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ABSTRACT

This study aims to show how Terahertz (THz) Photoconductive Antennas (PCAs) affect the radiation
directivity when gold nanoparticles of various geometric shapes are embedded in the gap region between
the electrodes of THz PCAs. Three different PCAs, in the frequency range of 0.1 to 2 THz, conventional
and after the addition of cylindrical, triangular, square, and hexagonal geometric gold nanoparticles to the
antenna gap region between the electrodes, were built and simulated. The antenna directivity increased
from 4.71 dBi to 4.92 dBi when square nanoparticles were added to the bowtie PCA, from 4.33 dBi to 4.45
dBi when triangular nanoparticles were added to the dipole PCA, and from 7.18 dBi to 7.52 dBi when

square nanoparticles were added to the Vivaldi PCA.
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I.  INTRODUCTION

The THz gap is the area between far infrared (10 THz) and
microwave rays (100 GHz) in the electromagnetic spectrum.
THz rays have been used in a very important and wide range,
from imaging for security purposes to food spectroscopy and
from space communication to drug and explosive material
detection [1]. Many devices can radiate at THz frequency.
However, most are complex, expensive, inefficient, and cannot
function at room temperature [2]. Until recently, there has been
no progress in THz applications for these reasons. With the
production of ultra-fast lasers, PCAs have become ideal
devices that can be used as a source and detector for THz
radiation and operate at room temperature [3, 4].

The PCA is obtained as follows: electrodes are added on
top of the semiconductor substrate. A DC bias is applied to the
electrodes. An optical pulse of a certain frequency is applied to
the semiconductor material at a certain time interval. The
energy of the applied optical radiation should be sufficient to

transfer the electrons from the valence band of the
semiconductor material to the conduction band. Electrons and
holes emerge in the material when the semiconductor surface is
illuminated with an optical laser. With DC bias, electrons and
holes are aligned and accelerated. When the radiation ends,
electrons and holes recombine and slow down. With the
acceleration of electrons and holes, photocurrent occurs in the
antenna gap. Due to the photocurrent's emergence and change,
radiation occurs from the side of the substrate to space [5, 6].
With the enhancement of ultrafast pulsed lasers [4] and the
development of low-temperature grown GaAs (LT-GaAs) [7]
the use of PCAs as a room-temperature source and detector for
THz radiation has become very common. According to the
geometric shape of the THz PCA electrode, it can be divided
into bowtie, Vivaldi, log spiral, and dipole. Semi-insulating
GaAs (SI-GaAs), GaAs, LT-GaAs, Graphene, and Quartz were
used as photoconductive materials [3, 8]. Enhancement of high
power of THz radiation produced from PCAs or increasing
optical-THz conversion efficiency is based on two principles:
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The first is the change in the density of the photocarrier, and
the second is the change in its velocity [9, 10]. Something that
limits the increase in the photocarrier density in the PCA and
thus reduces the power and directivity of the radiation is the
phenomenon known as delay saturation or screening effect. To
reduce the screening effect, conductive nanoparticles have been
added to the gap between electrodes where the optical pulse is
applied. Adding conductive nanoparticles increases the
absorption of the ultrafast optical pulse, and a shorter lifetime
photocarrier is obtained. To reduce the screening effect, the
nanoparticles should not be placed on the gap in a three-
dimensional manner but should be embedded in the gap [11].
The added nanoparticles should have high conductivity [12]. A
part of the power used for radiation in the PCA is consumed in
the substrate material. To overcome this problem, slots are
opened on the antenna surface in order to reduce the surface
wave loss and increase the optical-THz conversion ratio and
directivity. When opening a slot, it is more efficient to open it
in certain geometric shapes instead of a random shape [13, 14].

In this study, gold nanoparticles in certain geometric shapes
were added to the antenna's gap to increase the PCA's
directivity. The chosen geometric shapes of the added gold
nanoparticles were as cylinder, triangle, square, and hexagon.
As antenna type, studies were carried out on bowtie, dipole,
and Vivaldi antennas. First, conventional antennas were
analyzed in the CST MW Studio simulation program. Then, the
geometric shapes were added, and the new PCAs were
analyzed. With the addition of nanoparticles to the antennas, its
directivity increased. The highest directivity was achieved in
the bowtie and Vivaldi antennas when square-shaped particles
were added. The highest directivity in the dipole antenna was
achieved when triangular gold nanoparticles were added.

