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Abstract
Metallic high aspect ratio (HAR) nano-architectures provide new opportunities for a series of
plasmonic devices due to their additional controllable degrees in height space compared to 2D
patterns, but there is no efficient way that suitable for the rapid fabrication of large area HAR
structures limited by the processing ability of traditional methods. Here in this work, we have
developed a templated electrochemical deposition (ECD) method to fabricate various HAR
metallic nano-structures for diversified plasmonic devices. The templated ECD method is based
on the ECD filling of the nanopores that are fabricated by electron beam lithography. With this
templated ECD method, numbers of HAR architectures including nanorods, nanofins and even
mushroom-like structures, which have a line width as small as 100 nm and the aspect ratio up to
10:1, are established over a large scale. What is more, by simultaneously considering the
designed layout and edge effect, sub 10 nm nanogap arrays are prepared, whose aspect ratio
reaches 100:1 and the gap width reduces to 5 nm. Due to the extreme light confinement ability
brought from Fabry–Perot resonance, the HAR nanogaps can be treated as a surface enhanced
Raman scattering (SERS) substrate. Finite domain time difference simulation shows that
fan-like 10 nm nanogap with a height of 700 nm has the largest light enhancement factor (EF).
The configuration optimized nanogap is capable for the sensing of rhodamine 6G with a 10−9 M
concentration. And the SERS EF of the nanogap is calculated to be 4 × 106, indicating the
ultrasensitive molecular detection ability of the HAR nanogap. The templated ECD method not
only brings a new chance for the construction of HAR metallic 3D structures, but also opens up
a new horizon for the design of a series of plasmonic devices.

Keywords: nanogaps, high aspect ratio structure, surface enhanced Raman scattering,
electrochemical deposition
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1. Introduction

High aspect ratio (HAR) structures at micro/nano-scale
have been widely concerned in the field of micro-electro-
mechanical systems (MEMSs), electronic devices for their
higher performance and richer functions compared to the
planar patterns [1–4]. Especially, thanks to the controllable
degrees along z-axis, HAR architectures can be efficiently
applied in photonic components [5]. For instance, metama-
terials and metasurfaces that consist of sub-wavelength units
showing great ability in modulating the electromagnetic field
[6]. And HAR structures in the metasurface help to realize
the arbitrary controls of phase, amplitude of electromagnetic
waves [7]. A series of metasurfaces based on HAR struc-
tures have been proposed with the abilities of light refraction
or focus, structural color and even holographic imaging [8,
9]. Notably, the related devices are mostly based on dielec-
tric structures. While metallic nano-structures, which possess
the abilities of higher optical local enhancement factor (EF)
and reflectivity compared to the dielectric components, can
be potentially used in numbers of plasmonic devices, such
as ultra-sensitive surface enhanced Raman scattering (SERS)
substrates, reflection-type metasurfaces, and integrated optical
micro/nano system etc [10–12]. HAR nanostructures poten-
tially provides better ability of light confinement. However,
there are still few reports that related to the HAR metallic
structures due to the difficulties in the fabrications. In order to
bring the HAR metallic structures into practical applications,
a controllable, nano-scale, rapid fabrication method should be
developed for large scale HAR nanostructures.

Unlike the dielectric HAR structures which can be easily
built up by lithography and reactive ion etching (RIE) pro-
cesses [13]. However, there are still problems in the construc-
tion of HAR metallic configurations by both chemical and
physical methods. As for the chemical synthesis methods, the
controllability of the configurations is hard to achieve for these
methods due to their poor directionality, and the contamin-
ation of the materials is also inevitable. When it comes to
physical methods including lithography, ion etching and phys-
ical vapor deposition (PVD), they show excellent ability in
controlling the patterns, where planar structures with arbit-
rary shapes can be prepared for the applications in almost
every field. Nevertheless, HAR metallic structures are unable
to be obtained by these conventional physical methods, such
as the physical etching methods cannot meet the requirement
of etching the metal at a high speed and large selectivity,
while considering the cost and the lift-off process, the PVD
methods are incompatible for the achievement of thick mater-
ial. In the past decade, numbers of 3D arts like 3D printing
[14], focused ion beam (FIB) induced deposition [15], two-
photon absorption [16], and tunable MEMS technologies [17]
have been developed for the fabrication of 3D configurations,
however, 3D printing method cannot realize the shapes in
nanoscale, FIB induced deposition does not compatible to the
large-area fabrication of HAR metallic structures, while two-
photon absorption mostly used to build the polymer structures.
And although MEMS technologies provide bended or folded
HAR structures, the small feature sizes or thickness control

