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ABSTRACT: To realize a more rapid and accurate detection
technique for diverse trace molecules, surface-enhanced
Raman scattering (SERS) analysis has been extensively
investigated in recent decades. However, a practical
fabrication method to scalably and reproducibly produce
SERS substrates with highly effective SERS-active sites and
extensive optical tunability still remains an important research
target. Here, we present an electrochemical pathway to
generate a high-performance SERS substrate. This method
provides not only ultrahigh-density hot spots as a form of
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nanogaps for strong and uniform SERS signal enhancement but also tunable plasmonic properties for capability of matching the
plasmonic resonance wavelength with that of the Raman excitation laser. The unique Au nanopillar array decorated with
ultrafine Au nanoparticles records a high SERS signal enhancement effect, which enables trace-molecule detection on the entire
measured area with highly reproducible signal intensity. Also, via aptamer-functionalization on this substrate, an extremely
sensitive and highly selective SERS-based Hg** ions detection sensor is demonstrated. Trace-amount (10 ppb) Hg>" ions can be
selectively identified in a mixture solution containing six different metallic ion species as well as in a beverage containing

numerous other components.

B INTRODUCTION

With drastically increasing demand for rapid detection of trace
target molecules, development of practical analysis tools that
have both high signal enhancement and selectivity is essential."
Among the alternative detection techniques, surface-enhanced
Raman scattering (SERS) spectroscopy is regarded as one of
the most attractive detection techniques due to its advantages
such as high sensitivity, high selectivity, and simplicity of
measurement.””® SERS analysis is based on the local electric
field (E-field) enhancement by plasmonic nanostructures to
amplify Raman signals by several orders of magnitude.”’ ™"
Previous studies have reported various types of plasmonic
nanostructures containing high density “hot spots” for local E-
field enhancement, which can even realize single-molecule
detection.*™*” Because the degree of E-field enhancement can
be significantly increased as the nanogap size is decreased, the
development of practical fabrication techniques for nanogap
structures has been widely attempted.”””°”*° However,
manufacturing plasmonic nanostructures containing extremely
narrow nanogaps with sufficient reproducibility remains
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challenging. Meanwhile, recent studies reported that the
SERS signal intensity is closely correlated with the degree of
correspondence between the plasmonic resonance peak and
the wavelength of the excitation laser.*"*” These results
suggest that extremely high Raman signal enhancement can be
achieved by the formation of high-density, well-defined
nanogap structures with precisely tuned plasmonic resonances.

Well-dispersed metal nanoparticles synthesized on the basis
of wet chemical preparation have been widely used to obtain
high enhancement of SERS activity, varying the size of
nanogaps as well as their shapes.””**~*® In addition, highly
ordered metal nanostructures fabricated by template-based
electrodeposition have been utilized as an effective SERS-active
substrate, exhibiting remarkable and reproducible signal
amplification.”’ ™" Although these methods are useful to
enhance the SERS signal intensity, the synthesis process is
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Figure 1. Morphological evolution of Au thin films during reduced anodic (RA) treatment. (a) Schematic illustration of the formation of Au
nanopillar arrays via RA treatment. (b—d) Cross-sectional scanning electron microscopy (SEM) images of Au thin film samples before and after RA
treatment. (b) Au thin film deposited on the Si substrate with Ti as an adhesion layer. (c) Sponge-like nanoporous Au(OH); layer obtained by
potentiostatic anodization of the prepared Au thin film in a 0.2 M KHCOj solution. (d) Array of Au nanopillars obtained after subsequent
reduction treatment with a relatively high reduction current density (e.g, —10.0 mA cm™2).

time-consuming. Moreover, the presence of process-related
impurities, such as capping agents or residues from unremoved
templates, may prevent the direct adsorption of target
molecules on the hot spots, resulting in reduction of the
SERS signal enhancement.’’ Therefore, developing an
alternative strategy to form scalable and well-controlled
plasmonic nanostructures via not only a facile pathway but
also an additive- or a template-free condition is an important
task for further improving the SERS activity.

