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Abstract

The current study proposes a hybrid plasmonic horn-like nanoantenna with a silicon-on-insulator (SOI) configuration. This
nanoantenna can be utilized for broadband nanophotonic applications and can operate in a wide optical frequency range of
160—400 THz. It includes optical communication wavelengths of 850, 1310 and 1550 nm. This nanoantenna can directionally
radiate and receive signals with about 74% bandwidth within the operational wavelength spectrum. The proposed nanoantenna is
simulated using the finite element method and produced nanoantenna gains of 4.7, 7.3 and 4.8 dB and a reflection coefficient
(S11) of —15.7, —12.8 and —15.6 dB at optical wavelengths of 1550, 1310 and 850 nm, respectively.

Keywords Horn nanoantenna - Hybrid plasmonic waveguide - Silicon-on-insulator - Photonic integrated circuit - Wideband
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1 Introduction

To compact photonic integrated circuits toward the nanoscale,
several types of nanoscale waveguides have been investigated
on a silicon-on-insulator (SOI) platform. Two such waveguides
are photonic crystals [1-6] and surface plasmon waveguides
[7-10]. The dielectric properties of noble metal can cause
surface-plasmon resonance in the visible and infrared (IR) spec-
trums. The surface plasmon waveguides support highly local-
ized optical fields at the interface of the metal-dielectric layer, so
that surface plasmon polaritons propagate at the planar interface.

Optical antennas efficiently convert free-propagating opti-
cal radiation into localized energy and vice versa [11].
Therefore, the potential applications of optical antennas are
closely related to their ability to strongly localize optical
fields. With the help of surface plasmon resonance theory
and antenna theory, researchers are advancing new methods
of designing new optical antennas [12—14]. Various shapes for
the optical antennas have been inspired by the designs of
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microwave antennas, such as the dipole or bow-tie [15],
Yagi-Uda [16], spiral [17], horn [18-20], J-pole and V-
shaped [21] and tapered-slot [22]. To design an optical anten-
na for optical wireless communications, the parameters of
gain, directivity, reflection coefficient and antenna impedance
should be taken into account [10, 23-25].

In this work, we focused on a configuration that is able to
operate in a range of optical frequencies by using a new SOI-
based horn-shaped nanoantenna. This nanoantenna is broad-
band at a wider range of frequencies (160400 THz) in com-
parison with the previous antennas [10, 25]. This nanoantenna
is capable of radiating all three optical communication wave-
lengths of 1550 nm (193.5 THz), 1310 nm (229 THz) and
850 nm (352.9 THz) with slightly higher gains at all wave-
lengths and smaller dimensions. All the features make this
nanoantenna a good candidate for energy-harvesting applica-
tions or integration with devices such as dual laser combiner
modules in communication systems.

2 SOI-Based HP-Waveguide Horn
Nanoantenna

The proposed nanoantenna consists of a SOI-based hybrid
plasmonic waveguide that is connected to a horn-like con-
figuration. A schematic of the horn nanoantenna is shown
in Fig. la. As seen, the layer structure of the waveguide
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Fig. 1 a 3D view of horn nanoantenna; b top view of horn nanoantenna; ¢ lateral 2D cross-section of input HP-waveguide; d norm of electric field
distribution in lateral cross-section of input HP waveguide with norm of E-field along z-axis at the middle of waveguide ridge

and horn-nanoantenna are the same, so this configuration is
suitable for monolithic integration with the SOI-based pas-
sive photonic integrated circuits. In addition, the layer
stack used in the proposed nanoantenna is compatible with
the complementary metal-oxide-semiconductor (CMOS)
technology which makes the fabrication of the proposed
device feasible. The horn-nanoantenna is an ellipsoidal
configuration which is connected to the hybrid plasmonic
(HP) waveguide (Fig. 1b).

