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Abstract: Recent development in nanofabrication 
technology has enabled the fabrication of plasmonic 
nanoapertures that can provide strong field concentra-
tions beyond the diffraction limit. Further utilization of 
plasmonic nanoaperture requires the broadband tuning 
of the operating wavelength and precise control of 
aperture geometry. Here, we present a novel plasmonic 
coaxial aperture that can support resonant extraordinary 
optical transmission (EOT) with a peak transmittance 
of ~10% and a wide tuning range over a few hundred 
nanometers. Because of the shadow deposition process, 
we could precisely control the gap size of the coaxial 

aperture down to the sub–10-nm scale. The plasmonic 
resonance of the SiNx/Au disk at the center of the coaxial 
aperture efficiently funnels the incident light into the 
sub–10-nm gap and allows strong electric field confine-
ment for efficient second harmonic generation (SHG), as 
well as EOT. In addition to the experiment, we theoreti-
cally investigated the modal properties of the plasmonic 
coaxial aperture depending on the structural parameters 
and correlation between EOT and SHG through finite-
difference time-domain simulations. We believe that our 
plasmonic coaxial apertures, which are readily fabricated 
by the nanoimprinting process, can be a versatile, prac-
tical platform for enhanced light–matter interaction and 
its nonlinear optical applications.

Keywords: plasmonics; gap plasmon; plasmonic coaxial 
aperture; extraordinary optical transmission; second 
harmonic generation.

1  �Introduction
Owing to the strong light–matter interactions beyond the 
optical diffraction limit [1–5], plasmonic nanostructures 
have facilitated various applications such as high-resolu-
tion imaging [6], sensors [7], tweezers [8], photovoltaics 
[9], structural color generation [10, 11], and optical medical 
therapies [12]. Extraordinary optical transmission (EOT) 
[13] and second harmonic generation (SHG) [14] have also 
been attractive applications of subwavelength-scale field 
concentration of the plasmonic nanostructures. Enabling 
the incident light to funnel the subwavelength apertures 
on a thin metallic film and interact with nanometer-scale 
materials, EOT has been particularly advantageous for the 
applications to ultrathin color filters [15], highly sensitive 
optical sensors [16], tunable band perfect absorbers [17], 
and optical trapping [18]. Meanwhile, SHG, which is pro-
hibited in centrosymmetric materials such as most noble 
metals, has been observed in carefully designed plasmonic 
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nanostructures that provide local symmetry breaking 
and high field concentration [19–25]. The resultant half-
wavelength light emission and its high sensitivity to the 
structural changes provide novel applications, from ultra-
short-width pulse generations [26, 27] to ultrahigh-sensi-
tive surface morphologies [28, 29]. As their origin is the 
same, the electric field concentration, EOT, and SHG can 
be simultaneously created with a strong correlation [30].

Recently, plasmonic coaxial nanoapertures [31, 32] 
have been suggested as excellent platforms for EOT and its 
applications [15, 33–35]. In addition, employing the atomic 
layer deposition [36] or shadow deposition method [37], 
there has been significant progress in fabricating plas-
monic coaxial apertures in a large and scalable area, which 
is necessary for practical applications such as biosensing 
[37] and color filters [15]. However, no systematic studies 
have been reported on the simultaneous creation and corre-
lation of both EOT and efficient SHG in a plasmonic coaxial 
aperture yet. This is mainly because of the symmetric geom-
etry of the metal–insulator–metal gap of the conventional 
planar coaxial aperture that cancels the second harmonic 
polarizations on both surfaces of the gap [14, 38–40]. More-
over, typical coaxial nanoapertures have suffered from 
rapid changes in the properties of EOT and field concentra-
tion, depending on the resonance wavelength [35, 37].

In this work, we demonstrate resonant EOT through 
a sub–10-nm plasmonic coaxial aperture with asym-
metric gap geometry and the resulting enhancement of 
SHG. The nanoimprint and shadow deposition methods, 
which are capable of large-scale processing, enabled 
the precise control of the geometry and gap size of the 
coaxial aperture in the nanometer scale. Depending 
on its geometry, the plasmonic coaxial aperture can 
tune the resonant wavelength of EOT over a wide spec-
tral range of a few hundred nanometers, maintaining 
the magnitude of EOT. We systematically investigated 
the interrelationship between EOT and SHG consider-
ing the aperture geometry and resonant wavelength. 
We believe that the simultaneous, high-precision, and 
broadband controllability of the transmission and the 
field confinement of our plasmonic coaxial aperture 
may suggest several potential applications such as 
ultrasensitive nonlinear plasmonic sensing [41], super-
resolution imaging [42], single nanoparticle detection 
[43], and active metamaterials [44].

