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ABSTRACT This article presents a novel terahertz (THz) antenna array design comprising a layered
structure of a perovskite material which enhances the radiation characteristics of an antenna overlaid on
a conventional metallic antenna element. The simulated antenna consists of a THz gold patch antenna
coated with a hybrid perovskite material, methyl-ammonium lead iodide CH3NH3PbI3 which enables the
manipulation of the THz electromagnetic waves. In addition to this, we also present a comparison of the
antenna properties of the proposed hybrid perovskite material with antennas made of gold and perovskite
only. The proposed antenna operates in the frequency band 0.9 - 1.2 THz. The simulated impedance
bandwidth of the proposed array antenna ranges from 0.9 THz to 1.2 THz with a reflection coefficient
(S11) less than −10 dB. The antenna array has a radiation patterns stability on the whole frequency
band. The peak gain obtained is 11.4 dBi with perovskite arrays. The hybrid and perovskite antenna array
demonstrate high radiation efficiency. The designs presented here will help in realising future wireless
communication systems that require miniaturisation, fast reconfigurability and wearability.

INDEX TERMS Perovskite, gold, terahertz, antenna.

I. INTRODUCTION

THERATZ radiation is the electromagnetic spectrum lac-
tated between the optical and microwave frequency

band from 0.1 to 10 THz [1], [2]. It combines the benefits
of these two regions, as well as its non-ionising radiation,
high resolution, and sufficient penetration into nonconduct-
ing materials [3]. In comparison with the optical, infrared,
and microwave devices, THz wave systems are relatively
unexplored, and the related technology is still in its early
stages [4]. For short-range wireless communication, THz
shows significant potential in the development of wire-
less communication systems that can meet the increasing
demands of high bandwidths and data rates and therefore,

overcome the communication channel bottlenecks [5], [6].
However, one major concern in the usage of the THz
spectrum for short-range wireless communications is the
atmospheric attenuation [7]. Recently, advancements in the
design and development of antennas have been made using
fabrication techniques such as electron beam lithography
which require high throughput device fabrication meth-
ods [8]. This type of technology can fabricate devices
at the nanoscale, ideal for plasmonic antennas [9]. Even
though, THz band in the close to millimeter frequency of the
electromagnetic range is promising yet before the marketing,
the related challenge of the THz system configuration ought
to be addressed. The atmospheric effect is the fundamental
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challenge to the THz commercial implementation [10]. To
conquer this problem, the transmission power and efficiency
of detection should be increased. The power source can be
expanded to just a specific degree and the yield intensity of
the greater part of the power is confined to milli-watt extend.
Because of this restriction of the sources, the function of
transmitting and receiving antenna at THz band became sig-
nificantly important [11]. The yield power is comparing to
the square of the partition between the accepting and trans-
mitting radio wire. Consequently, it is essential to enhance
the gain of the antenna in the THz band to propagate the
signal to wide extension [12]. Recently, various THz nanoan-
tenna arrays for THz application have been proposed. Dipole
nanoantennas assurance to significantly improve the abilities
of THz spectroscopy, offering the opportunity of extend-
ing its affectability through near field enhancement [13].
Examination the light coupling property of thick array of
sub-wavelength THz antenna microcavities in [14] with sim-
ple structures. A scalable 4 × 4 array power generator and
scanning introduced in [15] and W frequency band direct
detection based receiving array is presented in [16] utilizing
another idea of spatial-overlapping for mm-wave imaging
application. A simulated design of 16 element antenna array
at 0.3 THz has been presented in [17] the antenna array
achieved maximum directivity of 18.1 dBi. Aside from the
microstrip antenna, the Yagi–Uda antenna has been utilized
for THz wireless communication [18]. Alternatively, patch
antenna array have the advantage of low profile, low cost
and easy to fabricate despite of having narrow transmis-
sion capacity [19]. However, THz antennas array cannot be
accomplished by just reducing the metal antenna dimen-
sions to a few micrometres [20]. This is because of the
low mobility of electrons in the metal nano structure, which
would incur a high channel attenuation and therefore prevent
nano-transceivers from working properly [21]. Most antenna
radiation metals are copper, sliver and aluminium. The uti-
lization of metals is conducted by the desire of high electrical
conductivity for transmitting and receiving. However, the
radiation from these metals is limited by the skin depth
and the intrinsic property at THz frequency. As conductor
loss becomes progressively restrictive at higher frequencies,
metamaterials have emerged as attractive candidates provid-
ing a wide scope of material properties [22]. The skin depth
is a helpful method to distinguish the area of the conduc-
tor where the most of the current flows. It becomes not
useful to utilise a conductor with a radius more than the
skin depth regardless of the transmitter size [23]. In the
case of traditional materials, the extremely small size com-
bined with the prohibitively high resistance per unit length
restricts usage in THz applications such as essentially elec-
trical interconnects and radiating patches. The conventional
material skin depth effect is given by [23],

