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Abstract
Photoconductive antennas (PCAs), known for their broad bandwidth, high data rates, and
simple structure, are gaining significant attention in terahertz (THz) applications. Over the
past decade, THz PCAs have been extensively researched, demonstrating diverse applications
across multiple fields. This paper provides a comprehensive review of PCA theory and design,
along with an in-depth analysis of their relative advantages. Additionally, various strategies
for enhancing antenna efficiency are discussed, focusing on material selection and geometric
design. This review aims to offer researchers a consolidated resource, presenting key insights
into the challenges and advancements in PCA research.

Introduction of THz technologies

Terahertz (THz)wave is located between the optical frequency region andmicrowave frequency
region in the electromagnetic wave spectrum, covering the frequency range between 0.1 and
10 THz with the wavelength of 3 mm to 30 µm [1]. An overview of THz frequency region is
illustrated in Fig. 1. Radiation of this frequency is nonionizing. Thus, it is identified as a much
safer alternative to conventional ionizing radiation techniques used in medical diagnoses, such
as CT scans andX-rays.The energy of a single photon in THzwaves is significantly less than that
of X-rays, approximately one millionth of the energy of X-ray photons [2]. This gives a bright
future to THz technology in the biomedical field, such as T-ray scanning used in pharmaceutical
settings and skin cancer diagnoses [3–6]. THz waves can penetrate various objects, including
wood, plastic, fabric, leather, paper, and, most importantly, human skin [7]. It provides great
potentiality in novel sensing and imaging possibilities [8–19].

However, despite the research on THz antennas, the current study on PCA is not yet
mature. Although the theory of PCA is getting more exceptional, there appears to be a prac-
tical knowledge gap in efficiency and gain. There is a lack of joint research on efficiency and
gain improvement in the prior literature of PCA enhancement, among which there is only the
comparison of conventional substrates and research on various photoconductive materials, or
only novel structures of substrates are mentioned. Current work studies and summarizes all the
proven enhancement methods for efficiency and gain of PCA in the last decade, with detailed
theoretical research and formula expressions. Relative research on silicon meta-lens [20, 21],
plasmonic nanostructures [22–25], large area photoconductive nanoantenna arrays [26–31],
dielectric superstrate [32–35], and photonic crystal structures [36–41] have been put forward
in recent years. Also, this paper reviews several challenges and gives a brief overview of the
PCA enhancement study, providing a concise direction of THz PCA technology for the next
few years.

Theory of THz PCA

Physics

A PCA includes a photoconductive substrate and a set of antenna conductors, often consist-
ing of a pair of DC-biased electrodes. The electrodes are usually metal dipoles with an antenna
gap.The electrodes are patterned on the photoconductor, while the gap is positioned at the cen-
ter of the substrate. The radiation performance of PCA is affected by three factors: the material
composition of the photoconductive substrate, the geometry design of the antenna, and the fem-
tosecond laser pulse. Current technology can produce a laser pulse of femtosecond levels, and

https://doi.org/10.1017/S1759078725102274 Published online by Cambridge University Press

https://doi.org/10.1017/S1759078725102274
mailto:2357746h@student.gla.ac.uk
http://creativecommons.org/licenses/by/4.0
http://creativecommons.org/licenses/by/4.0
https://orcid.org/0009-0006-6216-6227
https://orcid.org/0000-0002-0320-3044
http://crossmark.crossref.org/dialog?doi=https://doi.org/10.1017/S1759078725102274&domain=pdf
https://doi.org/10.1017/S1759078725102274


2 Han et al.

Figure 1. The THz frequency band is positioned between the microwave region and the optical region of the electromagnetic spectrum.

the antenna geometry is continuing to innovate. In this paper,
research on material and novel geometric structures is reviewed.

Regarding the study of photoconductive materials, substrate
materials should possess shorter carrier lifetime, higher resistiv-
ity, and faster carrier mobility to meet the general requirements
[42]. Thus, many researchers used GaAs, GaP, and ZnTe in var-
ious designs [43, 44]. When a PCA is excited, the laser pulses
are focused on the center gap, with which the energy propagates
into the photoconductor and is absorbed by the substrate; thus,
transient photocurrent is produced by the accelerated photo car-
riers. In most studies, 800 and 1550 nm wavelength laser pulses
are used to feed PCA in experiments [45, 46]. Figure 2(a) illus-
trates the process by which the transient photocurrent produced in
the photoconductor drives the antenna and eventually leads to the
emission of THz pulses. The PCA transient response is depicted in
Figs. 2(b–e) [19]. When a light pulse is absorbed in a photocon-
ductor, the generation of charge carriers is proportional to light.
The photo carriers are accelerated along the DC field and produce
a transient photocurrent whose rise time approaches the incident
light rise time. The decay time following the peak of the pho-
tocurrent is determined by the properties of the photoconductive
substrate instead of the temporal distribution of light. If the dura-
tion of the carriers of the photoconductor is short, the carriers
produced by the optical pulse initiate the recombination process
immediately following the absorption of the pulse.

