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Abstract In this paper, we review the past and recent
works on generating intense terahertz (THz) pulses from
photoconductive antennas (PCAs). We will focus on two
types of large-aperture photoconductive antenna (LAPCA)
that can generate high-intensity THz pulses (a) those with
large-aperture dipoles and (b) those with interdigitated
electrodes. We will first describe the principles of THz
generation from PCAs. The critical parameters for
improving the peak intensity of THz radiation from
LAPCAs are summarized. We will then describe the
saturation and limitation process of LAPCAs along with
the advantages and disadvantages of working with wide-
bandgap semiconductor substrates. Then, we will explain
the evolution of LAPCA with interdigitated electrodes,
which allows one to reduce the photoconductive gap size,
and thus obtain higher bias fields while applying lower
voltages. We will also describe recent achievements in
intense THz pulses generated by interdigitated LAPCAs
based on wide-bandgap semiconductors driven by ampli-
fied lasers. Finally, we will discuss the future perspectives
of THz pulse generation using LAPCAs.

Keywords sub-cycle intense terahertz (THz) pulses,
ultrafast Ti:sapphire lasers, wide-bandgap semiconductors,
large-aperture photoconductive antenna (LAPCA), phase
mask, interdigitated large-aperture photoconductive emit-
ters (ILAPCA)

1 Introduction

The science and technology of terahertz (THz) electro-
magnetic radiation (with frequencies from 0.1 to 10 THz),
located between infrared waves and microwaves, have
witnessed significant advances over the past 30 years. For
most of the 20th century, research in this part of the
electromagnetic spectrum was modest due to the lack of
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tunable high-power sources and fast, sensitive detectors,
thus being dubbed the THz gap [1,2]. Today, we now count
numerous techniques for THz generation, such as the
synchrotron, free-electron laser, back-wave oscillator,
quantum cascade laser, CMOS technology and the laser-
based THz sources. In this paper, we will focus on
reviewing the principles and the evolution of intense THz
sources based on the photoconductive antenna (PCA)
emitter, which belongs to the laser-based THz sources.
Intense electromagnetic pulses in the THz frequency
range can interact with solids and molecules, thus resulting
in excitations at their resonant frequencies. To this end,
using high-intensity THz pulses, a series of intriguing
scientific studies based on light-matter interaction has
recently been performed, including the lattices dynamics
(phonons) of crystals, the control of the vibrational-
rotational resonance states of molecules, as well as the
demonstration of Higgs amplitude mode in Bardeen-
Cooper—Schrieffer (BCS) superconductors and Josephson
plasmon in layered superconductors [3—12]. The develop-
ment of pulsed THz radiation from PCAs coincides with
the development of ultrafast lasers, and especially the
Ti:sapphire laser, which can generate femtosecond light
pulses. It was only in 1984 that free-space pulsed THz
generation and detection using the PCA was demonstrated
[13]. In these studies, two identical antennas with coplanar
strip lines with a 10 um gap size were fabricated on a Si-
on-sapphire (SOS) substrate and placed in front of each
other. A mode-locked ring dye laser with pulse energy and
duration of 50 pJ and 100 fs, respectively, at a repetition
rate of 100 MHz was used for pumping the PCA emitter
and detector to generate and detect the THz waves. The
temporal duration of the detected far-infrared radiation was
estimated to be 1.6 ps full-width at half maximum
(FWHM). Since then, there have been numerous demon-
strations of THz generation, detection and application
using PCAs. PCAs are attractive THz sources because they
can operate at room temperature without cryogenic
cooling. They are very compact and can display high
optical-to-THz conversion efficiency while being pumped
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with relatively low optical power and can generate sub-
cycle pulses with relatively high peak powers.

The principle of THz generation from PCA can be
described by the current-surge model [14]. A femtosecond
laser pulse illuminates a semiconductor crystal, on which
the metallic electrodes have been deposited, and a bias
voltage is applied. Photons are absorbed by the substrate,
exciting carriers from the valence band to the conduction
band. These free carriers are then accelerated by the bias
field, generating a photocurrent. The variations in photo-
current density, which are in the picosecond time scale,
results in the generation of pulsed electromagnetic waves
in reflection and transmission direction of the PCA, which
are in the THz frequency range. The relationship between
the time-dependent photocurrent J(7) and the radiated near
field Epear is [14]

gy = LEVE) g
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Here, 7, is the free impedance and ¢, is the material’s
relative permittivity. From Ohm’s law, J(f) can also be
expressed as [15]

J(t) = y(t) (By + Ear(0)). @

Here, oy(f) is the surface conductivity of the large-
aperture photoconductive antenna (LAPCA), and E,, is the
bias electric field. The conductivity is proportional to the
hole and electron mobility and density. Here, we
approximate by considering only the electron mobility,
which is constant over the duration of the rising of the
current density. In this case, the surface conductivity can be
expressed as

near (t) N (1)
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Here, e is the electron charge, p is the electron mobility,
and n(¢) is the time-dependent electron density. When
working with a femtosecond laser pulse, the electron
density will increase at the timescale of the femtosecond
laser and then decrease at a timescale proportional to the
time-carrier recombination. Equation (3) can be rewritten
as

!
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Here, R is the reflectivity of the LAPCA substrate at the
laser wavelength, 1 vis the photon energy, I, is the optical
intensity, and 7, is the carrier lifetime. By combining
Egs. (1) and (2), we obtain a new expression for the
radiated near field, E,cqr
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Equation (5) indicates that the radiated near field, E,c,, is

Enear(t> = _Eb” (5)

linearly proportional to the bias electric field Ey,. Further,
the scaling of FE,., 1s proportional to the surface
conductivity but scales hyperbolically. The maximum
radiated near field, Eqgy, is expressed as
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Here, o™ is the maximum surface conductivity. In our

case, the maximum surface conductivity appears just at the
end of the laser pulse before carrier recombination
happens. From Eq. (4), the maximum surface conductivity
can be express as follows:
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Here, Fop is the optical fluence. From Egs. (6) and (7),
the new expression for the radiated near field is
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Here, F, is the saturation fluence and is inversely
proportional to the electron mobility.
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From Eq. (8), we see that the radiated near field scales
hyperbolically with fluence. Consequently, by increasing
the optical fluence, we reach a saturation regime, where the
radiated near field saturates as a function of the optical
fluence (the laser energy). Physically, when the optical
fluence is low compared to the saturation fluence, the
radiated near field scales almost linearly. In contrast, when
the optical fluence is large, the amplitude of the radiated
near field saturates. Note that the direction of the radiated
near field is in the direction opposite to the bias electric
field. Physically, in the latter condition, when the
amplitude of the radiated near field is comparable to the
amplitude of the bias electric field, it screens the bias
electric field itself, which leads to the saturation of the
radiated near field. When the LAPCA operates in the
screening regime, the only way to increase the amplitude
of the radiated near field is to apply a higher bias field. The
expression of the radiated far-field is

oJ on
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The optical-to-THz conversion efficiency of LAPCAs is

expressed by [16]
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Here, 7 is the duration of the THz pulse. As expected,
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the optical-to-THz conversion efficiency scales quadrati-
cally with the bias field. The maximum optical-to-THz
conversion efficiency is obtained when the optical fluence
is equal to the saturation fluence.
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Nimax = : (12)
m 8F sat’lo

The energy of the THz pulses can be expressed as
follows:

VVTHZ:n>< Wopt:r/XA ><Fopt- (13)

Here, Wry, and W,y are the THz and optical energy,
respectively, and A4 is the area of the optical beam, which
we consider to be equal to the illuminated area of the
LAPCA. For a specific bias field, the maximum THz
energy is given by combining Eqgs. (12) and (13):
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From Eq. (14), we see that the maximum THz energy
only depends on the square of the bias field and the area of
the LAPCA. Further, as Eq. (14) indicates, the THz energy
of a PCA source is extracted from the bias voltage rather
than the optical pump power. This characteristic is also
particularly advantageous for achieving high optical-to-
THz conversion efficiency while using a relatively low
optical energy, for example, when using an oscillator laser.
This characteristic is unique compared with other THz
sources based on nonlinear optical processes, such as
optical rectification. Studies on THz generation and
detection were significantly bolstered with the advent of
femtosecond Ti:sapphire lasers, which is one of the most
widely used femtosecond lasers since the 1990s, with a
central wavelength at 800 nm and corresponding photon
energy of 1.55 eV. To take advantage of the characteristics
of the Ti:sapphire laser, PCAs were fabricated and studied
using semiconductors with a bandgap smaller than 1.55 eV
to optimize the photon absorption and thus the quantum
efficiency of the PCA. Due to the fantastic properties for
use in PCA, such as relatively high dielectric strength, high
carrier mobility and ideal bandgap, GaAs rapidly became
the substrate of choice for PCA in the past 20 years. These
PCAs became widely used as both THz emitters and
detectors, leading to the creation of new functionalities
such as THz time-domain spectroscopy (TDS), which was
first demonstrated in 1990 by Grischkowsky et al. [17].
THz-TDS differs from Fourier-Transform Infrared spectro-
scopy in that it measures the time-dependent electric field
and phase of the THz pulse [18-22]. Other applications
such as imaging, security screening, non-destructive
control and telecommunication are also being developed
[23-28]. These applications typically use microstructure
PCA sources, having a micro pattern that allows much
lower bias voltages to be used. In addition, these sources
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can be pumped by oscillator lasers with nJ-level optical
energy and high repetition rate, leading to the emission of
THz pulses with high average power and measurements
with high dynamic range. Despite requiring microfabrica-
tion with a photolithography technique, this microstructure
PCA is relatively standard to make and can reach an
optical-THz conversion efficiency ranging from 107 to
10*. Furthermore, by pushing to the extreme the
technology of electrodes, such as nanoisland, nanoantenna
and plasmonic electrodes, the photoconductive emitter can
generate broadband THz radiation with an optical-to-THz
conversion efficiency of 7.5%, which is the highest
conversion efficiency recorded to date [29-32]. On the
other hand, intense THz pulses (such as LAPCA THz
sources) driven by high peak power amplified lasers are
opening a new field that studies the nonlinear interactions
between matter and intense THz waves. Nonlinear non-
resonant effects have been revealed, such as the ionization
of Rydberg atoms, absorption bleaching and high-
frequency THz generation [33-35]. Indeed, LAPCAs can
typically generate asymmetric quasi-half-cycle THz pulses
consisting of a large positive peak followed by a long but
weak negative tail. The main frequency components of
these emitted THz pulses are in the lower part ( < 1 THz)
of the THz spectrum. These two characteristics are unique
from tabletop laser-driven strong-field THz sources [36].
These intense, low-frequency THz pulses with the half
cycle of the driving field generate high ponderomotive
potential and are ideal for carrier acceleration in solids,
which is crucial for initiating nonlinear non-resonant
effects in matter. The ponderomotive energy is the cycle-
averaged energy of an electron in the THz field, which is
expressed as follows [37]:
eEgeak
w,= I’ (15)

Here, e is the electric charge, E,c. is the peak electric
field, and mg and w are the effective mass and the angular
frequency of the THz electric field, respectively.