δ =
√

ρ

π fμrμ0
(1)

FIGURE 1. The skin depth of three different metals (Gold,Sliver and Copper) at the
THz frequency band.

where δ is the skin depth, ρ is the resistivity, f is the signal
frequency, μr relative permeability and μ0 is the permeability
of free space. Figure 1 demonstrates that the skin depth
reduces with the rising in the working frequency. The skin
depth of conventional conductor materials in the THz band
is several hundred nanometres. Gold (Au) shows smaller
skin depth than other metals (copper (Cu), and silver (Ag)).
Also, the surface resistivity of conventional metal increments
with the frequency because of the skin impact and thus the
radiation efficiency of nanoantenna becomes extremely low,
because of the high ohmic losses at such small sizes [24].
The THz conductivities of Ag, Au, and aluminium (Al)

thin films were measured using the transmission response
in [25]. Results show that the thinner films have less con-
ductivity and vice versa. This reduced conductivity can be
attributed to a large scattering carrier as a result of lat-
tice faults in the conductor at THz frequencies [26]. To
tackle the skin depth challenges, replacement materials like
graphene has been researched in the field of wireless com-
munication applications [27]. These materials must be easily
fabricated, therefore can be coated as a film. Alternative two-
dimensional (2D) materials, for instance, the Molybdenum
disulfide (MoS2), were investigated for fabrication of devices
functioning in the THz region [28]. Despite interesting prop-
erty of these materials, the theoretical understanding of these
materials stays limited. Among all famous 2D materials, the
perovskite CH3NH3PbI3 material films has proven a good
performance in many THz applications.

A. PEROVSKITE MATERIALS
Perovskites are materials expressed using a chemical for-
mula of ABX3, where A and B are cations of different sizes
and X is an anion [29]. Their crystallographic stability and
proper structure can be found through the consideration of
the tolerance factor t characterized as the proportion of the
separation A−X to the separation between B−X in an ide-
alised solid sphere model and the octahedral factor χ [30].
For halide perovskites where X = F2, Cl2, Br2, I2, t gener-
ally ranges from 0.81 - 1.11 and χ between 0.44 - 0.90. If t
lies in smaller range 0.89 - 1.0, the cubic structure of Fig. 2
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FIGURE 2. The crystal structure of CH3NH3PbI3 perovskite. It consists of a
framework of comer-sharing lead (grey) halide (red) octahedrals.

is predicted that, with lower tolerance will permit a small
symmetric tetragonal or orthorhombic configuration [31].
Organic-inorganic halide perovskites have recently

