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FDTD and Monte Carlo methods are combined to simulate the terahertz radiation
from a coplanar photoconducting structure. The simulation tool under consideration
allows calculation of potentials, particle distributions, current densities, and the near
field electromagnetic fields anywhere in the computational domain. To model the far
field radiation, it is not efficient nor, in many cases, physically possible at present to use
the FDTD technique directly because of the excessive computational burden.
Techniques are discussed for modeling both the near field and the far field radiation.
Computational results showing the far field radiation are in qualitative agreement with
published experimental results.
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INTRODUCTION

Characterization of the electromagnetic radiation
arising from ultrafast electronic structures whose
dimensions approach the wavelength of operation
is a subject of continued research. The design of
terahertz radiators [1, 2] as well as applications
such as electrooptic sampling [3], switching [4], and
terahertz spectroscopy [5] all require an accurate
model of the radiated electromagnetic field. In

some simple cases the radiated field may be
calculated directly or approximated from a known
excitation. Alternatively, numerical techniques
such as the finite-difference time domain (FDTD)
method allow computation of the fields radiated
from structures with arbitrary physical geometry
or material composition. For an accurate portrait
of the radiated fields, the open region simulation
space used in the FDTD should be terminated
with absorbing boundary conditions (ABCs).
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ABCs eliminate reflections at the edges of the
computational domain, allowing simulation of
propagation in infinite free space.
The computational burden of the FDTD

method increases with the dimensions of the
physical simulation space, and thus becomes less
efficient for calculations far from the source. The
FDTD also suffers from numerical grid dispersion
for large computational domains. Additionally,
the larger the simulation space, the larger the
computational burden involved in the ABC
calculations. It is, therefore, desirable to use
alternate techniques for determination of the far
field radiation.

FORMULATION

POISSON
INIT FDTD,,J

MONTE CARLO
SCATTER PARTICLES

FDTD SOLVE
B-FIELDS

MONTECARLO
SCATTER PARTICLES

PARTICLE CURRENT

FDTD SOLVE
E-FIELDS

DETERMINE
FAR FIELD

FIGURE Computer algorithm used in the present work.

Simulation Tool

The present work utilizes a simulation tool which
has been developed at Oregon State University [6].
The tool couples a Monte Carlo particle simulator
to either a Poisson solver or an FDTD electro-
magnetic solver to determine device characteristics
such as potential, particle distribution, and current
density anywhere in the computational domain. In
the present case, the FDTD solver is used,
enabling determination of the electromagnetic
(EM) fields throughout the simulation space. The
Monte Carlo simulator and the FDTD solver are
coupled together in a leap frog manner, allowing
continual updates of both the particle distribution
and the EM fields, see Figure 1.
The Monte Carlo particle simulator allows

stochastic solution to the Boltzmann transport
equation for particle motion. Particle motion is
modeled as a series of free flights subject to
magnetic and electric forces. Motion is terminated
by instantaneous, random scattering events. Ran-
dom scattering times are generated using a random
number generator and the calculated quantum
mechanical scattering cross-section. Important
scattering mechanisms for GaAs are included in
a three band model.

The FDTD scheme used in the present work
allows modeling of complex, three dimensional
structures. Centered differences are used in time and
space, utilizing the Yee cell formulation [7]. This
technique allows broadband response predictions
and access to field components throughout the
computational domain. The absorbing boundary
conditions used in the simulations space are
Berenger’s Perfectly Matched Layer (PML) [8].
Impedance matching to a highly lossy medium is
accomplished by utilizing electric and magnetic loss
terms to attenuate only the outgoing portion of the
wave. In the PML, absorption is theoretically
independent offrequency and angle ofincidence [8].

Photo-Conducting Experiment

The radiation arising from a photo-conducting
system is modeled using the simulation tool
described above. In this system, a sub-picosecond
laser pulse incident on a GaAs substrate creates
electron-hole pairs, as shown in Figure 2. Biased
electrodes on either side of the pulsed area cause
the electrons and holes to migrate away from each
other, creating a dipole moment. A time-varying
current density is induced in the GaAs substrate.
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FIGURE 2 Typical structure for an electrooptic sampling
experiment.

The rise time of the current pulse is extremely fast,
on the order of a few hundred femtoseconds, as
illustrated in Figure 3a. This current density is the
source of the EM radiation in the photo-conduct-
ing experiment. Once the excitation is removed,
the biased electrodes continue to attract the
electrons and holes, therefore recombination
occurs over a timescale much longer than the
simulation time.
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FIGURE 3 (a) Current density in the GaAs substrate for an
injection rate of lel5/cm and bias of 40 volts. (b) Numerically
smoothed time derivative of the current pulse shown in (a).

