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Gap-type metallic nanostructures are widely used in catalytic reactions, sensors, and photonics because the hot-
spot effect on these nanostructures supports giant local electromagnetic field enhancement. To achieve hotspots,

researchers devote themselves to reducing gap distances, even to 1 nm. However, current techniques to fabricate
such narrow gaps in large areas are still challenging. Herein, a new coupling way to boost the sub-10 nm plas-
monic nanogap array is developed, based on the plasmon-triggered optical waveguide resonance via near-field

coupling. This effect leads to an amplified local electromagnetic field within the gap regions equivalent to nar-
rower gaps, which is evidenced experimentally by the surface-enhanced Raman scattering intensity of probed
molecules located in the gap and the finite-difference time-domain numerical simulation results. This study pro-
vides a universal strategy to promote the performance of the existing hotspot configurations without changing

their geometries. © 2020 Chinese Laser Press

https://doi.org/10.1364/PRJ.404092

1. INTRODUCTION

Controlling the light at the nanoscale by plasmonic nanostruc-
tures to obtain hotspots with giant local electromagnetic (EM)
fields has received increasing interest in the past decade because
hotspots are  beneficial for catalytic [1-3],
biochemical sensors [4—6], plasmon-enhanced photolumines-
cence [7-9], and plasmon-enhanced spectroscopy [10-12].
Programmed nanogaps are considered one of the most feasible
hotspot structures. Diverse preparation methods have been
explored actively for building gap-type nanostructures. The
skillful control of the gap distance can be achieved in various
ways. For example, nanoparticle dimers with the bridging
molecular rulers can be made by complementary deoxyribonu-
cleic acid chains [13,14] or other linkers [15]. The gap distan-
ces can be precisely controlled even to 1 nm. However, these
bridging molecules occupy the gap areas, which limits further
applications of these hotspots. The physical methods, e.g.,
electron-beam lithography and focused ion beam and photon
lithography [16,17], allow for the highly ordered, nonmole-
cule-filled gaps, which are also beneficial for surface-enhanced
Raman scattering (SERS) detection and bio/chem sensing
[18-20]. However, these methods are time-consuming, and
it is challenging to manufacture hotspots in large areas.
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In order to pursue stronger local EM fields of the gap con-
figurations, ways to manipulate their radiation processes have
been extensively explored in light—matter interactions. One of
the strategies is to avoid the nonradiative damping of metal ma-
terials caused by interband transitions [21,22]. Other attempts
start with the field coupling of many resonance modes, e.g.,
cavity [23,24], waveguide (WG) [25-28], dielectric sphere
[29-31], and other optical elements.

In this work, we demonstrate a useful strategy for boosting a
large-area gap-type array based on a modified planar optical
WG. The localized surface plasmon resonance (LSPR) of a
sub-10 nm Ag nanogap array triggers the planar WG mode,
which improves the EM field of gap regions 1.8 times, evi-
denced by the SERS signals of probed molecules located in
gap areas. Typically, an attenuated total reflectance (ATR)
mode that can trigger a planar WG resonance is preceded
by some optical couplers, e.g., prisms [25-28,32,33], or irra-
diating the WG from the transverse plane. Here, the WG res-
onance can be excited by the near-field coupling of the nanogap
array, which has hardly been reported in previous studies. This
strategy extends the application scope of the plasmon-WG
combined systems due to the configuration simplification, with
no need for other optical couplers. Thus, a distinct physical
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mechanism is proposed. The plasmon resonance first launches,
and then couples the light to the dielectric WG to resonance.
This plasmon/WG coupling improves the local EM field of the
gap regions and facilitates plasmonic sensing and imaging with
a higher sensitivity.

2. EXPERIMENTAL SECTION

A. Preparation of the WG

The WG structure was prepared on a BK7 glass slide
(1.0 cm x 1.3 cm, 7 = 1.516). A 35 nm Ag film was deposited
on a cleaned glass slide by thermal evaporation at a speed of
0.18 nm - s™!. After that, a 600 nm SiO, WG layer (2 = 1.48)
was fabricated on the Ag film by the inductively coupled plasma
chemical vapor deposition (ICPCVD) method.

B. Preparation of the Ag Nanogap Array

An Ag nanogap array was achieved by opposite oblique evapo-
ration of Ag 2 times by using a double-sided through-
hole anodic aluminum oxide (AAO) as a mask, as shown in
Fig. 1(a). The AAO templates were purchased from Shenzhen
Topological Fine Film Technology Co., Ltd. The period, aper-
ture size, and thickness are 125, 100, and 430 nm, respectively,
as shown in Fig. 1(b). A polymethyl methacrylate (PMMA)
layer covers one side of the AAO structure as a support layer.
The AAO mask was stuck tightly to the surface of the WG
layer. Then, the slide was soaked in acetone for 15 min 4 times
to remove the PMMA. Thus, the AAO mask was successfully
transferred to the WG surface.

