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ABSTRACT High field enhancement and near-perfect absorption in nanoantennas were realized by using
in-plane (between nanoantenna arms), out-of-plane (between nanoantenna and reflector), and array coupling
(between nanoantennas in an array); however, it was challenging to satisfy both conditions at the same
time. In this paper, we show that a bowtie nanoantenna array integrated with an artificial impedance surface
can simultaneously satisfy both high field enhancement and perfect absorption. The artificial impedance
surface is implemented as a metallic patch array on a grounded 50 nm-thick SiO; substrate with reactive
impedance surface (RIS) or high impedance surface (HIS) characteristic. Through the proposed design
methodology, we designed a bowtie nanoantenna array on an optimum RIS patch array and achieved a
high field enhancement factor (E/Ep) of 228 and a nearly perfect absorption rate of 98% at 230 THz. This
novel design outperforms the previously reported nanoantenna structures and the same bowtie nanoantenna
array designed using a conventional grounded SiO,. We also show that the HIS-integrated bowtie antenna
array cannot realize both goals at the same time because the highly reflective HIS cannot guarantee perfect
absorption. The proposed RIS-combined nanoantenna array with high field enhancement and near-perfect
absorption can be used for efficient infrared (IR) and optical detectors, sensors, and energy harvesting
devices.

INDEX TERMS Nanoantenna, plasmonic antenna, infrared antenna, field enhancement, absorption, artifi-

cial impedance surface, localized surface plasmon.

I. INTRODUCTION

Nanoantennas have been attracting attention as devices
capable of concentrating and enhancing diffraction-limited
light within subwavelength sizes and absorbing incident light
efficiently [1]-[3]. Field enhancement on the nanometer scale
from metallic nanoantennas is originated from the charge
accumulation at the nanoantenna terminals due to localized
surface plasmon resonance (LSPR) [4], [5]. The confined and
enhanced fields of the nanoantenna can be used to excite
fluorescent molecules and detect single molecules [6]. Addi-
tionally, with the high absorption rate, the nanoantenna can
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be used to improve the efficiency of infrared (IR) detec-
tors [7], [8], plasmonic sensors [9], [10], surface-enhanced
IR absorption spectroscopy [11], solar energy collection [12],
and IR energy harvesting devices [13], [14].

To improve the field enhancement of the nanoanten-
nas, researchers have been actively utilizing three meth-
ods: 1) in-plane coupling between two metallic arms of the
nanoantenna [15], [16], 2) out-of-plane coupling between
the nanoantenna and its image using a dielectric spacer
with a metallic reflector or film [17], and 3) coupling
between nanoantenna elements using nanoantenna array
structures [18]-[20]. Using the grounded spacer and the
array structure, optimum geometric conditions such as spacer
thickness and distance between nanoantennas in the array
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(array pitch) to maximize the field enhancement have been
studied [21]-[23]. Seok et al. varied the spacer thickness
of a dipole nanoantenna after fixing the array pitch to
600 nm and achieved the maximum field enhancement (E/Eg)
of 89 at a wavelength of 880 nm with the spacer thickness
of 60 nm, which is shorter than a quarter wavelength [23].
However, the absorption rate was limited to 70% because the
array pitch was not optimized for absorption improvement.
Further, the optimum distance between nanoantenna elements
in the array for the maximum field enhancement or absorp-
tion has been studied [24]-[28]. All of the array structures
with an optimum array pitch exhibited field enhancement
values (E/Ep) lower than 200 in the visible and IR range
and the absorption was not perfect. Among them, the highest
field enhancement value of 160 from the bowtie nanoan-
tenna array was shown near 700 nm wavelength when the
distance between the nanoantennas is 425 nm [27]. Theoret-
ical studies also showed that the maximum field enhance-
ment and absorption rate occur at a certain array pitch in
which the scattered waves from the array and the localized
surface plasmon (LSP) of each nanoantenna are coupled
in-phase [29]-[31].

Furthermore, nanoantennas were designed with engineered
resonant structures such as nanodisk arrays and photonic
crystals (PCs) to maximize field enhancement via coupling
between two different structures. Zhou et al. combined a
bowtie nanoantenna with a hybrid nanoparticle array and
provided a high field enhancement value of ~2-10% at a
wavelength of 750 n; however, this device was not optimized
for high absorption [32]. In addition, Eter e al. integrated
a bowtie-nanoantenna with a PC resonator and achieved a
high field intensity > 10° at 1272 nm without considering
perfect absorption [33]. The high field enhancement values
from both cases were possible partially due to the sharp tips
of the antennas in addition to the coupling.