RESULTS

Figures 4a and 5a show the near field radiation
along a surface above and parallel to the GaAs
substrate of the structure shown in Figure 2. These
fields were calculated using the simulation tool
described above, with a bias of 40 volts on the
metal electrodes, and an injection rate of e15/cm3.
In this simulation it was assumed that the laser
pulse had a Gaussian wavefront with beam radius
standard deviation of 2 gm, a Gaussian-distrib-
uted energy variation between 1.42 eV and 1.62 eV
(larger than the bandgap of GaAs), and a pulse
duration of approximately 20 fs.

If the source is modeled as a Hertzian dipole,
i.e., a dipole with negligible length, the radiation
may be found using the well-known equations for
an infinitesimal dipole, repeated, for convenience,
below. See e.g. [9], for the derivation.

fvJ(t-7) dv fv 7)dv’ (1)cR2 + c2R

Here R is the distance from the dipole to the far
field observation point, J is the volume current
density induced by the dipole, and 0 is measured
off the dipole axis. Figures 4b and 5b show the
fields from an ideal dipole for comparison to that
of the near field radiation found using the FDTD
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FIGURE 4 Eo: (a) Near field radiation from the photo-
conducting structure found using FDTD. (b). Near field
radiation from an ideal Hertzian dipole.
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FIGURE 5 ER: (a) Near field radiation from the photo-
conducting structure found using FDTD. (b) Near field
radiation from an ideal Hertzian dipole.

simulation in Figures 4a and 5a. The effects of the
various material parameters in the simulation
space may be seen in Figure 4a. Specifically, the

GaAs/air interface causes some variation in the
field distribution near the center of the surface.
To model the far field radiation, only terms

which decrease as 1/R are retained from Eq. (1). In
this case, the electric field is given by:

sin 0 0
Eo(R, t)-4r-oc 20-t .f f fvJvdV’ (2)

The far field radiation is proportional to the
time derivative of the excitation. Eq. (2) is often
used to approximate the far field radiation arising
from photoconducting antennas and arrays [1].
However, (2) assumes a dipole source of negligible
length and free space propagation. The use of (2)
in the photo-conducting experiment also neglects
the effects of the GaAs substrate and metal
electrodes. In addition, numerical implementation
of the time differentiation emphasizes the high
frequency noise components. Figures 3a and 3b
show a typical current pulse and two numerically
smoothed versions of its derivative with respect to
time. Smoothing is accomplished using a moving
average filter. Figure 3b compares to measured
results such as [10].

It is expected that a more accurate representa-
tion of the far field radiation would be given with a
near-to-far field transformation. This technique,
which has been utilized by microwave and RF
engineers for the analysis of radiation from, for
example, horn antennas [11], utilizes an equivalent
source methodology. The fields found on a closed
virtual surface surrounding the source are used as
new sources of radiation, replacing the original
source, as illustrated in Figure 6. In this technique,
the near field radiation arising from a complex
structure may be calculated using the FDTD
method, and the far field radiation may be found
using the equivalent source in a homogeneous
external problem space. Several formulations for
an equivalent source representation exist, inclu-
ding vector forms such as the Schelkunoff equiva-
lence theorem [12], the Stratton-Chu formulation
[13], the Franz formulation [14], and the scalar
Kirchhoff Surface Integral Representation, de-
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Monte Carlo particle simulator with an FDTD
electromagnetic solver was used to numerically
determine the near field radiation. Computational
results showing near field radiation patterns were
shown. Techniques for approximating the far field
radiation were discussed. Simulation results for a

technique based on calculation of the derivative of
the excitation were presented.

FIGURE 6 Equivalent current source model. Acknowledgement

scribed, for example, in [15]. All provide a
relationship between the electromagnetic fields on
a surface surrounding a source and the field at a
point outside the surface. The field produced by
the equivalent source at the observation point will
be the same as that produced by the original
source. The Kirchhoff formulation would be the
preferred technique in modeling the photo-con-
ducting structure because the technique requires
only the values of the electric fields on the
equivalent surface. This is an advantage when
used with the FDTD since the electric and
magnetic fields are offset spatially by one half cell
[16, 17]. Additionally, since this is a scalar
formulation, each field component may be calcu-
lated independently, allowing placement of the
virtual surfaces to coincide with each field
component’s placement in the Yee cell. Applica-
tion of this technique to the photoconducting
structure is currently being implemented by the
present authors.

CONCLUSION

Techniques for describing and modeling the
terahertz radiation from a photo-conducting
structure have been discussed. The physical source
of radiation for laser excitation on a GaAs
substrate was described, and an approximation
of the source in terms of an ideal Hertzian dipole
was presented. A simulation tool which couples a
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