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Abstract — Photoconductive antennas (PCAs) have
extensive technological applications as terahertz sources.
Analysis of the performance of these antennas is
typically challenging and time-consuming due to
complicated interacting photonic and electromagnetic
effects in the semiconductor material. The complexity
even further increases in plasmonic PCAs because of the
existence of periodic structures. In this paper, a
numerical-analytical hybrid model is proposed for
analysis plasmonic PCAs. Time-dependence and spatial-
dependence of the electric field as well as carriers
density generated in the semiconductor of plasmonic
PCA, are calculated analytically and with finite element
method, respectively. The presented model ultimately
computes the current generated in the electrodes of
plasmonic PCAs. Using this model, the performance of
a typical plasmonic PCA as an example is investigated,
and model results are validated by measurement results
currently existing in the literature; though the model can
also be used in the performance analysis of plasmonic
PCAs with more complex periodic structures.

Index Terms— Finite element method, optical wave,
photo-generated current, plasmonic photoconductive
antenna, terahertz source.

I. INTRODUCTION

Recently, terahertz (THz) waves have increased
both researchers’ interest and technological applications
in security systems [1], spectroscopy [2] and medical
imaging [3] to name a few. Various sources such as
quantum cascade lasers (QCLs), frequency multipliers,
and free-electron lasers (FELs) are utilized in THz
technology, whereas each of them suffers from certain
drawbacks [4]. Photoconductive antenna (PCA) is
another type of THz sources which can be also used as a
THz detector [5]. The PCA (also known as Auston
switch [6]) converts incident optical waves into THz
waves with the help of its pair of electrodes and the
semiconductor material beneath them. Though working
at room temperature, low cost of fabrication, and small
size are the main favorable characteristics of PCAs, low
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radiation power and low efficiency are their important
drawbacks [7]. In order to improve these deficiencies,
plasmonic PCA has been proposed by Jarrahi and co-
workers [8]. In the plasmonic PCA, periodic nano-scale
rods are added to each of the pair of electrodes, for the
purpose of increasing optical power transmitted into the
semiconductor material. Laser illumination of periodic
rods of plasmonic PCA generates carriers (both holes
and electrons) in the region near the rods in the
semiconductor material. Concentration of carriers in the
vicinity of rods causes reduction in the distance and
subsequently time required for carriers to reach the
electrodes. Consequently, more number of carriers can
arrive at the electrodes under the acceleration induced by
bias electric field. When carriers arrive at the electrodes,
current is generated in the electrodes and subsequently
this current is transformed into THz wave by electrodes
of the plasmonic PCA.

Analysis of the performance of PCA is challenging
because of the complicated interacting electromagnetic
field and photonic effects in the semiconductor material.
For an accurate analysis, each step of the process of
optical to THz-wave conversion including laser
illumination of PCA, carriers generation, carriers
acceleration due to the bias voltage applied on the
electrodes, and THz wave radiated by electrodes of
antenna should be rigorously taken into account. In
plasmonic PCA, the complexity of analysis even further
increases due to the existence of nano-scale periodic
rods.

In this work, a hybrid model (combining analytical
formulas with finite element method) is presented in the
next section for analyzing plasmonic PCAs. In section
111, by the use of the proposed model, a typical plasmonic
PCA is studied as an example and results of the current
model are compared with measurement results of
reference [9].

Il. THEORY
A plasmonic PCA as shown in Fig. 1 (a) consists of
a pair of electrodes and a semiconductor material
beneath them. Bias voltages are applied to the electrodes
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and a laser as the source of optical wave is focused onto
the semiconductor material beneath the periodic rods of
anode electrode to maximize THz radiation [9]. The
performance of the plasmonic PCA is mainly determined
by its THz-radiated power that can be obtained by
calculating the current induced on its electrodes. In
plasmonic PCA, most of carriers are generated under the
rods of anode electrode [9]. Moreover, here we assume
that the laser illumination of rods is uniform along rods
direction (z-axis of Fig. 1 (a)). Therefore, for calculating
the generated current, the plasmonic PCA is assumed as
a two-dimensional (2D) structure in the x-y plane
perpendicular to rods direction. A unit cell of periodic
rods in the x-y plane is shown in Fig. 1 (b); the left (x=0)
and right (x=dx) vertical lines are periodic boundaries
and the width and height of rods are wx and hy,
respectively. Based on plane-problem assumption, the
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amount of current density, je(X,y,t), generated at time t
and point (x,y) within the unit cell, can be calculated by
([10D:

