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Abstract:
Terahertz radiation finds applications in medical science, spectroscopy, security screening, communication, etc. There are
several methods that focus on the interaction of lasers with plasma, and laser beating process is an effective scheme for the
Terahertz radiation generation. In this scheme, a resonance between the beating frequency and plasma frequency needs
to be achieved. In general, only the plasma electrons respond to the lasers field. However, achieving a Terahertz source
with variable frequency and power is very difficult, even with the application of an external magnetic field. In this article,
we give an analytical analysis of how employing an external magnetic field, a laser-induced transient current in an array
of GaAs structures can be used to increase the power of the emitted radiation. The magnetic field has the benefit of not
stopping the carriers since these gyrate before they reached the corner, which causes the frequency to affect the current
and helps lasting this interaction for a longer time. As a result, 2-3 cycles of the higher frequency pulse are generated,
increasing the power by 100 times.
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1. Introduction

Although various methods have been proposed to increase
the power, the radiated power of the Terahertz radiation
remains very low. Different methods have been utilized
to enhance the radiation power from a PCA (Photoconduc-
tive Antenna), such as by using different antenna geome-
tries, different semiconductor materials, and collimating
lenses [1–6]. Even after utilizing different methods as men-
tioned previously, the efficiency of the PCA remains very
low. Although some theoretical, experimental, and simu-
lation studies [7–9] have been performed to improve the
radiation from the PCA, the radiated power needs to be
worked out for its enhancement.
Prajapati et al. [10,11] have shown that the net electric field
at the electrode gap is adversely affected by the radiated
near-zone field, which is reflected in the PCA as a decreased
current density. The intensity of the far-zone electric field
is radiated and decreases with the current density because

it is proportional to the rate at which the current density
changes. In addition to mitigating the loss in current density
caused by the radiated near-zone electric field, it is feasible
to increase PCA radiation with the help of an external mag-
netic field. The fact that the polarity of the radiated far-zone
electric field can also be controlled by the orientation of the
applied external magnetic field is further evidence that the
radiated field on big aperture PCA is amplified in the pres-
ence of an external magnetic field. Therefore, the radiation
intensity can be boosted by utilizing an external magnetic
field to reduce the near-zone field effect.

In order to effectively contribute to terahertz radiation,
the transit time of the photocarriers to the photoconductor
contact electrodes must be within a fraction of the terahertz
oscillation period. Yang et al. [12] demonstrated the 7.5%
optical-to-terahertz power conversion efficiency in exper-
iments. At a 1.4 mW optical pump, 105 W of wideband
terahertz radiation with a frequency range of 0.1-2 THz
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Figure 1. Schematic of THz emission from a periodic array of photoconductive antenna exposed to a laser in the presence
of a magnetic field.

has been produced. To boost power efficiency and boost
optical-to-terahertz conversion efficiencies, larger device
active areas, better aspect ratios, and three-dimensional
plasmonic contact electrodes have been suggested to be em-
ployed [13, 14].
Singh et al. [15] experimentally demonstrated photocon-
ductive emitters (PCEs) based on SI-GaAs that have used
carbon irradiated (1014 ions/cm2) up to 2 µm deep for pro-
ducing THz pulses with an increase in power of about 100
times and an efficiency of electrical to THz power con-
version of 800 times higher than PCEs on SI-GaAs that
are typically used. The SI-GaAs substrate was irradiated,
which resulted in many defects and a shorter lifetime for
photo-excited carriers. Depending on the irradiation dose, a
reduction in the total current flowing through the substrate
was found to cause a corresponding reduction in heat dis-
sipation in the device. Due to this, the maximum cut-off
applied voltage across PCE electrodes to run the device
without thermal breakdown has increased from ∼ 35 V to
> 150 V for the 25 µm electrode gaps.
When the laser is incident on GaAs material, the carriers
are formed with zero current and due to biased voltage the
current will reach a maximum finite value and at the same
time the carriers reach the sample’s corner, where the car-
riers stop. Before they halt, the carrier has a larger current
density than at the rear, and the field that is generated is the
self-consistent electric field owing to the near-field effect.
This field is opposite to the applied biased field but has a
higher magnitude than the biased voltage. This transient
current will only create one or a half cycle of THz, which
may lengthen the duration of the THz. Due to the fact that
the magnetic field does not stop the carriers but instead spin
them before they reach the corner, the frequency will have
an effect on the current, and the current will remain for an
extended amount of time. So, the pulse of higher frequency
and of 2-3 cycles will be generated. The power can be
small, but it will continue for a long while. Considering
this, the total current density is a superposition of current
densities due to the biased field and the current density due
to internal THz near field. In the present work, we have
demonstrated this mechanism using the periodic array of a
photoconductive antenna of GaAs material in the presence

of a magnetic field.

