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Abstract—This letter explores the influence of the geometry of
bias electrodes in the performance of terahertz (THz) photocon-
ductive antennas (PCAs). To this end, a methodology is presented
to calculate numerically the operational bandwidth and radiation
efficiency of the PCAs. The procedure is validated through a com-
parison to experimental measurements. Also, results are depicted
from numerical simulations of different PCAs under varying con-
ditions of bias voltage, doping factor, and incident optical power.
It is concluded that an appropriate configuration of the electrodes
may double the efficiency of the antennas, with a penalty in the
bandwidth of the radiated pulse usually smaller than 10%.

Index Terms—Photoconductive antennas, terahertz technology.

I. INTRODUCTION

ERAHERTZ (THz) technology has become one of the

most active research fields in recent years [1]. The unique
properties of the interaction of THz electromagnetic waves with
matter have allowed us to foresee outstanding applications in
spectroscopy, such as detection of chemical materials, biolog-
ical agents, or early-stage damages in carbon-fiber materials [2].
However, the high attenuation of THz waves in ambient air is
a major drawback that is usually addressed by the more expen-
sive high-power sources [3]. As a consequence, the economic
cost of the commercial models still remains unaffordable for
most small research laboratories, and some efforts have been
oriented toward the development of low-profile THz sources,
such as the photoconductive antennas (PCAs) [4].

Based on the Auston switch [5], the typical operating frequen-
cies of PCAs are in the 1-5 THz range, reported configurations
being able to radiate up to 60 THz by employing substrates com-
posed of semiconductors with low recombination time of car-
riers [6]. However, the reported optical-to-THz conversion ef-
ficiency is also low, ranging from 0.01% to 0.1% for average
optical powers of 1-50 mW [7]. Practical applications of PCAs
have used different combinations of substrates, electrodes, bias

Manuscript received November 07, 2013; revised February 21, 2014; ac-
cepted March 26, 2014. Date of publication March 28, 2014; date of current ver-
sion April 17, 2014. This work was supported in part by the Spanish Ministry
of Education under Project CSD2008-00068, the Junta de Andalucia Project
P09-TIC-5327, the EU FP7/2007-2013 under Grant 205294 (HIRF-SE project),
and the Spanish National Project TEC2010-20841-C04-04. (Corresponding au-
thor: M. F. Pantoja.)

The authors are with the Department of Electromagnetism and
Matter Physics, University of Granada, 18071 Granada, Spain (e-mail:
emorenop@ugr.es;  mario@ugr.es; arubio@ugr.es; mcabello@ugr.es;
salva@ugr.es).

Color versions of one or more of the figures in this letter are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/LAWP.2014.2314260

voltages, and incident optical powers, reporting different effi-
ciencies for each case [8], [9]. In this line of research, the explo-
ration of possibilities through appropriate computer-aided de-
sign (CAD) techniques to achieve a better performance of PCAs
is a step forward, and this constitutes the main objective of this
letter.

To this end, several geometries of bias electrodes over a
LT-GaAs substrate are initially taken into account [10], [11],
and the Auston switch configuration is explored under varying
conditions of the doping of the semiconductor, the bias voltage,
and the optical pump power. The numerical results are based
on a full-wave finite-difference time-domain (FDTD) solver
for drift-diffusion and Maxwell’s equations [12], which outper-
forms the accuracy of other semi-analytical CAD techniques [7]
at a cost of higher computational demands. A validation of the
code for our purposes is made with the experimental measure-
ments presented in [8].

II. EFFICIENCY OF PCAS

Unlike microwave antennas, PCAs in the THz regime are fed
with two different sources: an optical source, usually a fem-
tosecond laser, which provides enough energy to allow carriers
to flow to the conduction band; and a dc voltage source, which
biases the semiconductor to drive any photogenerated carrier
between electrodes. The resulting electric current acts as the
source of THz electromagnetic fields, whose waveforms depend
on several quantities such as the physical properties of the semi-
conductor, the geometry and bias voltage of the dc source, and
the power and waveform of the impinging laser pulse. In this
way, the calculation of the antenna efficiency requires the ra-
diated and input energy, W..q4 and W}, respectively, to be ac-
counted for in the form

_ VVrad _ Wrad
Wi Wpe + W,

(1

where Wpc is the energy provided by the dc source, and W,
is the energy rendered by the laser source. For pulsed systems,
(1) is equivalent to the usual definition of antenna efficiency in
terms of radiated and input power [7].

