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Te work presents the fabrication and measurements of four LT-GaAs photoconductive terahertz (THz) antennas with diferent
geometries of metallic electrodes. Te goal is to analyze the overall bandwidth of the antennas through a comparison between the
spectra of the generated photocurrent in the antenna gap, the radiated electric feld THz pulse, and the S11 parameter of the
metallic electrodes. Te photocurrent density and the S11 parameters are computed using COMSOL multiphysics, while the
generated THz pulse was experimentally measured using a time-domain spectroscopy system. Te polarizations of the pho-
toconductive antennas are experimentally measured, using x-cut quartz crystal halfwave plates, showing polarization in the
direction of the electrode’s long axis. Pinholes are used to verify system alignment and quality of the radiated signal spectra. Te
results show that the spectra of the radiated THz pulses in all four antennas considered in this work are dominated by the behavior
of the S11 parameter at the lower part of the frequency band, but with the decreasing photocurrent dominating the spectra at
higher frequencies.

1. Introduction

Recently, much progress has been achieved in the realm of
THz signal generation using photoconductive antennas
(PCAs) with a variety of applications in detection and
imaging [1, 2]. Furthermore, the future development of 6G
communication systems will need to reliably utilize fre-
quencies and antennas in the THz range [3]. Due to the
attractive characteristics and versatile usage of THz radia-
tion, there has been an increase in research focused on
realizing reliable photoconductive THz emitters with
broader bandwidth and higher signal amplitude [1]. Te
mechanism for generating THz emission using PCAs works
by exciting the photocarriers in a semiconducting substrate
(e.g., LT-GaAs) using a pulsed femtosecond laser. Te
carriers are accelerated using a DC bias voltage applied to the
metallic electrodes patterned on the surface of the substrate.
Te generated photocurrent pulse excites the antenna
leading to radiation of the THz pulse. Te generation of the
photocarriers is achieved by using ultrashort mode-locked
femtosecond laser pulses with measured width of ∼92 fs

incident on the substrate [1, 4]. Te concept of this
mechanism is depicted in Figure 1.

An important characteristic of THz PCAs is the carrier
lifetime of the active semiconducting substrate on which the
electrodes are fabricated. Te most used substrate is low-
temperature grown Gallium Arsenide (LT-GaAs) due to its
sub-picosecond carrier lifetime, high carrier mobility, and
high resistivity reported in numerous papers (see, e.g.,
[1, 5]).

In this paper, we investigate the bandwidth and intensity
of THz pulse generation using diferent geometries of me-
tallic electrodes. We demonstrate that the PCA bandwidth is
largely afected by the geometry of the metallic electrodes
and the properties of the LT-GaAs substrate (i.e., mobility,
carrier lifetime, and so on). Te geometry of the metallic
electrodes afects the resonant frequency of the antenna,
while the substrate properties infuence the generated
photocurrent density pulse. Several unique electrode ge-
ometries have been reported, e.g., fractal and circular dipole,
plasmonic-enhanced bowtie, Vivaldi, stripline, and spiral
antennas [6–12]. Immense work has been accomplished
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utilizing these geometries, among others, and has vastly
improved the performance of THz emitters and detectors.
Berry et al. increased the optical-to-THz efciency of THz
PCAs using plasmonic electrodes in conjunction with a
logarithmic spiral antenna [8]. Furthermore, work from
Burford et al. utilized plasmonic-thin-flms and bowtie
electrode geometry to produce PCAs with bandwidth up to
∼5 THz [10]. In-depth modeling and simulation of THz
PCAs using black phosphorus as the active semiconductor
layer was conducted by Batista et al. showing improvement
in bandwidth [11]. Hirota et al. generated and measured
circular polarized THz radiation using a four-contact PCA
and a total-refection Si prism [12].

Here, various metallic electrode geometries of well-
known broadband microwave antennas are investigated in
experimental THz signal generation. Te work involves
fabrication and measurements of the PCAs. Te goal is to
analyze the factors that afect the bandwidth and intensity of
the generated THz radiation. A time-domain spectroscopy
(TDS) setup using a pulsed femtosecond laser with 780 nm
wavelength and ∼85mWoutput power as an optical pump is
utilized. An in-depth description of the specifc TDS system
used for measuring the performance of each fabricated PCA
electrode design can be seen in [13].