To prepare the Ag nanogap array, we put the WG slide with
the AAO mask on an inclined stage of a thermal evaporation
vessel 2 times for metal evaporation [34—36]. The stage tilted
10° relative to the horizontal direction for the first evaporation
step, and then we turned the stage to the opposite synclinal
direction for the second evaporation. The thermal evaporation
worked at a speed of 0.18 nm - s™!. The obtained nanogap is
two close semiellipsoids. To achieve a symmetrical nanogap
geometry, the evaporation thicknesses were optimized as
30 nm for the first evaporation and 39 nm for the second
evaporation, because the pore size of the AAO would be
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Fig. 1. (a) Preparation process of nanogap arrays; (b) SEM images
of the AAO mask. The scale bar of the inset is 500 nm. (c) SEM im-
ages of Ag nanogap array. The scale bar of the inset is 100 nm.
(d) Statistical results of 100 gap distances.
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blocked to a certain extent after the first evaporation step.
Finally, the AAQO, including the extra Ag on the AAO, was re-
moved with sticky tape. The achieved Ag nanogap array was
characterized by a scanning electron microscope (SEM,

JEOL JSM-6700F) as shown in Fig. 1(c).

C. Reflectance Spectra and SERS Measurements
Reflectance spectra and angle-dependent SERS spectra were
measured by a self-built angle-dependent surface plasmon res-
onance-SERS microspectrometer, which can test spectra at dif-
ferent incident and collection angles [37]. This instrument
consists of a dual-arm goniometer, an inverted microscope
(with a 20x objective lens, NA = 0.35, focal length =
20.5 mm), a CCD imaging camera with a display screen, and
a spectrometer (iHR320, Jobin-Yvon Co.) with a CCD
(Synapse, Jobin-Yvon Co.). The polarization direction can be
adjusted by simply rotating the polarization component, com-
posed of a quarter-wave plate and a polarizer. The wavelength
of incident light was 532 nm (450 pW to the sample surface).
The time integration for the CCD was 10 s and was done twice.

For the SERS measurements, a drop of a 4-mercaptobenzoic
acid (4-MBA) ethanol solution (1.0 x 103 mol/L) was
dropped onto the surface of the sample, and all measurements
were performed after the drop was dried. In order to prevent
laser damage to the nanogap array, the weak laser power and
high probe concentration were selected.

D. Dark-Field Imaging

The light from a halogen lamp was focused onto the surface of
the sample through a 100-fold dark-field lens (NA = 0.8).
Dark-field imaging was acquired through a CCD. The integral
intensity was figured out by Image ] software, and the thresh-
olds were set to 0 to 255 during the statistical process.

E. Numerical Simulations

The simulations were calculated by the 3D finite-difference
time-domain (FDTD) numerical method using commercial
software (FDTD Solutions, Lumerical Solutions, Inc.). The
model parameters were consistent with the experimental param-
eters. The permittivity of Ag and SiO, came from the software’s
database, and the refractive index of the prism was 1.516. The
incident light was a plane wave with a wavelength of 532 nm,
and the polarization direction was parallel or perpendicular to
the incidence plane. The simulation time was set to 1000 s
to ensure the convergence of the results. The incident light
scanned from 25° to 65° with an interval of 0.5°, and the electric
field distributions were obtained under the resonance angles.

3. RESULTS AND DISCUSSION

A. Structure of the Ag Nanogap Array

A nanogap array with centimeter size (1.0 cm x 1.0 cm) was
prepared using a through-hole AAO mask [34-36]. The pri-
mary step is the opposite oblique evaporation of Ag 2 times,
as shown in Fig. 1(a), and the detailed process can be found
in the experimental section. Figure 1(b) shows the morphology
of the AAO we used. The cross section of the AAO is a vertical
channel array structure. The period, aperture size, and thick-
ness of the AAO template are 125, 100, and 430 nm, respec-
tively. Figure 1(c) shows the SEM images of the nanogap array.
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An ordered nanogap array can be observed, and each nanogap is
composed of two semiellipsoids with long axis diameters and
short axis diameters of 74 and 46 nm, respectively. The height
of the two Ag semiellipsoids is 30 and 39 nm. The distance
between gaps is optimized by changing the tilt angle of the stage
and the thickness of the evaporated Ag. The gap distance in
each nanogap unit we can achieve in our experimental condi-
tion is approximately 8 nm, as shown in Fig. 1(d).