Recently, electrochemical treatments on noble metals have
garnered increasing attention as an effective method to
fabricate nanostructures.”' ~>* This procedure simply consists
of two stages where electrochemical oxidation of metals is first
conducted and followed by reduction of oxide forms of metals.
Importantly, the shapes of nanostructures can be tuned with
control of only electrochemical process parameters without
relying on templates and additives.”*™>” Considering this, the
resultant nanostructures prepared by electrochemical treat-
ment can be expected to exhibit highly effective SERS
enhancement.

Here, we successfully developed fabrication routes that
satisfy multiple goals of simplicity, excellent reproducibility,
and high signal enhancement by generating ultrahigh-density
nanogaps in gold thin films via an electrochemical process and
by matching the plasmonic resonance peak with the excitation
laser wavelength. By adapting electrochemically reduced
anodic (RA) treatment on flat gold films, nanoporous gold
structures composed of ultrahigh density nanogaps were
successfully engraved in Au thin films. Also, by controlling
the reduction current on oxidized gold films, the resultant
unique gold morphology—three-dimensional (3D) structure
composed of nanoparticles on nanopillars (NPOP) exhibits
tunable plasmonic properties, which further increase the SERS
activity at a measured laser wavelength. As a result, a markedly
high area-averaged enhancement factor of 10° on entire
measured area is achieved. Moreover, we show that the
nanogap-engraved SERS substrate combined with aptamer

functionalization also acted as a Hg*" ion detection sensor with
excellent detection selectivity and sensitivity, and can
quantitatively evaluate the concentration of Hg®* ions in
complex mixtures.

B EXPERIMENTAL SECTION

Fabrication of Au Nanopillar Arrays. A 200 nm-thick Au thin
film was e-beam evaporated onto a p-type (100) Si wafer (B-doped,
resistivity: S—10 Q-cm) with S nm-thick Ti as an adhesion layer. The
Au electrode (i.e., Au/Ti/Si wafer) was cut into pieces of about 1.5
cm X 1.5 cm. To remove organic contaminants from the Au surface,
each piece was degreased sequentially by acetone and isopropyl
alcohol (IPA) followed by deionized (DI) water. Cu wire was then
fixed on an edge of the Au film to form an electrical pathway with Ag
paste. All edges of the Au film were then covered with a chemically
inert and electrical insulating tape (NITOFLON No.903UL, Nitto
Denko Co.). The electrochemical treatment, viz. reduced anodic
(RA) treatment, was conducted in a typical three-electrode system
using an SP-150 potentiostat (Bio-Logic, USA). An Ag/AgCl (in 3 M
NaCl) and a Pt coil were used as a reference and a counter electrode,
respectively. At the first step for the RA treatment, potentiostatic
polarization was performed to anodize the prepared Au electrode by
applying 2.5 V (vs reversible hydrogen electrode (RHE)) for 40 min
in a 0.2 M KHCO; solution (pH 8.4, 99.7% purity of KHCO;, Sigma-
Aldrich) with stirring of 80 rpm at room temperature. Note that all
potentials in this work are defined as the RHE by Epyp = Ewg +
(0.209 + 0.059 X pH) V. The surface of the as-anodized Au electrode
was briefly rinsed with DI water, and afterward galvanostatic
electrochemical reduction, as the second step, was carried out in
the same solution with 80 rpm stirring with various reduction current
densities until a dramatic potential transition and hydrogen evolution
were simultaneously observed. The morphology of the Au
nanostructures formed from RA treatment was characterized using a
field emission scanning electron microscope (Magellan400, FEI Co.).