II. MATHEMATICAL MODEL OF THZ PCA
The current density J(t) in the PCA gap is given as [13]:

J@®© =n(t). v(t)-e €]

where v(t) = E, (t). 1, is the average velocity of the carrier, e
is the electron charge, E,(t) is the electric field in the
conductive antenna gap, U, is the electron mobility, and n(?) is
the time-dependent carrier density. The time-dependent carrier
density is expressed using the Drude model [15]:

an@®) _ _n) | %p
ac o1 + vh I,(®) )

where y is represented by laser frequency, optical absorption
coefficient @, , carrier lifetime 7;, and peak laser intensity

I (©).

The electric field in the antenna gap is screened by the
increase in the separation of charge carriers. The
photoconductive substrate can be considered as a current
source, dependent on the source resistance and time. The
resistance depends on the optical source and substrate material
and is also a time dependent variable, denoted as R():

RO =55 3)

where G(?) is the time-varying source conductivity, given by:

G = % (1—e )L, exp(~2) (1 — R) X
a
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where W, and L, are the width and length of the antenna gap,
respectively, « is the optical absorption coefficient, u is the
electron mobility, e is the electron charge, v is the frequency, h
is the Planck constant, L, is the peak laser intensity, Ts is the
skin depth of the excitation region, r, is the laser pulse
duration, and R is the reflection coefficient of the substrate
[16]. The voltage across the time-varying PCA range is given
as follows:

avg@®) _ 1 1 B(®)

at zgc@®) P zgc® V() — ZgC(®) V() —
G __1 dc®
c® Vo (t o dt ®)

where V,, is the bias voltage and C(t) is the time-dependent
capacitance [17]:

2] ©)

Cl) =t [1+

where 7; is the recombination time, A is the active area, and
L, is the dipole length of the antenna. The voltage-controlled
time-dependent resource coefficient S(t) depends on the
recombination time and carrier density:

Bt = 20 ™)
The produced photocurrent is given by:

. A
SOEFNIGRACK ®)

where n(t) is the photocarrier density and V (¢) is the time-
dependent voltage at the antenna gap [15].

III. THZ PCA DESIGN

A. Design of the Bowtie PCA

The parameters of the conventional bowtie PCA in Figure 1
without nanoparticles are shown in Table I. Gold was used as
the electrode material. While designing the bowtie antenna,
simulations were made in the CST MW Studio program using
Quartz, GaAs, graphene, and LT-GaAs as substrates. The best
S11 and directivity values were obtained when LT-GaAs was
used as substrate. For this reason, LT-GaAs was used as the
substrate material in this antenna. To increase the directivity of
the conventional bowtie PCA, cylindrical, triangular, square,
and hexagonal gold nanoparticles were added to the gap
between the electrodes and simulated in the CST MW Studio.
The highest directivity value was obtained in the bowtie PCA
with square gold nanoparticles added. The bowtie antenna with
square gold nanoparticles inserted between the electrodes can
be seen in Figure 2. The side length of the gold square added in
Figure 2(b) is 500 nm. The distances between the frames are
equal and 500 nm. The nanoparticles of interest have been
embedded in the substrate and have a depth of 10 nm. The
return loss value (S11) of the PCA with bowtie antenna and
square gold added nanoparticles is shown in Figure 3.
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Fig. 1. Shape and parameters of conventional bowtie PCA.
TABLE L. PARAMETER VALUES OF CONVENTIONAL
BOWTIE PCA
Parameter Parameter Explanation Value (um)
ws Substrate width 280
hs Substrate height 240
ds Substrate depth 1.5
hel Height of the long side of the electrode 200
hes Height of the short edge of the electrode 10
we Width between the long edge and the short 100
edge of the electrode
de Depth of the electrode 0.01
g Gap between electrodes 10
hes Height of the short edge of the electrode 10

b

Fig. 2. (a) Zoomed-out view of bowtie PCA with added square
nanoparticles. (b) Zoomed in view of the attached region of square-shaped
gold nanoparticles between the electrodes.
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Fig. 3. Return loss information of conventional bowtie PCA and square

attached bowtie PCA (S11).

