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Nonlinear radiation response of n-doped indium antimonide and
indium arsenide in intense terahertz field∗
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The nonlinear radiation responses of two different n-doped bulk semiconductors: indium antimonide (InSb) and
indium arsenide (InAs) in an intense terahertz (THz) field are studied by using the method of ensemble Monte Carlo (EMC)
at room temperature. The results show that the radiations of two materials generate about 2-THz periodic regular spectrum
distributions under a high field of 100 kV/cm at 1-THz center frequency. The center frequencies are enhanced to about
7 THz in InSb, and only 5 THz in InAs, respectively. The electron valley occupancy and the percentage of new electrons
excited by impact ionization are also calculated. We find that the band nonparabolicity and impact ionization promote the
generation of nonlinear high frequency radiation, while intervalley scattering has the opposite effect. Moreover, the impact
ionization dominates in InSb, while impact ionization and intervalley scattering work together in InAs. These characteristics
have potential applications in up-convension of THz wave and THz nonlinear frequency multiplication field.

Keywords: ensemble Monte Carlo, nonparabolicity, impact ionization, intervalley scattering

PACS: 02.50.Ng, 42.65.Re, 42.65.Sf, 71.55.Eq DOI: 10.1088/1674-1056/25/10/100203

1. Introduction
With the development of ultrafast optics, THz wave has

become a powerful tool in studying the nonlinear optical re-
sponses of materials at THz frequency[1–6] for acquiring exten-
sive information about the carrier and quasi-particle dynamics
in semiconductors. For example, the coherent THz emission
of n-type GaAs,[1] carrier-wave Rabi oscillations[2] and co-
herent ballistic transport of electrons[3] have been excited us-
ing intense THz radiation. There has been observed nonlinear
THz absorption bleaching due to intervalley scatterings in Ge,
Si, and GaAs.[4] Razzari et al. studied nonlinear ultrafast mod-
ulations of the optical absorption of intense few-cycle terahertz
pulses in n-doped InGaAs films recently.[5] The studies of the
nonlinear optical response and dynamic mechanisms have im-
portant theoretical meanings, and can provide new data to im-
prove the performances of materials and devices.

InSb and InAs semiconductors are becoming important in
many optoelectronic and electronic device applications[7–10]

because of their high mobilities and narrow band gaps. The
two materials are commonly used as a traditional THz wave
source when irradiated with femtosecond laser pulses.[11–14]

There are also lots of researches on the nonlinear optical re-
sponse of narrow band gap material in the THz fields. Schol-

ars often use the samples with fixed doping levels excited by
the intense THz fields without any direct optical electron–hole
generation. For instance, the nonlinear absorption is observed
in InSb, and the impact ionization process has been resolved
by THz-pump/THz-probe (TPTP) measurements on a fem-
tosecond time scale;[15,16] the reflection geometry is used to
study the intervalley scattering and impact ionization in InAs
with intense terahertz pulses.[17]

In spite of the numerous nonlinear studies already per-
formed, the nonlinear THz radiation under the intense THz
field has not been extensively investigated. Moreover, in most
of these papers the classical drift diffusion model and Drude
model were used for theoretical analysis, and the extremely
complex transient process of carriers is difficult to solve ac-
curately. The ensemble Monte Carlo simulation[18–23] is an
ideal method due to the simplicity of its implementation as
well as the direct explanations of various phenomena (includ-
ing spatial-temporal effects, high-field transport, and ultrafast
phenomena).

Therefore, we use an ensemble Monte Carlo method to
study the far-field nonlinear THz radiation responses of the
n-doped bulk InSb and InAs crystals, whose carrier concen-
trations are both about 1016/cm3 (See Fig. 1). It is found that
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due to the complex effects, the external radiation produces a
great distortion in the time-domain spectrum, with new non-
linear frequency components used in the frequency spectrum.
The three mechanisms, i.e., nonparabolicity, impact ionization
and intervalley scattering, perform in different ways in differ-
ent samples under the high THz field excitation. Partial results
of the calculation are consistent with the experimental result
of Ho and Zhang.[17] The study has potential values in up-
convension of THz wave and THz nonlinear frequency multi-
plication field.
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Fig. 1. (color online) (a) Intense THz pulse induced far-field radiation in
n-doped bulk samples at room temperature. (b) The illustration for the dy-
namic mechanisms. Electron energy deviates from that in parabolic band
structure in the high THz field. Impact ionization process excites electron–
hole pairs from the valence band. The intervalley scattering process causes
the electrons to transfer from the Γ valley to satellite valleys.

