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ABSTRACT: This manuscript presents the design of a nanopatterned H-shaped photoconductive antenna on an LT-GaAs substrate for
terahertz applications. The use of gold nanoparticles and Si lens in the gap between two electrodes improves the photoconductive con-
ductive antenna’s low efficiency. It is noticed that the proposed PCA resonates at 1.35 THz with —24.2dB, 1.65 THz with —22.1dB,
and 2.4 THz with —21.32 dB reflection coefficient. Further, with the Si lens, PCA resonates at 2.15 THz with a —30.2 dB reflection
coefficient. Moreover, the nanopatterned H-shaped photoconductive antenna resonates at 1.7 THz with the minimum reflection level of
—40dB. These results indicate that the reflection in the photoconductive antenna can be reduced using the nanopatterning technique.
This further increases the efficiency of the photoconductive antenna. The proposed H-shaped photoconductive antenna is designed and

optimised using the COMSOL Multiphysics platform.

1. INTRODUCTION

hoto-Conductive Antennas (PCAs) and their various deriva-

tives play a crucial role in different fields because the de-
vice works at terahertz frequency region such as Artificial In-
telligence (Al) and 6G wireless communication [1,2], imag-
ing and sensing [3], transferring vast amounts of information
very swiftly and fast [4, 5], detection of dangerous objects that
threaten national security [6], revealing hidden weapons [7, 8],
process control [9], and in the medical field [10, 11]. Operating
in the low-terahertz frequency region broadens the possibilities
of how terahertz gets enhanced with a wide variety of appli-
cations. Working on a photoconductive antenna with a dipole
structure gives miniaturization of the device with sensitivity
and high efficiency. The dipole structure enables light that
is applied to focus on a particular region [12]. This increases
the Surface Plasmon Polaritons (SPP) around that region. This
will enhance terahertz wave emission from a photoconductive
antenna [13-15]. A photoconductive antenna is simulated to
increase its power efficiency. To accomplish this, the COM-
SOL Multiphysics application is employed to implement the
Maxwell wave equation describing optical interaction [16-20].
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The photoconductive antenna was introduced by Auston and
his group. They invented two metal electrodes on the base of a
photoconductive substrate. An Auston switch with a photocon-
ductive antenna contains two lasers with different wavelengths
to turn the switch on and off [21]. After their invention, a lot of
variants were produced, such as variants in the structure of the
electrode and the gap between them [15]. This paved the way
to produce PCA with higher efficiency. Further studies with
the decoration of nanostructures or nanoparticles in the gap of
PCA showed increased conversion of optical to THz radiation
efficiency.

The research work on nanopatterned PCA started with
Park et al. [22], and they demonstrated the first augmentation
of PCA for THz radiation using plasmonic nanostructure
arrays. The commonly used bow-tie antenna was printed on an
SI-GaAs substrate with periodic nanostructures created using
electron beam lithography. Park’s article compared four differ-
ent types of nanostructures: two square arrays and two grating
arrays with widths of 75 and 150 nm, respectively. Mea-
surements revealed that 75 nm square arrays show the lowest
reflectance under 800 nm laser light, whereas 75 nm nanorods
show the best enhancement performance. The argument
presented was that nanorod arrays focus photons over a wider
area than nanosquare antennas. As a result, the nanorod shape
produces a higher average light concentration on the substrate
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TABLE 1. Antenna parameters used in the analysis.

Description Symbol Value
Width of Substrate %4 250 pm
Depth of Substrate D 250 pm
Height of Substrate H 12.5 um
Thickness of metal electrode ™ 300 nm
Width of Antenna WA 230 um
Antenna Gap G Sum
Thickness of Transmission Line TL 10 um
Thickness of Dipole Section TD 17.5 pm
Width of Dipole WD 20 um
Wavelength of incident light lamr 800 nm
PML Thickness PML 20 um
Incident Power Pin 10 mW

