5a, the reason why the direction of
trapping force seems toward the surface of nanobowtie, not the

gap of nanobowtie is that we assumed that the simulation
condition has under 10 nm gap. In other words, since 50 nm

Figure 4. Electric field distribution over time: (a−c) schematic images of structures for numerical analysis; (d−f) electric distribution on the focal
plane. As more particles are attached over time, not only does the maximum value of electric field increase, but also the area of hot spots becomes
broadened.

Figure 5. Numerical analysis for trapping force and trapping potential.
(a) Calculated trapping force exerted on a floating GNP in vector
expression, where the floating GNP is represented by gold dash line, in
case that the gap size between attached GNP and nanobowtie is 10 nm
(blue arrows represent Fz). (b) Trapping force and (c) trapping
potential were calculated by the gap sizes, as well.
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GNP cannot be moved in between 10 nm gap, the numerical
results are shown like that. Specifically, this is because we fixed
the attached GNP in the bottom of substrate so that the
floating GNP cannot push the already trapped particle. We
simplified the structure and physics of simulation by using
steady-state model and tried to explain that the trapping force is
enough to trap GNPs at each time or by each gap size.
To further numerically verify our idea that attached GNPs

decrease gap size and it sequentially strengthens both the
trapping force and AERS signals, we calculated the trapping
force and trapping potential by gap sizes. As represented in
Figure 5b,c, the trapping force and trapping potential precisely
match the experimental data. In Figure 5b, as particles are
attached near the gap, which increasingly decreases structure-
to-structure distances in raw bowties, the trapping force exerted
on a GNP at 75 nm by z-axis reaches approximately 300 fN in
case of a 5 nm gap size. This value is enough to effectively trap
GNP to the illuminated spot compared to other plasmonic
trapping researches;31,41 however, we also tried to exactly
calculate trapping potential in order to clarify whether our
plasmonic trapping can excel other forces, especially Brownian
motion. Trapping potential, Utrap, is given by31,40,42

∫ α≈ − = − ′ ⟨ ⟩U Fdr E
2trap

2
(2)

α α α
ε ε
ε ε

= ′ + ″ =
−
+

i V3
2

p m

p m (3)

, where ⟨E2⟩ means the time-averaged square of the electric
field, α represents polarizability of the trapped particle, V is the
volume of the particle, and εp and εm are the permittivity of
particle and the surrounding medium, respectively. As seen in
Figure 5c, the narrower gap size decreases, the more trapping
potential occurs. The depth of the potential well reaches ∼2.2
× 10−18J, about three orders of value larger than the kinetic
energy of Brownian motion. At room temperature, it can be
calculated by the equation kBT = 4 × 10−21 J, where kB is
Boltzmann’s constant. This means that plasmonic trapping by
using nanobowtie arrays can theoretically attract GNPs in
between gaps. Compared to other plasmonic trapping
researches, the calculated optical potential seems too
exaggerated, but this is because we used 10 mW laser and
tried to trap 50 nm GNPs since the trapping potential is
proportional to the square of electric field intensity and
inversely proportional to the cube of radius of trapping
particles, as seen in the eq 3. It can be predicted to generate
more highly enhanced trapping force in the case of gap size of
less than 1 nm, which could not be achieved because of
computing limitations.

■ CONCLUSIONS
We introduced AERS as a new Raman spectroscopy technique
and verified it by using experimental and numerical analyses.
Our technique by combining plasmonic trapping with conven-
tional SERS could successfully detect R6G to 100 pM and
quantitatively obtain Raman signals. A numerical analysis based
on the FEM method showed that AERS corresponds well with
the experimental data, which also helps to explain the
mechanism of AERS. In this regard, we did not only simplify
the fabrication method, but we could also overcome the
difficulties of aligning hot spots with the detection sites and
increase reproducibility. In the future, we envision that a variety

of biomolecules will be specifically detected by our technology
as a preprocessing-free biosensor, and our technology could be
developed as a lab-on-a-chip by combining it with microfluidics.
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