On the other hand, if the substrate material possesses a long
carrier lifetime, the resulting carriers will continue to contribute
photocurrent after the light pulse is completely absorbed. This
causes an increase in the photocurrent pulse, leading to a corre-
sponding enlargement in the output pulse and a decrease in the
overall bandwidth of the THz frequency. To circumvent this prob-
lem, photoconductive materials with subpicosecond duration are
typically utilized. The selection of materials will be discussed in
the next section.

Key challenges in THz PCA

Although PCA is prospective due to its simple structure and tiny
size, current research is not solving the problem of the low conven-
tion efficiency from laser to THz waves. Also, the free space path
loss (FSPL) of THz waves is high. Thus, it can hardly cover a dis-
tance further than 10m.The path loss can be computed by the Friis
transmission equation [47]:

FSPL = 20 log(4𝜋d
𝜆 ) [dB] (1)

where d represents the distance and λ represents the wavelength.
In accordance with the Friis equation, the THz band has a higher
path loss due to its high frequency. This is because the molecule
absorption loss leads to multiple degrees of high attenuations [48].

The efficiency of PCA comprises two factors—radiation effi-
ciency and impedance matching efficiency, which are defined as
[49]

𝜂r = Pr
Pin

, 𝜂m = Pin
Ps

(2)

These equations indicate that efficiency is defined by the ratio
of the radiated power Pr to the input power Ps. The total efficiency
of PCA is [49]

𝜂t = 𝜂m𝜂r = Pr/Ps (3)

Thus, the optical-to-THz conversion efficiency of PCA is deter-
mined by the ratio of the laser power focusing on the PCA gap
to the power of radiated THz signals. A study by Goldsmith [50]
approximated the laser-to-electrical efficiency as follows:

𝜂LE = PE
PL

≈
eV2

b𝜇𝜏 2𝜂LfR
hfLl2

(4)

In the above equation, e and µ correspond to the electron charge
and mobility, Vb represents the applied bias voltage, τ signifies the
decay time of the photocurrent, ηL denotes the illumination effi-
ciency, fR and fL refer to the repetition rate and frequency of the
laser, respectively, while l represents the length of the PCA gap.

Two challenging issues to be investigated in this area are laser-
to-electrical efficiency and the gain enhancement due to a high loss
of THz pulses. Different studies to improve efficiency and gain are
studied in this paper, including the fields of geometric structures,
substrate materials, and new technologies.

PCA efficiency and gain enhancement

The radiation of the PCA primarily depends on the following three
factors: thematerial of the photoconductive substrate and antenna,
the geometry structure of the antenna, and the femtosecond laser
pulse. The current research in THz PCA designs has proved that it
can be a promising technology for future use and can be applied
in numerous fields of communication, such as medical imaging,
spectroscopy, and security. However, because of the low optical-to-
THz conversion efficiency and substantial material loss, a severe
challenge is to improve efficiency and realized gain. Here, vari-
ous studies are reviewed to summarize methods that improve PCA
efficiency and gain.
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Figure 2. (a) The excitation of PCA by laser; (b–e) generation of photocurrent in semiconductors (red trace) and photocurrent in the antenna gap for the photoconductive
material for long carrier lifetime and short carrier lifetime, represented by gray and blue trace, respectively [19]; (f) Illustration of a PCA. Bias voltage is applied to both
electrodes and surface current is generated on the substrate.
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Table 1. Carrier lifetimes of LT-GaAs at different growth temperatures, and the
nature of three types of GaAs material

Growth temperature (°C) Carrier lifetime (ps)

175 0.18−0.38 [60]

200 0.325−0.425 [60]

225 0.4−0.5 [60]

250 0.61−0.71 [60]

300 1.3 [61]