than the nanosquare structure. This structure outperformed
standard PCA in the 0.1-1.1 THz range by a factor of 2.27.
According to Lai et al. [23], manganese ferrite nanoparticles
(MnFe,0,4 NPs) have been shown to improve semiconductor
surface photoconductivity significantly.  They conducted
experimentally using THz Time-Domain Spectroscopy (THz-
TDS), the optical characterization of photo-excited carriers of
silicon covered with MnFe;O4 NPs [23]. The experimental
data were evaluated using a surface band structure model
of semiconductors. Furthermore, photoconductive antennas
coated with MnFe;O4 NPs increased THz radiation output
effectiveness and signal-to-noise ratio [23]. This study shows
the dependency of the shape of nanoparticle on the response of
PCA. Bashirpour et al. [24] presented an outstanding solution
that involves a zinc oxide Nanorod Array (ZnO NR) acting like
an optical antenna over a silicon nitride layer in the gap, and
this arrangement increases the photocurrent. Hence, terahertz
signal is also enhanced. The silicon nitride layer acts as an
antireflection layer in the PCA. The nanorods are created in
the gap through hydro thermal technique. This method is
easy, inexpensive, and compatible in comparison to other
methods used for nanoantenna design. This new structure
enhances the power almost four times higher than the other
antireflective layered PCA designs for 0.1-1.2 THz [24]. This
study uses the shape of nanoparticles is a factor of dependence
while studying the response. Murakami et al. [25] used
sputtering of Au nano islands to create an LT-GaAs-based
plasmonic photoconductive antenna, and evaluated its THz
detection characteristics. As a consequence, they successfully
increased the sensitivity by 29% and 40% at 800nm and
1560 nm, respectively. Surdi et al. [13] aimed to increase the
emission efficiency of a terahertz PCA by nanopatterning it
using Gold Germanium (AuGe) nanopatterns. Nano-patterns
having geometrical characteristics tailored for a certain optical
frequency tend to induce localized surface plasmon resonance,
resulting in localized electric field-amplifying factors. This
localized field augmentation increases the number of produced
photocarriers, which multiplies the THz emission output by
a factor of 4 [13]. They also simulated surface plasmon
polaritons of AuGe on the surface of the GaAs substrate and
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TABLE 2. Input parameters used in the analysis.

Incident Power 10 mW
Electric Field 1V/m
Propagation Constant | Ewfd.kO

compared them. In [26] by Arora et al., a computational
methodology was used to construct effective terahertz pho-
toconductive antennas. Recently, some of the researchers
designed photoconductive antennas for terahertz application
such as De Vetter et al. [27] demonstrated a large area digitated
photoconductive antenna using highly resistive metal to make
the field uniform for the terahertz applications. Deumer et
al. [28] designed a photoconductive antenna integrated with
optical waveguides to increase the sensitivity of terahertz
detection. Chen et al. [29] designed a novel terahertz noise
source using a photoconductive antenna. The literature shows
that there is scope for further improvement in the efficiency of
the PCA in this regard, two designs are developed, optimized,
and tested using the RF and wave optics modules in COMSOL
Multiphysics, a commercial finite element method solver
in this work. For this optimized design, optical response is
simulated using femtosecond optical pulse excitation. The
semiconductor module is then used to investigate the electrical
response of the 2D THz-PCA. The results support the efficient
creation of THz-PCA by detecting transient current gathered at
the electrode terminals, resolving the THz PCA’s low output
power problem [26]. The literature shows that the major
concern with the photoconductive antenna is its low efficiency.
There are several methods, such as the use of nanoantennas,
optical waveguides, metal layers, doping and hybrid structures,
mentioned in the several research papers to overcome the
limitation of photoconductive antennas. In this work, a simple
method of nanopatterning and the Si lens technique are used.

In this manuscript, an H-shaped PCA is designed using LT-
GaAs substrate for terahertz applications using COMSOL Mul-
tiphysics simulation environment. The efficiency of the pro-
posed PCA is improved using the nanopatterning technique.
The detailed analysis is performed by varying the gap between
the gold nanoparticles in the nanopattern.