of materials are hard to achieve. What is more, there are meth-
ods have been demonstrated based on coating the side walls of
resist patterns for the take shape of HAR structures, however,
these methods cannot be utilized for the metallic HAR con-
figurations limited to the coated materials can only be dielec-
tric [18–20]. Thus, there is no physical method that is suitable
for the establishment of HAR metallic structures. Fortunately,
electrochemical deposition (ECD), which is a process that the
metal ions can be reduced and deposited on the cathode, gives
a new possibility for the large area fabrication of thick metal
[21, 22]. And there areHAR architectures with high quality Au
have been demonstrated by combining the ECD method and
lithography, which shows great potential in plasmonic applic-
ations [23–25]. But the extreme fabrication ability and applic-
ation potentials for structures with varying cross-section and
ultra-HAR have not effectively developed. Thus, there are still
difficulties in the building up of HAR metallic structures.

Here in this work, we propose a templated ECDmethod for
the fabrication of the HAR metallic structures, which possess
the properties of large-area, nano-scale and excellent uniform-
ity. The fabrication of the HAR structures includes the depos-
ition of the conductive layer and the obtaining of the nanoscale
templates by electron beam lithography (EBL). After that,
ECD is introduced to fill the templates with metal. Because the
metal can only be deposited on the conductive part of the sub-
strate, thus there is no material that grows on the resist, mean-
ing the materials waste and the lift-off process are avoided.
Due to the resist patterns confines the metal growth along the
and y direction during the ECD process, metallic architec-
tures with line width as narrow as 100 nm and aspect ratio
that exceeds 10:1 are obtained. Moreover, overgrowth effect
is also considered in this work, once the metal height is lar-
ger than the resist thickness, mushroom-like structures can be
fabricated due to the absence of horizontal growth restriction.
Besides, by combining the layout design and the edge effect
of EBL, nanogap with gap width down to 5 nm and aspect
ratio up to 100:1 is taken shape over a large scale. Based on
the strong light confinement effect of the nanogaps, we take
the HAR nanogap array as a SERS substrate. A highest EF
of 4 × 106 can be obtained for the nanogap with a height of
700 nm, which is compatible for the detection of rhodamine
6G (R6G) with a concentration of 10−9 M. The development
of the templated ECD method provides a brand new method
for the fabrication of HAR nanogaps, and further gives a fresh
chance for the design of related photonics components and
electronic devices.

2. Results and discussion

The fabrication of the HAR metallic structures starts from
the cleaning of substrate (figure 1(a)), then a conductive layer
is deposited on the substrate by PVD method as shown in
figure 1(b). All kinds of metals can be used as the conductive
layer, here in this work, Au is chosen for its superior conduct-
ivity. And polymethyl methacrylate (PMMA) with a thick-
ness of 1 µm is spin coated onto the Au layer as the res-
ist. EBL is applied to write the 2D patterns, as depicted in
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Figure 1. The schematics of the fabrication process for HAR structures. (a) Clean substrate; (b) the deposition of conductive layer; (c) the
template obtained by spin coating and EBL; (d) the filling of Au by ECD; (e) HAR Au structures achieved by removing the resist; (f)
etching of the conductive layer.