2  �Results and discussion
Figure 1A–C show the schematic and scanning elec-
tron microscope (SEM) images of the plasmonic coaxial 

aperture structure. The shadow deposition of Au on the 
SiNx disk supported by the SiO2 post forms the plasmonic 
coaxial aperture with a sub–10-nm air gap along the cir-
cumference. We fabricated identical coaxial apertures 
over a large area (0.5  cm2) using the nanoimprinting 
process. The period of the triangular lattice was 800 nm, 
which is sufficiently large to ignore the coupling between 
the coaxial apertures, as well as sufficiently small to 
exclude the diffraction grating effect for the given wave-
length range and the numerical aperture (NA) of the 
employed objective. The plasmonic resonance of the SiNx/
Au disk strongly confines the electric field at the aperture 
gap and causes EOT and efficient SHG. We experimentally 
observed that when we pumped multiple apertures each 
aperture exhibited a bright SHG signal (Figure 1D). Sub-
sequently in this work, we investigated the operation of a 
single aperture independently.

Figure 1E shows the schematic of the SHG measure-
ment setup. A femtosecond laser with a center wave-
length of 1560 nm (FemtoFiber pro NIR; Toptica, Munich, 
Germany) was focused on the sample by an objective 
with an NA of 0.65 and a linear polarizer. The spot size 
of the pump laser was ~1.58 μm. The repetition rate and 
pulse width were 80  MHz and 100 fs, respectively. The 
SHG signal radiating to the backside of the sample was 
collected by another objective (NA  =  0.6) and detected by 
an electron-multiplying charge coupled device (EMCCD) 
camera (iXon3 897; Andor Technology, Belfast, United 
Kingdom). To isolate the SHG signal from the pump 
laser, we employed short-pass (<1300 nm) and band-pass 
filters (775 ± 25  nm). For the EOT spectra measurements, 
we employed a collimated beam of a supercontinuum 
light source (SuperK COMPACT; NKT Photonics, Birkerød, 
Denmark) and a monochromator coupled with an array 
detector (AvaSpec-NIR512; Avantes, Apeldoorn, The 
Netherlands), as shown in Figure 1F.

The detailed fabrication process is described in Figure 
2A. First, we deposited an SiNx (70 nm)/SiO2 (45 nm)/SiNx 
(70  nm) multilayer on the quartz substrate through the 
radiofrequency (RF) sputtering process. Second, an array 
of SiNx nanodisks with a diameter of 200  nm was fabri-
cated by the ultraviolet nanoimprint patterning [45] and 
reactive ion etching processes. Third, the buffered oxide 
etchant selectively etched the SiO2 layer and formed the 
SiNx disk supported by the SiO2 post. Fourth, an addi-
tional RF sputtering of SiNx was performed to increase the 
height and diameter of the SiNx disk and control the size 
of the final Au–air–Au gap. Finally, we conformally depos-
ited the Au layer using the direct current (DC) sputtering 
process and built the plasmonic coaxial aperture structure 
in terms of the shadow deposition [46–48].
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Figure 2B shows a transmission electron microscope 
(TEM) image of the cross section of the fabricated plas-
monic coaxial aperture. The conformal deposition of the 
Au layer and formation of the sub–10-nm gap can be clearly 

observed. As shown in the magnified images (Figure 2C–
E), the metal–air–metal gap can be controlled from 24 nm 
to <6 nm depending on the offset by the additional SiNx 
layer. We note that the presence of the undercut SiO2 post 

Figure 1: Scheme of the experiment.
(A) Schematics of coaxial plasmonic aperture array. (B) Scanning electron microscope image of a coaxial plasmonic aperture array sample 
(38° tilted view). (C) Scanning electron microscope image of the sample (top view). (D) Measured EMCCD image of the SHG output radiated 
from the bottom (substrate side) of the aperture array while pumped from the top (Au side) with 1560-nm femtosecond laser on multiple 
apertures. The brighter area indicates the higher intensity. (E) Schematic of the SHG measurement setup. (F) Schematic of the EOT 
measurement setup.