In the past 20 years, there has been significant progress
in developing THz sources based on PCAs, with
considerable improvement in their performances and
reliability. In this review paper, we provide an overview
of past progress and the state-of-the-art of PCAs,
especially for generating intense THz pulses. This review
is composed of the following two sections. Section 2
describes the LAPCAs, and Section 3 will talk about the
interdigitated large-aperture photoconductive antennas
(ILAPCAs). In Section 2, we will describe THz wave
generation from conventional LAPCA and discuss their
respective performances and limitations. Therefore, in
Section 2.2.1, we describe comparative studies on the
performances of THz pulse generation from GaAs and
ZnSe LAPCAs excited with 800 and 400 nm laser pulses.
The performances of 6H-SiC and 4H-SiC LAPCAs excited
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with a 400 nm laser pulse are described in Section 2.2.2,
and the performances of LAPCAs fabricated from various
wide bandgap semiconductor crystals under the illumina-
tion of ultraviolet (UV) lasers pulses are described in
Section 2.2.3.

Potential photoconductive materials and the main
parameters that lead to a substantial increase in the THz
power of LAPCAs will also be described in this section.
Then, in Section 3, we will describe ILAPCAs and their
developments to overcome the limitations in the conven-
tional large-aperture emitters. We will also discuss both
past and recent progress in intense THz wave generation
from interdigitated photoconductive emitters. A general
overview of intense THz wave generation from ILAPCAs
and the various techniques used to improve the antenna
performance are described in Section 3.1. Furthermore,
direct comparative studies of the performances of 6H-SiC
and 4H-SiC ILAPCAs under the excitation sub-picosecond
UV lasers are given in Sections 3.2 and 3.3, respectively.
Finally, we will describe the most recent studies performed
on improving the intensity of THz waves from LAPCAs.

2 Terahertz radiation generated from
LAPCAs

Photoconductive emitters with large photo-excited sur-
faces and simple strip-line electrodes are a simple way to
improve the peak electric field of THz pulses by increasing
the total excited area but keeping the same optical fluence
as in conventional PCAs [34,35,38,39]. The typical
emitting surface of LAPCAs can vary from hundreds of
mm? to a few tens of cm?. The electrode gap size of these
emitters is much larger than the wavelength of the emitted
THz pulses, with spacing between the electrodes ranging
from 1 mm to 1 cm [34,40,41]. Semi-large PCAs have an
inter-electrode distance much smaller than the LAPCA,
and sometimes the gap size is equivalent to the emitted
wavelength ranging from a few hundred pm to 1 mm.
However, for semi-large PCA, the theory, described in the
introduction, remains the same. The schematic diagram of
a conventional LAPCA is shown in Fig. 1. To take full
advantage of the large area of these emitters, we need to
work with a large laser beam, which in turn requires higher
energy. The consequence will be an injection of a larger
number of carriers, which results in a larger radiated
electric field. Further, unlike micro-dipole photoconduc-
tive emitters, LAPCAs do not suffer from the space-
charge-field screening effect [42], which is one of the
saturation effects limiting the intensity of the THz pulses.
The origin of this effect can be explained by the separation
of free charges (electron-hole) in the semiconductor. These
free carriers are accelerated under the applied bias field,
thus generating a static Coulomb field, which is in the
opposite direction of the bias field and ultimately causes
partial screening of the applied bias fields in the ps

timescale [42,43]. Using Monte-Carlo simulations, it was
also shown that in GaAs, space charge is almost negligible
when the inter-electrode spacing is larger than 100 pm
[42]. Studies have shown that the choice of the
semiconductor substrate greatly influences the perfor-
mances of the LAPCAs. Usually, for the generation of
high-intensity THz pulses, it is preferable to work with a
semiconductor substrate with high dielectric strength,
excellent thermal properties and high carrier mobility
[35,44-48]. From this perspective, the first intense THz
source using a LAPCA was demonstrated by You et al.
[39]. In their study, two aluminum electrodes were
fabricated on opposite sides of a GaAs substrate with a
dimension of 3.5 cm x 3.5 cm. This emitter generated THz
pulses with an energy of 0.8 puJ when illuminated with an
excitation fluence of 40 wJ/cm? and an applied bias field of
10.7 kV/cm. With its calculated peak THz electric field of
150 kV/cm and optical-to-THz conversion efficiency of
1.6x 1073, this source can be considered as one of the most
effective LAPCA THz sources to date. Another early
demonstration of THz wave generation from low-tempera-
ture grown (LT) GaAs LAPCA was performed by Darrow
et al. [14]. With a photoconductive gap of 0.5 mm, the
antenna was excited by a mode-locked ring dye laser with
pulse energy and a duration of 8 pJ and 70 fs, respectively,
at a central wavelength of 618 nm. The waveform of
radiated THz pulses from the antenna was a quasi-half
cycle with a duration of 600 fs FWHM. The scaling of the
THz radiated field as a function of the optical excitation
fluence was studied with increasing applied bias fields
from 1.0 to 4.0 kV/cm (Fig. 2). For high fluence excitations
of 1 mJ/cm? a strong saturation behavior in the peak
amplitude of the THz fields was observed for all values of
the applied bias fields. Further, increasing the bias field up
to 5 kV/cm caused thermal damage at an optical fluence of
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Fig. 1 Schematic view of a typical large-aperture photoconduc-

tive emitter [38]
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1 mJ/cm?®. Experimental studies performed on the LAPCAs
using semi-insulating (SI) GaAs, InP and ZnSe substrates
have shown that the screening of the bias field appears for
all types of antennas and all bias field when they are
excited with a high optical fluence, relative to the
saturation fluence, and with photon energy that is higher
than the semiconductor bandgap [18,49-51]. From this
perspective, we can clearly see that increasing the optical
fluence leads to the saturation of the THz field. The
advantage of working within the screening regime is that
the LAPCA will have less fluctuation in the radiated field.
This is especially true when these LAPCA are pumped
with an amplified laser with a very low repetition rate. In
this case, one way to increase the intensity of the THz
pulses is to increase the bias field. A recent theoretical
study has shown that an applied external magnetic field
parallel to the electrode direction can also be an effective
solution to increase the maximum intensity of the THz
pulses radiated by LAPCAs [52].

2.1 Parameters that influence the performance of
high-intensity THz LAPCAs

Most of the substrates used for fabrications of LAPCAs for
the generation of intense THz pulses have some common
characteristics such as large dielectric strength, high carrier
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Fig. 2 Calibrated radiated field as a function of optical fluence
from a 0.5 mm gap GaAs antenna at bias fields of 4.0, 2.0, and
1.0 kV/em [13]

mobility, and good thermal conductivity. In the following
section, we will describe some of the parameters that
influence the performance of LAPCAs. Table 1 sum-
marizes the main parameters of several semiconductors
that have already been studied as a substrate for LAPCA
and THz generation [53].

2.1.1 Bandgap

The bandgap is presumably the most crucial parameter
when selecting a substrate for the fabrication of LAPCAs.
Indeed, the bandgap determines which wavelength we can
use for THz generation. To strongly enhance the photon
absorption, the photon energy of the laser pulse should be
slightly higher than the bandgap. This will allow an
efficient absorption with high quantum efficiency, but also
the free carriers will be generated at the bottom of the
conduction band, where the carrier mobility is the highest.
Another parameter to take into consideration is the
relationship between the bandgap Eg and the dielectric
strength E.. This empiric relationship is expressed by [62]

E 2
E. =136 x 10 (f) .

As we can see, a small increase in bandgap energy will
induce a large difference in dielectric strength. This is
crucial for LAPCA since the radiated peak electric field is
linearly proportional to the bias electric field. This simple
equation shows the advantage of using a wide bandgap
semiconductor crystal for the substrate of LAPCAs.
Another parameter that is linked to the bandgap is the
dark resistivity. Indeed, the larger the bandgap of a
semiconductor is, the smaller the intrinsic carrier concen-
tration is, and the larger the dark resistivity is. Since
LAPCAs require high voltage, which is applied mainly
during the on-state of the photoconductive switch but also
during the off-state if working with a high voltage pulse
generator, a high dark resistivity will limit the current
leakage induced by the high voltage during the off state of
the photoconductive switch, thereby limiting the heating of
the LAPCAs. Experimentally, wide-bandgap semiconduc-
tors such as diamond, gallium nitride (GaN), zinc selenide
(ZnSe), zinc oxide (ZnO) and silicon carbide (SiC) have
been tested for THz generation with LAPCAs [35,55,56,

(16)

Table 1 Important parameters of semiconductors used for the fabrication of PCAs [47,54—61]

crystal EgleV EJ/(kV- cm’l) w(em? v s’]) T./ps PO cm ) K/(W- em K
SI-GaAs 1.44 <10 9500 2-10 10108 0.27
LT-GaAs 1.44 10 150-200 0.3-1 10° 0.27
diamond 5.46 2000 2800 - 10M-10"® 25

GaN 3.40 300 1250 > 150 >10° 1.3

ZnSe mono 2.67 60 300-600 >500 10" 0.18
6H-SiC 3.23 > 500 200-300 1000 >10'? 3.7
4H-SiC 3.02 1000 800 < 1000 <10" 3.7

Notes: Eg, bandgap; E., material dielectric strength; z, carrier mobility; 7, carrier lifetime; p, resistivity; K, thermal conductivity
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61,63]. More details about these experiments will be
described below.

