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Abstract This paper shows the relevance of mobility models to describe the carrier
dynamics for the analysis of radiative semiconductor photoconductive devices in the
terahertz regime. We have built a simulator that self-consistently solves the device
physics and Maxwell’s equations to study the radiated fields. In particular, we show
a significant influence of an accurate description of the steady-state regime of the
semiconductor device for calculating radiated electromagnetic fields in the broadside
direction. Comparison with measurements shows the accuracy of our simulator and
demonstrates the superior performance of numerical schemes based not only on the
description of the carrier, electric potential, and field distributions, but also on reliable
local mobility models.
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1 Introduction

Recent years have brought renewed interest in the so-called terahertz regime, which
is expected to make breakthroughs in spectroscopy and/or imaging in the near future
[14]. These expectations are related mostly to the ability of the terahertz electro-
magnetic waves to interact with the vibrational and rotational modes of the matter,
thus leading to the identification of molecules and compounds in any state. How-
ever, there is a lack of electron devices capable of operating efficiently in this regime,
and present-day affordable sources are limited to providing power on the order of a
few microwatts [4], which may be insufficient for the more demanding applications.
Among all the sources available, the photoconductive antennas (PCAs) present draw-
backs in terms of the supplied power, but they are widely used because of their low
cost and relatively easy manufacture.

Initially proposed by Auston [2], PCAs are based on the radiation of electro-
magnetic energy by transient currents in semiconductors excited by a laser pulse.
Experimental setups not only confirmed their performance in terahertz time-domain
spectroscopy [7], but were also proposed as part of electro-optical controlled tran-
sistors [17]. The above-mentioned limitations of radiated power led to further effort
to increase the efficiency of these devices, and several configurations of electrodes
(stripline, dipole, and offset dipole) in different kinds of semiconductor alloys (e.g.
low-temperature-grown GaAs and semi-insulating GaAs) were built and measured
for comparison purposes [8, 26, 28]. Once the performance was shown to depend on
the size, geometry, and materials of the PCA, it became a matter of interest to develop
CAD software to decrease the design costs and achieve an optimal configuration.
In this respect, many efforts have been devoted to assess numerically the emission
properties of PCAs. Thus, a simple set of differential equations were formulated to
describe effects such as the recombination of carriers and also the screening of the
external electric field from photogenerated electron-hole pairs [5, 10, 18]. Another
assumption of these approaches is the proportionality of the radiated field and the
derivative of the current pulse [10, 18], which was also improved in [5] by incor-
porating a time-domain model of the electric field in terms of the current pulses
[25]. These procedures achieve results showing a good agreement with experimental
data. However, PCAs including asymmetric configurations of electrodes [3] and/or
spatially dependent parameters (e.g., doping of substrate [30]) require full-wave pro-
cedures which are able to deal with steady-state distributions of fields and carriers at
a prize of a more demanding computational burden.

Numerical simulation of semiconductor photoconductive devices at terahertz fre-
quencies remains a challenge [1]. The main obstacle is the mixed nature of the
problem, which involves a combination of electronic, electromagnetic, and opti-
cal phenomena [14]: a) the steady-state, corresponding to the initial distribution
of electric fields, can be handled using well-known techniques in electronics to
solve Poisson’s equation inside the semiconductor [23, 32]; b) the non-equilibrium
phase, accounting for the transient response of the system in terms of the descrip-
tion of the electric- and magnetic-field distributions in the device, is accomplished by
finite-difference time-domain (FDTD) algorithms, broadly used by electromagnetic
researchers [31]; and c) the focusing of electromagnetic radiation in the direction of
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interest, in which optical procedures can help to design an additional lens for increas-
ing the total efficiency, has to be dealt with [14]. Attempts to produce high-accuracy
codes based on FDTD procedures have been presented with relative success, by
proposing a modification of Yee’s unit cell to consider the distribution of carriers
in the semiconductor [9, 19, 20]. Following this line of research, some studies have
extended the geometries and have incorporated drift-diffusion equations, which are
computationally faster than approaches based on magnetohydrodynamic equations
[6] or Monte-Carlo methods [16]. Nevertheless, as an initial approach, a homoge-
neous concentration of carriers in the steady-state of the PCA was assumed in some
of the previous works referenced above, corresponding to that of the equilibrium
for an intrinsic semiconductor. As we will show below, these assumptions lead to
a lack of accuracy in the final radiated electric field in the broadside direction. At
this point, the validity of the presented solver should be highlighted. Drift-diffusion
model use is questionable for devices operating in large electric fields, high concen-
trations of carriers or timescales less than picoseconds [29]. Given these restrictions,
THz devices (e.g. PCAs) under relatively low biasing voltages, with sizes on the order
of micrometers [13], and net concentrations of carriers small enough to neglect the
forces between charges [29] can be studied under the proposed numerical algorithm.