Thus far, nanoantenna structures designed for the maxi-
mum field enhancement could not achieve perfect absorption
due to dominant electric responses from the nanoantenna.
For perfect absorption, a grounded ultra-thin dielectric layer
can be used to induce magnetic response inside the sub-
strate [22], [34]-[36]. A bowtie nanoantenna array backed by
a grounded 5 nm-thick (1/200) SiO; substrate showed perfect
absorption at 1035 nm wavelength because the LSP from
the nanoantenna is coupled to the ground plane. However,
the field enhancement factor for this device was limited to
86 [22]. Similarly, a metal patch array with a A/150-thick
dielectric spacer showed almost perfect absorption by trap-
ping incoming waves via the induced magnetic dipoles inside
the cavity; nonetheless, this device also suffered from a low
field enhancement value of 13 [34]—[36]. The reason for the
low field enhancement is that the current on the nanoantenna
and its image cancel each other out due to the very thin
substrate. To overcome this issue, a method of simultaneously
achieving perfect absorption and high field enhancement
was introduced. Instead of dipole-like nanoantenna struc-
tures, triangular nanodisks were mounted on the grounded
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10 nm-thick Al,Os3 substrates, allowing for a high absorption
rate of 95% and a field enhancement value of 211 at the near-
IR regime [37]. The structure used an ultra-thin substrate for
perfect absorption and the field enhancement was boosted by
the sharp tips of the triangle shape. However, the coupling
strength in such an ultra-thin substrate can be significantly
affected by the surface roughness of the bottom reflector [38].

In this paper, instead of using an ultra-thin substrate with a
metallic reflector, we utilized an artificial impedance surface
to simultaneously fulfill the high field enhancement (> 200)
and perfect absorption (> 98%) of a bowtie nanoantenna
array in the IR range. Here, the artificial impedance surface
changes its surface impedance differently from the metallic
reflector and this structure was chosen with a metallic patch
array on a grounded substrate. Previously, the patch arrays
have been used as the IR and optical absorbers [34], but
they also have been used as a high impedance surface (HIS)
and reactive impedance surface (RIS) to improve the antenna
performance at microwave frequencies [39]-[43]. Because
the HIS has a high surface impedance, even when the antenna
is placed close to the surface, the current on the antenna
and its image can be coupled in-phase. Thus, the radiation
characteristic of the antenna can be improved [39], [40].
Meanwhile, the RIS can improve antenna impedance match-
ing by offsetting the capacitive near-field characteristic of the
antenna through its inductive surface impedance characteris-
tic [41]-[43]. Recently, the RIS was utilized in a MIM (metal-
insulator-metal) absorber design in the near-IR range and the
structure showed the increase of field enhancement along
with nearly perfect absorption due to the impedance matching
between the structure and the vacuum [44]. In our study,
we applied both HIS and RIS to bowtie nanoantenna design to
achieve the maximum field enhancement and perfect absorp-
tion at the same time. The final bowtie nanoantenna array
integrated with the optimum artificial impedance surface
showed an almost perfect absorption of 98% at 230 THz
A = 1.3 um) with a superior field enhancement factor (E/Eg)
of 228. This field enhancement is ~1.4 times higher than
the maximum value of 160 from similar nanoantenna array
structures [23]-[28]. The proposed device also showed per-
fect absorption without the use of an ultra-thin spacer and
outperformed the triangular nanodisks-based ultra-thin struc-
ture in terms of field enhancement [37]. It should be noted
that a high field enhancement value (211) from the triangle-
shaped structure is partially due to a very sharp tip which is
not utilized in the antenna terminal (gap) of our design.

In this paper, we began with the design of a single bowtie
nanoantenna on a grounded SiO, substrate and arranged
the bowtie nanoantennas in a two-dimensional array. Then,
we found the optimum pitch between the nanoantennas in the
array allowing for the high field enhancement and absorp-
tion rate at 230 THz. Based on the optimum array pitch
for the bowtie nanoantenna array, various metallic patch
arrays for HIS and RIS were designed and integrated into the
nanoantenna array. Finally, we exhibited the nanoantenna
array coupled with an optimum artificial impedance surface
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that realizes the maximum field enhancement and perfect
absorption at the desired wavelength and also analyzed the
coupling phenomena between the artificial impedance sur-
face and the nanoantenna structure.

Il. METHODS

A. NUMERICAL SIMULATION

In this study, gold and silicon dioxide (SiO;) were used
for modeling all the metallic elements and substrate mate-
rial, respectively. We used the dielectric constants of SiO;
in the near-IR region based on the previous experiments
[45], [46]. The relative permittivity and conductivity of gold
were calculated using the Drude model formula in (1) and (2),
respectively. The angular plasma frequency (wp) and the
carrier scattering time () are 2 x 2080 x 1015 rad/s and
18 fs, respectively [47], [48].
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For numerical simulation, high-frequency structure sim-
ulator (HFSS) based on the finite element method (FEM)
was used. In the simulations for a single bowtie nanoantenna,
radiation boundaries were used for all the six surfaces of the
simulation boundary box. In addition, to model an infinite
bowtie nanoantenna array, we used the master and slave
boundaries on the y—z and x—z planes of the simulation
boundary box, and radiation boundaries were assigned on the
top and bottom of the box as shown in Fig. 1. To calculate
the absorption rate and field enhancement, the nanoantenna
unit was illuminated with an x-polarized plane wave in a
normal direction from the top. Using the reflected (P;), trans-
mitted (Pt), and incident (Pi) powers, the absorption rate of
the nanoantenna array was determined using the equation
A =1 — (P./P;)) — (P/P;j). The electric field enhancement
was defined as (E/Ep), where E and Eq are the magnitudes
of the electric fields at the center of the nanoantenna gap
and the incident electric field, respectively. For accurate field
calculations at the nanoantenna gap, mesh sizes smaller than
1 nm were used in the nanoantenna gap region within a
volume of 20 nm x 20 nm x 10 nm.