2. Physical mechanism and model
We can use the Boltzmann equations to describe the

dynamical evolution of the carriers in the THz field,
which is studied by the ensemble Monte Carlo method as
follows:[20–23]
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where fk is the electron distribution function; ∂ fk/∂ t|c−ph,
∂ fk/∂ t|c−im and ∂ fk/∂ t|c−l are the carrier–phonon, carrier–
impurity, and carrier–lattice interaction rates, respectively.

Here the impact ionization is the main mechanism of a carrier–
lattice; eEt(t)∇k fk/h̄ is the THz-field-driven process, in which
e is the unit charge for an electron; h̄ is the Planck constant di-
vided by 2π . Particularly, Et = 2Y0ETHz/(Y0 +Ys) is the THz
field transmission of the first air- sample interface,[24] with
ETHz being the incident THz field, and Y0 and Ys being the
free-space admittance and sample admittance, respectively.

Carriers can have high kinetic energy E in high-field
transport calculations, and the values of wave vector k are
far from the minima of the conduction band. In this region,
the energy deviates from the value calculated from the simple
quadratic expression of a parabolic band structure, and non-
parabolicity occurs. The E–k relationship is expressed as[19]

E(1+αE) = γ(k) =
h̄2k2

2m∗
, (2)

where α is a nonparbolicity factor defined as α =

(1−m∗/m0)
2/Eg; Eg the energy gap; m∗ and m0 are the ef-

fective electron mass at the bottom of the band and the free
electron mass, respectively.

The energetic electrons in the conduction bands (with
high kinetic energy under strong electric field) will collide on
lattice atoms and excite electron–hole pairs from the valence
band. This phenomenon is called impact ionization. We apply
the impact ionization mechanisms to our EMC model since
they may play a very important role in narrow band gap semi-
conductors. There is a probability per unit time in which an
impact ionization event happens, introduced by means of the
Keldysh expression[25]

P(E) =

{
S[(E−ETH)/ETH]

2, E > ETH,

0, E ≤ ETH,
(3)

where E is the electron energy; Eth a threshold energy (Eth =

1.08Eg). The proportionality factor of impact ionization S is
considered as 1012 s−1 to analyze the relevance of this process.

We use 1 mm×1 mm material as a uniform system be-
cause the width of each direction is very large. Although this
assumption will bring some errors, the small errors can be ne-
glected. In the simulation, the conduction band structure is de-
scribed in terms of the three-valley Γ –L–X model. The electric
field, refined with a time step of 1 fs is assumed to be uniform
in each time period. The number of electrons and the electric
field are updated at each sampling time. The holes are sup-
posed to be immobile, with electron transport taken into ac-
count. In addition, although the material volume is very large,
we still consider the boundary. In the case of no bias, the Neu-
mann boundary condition is used, namely when the particles
reach the boundary, they will experience a mirror reflection
process. Table 1 shows the parameters[25–28] used for calcula-
tion.
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Table 1. Parameters used for calculation.

Parameters InSb InAs Unit

Density 5.790 5.667 g/cm3

Sound velocity 4060 4282 m/s

Band gap 0.18 0.354 eV

Lattice parameter 6.479 6.058 Å

Intervalley Energy

EΓ−L 0.76 0.73 eV

EΓ−X 0.45 1.02 eV

Effective mass

mΓ 0.014 0.023 m0

mL (mX ) 0.22(0.13) 0.29(0.64) m0

LO phonon energy 24.4 30 meV

Intervalley phonon energy 19.9 17.4 eV

Static dielectric function ε0 17.65 15.15

High-frequencydielectric function ε∞ 15.68 12.25

3. Results and discussion
The THz frequency is much lower than that of visible

light, which is unable to directly excite semiconductor elec-
trons from the valence band to the conduction band. How-
ever, free carriers directly accelerated by the THz field can be
observed in n-doped semiconductors with high mobilities.[29]

