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Terahertz �THz� radiation from a �100� oriented InAs surfaces is dominated by the photo-Dember effect. The
strength of the radiation is influenced by screening the radiation with doped carriers. When irradiated by
femtosecond pulses, the wafer with the lowest doping concentration radiates THz power nearly two orders
higher than the wafer with highest doping concentration. With identical optical excitation and same doping
concentration, a p-type InAs generates stronger THz waves than an n-type InAs due to the weaker screening
effect. The low doping p-type InAs �1�1016 cm−3� sample is the strongest THz wave emitter among all the
unbiased semiconductors we have ever tested with a Ti:sapphire laser oscillator. The drift-diffusion equation
�DDE� is used in the study of carrier drift and diffusion as well as subsequent THz radiation from InAs wafers.
The calculation explains well the experimental observation of the relationship between a THz electric field and
the doping properties of InAs. The physical pictures of the carrier drift and diffusion characteristics in InAs
surfaces are also clearly provided in this report.
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I. INTRODUCTION

Pulsed terahertz �THz� radiation from semiconductor sur-
faces using femtosecond lasers has been studied extensively
in recent years. Herein, the mechanisms of THz radiation
from these semiconductor surfaces are investigated. With ul-
trafast laser pulses incident on the semiconductor surface,
ultrafast charge transport is driven either by the intrinsic sur-
face electric field of the semiconductor1 or by an induced
concentration gradient of the surface charges due to
photoexcitation.2 The electron transport subsequently leads
to the emission of a THz transient.

It has been reported that some III-V semiconductors, such
as GaAs, emit THz waves from accelerated carriers driven
by the conduction band bending at the semiconductor
surface.1 Kersting et al.3,4 further reported the contribution of
cold plasmon oscillation in n-type GaAs for THz radiation.
InP generates THz waves at a low excitation density when
driven by the built-in surface field and conversely generates
waves at a high excitation density with the photo-Dember
effect.5 Some narrow band-gap III-V semiconductors, such
as InAs and InSb with the band gaps only 0.35 and 0.17 eV,
emit THz waves differently. An �100� oriented InAs radiates
THz waves mainly by carrier transport driven by the photo-
Dember field.6,7

InAs has been reported to generate THz waves with the
intensity an order of magnitude higher than those of wide
band-gap semiconductors such as InP and GaAs �Ref. 8� un-
der similar experimental conditions. This is due to the fol-
lowing reasons: the electron mobility of InAs is much larger
than that of GaAs; the effective electron mass of InAs is
much smaller compared to that of GaAs, as shown in Table I;
the rest energy of photoexcited electron in InAs is relatively
large since the bandgap of InAs is small; the penetration
depth for an 800 nm laser pulse in InAs is only about
150 nm, which is much smaller than 1 �m in GaAs. The
concentration gradient for the photoexcited carriers on the
InAs surface should therefore be much larger than in the
GaAs surface under the same incident laser power. It is rea-

sonable to conclude that InAs wafer radiates more THz
power in comparison to GaAs driven by the carrier concen-
tration gradient. The higher order THz wave enhancement of
InAs in the presence of a magnetic field determines its im-
portance as a powerful THz wave emitter.9,10

In a recent paper, Adomavicius et al.11 report THz wave
radiation by optical rectification12 that the �111� oriented
p-type InAs with a low carrier concentration of 1016 to
1017 cm−3 shows larger THz power compared with n-type
InAs due to an electric-field-induced optical rectification ef-
fect in the surface depletion layer. For �100� oriented InAs
with laser pulses incident at about 45° to surface normal,
THz wave radiations occur mainly from the arising carrier
transport which is driven by the photo-Dember field. Little is
contributed by optical rectification in this case.

In this paper, we report the observations of THz radiation
from a series of n-type and p-type InAs wafers with different
doping concentrations. THz radiations from different types
of InAs are simulated with the drift diffusion equation based
on a photo-Dember mechanism.

TABLE I. Parameters for DDE calculation, those with asterisks
are cited from Handbook Series on Semiconductor Parameters,
Vols. 1 and 2 edited by M. Levinstein, S. Rumyantsev, and M. Shur
�World Scientific, London, 1999�.