As seen in Figure 3, when square nanoparticles are added to
the conventional bowtie PCA, the S11 value increased from

-64.5 dB to -42.27 dB, the bandwidth increased from 1.65 THz
to 1.66 THz, and the resonant frequency increased from
1.36 THz to 1.41 THz. The directivity of the conventional
bowtie PCA increased from 4.71 dBi to 4.92 dBi, as seen in
Figure 4, whereas the directivity of the bowtie PCA with the
addition of square gold nanoparticles can be seen in Figure 5.

dBi
4.71

-0.141
-2.56

-24.4
-26.8
-29.2
-31.7

-35.3

Fig. 4. 3D radiation patterns of conventional bowtie PCA.

Fig. 5. 3D radiation patterns of square attached bowtie PCA.

B. Design of the Dipole PCA

The parameters of the conventional dipole PCA (Figure 1)
without nanoparticles are shown in Table II. Gold was used as
the electrode material. While designing the bowtie antenna,
simulations were made in the CST MW Studio using Quartz,
GaAs, Graphene, and LT-GaAs substrates. The best S11 and
directivity value were obtained when GaAs was used, so GaAs
was used as the substrate material in this antenna. To increase
the directivity of the conventional dipole PCA, cylindrical,
triangular, square, and hexagonal gold nanoparticles were
added to the gap between the electrodes and were simulated in
CST MW Studio. The highest directivity value was obtained in
the dipole PCA with triangular gold nanoparticles added. The
bowtie antenna with triangular gold nanoparticles inserted
between the electrodes is shown in Figure 7. The side length of
the gold triangular added in Figure 7 is 1 um. The distances
between the frames are equal and 500 nm. The nanoparticles of
interest were embedded in the substrate and have a depth of 10
nm. The S11 of the conventional dipole PCA with triangular
gold nanoparticles added is shown in Figure 8.
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Fig. 6. Shape and parameters of conventional dipole PCA.
TABLE II. PARAMETER VALUES OF CONVENTIONAL
DIPOLE PCA
Parameter Parameter Explanation Value (um)
ws Substrate width 350
hs Substrate height 340
ds Substrate depth 1.5
hel Height of the long side of the electrode 220
hes Height of the short edge of the electrode 10
wel Width between the long edge and the short 80
edge of the electrode
wes Width of the long electrode 30
de Depth of the electrode 0.02
g Gap between electrodes 10
a b

\

\

Fig. 7. a. Zoomed-out view of bowtie PCA with added triangular
nanoparticles b. Zoomed in view of the attached gap of triangular -shaped
gold nanoparticles between the electrodes
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Fig. 8. S11 of conventional dipole PCA and triangular attached dipole
PCA.

As can be seen in Figure 8, when triangular nanoparticles
were added to the conventional dipole PCA, the S11 value
increased from -33.27 dB to -31.2 dB, the bandwidth decreased
from 0.28 THz to 0.27 THz, and the resonant frequency
remained constant at 1.63 THz. The directivity of the
conventional dipole PCA (Figure 9) increased from 4.33 dBi to
4.45 dBi. The directivity of the dipole PCA with the addition of
triangular gold nanoparticles is shown in Figure 10.

Fig. 9. 3D radiation patterns of conventional dipole PCA.

Fig. 10. 3D radiation patterns of triangular attached dipole PCA.

