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Interplay between intervalley scattering and impact ionization induced by intense
terahertz pulses in InSb thin films
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In this paper, we reveal the intricate interplay between two major nonlinear terahertz (THz) effects: intervalley
scattering and impact ionization, generated by an intense few-cycle THz pulse in an undoped (100) indium
antimonide semiconductor at room temperature. Our results show an initial transmission enhancement when
increasing the peak electric field up to 91 kV/cm, followed by increased absorption for higher fields. Our
analytical model explains that the THz strength of 91 kV/cm, is the critical field where the bleaching of
absorption (induced by intervalley scattering of electrons in the conduction band) is dominant below this field,
whereas above it impact ionization starts to be the dominant energy loss mechanism. The temporal and amplitude
change of the total average effective carrier mass and the total carrier density allow us to monitor the THz strength
fields where each scattering effect plays a dominant role. We find that the change in the carrier populations is
not the only factor that influences the current density, but indeed the average drift velocity of each valley is also
a decisive factor, which is derived from the carrier momentum change. The developed theoretical model match
very well qualitatively and quantitatively with the experimental results.
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I. INTRODUCTION

Semiconductor thin films are the building blocks of modern
industry, benefiting a wide range of technologies such as solar
cells, power electronic devices, transistors, and sensors [1].
In a context where electromagnetic waves of terahertz (THz)
frequencies will increasingly become an indispensable tool
in our daily lives [2], it is clear that the ultrafast properties
of semiconductor thin films are vital to manipulating and
controlling these waves [3]. THz time-domain spectroscopy
(THz-TDS) has proved to be a powerful tool in unraveling
the ultrafast electronic properties of semiconductors [4–7].
More recently, with the advent of intense THz sources [8–10],
the study of various nonlinear THz phenomena is providing
access to new knowledge of materials that were out of reach
using linear techniques [11–20]. As a result, nonlinear THz
spectroscopy is opening new horizons in material science
and the development of future ultrafast devices. For exam-
ple, several studies of various phenomena such as effective
mass anisotropy [11], intravalley and intervalley scattering
[12–15], and high-order harmonic generation (HHG) [16,17]
have been investigated in bulk, thin-film, and monolayer
graphene, respectively. In addition, impact ionization, which
can significantly affect the behavior and performance of semi-
conductor devices, is another nonlinear effect that has been
studied extensively, but mainly in bulk and low-temperature
samples [21–31].
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Among the interesting candidates, indium antimonide
(InSb) is a narrow band gap semiconductor with a large
electron mobility of 7.7×104 cm2 V−1 s−1 [32] and has the ca-
pability to work under extremely wide temperature conditions
ranging from −270 to 300 ◦C [33]. InSb is also an intriguing
test bed for nonlinear THz effects, especially to study the bal-
ance between different nonlinear mechanisms. In particular,
the impact ionization process in InSb has been the subject
of numerous theoretical and experimental studies [21–28,34–
37]. Ganichev et al. experimentally showed for the first time
highly nonlinear far-infrared absorption in n- and p-type InSb
bulk wafers, creating a large number of free carriers due to
the highly effective carrier multiplication triggered by impact
ionization [21,22]. Further, carrier generation by impact ion-
ization has been reported when an intense single-cycle THz
pulse with a duration of �1 ps is transmitted through an n-type
InSb wafer at 80 K [24–27]. Ašmontas and co-workers imple-
mented a Monte Carlo simulation method and demonstrated
that for THz electric fields higher than 8.5 kV/cm at 80 K, the
impact ionization process in InSb starts to become the promi-
nent nonlinear THz effect [23–25]. Using a two-dimensional
nonlinear THz-TDS system in reflection configuration and at
room temperature, Biasco et al. observed highly nonlinear
effects in nominally undoped bulk InSb samples [34]. How-
ever, in these previous works, the authors mainly focused
on carrier generation by impact ionization. This is because
one would anticipate that impact ionization would be the
dominant effect beyond among all nonlinear THz phenomena
since the band gap of InSb (0.17 eV) is considerably smaller
than the energy difference (0.51 eV) between the bottom of
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FIG. 1. Schematic experimental setup of the emitted THz radiation using an LN crystal and transmitted through two wire-grid polarizers,
collected by an OAEM, and focused onto an InSb/GaAs sample.

the conduction band (� point) and the nearest satellite valley
(L point).

