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Recent developments in high-power table-top terahertz (THz) pulse sources enable us to coherently drive low-energy transitions into
the nonlinear regime and to study fascinating nonlinear effects in various materials. This review article describes a tilted-pulse-front
pumping scheme with a LiNbO; crystal to generate intense single-cycle THz pulses. This scheme is capable of generating intense single-
cycle THz pulses induce strong spectral modulations in the excitonic and band-edge absorption of ZnSe/ZnMgSSe multiple quantum
wells (MQW). Furthermore, it is shown that a 1 MV/cm electric field of a THz pulse allows us to excite electrons from the valence to
conduction band of GaAs/AlGaAs MQW and observe a bright exciton luminescence.
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I. INTRODUCTION

he terahertz (THz) region of the electromagnetic
spectrum, i.e., usually defined as spanning two decades
from 0.1 to 10 THz or 3 to 300 cm ™, is of critical importance
in the investigation of matter in physical, chemical, and
biological systems. This frequency region is also known as the
far-infrared range and contains spectroscopic signatures for
various energy modes, e.g., density oscillations of carrier
plasmas, superconducting energy gaps, internal transition
energies of excitons in semiconductors, spin waves, weakly
bonded molecular crystals, phonons in crystalline solids, and
hydrated biological matter. However, because of the lack of
suitable light sources and detectors in the THz spectral region,
only rather indirect investigation of these low-energy modes
by using near-infrared to visible light pulses has been possible.
During the past two decades, the advent and development of
efficient THz pulse sources relying on the frequency
conversion of femtosecond lasers have enabled time-domain
spectroscopy (TDS) [1-5]. This technique makes use of
subpicosecond pulses of freely propagating electromagnetic
radiation in the THz range and enables characterizing of the
complete electric field of a THz pulse to yield full phase and
amplitude information by using photoconductive [6-9] and
free-space electro-optic sampling (EOS) [10-14]. The complex
dielectric function of a sample in the beam path can thus be
determined directly without having to rely on Kramers-Kronig
relations. This is an advantage over typical detectors that
measure only intensity, e.g., liquid-helium cooled bolometers
or pyroelectric detectors, and it can also yield very high
signal-to-noise ratio measurements because of its insensitivity
to the blackbody radiation of the environment. The two main
methods of generating THz pulses with femtosecond lasers
were established early on and are still the most widely used:
photoconductive switches [8,15,16] and optical rectification
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(OR) [10]. Initially, the available frequency spectrum that
could be generated and detected in the time domain was
limited to a few THz. Advances in the generation and
detection of broadband THz pulses have pushed this limit into
the midinfrared and recently into the near-infrared, reaching
frequencies beyond 100 THz (A = 3um) [17-21].

Accordingly, owing to the development of sources and
detectors of coherent THz pulses, much progress has been
made in the past decades in understanding the physics of
elementary electronic excitations. TDS not only allows for
characterization of various energy modes under steady-state
conditions; it is also inherently suited for nonequilibrium
measurements: an optical pulse can be used to excite charge
carriers and the subsequent evolution of these carriers can be
monitored with a time resolution on the order of tens of
femtoseconds. [22-30].

Moreover, laser-based high-power THz pulse sources in the
microjoule range were recently developed and their strong
electric fields can be used to excite samples that have
resonances or other spectral features in the THz frequency
range [31-34]. In addition, table-top THz sources have many
promising applications such as in large-scale object imaging,
medical diagnosis and treatment, and remote sensing for
security purposes [35-37]. Very high average power
continuous wave (cw) sources such as nanosecond gas lasers
and free-electron lasers have even enabled studies of nonlinear
effects in the THz range [38-43]. Moreover, laser-based strong
THz radiation at frequencies of 20-80 THz can be generated
by difference frequency mixing in GaSe crystals [44-46], and
peak electric fields of up to 100 MV/cm can be obtained in a
multi-oscillation cycle regime centered around 40 THz [45],
and up to 10 MV/cm in a single-oscillation cycle regime
centered around 20 THz [46].

Nonetheless, the generation of high-power THz single-cycle
pulses above 1 MV/cm in the range of 0.1-10 THz, the so-
called THz gap, is still challenging, due to the limited
availability of appropriate THz emitters. Only recently have 1
MV/cm single-cycle pulses at a 0.8 THz central frequency
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been demonstrated by OR in LiNbO3 by using the tilted pulse
front technique (which will be discussed in this review paper).
[33,34,47,48]. Other laser-based approaches like laser-plasma-
based techniques have led to the generation of THz-pulse
electric fields as high as a hundred of kV/cm, with bandwidths
up to 75 THz [49-53]. THz pulse generation in plasmas, unlike
typical nonlinear crystal-based techniques, does not suffer
from a damage threshold for the emitter or material
absorptions such as optical phonons limiting the available
bandwidth of the pulses. Conversely, THz pulses can also be
detected in gases by using THz-induced second-harmonic
generation (SHG) or fluorescence [54-58]. Organic nonlinear
crystals called DAST have also been proposed as efficient
table-top THz emitters. THz pulses at a central frequency of
2.1 THz with a 1 MV/cm electric field strength can be
generated by OR in a crystal pumped at the signal wavelength
of a powerful optical parametric amplifier utilizing a multi-mJ
Ti:sapphire laser system operating at 100 Hz [59].