Figure 2: Fabrication of the plasmonic coaxial apertures.
(A) Fabrication process of plasmonic coaxial apertures. Arrows indicate the direction of the processes at each step. (B) Cross-sectional 
TEM image of a coaxial plasmonic aperture sample without SiNx offset (scale bar, 50 nm). All samples were sliced using focused ion beam 
(FIB) milling as ~100-nm thickness before the TEM measurement. The regions without material marks represent protective Cu and Pt layers 
deposited before the FIB milling. Transmission electron microscope images of the samples with various SiNx offset thicknesses: (C) 0 nm,  
(D) 18 nm, and (E) 30 nm each (scale bar, 20 nm). White dashed lines indicate original SiNx layer surfaces before the additional SiNx 
deposition. Red arrows indicate the formation of air gap.
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beneath the SiNx disk enabled the creation of the sub–
10-nm scale gap with asymmetric cross-sectional geom-
etry. The conformal DC sputtering deposition allowed the 
Au layer to penetrate into the undercut area in the form of 
a tail. The sharp bottom edge of the Au layer deposited on 
the side wall of the SINx disk and the tail of the penetrated 
Au layer resulted in the nanogap with the asymmetric 
cross section, which can avoid the effect of second har-
monic polarization canceling in symmetric metal–insula-
tor–metal gap structures [14, 38–40].

We theoretically investigated the modal properties of 
the plasmonic coaxial aperture using the finite-difference 
time-domain (FDTD) method. Figure 3A shows the calcu-
lated field profile of the plasmonic resonant mode. The 
linearly polarized incidence couples with the plasmonic 
dipole resonance mode of the Au/SiNx nanodisk and 
funnels into the aperture gap, showing strong field con-
finement. According to the cross-sectional geometry of the 
aperture, the Ez field dominates in the field confinement. 
The antisymmetric Ez field distribution with respect to the 
y-z plane accompanies the symmetric Ex field distribu-
tion, which results in the effective coupling to the radia-
tion propagating along the z axis. We can simultaneously 
control the peak transmittance and center wavelength 

of the resonance mode, depending on fine structural 
changes of the Au nanogap, such as the size of the gap 
and length of the penetrated Au tail, as well as the diam-
eter and height (see also Supplementary Material 1) of the 
Au/SiNx nanodisk. The size of the gap is defined as the 
shortest distance between the Au layers, and the length 
of the tail is the inclined distance between the gap posi-
tion and the end of the penetrated Au layer (Figure 3B). In 
Figure 3C, we calculated the spectral behaviors of coaxial 
apertures with different gap sizes and tail lengths. In the 
simulations, the gap and tail varied from 6 to 18 nm and 
from 18 to 54 nm, respectively. As shown in Figure 3D, the 
electric field is strongly confined in the gap region, regard-
less of the structural conditions; this validates our model 
on the funneling of the incident wave to the gap following 
the coupling with the plasmonic resonance of the Au/SiNx 
disk. As the gap size and tail length decrease, the center 
wavelength of EOT increases. In contrast, the peak trans-
mittance increases as the gap size increases or tail length 
decreases. Therefore, by employing the complement 
effects of the gap size and tail length, we can engineer the 
properties of EOT with a high degree of freedom.

To examine the field confinement at the gap and 
its correlation with EOT, we calculated the electric 