For example, electrons can be accelerated into the ballistic
regime in lightly doped GaAs, whose electron energies can
be achieved to be larger than 1 eV in this way.[29] A similar
physical process is also easy to achieve for InSb and InAs,
which have very high mobilities of ∼ 7.6× 104 cm2/(V · s)
and ∼ 3.0× 104 cm2/(V · s), respectively. In many THz-
pump/THz-probe experiments,[15–17] quite a number of inter-
esting experimental phenomena have been explained by using
the principle of the THz field driven free electron. This theory
has also been discussed by Dai et al.[30] Therefore, we use the
intense THz-field-driven electron to study the far-field radia-
tion of the materials.

As is well known, the far-field terahertz radiation is ac-
tually determined by the current acceleration. In the strong
driving field, the current acceleration is no longer linearly pro-
portional to the driving field, making other components in the
frequency domain occur in the outward radiation of THz wave.

Figure 2 shows the driving THz pulses of the frequency
spectra and the time-domain spectra (the inset). Here the THz
oscillation period is about 2.5 picosecond (ps), the center sim-
ulation frequency of the wave 1 THz, and the width 0.5 THz.
According to the surface radiation calculations,[31] the far-
field terahertz formula is

E ∝
∂𝐽

∂ t
= ∑

i
qir̈i, (4)

where i is the whole number of particles, qi the super particle
charge, and ri the electronic displacement.
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Fig. 2. (color online) Driving THz pulses of the frequency spectra and
the time–domain spectra (the inset). The THz oscillation period is about
2.5 ps, the center frequency of the wave 1 THz, and the width 0.5 THz.

Carriers are accelerated in the outfield, producing a vari-
ety of scatterings. The scattering rates and the different energy
states show a complex relationship: they are related to the var-
ious scattering energy responses and their proportions.
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Fig. 3. (color online) Scattering rates versus energy in InSb (a) and InAs
(b) at room temperature in the Γ valley. The different scattering rates are
those of ionized impurity scattering (black line), acoustic phonon scatter-
ing (black dash curve), phonon absorption of Γ –L intravalley scattering
(blue curve), phonon emission of Γ –L intravalley scattering (blue dash
curve), phonon absorption of Γ –X intravalley scattering (green curve),
phonon emission of Γ –X intravalley scattering (green dash curve), absorp-
tion (ab) of polar optical phonon scattering (pink curve), emission (em)
of polar optical phonon scattering (pink dash curve), and impact ioniza-
tion(red curve), respectively.
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Figure 3 shows the scattering rates versus energy in InSb
(a) and InAs (b) at room temperature in the Γ valley. In the
caculation, 13 scattering rates are considered, such as ion-
ized impurity scattering, acoustic phonon scattering, interval-
ley scattering, intravalley scattering, polar optical phonon scat-
tering and impact ionization. Nine relatively high scattering
rates are demonstrated among them. The impact ionization
and intervalley scattering become the major scattering mecha-
nisms at high energy.

When a single intense THz pulse irradiates on the sam-
ple, free carriers are accelerated in the conduction band and
the kinetic energy increases rapidly. In this region, the val-
ues of k are far from the minima of the conduction band, and
the nonparabolicity occurs. Then, the rising strength of the
THz field will lead to the impact ionization process because
it requires lower energy than intervalley scattering for the nar-
row band gap semiconductors. The energetic electrons in the
conduction bands, which have high kinetic energy, will excite
electron–hole pairs from the valence band, thereby increasing
the number of the carriers. When the intervalley scattering
energy threshold is reached, the intervalley scattering process
will take place.