In this paper, we show that this is, in fact, not the case. We
find that despite the relatively significant energy difference
between the � and L valleys, that intervalley scattering is
the dominant effect at lower THz fields below 91 kV/cm.
Subsequently, the impact ionization rate increases rapidly as
the THz field is further increased, and eventually impact ion-
ization becomes the dominant effect at higher fields above
100 kV/cm. To demonstrate this, we performed, at room
temperature, nonlinear THz-TDS studies of an undoped thin
film of InSb deposited on a gallium arsenide (GaAs) substrate
using intense few-cycle THz pulses with incident peak electric
fields ranging from 33 to 151 kV/cm. We experimentally
observe a transmission enhancement for THz fields lower than
91 kV/cm, followed by a drop in transmission for higher
intensity. To deepen our understanding of the nonlinear THz
phenomenon that we experimentally observe, we develop a
model that considers time-resolved carrier dynamics and im-
pact ionization to explain the interaction of an InSb thin-film
layer pumped by an intense few-cycle THz pulse. Our ana-
lytical model also reveals a critical THz field of 91 kV/cm.
Electron intervalley scattering is the dominant mechanism for
THz fields lower than 91 kV/cm. In contrast, for higher fields,
the probability of impact ionization rapidly increases, starting
to play a dominant role when the energy of the generated
hot electrons is larger than the threshold energy εth. In fact,
the additional generation of electron-hole pairs due to impact
ionization results in extra carrier generation in the � valley.
Nevertheless, we also find that the change in the carrier popu-
lations is not the only factor that influences the current density,
but indeed the average drift velocity of each valley is also a
decisive factor, which is derived from the carrier momentum
change. Our numerical simulations provide insight into the
underlying fundamental mechanisms of the experimentally
observed trends. The key to nonlinear THz field transmission
in InSb is the intricate balance between intervalley scattering
and impact ionization to the driving THz fields, leading to
a nonlinear current density modulated by a nonlinear time-
dependent conductivity.

II. EXPERIMENTAL SETUP

The experimental setup used to perform our THz measure-
ments is the same as the one reported in Ref. [9]. In this

setup, intense THz pulses are generated by optical rectification
using the pulse front-tilt technique with a lithium-niobate
(LN) crystal with a cut angle of 63◦. The tilt of the wave
front has been realized using an echelon mirror. The emitted
THz radiation is collected by an off-axis ellipsoidal mirror
(OAEM) placed 84 mm from the LN crystal. Then, the OAEM
focuses the THz beam onto an InSb/GaAs sample or a GaAs
bare substrate placed 33 mm from the OAEM. Between the
LN crystal and the OAEM, we placed a germanium (Ge)
wafer to block the residual leakage of the pump beam and its
second harmonic generated by the LN crystal. Then, a pair of
wire-grid polarizers were placed between the Ge wafer and the
OAEM. The THz peak electric field was controlled by rotating
the angle θ of the first wire-grid polarizer, while the second
polarizer was fixed to ensure a perpendicular polarization of
the THz pulse (see Fig. 1). The InSb sample under study, from
MTI Corporation, is an undoped (100) InSb semiconductor
thin-film layer with a carrier concentration of approximately
1017 cm−3 at room temperature. The thickness of the thin-film
InSb layer is 500 nm, and the semi-insulating GaAs substrate
is 0.5 mm thick with a resistivity higher than 108 (� cm)−1.
Ultimately, the THz radiation transmitted through the sample
is collected by a first off-axis parabolic mirror (OAPM) and
then focused by second OAPM on an electro-optical sensor
(LN thin crystal).

III. EXPERIMENTAL RESULTS

The maximum incident THz peak electric field measured
was 151 kV/cm at θ = 0◦, whereas in turn, the minimum THz
peak electric field reached in this experiment was 33 kV/cm
for θ = 62◦. Here, the incident THz peak field was directly
measured by the modulation of the balanced photodiodes
from the Pockel effect inside the electro-optic sensor [9,38].
Figure 2(a) shows the THz waveforms of the transmitted THz
pulses through the GaAs substrate (Eref.) and the undoped
InSb thin film (Etrans.). Moreover, for frequencies above 1.6
THz, we start to observe a continuous high-frequency gener-
ation over the maximum transmission for THz peak electric
fields between 77 and 105 kV/cm [see Fig. 2(b) and Sec. 1
of the Supplemental Material (SM) [39]]. Here, the high-
frequency band generation is due to the rapid drop that the
current density experiences [13].
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FIG. 2. (a) THz waveforms of the transmitted THz pulses
through the GaAs substrate (inset) and the undoped InSb thin film
deposited on a GaAs substrate. (b) Amplitude spectra of the trans-
mitted THz pulse through the GaAs substrate (solid black lines) and
the InSb/GaAs sample (solid red lines), with a THz peak electric
field of 77 kV/cm. Inset: Corresponding THz waveforms.