figure 1(c), the PMMA nanopores are taken shape after the
development process. Notably, the EBL system has an accel-
erating voltage as high as 100 KV, which ensures the good
steepness of the side walls of nanopores. After that, ECD is
introduced to fill Au into the nanopores from the bottom of the
nanopores up, take the substrate as the cathode of the ECD sys-
tem and immersed it into the electrolyte, the Au+ ion can be
reduced and deposited on the substrate under a certain voltage.
Due to the Au can only be assembled on the conductive part
of the cathode, the surface of the resist is immune from being
covered, namely Au can be selectively grown in the nanopores
(figure 1(d)). As figure 1(e) shows, the pattern transfer process
was finally finished after remove the resist by RIE, and HAR
metallic structures are obtained. What is more, the conductive
layer can be further removed by ion milling (IM), and thus this
method also suits for the building of independent Au structures
(figure 1(f)). Here in this process, in order to avoid the void in
the structures, the template is treated by O2 plasma to remove
the resist residual and enhance wettability. A 15 min stand is
applied to the ECD system after the substrate is assembled,
after that, a pipette is used to stir the electrolyte to minimize
the bubbles in nanopores.

Following the process mentioned above, HAR structures
can take shape, and their height controllability are analyzed in
detail. Figure 2(a) depicts the voltage change with the depos-
ition time increase. The current density in this process is fixed
at 18.392 µA mm−2, which can ensure the high quality of the
Au structures. The roughness of the Au film is estimated to
be 6.36 nm by atomic force microscope, meaning a smoother
surface compared to the previous report [26], which is suffi-
cient for the plasmonic applications. The inset in figure 2(a)
gives the schematic of the ECD process, clearly showing the
reduction and the accumulation effect of Au near the cath-
ode. After removing the resist, figure 2(b) demonstrates the
scanning electron microscopy (SEM) image of the Au con-
figuration array, where the left picture was taken from the

Figure 2. The controllability of the height and the configuration of
the HAR structures. (a) The relationship between the voltage of
ECD system and the deposition time; (b) scanning electron
microscopy (SEM) images for the metallic pillar arrays under
different ECD times; (c) the height of the HAR configurations as an
equation with respect to the unit areas; (d) SEM image of metallic
structures with different areas; (e) the curve of the deposition
voltage versus the time; (f) SEM images for the not overgrown and
overgrown nanostructures, respectively. Scale bars: 500 nm.

structure after 1 min ECD, the height of the nanorod is 100 nm.
And after 6 min growth of Au, the right picture in figure 2(b)
shows the nano-structures with HAR nanorods, whose height
reaches 600 nm. Indicating the deposition speed of Au is
100 nm min−1, both the height and the deposition speed can
hardly be achieved by PVDmethod. The dependence between
the lithography area of the unit cells and the height of the
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HAR structures are statistics in figure 2(c), where the depos-
ition time is 10 min. It can be clearly seen that with the area
increasing from 0.03 to 0.1 µm2, the deposition speed starts
from ∼40 nm min−1 and rapidly increase to ∼80 nm min−1

when the unit cell area is 0.04 µm, and a largest speed of
110 nm min−1 can be finally achieved for the area of 0.1 µm2.
It is not difficult to find that the deposition speed relates to the
area of the unit cell, the high growth speed can only be realized
when the deposition area is large enough. This phenomenon
maybe comes from the consumed Au+ ion in the nanopores
by reduction should be replenished by the electrolyte away
from the pores. However, the replenishment speed is limited
by the area of nanopores, and lower speed happens to the smal-
ler pore, and the concentration of the Au+ is shrunk for small
pores, which in turn leads to a higher deposition speedwith lar-
ger area. Figure 2(d) shows two arrays with unit cell of differ-
ent areas, where the nanorods with larger area showing higher
height compared to the smaller ones.

