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In this Research Letter, we study the transient carrier dynamics and the nonlinear terahertz effects induced by
an intense multicycle terahertz pulse in the n-doped semiconductor In0.57Ga0.43As. For incident terahertz pulses
with relatively high frequency �1 THz, we reveal the generation of low- and high-frequency components in the
transmitted intensity spectra. We study the time emission of these components at different frequencies using the
Gábor transform, showing that the low- and high-frequency components are due to the nonparabolicity of the
conduction band. Our results demonstrate that for a multicycle terahertz pulse, we generate a distorted biphasic
truncated exponential current with the driving terahertz fields, leading to discrete high-order harmonic generation
in the transmitted intensity spectra.
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I. INTRODUCTION

Owing to the rapid advancements in intense terahertz
(THz) radiation sources, there have recently been significant
breakthroughs in our understanding of intense THz-matter
interactions and nonlinear THz effects [1–7]. For exam-
ple, several theoretical and experimental studies have shown
efficient THz frequency multiplication, such as high-order
sideband generation (HSG) [8,9] and high-order THz har-
monic generation [8–15] using intense multicycle THz pulses
transmitted through various materials. These materials include
bulk crystals, such as gallium selenide (interpreted via dynam-
ical Bloch oscillations) [13,14], tungsten diselenide (modeled
by THz-driven electron-hole collisions) [8,9], and graphene
(explained via the interplay between the interband and intra-
band motion of the carriers and hot Dirac fermion dynamics)
[10–12,15]. Using a 100-fs near-infrared excitation pulse and
a high-intensity THz pulse with MV/cm peak electric fields,
Langer et al. have observed in WSe2 that the recolliding elec-
trons and holes emit light via multiple HSG [8,9]. Moreover,
Hafez and co-workers have reported the generation of THz
harmonics in a single layer of graphene, driven by multicycle
intense THz pulses with peak field strengths of only ∼10−1–
103 kV/cm [11,15]. Nevertheless, as we have seen in the
visible and near-infrared regimes, nonlinear effects give rise to
a multitude of fascinating phenomena, many of which could
still be hiding in experimental data.

To further deepen our understanding of nonlinear THz
effects, we perform in this Research Letter a systematic
time-frequency study of the response of a classical n-doped
semiconductor In0.57Ga0.43As thin film when pumped by a
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multicycle THz pulse with central frequencies from 0.2 to
1.5 THz and incident peak electric fields ranging from 100
up to 500 kV/cm. We show that high-order harmonic gen-
eration (HHG) is strongly dependent not only on the peak
field strength but also on the central frequency of the incom-
ing pulse. Indeed, we put in evidence that HHG is mainly
generated by intervalley scattering. By applying the Gábor
transform formalism [16–18], we also show that the emission
due to HHG starts only when the photocurrent has a dis-
torted biphasic truncated exponential form, which is evident
for low THz frequency. On the other hand, HHG for higher
THz frequencies is not as prominent because the necessary
time for inducing the truncation of current generated by the
THz pulse becomes comparable to the duration of the half
cycle of the THz pulse. In addition to HHG, we observe
the generation of spectral components above and below the
fundamental wave. We refer to these waves, which are in
higher and lower frequencies than the central frequency of
the main pulse, as high-frequency components (HFCs) and
low-frequency components (LFCs). We use a time-frequency
analysis based on the Gábor transform to study the transmitted
electric field, putting in evidence that these HFCs and LFCs
are generated only through intravalley scattering effects. It is
important to note that similar LFCs and HFCs besides the
fundamental frequency have been observed in recent reports
on intense THz-matter interactions, such as those detected in
the high-order harmonic spectra from graphene [11,15]. Given
that nonparabolicity of the conduction band is the cause for
these LFCs and HFCs, we expect them to be generated in
many semiconductors (including graphene), potentially pro-
viding a method to experimentally study their band structure.

II. THEORY

To understand the nonlinear carrier dynamics and the
wave generation induced by the response of the InGaAs
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FIG. 1. Current density (red solid line) and transmitted THz wave form (lime green solid line) generated by a multicycle THz pulse (blue
dashed line) centered at (a) 0.2 THz and (c) 1.0 THz. The incident peak fields used here are (a) 350 kV/cm for the 0.2-THz pulse and
(c) 114 kV/cm for the 1.0-THz pulse. Amplitude spectra of the transmitted THz wave forms as a function of the THz peak electric fields, for
fundamental frequencies of (b) 0.2 THz and (d) 1.0 THz.

