Modeling and Optimization of THz Photoconductive Antenna

Nimisha Arora', Aparajita Bandyopadhyay®, Amartya Sengupta'

'Department of Physics, Indian Institute of Technology Delhi, New Delhi, India
’DRDO-JATC, Indian Institute of Technology Delhi, New Delhi, India

*Corresponding author: nimishaarora051996@gmail.com

Abstract: This work presents a computational approach to model efficient terahertz photoconductive
antennas. Two configurations have been proposed and optimized using RF module and further verified using
wave optics module present in commercially available finite element method solver COMSOL Multiphysics.
For this optimized configuration, optical response has been simulated for femtosecond optical pulse
excitation. Semiconductor module is then utilized to study electrical response of the 2D THz-PCA. The
obtained results support the efficient generation of THz-PCA by observing transient current collected at the
terminals of the electrode, addressing the problem of low output power of THz PCA.
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INTRODUCTION:

The Terahertz (THz) range of frequencies lies in the
transitional region between the classically described
electronics region (<100 GHz) and the photonics
region (>10 THz), where quantum nature of light
dominates over wave nature [1]. Approaching the
THz regime from either of these regimes comes with
their unique challenges. For instance, increasing the
operating frequency of the microwave devices is
limited by the carrier mobility of the oscillating
semiconductor material [2]; whereas, reducing the
energy of the emitted photon generated by electronic
transitions in a semiconductor is limited by the fact
that the thermal energy at room temperature is larger
than THz energy [3]. THz waves have potential
applications in many areas. For example,
semiconductor phonons vibrations [4]; unique
fingerprint lines of macrobiomolecules,
pharmaceuticals, narcotics, and explosives [5-8]. This
technique is also effectively used in the quality
control of electronics fabrication and packaging [9-
14] as well as composite material inspection [15],
biomedical imaging [16-18], burn wound assessment
[19, 20], and dental tissue imaging [21]. The objecti-

ve of this work is to computationally optimize a
novel THz-photo conductive antenna (THz-PCA)
design with enhanced optical-to-THz conversion
efficiency. It has been done by utilizing the
commercially available finite element method (FEM)
solver COMSOL Multiphysics. The paper is
organized as follows: Section 2 introduces the theory
and concept behind the proposed THz-PCA design,
section 3 defines the Computational modeling and
methodology, and section 4 includes the simulation
results.

THEORY OF THz PHOTOCONDUCTIVE
ANTENNA:

The understanding of THz pulse emission from PCA
incorporates the electrical response of
photoconductive material triggered by an optical
pulse. Figure 1 demonstrates the THz emission
mechanism with time propagation with an incident
subpicosecond pulse (<1ps). Figure 2 represents a 3-
dimensional isometric view of THz-PCA. It show the
main components which include the photoconductive
substrate, high resistivity float zone silicon (HRFZ-
Si) on the back of the substrate, and THz dipole
antenna electrode fabricated on top of the substrate
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Figure 2: Illustration of pulsed THz generation in a PCA. Femtosecond optical pulse propagates into the
photoconductor, generates a transient photocurrent, which drives the antenna, and is re-emitted as a

broadband THz pulse.
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Figure 1: (A) Strip Dipole Antenna (B, C) Hertzian Dipole Antenna

with an external DC bias. Generated free
photocarriers after optical excitation, are accelerated
towards these dipole electrodes which results in a
transient photocurrent [22, 23]. The rise time of the
photocurrent is proportional to the rise time of the
incident pulse and the decay time of the photocurrent
depends on the electrical properties of the
photoconductive material used [24]. Hence, it is very
critical to choose the appropriate photoconductive
material having carrier lifetime of few picoseconds
and low temperature grown Gallium Arsenide (LT-
GaAs) [25-27] is one of the ideal materials. Most of

the optical energy that is converted into the generated
broadband THz pulse is directed by the antenna and
is proportional to the transient photocurrent collected
at the terminals of the electrode. Emitted THz pulse is
detected either through the use of a calibrated THz
power detectors (bolometer and pyroelectric
detectors) [28, 29] or by an electro-optic sampling of
the THz pulse in a time-domain spectroscopy (TDS)
[30]. It measures the temporal profile of the THz
pulse with a high signal to noise ratio (SNR). The
emitted broadband THz pulse can be described by
electric field expression:
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Where, J; is spatially and time dependent surface

current density.