Experimental setups employ laser sources of pulse duration
o, repetition rate 1., and an average power oyt oy The peak
optical power can be derived as Popi peak = Poptav@y 1u;, L
and the peak optical intensity is Io = Pppt— peak™ 0, 2, where
o, is the beam waist radius on the vacuum-semiconductor inter-
face. It is also assumed that the optical source circularly illumi-
nates the semiconductor. Then, the distribution of the photogen-

erated carriers G-, (r, ) can be calculated as

G, (rt) = Tge (rmm)/on)® o=t t0)/00)” )
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Fig. 1. Scheme of the central part of the electrodes and semiconductor in a
typical PCA. The depicted inner surface is chosen to calculate the total current.

where ¢ is the center of the laser spot, and #y is the reference
time. The optical energy is then calculated as

27
W, = lim / / / (r, tyrdrdedl
s—+o0 Jy 0 0
= (\/7?) a, (TtI() \/~(ftpopt peak - (3)

Regarding the energy delivered by the dc source, the bias
voltage Vp¢ remains constant in the radiation process, and the
total electric current /pc(t) can be calculated by considering an
inner surface Sy between the electrodes of the semiconductor
(Fig. 1). The numerical procedure is able to provide the local
density of current fDC(t) at the points located at Sy, and thus
the power delivered by the dc source can be expressed as

—

Ppc(t) = Vpelpe(t) = Ve / Joc(t)-dS (4
J4 Sy

and the energy delivered as

-1

V"(
Wpe = /
0

where the integration time is limited to the pulse repetition time
v !, because at that time the laser source is switched on again
and a new electromagnetic pulse is generated. In this sense, it
is worth remarking that (1) is calculated just considering only
a single pulse of electromagnetic radiation. Identical results are
achieved when a set of pulses is considered in the numerical
simulator, which on the other hand is a usual procedure to de-
crease the noise in experimental setups.

Finally, the term in (1) corresponding to the radiated energy
can be derived from the time-domain electric far fields Fy(t)
and F,(t) by computing the total radiated power Pyaq (%)

27
Praalt) = - / / | Ey(t) +|E()|>sin(6’)d€dg¢;6)

Ppc(t)dt (&)

and then

-1

%
Wfrad = /
0

Also, the corresponding average radiated power can be calcu-
lated as Prad,av = vy Wiaa.

Praa(t)dt. %

III. RESULTS

As indicated in Section I, the main objective of this letter is to
compare the performance of PCAs by exploring different con-
figurations of the device. Prior to this study [12], a validation
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Simulated dipole
Simulated bowtie

1L ®@

Pllzradlav (a.u.)

o
[

Fig. 2. Validation of the numerical procedure with [8] by: 1) experimental and
full-wave simulation of the FF-dipole (Vhine = 10 V) depicted in Fig. 3; and
2) experimental, semi-analytic and full-wave simulations of the bow-tie dipole
(Vbias = 30 V) shown in the inset.

TABLE I
PARAMETERS EMPLOYED IN THE SIMULATIONS

[ LT-GaAs: parameters used in the simulation (T=300k) |

Auger recombination function parameters

Electrons Holes

™ = 0.3ps 7p = 0.4ps

Cap =7-10"30embs—1 Cap="T-10"3%mbs~1
ny =4.5-10%em=3 p1=4.5- 108em =3

Relative permittivity and permeability
er =1326 if w<6THz pur=1.0
The laser and carriers generating rate function parameters
Absorption coefficient 1.0 ym ™" | Transmittance 0.9999

Rate of pairs (e-h) 0.9999 Ay = 780nm
vy =80MHz or = 1.8um
NGaas(Ay) = 3.83 ot = 80fs

Spot radius 3 um

of the numerical procedure was presented following the exper-
imental setup of [8]. The inset of Fig. 2 shows the geometry
of electrodes layered on a semiconductor substrate of LT-GaAs
of thickness 1.5 ym, and a laser pulse impinges on the center of
the electrodes (7y) where the electrostatic field is higher. Table I
summarizes the numerical parameters of the laser pulse em-
ployed, as well as the characteristic constitutive parameters of
the semiconductor substrate and the electrical description of car-
riers. Electrodes are assumed to behave as perfect electric con-
ductors (PECs). Fig. 2 compares the experimental results of the
average radiated power [8] for different incident laser pulses to
those predicted by a numerical simulator, which is based on the
FDTD solution of the coupled system of equations derived from
the drift-diffusion model and Maxwell’s equation [12], and the
application of (6).