Figure 3: Calculated optical properties according to the aperture geometries.
(A) Electric field distribution of vertical component (Ez) of a plasmonic coaxial aperture at the resonance wavelength calculated using FDTD 
method. The cross-sectional values were obtained in the horizontal plane along the center of the gap and the vertical plane parallel to the 
polarization of the source along the center of the aperture (scale bar, 50 nm). Solid lines at the vertical cross-sectional image describe 
boundaries of different materials. (B) Cross-sectional electric field intensity (|E|2) distribution along the center of the disk of the same 
structure in (A) (scale bar, 50 nm). (C) Calculated transmission (black solid lines) and electric field enhancement (|Emax|2/|E0|2, red lines with 
dots) of plasmonic coaxial apertures with various gaps (6, 12, and 18 nm) and metal tail lengths (18, 36, and 54 nm). (D) |E|2 distributions of 
the structures in (C) at each resonance wavelength (scale bar, 50 nm). All FDTD simulations were performed using the calculation grids with 
2-nm cell sizes and Au collision frequency of 17.1 THz.
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field enhancement, |Emax|2/|E0|2 (red lines with dots in 
Figure 3C). Emax and E0 are the electric field at maximum 
and that of the incident light, respectively. The field 
enhancement shows spectral behavior similar to EOT, 
confirming that the plasmonic resonance mediates the 
funneling of the incident light into the subwavelength 
gap. As shown in the intensity profiles of Figure 3D, the 
electric field is maximized in the gap region, particu-
larly at the bottom edge of the Au/SiNx disk. Under the 
resonant condition, the electric field enhancement is 
on the order of 104. The peak of the field enhancement 
increased more than threefold as the gap size decreased 
from 18  nm to 6  nm. In contrast, the tail length effec-
tively tunes the transmission peak, but hardly affects 
the magnitude of the field enhancement. Here, we note 
that the electric field concentration at the metal (Au)–
air boundary considerably enhances the probability of 
SHG [23]. Our plasmonic coaxial apertures thus have 
the advantages of not only strong field concentration 
depending on the gap size but also wide tunability of 
the resonance to match with the target wavelength, 

depending on other structural parameters, tail length, 
and Au/SiNx disk size.

Figure 4A and B show the measured and calculated 
EOT spectra of the demonstrated plasmonic coaxial aper-
tures depending on the offset of the additional SiNx layer 
from 0 to 36 nm with a 6-nm step, respectively. The thick-
ness of the Au layer was fixed to 50 nm. The gap size was 
obtained or extrapolated from the TEM images in Figure 
2C–E. Figure 4C shows the cross sections of the simulated 
plasmonic coaxial apertures and the electric field inten-
sity profiles at the wavelength of 1560 nm. All the samples 
exhibited well-defined single-mode resonance in trans-
mission, of which the center wavelength was controlled 
over a very wide spectral range, from 1318 to >2000  nm 
beyond the measurement range. Meanwhile, the peak 
transmittance remains ~10% on average in experiments 
(~15% on average in simulations). As discussed before, the 
gap size and tail length decrease as the offset of the addi-
tional SiNx layer increases, which constructively boosts the 
redshift of the resonant wavelength and enables such a 
wide tuning range. On the other hand, the complementary 

Figure 4: Interrelationship between EOT and SHG.
(A) Experimental transmission spectra of the plasmonic coaxial aperture arrays with various SiNx offset thicknesses (0, 6, 12, 18, 24, 30, 
and 36 nm, respectively) and estimated gap sizes with (~24 nm to <6 nm), measured using the setup in Figure 1F. Red dashed lines indicate 
the pumping wavelength (1560 nm) of the SHG measurement setup. (B) Calculated transmissions (black solid lines) and square sum of the 
electric field intensity over the metal–air boundary (∫ 4|E| ,

S
da  blue solid lines with dots) for the estimated structures of (A). (C) Calculated 

cross-sectional |E|2 distribution of each structure under the irradiation of 1560-nm light. White solid lines describe boundaries of different 
materials (scale bar, 50 nm). (D) Experimental SHG images for the samples of (A), measured from the EMCCD using the setup in Figure 1E 
(scale bar, 2 μm). On (B–D), the measured or calculated intensity of each structure was normalized by a common coefficient for comparison.
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behaviors of the gap and tail result in the peak transmit-
tance, independent of the resonant wavelength. The simu-
lation results show a narrower spectral width and a higher 
peak transmittance than the experimental results. This 
difference mainly originates from the higher absorption 
of the structures in the experiments, with multigrained 
Au layer or fabrication imperfections, than those in the 
simulations.

