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Abstract Semiconductor nonlinearity in the range of
terahertz (THz) frequency has been attracting considerable
attention due to the recent development of high-power
semiconductor-based nanodevices. However, the under-
lying physics concerning carrier dynamics in the presence
of high-field THz transients is still obscure. This paper
introduces an ultrafast, time-resolved THz pump/THz
probe approach to study semiconductor properties in a
nonlinear regime. The carrier dynamics regarding two
mechanisms, intervalley scattering and impact ionization,
was observed for doped InAs on a sub-picosecond time
scale. In addition, polaron modulation driven by intense
THz pulses was experimentally and theoretically investi-
gated. The observed polaron dynamics verifies the
interaction between energetic electrons and a phonon
field. In contrast to previous work which reported optical
phonon responses, acoustic phonon modulations were
addressed in this study. A further understanding of the
intense field interacting with solid materials will accelerate
the development of semiconductor devices.

This paper can be divided into 4 sections. Section 1
starts with the design and performance of a table-top THz
spectrometer, which has the advantages of ultra-broad
bandwidth (one order higher bandwidth compared to a
conventional ZnTe sensor) and high electric field strength
(>100kV/cm). Unlike the conventional THz time-
domain spectroscopy, the spectrometer integrated a novel
THz air-biased-coherent-detection (THz-ABCD) techni-
que and utilized gases as THz emitters and sensors. In
comparison with commonly used electro-optic (EO)
crystals or photoconductive (PC) dipole antennas, the
gases have the benefits of no phonon absorption as existing
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in EO crystals and no carrier life time limitation as
observed in PC dipole antennas. In Section 2, the newly
development THz-ABCD spectrometer with a strong THz
field strength capability provides a platform for various
research topics especially on the nonlinear carrier
dynamics of semiconductors. Two mechanisms, electron
intervalley scattering and impact ionization of InAs
crystals, were observed under the excitation of intense
THz field on a sub-picosecond time scale. These two
competing mechanisms were demonstrated by changing
the impurity doping type of the semiconductors and
varying the strength of the THz field.

Another investigation of nonlinear carrier dynamics in
Section 3 was the observation of coherent polaron
oscillation in n-doped semiconductors excited by intense
THz pulses. Through modulations of surface reflection
with a THz pump/THz probe technique, this work
experimentally verifies the interaction between energetic
electrons and a phonon field, which has been theoretically
predicted by previous publications, and shows that this
interaction applies for the acoustic phonon modes. Usually,
two transverse acoustic (2TA) phonon responses are
inactive in infrared measurement, while they are detectable
in second-order Raman spectroscopy. The study of polaron
dynamics, with nonlinear THz spectroscopy (in the far-
infrared range), provides a unique method to diagnose the
overtones of 2TA phonon responses of semiconductors,
and therefore incorporates the abilities of both infrared and
Raman spectroscopy. Finally, some conclusions were
presented in Section 4. In a word, this work presents a
new milestone in wave-matter interaction and seeks to
benefit the industrial applications in high power, small
scale devices.

Keywords terahertz (THz), nonlinear, spectroscopy,
broadband, semiconductor
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1 Broadband terahertz spectroscopy
(air-biased-coherent-detection)

1.1 Time-domain spectroscopy: terahertz wave air
photonics

Generation and detection of terahertz (THz) waves with
selected gases is a technology that has been developed
during the past decade [1-7]. Figure 1 illustrates a typical
air-plasma-based THz wave generation and detection
setup.
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Fig. 1 Schematic illustration of broadband THz wave generation
and detection. BS, beam splitter; BBO, beta barium borate; HV,
high voltage bias; PMT, photomultiplier tube

THz wave air photonics, using selected gases as the THz
wave emitter and sensor, brings the advantages of intense
electric field and broad spectral bandwidth. Furthermore,
compared to conventional emitters and detectors, the gases
overcome the bandwidth limitation due to the phonon
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absorption in electro-optic (EO) crystals or the carrier
lifetime in photoconductive (PC) antennas. A useful
bandwidth continuously covering from 0.5 to 35 THz,
together with intense peak electric field in time domain has
been achieved with a reflective THz air-biased-coherent-
detection (R-THz-ABCD) spectrometer [7], as shown in
Fig. 2.

Therefore, a terahertz time-domain spectroscopy (THz-
TDS) system, integrated with the THz wave air photonics,
not only fulfills the broad bandwidth and intense electric
field requirements, but also enables the study of transient
carrier dynamics. A further advance of THz pump-probe
technique for studying semiconductor nonlinearity will be
introduced in Sections 2 and 3.

1.2 Experimental setup: air-biased-coherent-detection

The design, performance, and evaluation of a reflective
terahertz time-domain spectroscopy (R-THz-TDS), using
air materials as THz wave emitter and sensor, together with
air-biased-coherent-detection (ABCD) technique is
reported. The uniqueness and advantage of this spectro-
meter are comprehensively compared with traditional
THz-TDS and Fourier transform infrared (FTIR) spectro-
scopy. The study of the THz-ABCD spectrometer provides
a useful tool for investigating semiconductor nonlinear
responses in Sections 2 and 3.

1.2.1 Background review

Over the last two decades, THz-TDS has undergone
extensive developments within various regions: THz
imaging, bio-sensing, materials testing, as well as carrier
dynamics studying [8—12]. However, the high-power and
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Fig. 2 (a) Measured time-domain waveforms with a conventional ZnTe sensor (black curve) and with a THz-ABCD sensor (red curve).
The air plasma is utilized as an emitter in both measurements; (b) corresponding spectra obtained through discrete Fourier transform of the
THz waveforms. The frequency range from 0.5 to 35 THz in THz-ABCD shows one order of bandwidth improvement in comparison with

a conventional ZnTe sensor
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broad-bandwidth THz field is still much less developed.
Although several groups have developed a strong THz
source via LiNbOj; crystal in a table top system [13,14], the
bandwidth is limited below 3 THz. On the other hand, a
wideband THz response (up to 15 THz) using organic, EO
polymer emitter-sensor pairs were recently reported [15].
The polymer material with EO coefficient > 300 pm/V
provides strong THz generation (several kV/cm) and
sensitive THz detection. However, the performance of the
polymer decreases with time.

Intense THz waves generated from laser-induced plasma
in gaseous media provide more promising bandwidth due
to no phonon absorption as in EO crystals or no carrier
lifetime limitation as in photo-conductors [1-4,16,17]. The
Center for THz Research at Rensselaer applies dry air (or
selected gases) as the emitter and detection medium [5,18]
and furthermore integrates the THz-ABCD technique [6].
Gap-free emission and detection with higher signal-to-
noise ratio (SNR > 1000), compared to other methods,
have been obtained. The useable bandwidth is only limited
by laser pulse duration.
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1.2.2  Reflection spectroscopy

The reflection spectroscopy is usually performed in opaque
materials. Compared to the commonly used transmission
spectroscopy, the reflection geometry comes with the
added difficulty of great sensitivity of the incident angle
and the sample position. A normal incident angle with a
long focal length might reduce the incident angle issue.
However, the precise determination of the sample position
is difficult, but essential, to properly determine the phase
spectra. Several experimental methods to correct the phase
errors have been proposed [19-26].