layer to multicycle THz pulses, we performed a theoretical
analysis in the time domain by using the thin-film equation
[5,7,12,19], considering that the sample could be idealized
as a thin conducting sheet with thickness d on an insulat-
ing substrate with refractive index N [5]. In our study, the
sample is a 500-nm-thick n-type In0.57Ga0.43As (100) epi-
layer with a doping concentration of 2 × 1018 cm−3 [7]. If
the THz pulse irradiates the sample from the InP substrate
side (substrate/thin-film/air configuration) [20], the thin-film
equation is given by the expression

Etrans(t ) = 1

Y0 + YS

[
4YS

N + 1
Ein(t ) − J (t ) d

]
. (1)

Here, Etrans(t ) and Ein(t ) are the transmitted and incident
THz fields, respectively, Y0 = (377 �)−1 is the free-space ad-
mittance, and YS = NY0 is the admittance of the substrate, in
which N = 3.1 is the refractive index of InP at THz frequen-
cies [19]. We implement an analytical-band ensemble Monte
Carlo approach to solve the Boltzmann transport equation
[21–24] for modeling the transient carrier dynamics of the
sample, as previously employed in Ref. [6]. To detail the
different scattering effects in our simulations, we consider the
typical scattering mechanism in a compound semiconductor
such as acoustic, Coulomb, and polar optical phonon scatter-
ing, as well as intravalley and intervalley scattering [21,25].
Through these simulations, we obtain the carrier dynamics
in the �, L, and X valleys of the conduction band, and the
current density J (t ) was directly determined by the average
drift velocity [12,26–28].

III. RESULTS

We first performed simulations on the nonlinear THz ef-
fects induced by intense multicycle THz radiation in n-doped
In0.57Ga0.43As. In the simulations, we consider a temperature
of 300 K and use the physical constants of the In0.57Ga0.43As
sample reported by Long et al. [23] and Razzari et al. [4].

A. THz pulses with relatively low and high frequency

Figure 1 shows the incident and transmitted THz wave
form for THz pulses with central frequencies of 0.2 and
1.0 THz. The incident peak electric fields used here are
350 kV/cm for the 0.2-THz pulse and 114 kV/cm for
the 1.0-THz pulse. For THz pulses with 0.2 and 0.4 THz,
we found that the distorted current density shows a sharp
truncation {see Fig. 1(a) and also Fig. S2(a) of the Sup-
plemental Material (SM) [29]}. On the other hand, for
the THz pulses with 1.0 and 1.5 THz, it is challeng-
ing to observe clear current truncations faster than the
duration of the half cycle of the original incident THz
wave form {see Fig. 1(c) and also Fig. S2(c) of the
SM [29]}.

For relatively low frequency multicycle pulses and high
incident peak fields, the direct consequence of the distorted
current phases with the driving THz fields is the clear high-
order harmonic (HH) peaks in the transmitted intensity spectra
(up to the eleventh and seventh harmonic for 0.2- and 0.4-THz
pulses, respectively) {see Fig. 1(b) and also Fig. S2(b) of
the SM [29]}. In contrast, for relatively high frequency and
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FIG. 2. Time-frequency analysis, or Gábor transform for the incident peak fields at 350 kV/cm for a 0.2-THz pulse. (a) Normalized (norm.)
temporal current density (solid red line), and carrier populations in the � (dark blue solid line), L (lime green solid line), and X (dashed violet
line) valleys. (b) Current density (red solid line) and transmitted multicycle THz pulse (blue solid line). (c) The corresponding transmitted
amplitude spectra. (d) HHs (dashed green lines) are shown during the time of the pulse.

low incident peak fields, the changes in the frequency are
not so clear to observe due to the absence of clear current
truncations. However, we can still barely observe HHG in
the intensity spectra (up to the fifth order when pumped by
the 1.0-THz pulses and up to the third order when pumped
by the 1.5-THz pulses) {see Fig. 1(d) and also Fig. S2(d) of
the SM [29]}. In addition, we can also observe some small
peaks that are located at 0.3 and 1.7 THz when the sample is
pumped by the 1.0-THz pulses. These frequencies, which do
not correspond to any harmonic order, are LFCs and HFCs
[see Fig. 3(c)].

For an ideal square wave, the harmonic order of the Fourier
decomposition would extend to infinity. In our case, the in-
tensity and order of the HHG depend on the modulation of
the photocurrent; the stronger and faster are the truncations
of the photocurrent, the higher are the HHs’ orders. As a
result, the HHG is easier to observe using a relatively low
frequency source, resulting in a better temporal truncation
contrast of the current density due to the drastic change of
the carrier population in the satellite valleys [see Fig. 1(b)].
Moreover, for relatively high frequency THz pulses at similar
field strengths, it is difficult to have sharper truncations, and
therefore the harmonics [such as the fifth harmonic of the
1.0-THz pulse in Fig. 1(d)] are less evident. However, under
these conditions, we observe frequencies located just above
and below the fundamental frequency of the main pulse. These
HFCs and LFCs are evident when we pump the InGaAs thin
film with relatively high frequency multicycle THz pulses.
Surprisingly, the HHG intensity decreases by increasing the

intensity of the pump pulse, and the LFCs and HFCs vanish
{see Fig. 1(d) and also Figs. S2(d) and S7 of the SM [29]}.

