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We use a Monte-Carlo model to simulate semi-classical pho
and GaAs that leads to terahertz emission. We compare the €
ductors as function of excitation photon energy finding
is more relevant to explain their performance difference than thei
ballistic transport after photoexcitation is the dominant
of diffusion driven or surface field driven charge sepa@bn, whi

most relevant mechanisms.

PACS numbers: 78.47.-p, 78.47.J-, 78.47.D-, 73.23.A

-cartier dynamics of InAs, InGaAs

issi wer of all three semicon-
Irier excess excitation energy
bilities. We conclude that
for terahertz emission instead
were traditionally considered the

-hanis

\L_
Terahertz emission from semiconductor surfaces af‘}\\@lency between InAs, InGaAs and GaAs at 800 nm

ultrafast photoexcitation has been the subject of: -
sive research [1-5]. This phenomenon is relevant not

reveal aspects of the carrier dynamics in“gugh |
als [8-10]. Broadly speaking, two mai mecu‘}'ﬁg‘
erial’

emission have been identified. Firstly,

: lec-
tric field produced by the band pining ne%‘f&ce is

expected to generate charge acceleration perpendicular
to the semiconductor’s surface, ghis 1s*6hought to be the
dominant mechanism in bro 1dgapimaterials such
as GaAs [9, 11, 12]. In contrast, thelarge difference of

electron and hole mobilities$n ndrrow b ndgap semicon-
ductors is thought to“‘l{

charge separation in
in the direction nor

in the near field [15, 16] and
simulations have demonstrated that
in the direction parallel to the
ant in the terahertz emission process
tter{ we report simulations that demon-
strateithat the initial kinetic energy of carriers owing to

pho§m bandgap excess energy determines to a
e emitted terahertz power, and that ballis-

ism for terahertz emission. This theory explains
tter the difference in laser-to-power conversion

* enrique@cio.mx; http://www.thz.org.mx

and represents a change in paradigm of the physics be-
ind terahertz emission.

The carrier dynamics of GaAs, Ings3GagarAs (In-
GaAs) and InAs was simulated under ultrafast photoex-
citation using a semiclassical Monte Carlo approach. A
volume of 35 pm x 35 pm x 10 ym was simulated using the
computational code described in [8, 11, 17, 18]. The sim-
ulation volume is divided into a 120 x 120 x 40 partition
mesh. One million pseudo-particles are used to simulate
intrinsic and photogenerated carriers move within this
three-dimensional space. They are assumed to move clas-
sically in 1fs time steps. Initially, a random distribution
of intrinsic carriers with energies given by a Maxwell-
Boltzman distribution is assumed. The charge density
across the partition is calculated; from it, the Poisson
equation is solved and the electric field is calculated
which in turn is used to calculate the force acting on each
carrier in the next time step. The potential at the surface
boundary of the semiconductor is fixed to the pinning
potential ®(z,y,z = 0) = &, and a Neumann boundary
condition where used for the rest of the boundaries. Af-
ter 1.5ps a normal incidence optical pulse of Gaussian
temporal and spatial profile (7=1001fs, o =5 um) ex-
cites the semiconductor injecting additional carriers to
the simulation. For each time step, we calculate carrier
scattering rates for LO-phonons, TO-phonon mediated
intervalley (T, L and X), acoustic phonons, charged im-
purity and carrier-carrier interactions. Pseudo-random
numbers are used to decide if each carrier scatters, and
to determine its scattering angle and energy change.
We perform simulations without carrier-carrier scatter-
ing finding marginal differences with the ones including
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FIG. 1. Simulated THz electric field emitted at various pho-
ton excitation energies. Each set is normalized and an offset
has been added for visualization.
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TABLE I. Semiconductor parameters used in the simulatjon. %he simulations lasted, and is given by

I" valley effective mass, m*r 0.022mo 0.04mo 0.0 \

L valley effective mass, m*1, 0.29mo 0.42mo 0.56m0\
O.74mo 10

0.36m0 0. ) \

X valley effective mass, mxx 0.64mo
Hole effective mass, mo* 0.5mo

te values that did not

in [20], [21],[22], [23], intermedi
i olated linearly. Some

appear in the references were
other semiconductor para

are shown in Table 1. All g1
ature of 300 K. (

jection and subsequent charge
nissiom, of terahertz radiation,

ven by

The transient photo
separation leads tosthe
which in the far- i

=0, 1)

. L) -
. is'the current density in the z direction. The
densities«in the z and y directions have no con-

tributien to ﬂr terahertz electric field given that they

owing to symmetry. We perform sets of simu-
or InAs, InGaAs and GaAs where the excitation
pho enétgy varies starting from the corresponding T
hergy at a constant laser fluence of 382nJ/cm?.
Normalized waveforms for all three sets of simulations
are shown in Fig. 1.