Raman Spectroscopy. A high-resolution dispersive Raman
spectroscope (ARAMIS, Horiba) with a 514 and 633 nm excitation
laser was used for SERS measurements. The SERS signal was
collected for 7 s for each measurement. Rhodamine 6G (R6G) was
purchased from Sigma-Aldrich. Inc. and used as probe molecules for a
performance test after dissolving in ethanol with a concentration of
1076 to 107'° M. We followed the detection procedure of Hg** and
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other metal ions published in a previous study.’® Briefly, the SERS/
aptamer sensor was immersed for 60 min in a phosphate-buffered
saline (PBS) solution containing Hg** and other metal ions before
SERS measurement. For the selectivity test, various ion sources such
as CaCl,, Co(NOs;),, K,SO,, Zn(NOs;),, and HgCl, were used.
Electromagnetic Simulations. The reflection spectra of the
pillar array structures were calculated by full-wave electromagnetic
simulations using the finite element method (COMSOL Multi-
physics). The frequency-dependent dielectric functions of Au and Si
were taken from Johnson and Christ’” and Palik,*" respectively.

B RESULTS AND DISCUSSION

A simple and facile yet highly reproducible two-step electro-
chemical process called reduced anodic (RA) treatment was
used to fabricate 3D Au nanostructures, as illustrated in Figure
la. The formation mechanism of the 3D Au nanostructures as
well as the detailed fabrication procedure was reported in our
previous study.”® Briefly, in the first step, anodization on a thin
Au electrode with ca. 200 nm thick was performed by
potentiostatic polarization at 2.50 V (vs reversible hydrogen
potential (RHE), all given potential is hereafter expressed as
RHE) for 40 min in a 0.2 M KHCO; solution. As a result of
the anodization, a nanoporous Au hydroxide (i.e., Au(OH);)
layer was formed on the remaining Au film.°"** Subsequently,
as the second step, galvanostatic electrochemical reduction of
the Au(OH); was conducted by a relatively high reduction
current density, leading to the formation of Au nanopillar
arrays. Figure 1b—d shows cross-sectional scanning electron
microscopy (SEM) images corresponding to the representative
states during RA treatment, as illustrated in Figure la. As can
be seen, nanoporous Au(OH); with a thickness of about 420
nm was produced from the anodization of the prepared 200
nm-thick Au thin film on a Si substrate (Figure 1b,c). After the
electrochemical reduction of the Au(OH); by constantly
driving —10 mA cm™?, Au nanopillar arrays vertically standing
on the remaining Au thin film with ~200 nm height were
obtained (Figure 1d).

It is well-known that a sub-10 nm nanogap between metal
nanostructures generates a localized yet highly intensive
electromagnetic field (E-field), resulting in a dramatic increase
of the SERS activity.””*”** Meanwhile, the structural
characteristics of Au nanostructures formed via RA treatment
can be tuned by control of process parameters, such as anodic
potential, time, and reduction current density.’>*>%* In
particular, by controlling the reduction process parameter, it
was seen that not only shapes but also the gaps between
nanostructures were varied. This is basically associated with
the electric-field-assisted transport of Au®" to the reduction
sites. When relatively higher reduction current density was
applied, for example, the Au** ions were preferentially reduced
at the tip of the forming Au nanostructures because a high
electric-field could be developed around the high-curvature
surface (i.e., the tip).°”® This mainly leads to longitudinal
growth and thus results in the formation of Au nanopillars. In
addition, due to the fast reduction kinetics during the electro-
reduction, local deficiency of Au** ions in the vicinity of the
growing sites could take place, facilitating the controlled
formation of small gaps within the Au nanopillars. Figure 2
shows plan-view SEM images of Au nanostructures produced
by RA treatment with varying reduction current density. When
slow reduction rates (i.e, —2.0 mA cm™2) were applied, the
morphology of the Au structures appears to be pore-like
structures, which are randomly connected with the adjacent
structures. In contrast, vertically aligned and independently
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Figure 2. Plan-view SEM images of Au nanopillars produced by the

RA treatment. Various reduction current density of (a) —0.1 mA
-2 -2 -2

cm ™2, (b) —2.0 mA cm™2, (c) —10.0 mA cm™?, and (d) —15.0 mA

cm™, respectively. Insets show statistical histograms of the size

distribution of nanogaps (<10 nm) for the corresponding Au

nanostructures.

standing Au nanopillars and nanoparticles (named unique 3D
NPOP, as mentioned above) were obtained with high
reduction rates (i.e., >—10.0 mA cm™>) (Figure 2 and Figure
S1 in the Supporting Information).