To measure with accuracy in both the time and frequency
domains, we performed a time-frequency analysis, which al-
lows us to capture the entire time-frequency content of the
transmitted multicycle THz wave forms and at the same time
generate a spectrogram [16,17]. For this, we applied the Gábor
transform formalism to the transmitted multicycle THz wave
forms to explain and understand the HHG, LFCs, and HFCs
exhibited at different frequencies of the spectra [18].

B. Time-frequency analysis for low-frequency THz pulses

First, to better understand the HHG from relatively low
frequency multicycle THz pulses (0.2 THz) and high incident
peak field (350 kV/cm), we analyze the carrier populations
in the �, L, and X valleys. Figure 2(a) shows a drastic
reduction in the carrier population of the � valley around
16 ps. At that moment, because of the high incident field, the
ponderomotive acceleration is strong enough that the carriers
gain sufficient kinetic energy to efficiently undergo intervalley
scattering from the � to the L and X valleys [7]. The HHG
is mainly caused by the intervalley transitions of the carriers
from the � valley to the L and X valleys, and also from L
valleys to X valleys and vice versa. This process of intervalley
scattering between the � valley and the satellite valleys is
repeated or continued throughout the THz pulse. Furthermore,
the time-frequency analysis shows that the third harmonic is
emitted around the highest intensity and the fifth and higher
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FIG. 3. Time-frequency analysis, or Gábor transform for the incident peak fields at 114 kV/cm for a 1.0-THz pulse. (a) Normalized
temporal current density (solid red line), and carrier populations in the � (dark blue solid line), L (lime green solid line), and X (dashed violet
line) valleys. (b) Current density (red solid line) and transmitted multicycle THz pulse (blue solid line). (c) The corresponding transmitted
amplitude spectra. (d) HHs (dashed olive green lines) are emitted throughout the THz pulse, and for the LFCs and HFCs the emission is
observed after the time when the peak of the fourth cycle in the 1.0-THz pulse arrives, while their emission is much lower for earlier times.

harmonics only appear at certain times of the THz pulse and
with weaker intensity [see Fig. 2(d)] because as we strongly
reduce the number of contributing recombination times, only
the high frequencies near the cutoff frequency ωHHG

cut become
enhanced [30].

C. Time-frequency analysis for high-frequency THz pulses

Next, we compute the carrier population for the 1.0-THz
pulse with an incident peak field at 114 kV/cm. Up until the
peak of the fourth cycle of the current density [see blue arrow
in Fig. 3(a)], the carriers remain in the � valley, but after a few
picoseconds, the electrons gain enough energy to be scattered
from the � valley to the higher satellite valleys. However, we
can clearly see that the maximum intensity of the third har-
monic is occurring at the same time as the maximum intensity
of the THz pulse, precisely when the carrier populations of
the L and X valleys achieve a maximum [see the red arrow
in Fig. 3(a)]. If we look at the LFCs (0.3 THz) and HFCs
(1.7 THz), considerably strong emission compared with the
HH peaks is observed a few picoseconds after the peak of the
sixth cycle of the current density.

We perform additional calculations for the case of rela-
tively high THz frequency and low incident peak field. For
a peak electric field of 100 kV/cm, (i) the change in the
carrier population in the � valley is small, (ii) low-frequency
components appear in the transmitted amplitude spectra, and
(iii) high-order harmonics become apparent but with very
low intensity. When we increase the peak electric field, the

high-frequency components become evident when the peak
electric fields are 110–125 kV/cm {see Fig. S7 of the SM
[29]}. The nonlinear effect starts to become complex over
140 kV/cm because the carrier population of the X and L val-
leys begins to increase rapidly within the duration of the THz
pulse, and the scattering time is suddenly reduced. Hence, for
the higher incident peak field, the HHG has a weak intensity,
and the LFCs and HFCs vanish. These results show a strong
correlation between the carrier population in the � valley and
the nonlinear THz emission in both low- and high-frequency
components. This confirms that for nonlinear THz effects to
occur, we need a sufficient population of carriers in the �

valley. Also, the emission of the LFCs and HFCs does not
span the whole duration of the THz pulse for 110–125 kV/cm
peak fields because having both effects at the same time may
decrease the efficiency of both processes.