Ronne et al. made use of specific sample properties to
avoid the position error between the sample and the
reference [19]; Khazan et al. extracted the complex
function from the s- and p-polarized THz waves reflected
from the sample [22,23]. These methods are demonstrated
in particular cases. On the other hand, Nashima et al.
attached a slab in front of the sample surface, which comes
with a problem of the contact between two samples [24].
Regarding the temporal stability of the whole setup,
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Fig. 3 (a) Measured reflection spectra of a CaCO; crystal and the reference (solid lines) as well as measured phase responses (dashed
lines); (b) measured transmission spectra of the same crystal; (c) refractive indices (n and k) of o axis from 0.8 to 8 THz according to (a);
(d) refractive indices (n and k) of e axis from 0.8 to 8 THz according to (a)
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including the beam-pointing stability of the laser source
and the repeatability of the delay stage, the limit factor
results not only from precise positioning of the sample but
the temporal stability. To achieve our best fits, the relative
positions were theoretically adjusted by typically +5 um.
This is similar to the problem solved in transmission THz-
TDS, involving the precision of the sample thickness [25].

Even though the reflection spectroscopy has the intrinsic
difficulty, regarding the high absorption in bulk samples,
the reflection module provides a better spectral range than
transmission geometry. Figure 3 shows the spectra of a
CaCOj; sample measured with both modules. The thick-
ness of an X-cut CaCOj crystal is 2.8 mm and its optical
quality area is 15mm x 18 mm without coating. In the
reflection measurement of Fig. 3(a), it clearly shows the
different optical properties between e and o axes when the
sample is rotated with respect to the pre-dominated p-
polarization of the THz field. The dashed curves show the
phase responses corresponding to the spectra. Figure 3(b)
is the transmission spectra of the same crystal. No features
can be resolved from these data due to the large absorption
and the spectra above 1.8 THz are merged in the noise
floor. According to Fig. 3(a), the phonon resonances at
3.06 and 6.61 THz of o axis are shown in Fig. 3(c) while
one phonon resonance at 2.82 THz of e axis is shown in
Fig. 3(d), which is in agreement with Ref. [27]. Here, the
reflective indices (real part: » and imaginary part: k) based
on Ref. [27] are re-plotted with scatters.

1.2.3  Mechanisms of terahertz waves generation and
detection in air

THz wave air photonics is applied for THz wave’s
generation and detection, which is simply explained by a
third order nonlinear optics process. Regarding the
generation part, Cook and Hochstrasser [1], Bartel et al.
[17], and Xu et al. [2] have experimentally demonstrated
THz wave generation in air and initially treated it through
perturbation as four-wave mixing (FWM). The THz field
has the form:

£

Ern(t) o x5 Esy (0 Esy (1) Ei(t)cos (9), (1)

where ¢ is the relative phase difference between the @ and

2 beams, )(&E?ff) is the effective third-order susceptibility of

air material, and E is the electric field component
associated with the optical or the THz field. In the FWM
model, the THz photon energy is given by the differential
frequency between the sum frequency of the two photons
from the fundamental pulses (w) and the frequency of one
photon from the second harmonic (SH) pulses (2w). With a
shorter pulse duration of the optical pump pulses, a larger
differential frequency range is possible so that the THz
pulse with a broader bandwidth is generated. Accordingly,
a pulse with broader THz bandwidth is generated by
shorter optical pulse duration. Later, Kim et al. [3]

proposed a semi-classical picture to explain the THz
wave generation.

Recently, Karpowicz and Zhang [4] applied a quantum
mechanics model to provide a unique way to look at
emitted THz waves. In this model, the THz generation
process takes place in two steps. First, the atoms or
molecules are asymmetrically ionized within a fraction of
the optical pulses, resulting in a broadband THz transient.
Second, the released electron wave packets interact with
the surrounding medium, resulting in the loss of their
coherent motion, which produces a lower-frequency echo
with frequency components below the inverse of the
scattering time.

In the detection part, Dai et al. [5] reported broadband
THz detection via THz-field-induced second-harmonic
(TFISH) generation in laser-induced plasma. In the
reciprocal process of THz wave generation in air plasma,
TFISH in third-order nonlinear process can be expressed as
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Again, shorter pulse duration of the optical probe pulse
make a broader sensing bandwidth, which is the similar
mechanism as with the THz generation.

1.2.4 Experimental design

The broadband R-THz-ABCD spectrometer is schemati-
cally shown in Fig. 4. A Ti-sapphire amplified laser
(Spectra-Physics Hurricane) with a central wavelength of
800 nm, 85 fs (full width at half maximum, FWHM) pulse
duration, 750 pJ pulse energy, and 1 kHz repetition rate is
used as the optical source. The laser beam is separated into
two beams by an optical beam splitter so that one beam
with 75% energy passes through a motorized delay line
and a 100 um thick type-I beta barium borate (BBO)
crystal, by which the 400nm SH is generated. The
fundamental (@) and SH (2w) beam are focused in dry
nitrogen with a lens of 150 mm effective focal length. The
pre-dominantly p-polarized THz emission from the laser-
induced plasma is collimated and refocused by a pair of
parabolic mirrors P1 (4” focal length) and P2 (6 focal
length), and then reflected back by the sample surface
located at the focal point of the parabolic mirror P2. The
reflected beam is collimated again by P2. A high resistivity
silicon beam splitter steers the backward THz beam by 90°
to the detection part. The residual 25% optical energy is
guided through the hole of the parabolic mirror P3 (2”
focal length) as the probe beam.

Both THz and optical probe beams are focused between
two needle-shaped electrodes with 1 mm distance. SH
generation is induced through the nonlinear interaction of
the probe field, the THz field, and the bias electric field,
and its intensity is proportional to THz electrical field and
local bias field strengths. A laser-synchronized alternating
bias 20 kV/cm at 500 Hz was applied by a high voltage
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Fig. 4 Experimental setup. The THz beam is generated by
mixing the fundamental and SH beams (after a type-I beta BBO
crystal) at the air plasma point in front of parabolic mirror P1. A
high resistivity silicon wafer acts as a beam splitter which blocks
the residual 800 and 400 nm beams, but passes and reflects the
THz beam. The sample position is located at the focal point of
parabolic mirror P2. The THz beam is detected by measuring the
coherent time-resolved SH signal induced by mixing the probe
field, the THz field, and the alternating current (AC) bias electrical
field at the focal point of P3

(HV) modulator. It introduces an alternating current (AC)
external bias to the optical focus point between two needle-
shaped electrodes, where a bias-field-induced SH pulse is
generated to improve the dynamics range (DR) and ensure
coherent detection [6]. The coherent field-induced SH
generation is selected by several band pass filters and
detected by a photomultiplier tube (PMT) (Hamamatsu
H7732-10). Figure 5(a) is the time-domain waveform and
Fig. 5(b) is the Fourier transform spectrum of Fig. 5(a).
The DR in Fig. 5(a) is better than 2000:1, according to the
definition in Ref. [28].

About 54% of the backward THz electrical field strength
was lost after the reflection on the silicon beam splitter
surface. However, this design enables the normal reflection
measurement, and the THz electric field at the sample
position is greater than 30 kV/cm. The entire THz beam
path is purged with dry nitrogen to eliminate absorption
lines of water vapor.

To reach a broader THz bandwidth, instead of applying
an 85 fs Ti-sapphire amplified laser, a 32 fs (FWHM) Ti-
sapphire amplified laser is used (Coherent Legend Elite
Duo USP) as the optical source. Figures 5(c) and 5(d) show
the THz waveform and spectrum generated with the 32 fs
amplified laser with 700 mW input power by the R-THz-
ABCD spectrometer. The phonon resonances of the silicon
beam splitter at 15, 18, and 22 THz [27,29] are clearly
shown in Fig. 5(d). The spectrum covers the frequency

range from 0.5 to 20 THz with 10% or greater of the
maximum amplitude at 4.4 THz, and meets the noise floor
of the measurement at approximately 35 THz.