Time evolution for the calculation 1 ps

Calculated sample thickness 1 �m

Excess energy of electron 0.5 eV

Lattice temperature 300 K

Electron mobility* 33 000 cm2 V−1 s−1

Hole mobility* 460 cm2 V−1 s−1

Intrinsic carrier concentration* 1015 cm−3

Dielectric constant* 12.25

Laser pulse width 10 fs

Absorption coefficient* 6.7�104 cm−1

Reflectivity 0.25
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II. EXPERIMENT AND SAMPLE

InAs wafers with different doping concentrations are used
as THz sources in a THz time-domain spectroscopy system
at room temperature. The doping concentrations of both the
n- and p-type InAs samples vary from 1�1016 to
2�1018 cm−3. All the wafer surfaces are well polished to
minimize laser scattering. The Ti:sapphire laser �FemtoLas-
ers, Inc.� used in the experiment has an average output power
of 350 mW, pulse duration of 10 fs, pulse spectral width of
100 nm, repetition rate of 75 MHz, and central wavelength
of 790 nm. The laser beam is directed onto the sample with
an incident angle of 45° to the surface normal, and is focused
on the surface with a beam diameter of 200 �m. The THz
waves radiated from the InAs surface are collected and col-
limated within 14° collection angle by a pair of 4-in. para-
bolic mirrors and then focused on a 1 mm ZnTe crystal, di-
rected through this detector crystal collinearly with the probe
beam. Electro-optic �EO� sampling is used to register the
THz signals.

III. RESULTS AND DISCUSSION

Experimental evidence of THz radiation via the photo-
Dember effect is based on the fact that THz electric fields
radiated from n- and p-type InAs have the same polarity.6

The same THz wave polarity contradicts the mechanism of
surface-field-induced THz wave generation, since the surface
band bending for many n-type and p-type semiconductors
are opposite. For instance, the surface band bending in an
n-type GaAs is upward while it is downward in a p-type
GaAs. The directions of photocarriers transport in these
GaAs surfaces are therefore opposite and the generated THz
waves will show opposite polarity. However, due to the for-
mation of an accumulation layer on the surface of an InAs
wafer, which pins the surface Fermi level above conduction
band minimum, the surface band bending for both n- and
p-type InAs are downward, same as a p-type GaAs. An ar-
gument is raised that the same THz wave polarity from n-
and p-type InAs wafers is not sufficient to eliminate the pos-
sibility that the THz radiation from InAs wafer is triggered
by the surface electric field. Furthermore, the THz wave po-
larities from both n- and p-type InAs should be the same as
a p-type GaAs if the THz radiations from InAs are attributed
to surface band bending. To check this assumption, the po-
larity of THz waves from InAs wafers is compared with n-
and p-type GaAs wafers in Fig. 1. Both the n- and p-type
InAs show THz wave polarity the same as the n-type GaAs.
It suggests that the mechanism of THz radiation from InAs
wafer is mainly due to the photo-Dember effect.

There are several methods for calculating the carrier drift-
diffusion and THz radiation such as drift-diffusion equation,
Monte Carlo method,7,13 and quantum mechanics.14 Those
methods have been applied in solving the THz generation
from GaAs and InP due to the surface field excitation. We
use the drift-diffusion equation �DDE� to investigate the pro-
cess of THz wave radiation from InAs surfaces contributed
by photo-Dember effect, and discuss the dependence of THz
wave generation with doping concentration. DDE is one of
the simplest formulations of the Boltzmann transport equa-