attracted interest, particularly as the larger cation A is
organic, it is broadly methylammonium (CH3NH3+). Current
researches aims have concentrated on overcoming the propa-
gation problems at THz band by developing efficient sources
and antennas [32]. Hence, THz antenna can now be found
in many THz application such as biomedical sensing, imag-
ing and short-extend wireless communication [33]. The real
part of the perovskite conductivity increases with frequency,
while the imaginary part is negative at low frequencies and
starts to increase at higher frequencies [34], [35]. Figure 3(a)
shows the dielectric permittivity of CH3NH3PbI3 at 300 K.
The real part of the dielectric constant is seen increasing with
frequency in the THz band; it is 30 at 0.1 THz and reaches 55
at 10 THz, while the imaginary part is close to 0 from 1 - 10
THz as shown in Fig. 3(b). An efficient THz gadget is basic
in building up a high performance THz system, carbon mate-
rials has been revealed promise in THz application [36], [37].
THz frequency antennas, devices, and detectors based on new
materials have only been designed and evaluated theoreti-
cally so far. Also, numerical simulations are limited in terms
of presenting a complete design [27], [38]. Also, perovskite
antenna structures require complex fabrication processes due
to a dry etching process and the need to transform the
perovskite film on to a substrate and biasing networks to
control material properties and improve its performance.
However, substantial progress has recently been made due to
improvements in fabrication techniques that pave the way to
realise nanoscale perovskite structures. On the other hand,
perovskites, because of property, for example, supercon-
ductivity, ferroelectricity, and cost-effective, have picked up
consideration in various THz applications [39]. The mate-
rial is therefore, attractive in developing high efficiency
systems in the THz and infrared frequency bands [40], [41].
Perovskites have been broadly inspected given their appeal-
ing electronic properties and thus have found applications in
photovoltaics [31], [34]. Perovskites have also been studied
in terms of realising superconductivity, ferroelectricity, and

excessive thermopower [35]. The extent of exploration of
ferroelectric and superconductor constructions can be a
combination of high-temperature superconductors and ferro-
electric films for growing novel digital devices [42]. In [43],
an experimental demonstration of CH3NH3PbI3 based ener-
getic manipulation of Fano resonances in a perovskite
metamaterial system is discussed, whereby the photoexci-
tation of perovskite layer spin covered on the metamaterial
shape actively modulates and switches off the Fano res-
onance characteristic in the THz asymmetric split ring
resonator was presented. Similarly, in [44] a tremendous
overall performance of solution prepared CH3NH3PbI3 film
as a stage for an ultrafast all optical trade incorporated
with a flexible meta device. A single step spin-coating
methodology of the perovskite film permits a passive metal
gadget acquire the progressively tuneable photoconductiv-
ity from the perovskite layer hence, permits the flexible
hybrid metaphotonic system that carries on as a function-
ing ultrafast, low threshold optical switch. In [45], a simple
yet ultrafast THz photonic machine through integrating two-
dimensional (2D) perovskites with the THz metamaterial for
superior manipulation of THz waves. The existence of (quan-
tum wave structures) in the 2D perovskite thin film provides
steady excitons at room temperature via localised photoex-
cited free carriers in quantum waveguides leads to ultrafast
systems. In other studies [46], highly confined plasmon-
induced transparency enabled a high-energy manipulation of
photons with high sensitivity. The embedded semiconducting
materials utilised spin-covered perovskite films which per-
formed as a photo energetic medium to endow the system
with high sensitivity and ultrafast velocity an anisotropic THz
energetic metamaterial system. The interesting probability is
that, CH3NH3PbI3 perovskite could have paraelectric and
ferroelectric at 300k, improving the performance at THz [47].
The fundamental evidences for this is the hysteresis distin-
guished in resistivity assessment, which is not seen in related
structure prepared similarly, and the rest of polarization is
apparent as a limited voltage yield at zero current [48].
The crystallographic point gathering (4mm) of both the
300k and higher iodide stages is steady with ferroelec-
tric conduct [49]. Hysteresis has likewise been accounted
for high-proficiency gadgets, however different clarifications
are additionally potential for this other than ferroelectric
impacts [48], [49].

B. PATCH ANTENNA ARRAY DESIGN
For designing a THz microstrip patch antenna, we explain
the antenna parameters, based on the operating frequency
and the material properties. The width of the antenna is
calculated by, [50],

W ≈ c0

2fr

√
2

εr + 1
(2)

where w is the width of the patch, c0 the speed of light, fr
the resonant frequency, and εr the dielectric constant of the
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FIGURE 3. The electrical properties of perovskite.