C. Design of the Vivaldi PCA

The parameters of the conventional Vivaldi PCA without
nanoparticles in Figure 11 are shown in Table III. Gold was
used as the electrode material. While designing the Vivaldi
antenna, simulations were made in the CST MW Studio using
Quartz, GaAs, graphene, and LT-GaAs as substrates. The best
S11 and directivity values were obtained when GaAs was used
as substrate, so GaAs was used as the substrate material in this
antenna. To increase the directivity of the conventional Vivaldi
PCA, cylindrical, triangular, square, and hexagonal gold
nanoparticles were added to the gap between the electrodes and
the structure was simulated in the CST MW Studio. The
highest directivity value in the Vivaldi PCA was obtained with
square gold nanoparticles added. The Vivaldi antenna with
square gold nanoparticles inserted between the electrodes is
shown in Figure 12. The side length of the gold square added in
Figure 7 is 500 nm. The distances between the frames are equal
and 500 nm. The nanoparticles used had a depth of 50 nm. The
S11 of the conventional Vivaldi PCA and of the square gold
added nanoparticles is shown in Figure 13.
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Fig. 11.  Shape and parameters of conventional Vivaldi PCA.
TABLE III. PARAMETER VALUES OF THE CONVENTIONAL
VIVALDI PCA
Parameter Parameter Explanation Value (um)
ws Substrate width 150
hs Substrate height 180
ds Substrate depth 1.5
he Electrode height 69,4
wel Width of the long side of the electrode 77.5
wes Width of the short edge of the electrode 10
de Depth of the electrode 0.05
g gap between electrodes 10
c Length of antenna curve 96.81

As seen in Figure 13, when square nanoparticles were
added to the conventional Vivaldi PCA, The S11 value
decreased from 32.08 dB to -31.2 dB, the bandwidth decreased
from 0.28 THz to 0.27 THz, and the resonant frequency
increased from 1.57 THz to 1.58 THz. The directivity of the
conventional Vivaldi PCA (Figure 14) increased from 7.18 dBi
to 7.52 dBi (Figure 15).

Fig. 12.  (a) Zoomed-out view of the Vivaldi PCA with added triangular
nanoparticles. (b) Zoomed in view of the attached gap of square -shaped gold
nanoparticles between the electrodes.

The analysis results of all the studied PCAs, such as the
substrate material used, the electrode material, the type of
nanoparticle material added, the nanoparticle shape, Sl11,

resonance frequency, bandwidth, and directivity are shown in
Table IV. The electroded and the added nanoparticles are gold
in all designs.

S-Parameters [Magnitude]

0 . i
5 \ \ . ]
-10 ’/-
B I R B et
-20 —— Simpl \ /
8 2 Square Attached Vivaldi PCA |----- \
I ¢

-50 : i i ; i i i
0 02 04 06 08 1 1.2 14 16 1.8 2
Frequency / THz

Fig. 13.  S11 of conventional square attached Vivaldi PCAs.

Fig. 14. 3D radiation patterns of conventional Vivaldi PCA.

Fig. 15. 3D radiation patterns of square attached Vivaldi PCA.

IV. DISCUSSION

Various efforts have been made to increase the output
power, optical to THz conversion ratio, and antenna directivity
of the THz PCAs [13, 18]. The addition of metal nanoparticles
to the photoconductive gap between the electrodes is one of
these efforts [19, 21]. In this article, it has been shown that
there is a relationship between the shape of the nanoparticle
added to the photoconductive gap and the electrode shape of
the antenna. In the bowtie and Vivaldi PCA, the highest
directivity was reached when square-shaped nanoparticles were
added, while in the dipole PCA, the highest directivity was
reached when triangular-shaped nanoparticles were added.
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TABLEIV. RESULT SUMMARY
Shape of the added | S11 Bandwidth | Resonance frequency | Directivity