Carriers dynamics has a direct influence on the far-field
radiation, and the carrier distributions under different THz
field strengths are calculated. We consider the maximum
amplitudes of the incident THz field intensity in a range of
0 kV/cm–150 kV/cm. Figure 4 shows the electron percentage
occupancies in different valleys and the addition percentage of
electrons excited by impact ionization. Since the impact ion-
ization generates new electron–hole pairs, the total number of
carriers is updated at each time step. For InSb, impact ioniza-
tion rises rapidly from 20 kV/cm, and the new particles (∆N)
increase up to about 87% of the total. The Γ –X intervalley
scattering occurs from about 30 kV/cm, but no more than 5%
of the final particles in the X valley can be reached, and almost
no electrons are scattered into the L valley. Therefore, impact
ionization is the dominant mechanism for n-doped InSb in the
whole process. For InAs, the band gap (0.354 eV) is larger
than InSb (0.18 eV), thus the impact ionization requires higher
energy. Figure 4(b) shows that the impact ionization begins
from 25 kV/cm, immediately after which the intervalley scat-
tering occurs. Both impact ionization and intervalley scatter-
ing change slowly after the THz field has reached 100 kV/cm.
As can be seen, for InAs, only about 38% of the adding par-
ticles can be reached in the impact ionization process, which
is far below the percentage in the case of InSb, and 24% of
the number of electrons in the L valley can be reached in the
intervalley scattering process. The scattering mainly occurs in
the Γ –L valley, and the intervalley scattering into the X valley
is relatively less. Compared with Fig. 3(b), while the interval-

ley scattering has the higher ratio at the late stage, the impact
ionization has the low threshold energy. The impact ionization
will occur first with a higher proportion in the actual scatter-
ings. As a result, both impact ionization and intervalley scat-
tering work together in n-doped InAs.
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Fig. 4. (color online) Carriers distributions of InSb (a) and InAs (b) in
different THz fields. The black, red, and blue curves are the percentages
of electrons in the Γ , X , and L valleys respectively. The green curve is the
percentage of new electrons excited by impact ionization.

This calculation result is consistent with the experimental
result of Ho and Zhang.[17] The work focused on the vary-
ing impurity doping types of bulk InSb and InAs materials.
By using the THz pump-THz probe experiment, the reflection
spectroscopy and nonlinear optical effects were studied in dif-
ferent THz fields (30, 63, 90, and 110 kV/cm). The results
showed that for n-doped InSb, impact ionization dominated
while for n-doped InAs, both impact ionization and intervalley
scattering mechanisms had to be considered. In their discus-
sion about the electron population, the changes of free carrier
density at different THz field strengths, as well as the electrons
transference to the X valleys were not considered. Studying
the radiation of driving electrons under the intense THz fields,
we obtain the same conclusion by the more accurate numerical
simulation with more considerations.

We calculate the far-field radiations of the two materials
according to formula (4) (See Fig. 5). The actual maximum
amplitude of the incident THz field is chosen from 5 kV/cm–
100 kV/cm. Equation (2) defines the concept of non-parabolic
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coefficient, directly determines the relationship between the
coefficients of the electron energy and momentum. For InSb
and InAs, since the band gap energy and the effective mass
of an electron are relatively small compared with those of the
other semiconductors, they have very high non-parabolic co-
efficients. Figures 5(b) and 5(d) show that at low field (peak
5 kV/cm), the shape of the radiation field is inconsistent with
driven force (See Fig. 2). When the field is upraised, the non-
linear effect is subsequently generated. As a result, the radi-
ation waveforms are distorted in the time–domain spectrum,
and new frequency components are generated in the frequency
spectrum. Since the non-parabolic coefficient of InSb is much

higher than that of InAs, the two materials show different be-
haviors in certain THz outfields. With the peak amplitude on
20 kV/cm and 50 kV/cm, the new frequency peaks in InSb are
located at about 3 THz and 5 THz, respectively. While for
InAs, the radiation field is also in linear response to the driv-
ing field at 20 kV/cm, and the peak in the vicinity of 3 THz
occurs till 50 kV/cm. In this drive strength, the new frequency
peaks of the two materials are formed due to the band non-
parabolicity. The intervalley scattering and impact ionization
mechanisms of two materials will gradually appear, playing a
leading role in the nonlinear effect when the outfield exceeds
50 kV/cm.
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Fig. 5. (color online) Far-field THz radiations under the excitations of different intense THz fields: 5 kV/cm (black curve), 20 kV/cm (red curve), 50 kV/cm
(blue curve), and 100 kV/cm (green curve), respectively. Panels (a) and (b) show the frequency spectra and time-domain spectra for n-doped InSb; panels
(c) and (d) display the frequency spectra and time-domain spectra for n-doped InAs.

