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We distinguish the screening contributions due to the Coulomb and radiation parts of the
electromagnetic field subsequent to the ultrafast photogeneration of electron-hole pairs in
photoconductive GaAs terahertz �THz� sources. We employ the Monte Carlo method
self-consistently including the Maxwell equations to study the effects of the excitation-spot size and
excitation level on the emitted THz radiation, and find for a range of reasonable excitation levels an
excitation-spot diameter of �100 �m as the crossover point beyond which radiation effects
dominate screening. © 2006 American Institute of Physics. �DOI: 10.1063/1.2196480�
Ultrafast broadband terahertz �THz� transients generated
by femtosecond optical pulses incident on biased photocon-
ductors are commonly employed for THz sources. A great
effort has been made to improve the performance due to their
typically low THz output power �a few hundred nW� and
optical-to-THz conversion efficiency ��0.01% �, usually us-
ing large excitation-aperture emitters because of the rela-
tively small photocarrier screening of the bias field.1–3 To
enable the development of compact THz systems with high
radiation power, however, we need to consider the overall
efficiency with an eye to the limitations due to screening4

related to excitation-spot size. One of the unsolved issues in
the generation of THz radiation from photoconductors with
relative small excitation-apertures is to clarify the relative
roles played by the direct Coulomb screening of the bias
field by the photogenerated carriers and the radiation screen-
ing due to the back action of the THz field on the device
itself.5 On the one hand, for a large excitation-aperture,
where the excitation-spot size well exceeds the center wave-
length of the emitted THz transient, radiation effects can be
derived from simple electromagnetic boundary conditions.1,2

On the other hand, when the spot size is considerably smaller
than the center wavelength of the THz radiation, the bound-
ary conditions cannot be used because the electric fields are
not uniform over the excitation-aperture boundary. This ap-
proach is therefore invalid for photoconductive switches with
relatively small gap, which produce highly divergent radia-
tion. Thus, to consider the back action of the radiation field
on the dynamics of the carriers as well as that due to the
static Coulomb field arising from the electron-hole pairs, we
report in this letter an approach using the retarded electro-
magnetic field from moving groups of charges.6–8 We find
that if the electromagnetic propagation time across the emit-
ter is longer than the duration of the generated electromag-
netic transients ��1 ps�, then the relative importance of Cou-
lomb and radiation screening clearly depends on the
excitation-spot size. Moreover, we predict an enhancement
of the optical-to-THz conversion efficiency with increasing
excitation-aperture for a given optical excitation power com-
pared with what would be expected based on screening.

When a photoconductor is excited by high peak-fluence
optical pulses, the accelerated motion of the electrons �and to
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a lesser extent, holes� by the bias field results in the emission
of THz radiation, but at the same time, as the carriers un-
dergo their spatial dynamics in the bias field, they partially
screen out the bias. The origins of the screening consist of
the radiation field and the space-charge field, which contrib-
ute to the collapse of the total electric field acting on the
carriers at high carrier density.1,9 To explore the screening
associated with the photoexcited carriers, we divide the car-
rier densities spatially into groups of moving charges, and
from these, compute the emitted electric fields that then act
back on the various groups of charges. The electric field due
to a point charge q moving with velocity v and acceleration
a is8

E =
q

4��
� 1

�1 − R̂ · v/c�3
��1 − v2/c2��R̂ − v/c�

R2

+
R̂ � ��R̂ − v/c� � a�

c2R
	


tr

, �1�

where � is the permittivity, c is the speed of light in photo-
conductor �background dielectric�, and R is the position vec-
tor directed from charge q to the point of observation. R, v,
and a are evaluated at the retarded time tr= t−R /c where t is
the present time for which E is evaluated. The magnitude
and direction of the electric field at each location are the sum
of the electric-field vectors for each individual charge. To
distinguish the Coulomb and radiation components of the
field, if the maximum drift velocity of the photoexcited car-
riers is much less than the speed of light, v /c�1, the electric
field of Eq. �1� can be conveniently split into two compo-
nents: the Coulomb field, Ec, and the radiation field Er,

8,10

E � Ec + Er =
q

4��
� R̂

R2

tr

+
q

4��c2� R̂ � �R̂ � a�
R



tr

.

�2�

When the charge is stationary �v=0, a=0�, we have only the
Coulomb field Ec while the radiation field Er is expected to
dominate for large values of the acceleration. To include nu-
merically even small effects of the drift velocity in Er or Ec,
we can subtract Ec or Er from the electric field E in Eq. �1�,
respectively.11 To obtain the transport properties �R, v, and a�

of the photoexcited carriers, we solved the Boltzmann equa-
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tions employing the Monte Carlo method12–15 We include the
three nonparabolic valleys �, L, and X within the conduction
band and warped heavy- and light-hole bands.16–18

We consider a GaAs-based photoconductive source lat-
erally biased at 40 kV/cm in the x direction excited by a
75-fs full width at half maximum �FWHM� optical pulse
spectrally centered at 800 nm with a repetition rate of
76 MHz. Patterned on top of the device are assumed to be
two infinitely long parallel electrodes, between which is the
photoconductive gap four times the excitation-spot diameter.
Various excitation-spot sizes and levels incident upon this
gap were simulated. The optical excitation acts as a carrier
source within the Monte Carlo simulation; the carrier source
terms are taken as Gaussian both temporally and spatially to
match the optical excitation pulse. We give results in Fig. 1
for the Coulomb field profiles and the radiation field induced
by accelerating carriers after laser excitation with a 20-�m
FWHM spot diameter for a peak carrier density of
1017 cm−3. Since the net positive and negative space charges
develop as the electrons and holes drift in opposite direction,
the electric field induced by this space charge screens the
bias field as shown in Fig. 1�a�. The directional characteris-
tics of the radiation field depend upon the relative orientation
of the velocity and the acceleration, as shown in Eq. �1�.
Thus, the electric field induced by the accelerating carriers is
also in the direction opposite to the bias field as shown in
Fig. 1�b�. These Coulomb and radiation fields effectively col-