2. Current density due to photoconductive
antenna

In this section, we find the current density due to the tran-
sient current produced by the photoconductive antenna in
the manifestation of laser in the presence of electric and
magnetic field. We consider a planar array of antennae
along the ẑ - direction with centre at (m1d, m2d) such that

m1 = 0,1,2,−−−−−−−M1

m2 = 0,1,2,−−−−−−−M2

Each alternating GaAs gap is an antenna at (m1x̂,m2ẑ)d
acting as an oscillatory dipole with oscillating dipole height
dlx̂ and current I, so that

I(t)dlx̂ = J(t)bld

Figure 1 shows a schematic illustration of the photoconduc-
tive antenna array. Every photoconductive antenna’s two
sets of metal electrodes are centred by an LT-GaAs gap in
the presence of electric and magnetic fields. The magnetic
field is taken along the z-axis and the biased voltage is along
the x-axis.
Considering the photoconductive electron of mass m with
velocity v under a dc bias electric field (E) and external
magnetic field B, the equation of motion reads

m
dv
dt

=−eE−mvν − ev×B (1)

where ωc is the cyclotron frequency at which the electron
will gyrate when there is a magnetic field and ν is the
collisional frequency. The x-component of the Eq. (1)

dvx

dt
+νvx +ωcvy = 0 (2)

The y-component of the Eq. (1),

dvy

dt
+νvy +ωcvx =−i

eE0

m
(3)
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Figure 2. Current density plot in time domain along y and x axis for α= 0.5

Equation (2) and equation (3) are added, and the resultant
is integrated to get

(vx + ivy) =−i
eE0

m
(

1
ν́
− e−ν́t

ν́
) (4)

where ν́ = (ν − iωc).
Equation (2) and equation (3) are subtracted, and the resul-
tant is integrated to get

(vx − ivy) = i
eE0

m
(

1
´́ν
− e− ´́ν t

´́ν
) (5)

where, ´́ν = (ν + iωc). Finding the vx by adding equation
(4) and (5),

vx = i
eE0

m(ν2 +ω2
c )

[−iωc+iνe−νt sin(ωct)+iωce−νt cos(ωct)]

(6)
Finding the vy by subtracting equation (4) and (5),

vy = i
−eE0

m(ν2 +ω2
c )

[ν −νe−νt cos(ωct)+ωce−νt sin(ωct)]

(7)

These relations are used in the current density J(t) = en(t)v.
The x- and y-components of the current density J(t) yield

Jx(t)=
n(t)e2E0

m(ν2 +ω2
c )

[ωc−νe−νt sin(ωct)−ωce−νt cos(ωct)]

(8)

Jy(t) =
n(t)e2E0

m(ν2 +ω2
c )

[ν −νe−νt cos(ωct)−ωce−νt sin(ωct)]

(9)
For typical parameters, ν = 1012s−1, ωc = αν and E0=
20 KV/m and taking different values of α= 0.1,0.2,1; t =
tp×1012 sec, we get

Jy(tp)= 8.4×10−27 n(tp)

(1+α2)
[1−e−tp sin(αtp)−αe−tp sin(αtp)]

(10)
The Fourier transformation of which is calculated using the
following formula

Jω =
1√
2π

∫
∞

−∞

eiωtdt

In order to solve the problem, numerical solution is fol-
lowed. It is worth mentioning that the numerical methods

Figure 3. Current density plot in frequency domain along y-direction (a) and along x-direction (b).