PCAType | Substrateused | = ' vticles | (dB) | (THz) (THz) (dBi)
Bowtie LT-GaAs No add -64.,5 1.65 1.36 4.71
Bowtie LT-GaAs Cylinder -38,51 1.67 1.41 491
Bowtie LT-GaAs Triangle -36,85 1.65 1.4 4.88
Bowtie LT-GaAs Square -42.27 1.66 1.411 4.92
Bowtie LT-GaAs Hexagon -459 1.66 1.40 4.88
Dipole GaAs No add -33,27 0.28 1.631 4.33
Dipole GaAs Cylinder -31,62 0.28 1.629 4.26
Dipole GaAs Triangle -31,2 0.27 1.631 445
Dipole GaAs Square -31,37 0.27 1.629 4.39
Dipole GaAs Hexagon -33,55 0.27 1.625 4.37
Vivaldi GaAs No add -32,08 0.58 1.572 7.18
Vivaldi GaAs Cylinder -33,39 0.59 1.568 7.5
Vivaldi GaAs Triangle -34,2 0.58 1.570 7.46
Vivaldi GaAs Square -48,75 0.55 1.582 7.52
Vivaldi GaAs Hexagon -38,02 0.55 1.576 7.41

Authors in [18] showed that plasmonic contact electrodes
could significantly =~ reduce  photoconductive = THz
optoelectronics' low quantum efficiency performance. Authors
in [12] further increased optical to THz conversion efficiency
by adding silver nanoparticles to the gap between antenna
electrodes. Authors in [19] proposed a photoconductive
logarithmic spiral antenna with saw-toothed plasmonic contact
electrodes to provide higher THz radiation than a conventional
PCA. Authors in [20] showed that by integrating split-ring
resonators like metallic structures into the coplanar lines of the
PCA transmitter, the spectral characteristic of the generated
THz radiation could be significantly manipulated. Author in
[21] developed THz PCA arrays to increase their output power.
Improved arrays were designed according to the crossfingers
structure as a high-power THz generator. In these studies,
nanoscale metal particles were added to the surface of the gap
region of the PCA. However, they were not embedded in the
substrate. In our study, gold nanoparticles were embedded in
the substrate, reducing the screen effect formed in the substrate,
resulting in more antenna directivity. Authors in [22] increased
the radiation intensity by adding He+ ions to the semiconductor
substrate in the PCA, increasing thus the radiation intensity up
to a certain dose and decreasing it after a certain point. In this
study, the He+ element was embedded in the substrate at the
gap. However, embedding an element is quite difficult in the
manufacturing process. In our study, embedding of metal
nanoparticles into the substrate is easier thanks to the e-beam
lithography [23].

Authors in [24] examined a photoconductive bowtie
antenna with graphene electrodes on a photonic crystal
substrate for THz radiation. The photonic crystal structure was
formed by the periodic arrangement of cylindrical air holes in
the Gallium Arsenide substrate to improve the performance of
the basic antenna design. Authors in [13] studied photonic
crystal substrates with cylindrical, square, triangular, and
hexagonal shapes. It was shown that hexagonal-shaped
photonic crystals provide the highest directivity and bandwidth,
confirming their suitability for THz PCA. In the above
mentioned studies, photocrystals in the form of an air gap were
added to the antenna. Photocrystals in the antenna can cause
the S11 value to increase. In our study, the addition of

conductive nanoparticles instead of the air gap caused the PCA
to work more effectively.

V. CONCLUSION

In this article, embedding different shaped nanoparticles to
the substrate was proposed for increasing the directivity of THz
PCAs. The proposed PCAs have been designed and their
performance was analyzed and compared with the conventional
PCAs. It was shown that the geometric shape of the embedded
nanoparticles in the gap between the antenna electrodes caused
different effects depending on the antenna type. Embedding
nanoparticles in the antenna gap increased antenna directivity
from 4.71 dBi to 4.92 dBi in bowtie PCA, from 4.33 dBi to
4.45 dBi in dipole PCA, and from 7.18 dBi to 7.52 dBi in
Vivaldi PCA. The highest directivity was obtained when
triangular gold nanoparticles were added to the dipole antenna
and square gold nanoparticles were added to the bowtie and
Vivaldi PCAs. In previous studies, nanoparticles were either
added to the surface or inserted into the antenna gap with
random shape. However, in this study, the nanoparticles were
embedded in the gap and placed in the antenna gap with certain
geometric shapes. For this reason, a more significant increment
was established in antenna directivity. Our future work will aim
to establish the THz PCAs manufacturing system and measure
the radiated power of the proposed antennas.
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