Je(x,y, ) = epen(x, y, £) Epias (x, ¥), (1)
where e is the electron charge, L is the electron mobility
in semiconductor material, n(x,y,t) is the carriers density
in the semiconductor region of the unit cell as a function
of position and time, and Enias(x,y) is the bias electric
field in the semiconductor region. It should be noted that,
the value of . is typically one order of magnitude larger
than the value of hole mobility [11], therefore, the effect
of holes in Eq. (1) is disregarded. According to Eq. (1),
in order to calculate the current density, je(xy,1),
generated in the unit cell of plasmonic PCA, the carriers
density, n(x,y,t), and electric field, Epias(X,y), should be
first evaluated. The value of these quantities is calculated
in the following sections separately.
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Fig. 1. (a) Schematic of a plasmonic PCA, and (b) x-y plane cross section of a period of plasmonic PCA electrode.
The left (x=0) and right (x=d) vertical lines are periodic boundaries.

A. Calculation of n(x,y,t)

Carriers in the semiconductor region are generated
due to illumination of optical wave to the rods of anode
electrode. Pulses of laser power can be assumed to have
a temporal Gaussian shape [10]:

(&)
P(t) = Py(1—R)e 7/, )
where the constant Py is the laser peak power and 7 is the
laser pulse duration. The dimensionless quantity R is the
power reflection coefficient at the interface of air and
rods of plasmonic PCA, and depends on the frequency of
incident optical wave as well as permittivity constant of
the semiconductor material. Since wavelength of incident
optical wave is much smaller than the dimensions of
each of the pair of electrodes, the value of R can be
assumed independent of electrode dimensions, but
depends on dimensions of rods of plasmonic PCA also.
Therefore, for computing the value of R, a unit cell of 2D
rods (shown in Fig. 1 (b)) are simulated by the finite
element method within the COMSOL package.

Each photon of incident optical wave absorbed in
the semiconductor region, generates a pair of hole
and electron with capability of moving across the
semiconductor material in their lifetime. In the
conventional PCA with small gap between electrodes,
the distribution of generated carriers (holes and electrons)
can be assumed uniform in planes perpendicular to the
propagation direction of incident optical power.
Whereas, due to the existence of periodic rods in the
electrodes of plasmonic PCA, the distribution of carriers
generated in the plasmonic PCA is nonuniform, so that
most of carriers are created in the vicinity of the periodic
rods of the electrodes. Therefore, in order to accurately
analyze the performance of plasmonic PCA, carriers
density, n(x,y,t), as a function of both time and position
is required.

Temporal variation of carriers density, n(xy,t),
depends on semiconductor material properties (which
are constant values) and incident optical wave which
varies with time only. On the other hand, spatial



distribution of n(x,y,t) depends on rods dimensions only.
Therefore n(x,y,t) can be assumed separable in temporal-
and spatial-dependencies:

n(x,y,t) = n(Ons(x, y), ®)
where n(t) is the total carriers density (number of
carriers in the unit cell in unit length of z-direction) and
ns(X,y) is the distribution of carriers density in the
semiconductor region of the unit cell, normalized to
unity. As will be discussed in the followings, we will
obtain n«(t) from a theoretical model, whereas ns(x,y) is
calculated by the finite element method within the
COMSOL package. In practice we will calculate the
electromagnetic power absorbed in semiconductor
instead of ns(x,y), since we know that the absorbed
electromagnetic power and ns(x,y) have the same
distributions down to a constant multiplier (which indeed
depends on time) [12]. It is important to note that a
periodic pulse (such as the incident optical wave
considered herein) typically has a wide frequency band,
though its power mainly concentrates at its center
frequency. Therefore, to calculate the absorbed
electromagnetic power (while indeed depends on the
pulse frequency band), considering only the central
frequency of the pulse gives results within good enough
accuracy.

