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The efficiency of terahertz emission by the photo-Dember effect from bare InAs, GaAs, and InSb
samples as a function of the excitation-light wavelength is investigated to demonstrate that an electron-hole
kinetic-energy equilibrium is rapidly reached, before the radiation peak. Numerical and experimental
results show clear features that match the onset of electron scattering from the Γ valley to the L and X
valleys. An ambipolar-based simulation model is developed to describe the above characteristics and to
explain the experimental pump-fluence dependence of radiation emission from InAs. Results illustrate the
potential of terahertz excitation spectroscopy to probe the electron density of states deep in the bands of
semiconductor materials and obtain a depth profile of the dynamic forces acting on carriers at a
subpicosecond time scale. Moreover, the potential of the further development of numerical models
intrinsically including electron-hole attraction to describe photoinduced hot-carrier dynamics is explained.
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I. INTRODUCTION

The collective motion of charge carriers having undergone
a light-induced band-to-band transition in a semiconductor is
a phenomenon that is at the heart of a wide range of critical
technological uses and remains a very active research topic.
The properties of hot electron-hole ensembles, about which
much is still not precisely known, can be significantly
different from the ones of intrinsic carriers, and alternative
experimental methods have recently been employed for their
characterization in a broad variety of materials. There is a
need to better understand material performance limits on a
short time scale in a high carrier energy and density
environment.
One application example, within a very large body of

literature, is the development of InP- and GaAs-based
photodiodes for optical data receivers, where there is a trend
towards smaller-area active regions with a micron-scale
thickness to push data rates to 100 Gbit=s and beyond [1].
For high-speed andwide-spectral-band devices, high-energy
electron scattering is a performance-limiting factor [2].
Another example involves the study of III-V semiconductor
nanowires for high-sensitivity photodetection with possible
nanoscale integration [3], with the GaAs=ðAl;GaÞAs
material system with passivated surfaces being a candidate
structure [4]. Finally, we mention polycrystalline silicon for
low-cost solar-cell applications, where there is an interest in
the improvement of nondestructive and quantitative charac-
terization methods to reach better device performance [5].

While the fundamental analysis of materials with exter-
nally generated light pulses in the terahertz spectral range
used as a pump or a probe beam is a rapidly growing
research field to investigate carrier dynamics [6], another
avenue that is particularly relevant in responding to the
need for a contactless device evaluation method [7] is the
detection and analysis of the terahertz radiation that is
inherently emitted by carrier acceleration when a surface is
excited by a femtosecond light pulse with a photon energy
larger than the semiconductor band gap. This phenomenon
occurs for a wide variety of material systems, including the
three examples given above, namely, III-V p-i-n structures
[8], GaAs=ðAl;GaÞAs quantum wires [9], and polysilicon
layers [10]. Compared to more well-known femtosecond
optical characterization tools, this technique has some
advantages. In dynamic photoluminescence spectroscopy,
the signal comes from carriers undergoing a band-to-band
recombination and is related to the product of the electron
and hole carrier densities. In ultrafast pump-probe mea-
surements, the probe interaction with the sample may also
involve a band-to-band transition; a significant spatial
mismatch with the excited carriers may occur if the two
light pulses have different wavelengths, decreasing sensi-
tivity and attainable resolution. Terahertz emission, by
contrast, is a naturally occurring process that is a signature
unique to the carriers during their flight time before they
recombine. It has the potential to provide, for a given
material and excitation wavelength, a complete physical
picture and precise spatial profile of the dynamic forces
acting on carriers at a subpicosecond time scale in the
direction perpendicular to the surface.
When photons having an energy above the band gap are

efficiently absorbed as a result of the illumination of a finite
semiconductor surface, the diffusion forces acting on the
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generated electron and hole ensembles are unequal.
Therefore, an electric-field distribution in the material is
created, a phenomenon that was discovered over 80 yr ago
called the photo-Dember effect [11]. If the excitation is a
short light pulse, the so-calledDember fieldmay reach a large
amplitude and a current surge is produced in the sample. This
mechanism, along with the possible influence of a built-in
electric field due to a band-bending effect, is responsible for
the emission of terahertz radiation from semiconductor
surfaces via carrier acceleration [12]. The experimental
investigation of this process in the previous two decades
has been extensive, driven by the technological need for a
good source in this spectral range. The efficiencydependence
on a variety of factors, such as applied electric and magnetic
fields, the sample background carrier type and concentration,
excitation wavelength, temperature, and crystal orientation,
has been studied [13–19].
Two schemes have been recently proposed for the goal

of using terahertz emission specifically, instead, for material
characterization. In terahertz excitation spectroscopy
[20–22], the wavelength of the pump pulse is scanned over
a given range under otherwise-unchanged measurement
conditions and terahertz spectra are recorded at a number
of steps to gain some insight on a semiconductor band
structure, particularly the upper conduction valleys. Second,
with laser terahertz emission microscopy [23], a micron-
scale surface spatial resolution is attainable with specially
designed optics. Carrier dynamics inmono- and polycrystals
has been evaluated, with demonstrated advantages in terms
of richness of information and defect sensitivity over other
evaluation methods for photovoltaics [24,25].
Despite these developments, the full possibilities of

terahertz emission for the study of carrier dynamics, which
is the topic of this work, have not been reached so far—even
for homogeneous materials—for a few reasons. For certain
crystalline orientations, a coherent nonlinear difference
frequency terahertz radiationmechanismmay dominate over
the effect of carrier acceleration, complicating analysis.
Moreover, if the band gap is relatively large and there is
band bending at the surface, electrons and holes may
accelerate in opposite directions due to the built-in field,
unlike for a diffusion effect in flatband conditions [12].
Another important obstacle may be that, even though the
photo-Dember effect is a well-known phenomenon, no
simulation environment that gives a complete picture of
experimental results has been described thus far, limiting
measurement interpretation.
The most common formalism to simulate terahertz emis-