Materials

Photoconductive materials of substrates and electrodes
In the past decades, the development in physics and material sci-
ence has significantly been beneficial to the research in the antenna
field. Several suitable photoconductive materials have been used in
the design and fabrication of the THz PCA. To obtain high optical-
to-THz conversion, a low-loss photoconductive-dielectricmaterial
is always required. Photoconductivity is an essential characteristic
of THz signal generation; thus, the researchers choose III–V com-
pound semiconductors like GaAs, SI-GaAs (Semi-insultingGaAs),
and InGaAs (Indium Gallium Arsenide) in designs, among which
the most widely obtained material is LT-GaAs (Low-Temperature
Grown GaAs) [51]. According to research conducted by [52],
in the absence of natural materials capable of transmitting THz
waves with satisfactory efficiency, III–V compound semiconduc-
tors such as GaAs favored over other materials for THz wave
generation due to their ability to optimize electrical and optical
properties by manipulating their composition. GaAs, in particu-
lar, possess a bandgap of 1.424 eV at normal temperature [53],
which is compatible with commonly used titanium-doped sap-
phire (Ti3+:sapphire) femtosecond pulse sources used to stimulate
PCAs [54, 55].The use of LT-GaAs as a substrate for THz PCAswas
first introduced in 1988 [56]. LT-GaAs grown at 250°C via molec-
ular beam epitaxy exhibits high crystallinity, resulting in increased
carrier mobility, and excess As3+ within the crystal structure, lead-
ing to point defects [57]. LT-GaAs that grow at 200°C is proven
to have a lifetime of around 0.4 ps [58], while 250°C LT-GaAs is
found to have 0.7 ps lifetime carrier [59], indicating that the car-
rier lifetimes are higher once the temperature improves in LT scale.
Table 1 shows the measured lifetimes of LT-GaAs by different
research due to the growth temperature [60].

However, errors in the carrier lifetime measurement are
unavoidable. During the last 30 years, the physical properties of
GaAs have been studied and measured, and different measured
results of the LT-GaAs carrier lifetime have been published. Taking
250°C as the example, in research of [60], LT-GaAs grown at this
temperature has a carrier lifetime of 0.66 ± 0.05 ps. It is also shown
that GaAs carrier lifetimes with this temperature are 0.25 ps [62],
0.7 ps [61], 1 ps [63], and 1.4 ps [61]. The InGaAs is also used as
photoconductive substrates; however, it has different mobility and
resistivity. Table 2 shows the comparison of the properties of these
three photoconductive compounds. Overall, LT-GaAs is regarded
as the most favorable photoconductive material obtained in PCA
studies due to its exceptional combination of characteristics.

In most antenna designs, copper, gold, and other extremely
conductive metal materials are used for electrodes. In THz PCA
design, Au (gold), Ti (titanium), and stacked Ti-Au structure are
used more [70, 71]. Au has a conductivity of 45.2 × 106 S/m, and

Table 2. Comparison of the properties of LT-GaAs, SI-GaAs, and LT-InGaAs

Material SI-GaAs LT-GaAs LT-InGaAs

Carrier lifetime
(ps)

Several hundred
[64]

<1.4 [58, 65] Larger than
LT-GaAs [66]

Mobility
(cm2·V−1·s−1)

8500 [67] 200 [64] 26 [68]

Resistivity
(Ω·cm)

≈107 [69] >107 [56] 760 [68]

Breakdown
field (V·cm−1)

4 × 105 [67] 5 × 105 [64] ≈6 × 104 [68]

Figure 3. (a) A depiction of the hexagonal structure of graphene, with unit vectors
a1 and a2 indicating the sublattice and two atoms per cell. The distance between
every two closest atoms is represented by δ. The lattice vectors are shown as blue
arrows. (b) b1 and b2 stand for the reciprocal lattice vectors at the Brillouin zone.

by 𝛿 = ( 1

𝜋f𝜇𝜎
)

1

2
, the skin depth is 74.9 nm at 1 THz frequency

[1]. In the Ti-Au structure, the stickiness of Au is improved by
assimilating Ti sheets, so that the connection of electrodes and sub-
strates is compact and stable [72]. Also, no annealing is required
after deposition in the Ti-Au fabrication process [73]. Therefore,
in the process of PCA design, simulation, and fabrication, the elec-
trodes often consist of Au with tens of nanometers thickness and a
10–20 nm Ti layer.

Key challenges for lower bandgap materials include achiev-
ing carrier lifetimes, mobilities, breakdown thresholds, quantum
efficiencies, and reproducibility levels comparable to or surpass-
ing those of conventional photoconductive materials. In this case,
GaAs and relevant III–V compound semiconductors continue to
be the benchmark material for THz PCAs in the past, current, and
future optoelectrical research.