2.1.2  Carrier mobility

Carrier mobility is the second main parameter that should
be taken into consideration. Indeed, in theory, the carrier
mobility does not affect the maximum intensity of THz
pulses radiated from LAPCAs, but it will affect the
maximum efficiency that we can obtain as expressed in
Eq. (12), since the maximum efficiency is linearly
proportional to the carrier mobility. Another consequence
is that the saturation fluence is higher, thus requiring more
optical energy to reach the screening regime. Also, the
effects of the relatively low carrier mobility on the THz
intensity can be compensated by increasing the energy of
the driver laser, allowing more carriers to be injected to
achieve the same current density.

Some simulations show that the substrates with higher
electron mobility do not exhibit enhancement in the THz
intensity [64—66]. Experimentally, it is difficult to have the
same substrate with the same characteristics with only a
difference in carrier mobility. The closest example we
can cite is probably LT-GaAs versus SI-GaAs. The
difference in carrier mobility is 200 cm?/(V-s) versus
8500 cm?/(V -s). Even though some other parameters (such
as the carrier lifetime) also differ, the experimental results
are truly intriguing. It was shown that using low optical
power or fluence, the SI-GaAs photoconductive emitter
was more efficient and radiates a higher THz electric field
than the LT-GaAs PCA. However, by increasing the laser
energy (power), while the SI-GaAs was already working in
the THz screening regime, the electric field radiated by the
LT-GaAs PCA increased and was slightly larger [47,67].
Another important parameter to take into consideration is
the fact that the mobility of carriers, when injected from the
valence band to the conduction band, rarely reached the
steady-state, where the mobility of carriers is the highest.
For example, it was found that for excitations of 815 nm
from a dye amplified laser, the effective carrier mobility
was found to be 430 cm?/(V -s) in SI-GaAs LAPCA [68],
which is significantly less than the steady-state carrier
mobility of GaAs (8500 cm?/(V -s)). This was attributed to
the generation of hot electrons and the electron scattering
process.

2.1.3 Carrier recombination time

Carrier recombination is another parameter that influences
the performance of PCAs. As we discussed in Section 1,
the THz pulses radiated in the far-field is proportional to
the time derivative of the photocurrent density induced
inside the PCA. Figure 3 illustrates the current density and
the intensity profile of the femtosecond optical pulse as a
function of time inside a PCA, as well as the temporal

profile of the electric field of the THz pulse propagating in
the far-field [69]. As can be seen in Fig. 3, in an ideal case,
the temporal profile of the photocurrent reaches its
maximum value at the end of the optical pulse duration.
On the other hand, carrier recombination is the main
dominating factor that influences the decay time of
photocurrent. The temporal profile of the THz pulses
emitted by LAPCAs in the far-field depends on how fast
the photocurrent increases and decreases. In this specific
illustration, the THz pulses are composed of a positive
peak, followed by a long and negative tail. Experimentally,
many examples show that the THz waveforms are a quasi-
half cycle and exhibit a strong asymmetry.

For THz radiation from LAPCAs, the role of carrier
lifetime can be distinguished into two different regimes
relative to the duration of the optical pulses [70-72]. In the
first case, the carrier lifetime is approximately equal or
shorter than the laser pulse duration. The second case is
when the carrier lifetime is longer than the optical pulse
duration. In the first regime, free carriers start to recombine
before or just after the total duration of the laser pulse.
Consequently, an extremely rapid decay in photocurrent is
observed. Of course, in this configuration, the THz
waveforms would not be a quasi-half cycle pulse but will
be more a single-cycle pulse with good symmetry between
the positive and the negative peak. Numerical studies
performed on different semiconductors have shown that
when the carrier recombination is faster than 1 ps, the time
profile of the radiated electric field has a higher symmetry
between the positive and the negative part of the THz pulse
[52,71-75]. To put in evidence this phenomenon experi-
mentally, studies performed on LAPCAs made from LT-
GaAs with carrier lifetime ranging from 0.35 to 1.2 ps have
shown that these substrates exhibit a clear transition in the
amplitude of the emitted THz pulses from nearly
symmetric bipolar to a quasi-unipolar waveform [67]. In
other words, the LAPCA with the shortest carrier lifetime
radiates THz pulses with a good symmetry while the one
with the 1.2 ps carrier lifetime was strongly asymmetric
with a slight enhancement of the THz peak electric field
(Figs. 4(a)—4(c)). The strong negative peak observed in
the THz pulses emitted by the shortest carrier lifetime LT-
GaAs LAPCAs is due to the faster decay in transient
photocurrent occurring because of the relatively short
carrier lifetime. In the second regime, where the carrier
lifetime is much longer than the duration of the optical
pulse, the decay of photocurrent is relatively slow, and then
the derivative of this part is almost zero. Thus, the negative
polarity of the THz waveform tends to zero. Numerically, it
has been shown that a carrier lifetime longer than 2 ps has
almost no effect on the peak photocurrent density and the
THz waveforms [73—76]. Experimentally, all the LAPCAs
fabricated from semiconductors with time carrier lifetime
longer than 2 ps generate asymmetric quasi-half-cycle THz
pulses [38,67]. There is a significant advantage of having a
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Fig. 3 Calculated photocurrent, the amplitude of the radiated
electric field and the laser pulse shape as a function of time [69]

substrate with a short carrier lifetime, for example, below
1 ps, if the maximum radiated peak electric field is not
impacted, we could apply a larger bias field. We will
discuss this point in the next section.

There have been several theoretical studies on the
influence of the laser pulse duration on the THz pulses
emitted by photoconductive emitters [69,72,77]. This latter
parameter has a great influence since the THz electric
field is proportional to the time derivative of the photo-
current density. Intuitively, one could imagine that a longer

2
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pulse duration induces a longer time injection of free
carriers, which in turn creates a slower current transient
and less intense peak current. Consequently, the duration
of the half-cycle pulses of the emitted THz pulse will be
longer with a smaller peak electric field. Simulations
based on the Drude-Lorentz theory model or by a semi-
classical Monte-Carlo simulation showed that for a laser
pulse duration of 30 fs and above, when the laser pulse
duration is increased, the THz peak field decreased, the
duration of the THz pulse increases and the frequencies
components of this pulse are narrower and the peak
frequency shifts toward lower frequency [70,72,77,78].
More surprisingly, the three-dimensional Monte-Carlo
simulation shows that the peak of the THz peak field is
reached for a laser pulse duration of 40 fs. However, for
shorter laser pulse duration, the THz peak field decreases
[70]. This drop is attributed to the fact that a shorter laser
pulse with a duration below 40 fs is extremely broad.
Consequently, the variation of photon energy is also large.
For example, photons with energy smaller than the
bandgap will not participate in the processes of THz
generation since they will not be absorbed by the substrate.
In opposition, photons with much larger energy than the
bandgap could scatter in the satellite valley where the
electron mass is higher and the carrier mobility smaller and
then will be less efficient to the THz generation process
[70].

(a) LT-GaAs: 575°C
7=0.35ps

(b) LT-GaAs: 600°C
7=0.7ps

THz signal/a.u.

(c) LT-GaAs: 625°C
7=12ps

(d) SI-GaAs

time/ps

Fig. 4 THzradiation waveforms from LT-GaAs and SI-GaAs emitters with the excitation by low optical fluence single pulses. The solid
lines represent the measured waveforms and the dashed lines represent the calculated waveforms. Emitter material: (a) LT-GaAs annealed
at 575°C, (b) LT-GaAs annealed at 600°C, (c) LT-GaAs annealed at 625°C, and (d) SI-GaAs [67]
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2.1.4 PCA failure

As previously mentioned, the most straightforward method
to generate high-intensity THz pulses from LAPCA is to
apply the highest bias field possible. The semiconductor
substrate of a LAPCA, under the excitation of a
femtosecond laser pulse, shows a rapid decay in its
resistivity. Such low-resistivity substrate, when biased with
high voltage, could lead to certain failures. It is well-
known that photoconductive switches have a limited
lifetime, from several shots up to millions of shots if the
performances of the switch are pushed to the limit [79].
Among the most common failures observed in conven-
tional PCAs is the thermal heating that leads to thermal
runaway, corona discharge, surface flashover and dielectric
breakdown. Dielectric breakdown happens when the
electric field is strong enough to rip electrons from the
valence band to the conduction band. Then this electron is
accelerated by the electric field itself and gains Kinetic
energy. This electron can collide with another bound
electron and get excited into the conduction band, creating
another free electron. In the end, the rapid multiplication of
free electrons leads to an avalanche dielectric breakdown
where the semiconductor substrate becomes conducting
[80]. The dielectric breakdown happens at lower fields for
material with relatively low bandgap or when the quality of
the substrate is poor with defects, high grain and high
micro stripe density. It is intuitive to understand that
dielectric breakdown by electron avalanche happens at a
higher bias field when using low-bandgap semiconductors.
On the other hand, flashover and corona discharge occurs
when dust, grease or charge accumulation arises at one of
the electrodes, and it suddenly discharges. These arcs
gradually deteriorate both the substrate and electrodes,

s

which considerably reduce the lifetime of the photocon-
ductive emitter. However, in all cases of failure, the most
common is likely the thermal runaway. The photocurrent
that creates heat by the Joule effect and the power of the
illuminated laser leads to the rise in the switch temperature.
A study has shown that for a GaAs photoconductive
switch, an increase of 25 degrees results in a drop in the
bias electric field threshold by 40% [81]. In another work,
some GaAs microstructure PCAs for THz generation have
been investigated under X-ray diffraction topography [82].
It was shown that due to the increase in temperature, some
electromigration of the gold electrodes occurred, resulting
in a total electrical short-cut of the electronic circuit
preventing the PCA to work (Fig. 5). Moreover, the GaAs
substrate itself was degraded.