Fabrication of THz PCAs can be accomplished through
multiple means, the most common being photolithography,
and electron beam lithography (EBL). Photolithography,
using visible light and a photomask, is widely used in re-
search and industry due to its rapid fabrication speed and
relatively low cost [14]. Due to the nano-scale feature size in
some THz PCA designs, notably plasmonic electrodes and
nano-disc arrays, photolithography is not always preferred
due to its resolution limitations but can be utilized for
conventional PCAs [14]. EBL is a direct write technology
that takes advantage of a magnetic feld to steer a focused
beam of electrons, patterning directly on the surface of a

resist-coated substrate [15]. Direct write capabilities of EBL,
although more expensive and time-consuming than pho-
tolithography, allow for changes to be made to the PCA
electrode design without the need to produce a new pho-
tomask, making rapid fabrication, and measurement
possible.

Te frst goal here is to fabricate and experimentally
measure the performance of four geometries of LT-GaAs
PCAs. Te bowtie, fractal, slotted, and circular metallic
electrodes are selected for being known as broadband an-
tennas in the microwave frequency band. Te goal is to
compare the THz signal generated from these antennas. Te
second goal is to investigate the factors that afect the overall
bandwidth of the generated THz electric feld pulse. Pre-
liminary results were presented in [16].

2. Methodology

Te modeling using COMSOL multiphysics of the PCAs
considered here is reported in [17]. Te sketch in Figure 1
and the fowchart in Figure 2 demonstrate the three
modules implemented to design the PCA emitter devices
[10, 13]. Te frequency-domain RF module solves the full
wave equation to produce the maximum power absorbed
in the LT-GaAs thin flm layer. Te semiconductor
module solves the Poisson’s/Drift equations for the carrier
generation and the photocurrent volume density. Te
transient RF module solves the antenna radiation problem
upon exciting the gap with the surface photocurrent
density. Te generated THz electric feld pulse is given by
[18, 19]as follows:
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Figure 1: Conceptual diagram of THz generation in a PCA: (a) femtosecond laser beam excites electron-hole pairs in the LT-GaAs layer, (b)
generated photocurrent pulse, and (c) metallic electrodes (antenna) excited by the photocurrent pulse in the gap to radiate THz pulse [1].
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where Js is the surface current density, obtained upon
adjusting the volume photocurrent density with the cross
section of the antenna gap, r is the position vector of the THz
feld, r′ is the position of the surface current density at each
point in the surface of the gap ds′ , c is the speed of light in
vacuum, and ϵo is the permittivity of free space. Te
methodology section will be focused on the utilized tech-
niques and challenges faced during the device fabrication of
the PCAs considered here.

2.1. Device Fabrication. Te process begins with an epitaxial
(epi) layer growth of LT-GaAs onto a semi-insulating GaAs
substrate. Te growth specifcations are as follows: 350 μm
semi-insulating GaAs (SI-GaAs) substrate, 250 nm LT-GaAs
epitaxy layer grown at 250°C, and annealed for 10minutes at
525°C.Tese growth parameters are chosen to achieve a sub-
picosecond carrier lifetime and high mobility as reported in
[20].

Te wafer is sectioned into device-sized samples
(5mm× 5mm), each cleaned with a 4-minute bath in ac-
etone, then isopropyl alcohol (IPA), both being carried out
in an ultrasonic bath to aid in removing any debris from the
sample. Each piece is then spin coated with a ∼100 nm thick
layer of poly (methyl methacrylate) A2 (PMMA A2) resist.
After spin coating, the chip is placed on a hot plate for
4minutes at 180°C to harden the PMMA layer. Electron
beam lithography (EBL) will be used to pattern the elec-
trodes onto the resist layer. Te electrode dimensions are
defned in AutoCAD software, after which proximity efect
correction (PEC) software is performed to improve the fnal
device dimensional accuracy. Next, the pattern is written
into the PMMA layer via EBL.

Once written, the pattern is developed via 60-second
bath in methyl isobutyl ketone (MIBK), followed by a rinse
in IPA after which the electrodes are metalized. Termal
evaporation is used to deposit a 5 nm adhesion layer of
chromium (Cr) followed by a 50 nm layer of gold (Au). After
metallization is completed, a standard acetone lift-of pro-
cedure is followed, which has been well documented in [21].
After being metalized, each device is mounted into a leadless
chip carrier using clear nail polish as an adhesive. More
details about the device dimensions and standard fabrication
are shown in Appendix A.