2. MATERIALS AND METHODS

Figure 1 depicts the structure of an H-shaped and bow-tie pho-
toconductive antenna, where the width of the substrate is de-
noted by W, the depth of substrate D, the height of substrate
H, the thickness of metal electrode TM, the width of antenna
WA, the antenna gap G, the thickness of the transmission line
TL, the thickness of the dipole section 7D and the width of
the dipole WD. Tables 1 and 2 give the simulation parame-
ters considered for the analysis of an H-shaped PCA in the
COMSOL Multiphysics simulation environment. The finite el-
ement method is used in the COMSOL Multiphysics software
for the simulation of the photoconductive dipole antenna. For
the simulation of a PCA, the LT-GaAs substrate is used, which
has the following material properties: electrical conductivity
= 1000 v/m [26], relative permittivity = 12.9 [26], relative
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FIGURE 1. Design of photoconductive antenna. (a) Two-dimensional view of H-shaped. (b) Three-dimensional view of H-shaped PCA. (c) Three-

dimensional view of Bow-tie.

permeability = 1 [26], refractive index (real) = 3.679 [30],
refractive index (imaginary) = 0.085 [30]. For the purpose of
electrodes, gold (Au) of a few hundred nanometers thick is used
because of its good conductivity and stability. Hence, most
current flows in a very small region near the conductor’s sur-
face. For the simulation, Au thin films are used as nanopatterns
with optical properties. These nanopatterns have a rectangular
structure with a width of 500 nm and a thickness of 40 nm. The
design is optimized using COMSOL Multiphysics and for the
optimized design, optical response is simulated for femtosec-
ond optical pulse excitation. The semiconductor module is then
used to investigate the electrical response of the 2D THz-PCA.
The results support the efficient creation of THz-PCA by de-
tecting transient current gathered at the electrode terminals, re-
solving the THz PCA’s low output power problem [26].
The length of the dipole is given by Equation (1),

DL=2«TL+G 1
The effective length of the PCA is given by Equation (2),
EL=2«TL+2«TD+G )

The length and width of the dipole are related by the parameter
aspect ratio which is given by Equation (3) [31]

n=(DL/WD) 3)

The dimensions of the proposed photoconductive antenna such
as substrate thickness and length are optimized in COMSOL
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Multiphysics. The proposed antenna is simulated using the
Perfectly Matched Layer boundary by adding physics such as
far-field domain, electrical connections, Wave-Optics Module,
scattering boundary, and identifying the location of illuminat-
ing light (Port). The physics-controlled meshing technique
governed by frequency domain electromagnetic with coarse el-
ement size in COMSOL Multiphysics is selected for the mesh-
ing of the proposed geometry. The Wave-Optics Module and
Semiconductor Module are coupled using optical transition fea-
ture in the COMSOL Multi-Physics. The simulations are per-
formed using the optical pulse of wavelength 800 nm with
10 mW power level to excite the proposed photoconductive an-
tenna. The proposed terahertz antenna can be fabricated us-
ing lithography techniques, such as electron beam lithography,
and can be analyzed using the microscopic techniques. The
nanopatterning of the antenna can be uniformly and precisely
placed on a photoconductive using this advanced nanofabrica-
tion techniques.

2.1. The Terahertz PCA Materials

The study of terahertz materials required for the design of the
photoconductive antenna is the most considered research field.
This is due to the fact that there is no natural material that can
emit terahertz signals strongly and efficiently [32]. The ma-
terial’s intrinsic carrier lifetime is not long enough to cover
such high-frequency bands as THz. Therefore, material stud-
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TABLE 3. Characteristics of different PCA substrate material.

Element Carrier Lifetime (ps) Mobility (cm?> V™'s™!) | Resistivity (2 cm) | Breakdown field (V cm™1)
SI-GaAs Several Hundred [41] 8500 [42] ~ 107 [43] 4 % 10° [42]
LT-GaAs < 1[44] 200 [41] > 107 [45] 5 % 10° [41]

LT-In GaAs | Higher than LT-GaAs [46] 26 [47] 760 [47] ~ 6% 10* [47]

ies for THz are of vital importance for decreasing the carrier
lifetime. The study of material properties for optoelectronic
devices is still in its infancy [33, 34]. In Auston’s first THz an-
tenna, silicon was the photoconductive substrate material [35].
Silicon’s bandgap is 1.12eV at 300k, with an intrinsic resis-
tance of 2.3 * 10° Qcm. The indirect bandgap of the silicon
suggests that the valence band maximum and the conduction
band minimum are not aligned properly [36]. As a result, op-
tical recombination processes become literally slow. On the
other hand, since GaAs exhibits a direct bandgap, photons are
emitted with no exchange of phonons with the lattice. GaAs’s
intrinsic resistivity is 10 Q cm. Additionally, since GaAs be-
longs to iii—v groups, the material properties can be modified
through the addition of defects in the alloy. The constant evo-
lution of THz antennas has been attributed to the change in the
features of GaAs [37]. The photoconductive antenna materials
include substrate material (photoactive material), electrode ma-
terial (usually metal), and antenna lens material for enhancing
the radiation (Si lens).