2251-7227[https://dx.doi.org/10.57647/j.jtap.2023.1701.03]

https://dx.doi.org/10.57647/j.jtap.2023.1701.03


4/6 JTAP17(2023)-172303 Sandeep et. al

Figure 4. THz power (nW) radiated in the x-direction versus frequency, when l= 3 µm, d= 0.8 µm, b= 1 µm, µ= 2.62, ϑ=
1012 s−1, Eb= 20 kV/cm, M1= 50, and M2= 20.

have proved their significance in other field as well [14–17].
The current densities obtained in the x- and y-directions are
plotted in Fig. 2. This can be observed that there is a larger
difference in the magnitude of these currents. This can be
explained as followed. Since the external magnetic field is
in the z-direction, the Lorenz force is zero in the direction
of the field and is greatest in directions perpendicular to the
external field in the x-y plane. The biased voltage in the
x-direction has been applied, which has much significant im-
pact on the current density. In view of this, the current along
the x-direction is insignificantly affected by the magnetic
field while in the y-direction the current is 2.5 times larger
for the typical parameters of collision frequency ν=1012s−1,
cyclotron frequency ωc=0.5×1012s−1 and biased voltage
E0=20 kV/m.
In Fig. 3(a), the variation of the current density that has
been Fourier transformed, i.e. the current density in the
frequency domain, is depicted. Here this is seen that the
maximum current is achieved at about 0.8 THz frequency.
On the other hand, Fig. 3(b) demonstrates that the current
density in the frequency domain has insignificantly lower
current along the y-axis.
It is clear that the THz radiation at the frequency of 0.8 THz
would be significantly achievable in the current mechanism
and it will be possible to control its peak value controlled by
the electron density of the photoconductive antenna because
the profile of the emitted THz radiation in general remains
in accord with the profile of the nonlinear current [16, 17].
Additionally, the fast rise and slow decrease of the density
in this process is consistent to the finding Darrow et al. [18]
for large-aperture photoconductive antennae. Numerous
other disciplines likewise make use of numerical math of a

similar nature [19, 20].
The fast rise and slow decrease of the density in the present
mechanism can be understood as follows. The laser is in-
cident in the direction normal to the GaAs material having
band gap Eg. The laser field is taken to be Gaussian as
E2

L(t) = E2
L0 exp[−(t − t0)2/τ2], where EL0 is the amplitude

of the field. τ is taken to be called the laser’s pulse duration
and t0 corresponds to the retarded time. Now the laser radi-
ation results free electron production (density ne) from the
valence band at the rate of ∂ne/∂ t = R, where

R =
2ω

9π2 (
mω

h̄
)

3
2 Γ

− 5
2 e

−πEgΓ

2h̄ω (11)

together with Γ = (16/e0)(meg/m0)
1/2.

We discuss the situation with strong field, i.e., when Γ < 1.
In the above equation, e0 is E0 in units of 104 esu, eg is
the band gap in units of eV, m0 is the electron mass in free
space and m is its effective mass in the material. If the
laser intensity is 1014 W/cm2, laser pulse duration is 25 fs,
ω = 2×1015 rad s−1, then R (in cm−3 s−1) can be obtained
from the above relations as

R = 4×1033
(

m
m0

) 1
4
(

eg

e2
0

)− 5
4
e

(
−20( meg

m0e2
0
)

1
2

)
(12)

After trapping time, the electron-hole (e-h) recombine, and
the recombination rate is proportional to n2

e . Hence

∂ne

∂ t
=−βn2

e (13)

Figure 5. THz power (nW) radiated in the y-direction versus frequency, when l= 3 µm, d= 0.8 µm, b= 1 µm, µ= 2.62, ϑ=
1012 s−1, Eb= 20 kV/cm, M1= 50, and M2= 20.
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where β is the recombination constant. The integration of
the above equation reads

− 1
ne

=−β t − 1
ne0

(14)

where ne0= 1018 cm−3 is the carrier density when recom-
bination starts and β= 1011 cm−3 s−1. From this, we can
arrange to get

ne =
ne0

1+ne0β t
(15)

Therefore, the equation governing the net electron density
is written as,

∂ne

∂ t
= R−βn2

e (16)

The rise and slow decrease of the density is depending upon
R and β , respectively. In discussing the same, we have
assumed the laser field to be Gaussian. However, there are
additional laser beam profiles available that have established
their significance in the field of optics [21–24].