Figure 3 illustrates the normalized spectrally resolved THz
field transmission T , where [40]

T = |Etrans.(ω)eiφtrans. (ω)|
|Eref.(ω)eiφref. (ω)| . (1)

Here, Eref.(ω) and Etrans.(ω) are the spectral amplitudes, and
φref.(ω) and φtrans.(ω) are the spectral phases of the corre-
sponding reference and transmitted THz pulses, respectively,
as a function of the frequency. In Fig. 3(a), we observe
a nonlinear transmission enhancement for the THz field is
ranging from 33 up to 91 kV/cm, with an average increase
of 11%. On average, the normalized transmission is smaller
than 1 for frequencies below 2.15 THz and greater than 1 for
higher frequencies. However, as the field strength is increased,
the normalized transmission is enhanced and the frequency
threshold where the normalized transmission is higher than 1
start to decrease. For example, at 33 kV/cm, the frequency
threshold is at 2.15 THz, whereas for 91 kV/cm it is at 1.55
THz. Nonlinear transmission enhancement is caused by the
carriers that have been accelerated by the driven THz field and
scattered to higher satellite valleys (i.e., the L valley), where
the carrier effective mass is higher. As a result, the carrier’s
mobility will be reduced, decreasing the overall macroscopic
terahertz conductivity of the thin film. These observations are
in good agreement with previously published data [13]. More
surprisingly, by continuing to increase the THz peak elec-
tric field, we observe a nonlinear decrease in the normalized

FIG. 3. Normalized THz field transmission at different THz field
strengths as a function of the frequency for THz peak electric fields
(a) lower and (b) higher than 91 kV/cm. The upwards and down-
wards black dashed arrows depict the increasing and decreasing trend
of the transmission, respectively.

transmission while we keep increasing the THz field from 91
up to 151 kV/cm [see Fig. 3(b)]. Between 91, 105, and 124
kV/cm, the normalized transmission decrease is nonuniform.
However, we start to observe a clear tendency of a drop in
transmission for frequencies higher than 1.6 THz.

We ascribe this response to the impact ionization process
driven by high-field THz pulses [26,34,37], where the energy
of the carriers is greater that εth and an electron is scattered
from the valence band to the conduction band. For 141 and
151 kV/cm, there is a drastic drop in transmission even
for frequencies below 1 THz. By comparing the temporal
profiles of the total average effective carrier mass and the total
carrier density, we observe that intervalley scattering plays
a dominant role earlier in time and with a higher amplitude
than impact ionization at low THz fields. On the other hand,
for higher-field THz pulses, the intervalley scattering is still
induced earlier in time but with less intensity than impact
ionization, becoming the dominant energy loss mechanism
(see Sec. 6 of the SM [39]). This interplay between intervalley
scattering and impact ionization leads to highly nonlinear
THz conductivity at low and high frequencies, and hence
to the transmission (see Sec. 4 of the SM [39]). However,
the relatively modest change in the transmission is a direct
consequence of working with an undoped thin film, where the
carrier concentration is only 1017 cm−3 [41]. Nevertheless,
it is important to noticed that a stronger impact ionization
probability has been observed in InSb [23–27] and in other
semiconductor crystals such as Si and InAs [25,30,31], but
such semiconductors were pumped by either an extremely
high THz field strength of several MV/cm or at a cryogenic
temperature.
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To explain the strong nonlinear transmission observed at
low and high fields, in our model, we used a system of
differential rate equations incorporating the Keldysh impact
ionization model [26,29–31,42] and the intravalley and inter-
valley scattering mechanisms [12,13,15,43] (see Sec. 2 of the
SM for details [39]). Additionally, we considered an initial
carrier concentration of the InSb thin film equal to 1017 cm−3.
By fitting the experimental data, the energy relaxation time
remains constant at 5 ps for carriers in both the � and L valley.
The energy relaxation time rate is similar to that already re-
ported in Refs. [26,34]. Additionally, as previously discussed
by other authors [23–26,34], since the energy separation be-
tween the X valley and the top of the valence band is six times
the value of the band gap, in our model, we do not study
the carrier dynamics in the X valley for InSb, and we only
consider the energy transfer between the carriers in the � and
L valleys.