In numerical simulations for the artificial impedance sur-
face, the PEC and PMC boundaries along the y—z and
x—z planes of the simulation boundary were used to model an
infinite array of metallic patches. The magnitude and phase
of the reflection coefficient of the patch array were calculated
using wave ports. The surface resistance and reactance of
the artificial impedance surface were determined from the
reflection coefficient (I') using the equation below

7z 1+T 7z 3
smface—l_rx 0 3)
Here, Z is the characteristic impedance of the vacuum.

Meanwhile, the capacitance in the nanoantenna gap was

determined with voltage gap excitation in the gap inside
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FIGURE 1. Schematic view of the nanoantenna array simulation. Master
and slave boundary conditions are used along x-z and y-z planes of the
simulation boundary box and radiation boundaries were assigned on the
top and bottom of the box.

the radiation boundary. Then, the input reactance (X;) was
converted to the nanoantenna gap capacitance (C) using (4):

1

C=— 4
2fXe i

B. EFFECTIVE MODE VOLUME (V5) CALCULATION
In this paper, the effective mode volume (V) of the bowtie
nanoantenna array was calculated as the ratio between the

total electromagnetic energy and the peak energy density
[49], [50].

_ Un _ [u)d’r
wE(ro) wE(ro)
Here, U,, is the total electromagnetic energy inside the sim-
ulation boundary and ug is the electric field energy density.
The simulation boundary for calculating U,, was used with
the boundary of the unit cell for the nanoantenna array. Thus,
r includes all the points inside the boundary. In the denomi-
nator, ry is the position in which energy is concentrated in the
system. Here, we chose r( to coincide with the center of the
nanoantenna gap; this was because the nanoantenna array was
used to maximize the field enhancement in the nanoantenna
gap. For an accurate calculation for Uy, the energy density
inside the metallic structures needs to be considered due to the
nonnegligible field magnitude near the metal surface. Thus,
the energy density inside the metal was calculated using [51],

Ve (&)
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2

Here, e(w) = er(w) + iej(w) is the complex permittivity of
the metal. w, y, and E(r) are the angular frequency, Drude
damping constant, and electric field magnitude at an arbi-
trary position (), respectively. Additionally, the electric field
energy density at a position, r in the dielectric medium was
calculated using [52],

1
ILE (metat) () = = [sR + } |E(r))? ©6)

€0
WEilectrie) = - €d IE(r))? (7
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where &, is the dielectric constant of the medium. wg(rog) was
calculated using (7) because r, is located inside the vacuum
medium between the metallic nanoantenna arms.

177.5 nm
1 20 nm

177.5 nm

FIGURE 2. (a) Schematic view of the bowtie nanoantennas on a SiO,
grounded substrate. The geometric values are the thickness of the SiO,
substrate (Ts), the thickness of the gold reflector (T¢), and the size of the
square SiO, substrate (S). (b) The detailed bowtie nanoantenna structure
has a 20 nm x 20 nm x 10 nm nanoantenna gap. The dimensions of the
antenna length (L) and width (w) are 375 nm and 145 nm, respectively.

I1l. SINGLE BOWTIE ANTENNA ON SiO, SUBSTRATE

A single bowtie nanoantenna was designed on a SiO, sub-
strate supported by a gold reflector and its center wave-
length was chosen with 1.3 um (230 THz in frequency).
The detailed design of the proposed nanoantenna is presented
in Fig. 2. Here, L, w, and T are the nanoantenna length,
width, and the SiO; substrate thickness, respectively. The
nanoantenna air gap volume between two nanoantenna arms
was fixed with 20 nm x 20 nm x 10 nm, and the thick-
ness of the nanoantenna of 10 nm and the bowtie shape’s
angle of 45° were used. The substrate size (S) was set to a
wavelength size (1.3 um) such that diffraction from the edges
does not change the resonant frequency of the nanoantenna.
A 200 nm-thick gold reflector (T;), which is much thicker
than the metal skin depth at 230 THz, was used for proper
reflection [53]. For excitation, an x-polarized plane wave with
a field intensity of 1 V/m (Ep) was normally incident from
above the nanoantenna and a field enhancement factor was
calculated using E/Eg, where E is the electric field intensity at
the center of the nanoantenna gap. With the given dimensions
and excitation, we varied the nanoantenna length (L) and
the SiO; substrate thickness (Ts) and calculated the field
enhancement factor.

Field enhancement values at 230 THz as a function of the
nanoantenna length (L) and SiO; thickness (Ty) are presented
as a contour plot in Fig. 3(a). From Fig. 3(a), it can be seen
that the maximum field enhancement at 230 THz is achieved
when L and T are 375 nm and 80 nm, respectively. Electric
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FIGURE 3. (a) The field enhancement at 230 THz with a single bowtie
nanoantenna as a function of nanoantenna length (L) and SiO, thickness
(Ts). (b) The field enhancement values versus frequency for the bowtie
nanoantenna with L = 375 nm and Ts = 80 nm.

field enhancement of the corresponding bowtie nanoantenna
versus frequency is shown in Fig. 3(b), showing a maximum
field enhancement of 183 at 230 THz. With the 80 nm-thick
Si0; substrates, the LSP excited by the 375 nm-long bowtie
nanoantenna was optimally coupled with its image in the
reflector, allowing for the maximum field enhancement at
the nanoantenna gap at 230 THz. It is important to note that
the thickness (80 nm) of SiO; for achieving the maximum
field enhancement lies between a quarter-wavelength inside
SiOy (225 nm) and an ultra-thin thickness such as 40 nm,
which indicates that the radiation and absorption are bal-
anced. This result also means that the in-phase far-field
coupling between the nanoantenna and its image with a
quarter-wave distance does not guarantee the maximum field
enhancement in the nanoantenna gap.