Importantly, it is observed that the gap size distribution is
changed with the applied reduction current density. As shown
in the insets of Figure 2, the nanogap size distribution is
statistically obtained by directly measuring the size and
counting the number of sub-10 nm nanogaps from plan-view
SEM images. It is found that the mean gap size of pillar-like Au
nanostructures tends to be smaller than that of the randomly
linked pore-like structures; for example, when the reduction
current density is increased from —2.0 to —10.0 mA cm™?, the
mean gap size of the resulting Au nanostructure is diminished
from 7.02 to 5.37 nm. It is noted that the gap of the Au pillars
is indicative of the significantly narrow interstices (<10 nm)
within a single nanopillar instead of the relatively wide spacing
(20—30 nm) between neighboring structures (as indicated by
white arrows). In addition, the gap (<10 nm) density per unit
area of 1 ym® is also prone to decrease with an increase of the
reduction current density (Figure S2 in the Supporting
Information). It should be noted that numerous nanoparticles
protruded (or scattered) on Au nanostructures formed from
the RA treatment (Figure 2 and Figure S1 in the Supporting
Information). According to previous reports, the presence of
metal nanoparticles distributed on the three-dimensional
nanostructures can significantly increase the SERS intensity
due to the increase of the areal density of hot spots.”>®” The
number of nanoparticles protruded on the Au nanostructures
per a unit volume gradually increases as the applied reduction
current density is increased, as shown in Figure S3 in the
Supporting Information. Although the number of wide
nanogaps between pillars decreased with increasing redu-
ction current density, the increased number of nanoparticles
protruded during the reduction process and the resultant
formation of many narrow nanogaps can effectively compen-
sate for this factor.
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Figure 3. Reflectance spectra and SERS spectra of RA-treated Au samples. (a) Reflectance spectra of the nanoporous Au samples for various
reduction current densities. (b—c) SERS spectra measured with different excitation laser wavelength: (b) 514 nm and (c) 633 nm. (d) Variation of
SERS intensity (for the peak at 1363 cm™', the main characteristic peak of R6G) as a function of reduction current densities with different

excitation laser wavelengths.

To analyze the optical properties of the Au nanostructures
depending on the reduction conditions, the reflection spectra
were obtained using UV—Visible spectroscopy. As shown in
Figure 3a, the peaks of plasmonic resonance wavelength are
clearly red-shifted with increasing reduction current density.
To give a better understanding of the red-shifted reflectance
spectra, simulated reflectance spectra using the finite element
method (FEM) were obtained under the suggested simulation
model, as shown in Figure S8. When the diameter (S) of the
nanopillars is increased, the reflectance spectrum is signifi-
cantly red-shifted, which is consistent with the experimental
results in Figure 3a. The peak position shifted from 539 to 705
nm as the reduction current was increased from —0.1 to —15
mA cm™? (see also Figure S4 in the Supporting Information).
The reflectance in the UV—Vis spectra for the different
reduction currents was also compared at the wavelengths of
514 and 633 nm, which are the excitation wavelengths for
SERS measurements. As shown by the dashed lines in Figure
3a, the reflectance difference at 514 nm was negligible, and
therefore this would not affect the enhancement of the SERS
signal. On the other hand, a significant difference in the
reflectance value at the wavelength of 633 nm can intensify the
SERS signal produced by the laser source with the same
wavelength. To explore the SERS effect of the various RA-
treated Au nanostructures using different laser excitation
sources, a diluted Rhodamine 6G (R6G) solution with a