Apart from the presentation of the simulator we have developed, the main contri-
bution of this paper is to show that the choice of numerical techniques and models to
characterize the steady-state regime is key to achieving satisfactory results. In fact,
despite that most of the computational time (roughly 95 %) is devoted to solving the
coupled system of partial differential equations provided by the Maxwell equations
and the drift-diffusion model, the accuracy in the description of steady-state regime
proves decisive for accurately reproducing the physical phenomena inside the device.
Consequently, it can be concluded that we need a new generation of numerical solvers
for the terahertz regime [1], capable of integrating the numerical techniques used for
the study of electron devices, as well as the characteristics within the realms of elec-
tromagnetics and optics. In fact, specialized CAD packages are lacking, and most
of the numerical research in THz is produced by means of commercial electromag-
netic or optical software tools. These tools avoid the time-consuming simulations
required for accurately modeling the experimental set-ups by: a) approximating opti-
cal waveforms to perform the numerical link to the electromagnetic devices and/or
b) applying physical optics equations. In this respect, this paper revisits the prob-
lem focusing on the relevance of providing an accurate description of the electron
device steady-state regime (consisting of reliable electric potential and field as well
as mobility distributions [12, 22]). In this manner, the sometimes neglected accu-
racy in the semiconductor steady-state description proves essential to reproduce PCA
measurements.

2 Computational Semiconductor Model in the THz Regime

A typical PCA is the face-to-face (FF) dipole, depicted in Fig. 1. A biasing voltage
is connected to a pair of electrodes, before applying an external pulse radiated by a
femtosecond laser on the surface of the semiconductor. Thus, the stimulated electric
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Fig. 1 Typical configuration of a face-to-face dipole photoconductive antenna. For representation
purposes the figure is not scaled

carriers drift due to the biasing electric field, acting as sources of radiated electric and
magnetic fields. The steady-state regime, once the biasing voltage is applied, can be
described by Poisson and continuity equations. In particular, Poisson’s equation can
be written as follows:

∇ · (∇φ (r)) = q

ε
(n (r)− p (r)− C (r)) (1)

where C (r) stands for the fixed charge in the semiconductor, composed of singly
ionized donors N+

D and acceptors N−
A ; φ (r) is the electric potential; and n (r) and

p (r) are the electron and hole concentrations, respectively.
The continuity equations for both types of carriers can be expressed as:

∇ · [n (r)∇φ (r)− VT∇n (r)] = −μ−1
n (r) R (r) (2)

∇ · [p (r)∇φ (r)+ VT∇p (r)] = μ−1
p (r) R (r) (3)

where μn, μp are the mobilities for electrons and holes, respectively; VT corresponds
to the thermal voltage; and R (r) is the recombination rate function, which in this
paper has been implemented by combining Shockley-Read-Hall and Auger models.
The carrier concentrations and currents are achieved by the self-consistent solution
of Eqs. 1–3.

For a proper modeling of the PCA, it should be taken into account that the high
voltage applied to electrodes leads to significant electric fields in the semiconductor,
which reduce the effective mobility. To take this effect into account, we use a parallel-
field dependent mobility model [27]:

μn (E) = 2μn0
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where E is the modulus of the parallel electric field and μn0 and μp0 are the low-
field-electron and hole mobilities, respectively; βn and βp are parameters of the
model, which depend of the semiconductor material, and the values of the saturation
velocities of carriers Vsat,n and Vsat,p are taken as constants.

Unless a very dense grid is used, which will often lead to a computationally large
problem, results based on a complete numerical finite-difference solution of Eqs. 1–3
will lead only to approximate results, due mostly to the non-linearity of the car-
rier distributions, which follow an exponential variation in certain areas [22]. In this
respect, the consideration of truncated analytical solutions of the continuity equations
in terms of Bernoulli functions enables an increased step size and higher accuracy in
the solution [21].