sion is a semiclassical drift-diffusion model in which the
time-dependent photoexcited hole and electron carrier den-
sities are calculated as separate entities, and Coulomb
attraction is taken into account at small time steps with
the Poisson equation in a quasistatic approximation. A good
understanding of the influence of an electric field on the
waveform and of the terahertz-radiation enhancement with
the application of a magnetic field due to dipole rotation has

been reached with this framework [26,27]. While a number
of numerical studies have been published that elucidate the
effect of other parameters such as sample doping, band
structure,material, and optical-pulse length [28–33], detailed
comparisons between calculated and experimental results
have been scarce. In particular, a model describing the
efficiency for a given material in the two-dimensional space
formedbyphoton energy anddensity,whichmay be themost
basic experimental parameters involved and are critical for
terahertz excitation spectroscopy, has yet to be demonstrated.
In most numerical analyses, a Monte Carlo method

adapted from a formalism originally developed for unipolar
devices (see, e.g., Ref. [34]) has been used to treat carrier drift
and diffusion by including several scattering mechanisms. A
technical difficulty may then arise due to the physical
quantities involved in the material. For example, in InAs,
a typical energy per pulse of the order of1 μJwith an 800-nm
center wavelength and a spot size of around 1mm results in a
surface carrier density above 1019 cm−3. Assuming a real-
istic Dember voltage (the spatial depth integral of the
photoinduced Dember field) of the order of 1 V, this energy
per pulse would correspond to an electron-hole difference
ratio in the material in the vicinity of 10−4. An accurate
calculation at a given time step of the quasistatic field a priori
with Poisson’s equation in these typical conditions would
require a simulated precision of at least four digits for the
electron and hole spatial distributions, a nontrivial task even
in a one-dimensional approximation for a method relying on
repeated random sampling of electrons and holes. The usual
Monte Carlo methods are not ideally suited to this problem.
In this work, we perform a detailed numerical and

experimental analysis of the terahertz emission efficiency
of three common homogeneous semiconductors, bare InAs,
GaAs, and InSb surfaces, over a broad range of excitation
wavelengths, in an attempt to provide a stronger basis to
reach the full potential of this phenomenon for carrier-
dynamics characterization purposes and then apply it to
other materials. The experimental conditions are designed to
isolate the photo-Dember effect andminimize other emission
mechanisms, with an optical excitation power below satu-
ration, but strong enough to give a clear signal. The
ambipolar-based, finite-difference model that we developed
allows us to successfully reproduce experimental results by
adjusting, to realistic values, only the electron effective
masses in the L and X valleys and using established data
without any tuning for other band parameters. We purposely
avoid including any variable that has no large influence on
the results, in an attempt to keep the calculation as simple as
possible. We find clear features that match the onset of
scattering mechanisms involving the L and X valleys
assuming an electron-hole equilibrium process that is faster
than the radiation emission peak, and we gain some insight
on the carrier dynamics in a high-injection regime. In a
previous study, we developed an ambipolar simulation to
describe, on a picosecond and longer time scale, the proper-
ties of the magnetic semiconductor (Ga,Mn)As under pulsed
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excitation with the concept of electron, lattice, and spin
temperature reservoirs [35]. The model that we use here is
related, being an extension to a faster process inwhichwecan
assume that the carrier and lattice temperatures remain
constant and that there is no spin effect.

II. EXPERIMENTAL DETAILS

The three single-crystal samples that are used for the
measurements are commercially available from Furuichi
Chemical Inc. and are chosen for this photo-Dember study:
they are nonintentionally doped [an n-type residual carrier
concentration below 5 × 1016 cm−3] with a (100) surface
orientation and are polished for epitaxial growth. The
samples are rotated to eliminate the coherent nonlinear
process component of the terahertz signal, which is, in any
case, only a few percent for this crystal orientation [12].
The reflection-configuration terahertz characterization

setup is a standard one with electro-optical sampling
detection using a ZnTe detector crystal, two parabolic
mirrors, a Wollaston prism, a balanced high-speed photo-
detector, and a lock-in amplifier.
The linearly polarized master light pulses are provided by

a Ti:sapphire laser with a 1-kHz repetition rate, a 150-fs
temporal width, and an 800-nm wavelength. They are
split into a small fraction reaching the ZnTe crystal, and a
larger part that entered a commercially available optical-
parametric-amplifier systemwith a tunable range from470 to
1600 nm. For the optical parametric generation, a type-II
phase-matched β-barium borate crystal is used to generate
colinearly propagating signal and idler beams. The desired
output wavelength is obtained from standard coherent non-
linear optical processes and dichroic filters. The excitation
power reaching the sample is adjusted with a neutral-density
filter, and the beam is slightly focused to get a 1-mm-
diameter excitation spot size with a 45° incidence angle. For
each excitationwavelength, the power is adjusted tomaintain
a nearly constant 3 × 1012 number of photons per pulse,
which corresponds to a 1.65 μJ energy per pulse at 800 nm.
The experimental data are analyzed to confirm that the
measured features are not correlated with specific coherent
nonlinear processes of the excitation pulse.