DESIGNING AND COMPUTATIONAL
MODELING OF THz PCA:

For the purpose of computational modeling, two
different antenna designs have been modeled and
optimized for different antenna parameters (Figs.
2(A), 2(B), and 2(C)). The optimized THz-PCAs and
its radiation patterns were verified using two models
(RF & Wave optics) present in commercially
available finite element method solver COMSOL
software. The detailed computational study is
structured in flowchart as shown in Fig. 3:
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Figure 3: Flow chart of computational modeling.

It is evident from the flowchart that computational
modeling is divided into three steps, (1) Optimization
of the antenna structure using RF module and further
verified by wave optics module; (2) For this
optimized structure, calculating the optical response
using the spatial distribution of optical field; (3)
Finding the electrical response in the 2D structure by
solving coupled time-dependent Poisson’s and drift-
diffusion equation. The simulation is divided into
three parts:

1) OPTIMIZATION:

Antenna structures (Figs. 2(A), 2(B), and 2(C)) were
first optimized using RF module and then using wave
optics module. Material properties used for this, are
listed in Table 1:

Table 1: Material properties used during optimization

Material Unit Au LT- Si Air

Property (SD) GaAs

Relative 1 1 1 1 1
permeability

Relative 1 -22.5 129 11.7 1
permittivity

Electrical S/m 2400 1000 1.5e- l.4e-
conductivity 6 11

1D and 2D simulation using time

Transient photo current

The lens material was index-matched to the substrate
(n~3.4) to reduce multi-reflections. This also helps
to decrease the divergence of THz radiation which
results in increased gain [31]. PCA is then optimized
for various parameters as length, gap size, and
thickness etc. with an impedance matched condition
on the antenna.

2) OPTICAL RESPONSE:

It was determined by solving the electromagnetic
wave equation in the frequency domain:

Ax Tt (AXE) -k} (¢ = L) E =0 )

Here, €, o, and p. are the relative permittivity,
conductivity, and relative permeability of the material
respectively, kK, and €, are the free space propagation
constant and permittivity respectively, A is the
excitation wavelength, ¢ is the speed of light in
vacuum, and E is the electric field vector. Optical
excitation in the gap was defined by a subpicosecond
pulse of Gaussian dependence along x and y-axis
with

Einc =
a.E, exp (2 In(0.5) (X;%)Z) exp (2 In(0.5) (y;%)z), 3)
X y

polarization along 34,. Xpandy, represent the
location of the optical beam. Dy and Dy are the half
power beam widths (HPBW) along the x and y-axis
respectively. The electric field amplitude E,
corresponds to the peak electric field of the



subpicosecond pulse optical excitation and it can be
approximated as:
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Here, f,, Pave, N, and Dy are the pulse repetition rate,

average laser power, free-space wave impedance, and
pulse time duration respectively. In this part of the

simulation, E was found everywhere in the
computational domain. Similarly, total power flux
density distribution in the computational domain can
also be derived from electric field distribution as
follows:
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Analogically, P, and P, can be written.

3) ELECTRICAL RESPONSE:

This step of the simulation utilized the standard time-
domain form of the coupled Poisson’s (6) and drift-
diffusion (7, 8) equations:
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Here, V, n, and p are input variables. Last two terms
in Egs. (7) and (8) stand for recombination and
generation of carriers. Carrier recombination was
described by Schottky-Read-Hall (9) and Auger
recombination models (10).

np — Ynypniz,eff
(Tp(n +1n1) + 1(p + p1))’

rspu(x,y,2) =
AE AE
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rar(y,2) = (Con + Cpp) (np — 1,7, 0%),  (10)

For the electrical response, only LT-GaAs layer was
considered. The last term in Egs. (7) and (8) implied

generated photocarriers due to optical response
obtained in step 2. All the physical quantities
necessary for THz-PCA modeling that appeared in
Egs. (3)-(10) are tabulated in the Table 2:

Table 2: Electrical, optical properties, and constants
used in simulation.