We now examine the SHG of plasmonic coaxial 
apertures in the experiments. Figure 4D shows the 
measured intensity profiles of SHG from a single plas-
monic coaxial aperture activated by the pumping laser 
with a spot radius of ~790  nm, which is smaller than 
the period of the triangular lattice. The SHG is maxi-
mized when the resonant wavelength in the transmis-
sion matches the pumping wavelength (1560  nm). As 
shown in Figure 4B, the square sum of the electric field 
intensity over the metal–air boundary, a source key of 
SHG, exhibits spectral behavior similar to EOT. Indeed, 
the coupling and funneling of the incident light into the 
gap area are crucial to SHG. The square sum of the elec-
tric field intensity over the metal boundary was at least 
106 higher than that of a flat Au film (Figure S3). The 
longer the resonance wavelength, the larger the square 
sum of the electric field intensity because of the follow-
ing reasons. First, the smaller gap size causes stronger 
field confinement, as well as longer resonant wave-
length. Second, the larger absolute refractive index of 
Au at the longer wavelength makes the electric fields 

at the boundary stronger than those in the interior. 
Although we here focused on the effect of the funda-
mental electric dipole contribution on SHG and calcu-
lated the square sum of the electric field intensity, we 
note that the effects of higher-order terms may need to 
be considered further in nanoscale structures [49–51]. 
We believe that, supporting high-quality EOT and effi-
cient field confinement, our plasmonic coaxial aperture 
can be a useful platform for the implementation and 
application of nonlinear optical phenomena, even in 
the mid-infrared region [34].

Figure 5 presents the experimental results of EOT and 
SHG at the wavelength of 1560  nm and compares them 
with the simulated results. The SHG intensity is more 
sensitive to structural changes than EOT, and its maximum 
and minimum differed by ~25 times from the experimen-
tal results. It is clearly confirmed that the square sum of 
the electric field intensity over the metal–air boundary 
correlates with SHG. Moreover, the electric field concen-
tration in the gap region (see also Figure 4C) successfully 
represents the behavior of EOT.

3  �Conclusions
In summary, we presented plasmonic coaxial apertures 
supporting EOT and SHG. The shadow deposi-
tion method enabled us to reduce the gap size of the 

Figure 5: Extraordinary optical transmission and SHG with various SiNx offsets.
(A) Measured transmissions at 1560-nm wavelength (black solid line) and SHG intensities (blue lines with error bars) of the samples in 
Figure 4A and D. The error bar of the SHG intensity indicates standard deviations of different measurements. (B) Total electric field energy 
integrated over the resonance mode ( ε∫ 2|E| ,

M
dV  black solid line) and square sum of the electric field intensity over the metal–air boundary 

∫ 4|E|
S

da (blue lines with squares) at 1560-nm wavelength, for the structures in Figure 4B and C.
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aperture to the sub–10-nm scale. The plasmonic reso-
nance of the SiNx/Au disk efficiently couples with the 
incident light and funnels it into the gap area with 
strong electric field confinement. We experimentally 
demonstrated resonant EOT with a peak transmittance 
of ~10% and a wide tuning range of more than several-
hundred nanometers. Theoretical modeling based on 
numerical calculations revealed that the precise control 
of the length of the penetrated Au tail and the gap size 
is the key to such a widely tunable, stable generation of 
EOT. We also realized controllable SHG depending on 
the structural parameters and investigated its correla-
tion with the square sum of the electric field intensity at 
the metal–air boundary. We believe that our plasmonic 
coaxial apertures, which are even compatible with the 
nanoimprinting process, can be a versatile, practical 
platform for various applications including nonlin-
ear optical components, functional metasurfaces, and 
broadband optical sensors.

4  �Methods

4.1  �Finite-difference time-domain simulation

We employed full-vectorial three-dimensional FDTD simu-
lation to calculate the transmission spectra and the elec-
tric field enhancements of the plasmonic coaxial aperture 
structures. We used a uniform Yee lattice of 2-nm-size 
unit cells. The Drude model and the recursive convolu-
tion method were used to model the permittivity of gold 
[52]. The periodic boundary condition was applied along 
the horizontal directions to simulate the array structure 
in the triangular lattice, and the convolution perfectly 
matched layers were used at the boundaries of the verti-
cal direction. To calculate the square sum of the electric 
field intensity for the prediction of SHG, we integrated the 
square of the electric field intensity only at the outermost 
grids of the gold media.
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