III. NUMERICAL MODEL

The equation set that we apply for result analysis is
based on the work of Hwang and Lindholm [36,37], who
studied the static and time-dependent Dember effect in
photoconductive detectors three decades ago. The key
approximation that is made throughout is to neglect the
difference between the photogenerated electron and hole
densities. As photons are incident at 45° outside the sample,
the propagation angle inside the sample determined by
Snell’s law is small [38]. We neglect this angle and assume
a single dimension perpendicular to the surface. The one-
dimensional carrier distribution is given by a standard
ambipolar equation,

dn
dt

≈
dp
dt

¼ G0e−αz þ
1

q
∂ja
∂z −

n
τrec

; ð1Þ

where n and p are the electron and hole concentrations, G0

is a photon-generation function that can be time dependent,
α is the light absorption coefficient, and τrec is a carrier
recombination time. Surface recombination and reflection
and band-bending effects leading to a built-in field are
neglected. The ambipolar current ja has four components,
electron diffusion jnD, electron conduction jnE, hole
diffusion jpD, and hole conduction jpE. It is given by

ja ¼ jn þ jp

jn ¼ jnD þ jnE ¼ qDn
∂n
∂z þ qμnnED

jp ¼ jpD þ jpE ¼ −qDp
∂p
∂z þ qμppED

n ¼ n0 þ Δn

p ¼ p0 þ Δp; ð2Þ
where jn and jp are the total electron and hole current
densities, n0, p0, and Δn, Δp are the background and
photogenerated electron and hole carrier densities, respec-
tively, Dn, Dp, and μn, μp are the electron and hole
diffusion coefficients and mobilities, respectively, and
ED is the Dember field due to the incoming light-generating
carriers.
For the case of a steady-state excitation, we have ja ¼ 0,

and ED can be easily calculated from Eq. (2). Defining,
following common textbook notation, b ¼ μn=μp, σ0 ¼
qðμnn0 þ μpp0Þ, and Dn ¼ kTnμn=q, Dp ¼ kTpμp=q, we
obtain

ED ¼ qðDp −DnÞ∂Δp=∂z
σ0 þ qðμn þ μpÞΔp

¼ kT
q

b − 1

bþ 1

� ðbþ 1Þ∂Δp=∂z
p0 þ bn0 þ ðbþ 1ÞΔp

�
; ð3Þ

where the electrons and holes have the same carrier temper-
ature, T ¼ Tn ¼ Tp. The part in parentheses on the right-
hand side can be integrated analytically to obtain the well-
known expression for the steady-state Dember voltage [39]

VD ¼ −
Z

EDdz ¼
−kT
q

b − 1

bþ 1
ln

�
1þ ðbþ 1ÞΔp

p0 þ bn0

�
ð4Þ

that provides a convenient rule of thumb for recognizing the
important parameters of the Dember effect, particularly
the mobility radio b and the carrier temperature depending
on the excitation-light wavelength.
For a pulsed excitation with a high injection condition,

n ≈ p ≫ n0, p0, the displacement current ε∂ED=∂tmust be
included following Maxwell’s time-dependent equations
and the total current jtot is
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jtot ¼ ja þ jdisp ¼ qDa∇nþ qμaED þ ϵ∂ED

∂t ¼ 0; ð5Þ

where ε is the dielectric permittivity and the ambipolar
diffusion coefficient andmobilityDa and μa are given as [37]

Da ¼
pþ n

p=Dn þ n=Dp
≈

2

1=Dn þ 1=Dp

μa ¼
p − n

p=μn þ n=μp
≈ 0; ð6Þ

where the electron and hole carrier temperatures modifying
the diffusion coefficients may be different.
In the time scale of interest, we neglect carrier recombi-

nation and the variation of the average carrier energy
(temperature). At a time ti, the carrier distribution n
can be calculated from Eq. (1). By numerical integration,
the Dember field ED is obtained from Eq. (5) to compute
the current component inputs at the next time step
(5 attosecond interval).
The terahertz radiation is calculated from the usual

equations related to the dipole moment pðtÞ with an area
S in a quasi-one-dimensional approximation at a fixed
distance far from the sample:

dpðtÞ
dt

∝ S
Z

ðjn þ jpÞdzðAmÞ

ETHz ∝
d2p
dt2

�
Am
s

�
: ð7Þ

In this work, the photon excitation energy is varied over a
broad range in samples having a large disparity in their
band-gap values. Charge carriers are typically excited deep
in the bands, and this fact must be taken into account. For
the holes, at a high energy, the heavy and light valence
bands generally become parallel [40] and band mixing
occurs, possibly including the split-off band. For this
analysis, we use a single, parabolic valence band approxi-
mation with a heavy-hole mass for this complex structure,
as the terahertz emission is not critically sensitive to the
hole carrier motion.
For the electrons, the population distribution evolution in

the Γ, L, and X valleys must be taken into account. The
kinetic energies in band i, kTi are given by the relations

kTΓ ¼ fðℏω − EGÞ
kTL ¼ kTΓ − ΔELΓ

kTX ¼ kTΓ − ΔEXΓ

kTHH ¼ ð1 − fÞðℏω − EGÞ; ð8Þ
where ℏω is the photon energy, EG the room-temperature-
material band gap, ΔELΓ (ΔEXΓ) is the energy difference
between the bottom of the L (X) band and the Γ band, and f
is the fraction of the total kinetic energy going to the
electrons, while (1 − f) is the energy fraction of the holes in
the valence band HH.