To establish electrical connections for the applied bias
voltage, wire bonding is performed using a wedge bonder
with 1 mil aluminum bonding thread. To keep all mea-
surements as consistent as possible, an identical fabrication
procedure was followed for each electrode design, with all
devices fabricated from the same wafer (wafer 2 in [16]). Te
carrier density of the LT-GaAs wafer was 6.75×1017 l/m3,
carrier lifetime was 0.95 ps, and mobility was 2392 cm2/(Vs).

Te four antennas fabricated and measured in this work are
shown in Figure 3.

2.2. Fabrication Challenges. Te frst fabrication challenge
was the overexposure of the PMMA resist during the EBL
writing process. Overexposure from EBL is caused by
electrons scattering of the substrate of the device, ultimately
exposing areas of resist that should not have been.Tis efect
is especially problematic when dealing with small features
within largely exposed areas, such as the fractal cutouts, or
the slot cutout, in most cases causing these features to be
completely missing from the fnal pattern. To achieve the
features from the CAD model, blank bowtie PCAs were
fabricated, and then respun in a new PMMA layer and
patterned with slots. Tis slot layer acted as an etch mask
where Au and Cr etchants were used to remove the gold
from the areas where the cutouts should be. Etching these
features added complexity and steps to the fabrication
process but achieved the desired results after fnding the
ideal etch time via try and error. Initially, using the man-
ufacture’s recommended etch times for a 50 nm gold layer,
the device became completely overetched, as shown in
Figure 4(a). Furthermore, time trials are shown in Figures
4(b)–4(e), with the arrow in Figure 4 indicates to etching
defect. Te results of Figure 4(e) reveal an ideal etch time of
around 2.5 seconds, which we used in our device fabrication
in this work.

Te overexposure can also be compensated for by using
proximity efect correction (PEC) software, where a CAD
model can be fractured into cells, and the intensity of the
electron beam can be modulated to reduce overexposure in
problematic areas. Te PEC software used in this work is
Beamfox. An example of a fractured and modulated CAD
fle is seen in Figure 5, with the yellow color in Figure 5(b)
indicates the lowest intensity and the blue color indicates to
the highest intensity. Upon applying the PEC modulation,
the overexposed areas marked in Figure 5(a) are all suc-
cessfully patterned, with the increased sharpness in the small
corners are marked in Figure 5(c). It was found that by using
the PEC software, all features could be patterned without the
need for etching. Tis solved the issue of overexposure and
allowed for a simplifed and streamlined fabrication process.

2.3. Experimental Setup and Measurements. To detect the
radiated THz pulse of the fabricated PCAs, the TDS system
described in [13] is utilized. Figure 6(a) shows the THz
section of the system that includes a NIR lens, THz emitter,
golden ellipsoidal mirrors, and THz detector.Te yellow and
blue dashed lines indicate the laser beam propagating out of
the fber optics cables to the emitter and detector, respec-
tively. Te femtosecond laser provides ∼84mW of power

Frequency-Domain RF
Module. Solving full wave
equation with femtosecond
laser as excitation source.

Semiconductor Module
Solving diffuse-drift and
Poison's equations to obtain
photocurrent density.

Transient RF Module.
Solve antenna problem
excited by photocurrent pulse
to obtain THz radiation.

Figure 2: COMSOL multiphysics modules for PCAs [13].
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with a beam width of ∼94 ps. Te power of the laser beam
incident to the 5× 4 μm2 gap of in the PCA emitter is ∼6mW
while it is 4.5mW for the detector. An NIR lens of focal
length 4.5mm is used to focus the laser beam of ∼3mm spot
size down to a ∼5 μm spot that is incident on the gap of the
PCA. Two gold ellipsoidal mirrors, located in the center,
guide the THz emission from the emitter to the detector.
Between the two mirrors, a mount used for holding brass
pinholes is shown in Figure 6(a).