Graphene-based PCA design
Graphene is another material that can potentially be the solution
of PCA performance enhancement, with 1.5 Tpa Young’s modu-
lus, 24 × 104 cm−1 absorption coefficient, and 2 × 105 cm2 V−1 s−1
[74–76]. The intruding graphene layer can be adjusted by chang-
ing its Fermi energy level (Ef) through various significant means
such asmodifying gating voltage [77], substrate effect [78], external
doping [79], and optical doping [80].

Graphene possesses a distinctive two-dimensional (2D) lattice
structure comprising of a single layer of carbon atoms arranged in
a hexagonal pattern [81], as depicted in Fig. 3. Due to its remark-
able optical, electrical, and mechanical characteristics, graphene
has become a subject of immense scientific and technological
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Figure 4. (a) A dipole PCA consists of two graphene strips placed on a substrate and integrated with a photo mixer at the antenna gap [99]. (b) A graphene-based PCA with
superstrate combined with LT-GaAs and SI-GaAs [100]. (c) The schematic view of a graphene-based circular-patched Yagi-like THz MIMO antenna design [101]. (d) The
schematic representation of the unit cell of a graphene-based THz sensor, while the design is a THz metasurface composed of a plurality of groups of the unit, showing a
high sensitivity to THz waves on a broadband (0.2–6 THz) [102]. (e) A diagram illustrating a dipole PCA made of graphene with dimensions W × L, featuring a gap of length G
and powered by a laser source. The electrodes may vary in structure, with different graphene-based stacks offering their unique benefits [103].

interest for manipulating its properties [82]. To investigate the
electromagnetic properties of graphene, initial efforts focus on uti-
lizing Maxwell’s equations to model the electromagnetic waves
propagating along the surface of graphene [83].

However, in some cases, Maxwell’s equations lack analytical
methods, so that the use of numerical methods is crucial in com-
prehending the behavior of guided waves as well as scattering
phenomena in graphene [84]. The most used methods to ana-
lyze this problem include the finite-different time domain (FDTD)
method [85–90], finite-element method [91, 92], and method of
moments [93, 94]. The graphene model in theoretical electromag-
netism study and antenna design can be simulated using various
commercial simulation software, such as CST, COMSOL, HFSS,
and FDTD solutions [84, 95]. Besides, several published PCA
designs and simulations based on graphene are exhibited in Fig. 4.

The advantage of graphene-based PCA to generate THz waves
lies in graphene’s excellent carrier dynamics. After being excited
by the light field, due to the ultra-fast carrier relaxation and rela-
tively slow electron-hole recombination, the number of graphene

particles will be reversed near the Dirac point, resulting in the
real part of the conductance oscillating in the THz range [96, 97].
Based on this, Dubinov designed a graphene heterojunction THz
emitter containing a Fabri–Perot resonator [98]. In this design,
graphene generates photoelectrons and holes under laser excita-
tion.When a substantial quantity of electrons and holes are present
in the conduction and valence bands, they generate THz radiation
via the light-sound cascade phenomenon. The surface plasmons
(SPs) have a comparatively low velocity, which results in a relatively
high absorption coefficient, also known as SP gain. Consequently,
it is significantly superior to conventional PCA with dielectric
structures [98].

G. Hanson researched and proposed a conductivity model for
graphene at THz frequencies [104]. Using the expression resulting
from the Kubo formula [105], a conductivity equation is expressed
as

𝝈 (𝝎) = 2e2

𝝅ℏ
kBT
ℏ ln [2 cosh( EF𝜸

2kBT
)] i

𝝎 + i−1
𝝉

(5)
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Figure 5. (a) E-field distribution and surface current of
a unit cell of the graphene-based metasurface used in
THz sensing [102]. (b) The resonance properties of the
proposed graphene-based dipole PCA vary with the
chemical potential EF [103]. (c) Efficiency enhancement
depending on the relaxation time τ [103].