Once steady-state regime is achieved, the impinging laser pulse generates pairs
of electron-holes which are accelerated by the biasing electric field and the transient
phase begins. A brief description of equations required in the simulation are given
below. The transient electromagnetic fields E (r, t) and H (r, t) can be achieved by
Ampere-Maxwell and Faraday equations:

ε∂tE (r, t) = ∇ ∧ H (r, t)− J (r, t) (6)

μ∂tH (r, t) = −∇ ∧ E (r, t) (7)

where μ is the magnetic permeability, and J (r, t) is the total current density in
the semiconductor. This current density is derived by adding the electron and hole
components,

Jn (r, t) = qμn(r) (n (r, t)E (r, t)+ VT∇n (r, t)) (8)

Jp (r, t) = qμp(r) (p (r, t)E (r, t)− VT∇p (r, t)) (9)

Finally, the carrier dynamics included in Eqs. 8 and 9 are calculated by the
continuity charge equations:

∂tn (r, t) = −RG(r, t)+ q−1∇ · Jn (r, t) (10)

∂tp (r, t) = −RG(r, t)− q−1∇ · Jp (r, t) (11)

where RG(r, t) = R (r, t)−G(r, t) is the net rate of recombination which accounts
for carrier generation-recombination in the semiconductor.

3 Results

To show the relevance of the steady-state description for calculating radiated elec-
tromagnetic fields, we consider the LT-GaAs (εr = 13.26) PCA-FF dipole of
Fig. 1 [26]. The bias voltage was assumed to be 30 V and the doping concentration

ND = 1016 cm−3. The parameters of the mobility model used were μn0 = 8000 cm2

V ·s
and μp0 = 400 cm2

V ·s . Here, time-domain results are used to validate the numerical
method and obtain the main results. Time-domain solvers present advantages over
frequency-domain ones in terms of computational time when the broadband descrip-
tion is considered, which is the usual case in applications such as THz spectroscopy.
Also, they provide useful information about the physical phenomena involved, in this
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case through the carrier-dynamics modeling. However, the matching of experimental
and simulated responses is more challenging in time-domain graphs, and therefore
the validation in the THz regime is often presented solely in the frequency-domain
[11].

Following the approach described in Section 2, a solution in the steady-state
operation regime led to the distributions of electric potential and electrons at the
semiconductor surface shown in Figs. 2 and 3 (which are consistent with those pro-
vided by commercial software [24]). Although these figures are not new for electron
devices, some features deserve to be highlighted in order to indicate their importance
within the THz regime context. On one hand, the distribution of the electrostatic
potential between the electrodes needs to be accurately described (Fig. 2) because
the laser spot—usually circular or elliptical—can be beamed at any zone of the upper
surface. Consequently, the possible screening and non-linear effects disable any ana-
lytical approach that might be used to approximate the steady-state regime of the
electric-field distribution. As long as this field contributes to the total current den-
sity, J (r, t), the transient THz waveform will be strongly affected by inaccuracies
at this stage. On the other hand, the carrier distribution is also key for the transient
electromagnetic-field calculation, because Eqs. are 8 and 9 inserted in Eqs. 10 and
11 at each timestep, and the steady-state regime initial distribution strongly affects
the complete solution. Moreover, it is difficult to estimate the peaky surface distri-
bution of carriers at the metallic contact tips (see Fig. 3), and previous proposed
approaches based on the assumption of equilibrium carrier distributions greatly differ
from the real one. In this sense, for certain cases (e.g. a FF-dipole excited by a small
laser spot centered in the nearest region of electrodes or a strip-line dipole with a

Fig. 2 Electric potential at the interface between semiconductor and electrodes in the steady-state regime
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Fig. 3 Steady-state electron distribution at the interface between semiconductor and electrodes (a doping
concentration ND = 7.5 · 1016cm−3 is used to enhance the accumulation of charge)

laser source just below the central part of the electrode [14]), the steady-state regime
may be described by considering equilibrium carrier distributions and a linear depen-
dence for the electrostatic potential, which means a constant electrostatic field at the
laser spot area. However, for more complex geometrical electrode configurations, a
detailed electrical device solver (self-consistently coupled with an electromagnetic
solver) is needed.