Te alignment of the laser to the PCA gap, as well as
alignment of the THz beam, plays an integral role in the
quality of the obtained THz signal. Figure 6(b) shows the
alignment stages located at the emitter and detector sides.
Tese stages allow for manipulation of the incident laser
beam in 3 dimensions, the top three adjustment knobs being

for the laser alignment to the gap of the PCAs, while the
bottom three knobs are to align the THz beam. Basically,
each alignment stage has 3 degrees of freedom. Te z-axis is
used to focus the incoming laser to the correct size of the
PCA gap, while the x- and y-axes are used to position the
focused spot into the gap. A hyperhemispherical silicon lens
is positioned in direct contact with the back of the PCA on
both the emitter and detector to focus the THz beam. Tis
lens is held in place by pressure between a metal fexure and
the back of the PCA. It is imperative to ensure that the lens
and PCA are in direct contact with no air gap between them.

Figure 6(c) demonstrates the refection setup used for
ensuring that the laser beam is incident on the gap of the
PCA. Te fgure also shows the resulting refected image of
the gap on a paper card. While these refected images are not

(a) (b) (c) (d)

Figure 3: (a) Bowtie, (b) fractal, (c) slotted, and (d) circular PCAs.

Figure 4: Slotted PCA (a) over etched slots. Slots etching time trials: (b) 5 seconds, (c) 3 seconds, (d) 2 seconds, and (e) 1 second.Tis etching
test was conducted on silicon dioxide.

(a) (b) (c)

Figure 5: Circular PCA: (a) problematic uniform dosage, (b) PEC corrected CAD model, and (c) modulated dosage. Tese images were
taken using an optical microscope. Te diference in colors between 5(a) and 5(c) is due to the PMMA resist in 5(a) and the Cr/Au
metallization in 5(c).
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high-resolution, one can make out the electrodes and
transmission lines boundaries, which facilitates the initial
alignment of the laser beam to the gap. From here, the laser
spot can be further focused by sight. When focusing by sight
is no longer feasible, the resulting pulse can be viewed in real
time in the data acquisition software, while the alignment is
further refned for an optimized THz signal. Refection
images of the bowtie and the circular emitters gaps are
shown as examples. Figure 6(d) shows a representation of
the beam paths through the beam splitter used in Figure 6(c).
Tis diagram explains how the beam splitter interacts with
the incoming and refected laser beam to facilitate the
projected image of the PCA onto a blank card.

Te generated THz electric feld pulse contains a broad
range of frequencies, just viewing a pulse does not infer that
the alignment is correct. For this reason, brass pinholes of
diameters 0.5 and 1.0mm are often utilized to verify that
the THz beam is in its optimal position with respect to the
detector [22]. Furthermore, using the pinholes remove low-
frequency components of the signal [23]. Due to the large
impact that the alignment quality has on the measure-
ments, it is important to have reference devices with known
pulse amplitude and spectrum to use as a calibration
procedure before measuring the performance of the new

PCAs. After validating the alignment of the THz beam
between the emitter and detector, the pinholes are re-
moved, and the data are collected and shown in Section III.
Te fabricated 3D THz PCA emitter device stack is shown
in Appendix A.

3. Experimental Results and Discussion

3.1. PCAs Performance Measurements. Te measurements
results are obtained using the THz time-domain spec-
troscopy system reported in detail in [13]. Each electrode
shape has been fabricated and mounted in the THz TDS
system to measure the radiated THz electric feld pulse
and calculate its frequency-domain spectrum using the
fast Fourier transform (FFT) using 2048 samples within a
∼40 ps window. Performance can vary from device to
device due to diferences in the substrate properties, al-
though sliced from the same wafer, as well as defects
during fabrication. It should be noted that the devices
were fabricated simultaneously in pairs. In Figure 7, the
dimensions of the main trapezoid in the bowtie, fractal,
and slotted electrodes are of the same size as shown in
Figure 7(a). Here, we display only one of the electrodes
due to the symmetry shown in Figure 3. Te gap length

NIR
Lens

Emitter

Detector

NIR Lens

Z

Y

X

Reflected

Incoming

PCA

Card

Card

Golden
mirrors 

(a) (b)

(c) (d)

Figure 6: Photos of the time-domain spectroscopy (TDS) system (TeraAlign): (a) THz part, (b) 3D alignment stages for NIR (top) and THz
(bottom), (c) refection setup with bowtie (top) and circular (bottom) electrodes, and (d) diagram showing the function of a beam splitter
used in (c).
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and width are kept at 4 μm and 5 μm, respectively, in all
four PCAs shown in Figure 7.