In this formula, three constants ћ, e, and kB represent the
reduced Planck constant, the charge of one single electron, and the
Boltzmann constant. Three variables T, EF, and τ represent tem-
perature, the chemical potential, and the relaxation time of the
graphene layer. It indicates better performance with higher chem-
ical potential variation ∆EF. Meanwhile, high-quality graphene
sheets display extended relaxation times, which increases their
electrical conductivity and results in better antenna performance.
From this, a THz metasurface sensor is proposed in [102], and a
THz dipole is designed and simulated by Abadal with a graphene
radiating element [103]. Figure 5(a) shows the high E-field distri-
bution and surface current for the graphene element in Fig. 4(d).
The results of [102] are illustrated in Fig. 5(b) and (c), demonstrat-
ing that the graphene-based THz PCA in Fig. 4(e) has improved
both efficiency and gain, especially the former. In Fig. 5(b), the
growth of chemical potential enhances the PCA performance, as
the efficiency and gain increase by 52% and 0.46 dB, respectively,
for EF and τ are 0.8 eV and 1 ps. On the contrary, Fig. 5(c) demon-
strates the resonant behavior being stronger as the relaxation time
increases while the resonant frequency maintains. In this simula-
tion,EF = 0.6 eV and τ is variable.The efficiency and gain increased
by 32% and 2.34 dB at τ = 1 ps. In research of [106], a three-
dimensional (3D) graphene-based photodetector exhibits a high
specific detectivity of 1 × 1010 Jones and the response rate reaches
3.1 A/W under a excitation laser of 980 nm. Ref. [107] also uses
graphene-based structure to significantly boost the coherent THz

detection among nonbiased THz emitters under room tempera-
ture. Ref. [108] illustrates PCAs using nanometer scale plasmonic
structures based on graphene is capable of remarkable increase in
responsibility (several orders of magnitude). The design in [109]
achieves a noise equivalent power of less than 300 pW/

√
Hz.

Given these, graphene is playing andwill continue to play a fun-
damental role in the future research of THz PCA on account of
its unique features exhibited in the THz band. Current methods
used in graphene materials in industrial fields are the solid phase
method, vapor phase method, and liquid phase method [110].
However, achieving high-quality graphene monolayers is a signifi-
cant hurdle in the research of graphene-based THz PCA. Unless
corresponding industrial technology in graphene production is
improved, otherwise the cost will be the reduction of radiation
effects.

Geometrical configurations

In current PCA designs, a convenient and cheap way to enhance
the THz output efficiency and power is to apply silicon lens in PCA
designs [20, 21], and photonic crystals [36].

Silicon hyperhemispherical lens
During the optical-to-THz conversion process, the resulting THz
waves experience significant diffraction at the interface between
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Figure 6. (a) PCA based on a hyperhemispherical lens excited by a laser source and the geometric dimension of lens design. (b) The simulation results of E-field distribution
of a point current dipole PCA in both y–z plane and x–z plane. The E-field distributions along the x-axis at 1 THz are emitting through the meta-lens in the y–z plane and the
x–z plane. (c) The simulation of cross-section amplitude distribution in the x–y plane when z = 10, 15, and 20 mm. (d) 1D far-field radiation pattern of the meta-lens on both
the y–z plane and the x–z plane [20].

the substrate and the air. For most PCAs, GaAs is the material
of substrates, which has a refractive index of n ∼ 3.4 at THz
frequencies. To increase the intensity of emitted THz waves, a
hemispherical lens with a similar refractive index to GaAs can be
used. Thus, with n ∼ 3.42, silicon is the ideal material for the lens
[111]. With the refractive index, the boundary angle α at which
total reflection occurs can be computed as approximately 17.1°
using arcsin (n−1), and the solid angle Ω that describes the emitted
THz waves is [112]

Ω = 4𝜋sin2 𝛼
2 = 2𝜋 (1 − cos𝛼) = 2𝜋 (1 − √n2 − 1

n2 ) (6)

where α is the escape cone angle. The hyperhemispherical silicon
lens helps increase the escape cone α due to its same refractive
index [113]. To reduce the divergence in the air, the lens is sup-
posed to be hyperhemispherical, with a certain distance d between
the lens tip and the emitter [114]. As shown in Fig. 6(a), with the
distance d = R(1 + 1

n
), where n is considered as 3.4, it can be

elicited as d = 1.29 R [112]. In these two equations, R represents
the radius of the hemisphere.

Furthermore, in the research of [113] and [115], the theoret-
ical analysis of a hyperhemispherical Si lens is proposed. Garufo
et al. [21] proposed a PCA with silicon lens design in 2018 and the
simulations show that the hyperhemispherical Si lens increased the
radiation power by hundreds of µW within 0.1 and 1.5 THz. Zhu
and Ziolkowski [116] mentions several PCA designs, which dis-
cuss the performance with hyperhemispherical Si lens providing
theoretical research and experimental results support, mentioning
that the efficiency and gain of these PCAs have all been improved to

over 80% and 13 dB. Research of [117] indicates that such Si hyper-
hemispherical lens also provides optimized performance of THz
photodetectors by increasing resonant frequency in THz range.