IV. BOWTIE NANOANTENNA ARRAY ON

$i0, SUBSTRATE

Using a single bowtie nanoantenna that maximizes the field
enhancement at 230 THz, we designed a two-dimensional
array using the master and slave boundaries and the array
pitch (P) was varied to find the optimum value for the
maximum field enhancement and absorption rate. The field
enhancement and the absorption rate of the nanoantenna
array as a function of the array pitch and frequency are
presented in Figs. 4(a) and 4(b). From Figs 4(a) and 4(b),
it can be observed that as the pitch increases, the electric
field enhancement increases and the resonance is redshifted.
The absorption rate also exhibits a redshift, but a longer pitch
provides a lower absorption rate near 230 THz.

Because array pitches for the maximum field enhance-
ment and the perfect absorption do not correspond to each
other, we picked an optimum array pitch (P) of 1 um for
the balanced values in both parameters at 230 THz. One
thing to note is that the optimum array pitch of 1 um is
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FIGURE 4. (a) The field enhancement and (b) absorption rate of the
bowtie nanoantenna array on a grounded 80 nm-thick SiO, substrate as
a function of the nanoantenna array pitch (P) and frequency. (c) The field
enhancement and (d) absorption rate of the bowtie nanoantenna array
with a 1 pm array pitch (P) with respect to frequency.
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FIGURE 5. The z component of the electric field (Ez) along the antenna’s
central axis on the x-z plane for (a) the single bowtie nanoantenna on the
grounded SiO, substrate with an area of 1.3 um x 1.3 um and (b) the
bowtie nanoantenna array on the substrate with a 1 xm pitch (P). Note
that an 80 nm SiO, thickness is used for both cases.

longer than half of the center wavelength (650 nm), which
is normally used as the optimum array distance between the
microwave antennas to maximize radiation at the boresight.
Previous studies also showed that the optimum pitch sizes
in the nanoantenna arrays occur at lengths longer than half-
wavelengths [24]-[28], [54]. In the optical nanoantenna array,
the in-phase coupling between the LSP from the individual
nanoantenna and the scattered field from the array determined
the optimum array pitch for the maximum field enhancement
and absorption [22], [54].

With the optimum array pitch (P), the electric field
enhancement and absorption rate of the nanoantenna array
versus frequency were calculated, as shown in Figs. 4(c) and
4(d). The maximum values for the field enhancement and the
absorption rate are 223 and 93%, respectively, at 230 THz.
This maximum field enhancement of 223 from the bowtie
nanoantenna array is higher than 184 from the single bowtie
nanoantenna due to the aforementioned LSP and array reso-
nance. It should be noted that the absorption rate is high but
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not perfect due to the 80 nm-thick substrate, which does not
perfectly eliminate radiation loss.

(a) Wave port (b)

PEC

FIGURE 6. (a) Schematic view of the metallic patch unit cell with PEC and
PMC boundary conditions and wave port excitation. The direction of the
integration line (x-direction) in the wave port is perpendicular to the PEC
boundary and is parallel to the PMC boundary. (b) Side view (y-z plane)
with given dimensions of t = 50 nm and T = 200 nm. (c) Top view (x-y
plane) with the patch periodicity (D) and patch width (W).

To compare the coupling between the antenna structure
and the metallic reflector for both single nanoantenna and
the nanoantenna array, we present the cross-sectional view of
the z component of the electric field (E;) along the antenna’s
central axis on the x—z plane in Fig. 5. Figs 5(a) and 5(b)
effectively show that the nanoantenna array exhibits higher
coupling between the antenna and the metallic reflector; this
is because the LSP of the individual nanoantenna is cou-
pled to the scattered field from the nanoantenna array [22].
In addition, higher radiation near the edges of the single
nanoantenna can be seen in Fig. 5(a). Therefore, the stronger
array coupling and the lower radiation resulted in higher field
enhancement from the bowtie nanoantenna in the array.

V. METALLIC PATCH ARRAY DESIGN FOR HIS AND RIS

To achieve high field enhancement and perfect absorption of
the bowtie nanoantenna array at the same time, we utilized
the artificial impedance surface in the form of a metallic
patch array on a grounded 50 nm-thick SiO, substrate. On top
of the patch array, a 50 nm-thick SiO, was placed as a
spacer for the nanoantenna. Then, the top surface of the
SiO; spacer was used as a reference plane for the calculation
of the reflection coefficient. The patch arrays for HIS with
high resistance and RIS with high reactance were designed
to achieve 0° and 90° reflection phases, respectively, in the
resonant frequency of 230 THz. The detailed simulation setup
for the patch array is provided in Fig. 6. The thickness
of the metallic patch, the SiO; spacer thickness (t), and
the metallic reflector thickness (T) were fixed with 10 nm,
50 nm, and 200 nm, respectively. Based on the optimum pitch
(P =1 pum) for the bowtie nanoantenna array, we chose four
possible patch periodicities (D) that can be fitted inside the
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1 um x 1 um area under the single bowtie nanoantenna.
The patch periodicity values (D) were chosen as 100 nm,
125 nm, 200 nm, and 250 nm, such that 10 x 10, 8 x 8, 5
x 5, and 4 x 4 numbers of metallic patches per each peri-
odicity can be mounted under one bowtie nanoantenna. The
patch width (W) was then varied under each patch periodicity
and the reflection phases along the frequency range were
calculated.