Basically, the templated ECD method is based on filling
the nanopores that fabricated by EBL, which has a uniform
section on the x–y plane. While the fabricated nanostructures’
shape relies on the nanopores, resulting in the patterns on the
bottom and the top of the HAR structures are the same. How-
ever, the structures with a cross section that changes with the
height can be widely used in the field of ultra-sensitive sens-
ing [27, 28] and optical resonators [29]. Fortunately, here in
this work, the overgrowth effect of the templated ECDmethod
can be controlled to build up nanostructures with cross section
varying with height. As figure 2(e) shows, when the nanostruc-
tures are lower than the resist nanopores, the total deposition
area is fixed, resulting in the deposition voltage are stabilized
at ∼−0.6 V. Once the height of the nanostructures is larger
than the thickness of resist, the overgrowth effect occurs, lead-
ing to the metal can spread along x–y plane due to the lack
of resist limitation, and the increasing of the conductive area
results in the decrease of the deposition voltage. During the
overgrowth process, the cutting plane of the structures along
z-axis can be modulated. As we can see from the left picture of
figure 2(f), the SEM image which is collected from the HAR
structures at the deposition voltage of 0.6 V, showing a uni-
form cross section pattern. While the right image shows an
array of overgrown structures when the deposition voltage is
0.55 V, each unit cell proceeds a much larger top compared
with the support part, indicating the cross section of the struc-
tures have changed. It should be noted that the SEM images
in figure 2(f) are not the case in the same substrate, but from
different samples obtained under the same deposition condi-
tion and different deposition time. The fabrication of themush-
room like structures further enriches the controllable degrees
of freedom of the templated ECD method.

Thanks to the perfect structural controllability of both the
height and the pattern of the templated ECD method, fascin-
ating HAR configurations can be built up. Figure 3(a) depicts
a large area array of nanorods, all the HAR nanofins in the
array have a uniform configuration, showing the large area fab-
rication ability of the templated method. Figures 3(b) and (c)
show arras of nanorods and nanofins with HAR, respectively,
where the line widths of both structures are set to 100 nm,

Figure 3. Diversified nanostructures fabricated by templated ECD
method. (a) Large scale HAR nanostructures; (b) nanorods with
aspect ratio up to 10:1; (c) HAR nanofins with an aspect ratio of
10:1; (d)–(h) the SEM images for HAR nanograting,
cross-nanowalls, nanoholes, nanostars and microgears. Scale bars:
(a) and (d)–(h) 2 µm; (b) and (c) 1 µm.

and the height of the configurations reaches more than 1 µm,
meaning that their aspect ratio exceeds 10:1, which can hardly
be achieved by the traditionalmethod. Another point is the side
walls of the configuration possess a smooth profile, which ori-
ginates from the excellent filling ability of the ECD method,
leading to the shape is exactly the profile of the resist tem-
plate. Besides, HAR nanogratings and cross-nanowalls can
also be obtained for series of plasmonic devices, as shown in
figures 3(d) and (e). In the fields of electronics and photon-
ics devices, the configurations of the nanostructures have a
decisive effect on their performance, and the templated ECD
method provides a new opportunity to realize the devices with
arbitrary planar layout and height. More abundant and com-
plex configurations have been prepared, such as the nano-
holes, nanorings and microgears, which paves the way for
the application of photonic, electronic and MEMS devices
(figures 3(f)–(h)).

The arbitrary structural controllability of EBL to the planar
pattern gives the templated ECDmethod a potential to the con-
struction of the nanogaps, which is a nanoscale space between
two metallic structures [30], with ultra-HAR. A major diffi-
culty to obtaining nanogaps is how to control the ultra-small
patterns. Here, the edge effect inevitably needs to be con-
sidered, which leads to the designed configuration is different
from the output structure [31]. As demonstrated in figure 4(a),
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Figure 4. (a) Schematics of the pattern design, output nanopore, and the HAR nanogap; (b) SEM image of nanogaps with different widths;
(c) an ultra-HAR nanogap with a width of 10 nm and height of 1 µm; (d) large area nanogaps; (e) an array of 5 nm gaps. Scale bars: (b) and
(d) 2 µm; (c) and (e) 500 nm.