In the high field of 100 kV/cm, the electron motion char-
acteristics change significantly. Comparing the time-domain
spectra in Figs. 5(b) and 5(d) with those in Fig. 2, the sharp-
ening and asymmetry occur. For InSb, the peak increases dra-
matically after 1.5 ps, the impact ionization here plays a key
role in addition to the nonparabolicity factor. On the one hand,
the impact ionization can absorb a lot of electron kinetic en-
ergy, which slows the acceleration process; on the other hand,
it can inspire additional carriers so that the current rise space
enlarges. The effect of the latter is much greater than that of
the former in the high field. For InAs in the field of 100 kV/cm,
the peak of the radiation form is lower than those in the fields

of 50 kV/cm and 20 kV/cm after 1.5 ps in Fig. 5(d). The main
reason is that in addition to impact ionization, the intervalley
scattering has a relatively high proportion, making the elec-
trons transfer to the high energy valley. As a result, the ef-
fective mass increases rapidly while transforming a large ini-
tial kinetic energy. It can make the electronic group velocity
plummet. Meanwhile, it can suppress the current upgraded by
the impact ionization. Therefore, in the high THz field, the
impact ionization and intervalley scattering make the process
complex, leading to the great distortion of the InAs external
radiation form.

The frequency spectrum shows that the radiation is
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further enhanced to about 7 THz under the high field of
100 kV/cm in InSb, whereas only 5 THz is generated in InAs.
They both generate a 2-THz periodic regular distribution in the
overall spectrum. The formations of these frequency peaks are
closely related to the band nonparabolicity and the different
scattering mechanisms of two materials. The reasons for the
differences mainly lie in four aspects: firstly, the InSb non-
parabolic coefficients are higher than InAs’s. Secondly, the
effective mass of InAs is larger than InSb’s, and the electronic
group velocity is relatively low. Thirdly, the impact ionization
ratio of InSb is much higher than that of InAs. Thus more
electrons are excited and make more contributions to high fre-
quency. Fourthly, from 20 kV/cm to 100 kV/cm, the interval-
ley scattering ratio of InAs is higher than that of InSb, and
the effective mass becomes large when electrons are scattered
into the satellite valley, thus reducing the occurrences of high
frequency components. The above factors all contribute to the
new lower frequency of InAs than that of InSb.

4. Conclusions
In this work, we study the nonlinear radiation responses

of two different n-type bulk semiconductors, i.e., InSb and
InAs in a high THz field by using the ensemble Monte Carlo
method. We also calculate the electron valley occupancy and
the percentage of new electrons excited by impact ioniza-
tion. The results show that firstly, the radiation frequencies
in different-strength THz fields have different characteristics.
Low field radiation is linear with respect to the outfield, while
intense THz excitation beams trigger higher THz frequency ra-
diations, indicating harmonic generation. The periodic regular
distribution is present in the frequency spectrum. Moreover,
there are different scattering mechanisms in different materi-
als. The impact ionization dominates in n-doped InSb, while
impact ionization and intervalley scattering work together in
n-doped InAs. This result is consistent with the experimen-
tal result of Ho and Zhang.[17] Finally, the peak value of each
new frequency is actually due to the different nonlinear mech-
anisms. The band nonparabolicity and impact ionization pro-
mote the generation of nonlinear high frequency radiation,
while intervalley scattering performs in the opposite way. The
results of the work have potential values in up-convension of
THz wave and THz nonlinear frequency multiplication field.
In the simulation, the factors which do not influence the re-
sult analysis are normalized, and the results are relative val-
ues. Future calculations can be considered to improve the
model to obtain the absolute value of the far-field THz radi-
ation, so the energy conversion efficiency can be calculated. If

the submicron-size materials are studied, the small-size effect
and boundary conditions will result in the rapid change of the
internal electric field and a series of much more complex non-
linear effects. In this case, the electric field should be updated
by using the Poisson equation. In addition, we can also study
the carrier dynamic effects of higher band gap materials like
GaAs and CdTe in the high THz field by using this method.
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