Patch Periodicity (D) = 100 nm Patch Periodicity (D) = 125 nm
(@ ., y (D) (b) .., y (D)
— 1 150 150
E 240 100
= 100
50 50
5230
c 0 0
[
8 220 50 -50
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FIGURE 7. Reflection phases from the patch arrays with different patch
widths (W) under the given patch periodicity (D) with (a) D = 100 nm,
(b) D = 125 nm, (c) D = 200 nm, and (d) D = 250 nm. At 230 THz, the HIS
and RIS parch arrays are marked by red and blue dots, respectively.

Fig. 7 shows the reflection phases of the patch arrays
as a function of the patch width (W) and frequency with
four different patch periodicity cases. Because of the fixed
equivalent inductance via the fixed substrate thickness of the
patch array, the capacitance change due to variation of the
patch width resulted in a resonant frequency shift. In Fig. 7,
we observe that the given patch width variation corresponds
to the reflection phase shift from —100° to +100° at around
230 THz. Based on this, we chose specific points in which
the patch arrays function as HIS and RIS using 0° and
90° reflection phases, respectively. The blue and red dots
in Fig. 7 represent the points for RIS and HIS at 230 THz.
A summary of the specific patch widths (W) and patch peri-
odicities (D) for HIS and RIS is given in Table 1. In Table 1,
per each periodicity (D), two different patch widths (W) for
HIS and RIS are listed along with the corresponding reflec-
tion (Sy1) phase, surface resistance (R), and surface reactance
(X). The patch widths of 77.5 nm, 95 nm, 125 nm, and 135 nm
show purely resistive properties with a 0° reflection phase
at 230 THz, whereas the patch widths of 45 nm, 60 nm,
85 nm, and 95 nm provide inductive reactances with a 90°
reflection phase at 230 THz under the patch periodicities
(D) of 100 nm, 125 nm, 200 nm, and 250 nm, respectively.
The table shows that the smaller patch periodicity (D) pro-
vides higher surface resistance (R) of the patch arrays for
HIS, but the reactance values for RIS are maintained near
400 ohms.
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TABLE 1. Summary of patch sizes and patch periodicities for the HIS and
RIS at 230 THz.

D(mm) W (nm) Siiphase(®) R(Q) X (@) Note
HIS

100 775 0 6000 0
45 90 4 383 RIS
HIS

195 95 0 5300 0
60 90 5 405 RIS
HIS

200 125 0 4000 0
85 90 6 427 RIS
HIS

250 135 0 3000 0
95 90 6 421 RIS

VIi. BOWTIE NANOANTENNA INTEGRATED WITH

HIS AND RIS

Finally, the bowtie nanoantenna array was integrated with
the patch arrays, which function as HIS or RIS and the
field enhancement and the absorption rate were calculated
in periodic boundary conditions. The nanoantenna structure
was mounted on top of the patch array with a 50 nm-thick
SiO, spacer and the overall area of the combined unit cell
was set to 1 um x 1 um. Fig. 8 shows a schematic view of
the integrated structure using 8 x 8 patch array for RIS with
a 60 nm patch width (W) and 125 nm periodicity (D) under
a single bowtie nanoantenna. Here, the nanoantenna length
(L) and width (w) were slightly adjusted to 370 nm and
140 nm from 375 nm and 145 nm to maintain resonance at
230 THz for the RIS-combined nanoantenna array cases.

The field enhancement and absorption rate of the bowtie
nanoantenna array combined with the HIS and RIS patch
arrays are presented in Fig. 9. Overall, the nanoantennas
combined with the RIS patches show higher field enhance-
ments and absorption rates at 230 THz compared to the
HIS-combined nanoantenna arrays. From Figs. 9(a) and 9(b),
we find that the high surface resistance of the HIS patch
arrays redshifts the resonant frequency of the nanoantenna
and the maximum field enhancement values are limited at
185 near 225 THz. In detail, a HIS patch array with a
smaller unit cell (W = 95 nm and D = 125 nm) supports
a higher field enhancement value than that from the widest
(W = 135 nm and D = 250 nm) patch. Because the HIS
patch array with the shorter periodicity provides the higher
surface resistance, we can understand that the nanoantenna
array combined with the narrower HIS patch array provides
higher field enhancement.

To understand the field distribution from the nanoantennas
with the 95 nm and 135 nm-wide HIS patches, we calculated
z-components of the electric fields (Ez) of both cases at
225 THz as shown in Figs. 10(a) and 10(b). Fig. 10(a) for
the W = 95 nm case shows that strong fields are confined
between the nanoantenna and the HIS patch array instead
of the ground plane due to reflection from the HIS. We can
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(a) (b)

FIGURE 8. (a) Magnified view of the bowtie nanoantenna integrated with
the metallic patch array. A 50 nm-thick SiO, spacer is used between the
nanoantenna and the metallic patch array. As an example, 8 x 8 patches
for the RIS with a 60 nm width (W) and 125 nm periodicity (D) are
mounted under the nanoantenna, and the overall structure size is

1 pum x 1 um. This structure is used as a unit cell with the periodic
boundary and is illuminated by an x-polarized plane wave with a normal
direction from the top. (b) 3D view of the integrated structure. (c) Top
view of the combined structure with W = 60 nm, D = 125 nm, L = 370 nm,
and w = 140 nm.