Hyperhemispherical Si lenses are currently one of the simplest
ways that are used in THz PCA efficiency and gain enhancement.
There is still more improvement in lens designs. The research
of [20] demonstrates the radiation of a PCA with Si meta-lens,
as depicted in Fig. 6(b–d), establishing that the PCA exhibits
extremely high transmittance and almost parallel collimation THz
radiation in the THz band. Such approaches are of significant
prospect for THz PCA and even spectroscopy.

Plasmonic nanostructures
With the development of nanotechnology, it is possible to apply
nanostructures to the design of antennas. Currently, typical nanos-
tructures have been applied to the design of THz PCA and have
proved to be effectivemeans to improve the efficiency of THz signal
generation such as plasmonic structures and optical nanocavities,
which lead to a higher level of interaction between the photocon-
ductive semiconductor and the optically pumped beam [118].

To begin with, the plasmonic effect is the interaction of free
electrons in metal nanoparticles with the incident electromagnetic
field. This phenomenon is influenced by various factors such as
the shape, size, spacing, and dielectric constant of the metal struc-
ture, as well as the material involved [119]. The interaction of
metal nanoparticles with electromagnetic fields results in surface
plasmon resonance, which generates a stronger local electric field
[120]. The interaction between two plasmonic objects can squeeze
the field and concentrate the local field when they are close enough
to each other [33].
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Figure 7. (a) Plasmonic concentrators (also known as quantum dots, or QD) that applied at the PCA gap [132]. (b) The demonstration of a PCA with plasmonic
concentrators design [118]. (c) Comparison of measured THz emission power with conventional design and plasmonic concentrators design. (d) Comparison of radiation
results of PCA with hexagonal nanostructure, plasmonic light concentrators, and conventional design. (e) SEM of the hexagonal plasmonic nanostructure [31].

Notably, the metal plasmonic nano designs include concen-
trators at the gap, and contact electrodes, both to enhance the
optical-to-THz conversion efficiency of THz PCA [121]. The con-
figuration of the plasmonic concentrators is intended to generate
surface plasmonwaveswhen illuminated by optical pumps. Surface
plasmons refer to the coherent oscillations of electrons that arise at
the interface of a metal and a dielectric medium. Upon coupling
with an incident electromagnetic wave, the resultant surface plas-
mons have the ability to propagate along the dielectric interface
[122]. To enable the coupling of surface plasmons with electro-
magnetic waves, certain mechanisms need to be put in place. It is
necessary to ensure that the parallel wave vectors of both match,
which can be determined from both the metal and the dielectric
permittivity values [123]. By matching the electromagnetic waves
and surface plasmon wave vectors of the metal surface, the graphic
patterning of the metal surface can promote the excitation of the

surface plasmon waves [124]. The capacity to stimulate surface
plasmon waves offers a range of exceptional possibilities for direct-
ing and controlling electromagnetic waves [118]. Such plasmonic
nanostructures facilitate a high concentration of laser in the near
field while opening the way to both THz transmitting PCA and
receiving PCA with higher efficiency [125–131].

According to the above study on the plasmonic concentra-
tors, [133–137] have verified that such concentrators improve the
optical-to-THz efficiency of THz PCA. The concentrators confine
the stimulated surface plasmon waves very closely to the inter-
face between the metal and the photoconductor, thus the laser
absorption of the photoconductive substrate near the polymer-
ized structure is significantly enhanced; therefore, the generation
of photo carriers in the substrate region is enhanced. Ultimately,
the radiation power level increases as the number of photo carriers
reaching the antenna electrode increases.
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Figure 8. (a) and (b) A log-spiral PCA design with plasmonic contact electrodes and the figure of the optical transmission performance [41]. (c) and (d) The demonstration
and SEM of a 3D plasmonic gratings design for PCA contact electrodes and the measured radiation power comparison with different excite power of 1.4, 2.8, and 5.8 mW
[24]. (e) The implementation and SEM figure of an unincorporated plasmonic grating at the PCA gap. (f) The comparison of THz signal amplitude due to different structures,
showing a more than 2 times increase with this structure [121].