tion that give a quantitative analysis of photoexcited carrier
dynamics. It has been used to simulate the carrier dynamics
in the surface electric field of GaAs �Ref. 15� and THz wave
generation in n-type GaAs �Refs. 3 and 4� and InP.5 By solv-
ing simultaneously the continuity equation of the carriers and
the Poisson equation, we are able to find quantitatively the
carrier concentration distribution and temporal evolution, to-
gether with the transient current and electric field evolution
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Here Ni�z , t� is the carrier concentration �i=e,h indicate elec-
trons and holes, respectively�, Na�z , t� is the doping concen-
tration, G�z , t�= I�t���1−R�e−�z is the photoexcitation term,
I�t� is the laser intensity with the Gaussian temporal wave-
form, and a full width half maximum �FWHM� of 10 fs. � is
the inverse of the penetration depth in InAs which is 150 nm
for the 800 nm laser beam. The surface reflection R for the
800 nm laser beam on InAs surface is about 25%. Based on
experimental conditions, we set the photo excitation density
on the surface at 1014 cm−2 and assume the efficiency of
photoexcitation is 1. E�z , t� is the electric field distribution
induced by the spatial separation of the electrons and holes.
Di and �i are diffusion constant and the mobility of the car-
riers, respectively. Their relationships are given by the diffu-
sion constant and the Einstein relation Di=kBTc�i /e. More
parameters for the simulation are listed in Table I.

From Eq. �1� it is seen that the carriers on the semicon-
ductor surface tend to drift and diffuse simultaneously and
either of these movements contribute to the THz radiation.
GaAs has been reported to radiate THz waves dominated by
drift currents for a low carriers’ excess energy �h�=1.5 eV�
but dominated by diffusion currents for a high carriers’ ex-
cess energy �h�=3.1 eV�.16 Since the bandgap of InAs is
only 0.35 eV, which is much smaller than that of GaAs, the

FIG. 1. THz waveform generated from n-type InAs
�doping concentration is 3�1016 cm−3�, p-type InAs �doping
concentration is 1�1016 cm−3�, n-type GaAs �doping concentration
is 3�1017 cm−3�, p-type GaAs �doping concentration is
3�1017 cm−3�, respectively.
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carriers’ excess energy of InAs is expected much larger than
GaAs when the energy of incident photons is 1.5 eV. The
THz radiations from InAs using Ti:sapphire laser should
therefore be dominated by diffusion current.

There are two processes of photocarrier dynamics after a
femtosecond beam injects onto the InAs surface: carrier ther-
malization and carrier cooling. The hole thermalization and
cooling in InAs is much faster than that of electrons due to
the frequent scattering and interaction between the hole and
other carriers and phonons.17 Also, the mobility of the holes
are several tenth times smaller compared to that of the elec-
trons in InAs, therefore the effect of the holes diffusion and
drift could be much slower than that of the electrons. The
quick change of temperature on the holes will not signifi-
cantly change their drift and diffusion action compared with
the fast transport of the electrons. In order to simplify our
calculation we assume that the temperature of the photoge-
nerated holes is invariant during these processes. It is known
that the thermalization of photogenerated electrons in InAs
occurs with a characteristic time on the order of hundreds
femtoseconds. If we take this factor into consideration, the
calculated THz waveform will consequently be longer than
the waveform without considering this factor. However, this
factor will not qualitatively change our result on comparing
THz wave amplitude with different doping concentration.
According to Hansei et al.,17 the cooling of the electron will
last over several picosecond time scales. This process is long
enough compared to the processes of THz wave radiation
and time window for our calculation. To simplify our model
for drift diffusion equation, we consider electrons and holes
are in quasi-equilibrium, the photoexcited electrons tempera-
tures are constantly at 6000 K �0.5 eV�, photoexcited holes
constantly at room temperature.

Figure 2 shows the spatiotemporal distribution of photo-
generated electrons and holes within 1 ps evolution and
within the depth of 1 �m under the surface of InAs. The
gray grid represents the photoexcited electron distribution
and the dark grid represents the photoexcited hole distribu-
tion. After the laser beam is injected, the number of photo-
generated electrons and holes increases drastically, with an
exponential decrease spatially. Then, due to the large gradi-

ent of the carrier distribution, these carriers diffuse toward
the interior of the InAs. The carrier concentration nearest to
the surface will drop down. The concentration of electrons
near the surface drops down faster than that of holes, since
the mobility of the electrons is much higher than that of the
holes. The subsequent spatial difference of the electron and
hole distribution generates a photo-Dember electric field.
The existence of the field causes the drift action of the elec-
tron and holes toward each other, which will reduce the spa-
tial difference. The sudden rising of the photogenerated elec-
trons and their movement afterwards could trigger the THz
wave radiation. The electric field of the THz wave is given
by ETHz��J /�t, while J is the current induced from the pho-
togenerated electrons and holes.