FIGURE 4. The feed lines dimensions of the antenna array.

substrate. The effective permittivity (εeff ) of a patch element
of height h is normally used in the antenna design as it takes
into account the fringe electric fields,

εeff = εr + 1

2
+ εr − 1

2

⎡
⎢⎢⎣ 1√

1
1+12 h

w

⎤
⎥⎥⎦. (3)

Due to the fringing, the electrical size of the antenna
is increased by an amount of �L, which can be found
using [32],

�L

h
= 0.412

(εrff + 0.3)
((W

h

) + 0.264
)

(εrff + 0.258)
((W

h

) + 0.8
) (4)

The effective length of the antenna patch can be deter-
mined by,

Leff = L+ 2�L (5)

In a microstrip array having a large number of antenna
elements, the feeding network is essential in obtaining a high
antenna gain. The feeding network designed using transmis-
sion line theories controls the amplitude, as well as the phase
of the current, supplied to each antenna element. The feed

line dimensions (width and length) required to obtain 50,
70, and 100 	 antenna array input impedance at the desired
frequency are [51],

Wf = 7.48 × h exp

(
−Z0

√
εr + 1.41

87

)
− 1.25 × t. (6)

Here Wf is the line width, Z0 is the input impedance, and t
is the trace thickness. Similarly, the feed line length L can
be calculated using,

Lt = (2M + 1) × λ (7)

where M is an integer and λ is the wavelength.
The hybrid antenna design proposed in this article is

simulated and analysed using a full-wave commercial elec-
tromagnetic solver (CST Microwave Studio 2020). Figure 4
and Table 1 illustrate the parameters for the feeding network
of the antenna array operating in the 0.9 - 1.2 THz band
calculated using (6) and (7). The values are obtained so
that the feed is matched with the resonant antenna element.
Because of the amplitude and phase of the radiated fields at
each patch are dictated by the total transmission qualities of
the previous patches on the line, the patches should be opti-
mised in order to accomplish a desired amplitude and phase

VOLUME 1, 2020 467



ABOHMRA et al.: THz ANTENNA ARRAY BASED ON HYBRID PEROVSKITE STRUCTURE

TABLE 1. The dimensions in µm of the feed lines network.

FIGURE 5. The proposed antenna design: (a) Front profile of the antenna;
(b) antenna structure (perovskite and gold layer).

FIGURE 6. The simulated S11 of the antennas array.

distributions of transmitting currents along the structure. The
array design contains 57 elements on a 5 mm × 5 mm sub-
strate (Figs. 5(a) and 5(b)). The feeding network has been
optimised using the optimisation tool found in the CST envi-
ronment. In order to reduce the effect of mutual coupling,
the distance d is kept greater than λ/2. Figure 5(b), 5(a)
shows the antenna consisting of CH3NH3PbI3 perovskite,
gold, and a Polyethylene naphthalate polyethylene naphtha-
lene (PEN) substrate, which is one of the transparent and
flexible substrates, commonly used in the development of
flexible electronics. PEN offers a good resistance to chemical
solvents and a discrete acceptance to high temperature [52].
The thin flexible Polyethylene naphthalate PEN film is used
as a substrate with a consistent dielectric constant of εr = 2.5
and loss tangent tan α = 0.00025 in the operating frequency
range.

II. RESULTS AND DISCUSSION
Figure 6 shows that the antenna operates well in an ultra-
wideband frequency range of 0.9 to 1.2 THz. The figure

FIGURE 7. Antenna VSWR in the operating frequency range.

FIGURE 8. The radiation efficiency of the three materials shown separately.

FIGURE 9. 3D radiation pattern.

shows that the simulated reflection coefficient in the desire
frequency range from 0.9 - 1.2 THz. The perovskite material
separately as well in a hybrid combination with gold provides
an excellent antenna performance in the desired frequency
range. On the other hand, the antenna performance of antenna
based gold material failed to achieve the −10 dB reflection
coefficient at frequencies above 1.15 THz as compared to
gold, perovskite materials have significantly higher conduc-
tivity which leads to better antenna reflection. Figure 7 shows
that the VSWR remains below 2 throughout the targeted
frequency band, which demonstrates an excellent impedance
matching.
The radiation efficiency of the antenna is shown in Fig. 8.