B. Plasmon of the Ag Nanogap Array

SERS is a plasmon-based optical phenomenon, and the SERS
intensity is proportional to the fourth square of the local EM
field [38]. Thus, SERS is an ideal way to indicate the local EM
field intensity. Since the Ag nanogap is anisotropic, excitations
of two polarization directions were adopted, as presented in
Fig. 2(a), in which the projection of the polarization direction
of the incident light in the nanogap plane is perpendicular (1)
or parallel (/) to the nanogap axis. The TE-polarized incident
light (the polarization direction is perpendicular to the incident
plane) illuminates directly on the nanogap array with an inci-
dent angle (6;) ranging from 35° to 75°, and the reflectance
spectra are collected from corresponding reflection direction,
while the collection angle (6,) for SERS signals was steady
at 60°. Figure 2(b) shows the reflectance spectra of the Ag nano-
gap array on a silica slide. It can be found that a broad dip is
observed both in the cases of L or [[. Figures 2(c) and 2(d)
display the corresponding SERS spectra recorded at different
incident angles, in which the strongest SERS signals appear
at the resonance angles marked as the dashed lines (6, = 65°
for L and 6, = 51° for [)). The intensity of SERS under the
resonance angle of the case || is much stronger than that of the
case L, as shown in Fig. 2(e), which proves this nanogap array is
polarization-dependent.

C. Plasmon of the Ag Nanogap Array with the WG

With respect to the direct excitation way, as described above, a
WG structure is adopted to boost the nanogap array. The WG
can capture the incident light and cause the extreme attenua-
tion of the reflected light recorded from the prism side, which
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Fig. 2. (a) Schematic diagram of the polarization direction and
nanogap axis; (b) reflectance spectra of the nanogap array in the cases
of 1 and [f; (c) and (d) SERS profiles of 4-MBA at different incident
angles in the cases of L and [f; (¢) SERS spectra of 4-MBA on the
nanogap array above a silica slide under the resonance angles [65°
for case L and 51° for case [/, along dashed lines in (c) and (d)].

generates an enhanced EM field of an order of magnitude on
the surface of the WG under the leaky WG modes [26]. Thus,
the local EM field at gaps of the nanogap array is expected to be
enhanced by coupling with the WG mode. Figure 3(a) shows
the schematic diagram and SEM image of the WG used in this
work, including a 35 nm Ag/600 nm SiO, /air three-layered
configuration, which is the same as in our previous study [28].

Coupling the incident light into a planar WG to form the
WG mode usually needs an optical coupler, such as a prism or a
large NA lens [32,33,39]. Figure 3(b) shows a prism as a light
coupler for the WG, the measured reflectance spectra under TE
and TM (the polarization direction is perpendicular or parallel
to the incident plane) both give several narrow dips, indicating
resonant modes. But no dips are observed in the reflectance
spectra of a WG when directly excited from the air side, as
shown in Fig. 3(c), indicating that the resonance conditions
of the WG are unmatched.

Traditional optical couplers are not applied in this work. As
shown in Fig. 4(a), the incident light is directly irradiated on
the nanogap array from the air side to allow the plasmon res-
onance to first launch. Interestingly, we observed different re-
flectance spectra compared to the WG without nanogap array
and significantly enhanced SERS spectra compared to the
nanogap array without a WG. The WG modes are identified
by the reflectance spectra under TE and TM polarizations to
obtain the best coupling angle between the incident light and
the nanogap array with the WG, noted as *TE - 1, *TE-/],
*TM - 1, and *TM-||. Figure 4(b) shows the reflectance spec-
tra for the four cases. They all display broad dips, with obvious
attenuation of reflected light. Considering there are no dips in
the reflectance spectra of the WG, as shown in Fig. 3(c), the
similar broad dips in the reflectance spectra of nanogap array
without a WG, as shown in Fig. 2(b), and the broad plasmon
band of the Ag nanogap array as shown in Fig. 4(c), we suspect
the broadening of the dips is caused by the absorption of the
nanogap array. Figure 4(d) shows the corresponding SERS per-
formance; the SERS intensity shows great enhancement. It can
be observed that the SERS intensities of two [/ cases are much
stronger than those of the L cases (Frey > Ierp_ys Frmey >
I-1y_1), which is consistent with the nanogap array without
a WG, as presented in Fig. 2(e). The lowest detection concen-
tration is 1.0 x 1073 mol/L, as shown in Fig. 4(e).