the target nanogap consists of two nanorods, where the dis-
tance between the nearest tips is labeled as d, and two blue
rectangles in the left row are treated as the lithography lay-
out. The edge effect appears in the EBL process, where the
developed nanopores have a larger area than the designed ones
due to the edge effect, as shown in the green edge of the middle
row of figure 4(a). After the Au filling by ECD, the nanogaps
are taken shape, it is obvious that the gap width g is smal-
ler than the distance of the layout. By designing nanopatterns
with different distances, the nanogaps are finally obtained by
combining the layout design and edge effect, as shown in
figure 4(b), from the left side to the right, the gap widths
become smaller, and the red rectangle indicates a smallest gap
width of sub 10 nm. By comparing the distance between the
pattern and the width of the fabricated nanogap, it can be found
that the edge effect introduced a 30 nm difference between the
designed and output nanopores. Figure 4(c) shows a 10 nm
gap with 1 µmheight, whose aspect ratio reaches 100:1, which
gives a large controllable degree of incident light along z-axis.
Figure 4(d) depicts a 10 nm nanogap array, showing the excel-
lent fabrication ability of the ECD method. In order to invest-
igate the minimize gap width of the HAR nanogap. Nanogaps
with a height of 150 nm are fabricated and a narrowest nanogap
with 5 nm width can be found (figure 4(e)). The templated

ECDmethod has proved to be effective in fabricating high res-
olution and HAR nanogap.

Based on the diversiform HAR structures that are
developed by templated ECDmethod, a series of photonic and
electronic devices can be realized. A SERS substrate based
on the ultra-HAR nanogap array is fabricated to demonstrate
its great potential in plasmonic devices. Figure 5(a) displays a
nanogap array with the gap width fixed at 10 nm. The bottom
electrode layer, which acts as a conductor during the ECD
process, can introduces the charge transfer between the two
nanorods of the nanogap. However, the charge transfer would
give a negative influence to the light confinement effect. Thus,
the IM is employed to the substrate to remove the bottom
layer Au. As shown in figure 5(b), the Au can be efficiently
removed, and a good uniformity can be observed between
each nanogap. The inset shows a single nanogap after remove
the bottom layer Au. Although the height of the nanogaps
become lower, however the gap width is maintained at 10 nm,
which origins from the good directionality of the ion etching,
where the etching effect only happens to the z-axis rather than
the x–y cross section. In order to verify the improvement of
SERS intensity by removing the conductive Au layer, SERS
spectra for R6G under a concentration of 10−4 Mare collected
from the substrates before and after the Au etching process,
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Figure 5. (a), (b) Metallic nanogaps with and without the bottom electrode, respectively, and their SERS spectra are shown in (c); (d) the
SERS intensity distribution of the 613 cm−1 peak for the nanogap array with changing width; (e)–(g) SEM images of nanogaps with
different widths. Scale bars: 1 µm.

respectively. As figure 5(c) shows, one can clearly see that
the SERS intensities of characteristic peaks obtained from the
nanogaps without Au bottom layer are much stronger than
that before the Au etching. What is more, a SERS intensity
mapping for 613 cm−1 peak is also collected from a nanogap
array with changing gap width as shown in figure 5(d), as the
gap width become smaller from the left side to the right side
(figures 5(e)–(g)), the SERS signal increased, indicating the
narrower gap provides higher SERS EF [32].