1.2.5 System performance

The water vapor absorption, reflection features of dielectric
materials and semiconductors are measured through the R-
THz-ABCD spectrometer. An aluminum (Al) mirror is
used as a reference due to its uniform and high reflectivity
(over 98%) in the THz range. The front surface of the
sample position is fixed, where the sample is mounted
vertically and mechanically held on the backside of the
sample target with an open window of 3 mm diameter. It is
easy to switch the reference mirror and samples during the
measurement. With special attention, the position error is
less than 5 um.

Figure 6 shows a waveform of water vapor absorption
measured by R-THz-ABCD with a 73 ps scan length. In
contrast to multiple reflections of crystal in EO sampling,
the ABCD method avoids the multiple reflection echoes
and provides a spectral resolution as high as 4 x 10 *cm ™.
Figure 7 is the spectrum of water vapor absorption based
on the measurement in Fig. 6 and compared with the result
of FTIR measurement, in a 15% relative humidity. The two
spectra are in good agreement. The magnification of Fig. 7
reveals water absorption peaks between 2 and 2.5 THz and
these peaks are in a good agreement with previous reports
[30,31].

With regards to dielectric materials, optical phonon
resonances of a CaCOj; crystal are shown in Fig. 3 and the
reference measurements are performed. For the reflection
module, the reference is taken based on the reflection from
an Al mirror. Also, Fig. 8 reveals the phonon resonances of
a 90° cut a-BBO crystal. The resonances of phonon modes
shift when the optical axis of the a-BBO crystal rotates
along the plane perpendicular to the THz beam path.
Figures 8(a) and 8(b) show the waveforms at 0° and 90° of
the optical axis with respect to pre-dominated THz p-
polarization, respectively. Figures 8(c) and 8(d) show the
related spectra in Figs. 8(a) and 8(b). As the angle is 0°, the
major phonon modes are at 3.0 and 6.8 THz while major
phonon modes are at 3.5, 4.1, 4.4, and 6.2 THz for 90°
[32].

Regarding optical properties of semiconductors, the
reflective spectra of several THz emitters such as n-type
InAs, p-type InAs, GaAs, and GaP samples are measured
with an 85fs amplified laser. Figure 9(a) shows the
reflectance of an n-type InAs sample with a doping
concentration of 1.4 x 10" cm™>. The plasma resonance
appears around 3 THz, which results in a larger reflection
below 3 THz, and the phonon resonance is around 7.2 THz
in agreement with previous publication [27]. Figure 9(b)
shows the reflectance of a p-type InAs sample and its
phonon resonance is around 7.2 THz.
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Fig. 5 (a) Measured time domain waveform and (b) Fourier transform spectrum of (a) with an 85 fs amplified laser; (c) measured time
domain waveform and (d) Fourier transform spectrum of (c) with a 32 fs amplified laser with an R-THz-ABCD spectrometer
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Fig. 6 Time-domain waveform of water vapor absorption
measured with an R-THz-ABCD spectrometer. The relative

humidity is ~15%

1.2.6 Pulse steepening
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Fig. 7 Comparison of water vapor absorption spectra between R-
THz-ABCD and FTIR measurement. The magnification shows the
spectral range from 2 to 2.5 THz. The relative humidity is ~15%

In spite of operating with an 85fs amplified laser,
integrating a pulse steepening unit into the probe beam method to obtain a shorter optical pulse duration and

path, as shown in Fig. 10(a), provides an alternative

broader detection bandwidth. The beam steepening unit,
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Fig. 8 (a) and (b) Measured reflective waveforms of a a-BBO crystal at an angle of 0° and 90°, respectively; (c) and (d) Fourier
transform spectra of (a) and (b). The black dashed lines in (c) and (d) indicate the spectra dips due to the phonon resonances for 0° and the
blue dashed lines for 90°
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Fig. 9 (a) Reflectance of an n-type InAs sample. The plasma resonance is around 3 THz and the phonon resonance is around 7.2 THz;
(b) reflectance of a p-type InAs sample. The phonon resonance is around 7.2 THz

which consists of two convex lenses with a focal length of
8.8 and 7.6 cm respectively, pre-focuses the probe beam to
generate air plasma and then collimates the beam. The
optical pulse duration decreases and bandwidth broadens
after passing through the air plasma [33]. Figure 10(b)

shows a usable bandwidth of the R-THz-ABCD spectro-
meter continuously from 0.5 to 20 THz. This method
expands the detected THz bandwidth up to 20 THz with an
85 fs laser while the spectrum has dips at 18 THz, which
are phonon absorption of the silicon beam splitter.
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Fig. 10 (a) Beam steepening unit consists of two convex lenses; (b) Fourier transform spectrum (red curve) and noise floor (black curve)
measured with adding the beam steepening unit; (c) reflectance of a GaAs sample with the phonon resonance around 8.8 THz; (d)
reflectance of a GaP sample with the phonon resonance around 11 THz

Figure 10(c) shows the reflectance of a GaAs crystal with
the phonon resonance around 8.8 THz [34]. Figure 10(d)
shows the reflectance of a GaP crystal with the phonon
resonance around 11 THz [34].

1.2.7 Comparison: R-THz-ABCD, traditional THz-TDS,
and FTIR

According to above results, the uniqueness and advantage
of the R-THz-ABCD spectroscopy, traditional THz-TDS,
and FTIR spectroscopy are comprehensively compared
from far-infrared to mid-infrared range. THz-TDS with
high SNR has been developed over the last two decades by
Wau et al. [35]. However, the useful bandwidth in the THz
range is limited ( < 5 THz with a ZnTe sensor) and the peak
electric field is weak (<several kV/cm). On the other
hand, FTIR spectroscopy has been transformed to a
commercial product which provides a useful bandwidth
from far-infrared to visible range. However, the peak
electric field is much weaker than THz-TDS, and it is
difficult to perform time-resolved measurements [36].

In an 85 fs amplified laser, the R-THz-ABCD system
provides a broad bandwidth (0.5—10 THz with 10% or
greater of the maximum amplitude at 1.72 THz referred to
Fig. 10(b), high peak THz field (> 30 kV/cm), as well as
time-resolved measurements. Table 1 lists a series of
comparisons including radiation source, detector, DR,
bandwidth, resolution, peak power, and data acquisition
time. In terms of SNR according to the definition of Ref.
[28], the SNR as a function of frequency in both R-THz-
ABCD and FTIR is shown in Fig. 11.