To prevent thermal runaway, it is preferable to choose
semiconductor substrates with high thermal conductivity
for dissipating the heat. In addition, it is important to
realize high-quality Ohmic contacts on the substrate.
Another option is also to have a substrate with a short
carrier lifetime and high dark resistivity to limit the heating
of the PCA by the current. Dark resistivity is the resistivity
of the PCA when the switch is on the off-state and is
mainly determined by the bandgap of the semiconductor
substrate. The use of wide bandgap semiconductors with
high dark resistivity reduces the heating of PCAs by lower
dark current. Another option is to work with a semi-
conductor substrate with a short carrier lifetime. The short
lifetime reduces the duration of the photocurrent, which is
the specific moment where the heating by the Joule effect
is stronger. Many techniques have been tested on GaAs
semiconductor for decreasing the carrier lifetime. These
studies are clearly described in the review on micro-
structure PCA for THz radiation from Burford and

(b)

Fig. 5 Optical micrograph of (a) failed antenna, (b) X-ray topography of the device showing considerably grain boundaries and domains
as well as electro-migration of gold (arrow) in between the microstrips [82]
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El-Shenawee [46]. Most of these GaAs PCA with short
carrier lifetime show general performances that are better
than SI-GaAs PCA and equivalent to LT-GaAs PCA. This
was possible because the higher thermal stability of the
PCAs allows applying a higher bias field, which in turn
increases the maximum radiated peak electric field. To
reduce the lifetime of carriers inside the GaAs substrates,
one of these techniques is ion implantation. Recent studies
have shown that ion implantation in GaAs semiconductors
improves their carrier mobility compared to LT-GaAs,
resulting in point defects within the crystal structure. These
recombination centers in turn can significantly reduce the
carrier lifetime [83,84]. GaAs doped with Ar" ions had the
shortest carrier lifetime over semi-insulating and low-
temperature grown GaAs substrates [85]. Using the same
technique, several research groups have implanted ions
such as oxygen, nitrogen and iron into GaAs crystals,
resulting in very short carrier lifetimes [86,87].

2.2 Materials for the development of THz LAPCAs

In the previous section, we reviewed the different
parameters of semiconductors substrates that would
influence the intensity of the THz pulses radiated by
LAPCAs. We mentioned that a high dielectric strength that
is linked with a wide bandgap is the most critical
parameter. Other important parameters are the carrier
mobility for optimized efficiency and good thermal
conductivity. From Table 1, one can see that diamond is
probably the perfect material for generating intense THz
radiation. A chemical vapor deposition (CVD) grown
poly-crystalline diamond thin film was tested for the
fabrication of a LAPCA with an interdigitated structure
illuminated by an excimer laser [55]. In this study, by
depositing an encapsulation layer, the applied bias field
was increased up to 0.5 MV/cm. Although diamond
LAPCA offers promising results, without saturation of the
scaling of the THz field versus bias field, with an obtained
radiated energy density as high as 10 uJ/cm?, which is one
order of magnitude larger than GaAs, with a bias field
applied of 100 kV/cm, diamond PCA has not been
intensively studied. This is due to its bandgap of 5.46
eV, which requires the 4th harmonic of an 800 nm
Ti:sapphire laser or a two-photon absorption process with
an excimer laser, which has limited until now its
application. In addition, the cost of the diamond antenna
dramatically reduces its attractiveness. For this purpose,
ZnO and GaN are other wide-bandgap semiconductors that
are used as promising materials for the fabrication of
LAPCAs [57,61,88]. However, in the case of ZnO, the
poor fabrication quality of the substrate, with many
defects, leads to the saturation of the THz yield as
a function of bias electric field for values as low as
0.8 kV/em. In comparison, GaAs LAPCA has demon-
strated linear scaling of the THz field versus bias field up to
50 kV/cm [89]. In the next section, we will examine the

performances of ZnSe and SiC LAPCAs pumped above
and below the bandgap by the 1st and the 2nd harmonic of
a Ti:sapphire laser. Then, using an UV laser, we will
review the performances of LAPCAs fabricated with
different wide bandgap semiconductors and pumped by a
UV laser with a photon energy of 5.0 eV.

2.2.1 Zinc selenide

Zinc selenide (ZnSe) has a bandgap of 2.67 eV and is
widely used as optical windows and lens for the infrared
region [9]. ZnSe substrates were also used as photo-
conductive switches where switching of bias field above
100 kV/ecm with a peak current of 100 kA/cm? with
electrodes deposited on the two-opposite face of the
substrate were achieved [91-93]. Due to these good
performances, it was natural to test ZnSe PCA for THz
generation. The ZnSe bandgap allows photo-excitation
with Ti:sapphire laser via standard photon absorption (PA)
when using the 2nd harmonic, and via two-photon
absorption (TPA) when using the fundamental harmonic.
In the first case, we will talk about above bandgap
photoexcitation, and in the second case, about below
bandgap photoexcitation. The first demonstration of THz
radiation from ZnSe PCAs was done by Holzman and
Elezzabi [94]. The PCA was an H-dipole geometry with a
gap of 9 um (Fig. 6(a)). By focusing an optical spot size,
close to the anode at an excitation wavelength of 800 nm
with below bandgap excitation, they demonstrate a linear
scaling of THz field versus bias field up to 125 kV/cm and
versus fluence up to 28 mJ/cm?. The linear behavior of the
scaling of the THz pulse versus bias field is very important
since it is the major condition for scaling up the source for
high-intensity THz pulses generation (Fig. 6(b)). Surpris-
ingly, the peak electric field of the THz pulse scales
linearly with the fluence up to 28 mJ/cm? without showing
any sign of saturation. Indeed, the below bandgap
photoexcitation leads to a TPA process, which is a
nonlinear process and depends on the intensity of the
laser pulse. However, there is no reason that the PCA
would not show any saturation regime if the optical fluence
keeps increasing. We note that these results are different
from the observations in another work with THz wave
generation via single-photon and TPA in ZnSe LAPCA
pumped by an amplified Ti:sapphire laser [51]. This study
shows the influence of the wavelength and the quality of
the substrate on the THz generation from ZnSe LAPCAs
[51]. For this study, ZnSe mono-crystalline and poly-
crystalline substrates were used to fabricate LAPCAs with
an interelectrode distance of 1 mm, with electrodes located
on each side of the crystal to limit air-breakdown. The
normalized waveforms of the THz pulses emitted from
mono- and poly-crystalline ZnSe LAPCAs, as well as the
corresponding power spectrum of radiated THz pulses
obtained by Fourier transform, are shown in Fig. 7.
The performances of mono- and poly-crystalline ZnSe
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LAPCAs excited with 400 nm laser pulses were studied,
and linear scaling of the THz peak field as a function of
bias voltage and a hyperbolic behavior of the scaling of the
peak field versus optical fluence were found. The major
difference was in the value of the saturation fluence, which
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was measured to be 0.15 mJ/cm® for mono-crystalline
ZnSe LAPCAs and 1.01 mJ/cm? for poly-crystalline ZnSe
LAPCAs. The difference in the saturation fluence was
attributed to the difference in carrier mobility between the
two substrates.
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Fig. 6 (a) Time-domain waveform produced by photoexcitation of the ZnSe THz emitter with 160 mW pump beam and a 230 V,_;, bias
voltage. The edge-illuminated PC gap and THz dipole emitter are shown in the inset. (b) Measured peak-to-peak THz field amplitudes as a
function of the PC gap bias voltage. The THz waveform amplitudes calculated from the photocurrent transport model are shown in the

inset [94]
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Fig. 7 (a) Normalized waveforms THz pulses emitted by mono- and poly-crystalline ZnSe LAPCAs. (b) Corresponding power
spectrums to the THz pulses radiated that is obtained by Fourier spectrum [51]



74 Front. Optoelectron. 2021, 14(1): 64-93

Next, the authors studied the differences in the
performance of mono-crystalline ZnSe LAPCA excited
above and below the bandgap. As mentioned above, the
scaling of the THz field follows a hyperbolic behavior
versus optical fluence when pumped above the bandgap.
On the other hand, when the ZnSe LAPCA is pumped
below the bandgap, with 800 nm laser pulse, the scaling of
the THz pulse follows a quadratic behavior for fluence
below 0.7 mJ/cm?, then it becomes linear for fluence up to
2.1 mJ/cm? and saturation starts to occur for fluence above
2.1 mJ/cm? (Fig. 8). More importantly, when the LAPCAs
are working in the saturation regime, the field of the THz
pulses generated by the mono-crystalline ZnSe LAPCAs
saturates at the same peak field value for above and below
bandgap. The only noticeable difference was that the ZnSe
LAPCA pumped with 800 nm laser pulses was more
fragile than when pumped with 400 nm laser pulses. This
difference was attributed to the fact that the optical power
and the Joule effect leading to the enhancement of the
temperature of the switch, was stronger when the LAPCAs
were pumped below the bandgap than above the bandgap.

Next, they compare the performances of mono- and
poly-crystalline ZnSe LAPCAs pumped above the band-
gap with GaAs LAPCAs pumped above the bandgap with
an 800 nm laser and with the same electrode configuration
(Fig. 9). The scaling of the THz field versus optical
fluences was hyperbolic for the three antennas. Of course,
due to the difference in carrier mobility between the three
substrates, the saturation fluence of the three LAPCAs
were quite different (0.01, 0.15 and 1.07 mJ/cm? for GaAs,
mono- and poly-crystalline ZnSe LAPCAs, respectively).
However, it is quite fascinating that the value of the THz
peak field once the LAPCAs operate in the screening
regime was the same for the three antennas.