The intricate balance between intervalley scattering and
impact ionization in THz-driven InSb results in a highly non-
linear change in the carrier population of the � and L valleys.
We find that the change in the carrier populations is not the
only factor that influences the current density, but indeed the
average drift velocity of each valley is also a decisive factor,
which is derived from the carrier momentum change, as il-
lustrated in the calculations shown in Fig. 4. At low THz peak
electric fields, the carriers remain in the � valley and basically
follow the incident THz temporal profile [12,13,15,43]. Our
numerical calculations show that as we increase the applied
THz field to 91 kV/cm, we observe intervalley transitions
from the � valley to the L valley (see Fig. S2 of the SM [39]).
Here, once the ponderomotive acceleration is strong enough,
the carriers acquire sufficient kinetic energy to efficiently un-
dergo intervalley scattering from the � to the L valley. On
the other hand, for THz field strengths above 91 kV/cm,
the intense THz transients keep accelerating the remaining
carriers. Figures 4(c) and 4(d) show a drastic change in the
carrier population in the � and L valley, resulting in a temporal
contrast of the current density [13,15]. More interestingly,
at these high fields, the electrons start to acquire sufficient
energy to induce impact ionization, where a THz-accelerated
electron in the conduction band scatters an electron from the
valence band to the conduction band. This creates an addi-
tional e-h pair [8], resulting in additional carrier generation
in the � valley. Therefore, in Figs. 4(c) and 4(d), we attribute
the smooth increase in the carrier population in the � valley
to the impact ionization process, which starts to become the
dominant energy loss mechanism when the hot electrons have
energy larger than ε�

th = 0.17 eV.
Next, we compute the average transmission over the entire

spectrum by calculating the power transmission of the entire
THz pulse, also known as the integrated transmission, where
[40]

〈T 〉 =
∫ ∞
−∞ E2

trans.(t )dt
∫ ∞
−∞ E2

ref.(t )dt
. (2)

Figure 5 shows the calculated power transmission of the
entire THz pulse as a function of the peak electric field
for experimental and simulated data. There is a qualitative
and quantitative agreement between the experimental and

FIG. 4. Normalized temporal current density (solid black lines),
and carrier populations in the � (solid red lines) and L (solid blue
lines) valleys as a function of time for different peak electric fields,
with the initial carrier concentration of n0(t = 0) = 1×1017 cm−3 at
room temperature.

FIG. 5. Experimental and simulated power transmission coeffi-
cient as a function of the peak field of the THz pulse.
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simulated power transmission curves. Our temporal carrier
dynamics and impact ionization model is in good agreement
with the observed trends, showing that the threshold electric
field of impact ionization is ≈91 kV/cm, which is the same
value obtained in our experiments. However, the quantitative
discrepancies are due to the simple system of differential
rate equations that only describe the momentum and energy
losses of the excited charge carriers during impact ionization.
Moreover, experimentally observed power transmission for
33 kV/cm is 84% and reaches a maximum of 99% at ≈91
kV/cm. The increase of ≈15% in power transmission agrees
with the calculated THz peak field transmission values shown
in Fig. 3(a). On the other hand, for peak electric fields higher
than ≈91 kV/cm, the power transmission shows an ≈5% de-
crease, in agreement with plots of the THz field transmission
[see Fig. 3(b)].

IV. SUMMARY

We study the nonlinear transmission of intense THz pulses
through an undoped InSb semiconductor thin film at room
temperature. We observe transmission enhancement when in-
creasing the peak field up to 91 kV/cm, followed by increased
absorption for higher fields. We attribute the transmission
enhancement to absorption bleaching induced by interval-

ley scattering of electrons in the conduction band, and the
increased absorption to impact ionization within the InSb
sample, even though the sample is undoped [26,34]. Our
model explains these observations and confirms the presence
of an intricate balance between intervalley scattering and im-
pact ionization, where for a peak electric field higher than 91
kV/cm, the hot electrons start to gain energy larger than ε�

th
and induce impact ionization. Our numerical results show a
highly nonlinear change in the carrier population of the �

and L valleys due to the interplay of these two scattering
processes. Finally, the spectra of the THz field transmissions
show a nonlinear transmission increase of ≈15% and the
decrease is estimated to be ≈5%.
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