After the Raman enhancement property of the HAR
nanogaps has been confirmed, a new configuration is designed
to obtain higher SERS EF. As figure 6(a) shows, the nanorods
of the nanogap are replaced by fan-like structures, which have
been proved to have a much stronger light confinement com-
pared to the rectangle pattern [33]. A schematic top view of the
nanogap is shown at the bottom of figure 6(a), each fan-like
pattern has an equilateral triangle, which has a vertex angle of
θ = 105◦. And a half circle link to the bottom edge of the tri-
angle, the distance between both center points of the half circle
is w = 0.4 µm, and the radii of the half circles is r = 0.3 µm.
Finite difference time domain (FDTD) method has been intro-
duced to simulate the localized electric filed distribution of the
nanogap, where the incident light is an x-polarized 532 nm
Gaussian wave, all the boundaries are set to perfect matched
layers to avoid reflection. Figure 6(b) depicts the top and
side views of the local electric field distribution, a ‘hot spot’
can be observed in the nanogaps. Here, the nanogap can be
seen as a nano-cavity, series of reflectance and interference

happen in the nanogap, and the field intensity that is changed
with the y-axis of the nanogap indicates the field enhancement
effect origins from the Fabry–Perot resonance [34]. The field
enhancement ability of the nanogap depends on the height
of the nanogap, thus the light EF of nanogaps with differ-
ent heights are further simulated and shown in figure 6(c),
where two peaks can be observed for the gaps with 300 and
700 nm heights, respectively. In particular, the 10 nm gap with
700 nm height provides the highest light enhancement ability
of |E/E0|2 = 230.

According to the simulated results, the nanogaps with peri-
ods of 2 and 1 µm along x- and y-axis, respectively, are fabric-
ated by templated ECD method. Figure 6(d) displays a SEM
image of nanogap array, indicating the nanogaps have a same
configuration with the schematic. And the inset shows a single
nanogap that is fabricated by templated ECD method, depict-
ing a gap width of 10 nm and aspect ratio up to 70:1. Then the
nanogap array is immersed into the R6G solution under con-
centrations of 10−4 and 10−9 M for 3 h in order to bond the
R6G molecules on the surface of nanogaps. Then the Raman
spectra are collected under the illumination of 532 nm laser
with a power of 0.18 mW for 5 s. Figure 6(e) shows the
SERS signal of 10−4 M R6G for Si, no nanogap structures
and the nanogap substrate, where the Si substrate does not
show obvious enhancement ability, while the spectrum col-
lected from the no nanogap structures shows all the charac-
teristic peaks for R6G. Notably, when it comes to the sub-
strate based on nanogaps, the intensities of the characteristic

6



J. Micromech. Microeng. 32 (2022) 054002 R Pan et al

Figure 6. (a) Schematics of the configuration-optimized SERS substrate based on HAR nanogaps; (b) localized electric field distribution of
the nanogap in the x–y and x–z planes; (c) the curve of light confinement versus the gap height; (d) fabricated SERS substrate, and the inset
shows a unit cell in the substrate; (e) SERS spectra of R6G collected from Si, no nanogap structures and nanogap array, respectively; (f)
SERS spectra of R6G under the concentrations of 10−4 and 10−9 M. Scale bar: 2 µm.

peaks are dramatically increased, indicating the nanogap plays
the dominate part in enhancing the Raman signal. Figure 6(f)
shows the large good enhancement ability of HAR nanogaps,
apart from the signal intensity of 10−9 M R6G being smal-
ler than that of 10−4 M, all the characteristic peaks can be
distinctly distinguished. And the SERS EF are calculated by
EF = (NBulk/NSERS) × (ISERS/IBulk), where NBulk and IBulk
refers to the excited molecular numbers and Raman intens-
ity for R6G powder, while NSERS and ISERS are molecular
numbers and SERS intensity of the R6G on the surface of
the nanogap. Here the molecules on the nanogaps are treated
as a monolayer. The EF of the nanogap is calculated to be
4 × 106, highlighting the ultra-sensitive SERS sensing abil-
ity of the HAR nanogaps. Notably, there are possibilities to
further improve the SERS EF by optimizing the configuration
of the substrate, such as inserting a gold layer blow the SiO2

layer [35, 36].