Here, a Bruker IFS 66v/S spectrometer is utilized for
comparison where a mercury lamp as the source and
DTGS as the detector are used. In a nine-time scan
average, several parameters are selected, such as a 0.6 cm™
resolution, a T222 beam splitter, a 6 mm aperture
setting, and a single-sided acquisition mode. For the R-
THz-ABCD spectrometer, the resolution at 1.6 cm™ and a
100 ms lock-in amplifier time constant are set in a nine-
time scan average. Figure 11 clearly shows the R-THz-
ABCD with higher SNR below 5.4 THz compared to
FTIR. Even though the SNR of the R-THz-ABCD
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Table 1

Comparison of R-THz-ABCD, traditional THz-TDS, and FTIR

source

R-THz-ABCD (85 fs laser)

traditional THz-TDS FTIR (Bruker IFS 66v/S)

dry nitrogen ZnTe mercury lamp

detector dry nitrogen ZnTe DTGS
DR of power ( < 3THz) >10° >10° ~300
bandwidth (10% or greater of peak amplitude) 0.5-10THz 0.1-3THz far to mid-infrared
resolution ~0.1cm! ~0.1cm! ~0.1cm’
peak power 6 x 10°W 2 x 10* W (amplified laser) 1 x107W
data acquisition time seconds or minutes minutes minutes
uniqueness time resolved & broad bandwidth ~ time resolved & high SNR broad bandwidth

1000 performed with a THz pump-THz probe technique. Several

100

SNR

R-THz ABCD (85 fs laser)
FTIR

1 N 1 L 1 1 I Il

] 2 4 6 8 10 12 14 16
frequency/THz

Fig. 11 SNR of R-THz-ABCD (red curve) in a nine-time scan
average and SNR of FTIR (black curve) in a nine-time scan
average

decreases with frequency after 3 THz, it still has good SNR
until 16 THz.

1.2.8 Summary

A broad bandwidth (0.5—-35THz in a 32 fs laser), high
peak electrical field (>30kV/ecm), high peak DR
(>2000), and table-top R-THz-ABCD spectrometer has
been realized. It provides time-resolved optical gating and
absorption-free measurement for bulk materials. Optical
properties of dielectric materials and semiconductors are
retrieved with the spectrometer. By integrating a pulse
steepening unit, the bandwidth covers the entire THz gap
and enters the mid-infrared range with an 85 fs amplified
laser. Finally, a comprehensive comparison of R-THz-
ABCD, traditional THz-TDS, and FTIR is performed.
Compared to transitional THz-TDS, R-THz-ABCD has a
remarkably broad bandwidth as well as at least one order
larger peak THz field. Compared to FTIR, it provides time-
resolved optical gating and several orders larger peak
electric field.

The design and performance of the R-THz-ABCD
spectrometer open a bright outlook for further scientific
study. In Sections 2 and 3, nonlinear carrier dynamics in
semiconductors under intense THz field excitation will be

veiled phenomena regarding the high electric field
excitation and short time scale responses in semiconduc-
tors are reported.

2 Semiconductor nonlinearity I: carrier
dynamics

THz pulses inducing intervalley scattering and impact
ionization in doped InAs crystals by THz pump-THz probe
measurements are reported in this section. Two competing
mechanisms are observed by changing the impurity doping
type of the semiconductors and varying the strength of the
THz field. For p-doped InAs, a cascaded carrier generation
dominates, while for n-doped InAs, both mechanisms have
to be considered. Electron fractional occupancy between
the I" and L valleys is estimated at different field strengths.

2.1 Background review

The high-field transportation properties of electrons in
semiconductors are essential for semiconductor devices
such as avalanche photodetectors, impact ionization
avalanche transit-time (IMPATT) diodes, and high-power
field-effect transistors [37]. Several theoretical and experi-
mental studies have addressed the electrical properties
regarding carrier dynamics for narrow bandgap semicon-
ductors [38-41]. In the 1990s, researchers applied far-
infrared (FIR) radiation generated with a free electron laser
or with a transversely excited atmosphere (TEA) CO, laser
on semiconductors to monitor the ionization of impurities
[42,43]. With different AC-field excitation, the charge
density increases abruptly for FIR intensities above a
threshold value for ionization.

However, the continuous FIR source such as a TEA CO,
laser cannot provide enough THz field strength or suitable
excitation bandwidth to modulate nonlinear responses in
solids, while a free electron laser brings the problem of its
giant facility. Nevertheless, recently as a result of the
plentiful developments of intense THz pulse sources on
table-top systems [1-4,13,14] as described in Section 1,
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THz waves are now a powerful tool for studying transient
nonlinear dynamics.

Regarding InAs, it is used as a traditional THz wave
source upon irradiation with femtosecond laser pulses
because of its high mobility (~30000cm?-V'-s™') and
narrow bandgap (~0.36 eV at 300 K) properties. Although
the electrical properties of InAs with an applied direct
current (DC) field have been reported, transient carrier
dynamics in correspondence to sub-picosecond time scale
is unexplored. Furthermore, the unique band structure of
InAs makes its bandgap and the electron valley transfer
energy (I and L valleys) close, which results in the impact
ionization and intervalley scattering competing against
each other with high field excitation. The two mechanisms
are observed on sub-picosecond time scales by varying the
impurity doping type of the semiconductors and the
strength of the THz field, which is described as follows.

2.2 Physical mechanisms

2.2.1 Impact ionization

Impact ionization attracts a lot of attention in semicon-
ductor devices especially related to high-field carrier
transportation. When a free carrier gains energy, it might
collide with a bound carrier, freeing the latter in the
process. If the excess carrier has enough energy, it will
collide with a bound carrier again to form a cascaded
carrier generation [44]. In semiconductors, when the
electric field is increased above a certain value, electrons
from the conduction band gain enough energy to excite the
electron-hole pairs in the valence band. The threshold
energy has to be greater than the bandgap [37]. The impact
ionization process is illustrated in Fig. 12.

2.2.2 Intervalley scattering

At very high electric field, electrons in the conduction
bands transfer from a lower valley to satellite valleys,
known as intervalley scattering. Figure 13 demonstrates
the electron valley transfer. The effective mass of electrons
is different from valley to valley, which results in the
mobility change when intervalley scattering happens. Su et
al. have reported THz-pulse-induced intervalley scattering
of electrons between the I" and L valleys in GaAs [45]. Due
to a smaller energy required for electron valley transfer
(0.29 eV), compared to the bandgap (1.43 eV) in GaAs, the
intervalley scattering has been observed by an optical
pump-THz probe technique.

2.2.3 Band structures

Comparing with the band structures of GaAs and InSb, the
band structure of InAs is unique that the electron valley

InAs energy

T

[-valley

X-valley

L-valley
0.35eV
0 ‘ 0.71 eV
k
(a)
InAs energy
X-valley T
["-valley
L-valley
0.35eV
0 0.71 eV
k
(b)
InAs energy
X-valley T
I"-valley
L-valley
035eV
0 0.71eV
) . k
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Fig. 12 Illustration of impact ionization process. The electron in
conduction band gains energy from a THz pulse (a) and generates
an electron-hole pair (b); (c) effective mass of holes is much larger
than electrons, so only the impact ionization from electrons is
considered

transfer energy (considering I" and L valleys) is two times
of its bandgap. For GaAs, its bandgap is five times of the
energy for electron valley transfer; for InSb, the energy for
electron valley transfer is three times of the bandgap. The
band diagrams of these three materials are shown in
Fig. 14.

Therefore, it would be interesting to study the electron
dynamics as intense THz pulses excite these materials.
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lower
valley

L [

Fig. 13 Intervalley scattering of electrons between two valleys

Especially for the InAs, the transient carrier dynamics is
still unexplored.

2.3 Experimental design

Instead of utilizing the commonly-used transmission
geometry for THz pump/probe experiments, reflection
geometry with high sensitivity for bulk materials is
applied. For the narrow bandgap semiconductors with
high electrical conductivity, the transmitted THz field is
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attenuated severely after passing through bulk samples.
Therefore, reflection geometry is preferred. The experi-
mental setup is shown in Fig. 15 and details are described
in Section 1. A regenerative Ti:sapphire amplified laser
with 3 mJ pulse energy, 800 nm central wavelength, 35 fs
pulse duration, and 1 kHz repetition rate is the laser source.
THz waves, with an electric field up to 110 kV/cm on the
sample, are generated during the gas ionization process
induced by mixing femtosecond pulses with 800 and 400
nm wavelengths.