We assume that the electrons are initially generated in the
Γ band and use a linear interpolation equation set,

n ¼ nΓ þ nL þ nX
dn
dt

¼ dnΓ
dt

þ dnL
dt

þ dnX
dt

dnΓ
dt

¼ −nΓ
τΓL

þ nL
τLΓ

þ −nΓ
τΓX

þ nX
τXΓ

þ G0e−αz þ
1

q
nΓ
n
∇ja

dnL
dt

¼ −nL
τLΓ

þ nΓ
τΓL

þ −nL
τLX

þ nX
τXL

þ 1

q
nL
n
∇ja

dnX
dt

¼ −nX
τXΓ

þ nΓ
τΓX

þ −nX
τXL

þ nL
τLX

þ 1

q
nX
n
∇ja; ð9Þ

where nΓ, nL, and nX are the position-dependent band
populations.
The intervalley transition rates from band i to band j,

WijðEiÞ ¼ 1=τij, are due to nonpolar optical-phonon scat-
tering and are critical for determining the effect of the L and
X valleys on the terahertz signal. They are given by the
well-known expression [34]

WijðEiÞ¼
πD2

ij

ρωij
½nðωijÞþ1=2∓ 1=2�NjðEi�ℏωij−ΔEjiÞ

NjðEÞ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2mj

�3E
q
2π2ℏ3

; ð10Þ

where Ei is the carrier kinetic energy in band i [Eq. (8)],
ΔEji is the energy difference between bands j and i, and
ℏωij is the phonon energy, with the plus and minus
corresponding to absorption and emission, respectively,
while Dij, ρ, and nðωijÞ are the deformation potential, the
material density, and the phonon mode number, respec-
tively. NjðEÞ is the density of states in band j to which the
carrier is scattered, with m�

j being the effective mass.
The electron mobility and the diffusion coefficient, μn

and Dn, also depend on band population and are linearly
interpolated, even though, in practice, the Γ components are
much larger and primarily determine the terahertz-radiation
emission strength:

μn ¼
nΓ
n
μΓ þ

nL
n
μL þ nX

n
μX ð11Þ

Dn ¼
nΓ
n
DΓ þ

nL
n
DL þ nX

n
DX: ð12Þ

For the hot-carrier mobility and diffusion in each band,
we follow the theory described by Lundstrom [41] assum-
ing Matthiessen’s rule. The mobility in band i is given by

μi ¼
qhτmii
m�

i
; ð13Þ

where hτmii is the energy-dependent momentum relaxation
time and includes optical and acoustic phonon and impurity
scattering. Nonpolar optical phonon scattering is isotropic,
so that the collision time obtained from Eq. (10) is equal to
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the momentum relaxation time for this process. The
diffusion coefficients are given as

Di ¼
2uziμi
q

¼ hv2ziτmii; ð14Þ

where uzi and vzi are the average kinetic energy and
velocity, respectively, associated with the degree of free-
dom oriented along the diffusion-direction axis z, approx-
imately perpendicular to the surface.
With the formalism described, all important parameters

for terahertz radiation are taken into account, while
noncritical factors are kept to their most simple form.
Table I shows the band-structure values used for the
analysis and simulations. All values related to the Γ and
heavy-hole bands, as well as the energy positions of the L
and X conduction valley bottom, are well established
[42,43] and kept unchanged. We allow for some variation
in the effective masses of the L and X valleys, with the
nonparabolicity factors calculated with a k · p model.
The wavelength-dependent complex refractive indices

are also standard values [44]. The dielectric permittivity is
calculated from the usual static and high-frequency values
as ε ¼ 1=½εð0Þ−1 þ εð∞Þ−1�. The phonon and impurity
scattering-parameter values are taken from Ref. [45] for
InAs and GaAs, and from Ref. [46] for InSb, with a
1015 cm−3 impurity level. The hole optical deformation
potential is set equal to the interband Γ-L value.

IV. RESULTS AND DISCUSSION

A. InAs analysis

For the InAs sample that gave the best signal-to-noise
ratio, measurements are taken for the entire range of
available photon energies. Figure 1(a) shows an enlarged
view of the experimental and simulated curves at 1.65 eV,
which is near the condition for which the terahertz signal is
the strongest. Three main features are seen in the time-
resolved spectra that we measure: a first dip, which we do
not attempt to simulate or investigate in this work and

which could be attributed to a detection artifact, initial
carrier reflection off the surface, band bending, or some
other phenomenon; the main peak, associated with electron
acceleration; and a valley following the main peak that is
related to electron deceleration. A single-pole low-pass
frequency filter, equivalent to a convolution process in the
time domain, is applied to the raw curve obtained with the
equation set of the previous section to take into account
broadening due to the electro-optical detection system and
other experimental factors. Good agreement for the relative
positions of the main peak and the following valley is found
with a 1.7-ps filter time constant, and we keep this value
unchanged for all calculations.
The goal of the analysis is not to reproduce precisely the

shape of the measured curve, as the model is too basic for
this task, but rather to gain an understanding of the variation
of emission characteristics as a function of the pump-beam
properties. The left-hand panels of Figs. 1(b) and 1(c) show,
on a fixed vertical-axis scale, measured terahertz signal
curves in the time domain at various pump energies. While
we observe a clear amplitude variation, the shape of the
spectra corresponding to a peak in the vicinity of 1 THz in
the frequency domain remains nearly unchanged.

TABLE I. Material band parameters at room temperature used
in the calculations.