Meanwhile, the use of a prism as an optical coupler has also
been studied in detail; the enhancements of the same order of
magnitude can be observed, as shown in Fig. 5. The incident
light and the collected reflectance spectra are from the prism
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Fig. 3. (a) Schematic diagram and SEM image of the WG; the scale
bar is 500 nm. (b) and (c) The measured reflectance spectra of the WG
without nanogap array from the prism side and from the air side.
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Fig. 4. (a) Schematic diagram of the polarization direction and
nanogap axis; (b) measured reflectance spectra of the nanogap array
with the WG excited from the air side for the four cases; (c) absorption
spectrum of the Ag nanogap array with 8 nm gaps; (d) SERS spectra
of a 4-MBA ethanol solution for the four cases; (e) SERS spectra of
4-MBA at different concentrations obtained on Ag nanogap array with
the WG in the *TE-|/ cases.

side, and the objective lens for collecting SERS signals is vertical
to the WG on the air side all through the detections. The four
cases, as shown in Fig. 5(a) (TE- L1, TE-J, TM - 1, and
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Fig. 5. (a) Schematic diagram of the polarization direction and
nanogap axis for the four cases; (b) measured reflectance spectra of
the nanogap array with the WG excited from the prism side for the
four cases; (c) SERS spectra of a 4-MBA ethanol solution for the four
cases; (d) and (e) simulated reflectance spectra and EM field distribu-
tion for the four cases, respectively.
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TM-/|) are tested, and Fig. 5(b) shows the reflectance spectra
of the nanogap array with the WG in the four cases. The dips in
reflectance spectra can be observed, which indicate the incident
light couples with the nanogap array with the WG to an ex-
treme. Figure 5(c) shows the corresponding SERS performance.
It can be observed that the SERS intensities of two [/ cases are
much stronger than those of the 1 cases (frey > I1gp_1,
Ity > Ip-y). Furthermore, TM modes capture more inci-
dent light and provide stronger SERS signals than TE modes
(Feniey > Ire-p Iy > Irg-1)- To further investigate the local
EM field, FDTD simulation is also carried out to simulate
the reflectance spectra and the EM field distributions of the
nanogap array, with the WG excited from the prism side.
Figure 5(d) shows that dips exist for the four cases, and the
variation trends of the resonance angles and the depths are con-
sistent with the experimental results. Deviations between the
simulation and experiment might be caused by the imperfect
structure and the small change of the refractive index because
of the assembled probe molecules. Figure 5(e) shows the
corresponding EM field distributions and proves again the local
EM fields of two [/ cases are much stronger than those of
the 1 cases (Frey > Irp_i> fomy > Ipmer), and TM
modes provide a stronger EM field than the TE modes
(e > Freepp Irver > Tre-y)-

Figures 6(a) and 6(b) show the dark-field images of the
nanogap array without and with the WG, which can more in-
tuitively display the EM field enhancement brought by the WG
structure. Significantly, a brighter image is provided by the
WG. The incident angle is calculated as 53.1° based on the
NA of the lens. Although it is not the optimized incident angle,
the integral intensity is improved approximately 2.2 times by
the WG excited and collected from the air side, as shown in
Fig. 6(c). Together with the SERS signals, dark-field imaging
also performs the EM field enhancement by the WG without
optical couplers.

D. Physical Mechanism of the Plasmon/WG
Near-Field Coupling

FDTD simulation was applied for a deeper understanding of
the EM field enhancement by the WG without optical cou-
plers. Figures 7(a) and 7(b) show the simulated reflectance
spectra and corresponding EM distributions of the nanogap ar-
ray with WG coupling, as presented in Fig. 4(a). All four cases
show broad dips in the reflectance spectra, which agree with the
experimental results as shown in Fig. 4(b). Under the light
irradiation, a part of the EM fields at the gap diffuse into the
WG layer at the air/SiO, interface. Moreover, the alternately
enhanced EM fields in the WG layers are also identifiable, as
shown in Fig. 7(b), which indicates the WG modes form under
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Fig. 6. Dark-field images of nanogap array (a) on a silica slide with-
outa WG and (b) on a WG; (c) integral intensity of dark-field images.
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the light coupler of the nanogap array. Considering the
Maxwell’s equations, it is the standing wave in the SiO, layer.
Because of the continuity of wave function at the boundary, the
enhanced EM field near the WG/air interface in the WG layer
causes an enhanced evanescent field on the surface of the WG
[28]. As shown in Fig. 7(c), the EM fields of the nanogap arrays
with the WG for the four cases are significantly stronger than
that for a nanogap array on a 600 nm SiO, film. Therefore, the
physical process of the nanogap array can be inferred. First, the
incident light excites the LSPR of the nanogap array.
Subsequently, the LSPR diffuses into the WG layer and inter-
acts with the WG mode through the near-field coupling. As a
result, the evanescent field on the surface of the WG further
enhances the EM field of the nanogap array.