The last part of the study was to compare the scaling of
the THz peak field as a function of the bias field for the
mono-crystalline ZnSe LAPCAs and the GaAs LAPCAs
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Fig. 8 Fluence dependence of the peak THz electric field from
ZnSe single crystal antenna illuminated at 400 and 800 nm [51]
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Fig. 9 Fluence dependence of peak field of THz radiation from
GaAs, ZnSe single crystal, and poly-crystalline ZnSe PCA.
Squares are the experimental data, and solid lines are fits to the
data [51]
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(Fig. 10). The two curves show linear behavior with
approximately the same slope. However, while the GaAs
LAPCAs breakdown at a bias field around 10 kV/cm, the
ZnSe LAPCA took advantage of its higher dielectric
strength and was able to sustain higher bias voltage.
Consequently, the peak electric field of THz pulses
generated by the ZnSe LAPCAs was larger than the one
generated by the GaAs LAPCA.

2.2.2 Silicon carbide

Silicon carbide (SiC) has dielectric strength and thermal
conductivity that are more than ten times higher than GaAs
crystal with relatively good carrier mobility. These
semiconductors are also extremely resistant to damage,
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such as corona discharge due to their extreme hardness. In
addition, good electrical properties and excellent thermal
stability make these semiconductors an ideal candidate for
manufacturing high-power electronic devices such as
Schottky barrier diodes, MOSFETs and photoconductive
switches [95,96]. For 4H-SiC photoconductive switches
with lateral configuration, pumped with 7 ns laser pulse
duration at 355 nm, the switching of 20 kV DC voltage for
an equivalent bias electric field of 328 kV/ecm was
demonstrated. The fact that the substrate holds this bias
field was possible due to the significant improvement made
on the growth of high-quality SiC substrate and especially
4H-SiC [97,98]. Some damages were also observed, and
applying such a field creates some holes at the interface
between the contact and the substrate [99]. We note that
applying such a bias field onto a SiC LAPCA would
generate gigantic low-frequency half-cycle THz pulses,
which would open the door for new physics such as fast
magnetization switching by a single pulse [100]. As a
consequence, LAPCAs based on SiC polytypes having
hexagonal symmetry with double (4H) and triple (6H)
stacking periodicities pumped by ultrafast laser pulse for
THz radiation were naturally tested. The LAPCAs made
from semi-insulating 6H-SiC semiconductors were
pumped using 800 and 400 nm laser pulses. 4H-SiC
LAPCAs were pumped only using a 400 nm laser beam.
Figure 11(a) shows the normalized waveform, and in the
inset is the original waveforms, and Fig. 11(b) shows their
normalized amplitude spectra of the THz pulses radiated
by the 6H- and the 4H-SiC LAPCAs [63].

The authors demonstrated a linear scaling of the THz
field versus the bias field in all conditions for a bias field up
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to 32 kV/cm. In this case, linear behavior was demon-
strated (Fig. 12). Also, the scaling of the electric field of
THz pulses generated by the 6H-SiC LAPCAs only
showed a standard hyperbolic behavior in the scaling of
the radiated THz field versus optical excitation when
pumped with 400 nm laser pulse (Fig. 13). The saturation
fluence was found to be around 0.24 mJ/cm?, which is
close to the saturation fluence obtained with ZnSe
LAPCAs. Despite the higher carrier mobility of 6H-SiC,
this saturation fluence recorded for LAPCAs is higher than
the estimated value. This difference in value was explained
by the fact that the 6H-SiC is an indirect bandgap
semiconductor, which is partially transparent at the 400
nm wavelength. Consequently, each electron that is
injected into the conduction band requires a photon and a
phonon. This decreases the quantum efficiency of the free
carrier generation process.

Under an optical excitation at 800 nm, the 6H-SiC
LAPCA shows a similar scaling behavior in the THz field
to that of the ZnSe LAPCA when pumped with a laser
beam at 800 nm. This was expected since, in this case, the
absorption process for the two substrates is two-photon
absorption. Despite pumping the LAPCA up to 9 mJ/cm?,
the LAPCA was still not running in the screening regime.
More surprisingly, the scaling of the electric field of THz
pulses radiated by the 4H-SiC LAPCA pumped by a
400 nm laser pulse was a mixture between a quadratic
behavior for optical fluence lower than 1 mJ/cm® and a
hyperbolic behavior for higher fluences. This was
explained by the fact that at low optical fluence, the TPA
process was dominating since the bandgap of 4H-SiC is
3.26 eV, which is slightly higher than the photon energy at
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(a) Normalized and in inset original THz waveforms radiated by 6H- and 4H-SiC LAPCA antennas excited at 400 nm with a

fluence of 0.29 mJ/cm? and biased at 9.25 kV/cm. (b) Their respective normalized amplitude spectra [63]
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Fig. 13 (a) THz peak electric field versus fluence for 6H-SiC PCA excited at 400 and 800 nm, and for 4H-SiC PCA excited at 400 nm
and biased at 20 kV/cm. (b) THz peak electric field versus bias field for 6H-SiC PCA excited at 400 nm at 1.7 mJ/em?” and 800 nm at 6.7

mJ/em?, and for 4H-SiC PCA excited at 400 nm at 1.1 mJ/cm? [63]

400 nm wavelength (3.10 eV). However, by increasing the
optical fluence, the onset of saturation appears, which is
due to the screening of the bias field by the THz field. The
screening regime appears at much higher fluence for
the 4H-SiC LAPCAs in comparison with the 6H-SiC
LAPCAs, although the carrier mobility is higher.

2.2.3 Large bandgap semiconductors excited by UV lasers

As we have previously discussed, to take maximum
advantage of LAPCAs made with wide-bandgap semi-
conductors pumped by the 2nd harmonic of a Ti:sapphire
laser, the bandgap of the semiconductor substrate is limited



Elchin ISGANDAROV et al. Intense terahertz generation from photoconductive antennas 77

to 3.1 eV for maximizing the photon absorption. To extend
the choices of the semiconductor crystal, one solution is to
work with lasers that have their fundamental wavelength
shorter than 400 nm. Excimer lasers are a family of high
pressure, pulsed gas lasers that produce intense UV light
[101]. The wavelength of these lasers is determined by the
gas gain media of the laser ranging from 193 to 353 nm
[102]. Also, with specific configurations, the duration of
the laser pulse can be compressed to a few hundreds of
femtosecond and even shorter [103—105]. As we men-
tioned earlier, the diamond PCAs have been studied using
a KrF laser with a pulse duration of 500 fs at 248 nm [55].
The photoconductive emitters based on GaN semiconduc-
tors have also been studied under the excitation of the 3rd
harmonic of a Ti:sapphire laser with a pulse duration of
120 fs and the energy of 19 J/pulse, respectively at 266 nm
[61]. In addition, GaN PCAs have been recently studied
using driving laser pulses at 352 nm from an optical
parametric amplifier (OPA) [106]. All these studies show
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high potential for the generation of intense THz pulse from
LAPCA with wide bandgap semiconductor crystal pumped
by a UV laser. However, there was no direct comparison of
their performances as a substrate of LAPCAs.

Recently, a study was performed on the THz radiation
from LAPCAs fabricated from ZnSe, 6H- and 4H-SiC,
GaN and B-Ga,03 using KrF laser excitation at 248 nm,
which allowed a direct comparison of their performances
[35]. The main reasons why these crystals have been
selected are because most of them have been tested
previously for THz generation from PCA. In addition,
these semiconductors have a bandgap of less than 5 eV
with high dielectric strength and commercially available
with relatively large wafer sizes. The design of all the
LAPCAs studied was the same, with the electrode length
and gap size of 15 and 3 mm, respectively, using Cr/Al
electrode deposition. To excite these photoconductive
emitters, a hybrid dye-excimer laser (KrF) with pulse
energy and duration of 30 mJ and 500 fs, respectively, at
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(a) Experimental configuration. (b) Scaling of the THz energy as a function of the bias field. (c¢) Optical fluence for 4H-SiC, 6H-

SiC, GaN, f-Ga,0; and ZnSe LAPCAs. (d) Scaling of the square root of THz energy as a function optical fluence [35]
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248 nm is used [107]. The scaling of the energy of the THz
pulses as a function of bias field and optical fluence is
shown in Fig. 14. The authors showed that the 4H-SiC and
the 6H-SiC emitted the maximum THz pulse energy in this
configuration, which was followed by GaN, B-Ga,O3 and
ZnSe LAPCAs, in descending order. As can be seen from
Fig. 14, at a bias field of 18 kV/cm and an optical fluence
of 3 mJ/cm?, the energy of THz pulses radiated by the 4H-
SiC LAPCA was 1.5 and 2 times higher than that of the
6H-SiC and the GaN LAPCAs, respectively. For almost all
antennas, the scaling of the THz energy was quadratic with
the bias field and mostly hyperbolic with the optical
fluence. When the optical fluence was high enough, the
scaling of the THz energy reached a saturation regime. The
latter observation is in good agreement with theory.
Surprisingly, despite the significant differences in their
carrier mobility, all the LAPCAs studied have shown
almost the same saturation fluence of around 1.2 mJ/cm?.
Indeed, the calculated carrier mobility is between 50 and
60 cm?/(V-s), which is approximately one order of
magnitude smaller than the theoretical values. This
difference is attributed to the fact that the 5.0 eV photon
energy of the 248 nm laser pulse pumps the electrons into
the higher valley of the conduction band, where the
effective mass of the electron is higher with smaller carrier
mobility. We note that the carrier mobility of 4H- and 6H-
SiC, B-Ga,05 and ZnSe are close to that of GaN LAPCA
when pumped by a 266 nm laser pulse and 120 fs duration
[35]. Also, the observed difference in performances of
the LAPCAs studied can be explained by the difference of
inter- and intra-valley carrier dynamics of the semicon-
ductor substrates [70-72]. However, to fully understand
the scattering mechanisms, additional measurements
such as optical pump/THz-probe spectroscopy is needed
[108].

In this section, we reviewed the principal results on
LAPCAs, demonstrating their potential for generating
intense THz pulses. We have shown how wide-bandgap
semiconductor crystals are well adapted for the generation
of intense THz pulses when excited by the second
harmonic of a Ti:sapphire or UV laser pulses. Our research
has shown that, except for two works with GaAs LAPCAs
pumped by 800 nm laser pulses, there does not exist any
demonstration of the generation of intense THz pulses with
LAPCAs with peak field above 100 kV/cm [39,109]. The
major reason is that these THz devices require a large area
with very high pulse voltage up to several tens of kV [110].
Such pulsed, high-voltage sources are dangerous to handle
and expensive. To overcome this challenge, one solution is
to work with ILAPCA, which keeps the size of the antenna
large while reducing the gap size, thus avoiding the use of
very high voltage pulses. One parameter that we did not
mention is the electrodes configuration. Many works have
shown that the configuration of electrodes onto the PCAs is
an important parameter that influences the efficiency and
the maximum intensity of the radiated THz pulses [46,47].