Parameter Band Egap (eV) m�ðm0Þ αðeV−1Þ
InAs Γ 0.354 0.026 1.4

L 1.07 0.1a 0.76
X 1.370 0.2a 0.47

HH � � � 0.41 0
GaAs Γ 1.42 0.067 0.61

L 1.704 0.2a 0.37
X 1.896 0.8 0.02

HH � � � 0.51 0
InSb Γ 0.240 0.0135 4.1

L 0.935 0.09a 0.87
X 0.635 0.1a 1.28

HH � � � 0.43 0
aValue adjusted according to experimental results.
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FIG. 1. (a) Overlapped experimental and simulated InAs
terahertz emission curves in the time domain at 1.65 eV, i.e.,
in the vicinity of the maximum signal. (b) Experimental (left
panel) and simulated (right panel) terahertz emission curves for a
signal strength that increases with the photon energy. (c) Exper-
imental (left panel) and simulated (right panel) terahertz emission
curves for a signal strength that decreases with the photon energy.
Electron-hole energy equilibrium is assumed for the calculations.
The horizontal position of the curves is adjusted to obtain a peak
at 1.5 ps.
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Owing to this fact, the amplitude of the main peak is
representative of the overall emission strength and is also
an experimentally stable feature with low sensitivity to
noise or broadening-effect variations. Our primary goal is
to quantitatively reproduce this amplitude variation, and the
right-hand panels of Figs. 1(b) and 1(c) show that the shape
of the simulated curves, with a time delay between the main
peak and the following valley td ¼ 0.3 ps, is also very
stable, in good agreement with the measurements. One can
also observe that the depth of the secondary valley is
maximized around 1.7–2.1 eV in both the experimental and
the simulated curve, indicating a stronger deceleration
mechanism as the signal strength starts to decrease with
the increasing pump photon energy. At a higher energy
range, the acceleration of carriers is progressively inhibited.
In Fig. 2(a), we plot the experimental values of the

maximum signal amplitude as a function of the photon
excitation energy, and a clear maximum is observed at
1.7 eV, in good agreement with previously published data
[20]. At a lower energy, a linear shape is measured as

expected, as the diffusion coefficients vary proportionally
with the carrier temperature. Above the maximum, we
observe a decrease that is also linear and is attributed to the
effect of the L and X valleys.
The first parameter that must be determined to analyze

results is the fraction f of the total photon energy that goes
to the electrons, as the position of the peak is very sensitive
to this value. Three possibilities are investigated. First, as
electron-hole pairs are initially generated with equal
momentum (p ¼ ℏk), is the case in which there is negli-
gible electron-hole heat exchange, as equilibrium is typ-
ically reached in a picosecond time scale [47]. This
situation would correspond to f ≈ 0.9, based on the Γ
electron and hole effective masses. The second and third
cases are for partial and complete energy exchanges,
0.5 < f < 0.9 and f ¼ 0.5, respectively. Figure 2(b) shows
curves for f ≈ 0.9 (yellow) and f ¼ 0.5 (blue). A large
difference in the peak position is found, and the latter curve
clearly matches the experimental results, indicating that
electron-hole energy redistribution occurs on a shorter time
scale than the terahertz peak amplitude.
The second adjusted parameter involves the electron

effective masses in the L and X valleys. Carriers in these
bands have a low velocity and do not contribute to the
radiation emission; however, the densities of states depend-
ing on the masses will affect the electron population as well
as the momentum scattering time in the Γ band [Eq. (10)].
A value mL ¼ 0.1m0 gives an excellent match to the
experimental results, with a nonparabolicity factor calcu-
lated from a k · pmodel. In the 2.4–2.6 eV range, scattering
to the X valley occurs and mX ¼ 0.2m0 is used; a higher
value around mX ¼ 0.6m0 would completely turn off the
emission. Overall, remarkably good agreement is reached,
considering the simplicity of the calculation and also that
no adjustment of the valley energy positions is performed.
mL and mX are within the established values for the
longitudinal and transversal masses [42]. The symmetry
of the curves in Figs. 2(a) and 2(b) is also very similar, with
comparable signal strengths near 0.8 and 2.6 eV.
Figure 2(c) shows the calculated Γ-band momentum

scattering with f ¼ 0.5. Below the emission peak, the rate
varies little and the dominant mechanism is polar-optical-
phonon scattering. The radiation signal variation can be
attributed to the change of the carrier velocity affecting the
diffusion coefficient [Eq. (14)]. After the onset of inter-
valley scattering via phonon emission and absorption
[Eq. (10)], the decrease in τm in the Γ band becomes
significant and the diffusion coefficient decreases.
In Fig. 3, we attempt to give a sense of the physical

values within the sample involved in the calculations,
and in Fig. 3(a) is shown the relative carrier-population
time evolution in each of the conduction bands at specific
excitation photon energies calculated from Eqs. (9) and (10).
As expected, the decrease of the Γ-electron population is not
perfectly correlated with the emission strength—as, for
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FIG. 2. (a) Plot of the experimental maximum time-domain
terahertz signal amplitude for InAs as a function of the photon
energy. (b) Simulated result with equal hole and Γ electron kinetic
energy (blue) and equal momentum (yellow). (c) Calculated
Γ-band scattering rate for equal kinetic energy. The legend refers
to the band to which carriers are scattered. The dashed lines
positioned at the phonon-absorption thresholds show the align-
ment of features in (a), (b), and (c).
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example, at 2.5 eVapproximately 50% of the carriers are in
the upper valley near the exciting-pulse maximum, but the
terahertz signal in Fig. 2(a) is nearly extinct due to the short
Γ-electron scattering time.
The time-dependent carrier-density profiles at the 1.2,

1.65, and 2.0 eV pump energies are shown in Fig. 3(b) and
are determined by the absorption depth and the ambipolar
diffusion coefficient in the material. These photon energy
values are chosen to illustrate low absorption and carrier
kinetic energy, strong terahertz emission and strong inter-
band scattering regimes, respectively. At 2.0 eV, the higher
photon-absorption coefficient and the electron scattering to
the L and X valleys tend to decrease carrier penetration in
the sample; however, these effects are balanced by the
higher kinetic energy of the holes promoting the ambipolar
diffusion. As a result, the profile changes little compared to