The power emitted in each case was calculated by inte-
grating the square of the electric field over the 5 ps period

Pry, = / | B, ()2 dt. (2)

The emitted power as function of the pump photon en-
ergy is shown in Fig.2. All three semiconductors show
very pronounced increase in their emission with photon
energy. Some features associated to the side valley tran-
sitions are also visible in the curves. The energy corre-
sponding to 800nm (1.54eV) is indicated by a vertical
dashed line. Many studies have compared the perfor-
mance of these semiconductors at that wavelength, which
is commonly used because of the availability of ultrafast
Ti:sapphire lasers. A very significant power difference,
exceeding one order of magnitude, is seen between GaAs
and InAs. A quantitative comparison of the amplitudes
at 800 nm is shown in the bar plot in Fig. 3b where InAs
emits about 90 times the power emitted by GaAs. This
difference in performance has been experimentally ob-
served and power differences between x44 and x69 when
comparing GaAs and InAs have been reported [3, 4].
This difference has historically been attributed to the
larger contrast of diffusion of electrons and holes in InAs
in comparison to GaAs, which is, at its time, associated
to their contrast in mobilities. Yet, the contrast in mo-
bilities does not have a significant dependence with the
excess pump photon energy, then the increase in emitted
power as a function of the pump photon energy can not
be explained just by the difference in mobilities of the
semiconductors.

Given that the curves presented in Fig.2 were calcu-
lated for constant pump fluence, larger photon energies
imply smaller numbers of photons per pump pulse, how-
ever, we can see that the emitted terahertz power in-
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FIG. 3. (a) Emission power as function of excess energy

from the I" valley for each material. For these results, a con-
stant pump photon flow per excitation pulse of 1.5 x 102
photons/cm? was considered. (b) Ratio of emitted power to
emitted power for GaAs for constant pump fluence at 800 nm
(1.55 eV) excitation energy. (c) Ratio of emitted power to
emitted power for GaAs at 1 eV of excess energy from I' at
constant pump photon flow per pulse.

instead of their absolute energy. Firstly it is clear that
now the differences in terahertz emission are significantly
smaller, a comparison between all three semiconductors
at 1eV excess energy is shown in Fig. 3¢, where they gen-
erate similar powers within a factor of 2. This means
that the difference of mobilities between the three semi-
conductors only explains small differences, well below an
order of magnitude of efficiency, when the semiconduc-
tors are pumped with the same number of photons and
with the same bandgzgtexcess energy. Yet, for constant
photon flow, an eve ¢ pronounced dependance of
the power emitte w'rsﬁ excess energy is observed for all
three semiconduéters. From Er to Er+1eV there is an
emitted powerd exceeding 1 order of magnitude.

itial carrier energy is more im-
ility difference, as has traditionally

Fro
can c@nclude

hat' the initial kinetic energy of carriers
is_central to &Xplain the extraordinary difference in
ission en the three semiconductors at 800 nm.
also‘t}nclude that the difference in mobilities of the
semiconduictors accounts only for a relatively small part
eir performance differences. Finally we can say that

0
Nﬁ— xcitation ballistic motion is more relevant than
iffusion in order to understand the carrier dynamics

N

\~t‘hat leads to emission of terahertz from unbiased semi-

creases with pump photon energy regardless of thefact
that less electron-hole pairs are being excited.

In order to understand the previous obsgerva

shown in Fig. 3a. In this case the emitted powernis shown
as a function of pump photon/§ ban excess energy,

gy,

conductor surfaces and the relative importance of drift
current in comparison to the ballistic motion depends on
the comparison of the initial kinetic energy hv — Fyangap
and the surface potential energy eVpin.
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