2.2. Substrate Material

In most THz photoconductive antennas, the substrates used are
semiconductors, such as Si, GaAs, InGaAs, and LT-GaAs be-
cause of their desirable properties, such as an ultra-short carrier,
high electron mobility, a high intrinsic resistivity, and a high
breakdown voltage [38, 39]. The substrate thickness is another
factor that differentiates THz antennas from others. This factor
is comparable to the radiation wavelength in terahertz antennas,
hence guided waves in the substrates are also considered for the
analysis.

In theory, Table 3 illustrates the features of the two major
THz photoconductive materials (LT-GaAs and SI-GaAs) for
optical sources operating at 800 nm. High mobility is a ben-
efit of SI-GaAs. Nevertheless, the input dc bias for SI-GaAs
based terahertz antennas is limited due to their smaller break-
down field than LT-GaAs. Furthermore, compared to LT-GaAs,
its lower resistivity causes a greater dark current to be gener-
ated when there is no laser light, which heats the device and
causes it to break down more quickly. SI-GaAs’s high carrier
lifetime, which restricts the spectral range that may be achieved
and increases noise, is another problem. There are many ways
to fabricate InGaAs, which, in consequence, causes variations
in the behavior of the material. The breakdown field, resistiv-
ity, and carrier lifespan of LT-InGaAs are all extremely low at
1550 nm [40]. The main benefit is that it can be used as reli-
able optical sources, which can significantly make the terahertz
system economical compared to other materials. Because of its
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superior combined properties, LT-GaAs is widely used photo-
conductive material in terahertz devices.

For the simulation of a proposed design, the LT-GaAs with
the following material properties: electrical conductivity =
1000 V/m [26], relative permittivity = 12.9 [26], relative per-
meability = 1 [26], refractive index (Real) = 3.679 [30], re-
fractive index (Imaginary) = 0.085 [30] are considered.

2.3. Electrode Material

Usually, in a THz photoconductive antenna, the electrodes are
made up of metals and metal alloys such as an AuGe and Ti/Au
layers. A stacked combination of metals has also been used for
more efficient conductors and the patterning of these metals is
easy and cost-efficient. Gold has extraordinary chemical stabil-
ity, reflectivity, and electrical conductivity. Additionally, these
properties also depend on the form of the gold such as bulk, thin
film, and nanoparticle. Because of its distinct properties and
adaptability, gold is used in both conventional and cutting-edge
optical technologies. In this design, a few hundred nanometres
thick Au electrode is used because of its good conductivity and
stability. Hence, mostly current flows in a small region close
to the surface of the conductor. In COMSOL, the optical ma-
terial library gives the data for the gold electrode (Johnson and
Cristy 1972: n, k = 0.188-1.937 m), where the material prop-
erties are frequency-dependent complex values [48].

2.4. Antenna Lens

A photoconductive antenna without lenses strongly diffracts the
signals at the surface-to-air interface. This causes less trans-
mission of the terahertz signal in the PCA and reduces the effi-
ciency due to the high refractive index (n = 3.4). The boundary
angle for the total reflection can be calculated with the Equa-
tion (4):

o = arcsin (n~') ~17.1° )
Only the terahertz wave is emitted in the solid angle ) given in
Equation (5):
YA n2—1
Q=4msin (—):ZW(l—cosa):%r -/ —— |
2 n?

Only the terahertz waves emitted at a solid angle {2 will re-
flect from the substrate and escape. This angle is called escape
solid angle defined in Equation (5). The escape solid angle for
GaAs with n = 3.679 is 0.28. This amounts to a mere 4.4%
of the intensity projected forward [9]. With the application of
the hemispherical Si lens (the Si lens is transparent to THz ra-
diation if its thickness is less than 0.5 mm), the transmittance
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can be increased by more than 50 percent of the photoconduc-
tive antenna without the Si lens. It is intended to choose a sil-
icon material for the simulation that has optical properties that
enable us to get proper results. For this purpose, silicon mate-
rial with varying refractive index (Green and Keevers 1995: n:
0.25-1.45, k: 0.25-1.00) [49] is selected.