FIG. 1. �a� The Coulomb screening field induced by the space charge. �b�
The direction of radiation screening field caused by accelerating charges.
lapse the bias field driving the carriers and results in the
Downloaded 08 Jun 2012 to 128.173.127.127. Redistribution subject to AIP li
saturation of THz output field strength. The Coulomb screen-
ing field near the spot edges is weaker than at the center of
the Gaussian laser spot as shown in Fig. 1�a�, since the car-
rier density decreases toward the edges.9,19 In Fig. 1�b�, we
can see that the radiation field near the edges of the spot
away from its center in the y direction is stronger than any-
where else since the carriers near these edges move faster
than those elsewhere because of the weak Coulomb screen-
ing field. The peak points of the radiation screening field
move to the anode due to the high mobility of the electrons
comparing to the holes.

First, to distinguish between the Coulomb contribution
that produces space-charge screening and the radiation con-
tribution caused by the acceleration of carriers as a function
of excitation-aperture size, we maintain the peak excited car-
rier densities 1017 cm−3. �Thus the total optical pulse energy
varies with spot size.� Figure 2 shows the screening field �the
x component of the retarded field� as a function of spot di-
ameter maintaining a given carrier density by adjusting the
incident optical power. As the excitation-spot size increases,
the overlap of the photoexcited electron and holes also in-
creases. Thus, relatively small net positive and negative
space charges develop, and the distance between them in-
creases. One can see the Coulomb screening decrease as the
excitation-spot diameter increases. Meanwhile, for the radia-
tion screening, although the excitation-aperture size in-
creases, the radiation field remains essentially constant with
excitation-spot size due to the same carrier density. The con-
tributions of Coulomb and radiation screening are shown in
the inset of Fig. 2. One sees the Coulomb screening field is
dominant up to an excitation-spot size of �100 �m FWHM,
but for larger spot size, the radiation field dominates.

In the typical experiment one has fixed optical power,
but can vary the spot size by means of focusing optics. In
this case, as the excitation-spot size increases, the Coulomb
screening field decreases rapidly as shown in Fig. 3 �compare
with Fig. 2� because the distance between the carriers in-
creases due to the decrease of carrier density. In addition, as
the carrier density becomes sparse, the carrier numbers con-
tributing the Coulomb and radiation screening field decrease.
As a result, the radiation screening field also decreases as the

FIG. 2. Coulomb and radiation screening field vs excitation-spot diameter
for a given carrier density 1017 cm−3. Inset: Contribution of the Coulomb
and radiation field to the screening field vs excitation-spot diameter.
excitation-aperture size increases, as shown in Fig. 3. The
cense or copyright; see http://apl.aip.org/about/rights_and_permissions
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contributions of Coulomb and radiation screening in this
case are shown in the inset of Fig. 3. One sees similar con-
tributions to the screening field in the inset of Fig. 2 except
for the gradual slope resulting from the decrease of both of
the Coulomb and radiation fields at the same time.

In the absence of screening, as optical excitation in-
creases, the THz radiation power also increases due to the
quadratic dependence of the THz radiation power on the
number of charges contributing,8,10

P �
1

6��0

N2qsc
2 �a
2

c3 , �3�

where N is the number of carriers in the ensemble, qsc is the
supercharge representing a subpopulation of the carriers in
the real device, and �a
 is the retarded ensemble average of
the acceleration. The THz power also originates from carrier
acceleration by the bias field since the THz power is propor-
tional to the square of the acceleration, as shown in Eq. �3�.
Thus for a given excitation level, if we maintain the external
bias field by reducing the screening as we increase the
excitation-aperture size as in Fig. 3, we obtain optimal con-
version efficiency from optical to THz radiation as shown in
Fig. 4. One sees the enhancement of the optical-to-THz con-
version efficiency defined by the ratio of average THz radia-
tion power and the optical excitation power �5 mW� from
0.024% to 2.6% as the excitation-spot diameter increases
from 7 �m FWHM �THz average power: 1.24 �W—within
an order of magnitude of the experimental result in Ref. 4� to
more than 100 �m FWHM �THz average power, 0.13 mW�.
We obtain the THz average power from power spectral den-
sity �PSD� like that in the inset of Fig. 4 by the integration
over the frequency range of PSD �Ref. 20�.

To conclude, we have distinguished two contributions to
the THz radiation associated with the Coulomb and radiation
fields acting back on the carrier dynamics within the first
picosecond. In this way, we have identified which of the

FIG. 3. Coulomb and radiation screening field vs excitation-spot diameter
for a given optical excitation power 5 mW. Inset: Contribution of the Cou-
lomb and radiation field to the screening field vs excitation-spot diameter.
Coulomb and radiation fields is dominant with varying
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excitation-aperture sizes, and have found that these screening
effects may be the main factor underlying radiation power
saturation. For a given optical excitation power, we predict
that the enhancement of the optical to THz conversion effi-
ciency with a broaden excitation-aperture is possible. For a
given optical excitation power �5 mW in this letter�, the con-
version efficiency with excitation-spot diameter more than
100 �m FWHM is enhanced by a factor of 100 compared
with 7 �m FWHM excitation-spot diameter.
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