The investigated samples are bulk n- or p-doped InAs
with carrier concentrations of 10" or 10" cm”. To
compare with previous findings, n-doped GaAs of 10"
cm™ and n-doped InSb of 10" cm™ are also measured to
demonstrate carrier transport. For the InSb sample,
although the doping concentration is 10" ¢cm™, thermal
ionization at room temperature makes the carrier concen-
tration around 10'¢cm™. The samples are excited by
single-cycle THz pump pulses with a duration of
approximately 150 fs. The THz probe pulses (15 kV/cm)
with the same pulse duration of the pump reflected from
the samples is EO sampled with a 220-um thick, <110> -
orientation GaP crystal. A mechanical chopper is inserted
into the system to modulate the output of the THz probe
beam. All experiments were performed at room tempera-
tures and purged by dry nitrogen.

GaAs N 300K
energy InSb energy 300K
X-valley ?
[-valley X-valley
I-valley
L-valley
{ L-valley
0.29eV _/
[
0.51eV
143 eV \
0 0 to17ev :
i :
// \\ heavy holes // \\ heavy holes
light holes light holes
(a) (b)
InAs energy 300 K
X-valley
I"-valley
L-valley
IlG.?] eV
0 035eV
' k
// \\ heavy holes
light holes

(c)

Fig. 14 Band structures of GaAs (a), InSb (b), and InAs (c) at 300 K
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Fig. 15 Schematic illustration of a reflective pump/probe setup. The THz pump/probe pulses are generated by air plasmas, and the THz
probe pulses are detected by EO sampling. BS, beam splitter; QWP, quarter-wave plate. The full-width of half maximum of the THz beam
diameter at sample is 0.75 mm, measured with a knife-edge method

2.4 Experimental observation

2.4.1 Terahertz pump-terahertz probe technique

Figure 16 shows the experimental observations of carrier
dynamics in p-doped InAs and n-doped InSb crystals. The
normalized reflections of the probe peak field are measured
as a function of pump/probe delay z. When THz pump
pulses arrive earlier than THz probe pulses, defined as
7 > 0, a reflection increase of p-doped InAs crystals is
measured as shown in Fig. 16(a). The phenomenon is due
to energetic electrons from the conduction band exciting
electron-hole pairs in the valence band, known as impact
ionization [44]. More carriers generated lead to a higher
conductivity, and the reflection increases following Eq. (3).

roco = quN, 3)

where 7 is the reflection, o is the electrical conductivity, g is
the electron charge, p is the carrier mobility, and N is the
carrier density. According to the mass-action law [37],

pn = nj, )

where n; (~ 10" cm™ at 300K for InAs) is the intrinsic
carrier density, and p and » is hole and electron density,
respectively, the electron density in InAs with p-doped
10'® cm™ must be less than 10'7 cm™. Fewer electrons in
this heavily doped InAs (10'® cm™) result in a smaller
generation of electron-hole pairs, which leads to a weaker
reflection increase (3.6%) in the InAs crystal of 10'® cm?
as compared to 10" cm? (13.5%) as shown in Fig. 16(a).
For comparison, n-doped InSb, whose bandgap (~ 0.17 eV
at 300K) is smaller than InAs, is also measured to
demonstrate impact ionization and shown in Fig. 16(b).
The reflection drop at 7~ 0 is caused by a decrease in the

(Arir) %
oo

(Arir) %

Fig. 16
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.

Normalized reflection of the THz probe peak field as a

function of delay 7. The reflection increases after z > 0 due to a

cascaded

carrier generation. (a) p-doped InAs crystals with doping

concentrations of 10'7 cm > (solid line) and 108 ¢m 3 (solid line
with dots); (b) n-doped InSb crystal with a doping concentration of
10" cm 3
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mobility of the hot electrons as a result of the strong
nonparabolicity of the I valley in the conduction band of
InAs and InSb [46].

On the contrary to the characteristic of p-doped InAs
crystals, the n-doped InAs crystal shows that the reflection
suddenly decreases and then increases slowly after pump/
probe delay 7> 0, as shown in Fig. 17(a). The
phenomenon is explained with two mechanisms: inter-
valley scattering [45,47] and impact ionization
[41,43,44,46,48]. Arabshahi and Golafrooz used an
ensemble Monte Carlo simulation to predict inverted
electron distribution due to intervalley electron transfer
[49]. In their calculation without considering impact
ionization for bulk InAs of n-doped 10" cm™, the
fractional occupation of the I and L valleys are already
inverted when an applied electric field is 25kV/cm.
However, the electron effective mass in the L valley is
one order heavier than that in the I" valley. Therefore, when
electrons transfer to the satellite valley, the reflection
decreases suddenly in correspondence to the carrier
mobility.

1

where m"is the effective mass of the carrier. The
simulation of the electron distribution between the I' and
L valleys [49] explains the decrease in reflection when
pump and probe pulses overlap, as shown in Fig. 17(a).

Nevertheless, the energetic electrons in the conduction
bands, which have high kinetic energy under strong
electric field, also excite electron-hole pairs from the
valence band. In Fig. 17(a), when the THz pump field is
110 kV/cm, the normalized reflection slowly increases
over 6% with pump/probe delay z > 0. However, when the
THz pump field is 90 kV/cm, the remained kinetic energy
of electrons after valley transfer makes it difficult to
generate electron-hole pairs. Therefore, the reflection
remains smaller than the unperturbed reflection with
pump/probe delay 7z > 0. It is worth noting that the
interaction of energetic electrons and a phonon field leads
to the modulation ripple as shown in Fig. 17(a). This
intrinsic phenomenon will be detailed explained in Section
3. With regards to the intervalley scattering, n-doped GaAs
also shows the electron transfer between I" and L valleys
which has been reported previously [45,47] and is
reproduced in Fig. 17(b).

2.4.2 Reflection measurement: electron valley occupancy

Even though the EO sampling by a GaP crystal provides a
two times higher signal-to-noise ratio than a THz-ABCD
method [6,7], the detectable bandwidth is limited to 8 THz
due to the phonon absorption of the GaP crystal. To
monitor the phonon and plasma responses in a broader
frequency range, we utilize THz-ABCD which provides a

8k ||‘l}\$f‘r-—|UJ?CI‘I'I 3 110 kV/em
4
0 90 kV/em
8 4
=
2 8
12
-16
-1 0 I 2 3 4
delay 7/ps
(a)
41 GaAs n~10"cem ¥ @ 110 kV/em
3

-1 0 1 2 3 4
delay 7/ps
(b)

Fig. 17 (a) n-doped InAs crystal with a doping concentration of
10'7 em™ at different THz pump field excitation, 110 kV/cm (solid
line) and 90 kV/cm (solid line with dots); (b) n-doped GaAs crystal
with a doping concentration of 107 cm . The reflection decreases
with 7 > 0 due to carrier intervalley scattering

1ok — 90 kV/em
- = == 63kV/em
; —— 44 kV/em
30 kV/em

0.8

0.6

reflection

0.4+

frequency/THz

Fig. 18 Reflection measurement with THz-ABCD. The reflec-
tions are of different THz field strengths in n-doped InAs

0.5-12 THz frequency range in this experiment. Figure 18
shows the reflection of 10'” cm™ n-doped InAs measured
with a single THz beam at 30, 44, 63 and 90 kV/cm field
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strengths, respectively. According to plasma oscillation
frequency,

2

op = |, ©)

m 80080

where &, is the permittivity in a vacuum and ¢ is the
relative permittivity, the plasma resonance of n-doped InAs
of 10" cm™ is around 5.6 THz. In Fig. 18, it can be clearly
seen that plasma resonance shifts from 4.1 to 3.4 THz as
the electric field increases from 30 to 90 kV/cm while the
optical phonon resonance remains unchanged at around 7
THz. This plasma resonance shift is due to partial electron
transfer from the I" valley to the L valley. When electrons
are scattered into the satellite valley, their effective mass
becomes larger and causes the plasma resonance shift to a
lower frequency.