It is worth noting that the transmitted light through the
nanogap array will also be reflected by the Ag film of the
WG, and the reflected light excites the LSPR of the nanogap
again. However, we cannot isolate the contribution of the re-
flection of the Ag film from the WG resonance modes because
it has been involved in the WG part as a reflection mirror.
Usually, the reflection effect can bring high reflectivity in
the reflection spectra. But no obviously increased reflectivity
is observed by comparing the red curves or the black curves
in Figs. 2(b) and 4(b), and there is even decreased reflectivity
for the *TE- || case after adding the Ag film. From Fig. 7(b), we
also observe the WG resonance has been most improved in
the case of *TE-[[. Thus, the WG mode, rather than the re-
flection of the Ag film, plays the main role in the EM field
enhancement.

Although the EM field of the nanogap array with the WG
can also be enhanced through prism excitation, it is a com-
pletely opposite physical process, in which the WG resonance
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is first excited to come up multiple total internal reflections on
the upper and lower interfaces of a WG layer, forming WG
leaky modes [28]. Then, the plasmon of the nanogap array
was excited and coupled through the leaky modes of the WG.

E. Comparison

The SERS intensities of the nanogap array without the WG
(L and [f), with the WG excited by prism coupling (TE - L
to TM-[|), and with the WG excited by near-field coupling
(*TE - L to *TM-|)) are compared in Fig. 8. The nanogap
arrays with the WG excited by near-field coupling at *TE- |
provides the best SERS enhancement. Meanwhile, the nanogap
array with the WG excited from the prism side at TM-/ and
the air side at *TM- [/ are only slightly weaker than at *TE- /.
The strongest SERS intensity (*TE-[f) is enhanced by 11 times
relative to the nanogap array without the WG (J)), indicating
the local EM field can be improved approximately 1.8 times
by the WG coupling experimentally (J/11 ~ 1.8), which is
slightly lower than the predicted results by FDTD, which cre-
ates 2.2 times stronger EM field in theory. To quantify the en-
hancement capability, the EM fields of the Ag nanogap array
with gradually decreasing gaps (without the WG) are simu-
lated. The hotspot area starts shrinking and is localized at
the gap region with the decreasing gap distance, as shown in
Fig. 9(a), and as disclosed in previous publications [40].
The strongest EM field intensity is dramatically improved,
as shown in Fig. 9(c). We further calculated the integral inten-
sity of the EM field, which was 10 times higher than at a hot-
spot region, as shown in Fig. 9(d). Although the hotspot
becomes localized, the overall gain of the EM still increases,
while the gap distance reduces. As we discussed above, 1.8
times the EM field amplification is provided by the plas-
mon/WG coupling mode. According to the integral intensity
in Fig. 9(d), a 5 nm gap nanogap array without a WG can offer
1.8 times the comparable EM field relative to the 8 nm nano-
gap array without the WG. In other words, the 8 nm gap with
the WG achieves an equivalent EM field to the 5 nm gap with-
out the WG. The EM field distribution of an 8 nm gap nano-
gap array with the WG is also shown in Fig. 9(b), presenting a
much larger hot area than the 5 nm nanodimer array without

the WG.
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Fig. 8. Comparisons of the SERS intensities of the nanogap array

without the WG and with the WG, including the prism side excitation
and the air side excitation.
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intensity of the EM field (over 10 times) at different gap distances, ranging from 8 to 3 nm.

4. CONCLUSIONS

In summary, we demonstrated an optical WG/plasmon cou-
pling way to boost a sub-10 nm gap plasmonic nanogap array.
The WG mode can be excited through the near-field coupling
of the nanogap array and then feed back to the nanogap array,
achieving 1.8 times the EM field amplification in the gap re-
gions. Although the plasmon-triggered WG resonance suffers
from a weaker enhancement relative to our previous work, it
may be optimized by changing the thicknesses of SiO, or wave-
length of the incident light, which is also a direction of our
future research. This strategy boosts the hotspots while main-
taining the geometric size of gaps, thereby offering possible
practical implementations for a wide range of hotspot-related
applications, especially for plasmonic sensing and imaging,
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