2.5. Nanopatterns

For the simulation, Au thin films are used as nanopatterns with
optical properties. These nanopatterns have a rectangular struc-
ture with a width of 500 nm and a thickness of 40 nm. These
square patterns allow us to analyze homogenous patterns in na-
ture entirely. Therefore, it signifies that the material used for
the electrode, cannot be used for this purpose. So, in this case, a
gold nanopattern is used with the material property of thin film
(Rosenblatt etal. 2020; 44 nm film, n, k£ 0.30-2.0) [50]. The
conventional theory of surface plasmon dispersion is governed
by Equation (6) [17]

Ema€mb
ksppd kO V EmatEmb
where Kgpp,q is the momentum of surface plasmon polaritons,
and €,,,, Emp are the dielectric constants of the metal and di-
electric medium. This indicates that k4 is larger than kg,
i.e., there is a requirement of additional motion to excite surface
plasmons from the air. The generation of electron-hole pairs in

the photoconductive antenna is described by the generation rate
under the optical regime given in Equation (7) [36].

(6)

_ Xplp

(7

" o,
where o<, I, h,and wy, are the absorption coefficient, intensity,
reduced Planks constant, and frequency of the optical signal,
respectively. The rate equation of the process is given in terms
of density and lifetime of carriers using Equation (8) [36]

dc%: =2 ®)

Tp
The process of nanopatterning enhances the electric field
through the plasmonic effect, which increases the electron-
hole pair generation. The surface plasmons generated by the
nanopattern increases the intensity of the optical field and
hence increases generation rate G.

3. RESULTS AND DISCUSSIONS

The design parameter optimization of the conventional photo-
conductive dipole antenna by using structural parameters and
analysis of the proposed PCA is depicted in this section. It in-
cludes the thickness of the substrate, the radius of the Si lens,
the thickness of the electrode metal, and the shape optimization
of the dipole structure. Different dipole structures are also dis-
cussed. The objective of this work is to introduce a new method
to increase the efficiency of PCA by introducing nanopatterns,
which is also discussed in this section. The modeling process
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involves examining the impact of various antenna design char-
acteristics on performance. The parametric analysis is used to
optimize the design of the proposed PCA. The parameter vari-
ation ranges are carefully chosen while considering manufac-
turing limits to decrease memory needs for numerical models
with several design parameters in parametric research. Each
parameter’s upper and lower limits are designed to encompass
the widest range of values while preserving the geometry of the
proposed antenna. Only meaningful parameter values are used
in our parametric analysis, taking into account manufacturing
constraints.

3.1. Effect of LT-GaAs Substrate Thickness

Figure 2(a) depicts the S1; parameter of a THz antenna with the
variations in substrate thickness. Fig. 2(a) depicts the S1; pa-
rameter of a THz antenna with the variations in substrate thick-
ness. This thickness is often greater than the wavelength of
terahertz signal, hence introducing surface or substrate modes.
Therefore, this influence must be considered in the analysis. A
study is conducted by changing the substrate’s thickness from
10 um to 20 um with a period of 2.5 um. The designed PCA
exhibits resonant peaks at 3.2 THz and 1.7 THz with a reflec-
tion coefficient of —13.1 dB and —11.07 dB, respectively, with
10 um substrate thickness. When the thickness is 12.5 um,
the resonance peaks observed are 1.65 THz and 2.2 THz with
—31.5dB and —13.1dB reflection. The resonant peaks at
1.65 THz and 1.9 THz with a reflection coefficient of —24.3 dB
and —19.3 dB, respectively, at 15 wm substrate thickness and at
17.5 um 1.65 THz with —22.6 dB, 1.8 THz with —15.5dB, and
at20 um 1.65 THz with —17.1 dB and 1.75 THz with —15.3 dB
are observed. It is observed that as the substrate thickness in-
creases, the resonance frequency of the PCA decreases. The
results describe that for the optimum value of thickness, i.e.,
12.5 um with a resonant frequency of 1.65 THz, the bandwidth
of the PCA is around 2.2 THz (1.3 to 3.5 THz). Figs. 2(al) and
(a2) give the 2D radiation pattern in both the electric field and
magnetic field at 1.65 THz resonant frequency.