(a) Nanoantenna + HIS (b) Nanoantenna + HIS
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FIGURE 9. (a) Field enhancement and (b) absorption rate of the
nanoantenna integrated with the HIS patch arrays. (c) Field enhancement
and (d) absorption rate of the RIS-combined nanoantenna arrays. HIS and
RIS patch arrays are represented by four different patch sizes (P) in each
patch periodicity (D).

understand that this reflection is a reason for the higher field
enhancement and the lower absorption rate for the W = 95 nm
case. However, Fig. 10(b) for the 135 nm-wide HIS patch
case shows that fields are distributed without significant dis-
continuity from the HIS and coupled to the ground similar to
Fig. 5(b) for the bowtie nanoantenna array with the grounded
80 nm-thick SiO;. This means that the coupling happens
mainly between the LSP and the array diffraction, leading
to a higher absorption rate of 95%, as shown in Fig. 9(b).
However, the field enhancement is not increased compared
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FIGURE 10. The electric field (Ez) distribution in the x—z plane of the
bowtie nanoantenna combined with (a) a HIS patch (W = 95 and

D = 125 nm) at 225 THz and (b) a HIS patch (W = 135 nm and

D = 250 nm) at 225 THz.

to the antenna array with the 95 nm-wide HIS because the
highly reflective nature from the 135 nm-wide HIS is not
effective, as shown in Fig. 10(b). Overall, we found that
the bowtie nanoantenna array combined with the HIS patch
arrays cannot guarantee perfect absorption and high field
enhancement at the same time.

In Fig. 9(c), the RIS-combined nanoantennas exhibit supe-
rior field enhancement factors higher than 180 at 230 THz.
Specifically, the 60 nm-wide RIS case has the highest elec-
tric field enhancement value of 228 at 230 THz, which is
higher than the value of 223 of the bowtie nanoantenna
with the grounded 80 nm-thick SiO;. In addition, as shown
in Fig. 9(d), almost perfect absorption rates above 98% at
230 THz are achieved in all of the RIS case; this value is
also higher than the maximum absorption rate of 93% from
the bowtie nanoantenna array with the grounded SiO,. Note
that all the RIS patch array cases maintain the resonant fre-
quencies at 230 THz, in contrast to the HIS patch array cases.

We understand that the addition of the surface inductance
from the RIS underneath the capacitive bowtie nanoantenna
results in almost perfect absorption of the RIS-combined
structures at 230 THz. To prove the mechanism quantitatively,
we calculated the capacitance of the bowtie antenna using
a parallel-plate capacitor with the same size as the antenna
terminal in a full-wave simulation and we found that the value
was 1.71 aF. This capacitance was found to be effectively
canceled by the surface inductance of 0.28 pH (equivalent
to the surface reactance of 405 2 from the 60 nm-wide RIS
patch array in Table 1) at 230 THz. Therefore, we conclude
that the compensation via the inductive surface impedance
of the RIS patch array realizes impedance matching between
the bowtie antenna array and the vacuum for the perfect
absorption at 230 THz.

Fig. 9(d) (inset) shows that the 60 nm-wide RIS patch case
with the highest field enhancement at 230 THz exhibits the
narrowest absorption bandwidth of 5.3% (based on the full
width at half maximum) versus 6.82% from the 85 nm-wide
RIS patch case with the lowest field enhancement. To analyze
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FIGURE 11. The electric field (Ez) distribution in the x—z plane with the
two different RIS patch sizes: (a) Nanoantenna with a 60 nm-wide RIS
patch consisting of 64 RIS patches ina 1 xum x 1 xm nanoantenna unit
cell. (b) Nanoantenna with an 85 nm-wide RIS patch consisting of 25 RIS
patches ina 1 um x 1 xm nanoantenna unit cell.

the trade-off between the field enhancement and the band-
width of the RIS-combined bowtie nanoantenna arrays,
we calculated the Ez distribution of the 60 nm and 85 nm-
wide RIS cases, as shown in Fig. 11. In the bowtie nanoan-
tenna with the 60 nm-wide RIS patch from Fig. 11(a), a higher
LSP magnitude is excited at the center of the nanoantenna
and coupling between the LSP and the array diffraction is
not perturbed despite the existence of the metallic patch
array between the antenna and the reflector. A similar field
distribution is shown in the 95 nm and 45 nm-wide RIS patch
cases. However, in the 85 nm-wide RIS patch array case from
Fig. 11(b), the electric fields of the nanoantenna ends are
coupled to the adjacent RIS patche; thus, high electric fields
are also excited at the tips of the patches. Because one of
the metallic patches is located below the nanoantenna gap,
the distinctive coupling occurs and causes the lowest field
enhancement in the antenna gap among the RIS cases. How-
ever, the energy confinement near the patch edges contributes
to the high absorption rate of the integrated structure and
realizes the widest absorption bandwidth from the 85 nm-
wide RIS case.