The electron population between the I' and L valleys in
different field strengths is estimated by the plasma
resonances in Fig. 18. Three assumptions are proposed.
First, the free carrier density is assumed the same at
different THz field strengths. Even though the impact
ionization generates electron-hole pairs, the normalized
reflection increase is only 6% at a field strength of 110 kV/
cm. Second, electron transfer between I" and L valleys are
only considered. Ex = 1.37 eV is 4 times the value of the
bandgap, whereas £} is 3 times the value of the bandgap.
The X valley is not considered in this estimation. Third,
electrons in the same valley have the same effective mass.
According to Eq. (6) and the parameters in Ref. [12], the
fractional occupation of I" and L valleys is estimated, as
shown in Fig. 19. In this work, a short pulse excitation is
utilized instead of a static electric field so that the threshold
for intervalley transfer is easily reached when impact
ionization and intervalley scattering compete against each
other.

100
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. g0l I' valley
5
S 60}
o
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40+
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Fig. 19 Experimental estimation of electron fractional occu-
pancy between I' and L valleys at different THz field strengths
according to the plasma resonances in Fig. 18. The circular and
square dots are experimental data of the I' and L valleys,
respectively. The dotted lines are fitting curves

2.5 Summary

Impact ionization and intervalley scattering within a sub-
picosecond time scale for bulk InAs are reported. For p-
doped InAs, a cascaded carrier generation dominates,
while for n-doped InAs, both mechanisms have to be
considered. With a single THz beam excitation on the n-
doped InAs at different field strengths, the electron
fractional occupation between the I' and L valleys is
estimated, which reflects the recent Monte Carlo simula-
tion.

3 Semiconductor nonlinearity Il: polaron
modulation

This section addresses the electron-phonon coupling on a
sub-picosecond time scale considering intense THz field
excitation. An electron interacts with its surrounding lattice
distortion, known as the Frohlich polaron [50]. The
polaron motion perturbed with intense field excitation
shows a nonlinear response.

In this study, by utilizing an all-THz pump/probe
technique, the coherent polaron vibrations in n-doped III-
V semiconductors are clearly demonstrated through the
modulations of reflection. The interaction between ener-
getic electrons and the phonon field on the sub-picosecond
time scale is verified, and it is shown that this interaction
applies for acoustic phonon modes. This work provides a
unique method to diagnose the overtones of two transverse
acoustic phonon responses of semiconductors in a non-
linear regime, and therefore bridges the relationship
between the infrared and Raman spectroscopy.

3.1 Background review

Recently, several major research topics involving the
interaction of strong THz transients with semiconductors
are reported. For example, Kuehn et al. showed coherent
ballistic transport of electrons by time-resolved high-field
THz measurements [51,52]; the strong electric field drives
the polaron in a GaAs crystal into a highly nonlinear region
where the coherent phonon vibration persists for several
hundred femtoseconds, which causes electron nonlinear
radiation [53].

In spite of the previous polaron studies, the electron-
phonon field coupling under intense THz field excitation
on ultrashort timescales has not been extensively investi-
gated. In this section, electrons in n-doped semiconductors
are driven into reverse motion by high-field THz pulses.
The THz pump pulses drive the electrons into the same or
opposite polarities with respect to the electric field of THz
probe pulses. By utilizing the all-THz pump/probe scheme,
the coherent polaron vibrations are clearly demonstrated
through the modulations of reflection.
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3.2 Experimental design

A reflective THz pump/probe scheme, similar to the setup
in Fig. 15, is utilized to study the semiconductor carrier
dynamics, as shown in Fig. 20. A regenerative Ti:sapphire
amplified laser with 3 mJ pulse energy, 800 nm central
wavelength, 35 fs pulse duration, and 1 kHz repetition rate
is utilized for the optical source. Intense THz waves, with
an electric field up to 100kV/cm on the sample, are
generated during gas ionization processes induced by
mixing femtosecond pulses with 800 and 400 nm wave-
lengths. Samples investigated are n-doped InSb crystals
with carrier concentrations of 10'* and 10'® cm > as well as
n-doped InAs crystals of 10'® and 10'7 cm™. They are
excited by single-cycle THz pump pulses with duration of
approximately 150 fs. The THz probe pulses (15 kV/cm)
with the same pulse duration of the pump reflected from
samples are EO sampled with a GaP crystal.

optical probe

I

sample

3

A mechanical chopper is inserted into the probe beam
path to modulate its output. Only chopping the probe
beam, the absolute change of reflection is retrieved.
However, integrating a frequency divider which chops
the pump (f/3) and the probe (f72), the reflection with /6 is
measured to get a better SNR, where fis the laser repetition
rate. To monitor a broader frequency range of the nonlinear
polaron responses, we also utilize THz-ABCD, as shown
in the inset of Fig. 20, providing a 0.5—10 THz frequency
range in this experiment. All experiments were performed
at room temperature and purged by dry nitrogen gas.

3.3 Physical explanation of polaron dynamics

With strong THz pump fields illuminating the samples as
well as controllable pulse polarities, intrinsic electrons in
n-doped semiconductors are accelerated in different ways.
The energetic electrons interacting with the phonon cloud,

ABCD module

GaP

— :
BS :
. EO detection Meemmmmmmemeeeeeseeeessee e eeeeeme e
BS \ e (716)
. THz pump
THz probe dhopper (i)
chopper (/13)
A " ()
A
@)
e P phonon cloud
@ pump e pump F‘
- 9 electron
\J = 1
9 ¥ \
v Y
+ probe - I probe

(b)

(©)

Fig. 20 (a) Schematic illustration of the measurement setup. The THz pump/probe pulses are generated in air plasmas and detected by
EO sampling or by ABCD (the black-dashed inset). The polarities of the pump/probe pulses are controlled independently. PMT,
photomultiplier tube; BS, beam splitter; HV, high voltage; (b) and (c) electron motions driven by different polarities between THz pump/
probe pulses, parallel and antiparallel, respectively (by rotating the BBO crystal in the pump beam to change the polarity)
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known as Frohlich coupling, start to escape from the
phonon field after the high field excitation [53-55].
Therefore, when the THz pump pulses arrive earlier than
the THz probe pulses defined as 7 > 0, the pump pulses
with polarities the same (Fig. 20(b)) or opposite (Fig. 20
(c)) to the fixed polarity of the probe pulses drive the
electrons into reverse motions.

Furthermore, the energetic electrons transfer the energy
to the lattice with the coulomb potential, leading to the
coherent phonon oscillation. However, under the intense
THz field excitation, the phonon cloud is too slow to
follow the strongly accelerated electrons so that the
electrons escape and evolve “nakedly” in the ballistic
regime [51,54]. The coherent phonon excitation, inducing
the strongly distorted electron-phonon potentials [53],
results in electron nonlinear motions.