1.65 eV. The Dember field calculated from Eq. (5) is shown
in Fig. 3(c). For time delays longer than the exciting pulse
(0.4 and 0.8 ps) or deep in the sample, the calculation may
somewhat overestimate the field strength, as carrier recom-
bination, energy relaxation, electron-hole concentration
difference, and background carrier effects are not taken
into account. However, the general mechanisms involved
are correctly described. At 2.0 eVand 0.2 ps, the maximum
field strength does not decrease much, but the Dember
voltage is lower than it is at 1.65 eV.
The four calculated current components at the peak

photon excitation time are shown in Fig. 3(d). The negative
electron diffusion current always dominates, but a large
fraction is balanced by the electron conduction current. For
the holes, the diffusion and conduction components have
the same polarity and are 2 orders of magnitude smaller.
They increase monotonically with the exciting-photon
energy in this single-valence-band model. Overall, while
some of the quantitative values shown in Fig. 3 may be
approximate, a convincing physical picture is reached.
A first consistency check of our analysis comes from an

examination of the variation of the terahertz emission peak
amplitude with the optical power—i.e., the number of
photons per pulse at a given wavelength—that has often
been plotted using linear-linear or log-log axis scales in the
literature. It was proposed by Gu et al. [48] that the
dependence should follow qualitatively the steady-state
Dember-voltage expression given by Eq. (4), and we find
that our results are in line with this hypothesis.
For a given pump wavelength, three distinct regions are

identified, as seen in Fig. 4. At a high power, the amplitude
becomes independent of the pulse energy, and one pos-
sibility is that photogenerated carriers in the first half of the
pulse induce a Coulomb repulsion on those of the second
half [12]. This saturation is not included in the model, so
the calculated curves do not match the data points. Below
this range is a large portion where the amplitude varies with
the logarithm of the energy per pulse, as predicted by
Eq. (4), and also with the time-dependent simulations, as
shown in the figure. In this regime, as the number of
photons increases, more electrons are available to partici-
pate in the radiation process, but this change is moderated
by the increased Coulomb attraction to the holes. However,
this effect is not saturation but rather an intrinsic part of the
photo-Dember mechanism. Finally, at a low enough carrier
concentration, electrons are free to accelerate as the
Coulomb attraction gets weaker, and the radiation is more
or less proportional to the number of generated electrons.
This last portion is also predicted by the calculation and is
observed experimentally.
The transition between the linear and logarithmic

dependencies varies with the pump wavelength. If more
kinetic energy is given to each electron, a higher density is
required for the Coulomb attraction to be effective in
slowing them down. In the case of a continuous excitation,

FIG. 3. (a) Calculated time evolution of the band population
fraction for the 1.8-eV (left panel), 2.0-eV (center panel), and 2.5-
eV (right panel) photon energies in InAs. The black lines show
the excitation pulse on an arbitrary scale centered at 0.2 ps.
(b) Electron and hole carrier concentration profiles for 1.2, 1.65,
and 2.0 eV photon excitation energies in InAs. (c) Calculated
Dember-field profile. (d) Hole and electron diffusion and con-
duction-current components [Eq. (2)] at the peak of the optical
excitation (0.2 ps).
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the background carrier concentration determines the linear-
to-logarithmic dependence transition region [Eq. (4)]. In
the time-dependent calculation, the mechanism is slightly
different and cannot be described with a single equation,
and the transition occurs at densities around 1017 cm−3,
which is larger than the background carrier concentration.
The simulated and measured data in Fig. 4 are in excellent
agreement, which is a convincing argument for the validity
of the model. The arrows in Fig. 4 show the energy per
pulse used for the measurements of Figs. 1 and 2, which are
always below the saturation region.

B. GaAs and InSb analysis

A second consistency check comes from the analysis of
GaAs and InSb samples, performed under the same
excitation conditions below saturation with a constant
number of photons. GaAs has a band configuration similar
to InAs, but a larger fundamental gap. Figure 5(a) shows a
detailed curve fit at 2.0 eV. The valley before the
maximum amplitude is deeper than for InAs, a feature
that we attribute to a larger surface band bending. The
model reproduces well the main peak and the following

valley. Both experimentally and numerically, using the
same broadening parameter values as for InAs, the time
delay td between the maximum and the minimum is
0.35 ps, which is 50 fs longer than for InAs. The
difference is explained by the lower carrier mobility in
GaAs and by the different Γ electron-to-hole mobility
ratio, which is around 100 for InAs and 30 for GaAs at
low energy. In Fig. 5(c), the valley minimum is deeper in
the experimental and simulated curves, a fact that is again
attributed to the L-valley scattering slowing down carriers
more efficiently.
Figure 6(a) shows the dependence of the maximum