It was shown that the largest power was obtained with a SI-
GaAs bowtie PCA. However, these sources are not well
adapted to generate THz pulses with high peak intensity,
like plasmonic antennas, since their configuration is not
scalable to a larger area, so we did not develop this part.
Another characteristic of PCA, with a specific electrode
configuration, you can manipulate the polarization of the
radiated THz field. For example, THz pulses with long-
itudinal, radial and azimuthal polarization have been
demonstrated [111,112].

3 Interdigitated large-aperture
photoconductive antennas

The idea of working with ILAPCAs was taken from the
interdigitated photoconductive switch technology, which
was studied in the mid-1980s [113,114]. ILAPCA simply
consists of a pair of anode and cathode, which are
connected to several open-ended parallel electrode-combs
(Fig. 15). As a consequence, ILAPCA is an array of small
photoconductive antennas that are connected in parallel.
Consequently, two adjacent open-ended electrodes with
the same gap size will generate THz pulses having
opposite polarity, which will interfere destructively when
propagating in the far-field [73,115-119]. Therefore, it is
necessary to block the illumination of all antennas biased
with one specific bias field direction (positive or negative)
by using, for example, a shadow mask. Thus, destructive
interferences are avoided by generating carriers only in
gaps with the same polarity of the applied bias field.
Consequently, by blocking the incident optical excitation
in every second inter-electrode spacing, and therefore
performing photogeneration only in regions with the same
bias field directions, constructive interference of pulses
emitted with the same polarity will improve the overall far-
field THz emission performance [120]. Traditionally this
process is performed during the fabrication process of the
ILAPCA by the photolithography technique. After the
deposition of electrodes onto the substrate, a thin dielectric
layer, such as SiO,, is deposited on the top of the
electrodes, followed by the deposition of a metal layer only
onto the neighboring antenna. The role of the second
metallic layer is to reflect the incoming laser pulse
avoiding the illumination of the neighboring antenna,
while the role of the dielectric layer is to avoid electronic
short-circuit between the electrodes and the second
metallic layer. The inter-electrode spacing of the antenna
is traditionally limited by the thickness of the deposited
dielectric layers. Since the thickness of deposited dielectric
layers is limited, the maximum gap-size of the antenna is
restricted. ILAPCAs offer several advantages over con-
ventional LAPCAs. As we mentioned earlier, the reduced
distance between cathode and anode allows large bias
fields to be applied without the need for a very high voltage
power supply. The drop in applied bias voltage reduces the
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Fig. 15
photoconductive antenna units having interdigitated electrode
structure. The units are labeled A-G for later reference.
(b) Structure of electrodes and shadow mask of each unit [115]

(a) Schematic of THz emitter composed of seven

heating of the ILAPCAs by the Joule effect and prevents
antenna failure allowing a higher bias field to be applied.
Also, the maximum bias field applied is limited by the air
breakdown on the antenna surface [121]. It has to be noted
that this encapsulation layer for the improvement of the
maximum bias applied field can also serve as an anti-
reflection coating, improving the photon absorption
[63,122,123]. Further, the trap field enhancement, which
is just an enhancement of the bias field localized close to
the anode, is multiplied due to the multiplication of the
number of anodes inside the comb [49,70,124].

Besides these advantages, ILAPCAs have some draw-
backs. The biggest one is that by using a standard shadow
mask on the interdigitated structure, only half of the total
antennas will be illuminated. If we add the surface of the
electrodes, where in some cases the electrode width is
equal to the inter-electrode distance, only 25% of the total
surface of the ILAPCA will be illuminated and will
efficiently participate in the generation of THz radiation
[89]. This reduces the maximum radiated peak electric
field and efficiency of the ILAPCA. Another drawback is
that by adding the second metallic layer on the top of the
interdigitated structure, the inter-electrode distance is more
or less limited by the maximum thickness of the dielectric
layer, which is generally limited to a few tens of um before
cracks start to appear. Consequently, the gap size is chosen
to be in the tens of um range or smaller [125], which limits
the maximum radiated THz field due to the appearance of
strong space-charge screening at a timescale shorter than
1 ps. The other consequence is that the waveforms of the
THz pulses change from quasi-half cycle to a single cycle.
Finally, the multiplication of the number of antennas inside
the interdigitated structure increases the capacitance
significantly, which can, in turn, distort the high-voltage
pulse for biasing the ILAPCA but also reduce the
maximum radiated power [126—128]. Another point is
that ILAPCA has a large area with a diameter much larger
than the wavelength of the radiated THz waves. Therefore,
we expect a THz beam divergence that is relatively small.
However, the inter-electrode distance is smaller or

equivalent to the radiated wavelength, while the electrode
length will be much larger than the radiated wavelength.
Consequently, the beam divergence will be quite different
for the direction perpendicular versus the direction
paralleled to the electrode orientation. As a result, it is
generally challenging to focus the THz beam close to the
diffraction limit, which is one of the key points for
achieving a large peak field.

3.1 Overview of ILAPCAs

To overcome the limitations of conventional LAPCAs with
the goal of increasing the peak intensity of emitted THz
pulses, several works have focused on ILAPCAs
[35,55,89,115,116,129-131]. One of the key points was
the demonstration of increased intensity of the THz pulses
emitted by ILAPCAs compared to THz pulses generated
by conventional LAPCAs. The first comparison was made
by Hattori et al. [115] where they compared the intensity of
THz pulses generated by a conventional SI-GaAs LAPCA
with 3 cm gap size with an ILAPCA with 7 units with an
area of 1 cm? each, connected together, with gap size and
electrode width equal to 10 pum for a total illumination area
of 25%. Although the ILAPCA was biased at 30 kV/cm,
compared to only 2 kV/cm for the LAPCA, the THz pulses
generated from the LAPCA was 2 times larger than the one
from the ILAPCA (Fig. 16(a)). Following the scaling law
of the peak amplitude of the THz pulses as a function of the
illuminated area, the peak field of the THz pulses emitted
by the ILAPCAs should have been 7 times larger than the
peak electric field of the THz pulses emitted by the
conventional LAPCAs. The authors explained that the
difference in amplitude of the emitted THz pulses was due
to insufficient charge supply within the ILAPCA due to the
small gap size. However, we believe that a 10 um gap size
of SI-GaAs ILAPCA can lead to a strong static Coulomb
field that screens the bias field, which is the origin of the
space charge screening, which could explain this differ-
ence [42]. This hypothesis is supported by the observation
that the waveforms of THz pulses generated by the
LAPCA and the ILAPCA are completely different. The
waveforms of the THz pulses generated by the LAPCA are
asymmetric and quasi-half cycle, while the waveform of
the THz pulse generated by the ILAPCA is a single cycle
and symmetric, which is a sign of space-charge screening.
Another theoretical study shows that the amplitude of the
generated THz pulses from a GaAs ILAPCA is 3 times
larger than the peak electric field radiated by a dipole
antenna. However, although the optical fluence and applied
bias field remain constant, the illuminated area of the PCA
with an interdigitated structure was larger than the one of
the dipole antenna, which makes it difficult to directly
compare the performance of both antennas [124]. Using
the same approach, Dreyhaupt et al. showed that the
amplitude of the THz pulses emitted by a SI-GaAs
ILAPCAs is 20 times larger than those of a SI-GaAs
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(a) THz waveforms obtained from a conventional LAPCA (thick line), and micro-structured antenna array (thin line) under

typical operation conditions. (b) Normalized spectrum of THz fields obtained from conventional large-aperture emitter (thick line), and

micro-structured antenna array (thin line) [115]

dipole antenna [132,133]. However, due to the difference
in the size of the illuminated area, it is difficult to make a
direct comparison of the performance of both antennas.

One of the key aspects in ILAPCAs is to manipulate the
antenna structure to control the specific parameters of the
THz pulses emitted or to increase the efficiency and
performance of the antenna. For example, there are
different techniques for blocking the illumination of the
neighboring antenna. One of them consists of using a
large-aperture microlens area with a hexagonal structure to
lead the beam direction onto every other antenna of the
interdigitated structure [134,135]. The latter enhances the
efficiency of the ILAPCA since all the optical energy is
used to illuminate its active area. Another technique
consists of suppressing one bias field direction by etching
the active area of the neighboring antennas [136]. This
technique is demanding in terms of cleanroom micro-
fabrication because a thin semiconductor layer needs to be
transferred onto an insulating substrate and etched into
grooves. The last step consists of the deposition of metal
electrodes on this structure. With this technique, using an
LT-GaAs ILAPCA, the generation of THz pulses with peak
field up to 120 kV/cm was demonstrated [131].

Another technique that could replace the deposition of
the second metallization is the binary mask. The latter
allows the entire illumination of the interdigitated structure
by delaying the timing of the antenna illumination with the
opposite bias field direction. This avoids the destructive
interference from the quasi-half cycle THz pulses with
opposite polarity since a time delay is introduced between
them [38]. Indeed, the binary mask is only composed of a
piece of glass that is transparent at the wavelength of the
optical pump. As a result, we achieve first the generation of
quasi-half cycle THz pulse for each antenna that is not
covered by the mask, followed, after a time delay, by the
generation of another quasi-half cycle pulse with opposite

polarity, coming from the neighboring antenna covered by
the mask. By adjusting the time delay, which is propor-
tional to the mask thickness, and by mixing the glass piece
with some opaque pieces, it is possible to perfectly control
the waveform of the THz pulses and to perform THz pulse
shaping. Consequently, increasing the thickness of the
phase mask increases the time delay between the positive
and negative polarity of the THz pulses. Further, the
optical-to-THz conversion efficiency, as well as the energy
of the THz pulses emitted by ILAPCAs can be doubled
(Fig. 17). Another parameter that influences the intensity
of the THz pulses generated from the ILAPCA is the
interdigitated structure itself. It has been demonstrated that
increasing the width of the anode, for substrates having
much higher electron mobility than hole mobility can
greatly increase the amplitude of the THz field [137]. The
enhancement in the THz pulse amplitude was attributed to
the plasmonic oscillation induced by electrons arriving at
the anode. Singh et al. demonstrated that changing the
anode width from 2 to 50 um could increase the peak field
of the emitted THz pulses by up to 7 times [137]. However,
for an electrode width over 50 um or for an antenna with a
gap size larger than the radiated wavelength, this effect
tends to saturate [138].