Figure 1c shows that the SiO,-cladding layer is sandwiched
between a metal cap layer and a partly-etched Si layer. The
thicknesses of these layers were set at hwg =30 nm, sip, =
70 nm, and /g = 100 nm, respectively. The layered structure
is taken from Yousefi [10] in which the authors have proposed
a rectangular patch optical nanoantenna to radiate the optical
field from a hybrid plasmonic waveguide. When comparing
the simulation results with Saad-Bin-Alam [25], which is a
SOI-based broadband bowtie nanoantenna, the maximum
footprint of the nanoantenna is set to 800 x 1100 nm, but,
we have substituted a silver for a gold cap layer because the
surface plasmon resonance of the material is more adapted to
the working frequency of ref. [26].
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The hormn-nanoantenna was simulated using finite integration
technique (FIT) with computer simulation technology (CST) in
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Fig. 2 Gain versus capped gold layer thickness at operating frequencies
of 193.5 THz (1550 nm), 229 THz (1310 nm) and 352.9 THz (850 nm)



Silicon (2020) 12:193-198

a
(@), |
j ”W:M
32
=
m !
(O] 0:
2| ~+-193.5 THz
. 229 THz ||
. 352.9 THz |
_4. i

0 | 10 2‘0 30. 40 5v0
Thickness of cladding (SiO2) layer [nm]

195
b) 5 :
& 1
| \+*++** |
*
\ S I A
0 f e B o ecmemoes i
— \A t’l-\ AA/
o % 1 * 'y
s, ' et
-15 n VA7 [S-1035THE
- n A y |O-229THz
- w Wt \ 03529 THe
(7] PR . *\
'20 : \\
1
1
1

0 10 20 30 40 50
Thickness of cladding (SiO2) layer [nm]

Fig. 3 a Gain versus cladding layer thickness at h,, = 70 nm and hgg = 100 nm along the positive y-axis; b S;; versus SiO, cladding layer thickness at

frequencies of 193.5, 229 and 352.9 THz

Microwave Studio software. The input fundamental transverse
magnetic (TM) field is launched into the input port. Figure 1d
shows the calculated modal electric field (z-component of elec-
tric field, |E,|) in the input port of the horn nanoantenna. It can
be observed that the optical field is confined in the thin SiO,
layer between a metallic cap layer and a highly refractive index
Si layer. To support the fundamental TM mode and provide a
perfect impedance match between the antenna and the wave-
guide, the width of the SiO,-cladding layer (Wywg) was chosen
as 100 nm. The relative permittivity of SiO,, Si and Au were
extracted from ref. (http:/refractiveindex.info), Palik [27] and
Johnson [28], respectively.

The optimum thickness of the gold and cladding layers as
well as the input waveguide length were numerically calculat-
ed. Figure 2 shows that the nanoantenna gain was negative for
a gold thickness (%4,) of less than 10 nm at working frequen-
cies 0f 193.5,229 and 352.9 THz due to the longer penetration
depth of light into the gold layer at these frequencies [29]. For
the thicker metal layer, the gain also increased, but for the
thickness values of >70 nm, the gain was a very gradual in-
crease at operating frequencies of 352.99 and 193.5 THz.
Therefore, the /5, =70 nm value was chosen as the metal
cap layer thickness.

Figure 3a shows very low and negative gains for the very
thin SiO, layer (hwg < 10 nm) at operating frequencies of 229
and 352.9 THz. Because light waves penetrates to the Si core
and SiO, substrate layers, it cannot propagate in the desired

Table 1 Optimization of variables Lyg, Lna and Wenp

Variables Min value Max value Optimized value
Lya 50 [nm] 400 [nm] 275 [nm]

Lya 300 [nm] 800 [nm] 450 [nm]

WenD 200 [nm] 1100 [nm] 625 [nm]

direction. By increasing the thickness of the SiO, cladding
layer, the gain for all three frequencies improved. A gradual
decrease in gain can be observed for the SiO; layer thickness
of>30 nm. To choose an optimum value, a desirable value for
S11 must also be achieved. Figure 3b shows that the Sy is less
than —10 dB for the SiO, layer thickness of >25 nm. Thus, a
thickness for the SiO, cladding layer of 30 nm was chosen to
provide sufficient gain and S;; <—10 dB.

3 Analytical Modeling of Nanoantenna

To determine the optimum dimensions of a nanoantenna, the
following variables were optimized using the trust region
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Fig.4 Gain versus nanoantenna aperture width (Wgnp) in positive y-axis
direction at frequencies of 193.5, 229 and 352.9 THz. The dashed lines
show the maximum widths at working frequencies of 352.9 and 229 THz,
respectively
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framework method in CST Microwave Studio: overall length
of nanoantenna (Ly»), length of waveguide (Lyg) and width
of nanoantenna aperture (Wgnp). Table 1 provides details
about the optimization results.