signal as a function of the pump wavelength. The range
below 1.6 eV with a nonregular variation is attributed to the
built-in electric field and is not discussed further. Between
approximately 1.6 and 1.95 eV, a linearly rising signal is
observed due to the increasing carrier kinetic energy,
followed by a transition to a more or less flat dependency
in the 2–2.2 eV range and a linear decrease at higher
energy. Figure 6(b) shows the simulated plot for
equal hole-electron momenta (yellow) and for equal kinetic
energies (blue), and we observe again that the latter curve
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FIG. 4. (a) Dependence of the terahertz emission maximum
amplitude as a function of the energy per pulse at 1.0 eV for InAs.
The left and right plots use linear and logarithmic scales,
respectively, for the x axis. The y axis has a linear scale in both
graphs. Data points and lines show experimental and calculated
values, respectively. (b),(c) Plots with the same arrangement at
1.65 and 2.0 eV, respectively. Arrows show the energy per pulse
used in Fig. 2. In the calculated curves, adjusted scaling factors of
0.6, 1.0, and 0.9 have been used in (a), (b), and (c), respectively,
which is within the experimental precision of Fig. 2.
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FIG. 5. (a) Overlapped experimental and simulated GaAs
terahertz emission curves in the time domain at 2.0 eV, i.e., in
the vicinity of the maximum signal. (b) Experimental (left panel)
and simulated (right panel) terahertz emission curves for a signal
strength that increases with the photon energy. (c) Experimental
(left panel) and simulated (right panel) terahertz emission curves
for a signal strength that decreases with the photon energy.
Electron-hole energy equilibrium is assumed for the calculations.
The horizontal position of the curves is adjusted to obtain a peak
at 1.5 ps.
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with f ¼ 0.5 allows us to positively associate the end
of the linear signal increase with the onset of scattering to
the L valley. For the L-valley effective mass, we use a
value `mL ¼ 0.2m0, which is between the longitudinal and
transverse published data. At a higher energy, we find a
sharper decrease in the simulated curve, a fact that we
attribute to a roll-off effect in the measured result due to the
finite carrier energy distribution. With a nonadjusted value
mX ¼ 0.8m0 of the X-valley effective mass, we obtain
overall a dependency that is reasonably similar to the
experimental results and a clear correlation with the
Γ-valley electron momentum scattering shown in
Fig. 6(c) for f ¼ 0.5.
Overall, we notice that the transition corresponding to

the onset of upper-valley scattering is not as well defined
for GaAs as for InAs, a plateau as opposed to a peak. Such
behavior is not surprising if one considers the lower carrier
mobility that could lead to a wider carrier energy distri-
bution in GaAs, as well as a lower experimental signal
strength, leading to slightly more scattered data points.
Some remaining effect of a surface built-in field due to the

larger band gap may also be involved, as well as the
influence of the different scattering thresholds for phonon
absorption and emission as seen in Fig. 6(c). In the vicinity
of the L-valley scattering threshold, the signal amplitude
results from the balance of a number of factors, which may
lead to rounded-off features.
InSb has a band configuration that is different, as the X

valley lies only 395 meVabove the Γ band and is below the
L valley. Moreover, the energy difference between the top
of the heavy hole and the split-off bands is 800 meV,
compared to 410 and 340 meV for InAs and GaAs,
respectively [43]. An examination of the experimental
terahertz curve obtained in the vicinity of the maximum
signal, as shown in Fig. 7(a), reveals that the time delay
between the main peak and the following valley td is larger,
around 0.5 ps. While the reason for this observation cannot
be confirmed beyond any doubt, we discuss the possibility
that it could be explained by an optical-alignment effect
of the carrier momentum [22] due to the band structure.
Based on symmetry rules for a zinc-blende crystal, elec-
trons excited from the heavy-hole and light-hole bands
have their momentum-distribution maxima oriented
perpendicular and parallel to the light polarization vector,
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FIG. 6. (a) Plot of the maximum experimental time-domain
terahertz signal for GaAs as a function of the pump wavelength.
(b) Simulated result with equal hole and Γ-electron kinetic energy
(blue) and equal momentum (yellow). (c) Calculated Γ-band
scattering rate for equal kinetic energy. The legend refers to the
band to which carriers are scattered. The dashed lines positioned
at the phonon-absorption thresholds show the alignment of
features in (a), (b), and (c).

(a)

(b)

(c)

−
−
−

−
−
−
−

−
−
−

−
−
−
−

−
−
−

E 
fie

ld
 (a

rb
. u

ni
ts

)

E 
fie

ld
 (a

rb
. u

ni
ts

)
E 

fie
ld

 (a
rb

. u
ni

ts
)

FIG. 7. (a) Overlapped experimental and simulated InSb
terahertz emission curves in the time domain at 0.9 eV, i.e., in
the vicinity of the maximum signal. (b) Experimental (left panel)
and simulated (right panel) terahertz emission curves for a signal
strength that increases with the photon energy. (c) Experimental
(left panel) and simulated (right panel) terahertz emission curves
for a signal strength that is decreasing or constant with the photon
energy. Electron-hole energy equilibrium is assumed for the
calculations. The horizontal position of the curves is adjusted
to obtain a peak at 1.5 ps.
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respectively, while there is no preferred orientation for the
split-off band [49]. Electrons originating from the light-
hole band initially have a low velocity along the propaga-
tion axis, which would slow down the diffusion process.
For InSb only, for a photon energy in the vicinity of the
emission amplitude maximum, carriers are excited far from
the split-off band. The light- to heavy-hole transition
probability ratio is 1∶3 [50]. For InAs and GaAs, on the
other hand, transitions also involving the split-off band are
possible [51].
For the simulation, in Eq. (14), we decrease the initial

carrier velocity vz in the Γ band to 75% of its maximum at a
time corresponding to the center of the light pulse and
introduce a relaxation time to the full velocity (the isotropic
momentum) equal to τm=5 ≈ 0.2 ps. This second broad-
ening mechanism is in line with an optical-alignment
phenomenon, as described in the previous paragraph,
and gives an excellent match to the experimental curve
valley position, as shown in Fig. 7(a). When the momentum
scattering rate increases due to the contribution of the X and
L bands, this effect is not observable, as carriers undergo
more collisions (a smaller τm) and the valley position
returns to a value td ≈ 0.3 ps, similar to InAs. This
variation is seen in both the experimental and simulated
curves of Figs. 7(b) and 7(c). In the frequency domain, this
shift is also observable, with a peak located in the 0.6–
0.7 THz range and near 1 THz below and above 1.0 eV,
respectively.
A plot of the maximum signal as a function of the