In terms of efficiency, selecting an electrode width equal
to the inter-electrode distance when using a shadow mask
is the worst configuration since only 25% of the total area
of ILAPCA is effective for illumination when using a
shadow mask. One solution for increasing the active area
of the ILAPCA is to have a gap size larger than the
electrode width [126]. However, this ratio of the effective
area illuminated can be further increased by reducing the
dark gap size relative to the bright gap size and optimizing
the width of the anode. It has been demonstrated that an
ILAPCA with a gap size, anode and cathode width, and
dark gap size of 20, 10, 5 and 5 pm, respectively, results in
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Fig. 17 Evolution of the THz pulse shape for different glass
phase mask thickness (0.17, 0.34, 0.51, 0.68, and 1.00 mm thick)
of an interdigitated GaAs LAPCA at a bias field of 1.2 kV/cm and
a excitation fluence of 14 pJ/cm? [38]

an enhancement of 1.5 times in the radiated THz peak field
compared with an ILAPCA with the same area but reduced
gap size and anode width of 5 pm each [139]. This relative
improvement is attributed to the plasmonic effect occurring
near the anode and to the acceleration of the carrier within
the substrate where the illuminated surface has been
doubled from 25% to 50%. While playing with the
parameters of the interdigitated structure, we can achieve a
significant improvement in the THz intensity, it is also
possible, by reducing the distance of the bright gap, to
modify and compress the waveform of the THz pulses,

Cifeythih

optical pump

which leads to a broadening of the THz spectra [140]. By
using a 2 um gap size for a semi-insulating GaAs ILAPCA,
the generation in reflection mode of THz pulses with
frequencies extending up to 20 THz has been demon-
strated. The enhancement of the cut-off frequency was to
the detriment of the peak electric field, which was reduced
due to the strong space-charge screening effect [141].

Pushing the microfabrication technology to the extreme,
the interdigitated PCAs were manufactured with an
electrode comb having nanometric gape size [142].
These plasmonic photoconductive emitters have shown
significant enhancement in THz power and optical-to-THz
conversion efficiency up to 50 times over standard micro-
PCAs, with a conversion efficiency of 1.6% for an
interdigitated structure (Fig. 18). Despite their impressive
performance, these antennas are not considered as large-
area emitters due to their limited dimensions (less than a
few mm), which is the key aspect for the generation of
intense THz pulses [123]. Another key aspect parameter of
the interdigitated structure is its ability to fully control the
amplitude and degree of polarization of the THz field
emitted. Indeed, by building an ILAPCA with an
intermixed sickle geometry, with vertical and horizontal
electrodes allows generating THz waves with horizontal
and vertical polarization (Fig. 19) [143]. It has been shown
that the generation of THz pulses with amplitude and
degree of polarization can be controlled by applying
different voltages to the vertical and horizontal electrodes.
The speed of this photoconductive device for polarization
modulation can reach up to 10 kHz, which opens new
perspectives for THz polarimetry with detection locking
for measurements of small polarization changes.

i
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Fig. 18 Schematic and scanning electron microscope images of a large area plasmonic photoconductive source fabricated on a SI-GaAs

substrate [29]
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(a) Cut view of an interdigitated photoconductive switch. Interdigitated gold electrodes on top of the GaAs layer consist of 4 pm

wide electrodes, equally spaced by a distance A =4 pum. (b) Top view of the intermixed geometry principle (only the first metallic layer is
represented). (c) Large area implementation investigated experimentally with total area of the gold finger electrodes is 450 pm x 450 pum.

(d) Orientation of the wire-grid polarizer o with respect to the interdigitated structure directions Uy, vy for the emitted field experimental

characterization [143]

3.2 Generation of intense THz pulses from ZnSe and
6H-SiC ILAPCAs excited by femtosecond laser pulses

As we described in Section 2, the best and easiest way to
generate intense THz pulse from LAPCAs is to work with
wide bandgap semiconductor crystals. We described that
ZnSe and 6H-SiC LAPCAs showed promising results
when excited by the second harmonic of an amplified
Ti:sapphire laser. Consequently, the next step was to
fabricate a ZnSe and 6H-SiC LAPCAs with an inter-
digitated structure [38]. To this end, the first ILAPCAs
were manufactured using a poly-crystalline ZnSe sub-
strate. The antenna electrodes have been deposited using a
standard photolithography technique. The ILAPCA struc-
ture was composed of 24 open-ended microstrip electrodes
with a bright gap size equal to the dark gap size with a
dimension of 0.6 mm, and electrode length and width of 22
and 0.4 mm, respectively. The gap size of the antenna was
large enough to allow the ILAPCA to work in the

screening regime rather than in the space-charge screening
regime. The ILAPCA proposed was covered with a
shadow mask or a quartz binary mask with a thickness
0f 0.65 and 1 mm. The active illuminating area was 1.5 and
3.0 cm®* when using the shadow and the binary mask,
respectively. The waveforms of the THz pulses generated
by ILAPCAs covered by the three masks or a combination
of shadow and binary mask are shown in Fig. 20. One can
clearly observe that the THz pulses are changing from a
quasi-half cycle to a single-cycle waveform with sig-
nificant degrees of freedom between the two, offering full
control of the generated waveform. More importantly,
when excited with a 10 Hz, 400 nm and up to 20 mJ of
optical energy, the energy of the THz pulse generated from
the ILAPCAs covered with the 1 mm mask is 1.7 larger
than that generated by the shadow mask when the ILAPCA
is biased and excited with the same parameters. The
maximum energy of the THz pulses was found to be 3.6 puJ
when the ILAPCA was biased at 47 kV/cm, excited with a
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Fig. 20 THz pulses shapes generated from the ZnSe interdigitated LAPCA excited at 400 nm with a fluence of 0.2 mJ/cm?, at a bias field
of 10 kV/em with 0.65 and 1 mm binary mask and a shadow mask. (b) Power spectrum with a shadow mask (blue line), and the 1 mm
binary mask (red line). (c) and (d) THz pulse shapes obtained with the 0.65 mm (c) and the 1 mm (d) binary mask on the ZnSe LAPCA

[38]

fluence of 0.55 mJ/cm?, which was 2.5 times larger than
the saturation fluence, and covered with the 1 mm binary
mask. The corresponding calculated THz peak field was
evaluated to be 143 kV/cm.

Following the same approach, Ropagnol et al. further
improved the peak field strength of the emitted THz pulses
by significantly increasing the surface area of the ILAPCA
with an active surface of 4.4 cm? when covered by a
shadow mask [34]. The interdigitated antenna structure
consisted of 35 identical electrodes with an equally bright
and dark gap size of 0.7 mm. The illuminated active area
was 35% of the total area of the antenna. The whole
antenna structure was covered by an Al,O; encapsulation
layer with a thickness of 300 nm, which also acts as an
antireflection layer. The ILAPCA was illuminated using
the second harmonic generation (SHG) of an amplified
Ti:sapphire with up to 24 mJ pulse energy, operating at a
repetition rate of 10 Hz. Despite this relatively low
repetition rate of the laser, the signal-to-noise ratio of the
detected electric field was relatively high, with an

amplitude signal-to-noise ratio around 500 with only one
scan. This value was possible because the pulsed bias
voltage was set to be only half the repetition rate of the
laser and acts like an electronic chopper [144]. The
waveform of the THz pulses is a quasi-half cycle with a
peak frequency located at 0.12 THz and the main
frequency components below 1 THz (Fig. 21). The
maximum energy of the THz pulses was found to be 8.3
pJ when the ILAPCA was covered by the shadow mask,
biased at 42 kV/cm and excited with 15 mJ of optical
energy. The corresponding calculated peak electric field
was slightly above 0.3 MV/cm. Despite having a much
higher THz pulse energy, this peak electric field strength is
much lower than the peak intensity of the THz pulses
emitted by the LiNbO; source with the pulse-front-tilt
technique [145]. This is because the beam radius spot size
was 1.17 and 1.37 mm in the X and Y direction,
respectively. These dimensions are much large than a
diffraction-limited spot size of a THz beam generated by a
LiNbO; crystal. Despite this difference in the THz peak
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Fig. 21 THz waveform acquired by electro-optic sampling (EOS) of emission from ZnSe interdigitated LAPCA with Ti/Au contacts,
using a shadow mask, excited with 16 mJ of 400 nm optical pump and biased with 30 kV/cm. (b) Respective amplitude THz spectrum [34]

electric field, in this specific case for this ILAPCA, the
maximum ponderomotive energy of the THz pulses was
calculated to be 15 eV, which is slightly higher than the
ponderomotive energy of the THz pulses at 1 THz with an
electric field of 1 MV/cm.

In pursuit of increasing the intensity of THz pulses
generated by ILAPCAs, we can easily imagine that
increasing the area of the ILAPCA structure is a
straightforward solution. However, the multiplication of
the number of electrodes inside the antennas array strongly
increases the total capacitance of the ILAPCAs, which
leads to a limitation of the maximum THz energy radiated
in free space [127]. Also, the high voltage pulse was stretch
and distorted, limiting the maximum bias field that could
be applied before the appearance of corona discharges
[116].