3.2. Effect of Au Electrode Thickness

The influence of gold (Au) thickness on the top layer of the
proposed THz antenna is parametrically investigated, as illus-
trated in Fig. 2(b). The thickness of the metal is varied from
200nm to 400nm in steps of 50nm. The analysis depicts
that varying the metal thickness from 200 nm to 400 nm re-
sults in a minimal difference in impedance matching across
the band. The results depict that as the thickness of the metal
electrode increases, even though there is no change in the res-
onance frequency of the antenna, the reflection in the PCA
drastically changes. The observed reflection coefficients at
1.65 THz are —26.7dB, —31dB, —31.75dB, —31.59dB, and
—25.7dB, respectively, at the thicknesses of 200 nm, 250 nm,
300 nm, 350 nm, and 400 nm. Furthermore, at 2.85 THz, there
are —20.9dB, —22dB, —23.2dB, —23.3dB, and —28.4dB,
respectively, at the thicknesses of 200 nm, 250 nm, 300 nm,
350 nm, and 400 nm. Fig. 2(b1) and (b2) give the 2D radiation
patterns in the E-plane and H-plane, respectively at 1.65 THz.
As indicated in Fig. 2(b), radiation pattern variation is minimal.
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FIGURE 2. (a) Si1 parameter of THz antenna with the variations in substrate thickness. (al) E-plane variations in substrate thickness. (a2) H-
plane variations in substrate thickness. (b) S11 parameter of THz antenna with the Au electrode thickness. (b1) E-plane variations in Au electrode

thickness. (b2) H-plane variations in Au electrode thickness.

3.3. Antenna Length Study

Figure 3(a) depicts the S7; parameter of a THz antenna with
variations in antenna length. The length of the antenna varies
from 150 um to 240 um. In the antenna length study of the
PCA, it is observed that as the length of the antenna de-
creases, the resonant frequency of the antenna increases. This
leads to the change in the impedance of the antenna; hence,
the reflection coefficient of the antenna varies. The feed
line is matched to 502 resistance. At the resonance, the
impedance of the antenna is resistive, and it matches the feed
impedance on the substrate. This effect decreases the re-
flections in the antenna. The results depict that for the an-
tenna lengths 200 to 240 um, the PCA resonates at 1.65 THz
with —19.6dB, —31.7dB, —24.6dB, and —16.1 dB, respec-
tively, and at 150 um, and it resonates at 1.7 THz with a
—15.4 dB reflection coefficient. Further, at 2.85 THz, the pro-
posed PCA resonates with a reflection coefficient of —23.5 dB,
—23.2dB, —18.8dB, —32.6dB, and —25.3 dB, respectively,
for the antenna lengths 240 um, 230 um, 220 um, 200 pm,
and 150 um. So, the study indicates that the optimal antenna
length is 200 pm since at this frequency reflection is minimum.
Figs. 3(al) and (a2) give the 2D radiation patterns of the an-
tenna length study in the E-plane and H-plane, respectively,
with a resonant frequency of 2.85 THz.

3.4. Introducing Si Lens

Figure 3(b) depicts the S1; parameter of a THz antenna with a
Silens. The study indicates the effect of Silenses on PCA. With
this observation, the introduction of Si Lens gives more effec-
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tiveness to the PCA, and an increase in the transmittance of the
antenna is also observed. The results depict that the introduc-
tion of the Si lens reduces the losses in the antenna even though
it decreases the resonant frequency of the PCA. It is noticed that
without the Si lens, PCA resonates at 1.35 THz with —24.2 dB,
1.65 THz with —22.1dB, and 2.4 THz with —21.32 dB reflec-
tion coefficient. Additionally, with the Si lens having a radius
of W, PCA resonates at 2.15 THz with a —30.2 dB reflection
coefficient. Figs. 3(b1) and (b2) give a 2D radiation pattern in
both the E-plane and H-plane with a frequency of 2.15 THz. It
is observed that the radiation patterns of both the electric field
and magnetic field plane change as the Si lens is introduced.
Further, simulation is performed using various values of the ra-
dius of the lens, such as W /2, W /3, and W /4. The study re-
veals that at 2.15 THz with a radius of W /3, the proposed PCA
exhibits a reflection coefficient of —30.2 dB, which is much im-
proved compared to PCA without a lens.