The research of [138, 139] and [140] provides the comparison
between conventional PCA and novel PCA with plasmonic nano
concentrators, all based on semi-insulating (SI)GaAs substrate and
excited by 800 nm wavelength optical pump, shown in Fig. 7. As
a result, an approximately 100% increment over the 0.1–1.1 THz
range is implemented to the radiation power in [138].The theoret-
ical principle of the absorbed optical power P by the substrate in
volume V can be explained by [121]:

P = 1
2 ∫

𝜎
𝛿2|E0|

2dV (7)

As 𝛿 = |E|
|E0|

, σ is a medium conductivity, with E increased,
there is also an increase on the concentration of nonequilibrium
charge carriers near the electrodes. Therefore, the optical-to-THz
efficiency is enhanced. In another study, a similar nanostructure
was applied to PCAwith SI-GaAs substrate. In contrast to the basic

plasmonic concentrators, a hexagonal plasmonic structure is pro-
posed [139, 140], and including the conventional optical antenna,
all three PCA designs are measured and compared. Hexagonal
nanostructures were shown to provide stronger current density
localization. The scanning electron microscope (SEM) images of
all three PCAs are shown in Fig. 7(c–e). Consequently, the resulting
THz field of the hexagonal plasmonic nanostructure is over three
times enhanced compared to the PCAwith normal plasmonic con-
centrators, and five times enhanced compared to the conventional
PCA.

In more recent studies, another plasmonic nanostructure has
been proposed, which applies a novel geometric design to the elec-
trodes, also known as contact fingers [141–143]. Similar to the
plasmonic optical concentrator, the plasmonic contact electrode
can excite the surface plasmon waves and tightly confine them to
the metal–photoconductor interface, thereby increasing the laser
absorption in the active region of the photoconductor near the
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Figure 9. An implementation of plasmonic contact electrode design and the SEM figure [120].

contact electrodes. Another advantage of using such a method is
that they are connected directly to the THz PCA, which shortens
the transmission path of the photo carriers to the electrodes [144].
Thus, the utilization of plasmonic contact electrodes not only leads
to an increase in the efficiency of converting optical energy to THz
radiation but also significantly shortens the transport time of photo
carriers transported to the PCAwhen compared to light concentra-
tors. A logarithmic spiral PCAwith plasmonic contact electrodes is
depicted in Fig. 8(a), along with the optical transmission spectrum
through the grating and its corresponding transmission perfor-
mance, as shown in Fig. 8(b) [41]. With such a structure, a 1.9 mW
THz radiation power increase is obtained at the 0.1–2 THz range
[145].

Moreover, Fig. 8(c) and (d) shows a 3D plasmonic gratings
design for PCA contact electrodes [24]. This research shows a
record-high 7.5% conversion efficiency from optical power to
THz radiation power. Another similar study proves a 40-fold
stronger output photocurrent in response to an incident THz pulse

compared with conventional design. All these PCAs are excited
by an 800 nm laser [124]. Meanwhile [146] and [147] use unin-
corporated plasmonic grating to the PCA gap to enhance the
generation of THz pulses. Such metal strips reduce the lifetime of
electrons in semiconductors.The PCAs are based onGaAsBi semi-
conductor substrate, whose carrier lifetime is shorter than that of
LT-GaAs substrate [147], and the amplitude of the THz signal can
be increased bymore than 2 times by using this structure, as shown
in Figs. 8(e) and (f). However, compared with other methods, this
design has a lower optical-to-THz conversion enhancement due to
its large capacitance [146].

Figure 9 [120] shows another implementation of plasmonic
contact electrode design, and the comparison of THz emission
power with different optical excite power is shown in Fig. 10(a).
The end of the fingers is connected in this PCA, which signifi-
cantly reduces the path of photo carriers. However, a disadvantage
of this design is proved by [120]: The efficiency of these struc-
tures is restricted to 50%, due to only half of the nonequilibrium
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Figure 10. (a) The THz power comparison with corresponding optical pump power [121]. (b) A PCA featuring toothed plasmonic contact electrodes has been developed and
is presented along with a photograph of the fabricated antenna under a microscope. A comparison between the proposed PCA and a conventional PCA is also included [148].

electrons and holes being able to reach the internal electrodes
within a picosecond timeframe.

Altogether, with the advancement of nanomanufacturing tech-
nology, the integration of plasmonic nanostructures is poised to
enable substantial improvements in the performance of the forth-
coming generation of high-performance, cost-effective PCAs.