Despite the decrease in the radiation efficiency at 1.05 THz,
the antenna still achieves a high radiation efficiency above
83% with both perovskite and hybrid material designs. As the
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FIGURE 10. Radiation patterns, (a) E-plane, (b) H-plane, (c) pattern at 1.05 THz.

conductivity of the perovskite increases with the frequency,
the radiation efficiency is improved. The increasing of charge
density enhancing the electric field which explain the effi-
ciency enhancement across the operating frequency band
by using perovskite material. The radiation efficiency of
gold antennas is lower than perovskite and hybrid antenna
array because of the related high ohmic loss at these small
sizes, the efficiency of gold decrease with frequency above
1.05 THz due to high gold surface impedance. The gold
antenna efficiency continues to drop until it reaches 65% at
1.2 THz. Whereas, the radiation efficiency of the perovskite
material and the hybrid material structure (gold and per-
ovskite) maintain an excellent radiation efficiency of 85%
and 80% respectively. Both structures maintain a high effi-
ciency within the target frequency band. Table 2 presents a
comparison of the three propsed array performance and it can
be seen that the overall performance is enhanced in terms of
gain and directivity. The Table 2 shows an improvement in
the gain and directivity, whereas the gain of hybrid antenna
has increased by 11% without reduction in the bandwidth.
The best result has been achieved with perovskite antenna,
where the gain was achieved at 1.1 THz and it was 11.4 dBi
and that is 21% higher than the gold array antenna, this
percentage can be improved if external voltage is applied to
increase the electrons density in perovskite film and conse-
quently enhance the electric field further but at same time it
make the design complicated as it needs a complete external
biasing circuit. From Fig 9. shows the radiation direction
towards the elevation angle due to the absence of ground
plane (Un-grounded CPW) which mean there is no reflec-
tion from the back of the substrate. Thus, the reflection
of radiation would be is towards the elevation angle. The

TABLE 2. Comparison of antenna arrays structures.

radiation pattern of the transparent antenna at the 1.1 and
1.05 THz frequencies are presented in Figure 10(a), 10(b)
and 11(a), 11(b) respectively. From the figures the E plane
of the antenna is bidirectional though the H plane radiation
pattern is nearly omnidirectional. The radiation pattern is sta-
ble and symmetrical within the desire band of the frequency.
Due to the perovskite material reflection underneath the gold,
ripples was observed in the radiation results. The radiation
patterns of the three antenna array structures shows a high
main lobe magnitudes with lower back lobes at 1.05 THz
frequency (Figure 10(a) and 10(b)) and 1.1 THz (Figure 11(a)
and 11(b)). 7.1 dBi main lobe was observed with gold
material structure and increased with hybrid and perovskite
antenna array, 10 and 12.1 dBi respectively. Consequently,
more side lobe observed at gold antenna compared to hybrid
and perovskite array. The patterns at selected frequency is
not ideally broadside in the whole operating range, but this
impact comes as a compromise when the antenna is designed
to cover a large bandwidth. The high transmission capacity,
high gain and efficiency declare that the usefulness of per-
ovskites as an enhancement material to gold metal at THz
band.
With these remarkable functional properties, perovskites

provide new pathways for trending research in the field of
antenna and reflectarray devices. Moreover, their properties
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FIGURE 11. Radiation patterns: (a) E-plane, (b) H-plane at 1.1THz.

can be enhanced or exploited as an efficient THz device
by integrating perovskite with conventional metal resonant
structures such as gold or copper.

III. CONCLUSION
In this article, we showed a novel hybrid THz antenna
array design made from gold and perovskite layers. The
antenna array was simulated using a multi-layered struc-
ture of perovskite, gold, and PEN substrate. Results show
that in the frequency range of 0.9 - 1.2 THz, the antenna
performance significantly improves over a gold-only antenna.
The proposed work also shows that with the fast emergence
of 2D materials having electrical conductivity. The elec-
trical properties can be controlled to a better performance
by selecting the preparation method by chemical doping or
external basing. The perovskite and hybrid antenna array
display better performance at room temperature which is
superior. The result open a way for more profound under-
standing and further improvement of perovskite material in
various applications. The capacity to be a decent radiat-
ing element at room temperature is a remarkable feature
which puts this materials in an exclusive class of sup-
porting conventional metal at THz frequency band. The
result shows that the CH3NH3PbI3 is incredibly promising
for advanced THz applications, particularly THz wireless
communication. Future work would be concentrated on opti-
misation of the intrinsic property and fabrication methods of
thin films for adoption in THz antenna.
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