3.5. Various Designs of PCA

The S1; parameters of different shapes of THz antennas are
compared in Fig. 4(a). The structures discussed are H-shaped,
bow-tie, and normal dipole structures. In this study, the bow-
tie structure has more efficiency than other structures, which
exhibit over —37 dB with a 2.05 THz resonant frequency. A
comparison of H-shaped, bowtie, and dipole PCA designs is
tabulated in Table 4. Figs. 4(al) and (a2) give the 2D radiation
patterns of various designs with an E-plane and H-plane at a
frequency of 2.05 THz, which gives a similar change in radia-
tion pattern compared to other factors.

WWwWw.jpier.org



Progress In Electromagnetics Research C, Vol. 164, 143-153, 2026 PIER C

(@0 (al) E-plane (a2)
240 pm H-plane
SF ——230 ym 90° 240 ym
") 220 pm 230 ym
T 10t 200 ym 7 " . e 220 pm
3 150 30°[——150um 200 ym
@ 15f 150° ——— 150 ym
E ,
g 201 180° 0°
E 180°
- -25F
)
=0 210° 330°
-35 . + + L L 210°
(] 1 2 3 4 5 6 240° = 300°
270 210° S0
Frequency (THz) -
270
b) o bl b2
( ) ( ) Radius=Wp2 ( ) H-plane -
S Radius=Wi3 o Radius=Wiz
Radius=Wi4 Radius=Wi3
) — Without Si Lense L 60° Radius=Wi4
g 101 Without Si Lense
E 150° 30° 1500 -
5 15}
E
g 20 ) i
3 Radius=W/2 180 0 180° o
- 25 Radius=W/3 l
@ Radius=W/d
= Without Si Lense 5 4
=0 I 210 240 210° 330°
Ea ) ; . . : 240¢ 300° ‘ .
0 1 2 3 4 5 6 270° 240 300
270°
Frequency (THz)
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and with Si lens. (b2) Comparison of H-planes of THz antenna without and with Si lens.
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TABLE 4. Comparison of various types of PCA.

Design Frequency | Reflection Coefficient
1.65TH —31.75dB
H-shaped z
2.8 THz —20.86 dB
Bowtie 2.05THz —37.03dB
Dipole 2.05THz —32.37dB

3.6. Nanopatterned PCA

The H-shaped antenna is used for the analysis of nanopatterned
PCA since it is a conventionally used structure in most of the
systems, and it has a simple geometry compared to bow tie. The
variation in thickness of the substrate study is conducted specif-
ically for the nanopatterning PCA, and the results are depicted
in Fig. 4(b) for the thickness of 17.5 um. The various sub-
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strate thickness values considered are 2.5 um, 10 pm, 17.5 um,
25 um, and 32.5 um. Here, the thickness of the substrate study
was conducted specifically for the nano-patterning. This allows
us to analyze the data not only in the decoration but also in the
effect of the thickness of the substrate with pattering. Also, the
2D radiation pattern of this study is given in Figs. 4(b1) and (b2)
for E-plane and H-plane at 1.8 THz, respectively. This shows
the drastic change in radiation with thickness. In this simula-
tion, a nanopattern is decorated in the gap to increase efficiency.
From the simulation, shown in Fig. 4(b), it is seen that there is
a difference between the S1; parameter and the resonant fre-
quency of 1.8 THz. The decoration of nano-patterns includes
a size of 500 nm and a 40 nm thickness, and the distance be-
tween nanoparticles is over 200 nm. Here, the thickness of the
substrate is 17.5 m. Figs. 4(bl) and (b2) give the 2D radiation
pattern with and without nanopatterning; the E-plane and H-
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TABLE 5. Comparison of the proposed PCA with the literature.

Reference Material Enhancement technique | Frequency (THz) | Si1 (dB) Efficiency
[22] Gold, SI-GaAs Bowtie 340 — 0.66
M Ferrit
[23] Gold, SI-GaAs angancse Termte 0-5 — -
Nanoparticles coating
[24] Gold, Silicon nitride, LT-GaAs ZnO Nanorods 0.1-1.2 —20.96 4-fold increase
[25] Gold, LT-GaAs Au nano-islands 04 — 40% improvement
[28] Gold, InP optical waveguides 0-5 — 22-fold increase
[51] Silver, GaAs Rectangular 2.067 —-30 —
Proposed Gold, LT-GaAs Nanopattern 1.65THz —31.75 0.98
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FIGURE 6. Normalized efficiency of the proposed photoconductive antenna at (a) 17.5 um, (b) 25 pm.

plane are included with a resonant frequency of 1.8 THz. It
shows that with a nanopattern, the radiation is reduced.