3. Conclusions

In conclusion, we have demonstrated a templated ECDmethod
for the fabrication of HAR metallic structures. Established
structures have a minimum line-width down to 100 nm and
aspect ratio reaches 10:1. Various HAR nanostructures includ-
ing nanopores, nanorods, nanogratings have also been fabric-
ated over a large scale, indicating the good uniformity and

controllability of the templated ECD method. The overgrowth
process has also been considered and modulated, mushroom-
like architectures are effectively fabricated, which further
improves the controllable degree of this method. Most import-
antly, by combining the layout design and the edge effect of
EBL, HAR nanogaps can be obtained, whose width can be as
narrow as 5 nm and the aspect ratio exceeds 100:1. Based on
Fabry–Perot resonance of the HAR nanogaps, a SERS sub-
strate is designed and realized with an EF of 4 × 106, which
can be applied in the detection of R6G with a concentration
of 10−9 M. The templated ECD method gives an efficiency
approach for the rapid fabrication of large scale HAR metal-
lic structures, which can be potentially used for the next gen-
eration of SERS substrates, metasurfaces and plasmon wave-
guides.

4. Methods

4.1. Fabrication process

The Si or SiO2 substrates with 2 cm× 2 cm area were cleaned
by a RIE (NGP80, Oxford) system, where the gas flowwas O2:
100 sccm to achieve a pressure of 100 mTorr, and the substrate
was etched for 5 min under a power of 100 W. Then 50 nm
Au was deposited on the substrate as a conductive layer. After
that, 1 µm thick PMMAwas spin-coated on the Au film for the
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EBL exposure. The substrate was loaded in the EBL (JEOL,
6300FS) chamber, after EBL exposure, various patterns were
developed in a mixture of methyl isobutyl ketone (MIBK) and
isopropanol (IPA) with a ratio of 1:3. The substrate was further
immersed into the Au electrolyte (NB technologies GmbH,
NB Semiplate Au 100), take the Au film as the cathode while
a platinized mesh as the anode, by fixing the current density as
18.392 µA mm−2, the Au was deposited to fill the nanopores.
After the Au filling, RIE is further used to remove the resist by
the 100 W O2 plasma etching under a pressure of 100 mTorr.
And the HAR structures are finally obtained. Selectively, the
conductive layer can be removed by IM under the Ar flow for
120 s, thus, individual metallic nano-structures based on Si or
SiO2 substrate are obtained.

4.2. Optical simulation method

The FDTD method was employed to simulate the electric
field distribution of the nanogaps. The height of the nanogaps
changed from 100 to 900 nm, while the substrate is a SiO2

layer with a thickness of 1000 nm. The wavelength of the
incidence light was set at 532 nm and propagated along the
z-axis with the electric field polarized along the x-axis. Three
monitors that are perpendicular to x, y, and z axes are set in the
model, respectively, in order to capture the field distribution
fully. All the simulated boundaries were perfectly matched
layers to avoid reflections. Taking advantage of the model
mentioned before, the field distribution of the HAR nanogaps
on SiO2 substrate is simulated.

4.3. SERS measurement

R6G powders were dissolved in deionized water to prepare
solutions with different concentrations. The samples were
functionalized with molecules by immersion in the solutions
for 3 h. Then, the samples were taken out and washed by ethyl
and deionized water (DI) to remove the unbound molecules,
and then dried with a flow of nitrogen. The SERS meas-
urements were carried out on a micro-Raman spectrometer
(Horiba/Jobin Yvon HR 800) equipped with a 532 nm laser
as the excitation source. The laser was focused on the sample
surface using a 100× lens (N.A.= 0.9) with a 1 µm spot size.
To protect the molecules from laser heating, the laser power
was kept at 1.8 mW on the sample surface, and exposure times
of 5 s are used to collect the SERS signal ranges from 550 to
1800 cm−1. Each Raman spectrum was collected on a single
gap. As for the calculation of SERS EF, a sample is immersed
in 10−4 M concentration R6G for 3 h to bond a monolayer of
R6G on the sample surface. And the depth of laser penetration
for R6G powder is 2 µm. Using all the data mentioned before,
the SERS EF can be calculated.
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