To quantify the effects of a high field excitation near the
edges of the RIS patch on the field enhancement and con-
finement in the nanoantenna gap, we calculated the effective
mode volume (Vegr) [23], [52]. Because the high electric
field near the metallic patches for the W = 85 nm case
can hinder the field concentration in the nanoantenna gap,
the Vg calculation based on the energy density in the nanoan-
tenna gap is a useful parameter for comparison. From the
calculation given in the Methods section, the bowtie nanoan-
tenna with the 60 nm-wide RIS patch array shows a Vgt
of 6.03 x 10_4um3, whereas the 85 nm-wide RIS case
maintains a higher Veg of 8.38 x 10~*um?>. This higher
Vefr from the 85 nm RIS case is correlated with the lower
field enhancement at the terminal due to the excited fields
near the metallic patches. Overall, the RIS-combined bowtie
nanoantenna array achieved similar Vg values compared
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FIGURE 12. (a) Electric field enhancement and (b) absorption rate of the
bowtie nanoantenna array combined with the 60 nm-wide RIS patch with
the misalignment along the x-axis with —15 nm, —10 nm, —5 nm, 5 nm,
10 nm, and 15 nm from the center of the patch array. (c) Electric field
enhancement and (d) absorption rate of the structure with the same
misalignment along the y-axis.
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FIGURE 13. (a) Electric field enhancement and (b) absorption rate of the
bowtie nanoantenna on SiO, grounded substrate with the different
damping constants (y = ¥ normar and ¥ = yg = 1.81 X ¥ normat)-

(c) Electric field enhancement and (d) absorption rate of the bowtie
nanoantenna combined with the 60 nm-wide RIS patch with the two
different damping constants.

to the triangle-shaped nanoantenna array [37]. Furthermore,
Vgt can be related to the field enhancement magnitude based
on the coupled-mode theory:

|E|2 — AL )Ai)\res Qabs
= res T

|Einc|2 s Veﬁ‘
where A(Ares) is the absorption rate of the nanoantenna at
the resonant wavelength ), A; is the spot size for incident
waves with a normal direction, and Qups is the absorption
quality factor. From this equation, we see that a higher Q fac-
tor and a smaller Vg lead to a higher electric field enhance-
ment. Thus, a lower Vg of 6.03 x 10’4Mm3 and a higher Q
factor of 18.85 from the 60 nm-wide RIS patch case results
in a higher field enhancement compared to the 85 nm-wide
RIS case with Vg of 8.38 x 107* um? and Qgps of 14.64.

®)
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TABLE 2. State of the art electric field enhancement and absorption rate of the reported nanoantenna array structures.

Field
enhancement
(Eo/E)

Absorption

Reft
eference rate (%)

Nanoantenna
structure

Resonant
wavelength
(um) in the array

Usage of lightning
rod effect

Liu et al. 2008 80 80%

Elliptic dipole

0.68
on a substrate

No

Seok et al. 2011 89 70%

Dipole
0.88 nanoantenna on No
a grounded

substrate

Zhou, et al. 2014 2103 -

Bowtie
nanoantenna
. . X Y
0.75 with a hybrid s

plasmonic array

Roxworthy, et al.

2014 160 )

Bowtie
nanoantenna
0.7 capped with a No

metallic slab

Eter, et al. 2014 >103 -

Bowtie
nanoantenna
1.27 . . Yes
with photonic

crystals

Chen et al. 2014 126 60%

Bowtie
nanoantenna
1.8 . . . No
with dielectric

pillars

Lin et al. 2015 86 95%

Bowtie
1.03 Yes
nanoantenna on
a thin grounded

substrate

Yong et al. 2016 109 98%

Circular
nanodisk placed
on a metallic
film

0.91 No

Lietal. 2017 211 95%

Triangular
nanodisk on a
0. . Y
? thin grounded e

substrate

This work 228 98%

Bowtie
1.3 nanoantenna No
with the RIS

Furthermore, Vg and Q,ps of the bowtie nanoantenna array
on the grounded 80 nm-thick SiO, were calculated as
6.05 x 10~* um? and 22.54, respectively. From (8), it should
be noted that the lower field enhancement from the nanoan-
tenna array using the grounded 80 nm-thick SiO, compared
to the 60 nm-wide RIS-combined nanoantenna array is due
to the lower absorption rate, despite the similar Ve and the
higher Qgps values.

VII. FABRICATION SENSITIVITY ANALYSIS
The performance sensitivity of the RIS-combined bowtie
nanoantenna array due to the possible fabrication uncertainty
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was investigated. Specifically, the misalignment between the
nanoantenna and the patch array, and the property change
of metal from surface roughness were considered because
those changes may influence near-field coupling between
multiple metallic layers of the proposed structure. First,
we studied the effect of the geometrical misalignment on
the field enhancement and the absorption rate by moving
the bowtie nanoantenna along the x-axis and y-axis with
—15 nm, —10 nm, —5 nm, 5 nm, 10 nm, and 15 nm from
the center of the patch array. For simulations, we chose the
bowtie nanoantenna array combined with the 60 nm-wide RIS
patch. Fig. 12 shows that £15 nm misalignment results in
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field enhancement change less than 1% and stable absorption
rates along with a merely 0.5 THz resonant frequency shift.
In detail, Figs. 12(a) and 12(c) indicate that field enhance-
ment is relatively more sensitive to the misalignment along
the x-axis instead of the y-axis because the nanoantenna is
x-polarized. Figs. 12(b) and 12(d) also show the absorption
rate is less sensitive than the field enhancement because the
misalignment does not perturb the surface impedance of the
RIS patch array. Overall, we can conclude that the proposed
structure maintains a minor change in the field enhancement
and absorption rate due to the misalignment between the
nanoantenna and metallic patch array.