The above-mentioned process is repeated for 25 pm of thick-
ness, and Fig. 5(a) depicts the reflection coefficient of the PCA.
It is observed that as the size of the pattern is the same as above,
to get enhanced efficiency, the distance between nanoparticles
needs to be increased. Here, the distance between nanoparticles
is over 800 nm with a 17 dB reduction in the reflection at the
1.7 THz resonant frequency. Figs. 5(al) and (a2) give the 2D
radiation patterns of the F-plane and H -plane, respectively. As
the thickness of the substrate increased and the gap increased,
the radiation pattern became similar in nature with a resonant
frequency of 1.7 THz.

Figures 5(b) and (bl) show the 3D radiation patterns of
different thicknesses of substrate, and the gap between the
nanopatterns is changed for the purpose of increasing effi-
ciency. It shows the difference in radiation pattern when thick-
ness is increased. The advantage of increased thickness is that
it shows a similar radiation pattern with and without nano-
patterning. The introduction of the nanopattern increased the
efficiency. Here, the nanostructure used is thin gold metal.
So, these nanopatterns increase the surface plasmon of the
PCA, which generates electron-hole pairs in the gap due to the
nanopattern. In normal conditions, electron-hole pair genera-
tion and surface plasmon effect decrease as the gap increases,
as shown in Fig. 5(c), which causes THz enhancement in the
PCA. This is why, without a nanopattern, the THz enhancement
is less. There are multiple options, such as structural parametric
changes, changing the gap length of the dipole structure, the in-
troduction of a semi-spherical Si lens, and various shapes of the
dipole structure. However, these introductions have their lim-
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its, and due to these reasons, it is probable that they introduce
a new idea that could change drastically in its effect.

With introducing the nanopattern, homogenous pattern for-
mation is complex while looking into its practical purpose. It
is observed that nanopatterning causes mutual edge coupling,
as shown in Fig. 5(cl) of each nanopattern. As the distance
increases between the patterns, these coupling effect reduction
phenomena are also observed. From the first simulation with
a substrate thickness of 17.5m, it is seen that there is a differ-
ence of 11.6 dB in the .S; parameter at a resonant frequency of
1.8 THz with a 200 nm gap between the nanoparticles. A simi-
lar process is repeated for 25 m of the thickness of the substrate.
Itis observed that, as the size of the pattern is the same as above,
to get enhanced efficiency, the distance between nanoparticles
needs to be increased. Here, the distance between nanoparticles
is over 800 nm. It is observed that there is a 17 dB reduction in
the reflection at 1.7 THz resonant frequency. From this, it is ob-
served that with an increase in the substrate thickness, the gap
between the nanopatterns also increases. Fig. 6 shows the en-
hancement in the efficiency of the proposed photoconductive
antenna at the substrate thicknesses 17.5 um and 25 um. Ta-
ble 5 shows the comparison of the proposed antenna with the
literature.

4. CONCLUSION

An H-shaped photoconductive antenna is designed and op-
timised using a COMSOL Multiphysics platform on an LT-
GaAs substrate. The proposed antenna radiates at 1.35 THz
with —24.2dB, 1.65THz with —22.1dB, and 2.4 THz with
—21.32 dB reflection coefficient. The results were obtained af-
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ter the optimisation of the design parameters, such as the length
and thickness of the antenna design materials. Further, to en-
hance the efficiency of the photoconductive antenna, a silicon
lens is used in the gap between the electrodes to focus the light
energy. In this technique, the minimum reflection coefficient
of —30.2dB is observed at 2.15 THz. Another technique of
nanopatterning is used to increase the efficiency of the PCA.
In this, gold nanoparticles are used to enhance the field con-
centration near the gap. The Au nanopatterned H-shaped PCA
resonates at 1.7 THz with the reflection coefficient of —40 dB.
The normalised efficiency of the photoconductive antenna us-
ing gold nanoparticles is observed as 0.98. The results indicate
that the proposed H-shaped nanopatterned antenna can be used
for terahertz applications.
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