Let us assume that each of the two electrodes of
plasmonic PCA consists of N adjacent unit cells of Fig.
1 (b) plus a pair of half cells at the farthest ends of the
electrode. In the following discussion we will ignore
these two half cells, inspired by the fact that their effect
becomes less important as N increases. All N cells
experience the same electrostatic boundary conditions as
they are all subjected to one bias voltage. On the other
hand, if we further assume that the incident optical wave
illuminates all N cells equally, then the number of
carriers n«(t) generated in each of the N cells are the same.
As the result, the total current density of plasmonic PCA,
jxy,), is related to the current density of each cell,
je(x,y,1), according to:

jx,y,t) = Nje(x,,0). 4)

For calculating ny(t), Drude model can be used (according
to the reference [12]) to write the equation:

i NGRS )

where h is the Planck constant, « is the optical

absorption coefficient of semiconductor, z. is carrier

lifetime of semiconductor, and foy is the optical wave
P(t)

central frequency. In Eq. (5), -~ is the optical power

portion received by each cell. By substituting Eq. (2) into
Eqg. (5), and solving the resulting first-order ordinary
differential equation, ni(t) as a function of time can be
obtained as:
Py 2n a 1(71 2
n(® =201 - R exp (- 1(2) -

4 thpt 8

i) (erf(ﬁr_fl _Eﬂ) +1). (6)

Tc 4 T¢
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After substituting Egs. (1), (3) and (6) into Eq. (4), the
expression for j(x,y,t) boils down to:

2
jx,y,t) = epcPy(1 — R) ? a T, exp <_l(ﬂ) —

hfopt 8 \1¢
t t V2
) (erf (VZE = 21) 4 1) mat ) Bias 7). ()
It is important to note that N cancels out in Eq. (7),
implying that our model does not depend on the
considered number of unit cells N.

B. Calculation of Ebias(X,Y)

The bias voltage applied on the electrodes of
plasmonic PCA, creates an electric field, Epias(X,Y,2), in
the semiconductor region between electrodes. This field
accelerates generated carriers and assists them to reach
to the rods. Since most of the carriers are generated
beneath the rods of anode electrode, they need to move
in the plane (xy-plane of Fig. 1 (a)) perpendicular to the
rods direction (z-direction of Fig. 1 (a)) to reach to the
rods. Therefore, components of the electric field in this
plane have the largest effect on the drift velocity of
carriers in the semiconductor material. Hence, only x-
and y-components of Epias(X,y,z), in the semiconductor
region need to be calculated. Moreover, due to the
assumption that incident optical wave is focused onto the
middle of rod (far from both ends) and consequently
most of carriers are generated in the semiconductor
region beneath the middle of rod, the effect of the both
ends of rod on the bias electric field in the semiconductor
region is neglected here; therefore Epias(X,Y,z) is assumed
to be invariant of z coordinate, and we will drop the z
argument hereafter. In order to obtain Epias(X,y), the
Laplace equation V2Vp;,s =0 (Vbias is the electric
potential function due to the bias voltages) in companion
with the Dirichlet boundary conditions of bias voltage
values on the electrodes is solved in the semiconductor
region of Fig. 1 (b) by COMSOL package, with
~VVbias = Ebias-

C. Field screening effect

Bias electric field, Epias(X,y), in the semiconductor
region causes generated electrons and holes to move in
opposite directions. With spatial separation between
electrons and holes, polarization, p(x,y,t), is induced in
the semiconductor region. The time-dependence of
polarization can be calculated by solving ([12]):

ap(x,y.t 1 3
p(gty_) =Py ) +j(xy.0), 8)

where z, is the recombination time of carriers. According
to the point-dipole model [11], electric field induced by
polarization can be expressed as:

1
Eg (x,y,t) zﬁp(x'y' t), 9)
where ¢ is the permittivity constant of semiconductor
material and n is a coefficient which depends on the

antenna structure. The direction of induced electric field,
Esc(X,y,1), created due to the presence of polarization, is
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in opposite to the direction of bias electric field.
Therefore, bias electric field is opposingly “screened” by
Es(X,y,t). By taking into account the field screening
effect, the generated current density of Eq. (1), should be
corrected as:

jc(x'yr t) = €, n(x,y, t)(Ebias(xﬂY) -

Es(x,y,1)). (10)
Egs. (4), (9) and (10) give:

= __ne jeoyt)
p(x' Y, t) =ne Ebias(xv Y) elte N n(xy,t)’ (11)
subsequently Egs. (8) and (11) yield:

dj(x,y.t) ele N
ot = Ter Ebias(x'J/)n(x'y, t) +

Km%ﬂ<

By numerically solving Eqg. (12), current density, j(x,y,t),
generated in plasmonic antenna with consideration of
field screening effect can be calculated.

1 an(x,y,t) 1

€Hle
nGyt) ot 1 ne n(x,y, t)) (12)

I1l. RESULTS AND DISCUSSIONS

In the previous section a hybrid model was
presented for calculating current density of electrodes of
plasmonic PCAs. In order to validate the accuracy of the
proposed model, the current generated in electrodes of
the plasmonic PCA proposed in the reference [9] is
investigated herein. The plasmonic PCA of the reference
[9], consists of two bow-tie electrodes placed on the low-
temperature GaAs (LT-GaAs) substrate as shown in Fig.
1 (a). An optical wave from Ti:sapphire laser with a
central frequency of 375 THz, repetition rate of 76 MHz,
and pulse duration of 200 fs is focused onto the rods of
anode electrode. Dimensions of the antenna and
parameters of laser and LT-GaAs semiconductor utilized
for analyzing the plasmonic PCA are given in Table 1,
the values are tabulated along with their corresponding
references.

Table 1: Antenna dimensions and parameters for laser
and LT-GaAs semiconductor

Parameter Value
Electron mobility for LT-GaAs [13] | pe = 0.02 m?V-1s?
Optical absorption coefficient [14] a= 6000 cm™
Laser pulse duration [9] 7n=200 fs
Laser repetition rate [9] fr=76 MHz
Carrier lifetime [15] z=1ps
Carrier recombination time [12] 7= 100 ps
x-axis periodicity of rods [9] dx =200 nm
Width of rods [9] Wy =100 nm
Height of rods [9] hy=50 nm
Permittivity constant of LT-GaAs 6= 12.86 &
[14]

Coefficient related to the antenna

structure n =3*10°
Power reflection coefficient at the R=03
interface of air and rods )
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The power reflection coefficient at the interface of
air and rods with rod dimensions given in Table 1 is
0.3 according to result of simulation of 2D structure
(Fig. 1 (b)) within COMSOL package. For LT-GaAs
semiconductor, with parameters given in Table 1, the
total carriers density, N*ny(t), is calculated using Eg. (6)
and is plotted in Fig. 2 for different values of incident
optical power Po. From both Fig. 2 as well as Eq. (6), it
can be deduced that the rise time of ny(t) depends on the
laser pulse duration, 7;, whereas the decay time depends
on the carrier lifetime, z, of LT-GaAs.

As explained in the previous section another
parameter needed for calculating generated current
density, j(x,y,t), is the distribution of carriers density,
ns(x,y). In order to compute ns(x,y), 2D rods (shown in
Fig. 1 (b)) with parameters of Table 1 are simulated
within the COMSOL package. Obtained values for the
distribution of carriers density, ns(x,y), are shown in
Fig. 3. As it can be seen in this figure, most of carriers
are generated in the vicinity of rods especially near the
corners; such that, the distance of most of generated
carries to the nearest rod is less than 40 nm. Next the
values obtained for ns(x,y) and n¢(t) are used in Eq. (3) to
result in the carriers density, n(x,y,t).