excitation wavelength, as shown in Fig. 8(a), reveals some
interesting features, as the influence of both the X and L
valleys can be probed. In addition to the monotonic signal
increase up to 1.0 eVand the following threshold associated
with the X-valley bottom, the plateau region near 1.8–
2.0 eV can be positively associated with the onset of the
L-valley scattering for equal electron and hole energies, as
seen by a comparison to Fig. 8(c). While there is no
established experimental value for the X- and L-valley
effective masses in the literature, it is expected from
theoretical calculations that mX will be larger than mL
[52]. We observe a slope of a smaller magnitude in the 2.0–
2.4 eV range than in the 1.2–1.6 eV range, which could be
related to this fact. For the simulation shown in Fig. 8(b),
we obtain a reasonable fit by using the realistic values
(which are comparable to InAs) mX ¼ 0.1m0 and
mL ¼ 0.09m0. A sharper decrease in the 1.0–1.2 eV range
is observed in the calculated result, which we attribute
again to a rollover effect related to the finite electron energy
distribution not being taken into account. In the calculated
curve, a kink is found at 1.5 eV that is due to an increase of
the photon absorption coefficient and of the diffusion
current. This feature, obtained with the standard refrac-
tive-index values used, is not observed experimentally and
could be washed out by the large free-carrier concentration.

V. SUMMARY AND OUTLOOK

In this work, we attempt to illustrate the potential of the
development of simulation environments intrinsically tak-
ing into account Coulomb forces beyond a quasistatic
Poisson approximation for the description of electron-hole
plasma dynamics. There is a trend towards the realization
of compact, higher-density structures including UV-visible
integrated photonics and a need to investigate the funda-
mental limits involved. The related numerical applications
may not be restricted to this experimental work and may
extend to other devices with a relatively high carrier
density, such as ultrafast pulsed semiconductor lasers or
p-i-n diodes for high-power electronics.
We show that rich information can be gathered from

terahertz emission experiments by considering the peak
signal amplitude. Upon photoexcitation, electron and hole
carriers reach a rapid thermal equilibrium, and the maxi-
mum of the diffusion- and conduction-current components
occurs at a time close to the peak of the optical pulse.
Depending on the photon energy, the electron transfer to
upper valleys is completed within a delay of around 0.1 to

−

(a)

(b)

(c)

 M
ax

 E
 fi

el
d 

(a
rb

. u
ni

ts
)

 M
ax

 E
 fi

el
d 

(a
rb

. u
ni

ts
)

FIG. 8. (a) Plot of the experimental maximum time-domain
terahertz signal for InSb as a function of the pump wavelength.
(b) Simulated result with equal hole and Γ-electron kinetic energy
(blue) and equal momentum (yellow). (c) Calculated Γ-band
scattering rate for equal kinetic energy. The legend refers to the
band to which carriers are scattered. Dashed lines positioned at
the phonon-absorption thresholds show the correlation of features
in (a), (b), and (c).
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1.0 ps following excitation, as shown in Fig. 3. In a
comparable time, the Dember field reaches a maximum
value at a position in the vicinity of the carrier penetration
depth in the material if recombination effects are small. The
amplitude dependence on the photon energy (the excitation
wavelength) can be explained by considering a balance of
several factors, as the signal increases for a larger electron
kinetic energy and photon-absorption coefficient, but
decreases with a larger hole kinetic energy and smaller
electron population and momentum scattering time in the Γ
valley. For a given excitation wavelength, the dependence
of the emission amplitude below saturation varies with the
logarithm of the energy per pulse as the effect of the
increasing number of accelerating electrons is tempered by
the stronger electron-hole attraction.
As the features that we obtain are sharp, a measurement

that could be performed next would be a scan of the
excitation wavelength for a number of photons per pulse of
a smaller order of magnitude to find if a region in which the
electrons and holes have different temperatures (equal
electron-hole momentum, f ≈ 0.9) could be detected.
The results that we have described tend to indicate that
it would be possible with a quasi-one-dimensional approxi-
mation to obtain a quantitative picture of photoexcited
carrier motion that is complete to an extent similar to that
reached with unipolar devices. The inclusion of other
effects in the present numerical model with fixed energy,
such as an applied or built-in electric field or partial
reflection or absorption at the surface or at a given depth,
could be considered for structures including thin layers. For
a more accurate reproduction of the shape of the exper-
imental curves shown in Figs. 6(a) and 8(a) in the regions
where the L and X valleys participate in the process, a
simulation with finite photon and carrier energy distribu-
tions could be developed.
The experimental graphs in the time domain seen in

Figs. 1, 5, and 7 have stable features, even with different
samples over a wide range of photon energy, with a main
peak preceded and followed by valleys. While we comment
on the position of the second valley in this work by including
a phenomenological broadening term, a more accurate
reproduction of these curves would require further analysis,
the first step being the deconvolution of the response of the
detection system. The effect of optical alignment involving
the valence bands, variation within the pulse area, and other
factors could next be considered and a two- or three-
dimensional calculation may be advantageous.
A model including the saturated regime observed in

Fig. 4 would also be useful for bridging the gap to a higher
fluence and may be relevant for a better understanding of
light wavelength dependence of various laser-processing
applications, as well as saturation effects in devices.
Furthermore, coupled experimental and numerical studies
of carrier dynamics in complex materials including poly-
crystals and quantum wires would be of interest. Finally, a

multidimensional analysis would definitely be required for
the study of magnetically ordered samples, as the original
motivation for this work was our previous observation that
terahertz emission is very sensitive to spin orientation in
ferromagnetic (Ga,Mn)As [53], in which carriers undergo a
pronounced direction change.
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