Figure 3 shows the comparison of THz wave signal gen-
erated from a series of n- and p-type InAs wafers, with the
doping concentrations of the InAs wafers varying from
1�1016 cm−3 to 2�1018 cm−3. The squares represent the
THz wave peak amplitude from p-type InAs wafers, while
the dots represent the THz wave peak amplitude from n-type
InAs wafers. The curves represent the corresponding DDE
simulation and it matches well with the experimental data. It
is seen from this figure that a p-type InAs has a higher THz
radiation efficiency compared with an n-type InAs wafer at
the same carrier concentration. The THz radiations from both
n- and p-type InAs wafers increase with decreasing carrier
concentration. At very low carrier concentration around
1016 cm−3, the THz wave signal from n-type InAs is nearly
70 to 80% that from p-type InAs. Also it is worthy to note
that the THz wave signal from p-type InAs only decreases
slightly by increasing the carrier concentration from
1�1016 to 3�1016 cm−3, and then decreases significantly as
carrier concentration increases. As a comparison, the THz
wave generated from n-type InAs at a low doping concen-
tration decreases more prominently by increasing the doping
concentration. Therefore, at higher doping concentrations,
the THz wave signals from n- and p-type InAs with the same
carrier concentration will show amplitude difference for sev-
eral times. The amplitude of the signals from the p-type InAs

FIG. 2. A three-dimensional spatial and temporal carrier concen-
tration distribution of photoexcited electrons and holes at the InAs
surface. The gray curves represent electron distribution and the dark
curves represent the hole distribution.

FIG. 3. Experimental and theoretical results of THz wave radia-
tion versus increased doping concentration. The squares represent
the THz wave amplitude from p-type �100� InAs, and the dots rep-
resent THz wave amplitude from n-type �100� InAs. The diamond
represents the THz wave amplitude from a p-type �111� InAs with a
carrier concentration at 3�1016 cm−3. The curves are the calculated
results.
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with a doping concentration of 1�1016 cm−3 and the n-type
InAs with a doping concentration of 2�1018 cm−3 could
even differ by a factor of more than 10. One piece of p-type
InAs with doping concentration 3�1016 cm−3 in the experi-
ment is �111� oriented. As shown in Fig. 3, the THz ampli-
tude for the portion induced by photo-Dember effect of this
sample is represented by a diamond. A discussion of it will
be detailed later.

In order to understand why the THz signal decreases with
increasing doping concentration of both n- and p-type InAs,
we rewrite Eq. �1� as
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In this equation N�z , t� is replaced by N�z , t�
=Ni,0�z , t�+�Ni�z , t�, Ni,0�z , t� represents the cold or doping
electron and holes concentration, while �Ni�z , t� represents
the hot or photoexcited carrier concentration. Also �i,c�z , t�
represents the mobility for cold carriers and �i,h�z , t� repre-
sents the mobility for hot carriers. The first part on right side
of the equation represents the injection of photocarriers. The
injected photon excitation density is incorporated into this
part to reflect the photoexcitation. The second part on the
right side represents the diffusion action of the photoexcited
carriers. The third part can also be separated into two parts.
One part is the drift action of the photocarriers and the other
is the drift action of the doped carriers in an electric field.
From this equation we can see that both doped and photoex-
cited electrons and holes participate in the carrier redistribu-
tion in the drift action. However, although all the carriers
statistically join the diffusion action, only the amount of car-
riers that form the gradient of the carrier concentration will
have an actual effect on the diffusion action. The higher the
carrier concentration of the InAs wafers, the more doped
carriers that will join in the redistribution of the carrier con-
centration via drift action. Therefore, for n-type InAs with a
higher carrier concentration, more doped electrons join the
drift action in the opposite direction of electron diffusion.
Their participation will greatly weaken or “screen” the
photo-Dember field and consequently weaken the THz wave
radiation. For the same reason, we see that p-type InAs with
a lower doping concentration generates higher amplitude
THz waves than the InAs with a higher carrier concentration.
In comparing n- and p-type InAs with the same doping con-
centration, the screening of the n-type InAs is mainly from
the large amount of doped electrons, which have a much
higher mobility than holes, while p-type InAs has its screen-
ing from the large amount of doped holes. Therefore, the
effect of screening by electrons in n-type InAs is stronger
than the effect caused by the holes in p-type InAs.