concentration of 107® M was used as the probe molecule. A
high-resolution dispersive Raman microscope was used for
SERS measurement. A 107 M solution (7 uL) of R6G was
dropped on the SERS substrate with 514 and 633 nm
excitation lasers and 7 s acquisition time. Figure 3b,c
comparatively presents the SERS spectra of the Au
nanostructures measured with 514 and 633 nm excitation
sources, respectively. The characteristic peaks of R6G were
clearly recognized at 775, 1190, 1363, and 1651 cm™'. The
intensities of characteristic SERS peaks significantly varied with
the reduction conditions. This can be explained based on the
absorption characteristics of the sample and nanogap sizes and
densities.”"***> To quantify the dependency of the SERS
intensity on the excitation wavelength and structural factor, the
height of the SERS peaks at 1363 cm™, which is the main
characteristic peak of R6G, was compared, as depicted in
Figure 3d. Given that the differences in the reflectance value of
the Au nanostructure are negligible at 514 nm, we can
conclude that the peak height tendency for 514 nm excitation
is highly related to the structural factor (nanogap size). As a
result, the Au nanostructures fabricated with a —10 mA cm™
reduction current density (the sample with the smallest
nanogap size) show superior SERS enhancement. On the
other hand, the strong signal intensity obtained with the 3D
NPOP structure (reduction current = —10 mA cm™>) and 633
nm laser excitation can be explained by the added contribution
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Figure 4. SERS analysis data of the 3D NPOP Au structures. (a) Normalized SERS intensities as a function of reduction current density. The
intensity of the Au thin film is also shown for comparison. (b) 3D NPOP Au structure (reduction current = —10 mA cm™2): SERS intensity change
of R6G molecules for the main peak occurring at 1363 cm™ depending on R6G concentration. (c) Distribution of SERS intensity collected from
10 randomly measured spots (reduction current = —10 mA cm™>). (d) Comparison of the 3D NPOP Au SERS spectra with a commercial substrate

(Silmeco substrate).

by the structural effect and also by the better matching of the
plasmonic resonance wavelength with the measurement laser
wavelength. In this sense, our nanostructured Au SERS
substrate exhibits synergistic enhancement for maximizing
the SERS enhancement effect at the 633 nm excitation laser
wavelength. A more systematic evaluation of the SERS
performance of the sample was also conducted. As shown in
Figure 4a, the normalized SERS signal intensity clearly
demonstrates the superior SERS effect for the 3D NPOP
structure (for comparison, corresponding data for a Au thin
film are also shown). As shown in Figure 4b, as the
concentration of R6G molecules is diluted, the height of the
peak occurring at 1363 cm ™' is gradually decreased (full SERS
spectra are provided in Figure S5 in the Supporting
Information). Characteristic peaks of R6G molecules were
clearly distinguishable even at the nanomolar level. Figure 4c
presents the SERS intensities measured from 10 random
positions, and from these data, the standard deviation of
intensity divided by the average intensity was calculated to be
9.7%. To evaluate the degree of SERS enhancement more
quantitatively, the average enhancement factor (AEF) was also
calculated with R6G molecules. The AEF can be calculated
using the following equation:*’

Isgrs X Ngj

AEF =
Tiim X Ngprs

where Iggps and Nggpg represent the intensity and number of
molecules on the SERS substrate, estimated by drop-casting 7
UL of 107 M R6G solution on the 3D NPOP SERS substrate,
and Iy, and Ngy, represent the intensity and number of
molecules measured after dropping the same amount of R6G
solution on a Si wafer. The calculated AEF value of the 3D
NPOP structure was 7.2 X 10°, which is comparable with the
highest values for nanostructured Au substrates for SERS
enhancement.®*~"° This enables trace level detection of the
molecule. Moreover, the 3D NPOP SERS substrate fabricated
in this study recorded approximately three-times higher signal
height compared to a commercial SERS substrate (Figure 4d).