To verify the large ponderomotive potential of these
THz pulses, the nonlinear transmission inside an n-doped
InGaAs thin layer, deposited onto a semi-insulating InP
substrate, was studied using an open aperture Z-scan
technique. With a measured peak field of 174 kV/cm, a
maximum transmission enhancement of 12.7 was observed
at the focus of the THz pulse. This transmission
enhancement is 4.5 times larger than the observed
transmission enhancement inside the same InGaAs layer
sample, obtained with a peak field of 200 kV/cm and a
peak frequency located at 1.0 THz [34]. More importantly,
it is shown that these THz pulses generated by the ZnSe
ILAPCAs generated high-frequency components in the
same n-doped InGaAs layer [146] (Fig. 22).

In another recent study, the performance of the ZnSe and
6H-SiC ILAPCAs covered by shadow masks were
compared. The two ILAPCAs did not have the same

interdigitated structure with a gap size of 0.8 and 1.0 mm
for the ZnSe and the 6H-SiC ILAPCAs, respectively.
However, the optical beam dimensions, the optical energy
at 400 nm and the bias field were kept the same at 3.9 cm,
6.5 mJ and 30 kV/cm, respectively. A photo of the studied
6H-SiC ILAPCA is shown in Fig. 23. The THz pulses
emitted by the ILAPCAs were detected by electro-optic
sampling using a 0.3 mm (110) GaP crystal. With a peak
electric field strength of 51 kV/cm, the 6H-SiC ILAPCA
has exhibited slightly better performance than the peak
field of the THz pulses generated by the ZnSe ILAPCA. As
we can see in Fig. 24(a), the peak intensity of the emitted
THz pulses from both antennas is observed at the same
timing of 4 ps with a pulse duration (FWHM) of 590 fs.
The major difference between the two pulses is in the
negative tail, where we can observe strong oscillation of
the electric field from THz pulses generated by the ZnSe
ILAPCAs. Since the experiment has been done in both
cases in the same unpurged environment, these oscillations
are not from water. In reality, these oscillations are due to
the fast variation of the photocurrent density in the ZnSe
substrate. In the case of the 6H-SiC substrate, the decay of
the photocurrent is probably smoother than that for the
ZnSe crystal due to the indirect nature of the bandgap. In
terms of spectra, both spectra have a peak frequency
located around 100 GHz and extending up to 3.0 and
2.5 THz for the ZnSe and the 6H-SiC ILAPCAs,
respectively. However, the spectra of the THz pulses
generated by the ZnSe ILAPCA have its amplitude larger
than the one of THz pulses generated by the 6H-SiC
ILAPCA between 0.5 and 3 THz. This difference is
attributed to the fast oscillation in the tail of the THz pulses
generated by the ZnSe ILAPCA.
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(a) Amplitude of the transmitted THz pulses through the bare substrate (£..¢) and the InGaAs sample (E,,s) with the incident

peak field of 190 kV/cm. Inset: corresponding terahertz waveforms, where the blue arrow indicates the propagation direction.
(b) Measured field dependence of E\.,,s and half-cycle duration (amplitude FWHM) as a function of the incident peak field £}, measured in
air. (c) Measured transmission spectra at various incident fields. The gray area corresponds to the transmission lower than 1. (d) Calculated
transmission spectra based on the described model [146]

Cr/Al
WxL=1mmx55mm

Fig. 23 Top view of a typical 6H-SiC ILAPCA. Here, the
ILAPCA is composed of 38 electrodes with a gap size of 800 pm
and a width and length of 1 and 55 mm respectively

3.3 6H-SiC and 4H-SiC LAPCAs excited by
sub-picosecond UV lasers

As we described in Section 2, both 6H-SiC and 4H-SiC
LAPCAs have shown good performance for generating
intense THz pulses under UV laser excitation. To generate
high-intensity THz pulses, two 6H-SiC and 4H-SiC
ILAPCAs were fabricated, and their performances were
studied under the excitation of a KrF excimer laser with a
wavelength of 248 nm, a pulse duration of 0.7 ps and an
energy of 80 mJ [35]. The antenna structure was simple
and consisted of 18 electrodes with the same bright and
dark gap size and the same electrode width of 1 mm. The
total illuminated area was 4.5 ¢cm?. Since only a shadow
mask is used in this experience, only 25% of the total area
of the ILAPCA was illuminated (Fig. 25). The electrode
composition was Cr/Al, and the end of the electrodes was
circular to allow the largest bias field to be applied without
surface flashovers occurring at the edges of the electrodes.
As expected, when both ILAPCAs are excited with an
optical fluence above the saturation fluence (1.2 mJ/cm?),
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Fig. 25 (a) Photo of the structure of two ILAPCAS on a 4 inch diameter 6H-SiC wafer and the shadow mask. (b) Microscope image of
the rounding edge of the ILAPCA structure on the 4H-SiC substrate. (c) Scheme of the experimental set-up. (d) Scaling of the THz energy
as a function of the bias electric field for 6H-SiC and 4H-SiC ILAPCAs. And (e) scaling of the THz energy as a function of the laser energy
contrast ratio for the 6H-SiC ILAPCA biased at 12.5 kV/cm and pumped with 2.83 ml/cm? [35]
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the 4H-SiC exhibits better overall performance than the
6H-SiC ILAPCA. The maximum energy of the THz pulses
generated by the 4H-SiC ILAPCA was 2.3 pJ, with a bias
field of 30 kV/cm. Using a Michelson interferometer, the
measured FWHM of the half-cycle pulse was around
2.2 ps. This duration is approximately four times longer
than the pulse duration of the THz pulses emitted by the
ZnSe ILAPCA when excited at 400 nm laser beam with 50
fs duration. Consequently, the spectra of these THz pulses
show a peak frequency located at 50 GHz with the cut-off
frequency at 400 GHz. The latter can be described as sub-
THz radiation. The main reason for this longer duration of
THz pulses and these sub-THz frequencies is explained by
the much longer duration of the laser pulse [88,107].
However, there is also the effect of the carrier dynamics
inside the substrate with electrons being pumped into the
satellite valley since the photon energy of the laser is much
larger than the bandgap of the substrate [71,72,108,147].
By placing the 4H-SiC ILAPCA in a vacuum chamber, the
maximum bias field was increased up to 64 kV/cm before
the corona discharge occurred. In this condition and with
optical energy of 54 mJ, the measured THz energy was
11 pJ, which is the highest THz pulse energy ever
generated by ILAPCAs to date. The corresponding THz
peak radiation field was calculated as 117 kV/cm.
Although this peak field is relatively small, the associated
ponderomotive energy was as large as 60 eV. Using these
THz pulses with higher ponderomotive energy, an open Z-
scan experiment was performed to demonstrate the non-
linear effect in the n-doped InGaAs layer. An increase in
nonlinear transmission of 1.7 times was observed (Fig. 26).
This transmission enhancement is relatively low, and we
believe that the very high scattering rate of InGaAs limits
the maximum kinetic energy that electrons can gain over
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the whole duration of the half-cycle pulse before they
scatter into the satellite valley.

4 Conclusion and future perspectives

The current paper provides a general overview of the
evolution and state-of-art of LAPCASs by gathering the past
and recent achievements in the development and char-
acterization of intense THz photoconductive emitters.
Studies have shown that these emitters can generate
high-intensity sub-cycle THz pulses with a central
frequency ranging from several 10 s of GHz to a couple
of 100 GHz with a relatively narrow spectrum and cutoff
frequency below 2 THz. LAPCAs are very attractive and
compact THz sources capable of operating at room
temperature without cryogenic cooling and exhibit high
optical-to-THz conversion efficiency while being pumped
with relatively low optical power. Recent studies have
shown that, compared to other sources, LAPCAs promise
higher ponderomotive energy and high shot-to-shot pulse
stability of the emitted THz pulses, which would pave the
way toward the sensitive control of nonlinear optical
effects in different materials. However, although the peak
electric field of the emitted sub-cycle THz pulses can reach
up to a few hundred kV/cm, there are still certain limiting
factors of the THz PCA technology, such as the saturation
of the emitted THz pulses with high optical pump powers
and higher applied bias voltage limitation due to air
breakdown. Several techniques have been discussed to
overcome these limitations. For example, one can
encapsulate the antenna electrodes with high resistivity
epoxy to increase the bias voltage applied across the
electrodes. Despite these latter limitations, generated

1.8 =
I ®InGaAs w47
1.7F a I5P ", &
L " N b=
= l6r L §2
g r [ =9
g L5f -
= L s 0 L L L L
£ jab = 80 100 120 140
o L L peak electric field
% 13+ - J(kV-cm™)
g 12 . "
= - = E
1.1 . [] . L .
I.OT' m "am ", " m g m®
) SN I S TN T S T A I TN S N SN N TN S S N _—

-10 -8 -6 4 2 0 2 4 6 8 10 12 14
position/mm

(b)

Fig. 26 (a) Experimental scheme of the Z-scan experiment with the InGaAs sample. (b) Normalized transmission as a function of the
Z-scan position for the InGaAs sample and the InP substrate, with a THz pulse energy of 11 pJ. Inset shows the simulated results of the
FWHM duration of the THz pulse as a function of the THz peak electric field for a transmission enhancement of 1.7 [35]
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asymmetric high sub-cycle THz pulse intensities up to
several hundred kV/cm have resulted in an increase in the
associated ponderomotive energy as high as 60 eV in
vacuum, which is considerably higher than that of THz
pulses with a peak field strength of 1 MV/cm generated by
LiNbO; sources. The unique properties of these low-
frequency THz pulses with higher potential make them
attractive for the study of various phenomena in nonlinear
THz optics, such as carrier heating, impact ionization
dynamics by inter-band and intra-band scatterings in the
narrowband semiconductors at this frequency range.
Another unique property of the LAPCA with interdigitated
electrodes is that it allows the polarization control of the
THz pulses radiated, which remains a challenge for other
THz sources. In addition, recent work on LAPCAs shows
that an applied external magnetic field can significantly
increase the peak intensity of the THz pulses radiated in the
far-field by overcoming the radiation screening effect,
which is one of the main limitations of PCAs. All these
performances mentioned above allow the LAPCAs to
monitor carrier dynamics in semiconductors at the
picosecond timescale, which extends the scope of THz
photonics to a wide range of new applications to develop
future electronic and optoelectronic devices.
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