Te measured THz radiated electric feld pulses in ar-
bitrary units (a.u.) are shown in Figure 8 in the time and
frequency domains. Te x-axis in Figure 8 represents the
time introduced by the optical delay lines in the TDS system
to ensure that the femtosecond laser pulse reaches the
emitter and detector at the same time. Shifting the delay lines
within the system shifts the resulting pulse left or right on the
plot. Figures 8(a) and 8(b) are the experimental measure-
ments of the generated signals without going through any
pinholes. Figures 8(c) and 8(d) are the experimental mea-
surements when the generated THz signal travels through a
pinhole of diameter 1mm (cutof frequency of ∼0.175 THz).
Figures 8(e) and 8(f) are the experimental measurements
when the generated THz signal travels through a pinhole of
0.5mm (cutof frequency of ∼0.351 THz). For comparison, a
commercial PCA was measured and plotted in these fgures.
Tis commercial PCA was purchased from TeraView Ltd.
and uses geometry protected under IP law. For clarifcation,
the fve THz measured pulses are deliberately shifted from
each other in Figures 8(a), 8(c), and 8(d), respectively.

Te results in Figure 8(a) show that the THz signal of the
commercial PCA exhibits less peak-to-peak magnitude
compared with the other four PCAs. However, the spectrum
of the commercial PCA demonstrates a broader bandwidth
compared with the other four PCAs as shown in Figure 8(b).
To investigate the quality of the generated THz signals, we
inserted a pinhole of diameter 1mm in the center between
the two golden ellipsoidal mirrors shown in Figure 6(a).

Note that the presence of the pinhole cuts the low-
frequency components from all signals. In other words, the
generated THz signals in the bowtie, slotted, fractal, and
circular electrodes PCAs originally contained more low-
frequency components compared with the commercial PCA,
causing their peak-to-peak magnitudes to be larger than that
of the commercial PCA as shown in Figure 8(a).

Te results of using a 1 mm diameter pinhole are
plotted in Figure 8(c) where the time-domain signal of
the commercial PCA shows a larger peak-to-peak am-
plitude compared with the other four PCAs. Te com-
mercial PCA continued to demonstrate larger peak-
peak-signal in the time domain upon passing the signals
through a smaller pinhole of 0.5 mm diameter as shown
in Figure 8(e). Te spectra of all generated THz signals
generated using all fve PCAs and passing through the
pinholes are shown in Figures 8(d) and 8(f ), respectively.
Te spectrum plots of each device are extracted from the
system, then normalized to their individual maximum
value for convenient bandwidth comparison of their
bandwidth.

It is noticed that the bandwidth of all spectra is similar
for frequencies larger than 1 THz. However, for frequencies
smaller than 1THz, the generated THz signals in the bowtie,
slotted, fractal, and circular seem to still contain more low-
frequency components compared with the commercial PCA
as shown in Figures 8(d) and 8(f ). Te results of Figure 8
demonstrate the necessity to analyze the bandwidth of all
THz-generated signals as will be discussed in the following
Section.
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Figure 7: AutoCAD geometries and dimensions in μm of (a) bowtie, (b) fractal, (c) slotted, and (d) circular, metallic electrodes.
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3.2. Polarization Measurements and Far-Field Computation.
To understand the amplitude variation of the generated THz
time-domain signals shown in Figure 8(a), we employed two
strategies. Te frst was based on experimental measure-
ments of each antenna polarization, and the second was
based on numerical simulation of the far electric feld
generated by each antenna using COMSOL Multiphysics.