In order to demonstrate extended functionality of our Au
nanostructures for SERS-based sensors, we attached aptamer
probes to enable highly sensitive and selective detection of
Hg”" ions. The schematic procedure for the 3D-NPOP Au
nanostructure based aptamer sensor is illustrated in Figure Sa.
Aptamers are short single strand DNA oligonucleotides that
can recognize specific target molecules by forming three-
dimensional structures.”' Hg*" ion-specific aptamers consisted
of multiple thymine base molecules’> with an alkanethiol
moiety (-SH) at the $’-end and a cyanine (CyS) tag at the 3'-
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Figure S. Fabrication and characterization of aptamer-functionalized SERS sensor. (a) Schematic procedure for the attachment of aptamer on the
3D NPOP SERS substrate. (b) Comparison of SERS peaks occurring at 1365 cm™" (originated from the strong vibration mode of CyS) as a
function of the concentration of Hg** in PBS buffer solution. (c) Normalized peak intensity (I) of the data shown in (b). The intensity of pure PBS
buffer solution without containing Hg*" is indicated by a dashed line for comparison. (d) Selective detection of Hg** ions using the aptamer-
functionalized SERS sensor. The intensity is normalized with that for the PBS blank sample. (e) Selectivity test results applied to conventional

beverage with and without Hg2+ ions.

end were anchored to our 3D-NPOP Au nanostructures based
on a previously reported method.>® Attachment of aptamers
was achieved through Au-thiolate covalent bonding”*~"* and
successful immobilization was confirmed by characteristic
SERS signals of CyS tags showing strong vibrational modes
at 1365 cm™!, as presented in Figure S6. The initially strong
SERS enhancement of CyS tags can be attributed to the
flexible aptamers lying on the Au surface in the absence of
Hg”" ions. In the presence of analytes, aptamers bind to Hg*"
ions by forming thymine-Hg*"-thymine pairs in rigid duplex-
like structures,”’ placing the CyS tags further from the Au

surface, resulting in reduced SERS signals of CyS tags.”®”®

Figure Sb,c shows a linear decrease of Cy5 tag SERS intensities
with increasing concentration of Hg** ions down to the 10 ppb
level, due to the increased fraction of duplex-like aptamer
structures. In addition, we observed selective recognition of
Hg** ions among other metal ions (Ca**, Co**, K*, Zn*"). In
Figure 5d, the SERS intensity showed a significantly larger
change for Hg2+ ions with increasing concentration, thus
verifying prominent selectivity to Hg*" ions. Further tests
conducted in common drinking beverages mixed with metallic
ions successfully confirmed selective detection in complex
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media (Figure Se and Figure S7 in the Supporting
Information). Owing to such high sensitivity and selectivity,
our aptamer-functionalized SERS sensors are not only suitable
for trace-amount molecule detection, but also are expected to
be used in more challenging sensing environments.

B CONCLUSION

In this work, we presented a highly facile and scalable
fabrication method for high-density Au nanopillar arrays
containing narrow nanogaps, targeting applications for high-
performance SERS substrates. By a sequential oxidation and
reduction process, nanostructured gold with high-density
nanogaps (especially 3D nanopillars decorated with nano-
particles) were controllably produced. As the reduction current
increased, the plasmonic resonance wavelengths of the samples
were clearly red-shifted, enabling successful tuning of optical
characteristics of the SERS substrate to match its resonance
wavelength with the excitation wavelength (633 nm) of the
incident laser beam. Optimization of the structural factor of the
gold nanostructure and matching the plasmonic resonance
wavelength provide synergistic enhancement of the SERS
signal. These strategies enabled a high average enhancement
factor over 10° and highly reproducible SERS signal intensity
(standard deviation of 9.7%), and successful detection of trace
molecules (~nM) with high uniformity was demonstrated.
Moreover, an aptamer-functionalized SERS substrate demon-
strated outstanding detection sensitivity of ~10 ppb for Hg
ions. This facile, low-cost, scalable fabrication strategy can be a
practical candidate for various sensing and detection platforms
based on well-controlled nanoplasmonic structures.
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