3.4 Experimental verification and mathematical description

3.4.1 Coherent polaron oscillation
Figure 21 shows experimental observations of coherent
polaron oscillations. The normalized reflection changes of
the probe peak field are measured as a function of pump/
probe delay 7. Figures 21(a) and 21(b) show the modulated
reflections with reverse polarities of the pump pulses
(parallel and antiparallel polarities between THz pump/
probe pulses). The THz pump and probe fields on the
samples are 75 and 15 kV/cm, respectively. In Fig. 21(a) the
rising curves of the reflection (after z > 0) are due to impact
ionization of the InSb crystal of 10'* cm™ [46,48], while in
Fig. 21(b) the falling curves (after ¢ < 0) are due to
intervalley scattering of the InAs crystal of 10" cm™ [56].
The strongly distorted electron-phonon potential excited
by THz pump pulses [53] in the parallel and antiparallel
cases results in the opposite polaron oscillations observed
in Figs. 21(a) and 21(b). Such polaron oscillations are
attributed to the nonlinear term of the electron velocity
with an external field that is expressed as

aVe: (E 0 )
OE

where v, is the electron velocity, E, is the pump electric
field, and F is the local electric field including THz pump
field, THz probe field, and the nonlinear radiation field of
electrons. The first term on the right hand side of Eq. (7)
corresponds to the Drude model which is v, (Ey) = poE.
4o 1s the constant mobility in the linear region. The second
term on the right hand side of Eq. (7) is related to the
nonlinear electron oscillation. The differential mobility is

defined as
0
Mdiff("e) = [V;(EEO)} <1 ?) ®)

Ve(E) = ve(Eo) + (E—Ey) +---, (7

Since the THz pump-induced probe change is indepen-

dent on the first term of Eq. (7), where i is a constant, the
pump/probe measurement only measures the second term
of Eq. (7). Moreover, the reflection is proportional to the
conductivity of samples and the conductivity is read as
o = eun, where e is electron charge, p is mobility, and 7 is
free carrier density. Therefore, the resulting change of the
modulated reflection,

Ar o< figige (Ve), ©)

is proportional to the amplitude of the differential mobility
[53]. The polarity control between the pump/probe pulses
makes the total electric field (THz pump and probe fields)
E slightly larger than E (parallel case) or slightly smaller
than E (antiparallel case), which flips over the oscillatory
features of the reflection (around 7 = 0) as shown in Figs.
21(a) and 21(b).

Figures 21(c) and 21(d) demonstrate the oscillatory
features at different doping concentrations. For the InSb
crystals, as a result of the thermal-ionization of carriers
[48], the samples of 10" and 10'°cm™ have a similar
oscillatory feature and the oscillatory frequency is around
2 THz. For the InAs crystals, the vibration modes are
different from the two doping concentrations of 10'” and
10" cm . The vibration mode of the 10" cm ™ is around
3.4THz, as shown in Fig. 21(e), while two vibration
modes (1.6 and 3.4 THz) appear at the 10'® cm™, as shown
in Fig. 21(f). It is worth noting that an electron-phonon
coupling mode at 3.4 THz is observed in the both doping
concentrations. Nevertheless, the 10'° cm ® shows an extra
vibration mode at 1.6 THz.

3.4.2 Differential method

To further consider the nature of coherent oscillations in
Fig. 21, Figs. 22(a) and 22(b) show the waveforms
retrieved by subtraction of the two curves in parallel and
antiparallel cases of each sample according to Figs. 21(a)
and 21(b). The monotonic reflection changes due to impact
ionization or intervalley scattering are eliminated whereas
the coherent polaron oscillations (around 7 = 0) are
doubled. Figures 22(c) and 22(d) show the Fourier
transforms of the waveforms according to Figs. 22(a)
and 22(b), respectively.

The central frequency of the oscillation for the InSb
sample is around 2 THz, while for the InAs sample it is
around 3.6 THz. These oscillation frequencies are attrib-
uted to the excitations of the overtones of two transverse
acoustic (2TA) phonons [57-59]. In earlier publications,
the overtones of two-phonon density of states, calculated
with the overlap-valence-shell (OVS) model [60], and
second-order acoustic Raman spectra [58,59] both showed
dominant response frequencies at around 2.2 THz (2TA)
and 3.2THz (2TA) for InSb and InAs, respectively.
Therefore, the impulsive electrons transfer energy to the
lattice at 2TA phonon modes to further modulate the
reflection.



I-Chen HO et al. Application of broadband terahertz spectroscopy in semiconductor nonlinear dynamics 17

4
12 mSb 10™ em? InAs 107 em *
I 155
S g
2 g
8F parallel E e parallel
=12 = o = antiparallel o = antiparallel
1 1 i L _]2 i L i i i
-1 0 1 2 3 =] 0 1 2 3
delay 7/ps delay 7/ps
(a) (b)
24 14 3 3
InSb 10™ em * 8 InAs 107 ¢m 3
8 e T
s 6r nSb 10 em ™ | & InAs 10'° em ?
< TN rmrrnd I NN s 4 0 - e
0 pA— [\ AT
-6 F [} -4 t‘
=] 0 1 2 3 -1 0 1 2 3
delay 7/ps delay 7/ps
(c) (d)
2r l InAs 10" ¢m ? 2 l InAs 10" ¢m 3
= =
- =
g 2
21 21
£ a
= =
o= o
0 I I L L L I I

1 2 3 4 3 6 7 8

frequency/THz
(e

frequency/THz
)]

Fig. 21 Experimental results of coherent polaron oscillations with EO detection. (a) and (b) InSb of 10" em ? and InAs of 10" em 2,
respectively. The red solid line and blue solid line with dots show opposite phases as the pump/probe pulses in parallel or antiparallel
polarities, respectively; (c) InSb of 10" and 10'% cm 3 at antiparallel case; (d) InAs of 10" and 10'® cm > at antiparallel case; (e) and (f)
show the spectra of the oscillatory features of InAs of 10'7 and 10" cm > in (d), respectively. The black arrows indicate the coherent

vibration modes due to electron-phonon coupling

3.5 Overtones of two transverse acoustic phonons

To support the 2TA phonon modulations, several reasons
are proposed to explain the observation. First, the
dominant features at 2.2 THz (2TA) for InSb and 3.2
THz (2TA) for InAs, which are reported by previous
publications [57—-60], verify our observations for these two

materials. Figure 23 shows 2TA Raman resonances of
InSb, InAs, and InP compared with the overtones of two-
phonon density of states calculated with an OVS model
[60].

Second, the multi-phonon absorption in infrared spec-
trum occurs in both optical and acoustic phonons for polar
or non-polar crystals. Compared with single-phonon
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Fig. 22 (a) and (b) Waveforms retrieved by subtraction of the parallel and antiparallel cases in Figs. 21(a) and 21(b), respectively; (c) and
(d) Fourier transforms of the retrieved waveforms in Figs. 22(a) and 22(b). The fitting curves are shown in blue dashed curves to estimate
the coherent polaron damping time. Three point adjacent-averaging is applied

absorption, selection rules for multi-phonon absorption are
more flexible. This is the reason why the 2TA phonon
response could be monitored by far-infrared (THz)
spectroscopy.

Third, the THz pump pulse drives the energetic electrons
further to excite the 2TA phonon resonance. Concerning
the deformation potential for InSb, the deformation
potential of the 2TA phonon is one order smaller than
that of the optical (TO) phonon [58]. Therefore, it is easier
to perturb the 2TA phonon resonance than those of optical
phonons.