The transport of the charges can be clearly presented by
examining the spatial difference of the carrier concentration
between the electrons and holes. We refer to this difference
n�x�− p�x� as net charge distribution. Figure 4 shows the

net charge distribution of InAs wafers with a doping concen-
tration at 1�1016 cm−3 �p-type, solid curve� and
1�1018 cm−3 �n-type, dash curve�. Time zero refers to the
time when the laser pulse reaches its maximum. At time
−50 fs, before the laser pulse arrives, the net charge distribu-
tion is zero within the surface. The electrons and holes are in
statistical equilibrium. At 50 fs after the laser pulse arrives,
the net charge distribution of a low doping InAs surface
within 250 nm is much smaller than that of a higher doping
InAs and after 250 nm is much larger than that of a higher
doping InAs. This means that the spatial separation of the
electrons and holes in low doping InAs is larger than in the
higher doping InAs. As time evolves, it is seen that the posi-
tive part of the net charge distribution diffuses towards the
interior of the sample, and the diffusion speed of the low
doping InAs appears to be faster than that of the high doping
InAs. That is a direct proof of how doped carriers influence
the drift movements statistically.

Figure 5 shows the photogenerated electric field from
electron-hole separation. The solid and dotted curves
represent a p-type 1�1016 cm−3 InAs and an n-type
1�1018 cm−3 InAs. It shows that the p-type InAs with low

FIG. 4. Calculation of net charge distribution at the InAs surface
at −50, 50, 250, 500 fs, top to bottom, respectively. The solid lines
represent the p-type InAs with a doping concentration at
1�1016 cm−3, and the dotted lines represent the n-type InAs with a
doping concentration at 1�1018 cm−3.

FIG. 5. Calculation of the photo-Dember electric field at the
InAs surface as time evolved at −50, 50, 250, 500 fs, and 1 ps top
to bottom, respectively. The electric field is generated by the spatial
difference between the photoexcited electrons and the holes. The
solid lines represent the p-type InAs with doping concentration at
1�1016 cm−3, and the dotted lines represent the n-type InAs with
doping concentration at 1�1018 cm−3.
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carrier concentration generates a larger electric field than
InAs with a higher concentration. The peak of the electric
field decreases as time evolves and shifts toward the interior
of the semiconductor surface. This is also consistent with the
different diffusion speed of carriers with different carrier
concentrations.

There are several points worth noting in these results.
First is the temperature of the electrons and holes. The mo-
bility of the doping electrons and holes are dependent on
many factors such as the lattice temperature, the carrier tem-
perature, exterior electric field and doping concentration,
etc.18–21 Unfortunately, it is difficult to experimentally deter-
mine the mobility of the photoexcited electrons and holes.
Upon the injection of the laser beam onto the InAs, the tem-
perature of the photoexcited carriers depends on the excess
energy of the photoexcitation. In our experiments, the tran-
sient photoexcited temperature will reach 6000 K, while the
lattice temperature increases relatively little compared with
the drastic change of the electron temperature. Therefore, the
diffusion constant of the photoexcited electrons will change
greatly due to the high electron temperature. It seemed that
our conclusion regarding THz wave signals versus the dop-
ing concentrations would not change qualitatively by consid-
ering the mobility dependence either on the doping concen-
tration or the lattice temperature, because these changes in
the mobility are relatively smaller compared with the orders
of magnitude increase of the doping concentration. Second,
it is reported that the effective mass of electrons will increase
gradually with an increase in the carrier concentration. Thus
the mobility will decrease with increasing carrier
concentration.18 However, this effect is prominent mainly at
low temperature. At room temperature the change of the mo-
bility is not a dominant factor. Third, A p-type InAs is re-
ported to have an accumulation layer22,23 at the surface. The
thickness of this accumulation layer is about 10 nm. In our
simulation we did not consider this factor, since it is very
thin compared with the penetration depth of the laser pulse in
InAs. Fourth, the excitation of InAs with 1.5 eV photons
may cause the electron being scattered into the L valley,
whose energy is 1.08 eV above the valence band. However,
the rest energy of excitation will be shared by electron and
hole. It has been reported that the rest energy of the photo-
excited electron is 0.5 eV. It is relatively small compared
with the barrier between the L and 	 valley and statistically
the intervalley scattering will not be significant. As a result
we did not consider the interband scattering in our model
since it will not qualitatively change our conclusion of the
dependence of THz wave amplitude on the carrier concen-
tration of InAs. When the interband scattering is considered,
the L-valley scattering will enhance the electron mass and
therefore decrease the electron mobility, which will make the
actual THz radiation value slightly less than what we pre-
dicted here. However, it also will not qualitatively change
our conclusion on the dependence of THz wave amplitude on
the carrier concentration of InAs.