Furthermore, special attention should be paid to the non-homogeneous mobility
distribution (a field-dependent model has been used here [24, 27]) at the steady-state
regime. The choice of the particular model may depend on the material, field distri-
bution, geometry of the electrodes, etc.. Results of this paper have been derived for
the FF-dipole. Initially, the influence on the radiated field of a particular mobility
model cannot be assessed (more on this issue below); nevertheless, as Fig. 4 depicts,
differences of one order of magnitude can be found within the mobility-value dis-
tribution. Also, in contrast to the carrier distribution, the mobility-time dependence
can be neglected because the biasing electric field is much larger than the transient
electric-field, and thus the mobility does not need to be recalculated for each time-
step. Four different models were considered in our approach using: a) a homogeneous
mobility model, which is inadequate to reproduce the experimental data; b) a first
parallel model, following Eqs. 4 and 5 with choices of βn = 1.82 and βp = 1.75; c)
a second parallel model (accounting only for the electric field projection in the main
current direction) corresponding to the Caughey-Thomas mobility model [13, 24],
with βn = βp = 2; and d) the Lombardi-CVT volumetric model [15], which accounts
for the mobility of carriers inside the inversion layers. Details of the mobility-model
implementations for b), c), and d) can be found in [13, 24, 27], respectively.
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Fig. 4 Field-dependent mobility at the interface between semiconductor and electrodes at the steady-state
regime

For the transient solution, the modeling of parameters such as the recombination
rate is key for the THz regime description. Here it is employed a Shockley-Read-
Hall (SRH) model with an electron and hole lifetime of τn = 0.3 ps and τp =
0.4 ps, respectively. The incoming laser beam [26] impinges at the surface of the
semiconductor at (x0, y0, z0), centered in the inner part of electrodes (Fig. 1), with an
optical intensity of I0 = 0.5 W/μm2 and a wavelength λγ = 780 nm. The generation
of carriers at any point (x, y, z) is given by the function G:

G(r, t) = G0

(
1 − e−αλ|z−z0|

)
h(x, y, z, t) (12)

where G0 = I0λγ αλT ξ

hc
is the peak generation rate, which includes the parameters αλ

as the photonic absorption coefficient (taken as 1 μm−1 in the simulations), T = 0.8
as the transmittance in the vacuum-semiconductor interface and ξ = 0.9 as the rate
of pairs (e-h) which contribute to the total electric current. The function h(x, y, z, t)

accounts for the spatial distribution of carriers in the form:

h(x, y, z, t) = e

−
⎛
⎝( |x−x0 |

σx

)2+
( |y−y0 |

σy

)2+
(

t−t0−
|z−z0 |nλ

c
σt

)2

+αλ|z−z0|
⎞
⎠

(13)

where σx = 1.8 μm, σy = 1.8 μm, σt = 80 f s describe the spatial and temporal
distribution of the spot laser, nλ = 3.68 corresponds to the refractive index of the
semiconductor and t0 = 4.2 ps is a reference time.

Figure 5 depicts the time-domain Gaussian waveform of the incoming laser pulse
formerly described. The current rise time, and consequently the local electromag-
netic field, follows the incoming pulse, as it is shown by lines depicting the current
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Fig. 5 Time-domain current pulses, and derivative of the current pulses, at the center of the spot. Also,
time-domain laser source waveform (wavelength: λγ = 780 nm; pulse width: σt = 80 fs) [26] is depicted
as reference

density at the top of the semiconductor, just at the center of the laser spot. However,
the decay time works in a different way. It is governed mainly by the carrier recombi-
nation rate, and regardless of the decay rate of the incident pulse, the current density
remains appreciable. It can be also observed the key role played in the decay time
by each mobility model: unrealistic late-time reflections appear for high mobilities
such as those employed in the constant model or the second parallel model. Finally,
time-derivative currents are also included as a reference for a further comparison of
radiated fields. In Fig. 6, the spectrum of the pulses of Fig. 5 are depicted. The laser
source, with a bandwidth which ranges up to roughly 10 THz, is limited in bandwidth
up to the 2–3 THz for the pulses corresponding to densities of current. Those cur-
rents act as source of the electromagnetic radiation, which also presents this narrower

Fig. 6 Frequency-domain pulses corresponding to currents and derivative of currents at the center of the
spot, and also to the laser source pulse
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bandwidth as reported experimentally [26]. Thus we conclude that an adequate esti-
mation of the recombination rate for our experimental sample is crucial to reproduce
the experimental measurements in practice.