D. Average effective carrier mass

Next, we apply the fast Fourier transform (FFT) to the
calculated average carrier effective mass 〈m∗

i 〉 (for each i = �,
L, and X valleys) to observe the variation of 〈m∗

i 〉 with time
when it is irradiated by a THz field and associate the frequency
components that result in the amplitude spectra of 〈m∗

i 〉 with
the odd harmonics of the 0.2- and 1.0-THz pulses. When the
electric field of the THz pulse is weak, 〈m∗

i 〉 is constant, and
thus nonlinear THz effects are not observed in the current
density and transmitted THz pulse. In this case, the amplitude
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FIG. 4. Amplitude spectra of each average carrier effective mass
for the incident peak fields at (a) 350 kV/cm for 0.2 THz and (b)
114 kV/cm for 1.0 THz.

spectrum of 〈m∗
i 〉 will be a narrow function centered at 0 THz,

and the current density oscillates at the driving THz frequency.
However, when the THz field is increased {see Fig. S6 of the
SM [29]}, we find several peaks appearing in the amplitude
spectra of 〈m∗

i 〉 [see Fig. 4] and, as a consequence, a distorted
biphasic truncated exponential current density [see Fig. 1(a)].
The most prominent peaks that appear in the amplitude spectra
of 〈m∗

i 〉 are those that result in the harmonic generation of
the incident THz pulse. For example, in Fig. 4(b), the peak
centered at 2 THz in the amplitude spectra of 〈m∗

i 〉 results in
the third harmonic of the 1.0-THz pulse because 〈m∗

i 〉 has a
2 ωTHz component; hence the current density is modulated by
2 ωTHz, and it will have a 3 ωTHz component (this is ωTHz +
2 ωTHz). This modulation in 〈m∗

i 〉 results in modulations in
J (t ), thus generating the harmonics via intervalley scattering.
Moreover, under the same criteria, the peaks at ∼0.4, ∼0.8,
∼1.2, ∼1.6, and ∼2.0 THz in Fig. 4(a) result in the odd
harmonics of the 0.2-THz pulse, because 〈m∗

i 〉 has 0.4 ωTHz,
0.8 ωTHz, 1.2 ωTHz, 1.6 ωTHz, and 2.0 ωTHz components, and
thus the current density will have 0.6 ωTHz, 1.0 ωTHz, 1.4 ωTHz,
1.8 ωTHz, and 2.2 ωTHz components. However, we find another
peak in the amplitude spectra of 〈m∗

i 〉 of the 1.0-THz pulse
centered at ∼0.6 THz [see Fig. 4(b)]. If the current density
is modulated by a ωTHz, where for this case a < 1, then it
will have (1 ± a) ωTHz components, which are the low- and
high-frequency components located at ∼0.4 and ∼1.6 THz,
respectively, shown in Fig. 3(c). We have to note that since
these two peaks are broad, and due to the complicated tem-

poral emission and structures, the central frequencies of the
HFCs and LFCs do not perfectly match. It is important to
note that whereas THz high-order harmonics are generated by
both intervalley and intravalley effects, the LFCs and HFCs
are purely intravalley effects, reflecting the nonparabolicity of
the conduction band.

IV. SUMMARY

Our results show that, for relatively low frequency multi-
cycle THz pulses and high incident peak fields, the carriers
are accelerated to high average energy and the truncation in
the current density is first achieved (leading to discrete HHG).
The LFC and HFC generation that appears in the transmitted
amplitude spectra is due to carriers in the � valley accelerated
to high energies, thus decreasing their mobility, causing the
generated current to oscillate at lower and higher frequen-
cies. This effect disappears at higher THz intensities since
the carriers are quickly scattered into adjacent valleys {see
Fig. 1(d) and also Fig. S2(d) of the SM [29]}. Furthermore, for
relatively high frequency pulses and low fields, the intervalley
scatting does not result in clear harmonics due to the temporal
contrast. In addition, the current density will be large in this
case, which can result in a huge emitted field along the entire
THz wave form. It has to be noticed that LFCs and HFCs
should be also present when the InGaAs thin film is pumped
with a multicycle THz pulse with central frequencies of 0.2
and 0.4 THz. However, since the main scattering mechanism
of the carriers at these particular low frequencies is intervalley
scattering, the intravalley scattering is much weaker, disabling
its clear observation in the transmitted spectra. Moreover,
by using the Gábor transform, we have clarified the time of
emission of photons at different frequencies, providing a bet-
ter understanding of the carrier dynamics. Finally, this work
serves as a guideline for experiments using other possible
doped semiconductors, as well as graphene [11,15]. More-
over, our findings show that the generation of LFCs and HFCs
is possible in InGaAs, but since these components are much
weaker than the main THz pulse, they will require measure-
ments with higher signal-to-noise ratio to be identified.
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