Photonic crystals
It has been investigated that surface plasmon resonance can
improve the local electrical field. In the design of THz PCA, there is
another efficiency improvement method based on this theory. The
photonic crystal structure can be used in the design of the sub-
strate when the substrate is thick [36]. Based on this, a THz PCA
design with a 2D hexagonal lattice of air holes drilled into the sub-
strate is proposed and investigated in [36], shown in Fig. 11(a).This
research proves that this structure can improve both efficiency and
directivity.Thehexagonal lattice of the proposed structure contains
a defect core region that is comparable to the solid photonic crystal
waveguide described in [149]. This region coincides with the exci-
tation gap of the PCA. By incorporating this defect core region,
the effective dielectric constant of the substrate is reduced, which
results in a guidingmechanismalong the defect axis. Consequently,
the effective thickness of the substrate is also decreased, leading to
reduced power leakage [36].

As shown in Fig. 11(c) and (d), with the appropriate pho-
tonic crystal substrate design, the radiation power is primarily
positioned around the defect and directed along the axis of the
defect. As a result, the radiation in transverse directions decreases.
Therefore, the two major advantages of such designs are summa-
rized as follows. Firstly, the radiated power ismainly oriented along
the axis of the defect, so that the main lobe of the radiation pat-
tern is oriented towards the Z-axis within the entire operating
bandwidth. This will make the directivity significantly improved.
Besides, the photonic crystal structure can reduce the capture
power in the substrate, thus improving the radiation efficiency
[34–36]. This structure provides an average radiation efficiency
enhancement of 81%, and an average directivity enhancement of
10.9 dBi over 0.65–1.45 THz, shown in Fig. 11(b).

In a comparative study, a photonic crystal substrate is used in a
PCA array design, which improves the radiation efficiency to 96%
as that of the conventional contrast design is less than 55%, both in
the 0.7–1.4 THz range. The directivity enhancement of this study
is over 5 dBi [150].

Therefore, it is suggested that the THz conductivity and the
radiation characteristics of PCA can be improved by using this
structure in future research. The proposed substrate is an effective
and low-cost method for obtaining high directivity and suitable
radiation patterns of PCA arrays, as well as reducing the necessity
of using hyperhemispherical silicon lens.

Future prospects

The advancement of photoconductive antennas (PCAs) has been
driven by developments in materials, innovative geometries, and
femtosecond laser applications. This review closely examines the
first two factors, emphasizing the challenge of enhancing optical-
to-THz conversion efficiency for future work. Achieving this
improvement depends on multiple factors, particularly the choice
of photoconductive materials and electrode configurations, which
are analyzed in this study.

Althoughmaterial research has progressed significantly, current
fabrication techniques still fall short of fully realizing PCA capabil-
ities. Further exploration into material physics promises potential
breakthroughs, introducing advanced photoconductive materials
to the field.While complexmethods like photonic crystal and plas-
monic nanostructures can improve THz radiation, they contradict
the PCA’s core principle of design simplicity. Hence, a key research
focus is developing novel, simplified structures that enhance THz
radiation without compromising PCA’s intrinsic simplicity. The
future material research will include the use of topological insu-
lators such as bismuth selenide, and novel nanoparticles such as
graphene quantum dots and molybdenum disulfide.

Recent years have seen notable progress in radiation enhance-
ment techniques, such as metasurfaces, which are well-optimized
and show potential for extending their operational range to THz
frequencies—utilizing both PCA and metasurfaces in future THz
communication applications is a promising research direction.
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Figure 11. (a) The demonstration of a bowtie PCA with photonic crystal substrate structure. (b) The comparison of radiation efficiency and directivity respect to frequency
[36]. (c) and (d) The radiation power magnitude of transverse electric and magnetic modal fields (|Ex|, |Ey|, |Hx|, and |Hy|) as well as longitudinal power flow (|Sz|) for the two
modes of photonic crystal structure in xy-plane in the research of [36].

Ultimately, advancing optical-to-THz conversion efficiency and
THz wave generation could open new avenues for PCAs, offer-
ing transformative contributions to the field and reshaping future
communication technologies.

Conclusion

This review examines various approaches to enhancing the
efficiency of THz PCAs, focusing on material selection and

structural design. For instance, advancements in photoconduc-
tive and 2D materials significantly improve optical-to-THz con-
version efficiency. Additionally, innovative geometric designs in
PCA gaps, electrode configurations, and substrates boost radi-
ation output. All studies presented in this review are based
on THz transmission PCAs, generating THz pulses excited
by laser sources. In summary, THz antennas offer a land-
scape rich with opportunities and challenges, where even minor
improvements in power generation and system design could
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unlock new directions for advancing future communication
systems.
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