Finally, the energy of the broadband THz pump pulse is
close to the bandgaps of InSb and InAs, so that the multi-
phonon responses are resonantly enhanced in these narrow
bandgap semiconductors. This phenomenon is similar to
resonance Raman spectroscopy where when the frequency
of the laser beam is tuned to be near an electronic transition
or material bandgap, Raman scattering intensity is greatly
increased and multi-phonon absorption is easily observed
[61]. As for the GaAs crystal with a carrier concentration
of n-doped 10'7 cm™ measured in Fig. 24, whose bandgap
is much larger than InSb and InAs, the coherent oscillation

is not as obvious as the phenomena shown in the narrow
bandgap semiconductors. Figure 24 shows the normalized
reflection of the peak of THz probe field with pump/probe
decay 7, where only a weak oscillatory feature shows
around 7 = 0.

The coherent polaron damping time is estimated by
fitting the oscillation features in Figs. 22(a) and 22(b) with
an exponential decay function. Hence, the damping time is
0.45ps for the InSb sample and 0.38 ps for the InAs
sample.

3.6 Spectral response

A reflection measurement is performed with different THz
field strengths to measure the InSb with a doping
concentration of 10" c¢m™. In contrast to the previous
pump/probe approach which only measures the nonlinear
response, the reflection measurement retrieves both linear
and nonlinear responses of the sample. Figure 25(a) shows
the reflections with THz fields at 15, 28 and 80 kV/cm.
Instead of exhibiting a uniform reflection increase over the
frequency range, a spectral peak around 2.2 THz is
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Fig. 23 Second-order acoustic Raman spectra of InSb, InAs, and
InP compared with the overtones of two-phonon density of states
calculated with the OVS model [59]
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Fig. 24 n-doped GaAs at 100kV/cm THz pump field and
15 kV/ecm THz probe field

observed when the THz field strength is 80kV/cm. It
reproduces the 2TA phonon resonance and supports the 2
THz central frequency of the retrieved spectrum in Fig. 22

(©).

On the other hand, the TO phonon resonance is shown at
5.4 THz which agrees with previous infrared measurement
[27]. Although the TO phonon resonance is clearly
measured, it only shows small change with different field
strengths, as shown in Fig. 25(a). In comparison to Figs. 21
and 22, if the optical phonon response is a pure linear
effect, the differential method (pump/probe) will eliminate
the linear contribution from the phonon response, and the
nonlinear term related to the differential mobility remains.
Furthermore, the nonlinear polaron oscillations can be
time-resolved. However, in the reflection measurement,
even though the nonlinear 2TA phonon response and the
linear TO phonon resonance are both measurable, it only
provides the spectral response but not transient carrier
dynamics.

Figures 25(b) and 25(c) represent the refractive index
and absorption coefficient of the InSb sample, respectively
at 80 and 15 kV/cm field strengths. The data are retrieved
from Fig. 25(a) based on solving Fresnel equations
numerically [62], utilizing the fact that the THz pulse
measurement contains phase information in addition to
amplitude. According to the Drude-Lorentz model, the
complex frequency-dependent dielectric function is

2 2 2
Wy, — 7 a)p

Elw) =6, |1+ — = .
() = &xc 03— ~To oo+ iy)

, (10)
where &, = 15.68, wr = 179.1 ecm™', o, = 190.4 cm™,
=46 cm’', o,=746 cm', and y = 10.7 cm™' [27].
When the THz field is 15 kV/cm, the fitting curves (blue
solid lines with dots in Figs. 25(b) and 25(c)) based on the
Drude-Lorentz model are in a good agreement with the
measurement results. However, when the THz field reaches
80 kV/cm, the effective refractive index and absorption
coefficient deviate dramatically from the linear Drude-
Lorentz behavior. A predominant real part of refractive
index around 2.2 THz in Fig. 25(b) and an extruded
absorption band from 2 to 5 THz in Fig. 25(c) verify the
electron interacting with 2TA phonon modes [57-60] at a
strong THz field (80 kV/cm).

3.7 Summary

The polaron nonlinear modulations are demonstrated in n-
doped semiconductors on the sub-picosecond time scale.
By utilizing an all-THz pump/probe scheme, the modu-
lated reflections due to the excitations of acoustic modes
are retrieved. With a single THz beam excitation onto the
InSb sample, it exclusively highlights the electron-phonon
interaction, which causes the increase of THz reflection
around the overtones of 2TA phonon modes. The nonlinear
modulation, performed with a reflective, room-tempera-
ture, and polarity-control spectrometer, provides a unique
method for material identification, especially when linear
features are suppressed.
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Fig. 25 Reflection measurement with THz-ABCD. (a) Reflec-
tions are of different THz field strengths in InSb of 10" ¢em 3; (b)
and (c) refractive index (real part) and absorption coefficient
according to (a)

4 Conclusions

This paper focuses on the underlying physics of semi-
conductor nonlinear dynamics and provides theoretical as
well as experimental verifications. By a reflective geome-

try with a novel THz-ABCD technique, an ultra-broadband
(0.5-35THz) and time-resolved THz spectroscopy is
utilized.

Section 1 shows a detailed design and performance of a
R-THz-ABCD system, and demonstrates a system exam-
ination and comparison with FTIR as well as conventional
THz-TDS. Compared to transitional THz-TDS, R-THz-
ABCD has a remarkably broad bandwidth as well as at
least one order larger peak THz field. Compared to FTIR,
R-THz-ABCD provides time-resolved optical gating and
several orders larger peak electric field. The THz-ABCD
system is used as a platform for studying carrier dynamics
in Sections 2 and 3 in order to investigate the semi-
conductor physics in the high field regime.

In Section 2, electron intervalley scattering and impact
ionization of bulk InAs under high-field excitation are
observed on a sub-picosecond time scale. It is shown that
for p-doped InAs, the cascaded carrier generation dom-
inates, while for n-doped InAs, both mechanisms have to
be considered. With a single THz beam excitation on the n-
doped InAs at different field strengths, the electron
fractional occupation between the I' and L valleys is
experimentally estimated, which reflects the recently
published work regarding Monte Carlo simulation of
electron valley transfer.

Furthermore, in Section 3, a coherent polaron oscillation
excited by intense THz pulses in n-doped semiconductors
is investigated. Through modulations of reflection with a
THz pump/probe technique, this work verifies the interac-
tion between energetic electrons and a phonon field, and
shows that this interaction applies for acoustic phonon
modes. A novel method is proposed to diagnose the
intrinsic properties of semiconductors with acoustic
phonon responses, even though the acoustic phonon
responses were difficult to monitor with past infrared
measurement.

This paper provides a new vision of intense THz field
interacting with semiconductors. The polaron modulation,
for example, bridges the relationship between the infrared
and Raman spectroscopy. Furthermore, the light-matter
interaction of intense field is still promising and attractive
for study in material nonlinearity. In particular, as the THz
field strength reaches above 1 MV/cm, its magnetic
component becomes considerable. A new study, so called
Spintronics, to coherently control collective spin excita-
tions in solids is a promising application in quantum optics,
and the studies in this regime have just begun.

This paper has demonstrated nonlinear semiconductor
dynamics based on a reflective geometry at room
temperature. To extend the study by integrating a low
temperature facility into the R-THz-ABCD spectrometer,
more exciting phenomena, which only appear in low
temperature, such as coherent exciton evolution and
electron coupling in quantum structures will be achieved.
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