The minimum and maximum Ly, Lwg, and Wgnp values
were based on several criteria. The maximum Ly, and Wg,p
values were 800 and 1100 nm, respectively, to make it sub-
stantially greater than A\,/2 =535.5 nm (A,=1071 nm). The
maximum substrate dimensions were 1100 x 800 nm to com-
pare the simulation results with ref. [25]. The minimum wave-
guide length and total antenna length were 50 and 300 nm,
respectively, to produce the low Sy; at the optical wavelength
windows [30]. By setting the optimization goals to reach a
maximum gain and S;; <—10 dB at operating frequencies of
193.5, 229 and 352.9 THz, the optimum values of Lyg=
275 nm, Liya =450 nm and Wgnp = 625 nm were obtained.

Figure 4 shows the gain of the horn nanoantenna as a
function of the width of the nanoantenna aperture (Wgnp).
The simulation results show that the maximum gain was
obtained for aperture widths of Winp = 600 and 650 nm at
working frequencies of 352.9 and 229 THz, respectively.
Wenp = 625 nm was chosen as the optimum value for this

simulation and the other parameters were kept constant
(Lwg =275 nm, Ly =450 nm).

The 3D far-field radiation pattern at optical wavelengths of
1550 nm (193.5 THz), 1310 nm (229THz) and 850 nm
(352.9THz) and a reflection coefficient (S;;) through the
broadband frequency range of 150—400 THz are shown in
Fig. 5. Figure 5a to ¢ show that the radiation patterns of the
proposed nanoantenna are directed toward the positive y-axis
with gains of 4.7, 7.3 and 4.8 dB at optical wavelengths of
1550, 1310 and 850 nm, respectively. The simulation results
show a higher gain and lower dimensions in comparison with
the SOI-based broadband hybrid bowtie nanoantenna [25].
The S;; graph in Fig. 5d reveals that the proposed nanoanten-
na can radiate optical waves into free space at a frequency
range of 160-400 THz with a bandwidth of around 74%.
This bandwidth can cover the desired optical communication
wavelengths.

Figure 6 shows the electrical field distributions of the horn
nanoantenna at optical wavelengths of 1550, 1310 and
850 nm. The input HP-waveguide is illuminated in the funda-
mental TM mode (Fig. 1d) which is concentrated in the SiO,
cladding layer. The incident wave propagates through the
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Fig.5 3D radiation patterns of proposed broadband horn nanoantenna for
optical wavelengths of: a 1550 nm (193.5 THz); b 1310 nm (229 THz); ¢
850 nm (352.9 THz); d reflection coefficient (S;;) versus incident optical
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wave frequency. The dimensions of the horn-nanoantenna was based on
optimized values listed in Table 1. The other parameters are: hyg =
30 nm, hy, =70 nm, Wyg =100 nm
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Fig. 6 2D cross-section of E-field
distributions in the middle of the
SiO; cladding layer for a A =
1550 nm; ¢ A=1310 nm; e A=
850 nm. 3D view of E-field
distributions of the nanoantenna
for: bA=1550 nm; d A=

1310 nm; f A =850 nm

straight HP-waveguide and radiates to free space through the
horn nanoantenna. Figure 6b, d and f show 3D views of the
horn nanoantenna with the electrical field distributions at dif-
ferent layers. A better view of the E-field distribution shows
the 2D cross-section of the hybrid plasmonic nanoantenna in
the middle of the SiO,-cladding layer for all the three wave-
lengths (Fig. 6a, ¢ and e).

4 Conclusions

The proposed horn broadband nanoantenna can operate in an
infra/optic range from 160 to 400 THz. With satisfactory gains
for all the optical communication wavelength windows of
1550, 1310 and 850 nm, this nanoantenna is a good candidate
for infrared/optical frequencies. The proposed device can be
used in different nanophotonic applications, especially for
inter- and intra-chip optical communications to establish a
wireless-optical link between the optical circuits. The
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proposed nanoantenna can also be used for optical energy
harvesting (nanorectenna or nantenna) and optical-sensing be-
cause of its wide frequency coverage. It also is possible to
reduce the size as well as cost by monolithic integration with
the passive photonic integrated devices. The footprint of the
proposed nanoantenna is 450 x 625 nm.
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