As mentioned earlier also, electric field, Epias(X,y), in
the semiconductor region, created by bias voltage,
should be first determined for calculating generated
current density j(x,y,t) in the electrodes of the plasmonic
PCA. Therefore, within the COMSOL package, the
Laplace equation is solved numerically in the LT-GaAs
semiconductor region. Dirichlet boundary conditions for
the Laplace equation are the bias voltage values at anode
and cathode electrodes, set as 40 VV and 0 V, respectively
[9]. The absolute value of the bias electric field,
Ebias(X,Y), in the semiconductor region beneath a period
of rods determined from the simulation is shown in
Fig. 4. It shows that the magnitude of Episs drastically
decreases with the increase of the distance from the rods
of electrodes along the y-axis.
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Fig. 2. Total carriers density, N*n¢(t), in the LT-GaAs
semiconductor of the plasmonic PCA versus time for
different values of optical power, Po.
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Fig. 3. The distribution of carriers density, ns(x,y), in LT-
GaAs semiconductor beneath a period of rods of
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Fig. 4. The magnitude of bias electric field in the
semiconductor region of a period of the plasmonic PCA
electrode obtained from simulation.

Using the calculated carriers density, n(x,y,t), and
bias electric field, Epias(X,y), the current density, j(x,y,t),
generated in the plasmonic PCA is finally determined
from both Eq. (12) with field screening effect and Eq. (4)
without field screening effect. The generated currents
(averaged over time) are calculated by the proposed
model and are shown in Fig. 5 as a function of incident
optical power. Along with them, measurement results of
[9] are also plotted. It can be observed that in comparison
with the measurement results, the theoretical results
obtained by Eq. (12) with considering field screening
effect (red solid curve of Fig. 5) are more accurate
than the theoretical results obtained by Eq. (4) without
considering field screening effect (green dashed curve of
Fig. 5). To the best of the author’s knowledge, this is the
most accurate theoretical results for plasmonic PCA
mimicking experimental observations, reported as far in
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the literature.

The difference between red solid curve and green
dashed curve of Fig. 5 corresponds to the reduction of
current generated in the plasmonic PCA due to the field
screening effect. At low incident optical power, the field
screening effect is negligible, however, this effect
amplifies with the increase of optical power. As the
number of generated carriers increases due to the increase
of optical power, the polarization induced by spatial
separation of them also increases; and consequently the
field screening effect intensifies. On the other hand,
according to Eq. (10) the increase of field screening
effect leads to reduction in the rate of current generated
in plasmonic PCA as can be also observed in Fig. 5; this
is also consistent with the measurement results of
reference [9].

04
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Fig. 5. Average current generated in the plasmonic PCA
with the parameters given in Table 1.

V. CONCLUSION

Plasmonic photoconductive antennas (plasmonic
PCAs) have broad technological applications as terahertz
(THz) sources. On the theoretical side, however, the
analysis of these antennas (PCASs) is very challenging
due to the existence of periodic structures. In this paper,
a hybrid model consisting of both analytical and
numerical methods was proposed which significantly
reduces the complexity of plasmonic PCA analysis and
subsequently the time required for its simulation. The
model ultimately calculates the current generated in the
electrodes of plasmonic PCA. For this purpose, the time-
dependence and spatial-dependence of density of carriers
generated in the semiconductor of plasmonic PCA were
studied separately; the time-dependence was calculated
analytically, whereas the spatial-dependence was
computed using finite element method. For validation
purpose, a typical plasmonic PCA as an example was
analyzed by the model, and was found that model results
match very well with experimental measurements
published earlier in the literature. It was shown that field
screening effect in the plasmonic PCA is negligible at
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low incident optical power. However, this effect gets
substantial as the optical power increases. The increase
of field screening effect causes the rate of current
generated in the plasmonic PCA to reduce. This fact can
also be confirmed from the measurement results of
plasmonic PCAs reported earlier.
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