The impact on the performance due to surface roughness
of the metallic structures from fabrication was also stud-
ied. Recent papers showed that the metallic nanostructures
fabricated by electron beam lithography (EBL) have surface
roughness near 1 nm [55], [56]. Chen et al. d modeled
the fine roughness with 3D textures on the surface of gold
nanoantennas and showed that the roughness does not change
the optical property of the structures significantly in simu-
lations [57]. On the other hand, Trugler et al. measured the
complex permittivity of gold before and after the annealing
process and showed that gold nanostructures modeled by the
measured permittivity well predict the measurement result
[56]. Thus, we applied the fabrication effect on metal in
numerical simulations by using the complex permittivity of
metal determined by a reported grain size after the annealing
process. We selected a 40 nm grain size which corresponds to
surface roughness of 1.7 nm after the annealing process and
calculated a damping constant of gold by [57], [58]

1.37VFp R

D 1-R ©)

Ye=Yo+

Here, yy is a reference damping constant with infinite grain
size and y; is the one that considers the grain size or surface
roughness effect. Vg = 1.35 x 10% m/s is the Fermi velocity
of gold, D is the grain size, and R is the grain boundary
reflection coefficient. From the calculation based on (9), ys =
100.16 x 10'? 1/s was obtained with D = 40 nm, R = 0.67,
and yp = 6.28 x 10'2 1/s [57]. Note that y, is 1.81 times
larger than yhormal (55 % 1012 1/s) that was previously used
for modeling gold in the bowtie nanoantenna and patch
array. We converted the y, value to the complex permittivity
via the Drude formula and applied that to all the metallic
structures to consider the roughness effect. Here, the bowtie
nanoantenna array on the grounded 80 nm-thick SiO; and the
RIS-combined bowtie nanoantenna array (W = 60 nm and
D = 125 nm) were simulated for comparison.

Fig. 13 compares the electric field enhancement and the
absorption rate from the aforementioned two structures mod-
eled by gold without (¥ = Ynormal) and with the sur-
face roughness effect y = y, = 1.81 X ¥normar). Overall,
we observe that the field enhancement and the absorption are
reduced with a broadened bandwidth and a slight redshift
due to a higher metallic loss from the surface roughness.
Among both, the bowtie nanoantenna combined with the RIS
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still maintains a high absorption rate of 95% and a field
enhancement factor of 166 at 230 THz. These values are
higher than 78% and 149 from the bowtie nanoantenna on the
grounded SiO, spacer. Compared to the values from the case
without considering the roughness effect, the RIS-combined
structure shows 27% and 3% reduction in terms of the field
enhancement and absorption rate; however, the counterpart
suffers more with higher reduction rates, 33% and 16% for
both parameters. From the simulation results, we can under-
stand that increased metallic loss inside the patch array does
not perturb its surface reactance significantly; thus, a high
absorption rate from the RIS-combined nanoantenna array
can be maintained. This high absorption, in turn, leads to the
high field enhancement factor. From the simulation results,
we conclude that the performance of the RIS-combined
nanoantenna structure would be more robust than the conven-
tional nanoantenna array even though the surface roughness
effect is considered in both antenna and patch array.

VIil. CONCLUSION

We showed that the nanoantenna array combined with the RIS
patch array with an optimum surface reactance could simulta-
neously realize high electric field enhancement (> 200) and
perfect absorption (> 98%) in the IR range. Our approach
overcomes the fundamental limitation of the nanoantenna
array designed on an ultra-thin dielectric spacer and a reflec-
tor. First, we designed a bowtie nanoantenna array with a
conventional grounded substrate and proved that the structure
could not achieve both conditions at the same time due to the
trade-off between two parameters. It was also shown that the
nanoantenna array with the HIS patch array could not realize
high absorption due to its reflective nature. Finally, the bowtie
nanoantenna array designed on an optimum patch array for
RIS showed a field enhancement value of 228 and a near-
perfect absorption rate of 98% at 230 THz. The structure out-
performs the previously reported triangle-shaped patch array
designed on an ultra-thin substrate [37]. Performance com-
parison with the other reported nanoantennas is also provided
in Table 2 and it can be found that the proposed structure
shows the highest field enhancement factor among the cases
with high absorption (> 90%). Note that our design achieves
such a high field enhancement value without using a sharp
tip for the lightning rod effect in the antenna gap that was
used in the three cases with field enhancements higher than
200 in Table 2 [32], [37]. Without using a grounded ultra-thin
substrate that has been used in nanoantenna design, this work
showed that a nanoantenna array combined with an optimum
RIS achieved high field enhancement and perfect absorption
at the same time. Additional numerical simulations showed
that the performance of the RIS-combined nanoantenna array
was less degraded from the surface roughness effect com-
pared to the nanoantenna array with a conventional grounded
dielectric spacer. We expect that the proposed RIS-combined
bowtie nanoantenna array with superior performance can be
used to improve the efficiency of IR and optical detectors,
plasmonic sensors, and IR energy harvesting devices.
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