A. Numerical Exploration of PCAs

Performance of PCAs is affected mainly by: 1) the choice
of the geometry of electrodes [10], [11], where the inner part
of electrodes can be varied to achieve more intense electro-
static fields; 2) the power of the laser source [7], which is
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Fig. 3. Dimensions and geometries of (left) several configurations of elec-
trodes, located at (right) the center of a PCA-dipole.
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Fig. 4. Efficiency and radiated power for varying optical power. Net concen-
tration charge and bias voltage are fixed at 5-10'% cm—#* and 30 V, respectively.

usually increased to produce higher radiated power; 3) the bias
voltage [8], [9], which is also increased to achieve the same
effect of 2); and 4) the doping of the semiconductor [13], which
strongly affects to the mobility of the carriers and thus the
radiated electromagnetic field. This letter presents results for
previously proposed choices of the: 1) geometry of electrodes,
with rectangular (FF), rounded (RR), and triangular (TTO)
forms (Fig. 3); 2) average laser power, ranging from 0.5 to
50 mW; 3) bias voltage, varying from 30 to 150 V; and 4) net
concentration charge of [~5-10'¢, 5-101%] cm =3, thus including
intrinsic, n-type, and p-type semiconductors. As figure-of-merit
parameters, here we consider here the efficiency 7, the average
radiated power P;.q,av, and, finally, the fractional bandwidth
of the radiated pulse A f/ finax, Wwhere A f corresponds to the
half-power bandwidth of the radiated power.

Fig. 4 depicts the efficiency and radiated power as the op-
tical power increases. For low values of Py .y, the radiated
power and the efficiency increase with an approximately linear
dependence. However, for higher intensities of the laser pulse,
there are more photogenerated carriers, and a screening effect
appears near the electrodes by the accumulation of the majority
carriers [7]. As a consequence, there is an inner field that op-
poses the incident field, and the radiated power reaches satura-
tion for high values of P, av. The left vertical axis of Fig. 4
means efficiency, which becomes maximum near 5 mW and
then decreases because there is a moderate increase in the radi-
ated power, as can be inferred from (1). This effect is repeated
for any simulated bias voltage and any net concentration charge.
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Fig. 5. Efficiency and radiated power for varying bias voltage. Net concentra-
tion charge and average optical power are fixed at 5 - 101¢ cm~2 and 20 mW,
respectively.
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Fig.6. Efficiency and radiated power for net concentration charges ¢ = N, —
N, . Bias voltage and average optical power are fixed to 30 V and 20 mW,
respectively.

A similar study is presented in Fig. 5 for the bias voltage.
In this case, a linear effect for the radiated power is expected
because of the drift of the carriers. However, in this case, a sat-
uration effect is produced by: the mobility of the carriers, which
is decreased by the bias field according to the Wien model [14];
the formerly explained capacitive effect of the accumulated car-
riers; and also the emitted radiation field, which reacts and de-
creases the effective bias field [15].

Regarding the dependence of the efficiency and the radiated
power on the net concentration charge, Fig. 6 shows that P4 av
for p-type semiconductors is higher than for n-type semicon-
ductors. This is due to the higher mobility (i) of n-type car-
riers, which create a higher space-charge polarization field and
also produce a more intense screening effect of the external
bias field [16]. For intrinsic semiconductors, the radiated power
reaches a maximum because fewer carriers are involved, and
the local polarization field is also lower. Similar reasoning can
be used to explain the shape of the efficiency curves. Also in
this case, the higher the net concentration charge, the higher the
Wpc. This justifies the lower dynamic range of the efficiency
curves for any geometry of electrodes.
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Fig. 7. Fractional bandwidth for varying net concentration charges.

Fig. 7 presents the fractional bandwidth for different net
concentration charges. The asymmetric behavior for n and
p semiconductors is explained in that the nonradiative re-
combination mechanisms for the decay of carriers depend on
the minority carrier lifetime 7 [17]. Thus, slower decay rates
appear for n-type semiconductor (7, > T7,), which implies
a greater bandwidth of the electromagnetic radiation. It also
bears remarking that Figs. 6 and 7 illustrate the limitation in the
gain-bandwidth product for PCAs.

Finally, the influence of the geometry of the electrodes is an-
alyzed. As reported in [10], conventional dipoles (FF) are out-
performed by those with sharp features and offsets (TTO dipole)
or even with only offsets (RR dipole). For sharp features, the
higher bias electric field results in higher total currents when
compared to the rounded and planar geometries, and thus im-
provements are achieved in radiated power and efficiency. The
main reason for the better performance of the RR dipole com-
pared to the FF dipole is also given in [10]: The RR dipole has
a bias electric field in both polarization directions, while the FF
dipole enhances the optical power in only one direction. How-
ever, it bears noting that in Fig. 4, for higher optical power than
10 mW, the FF dipoles radiate strongly. This is due to the higher
magnitude of the electric field at the lateral zone of the incident
laser spot for the FF dipole, which compensates for the decrease
of the cross-polar radiation.

IV. CONCLUSION

This letter has explored the performance of PCAs for varying
parameters. Through a validated simulation procedure, it has

been shown that a significant increase of the radiated power and
efficiency can be achieved with the right choice of the geom-
etry of the electrodes, incident optical power, and bias voltage.
Further improvements in the bandwidth of the radiation can be
achieved by doping the semiconductor. The presented simula-
tions are in accordance with well-known theoretical concepts
of carrier dynamics in semiconductors, which provides phys-
ical insight of the operating principles of PCAs.
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