3.2.1. Polarization Experimental Measurements. Te po-
larization measurement results are shown in Figure 9
where the confguration used in the experiment is shown
in Figure 9(a). Te experiment utilized two wire grid
polarizers and one x-cut quartz crystal halfwave plate.
Te later rotates the beam polarization by 90° at
∼3.06 THz [24]. In this experiment, the THz beam
propagates from the emitter to the detector through the
frst wire polarizer, the half-wave plate crystal, and fnally
the second wire grid as depicted in Figure 9(a). Te
detector is a commercial one with a horizontal polari-
zation, purchased from TeraView Ltd. In the frst ex-
periment, the THz beam propagates through the wire

grid polarizer, oriented in the vertical direction, to allow
the horizontal polarization signal to pass. Te crystal is
oriented such that no rotation occurs. Ten, the second
wire polarizer, oriented also in the vertical direction to
pass the horizontal polarization to the detector. Te
resulting signals of the isolated horizontal polarization
(H) are shown in Figures 9(b)–9(f ) in red color plots. In
the second experiment, the frst polarizer is rotated 90° to
pass the vertically polarized signal. Te half-wave plate
crystal is rotated 45° to convert the vertically polarized
signal back to horizontal polarization to be measured by
the detector. Te second wire polarizer remains in the
vertical direction as in the frst experiment because the
detector can only measure horizontally polarized signals.
Te results of the vertical polarization signals are shown
in blue color plots in Figures 9(b)–9(f ). Te shaded light
blue indicates the designed frequency of the half-wave
plate of 3.06 THz. Te comparison results between the
measured polarization indicate that these antennas are
mainly horizontally polarized since the horizontal plots
are almost two orders of magnitude larger than the
vertically polarized signals.
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Figure 8: Experimental measurements of THz radiated signals of the bowtie, slotted, fractal, circular PCAs and a commercial PCA. (a)
Time-domain pulses, (b) frequency-domain spectrum obtained using FFT. Both a and b are obtained without using pinholes. (c, d) Figures
obtained using a 1mm pinhole. (e, f ) Figures obtained using a 0.5mm pinhole. Te spikes in the spectrum indicate to water signatures as
experiments were conducted in the air without purging with nitrogen gas. Each spectrum is normalized to its maximum value.
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3.2.2. Polarization COMSOL Computation. For consistency
with the defnitions of the horizontal and vertical polari-
zations used in Figure 9(a), here, we defne the theta-po-
larization as horizontal polarization (H) and the phi-
polarization as vertical polarization (V) as shown in Fig-
ure 10.Te far-feld transformation in COMSOL was used to
obtain the theta- and phi-polarizations at θ� 90° and φ� 0,
and the results at 2 THz are summarized in Table 1. Te
distinguishing distance between the near and far-feld re-
gions was selected to be half wavelength (i.e., 75 μm). Te
results show that the polarizations of these antennas are
mainly in the horizontal direction as depicted in Figure 10.
Tese computations are in full agreement with the experi-
mentally measured results in Figure 9. It is important to
clarify that the experimental system is not purged with
nitrogen gas. As a result, the time-domain signal amplitude
varies when conducting the measurements on diferent days
due to the variation of humidity in the surrounding air. For
example, while the results of Figure 9(a) show that a THz
signal amplitude generated from the circular electrodes
antenna is a bit smaller than that of the bowtie antenna, the
opposite was observed in other repeated measurements (not
shown here for space limitation). We fabricated and mea-
sured the THz signal of ∼25 antennas of the various elec-
trodes, and we observed a variation in the time-domain
signal amplitudes. In addition, the alignment between the
THz emitter and detector plays a signifcant role in the
measured signal amplitudes.

3.3. Analysis of Overall Bandwidth. To understand the fac-
tors that infuence the overall bandwidth of the PCA devices,
the measured spectra of the generated THz signals, the
COMSOL calculated S11 parameters of each metallic

electrodes positioned on a semi-insulating GaAs substrate
(as shown in Figure 1(c)), and the COMSOL calculated
photocurrent density shown in Figure 11 are obtained. Te
volume photocurrent density, obtained upon solving the
drift-difuse equations using COMSOL [13], was multiplied
by the cross-sectional area of the LT-GaAs layer
(250 nm× 5 μm) and then divided by the width of the
electrodes (5 μm) to obtain surface current density in the gap
shown in Figure 11. A 1V was used to bias the metallic
electrodes for generating the photocurrent in the semi-
conductor module and then the current density pulse shown
in the fgure was used to feed the antenna gap in the RF
Transient model as described in Figure 2. Te results
demonstrate that the generated photocurrent densities are
approximately the same in all four devices, as expected since
they have the same dimensions of the antenna gap and the
thickness of the LT-GaAs layer. A variety of aspects of
simulations and boundary conditions used in the COMSOL
model can be seen in Appendix A and in [10, 11, 13, 17, 25].