Now we check �111� InAs and its THz wave radiation.
Figure 6 shows the azimuthal dependence of THz wave ra-
diation from a �100� and �111� p-type InAs at a 45° incident
angle. The dots show the experimental data and the lines fit
the experimental data with a cosine function. The doping

concentration of �100� InAs is 1�1016 cm−3 while the �111�
InAs is 3�1016 cm−3. From calculated results in Fig. 3 that
THz waves from the photo-Dember effect are close in am-
plitude for p-type InAs with doping concentration between
1�1016 cm−3 and 3�1016 cm−3.

In Fig 6, both samples show azimuthally angle-dependent
THz wave amplitude, which could be evaluated with
Epeak=EDember+Eopt rectification · cos�
��. It is clear to see that
both the samples have an EDember component with nearly the
same value. These components are contributed by the photo-
Dember effect. Also in Fig. 3, the diamond presents the
EDember component of THz radiation from the �111� oriented
sample. The differently oriented InAs have about the same
EDember component, which is consistent with our conclusion
based on the photo-Dember effect. The Eopt rectification cos�
��
component, contributed by the optical rectification, is quite
different between these two samples. The azimuthal depen-
dence of the THz radiation in �111� oriented InAs is obvious
with a period of � /3; while a tilted �100� oriented InAs has
a slight azimuthal dependence in THz radiation with a period
of � /2. These experiments comply with previous studies of
THz radiation processes via optical rectification from other
zinc-blende crystals. In our experiment the THz wave ampli-
tude from optical rectification components and photo-
Dember components are in the same order. The strong THz
radiation by a nonlinear effect could possibly be due to the
field enhanced �2� process, which has been studied.11

Furthermore the THz wave emission from InAs wafer will
be enhanced magnitudes stronger24 by applying an intense
magnetic field perpendicular to the surface normal of the
InAs wafer. The magnetic field could change the orientation
of the carrier transports and therefore change the output ori-
entation of the THz radiation; however, it has no effect on
optical rectification since there is no carrier transport partici-
pating in the THz radiation. Our observation with a �111�
oriented InAs emitter in the magnetic field corresponds well
with this statement.

IV. CONCLUSION

In conclusion, we reported that the experimental and the-
oretical results of our systematic study of THz wave radia-

FIG. 6. The azimuthal dependence of THz wave generation
from multi-oriented InAs surfaces. The squares represent the ex-
perimental measurements of THz wave amplitude from a �111� ori-
ented p-type InAs with a doping concentration at 3�1016 cm−3,
while the dots represent the experimental data of THz wave ampli-
tude from a �100� oriented p-type InAs with a doping concentration
at 1�1016 cm−3. The curves represent the fitting results by cosine
equations.
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tion from InAs wafers with femtosecond optical pulses indi-
cate that the low carrier concentration wafers are more
suitable for THz wave generation. This relationship of THz
radiation versus the carrier concentration agrees well with
the theory of the screened photo-Dember effect. With a com-
parable carrier concentration and identical optical excitation,
a p-type InAs works more effectively than an n-type InAs. A
p-type InAs �1�1016 cm−3� is the strongest unbiased semi-
conductor emitter we have ever tested with a Ti:sapphire
laser oscillator. We discussed the screening characteristics of
cold electrons as they participate in the drift movement upon

a transient electric field driven by the laser pulses.
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