Figures 7 and 8 depict the radiated electrical field obtained with numerical sim-
ulations and also the experimental measurements for comparison. In this case, the
dependence of the final results on the mobility model is emphasized. The electron
device and electromagnetic solvers were coupled in order to reproduce the experi-
mentally measured radiation electric field [26] in the broadside direction (shown as
−Z in Fig. 1). To this end, it is applied the approach presented in [18] to calcu-
late the detected pulse from the radiated field at broadside direction. Thus, Fig. 7
reflects that the choice of mobility model affects the final simulation result. An initial
approach based on the homogeneous mobility causes oscillations due to electromag-
netic reflections coming from the boundaries, which require of a total travel time
of roughly 2 ps to reach the end points of the PCA. This unrealistic homogeneous
approach has been included to illustrate the relevance of mobility models in order
to produce satisfactory results, because solutions at time-steps higher than twice the
time needed to travel the minimum dimension of the device are inaccurate. This issue
has dramatic consequences in the frequency-domain solution (Fig. 8). Thus, results
from non-homogeneous mobility models are also considered. In this respect, any of
the parallel or volumetric models could be deemed valid when only the frequency-
domain graphs are considered. The time-domain graph provides a better estimation
of the effect of the more realistic mobility models, i.e. the volumetric or first-parallel
model, which fit the experimental data. The first-parallel model improves the refer-
enced second-parallel because of the more realistic description of the characteristics
of LT-GaAs substrate with the parameters (βn = 1.82, βp = 1.75), according to
[24]. However, the more detailed Lombardi-CVT volumetric model does not offer a
better match of the experimental response. The main reason for this lack of improve-
ment is the electrostatic field distribution in the PCA, which is parallel to the surface
of the semiconductor. Thus the parallel-mobility models offer an adequate numerical

Fig. 7 Time-domain detected pulse from radiated electric fields in the broadside direction
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Fig. 8 Frequency-domain detected pulse from radiated electric fields in the broadside direction

description with lower computational demands compared to the volumetric mobility
models. Another noteworthy issue is the discrepancy in the 1.5–2.5 THz of Fig. 8
for both models. In this case, the accurate steady-state description is inadequate to
reproduce the experimental results, and other numerical issues, such as the above-
mentioned limitations of the drift-diffusion model or the numerical modeling of the
THz system, may be the origin of these differences. Regarding the derivative of the
current pulses, Fig. 8 confirms the reasonable accuracy of the models based on par-
tial differential equations. This fact is noticeable taking into account the negligible
computational burden required, and also suggests the employment of such equations
in those cases where simplifying assumptions are hold.

In any case, better results are achieved when implementing proper considerations
regarding realistic physical models. As pointed out in the Introduction, these results
are notable since more than 95 % of the computational time is devoted to solv-
ing Maxwell and drift-diffusion equations for any of these descriptions. Therefore,
the improvement comes from an accurate initial description of the magnitudes char-
acterizing the steady-state regime of the electron device. Although it is clear that
better final results are expected when higher accuracy is employed in the physical
models, we analyze the improvement quantitatively and in detail. This issue is not
trivial since several authors have built their simulation codes using approximations
whose consequences have been clarified here. In addition, our simulation infrastruc-
ture, developed from scratch, has allowed us to delve more deeply into time- and
frequency-domain analysis.

4 Conclusion

This paper has shown that an accurate simulation description of photoconductive
antennas from the device level is required to match experimental measurements
involving these devices in the electromagnetic context. Despite being governed
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mainly by electromagnetic-radiation parameters, PCA modeling requires not only
an accurate description of the carrier dynamics but also a realistic description
of the initial steady-state regime in terms of carrier, electric potential and field
distributions, and an accurate field-dependent local mobility model in the semicon-
ductor. The results demonstrate the superior performance of the hybrid electronic-
electromagnetic numerical technique intended to model devices in the THz operation
regime. Experimental data have been accurately reproduced both in the time and
frequency domains. Advances improving accuracy in electron device numerical sim-
ulations are of great relevance in THz electronics, where researchers can find an
appropriate scenario to test state-of-the-art numerical methods both in the electro-
magnetics and electron device realms.
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