Te spectra comparison results are shown in Figure 12,
where the dashed black line is −10 dB, a conventionally used
value for determining antennas bandwidth. Te shown S11
parameters of the bowtie, slotted, and fractal antennas
demonstrate multiband nature. However, the S11 parameter
of the circular antenna demonstrates a broader bandwidth
starting at ∼1.22 THz with a dip of ∼ −40 dB at ∼2.42 THz.
Te photocurrent spectra in Figure 12 show decreasing
values with increasing frequency for all four devices. Te
spectra of the radiated THz signals in all four antennas seem
to be dominated by the behavior of the S11 parameters at the
lower part of the frequency band but with the decreasing
spectra of the photocurrent density at higher frequencies.
Upon comparing the overall bandwidths of the four PCAs
using the −10 dB line, it is noticed that the bowtie provides
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Figure 9: Experimental measurements of antenna polarization using two wire polarizers and a half-wave plate x-cut quartz crystal: (a) 3D
experiment confguration, (b) commercial THz antenna fromTeraView Ltd., (c) bowtie, (d) fractal, (e) sotted, and (f) circular, antennas.Te
dimensions of Figure 9(a) are not to scale, as the antennas are in micrometers, while the polarizers and the crystal are in centimeters.
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two bands, one from 0.985 to 1.427 THz and the second
band starts at 2.664 THz to beyond 6.5 THz. Te fractal
antenna also has two frequency bands, one from 0.998 to
1.239 THz and the second one starting at 2.921 to beyond
6.5 THz.Te slotted antenna has two bands as well, one band
from 0.998 to 1.51 THz and the second starts at 2.737 to

beyond the 6.5 THz. However, the circular antenna shows
one broadband that starts at 1.22 THz to beyond the 6.5 THz.
Considering the noise level of the measured THz signal in
Figure 12, we observed that it is ∼−80 dB in the bowtie,
∼−90 dB in slotted and ∼−100 dB in the fractal PCAs and the
circular PCAs.

PCA

z

x

Efar-field (φ-polarization)

Efar-field (θ-polarization)

Figure 10: COMSOL calculation in the far-feld at θ� 90° showing the theta- and phi-polarizations (equivalent to horizontalH and vertical
V polarizations in the experiment).

Table 1: COMSOL far-feld results at θ� π/2 and φ� 0 and f� 2 THz.

Bowtie Slotted Fractal Circular
Efar-θ (V/m) 0.7848 0.7377 0.7656 0.592
Efar-Φ (V/m) 2.17e− 4 1.99e− 4 2.45e− 4 0.93e− 4
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Figure 11: 3D modeled photoconductive surface current density of the four PCAs considered here. Te electrodes were positioned on a
multilayer of 250 nm LT-GaAs and half-space SI-GaAs, achieved in COMSOL by using a 400 nm thick layer and the scattering boundary
condition.
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Figure 12: Analysis of overall bandwidth of measured THz signal based on the calculated S11 parameter and the calculated photoconductive
current density for (a) bowtie, (b) slotted, (c) fractal, and (d) circular PCAs. Dashed line represents the −10 dB value. All generated THz
signals in the fgures are obtained through experimental measurement.
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4. Conclusions

In this work, we investigated four PCAs on LT-GaAs
substrate with diferent metallic electrode geometries of
well-known broadband antennas in the microwave band.
Te antennas were modeled using COMSOL multiphysics.
EBL was utilized to fabricate the PCAs due to its maskless
process, however, if devices were to be fabricated in bulk,
photolithography could be more efcient. Te challenges of
overexposure and over etching were resolved upon applying
the PEC modulation software. Te overexposed areas were
all successfully patterned with the increased sharpness in the
small corners of the electrodes. Te results presented here
were not taken in a nitrogen purged environment. It should
be noted that measurements carried out on diferent days,
even with the same alignment, can slightly difer due to the
humidity in the air.