Symbol  Description Units Value
[ LT-GaAs None 12.9
Np Donor doping 1/em® lel6
concentration
Na Acceptor doping 1/em® 0
concentration
Hn Electron mobility m’/V/is 0.8
up Hole mobility m*/V/s  0.047
Eg Bandgap \' 1.424
X Electron affinity v 4.07
T Room temperature K 300
T, SRH electron lifetime S 480e-12
Tp SRH hole lifetime S 480e-12
C, Auger electron cm®s 7e-30
coefficient
Co Auger hole coefficient em®/s 7e-30
n; off Effective intrinsic 1/m’ 1.23e-12
carrier concentration
Vbias Bias Voltage v 30
A Free space wavelength nm 800
Pave Average laser power mW 3.57
fp Laser pulse repetition MHz 80
rate
Xo Pulse x-axis center pum 0
location
Yo Pulse y-axis center pum 0
location
to Pulse center location ps 2
(time)
D, Pulse HPBW (x pum 3
direction)
D, Pulse HPBW (y pum 3
direction)
D, Pulse FWHM (time) fs 133
Kpe Photoconductor None 0.0625
extinction coefficient
of LT-GaAs
a. Einc polarization unit  None ay
vector

RESULT AND DISCUSSION:

Dipole Antenna and Hertzian Antenna (Figs. 2(A),
2(B), and 2(C)) were first optimized for its length,
thickness, and gap parameter in RF module. For the
optimization of THz-PCA (Fig. 2(A)) at 1 THz, arm
length is varied from 75 pm to 100 pm, thickness is
varied from 15 um to 20 pm, and the gap is varied



from 2 um to 10 pm. And, for THz-PCA (Figs. 2(B)
and 2(C)), length is varied from 75 pum to100 um,
the thickness is varied from 20 pum to 60 um, and the
gap is varied from 2 umto 10 um. Table 3 defines
the parameters value obtained during optimization.

Table 3: Simulated parameter values for Optimized
THz PCA design for Figs. 2 (A), 2(B), and 2(C).

Strip Hertzian Hertzian
dipole dipole dipole

antenna, antenna, antenna,
Fig. 2(A) Fig. 2(B) Fig. 2(C)
Lintenna (LM) 75.76 93.46 300,
37.5b/w
strip
l‘ant(-‘mna(urn) 19.74 20, 20,
monotonic  monotonic
increase increase
with r
8aPsize(Wm) 5 6, ] 3.75
monotonic
increase
with g
Directivity(dB) 2.9619 3.0019 2.8052

Observed far-field THz radiation pattern for
optimized THz-PCA design is shown in Fig. 4.

Figure 4: Far-field THz radiation pattern for optimized
antenna design, shown in Figs. 2 (A), (B), and (C)

The blue bump in the figure shows that the radiation
is also emitted across the PCA towards the HRFZ-Si
ball lens, in the form of a narrow beam. It is
advantageous to have this sort of radiation pattern as
it allows the incidence of the subpicosecond optical
pulse in one direction and receive the THz pulse on
the other side of the PCA. This observed far-field
THz radiation pattern is then validated by the wave-
optics module. To find an optical response of the
THz-PCA, a subpicosecond pulse of Gaussian
distribution along x and y-axis with polarization
along the x-axis is incident on the gap with
parameters listed in the Table 2. Figure 5

demonstrates the simulated results in wave-optics
module to study optical response of optimized PCA
design:
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Figure 5: optical response PCA design shown in figure 2
(B) in wave optics module

Figure 6 represents the far-field radiation pattern for
the THz-PCAs.
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Figure 6: 3-dimensional far-field radiation pattern for
optical subpicoseconds excitation corresponding to PCA
designs shown in Figs. 2 (A), 2(B), and 2(C).

A narrow beam across the Si lens is observed with
corresponding directivity value 3.610 dB, 5.223 dB,
and 5.703 dB. Similar results were found for PCA
designs shown in Figs. 2(A) and 2(C). The electric
field distribution in Fig. 5 is used to study electrical
response of THz-PCA using semiconductor module
in 1D and 2D as discussed in section 2.3. Measured
transient photocurrent for 2D PCA structure is shown
below in Fig. 7. Evidently, most of the carrier
generation occurs in the gap and those generated far
from the electrode recombine due to short carrier
lifetime and do not account into transient
photocurrent. THz-PCA is an integral step in THz
time- domain imaging and spectroscopy technology.
Computational modeling can be a valuable tool for
researchers as it allows the device performance to be
predicted before expensive and time-consuming
prototyping and testing. Future work is ongoing to
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Figure 7: Transient photocurrent measured in time
dependent semiconductor module in 2D computational
domain for carrier recombination time of 480 ps.

develop full 3-dimensional computation using FEM
COMSOL solver.
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