3. Radiated THz power
Following Kumar et al. [25], the average power per unit
solid angle in (θ ,φ ) plane due to J(t) can be evaluated as

PT Hz = 4π
c

2µ0

(
ω

c
µ0

4π

(|J(t)|bld)
r

)2

G(cos2
θ +sin2

θ sin2
φ)

(17)
where b and l are the breath and length of GaAs gap array,

G =

(
sin(M1ψ1

2 )sin(M2ψ2
2 )

sin ψ1
2 sin ψ2

2

)2

,

ψ1 =−bd
c

sinθ cosφ = p1π and ψ2 =−bd
c

sinθ = p2π.

Corresponding to the current densities in the x- and y-
directions through Eqs. (8) and (9), we can evaluate the
power radiated using the Eq. (17). Figure 4 shows the
variation of the emitted power in the x-direction, whereas
the power radiated by the current density in the y-direction
is depicted in Fig. 5. A clear cut enhanced amount of the
power of more than 100 times is observed in the y-direction.
Consistent to the maximum current at 0.8 THz, the radiated
power is also highest at this frequency. Since the current
densities show their dependence on the magnetic field, as
observed by other investigators also in the case of plasma-
based THz emitters [26–32], the present mechanism also
consistently follows the similar trend of the emitted power
under the impact of external magnetic field.
Finally, we can discuss the physics behind the dependence
of the radiated power on the transient current density and
the recombination rate of electron-hole pairs. When the
laser strikes a GaAs material, the carriers are formed, and
when a bias voltage is applied, the carriers begin oscillating
and a current is created gradually. If just one current is
generated in the sample, the whole antenna functions as a
dipole antenna. However, the difficulty with dipole anten-
nas is the short length of the dipole relative to the incident
wavelength. Since we are interested in THz and the wave-
length is around 100 microns, the 1 cm-long GaAs sample

carrying the current is anticipated to function as an antenna
for many thousand wavelengths. Nevertheless, this is not
wanted. The power will rise in a certain direction if the wire
is segmented, which may be accomplished by separating the
sample into tiny pieces with each gap measuring less than
100 microns in order to realize them as dipoles. When the
laser is incident on a GaAs material, the carrier is created,
and the carriers generate current by following the electric
field. The time-varying current is induced in a brief time
span of recombination time. The evolution of the transient
can also be understood in the following manner also. When
the femtosecond laser pulse is incident normally to the pho-
toconductive layer of the antenna, the electron–hole pairs
are generated within the photoconductive gap of the antenna.
This happens because of the higher photon energy of laser
pulse in comparison with the band-gap energy of the photo-
conductive material. When a biased electric field (Ebias) is
applied across the antenna electrodes through transmission
lines, then the photo-excited carriers get accelerated. A
macroscopic electron-hole field (Ee−h) gets created in the
reverse direction because of the physical separation of the
charges. As more of electron–hole pairs are generated, there
is also an increase in the electron-hole field and after some
time the total electric field at the location of carriers near the
dipole electrodes (defined as E f eld = Ebias-Ee−h) is screened.
This results in the reduction of the effective electric field
across the photoconductive gap of the antenna. Due to the
sudden change in the total electric field, there is a creation
of the transient current, which is responsible for the THz
radiations from the photoconductive antenna [33]. The gen-
erated transient current decays with time constant, which is
determined from the carrier lifetime in the photoconductive
substrate used for the antenna.

4. Conclusion
We have discussed a scheme of THz radiation generation
where a short pulse laser propagates through a periodic
array of photoconductive antennae of GaAs material.
Across photoconductive antenna there is a nonlinear
transient current of picosecond duration excited in direction
perpendicular to the direction of the incident laser beam.
This nonlinear current acts as phase array dipole antennae,
which results in the emission of THz radiation generation.
From analysis, it has been observed thar emission of
the THz radiation pulses with fast rise and slow fall is
easily achievable with maximum power of 0.013 nW at
0.8 THz frequency. The radiated power depends on the
transient current density, for which recombination rate of
electron-hole pairs plays a vital role. An important role of
the external magnetic field results in the enhancement of
THz power by around 100 times of the theoretical observed
value.
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