It should be noted that the photocurrent pulse mainly
depends on the properties of the LT-GaAs semiconductor,
i.e., the carrier mobility, density, and lifetime, the bias
voltage, the gap size, and the power of the laser beam. On the
other hand, the S11 parameter depends on the geometry of
the electrodes and the dielectric properties of the semi-in-
sulating GaAs substrate in the THz frequency band. As
discussed previously, the spectra of the photocurrent and S11
parameters are considered the main factors that afect the
overall bandwidth of the radiated THz signal of the PCA.

Reference LT-GaAs PCA emitters obtained from Tera-
View Ltd along with pinholes of diameters 1mm and 0.5mm
were used to calibrate the TDS system ,and verify the THz
beam alignment before collecting THz signal data of the
PCAs presented in this work.

To assess the quality of the generated THz signals,
pinholes were used. A rule of thumb used by PCA com-
mercial manufacturers to evaluate the quality of the PCA is
to use pinholes and verify that the signal amplitude is re-
duced by no more than 50%. Tis rule was proven in the
commercial PCAs, however, the pinholes cut ∼60% of the
signal amplitude in the case of the investigated four PCAs.
Te reason is that the growth properties of the LT-GaAs
wafer used in the commercial PCAs has higher quality in
mobility and carrier lifetime. Te growth and annealing

processes are protected under the IP of TeraView that were
not shared with the authors.

Special attention must be paid to the polarization of not
only the emitter device, but also the detector, and incoming
laser. An x-cut quartz crystal half-wave plate was used as a
linear polarization rotator in order to isolate the horizontal
and vertical components of the emitted THz pulse. Tis
halfwave plate has a thickness of 1mm, which corresponds
to an operating frequency of ∼3 THz.

Te obtained results demonstrate that the S-parameter
(S11) of the bowtie, slotted, and fractal electrodes show
multiple frequency bands while the circular shows a single
broadband, however, the overall bandwidths of generated
THz pulse of the four PCAs are similar. Furthermore, the
obtained experimental results of the bandwidth and the
peak-peak-amplitudes of all four PCAs agree with the
modeling results presented in [17].

Appendix

A. Device Excitation and Materials

A femtosecond laser with an x-polarized wave, 780 nm
wavelength, ∼94 ps pulse width, and ∼85 mw average power
was used to excite the PCAs. Tis femtosecond laser illu-
minates the antenna gap between the two metallic electrodes
of size 4 μm× 5 μm as shown in Figure 7. Te materials used
in the fabrication were an LT-GaAs layer of 250 nm
thickness grown on top of the semi-insulating GaAs wafer of
thickness 350 µm, in addition to adhering layer of chromium
of thickness 5 nm between the gold electrodes of thickness
50 nm and the LT-GaAs layer. To connect the bias voltage to
the electrodes, an aluminum (Al) wire bond of diameter 1
mil is used as shown in Figure 13. “Te design of the device
was accomplished using a COMSOL Multiphysics model
based on several eforts reported in [1, 10, 11, 13, 17, 25].”

B. Some Aspects of the Computation Model

Te frst step is running the frequency-domain RFmodule to
solve Maxwell’s equations. In this module, we used the
scattering boundary conditions at certain boundaries and

Au (50 nm)

Cr (5 nm)

Si-G
aAs (3

50 μm)

Bond Pad
(300×300 μm)

A1 (1 mil)

T-line 1550×5 μm
LT-GaAs (250 nm)

Figure 13: Fabricated 3D model of THz PCA emitter device stack (not to scale). Te metallic electrodes represented in yellow color in this
sketch were fabricated in four diferent shapes as demonstrated in Figure 7.
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the perfect electric and magnetic conductors at the lines of
symmetries. For example, in modeling the incident electric
feld at the top face of the computational domain, we used
the scattering boundary condition. In addition, at the bot-
tom of the domain, we also used the scattering boundary
conditions where the semi-insulating layer was modeled as
half space. Te perfect electric conductor (PEC) and the
perfect magnetic conductor (PMC) are used at the lines of
symmetries (i.e., the y- and x-directions, respectively). Using
PEC and PMC boundary conditioned helped to manage the
prohibitive requirement of the computational time and
memory in 3D multiscale confguration even when using
supercomputers. Te other two modules are the semicon-
ductormodule to solve the difuse/drift equations and the RF
transient to solve the radiation equation. To avoid repeating
the details of the three modules, we refer the readers to the
cited references [11, 13, 25].
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