The remainder of this paper details a tilted-pump-pulse-
front scheme (TPFP) using a LiNbO3 (LN) crystal to generate
intense single-cycle THz pulses [48]. It shows that intense
single-cycle THz pulses induce strong spectral modulations in
the excitonic and band-edge absorptions of ZnSe/ZnMgSSe
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Fig. 1. (a) For the Cherenkov geometry, the THz radiation is emitted as a
cone due to OR of a subpicosecond optical pulse moving at a velocity
Vg(wo), Which is greater than the THz phase velocity vy, of the emitted
radiation. (b) Velocity matching using tilted-pulse-front pumping (TPFP)
scheme creating a plane THz wave. The thick red/solid line indicates the
pump pulse front, the thick grey/dashed line indicates the THz phase
front. The arrows indicate the propagations direction and velocities of
these two surfaces. Figure adapted from Ref. [70].

multiple quantum wells (MQW) [60]. Furthermore, it is
indicated that a 1 MV/cm electric field of a THz pulse allows
us to excite electrons from the valence band to the conduction
band of GaAs/AlGaAs MQW and observe exciton
luminescence [61].

Il. INTENSE TERAHERTZ PULSE GENERATION

In 2002, Hebling et al. proposed a tilted-pulse-front
pumping scheme for efficient phase-matched THz pulse
generation using stochiometric LiNbOs; (LN) crystals [47].
Since then, LN has become a widely used material for high-
power THz generation with OR [33,34,48,62-70]. In addition
to its large effective nonlinearity, LN has a bandgap much
larger than that of semiconductors that allows only three-
photon absorptions to be effectively used at a pump
wavelength of 800 nm. This allows for high pump intensities,
essential for high-energy THz pulse generation. Nonetheless,
the THz refractive index of LN, at around 5, is significantly
larger than the optical group index at around 2, and therefore,
no collinear velocity matching is possible. In bulk LN, single-
cycle THz pulses with high conversion efficiency can be
generated by using the tilted-pulse-front pumping with
noncollinear velocity matching, as described in the following
section.

1) Cherenkov radiation from femtosecond optical

pulses in LiNbO; crystal

In the Cherenkov geometry (see Fig. 1(a)), which was first
used for THz generation by optical rectification (OR)
[10,71,72], THz radiation from bulk LN or LiTaOsz is
generated by OR of a femtosecond near-infrared (NIR) pump
pulse with a tight point or line focus [73,74]. The generated
THz radiation propagates along a cone with an angle 6 .
determined by

Vph nd
6, =cos'| —H |=cos ™| MR |, 1)
VNIR nTHz
h . .
where v\ and v3 _ are respectively the phase velocity of the

generated THz radiation and the group velocity of the pump

pulse, and n,,,, and nJ. are respectively the refractive index

in the THz range and the group index of the NIR pump pulse.
Because the refractive index in the THz range is more than
two times larger than the one in the visible, the angle of the
THz radiation will be as large as around 60°. Such a
propagation characteristic makes it very difficult to collect
THz radiation for applications.

In particular, as for any nonlinear optical frequency
conversion process involving a long interaction length, for OR
a phase-matching condition between the frequency
components involved has to be fulfilled in order to obtain the
largest conversion efficiency. Specifically, for collinear
geometry the phase-matching condition requires the group
velocity of the pump pulse to be equal to the phase velocity of
the generated THz radiation [5]:
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h
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This should further require the equality of the corresponding
indices:

h
nﬂm = n‘IPHz )

It is obvious that the large difference of refractive indices
makes velocity matching impossible in such important wide
bandgap dielectric materials as LN.

2) Principle and realization of tilted-pulse-front
excitation
In the tilted-pulse-front pumping (TPFP), the THz radiation
generated by the tilted pulse front of the pump propagates
perpendicularly to this front (Fig. 1(b)) with the THz phase
velocity vE" , according to Huygens’ principle. This leads to a

noncollinear propagation geometry, where the angle between
the propagation directions of the THz radiation and the pump
pulse is equal to the tilt angle y. of the pump pulse front
relative to the pump phase fronts (which is perpendicular to
the pump propagation direction). The THz wave propagates
with a fixed phase relative to the pump pulse front if the
following velocity-matching condition is fulfilled:

h
VRir COS 7 = Vryy, - (4)
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Fig. 2. To the calculation of the tilt angle » of pump pulse front in
LiNbO; crystal. (a) Diffraction of a single wavelength component of an
optical pulse beam incident on a grating at an oblique angle of incidence.
The thick red/solid line indicates the pump pulse front. (b) After the
grating shown in (a), further tilting of the pump pulse front with lens pair
(a magnification of Mg) and in LiNbO; crystal.

In the case of LN where g >>yen , or equivalently
nd <<nPf" , equation (4) can be fulfilled by choosing an

NIR THz
appropriate pulse-front-tilt angle y.. To achieve noncollinear
velocity matching, a tilt angle as large as around 60° is
necessary inside the LN crystal because nTHZ (~5) is much
higher than n? . (~2) [66]. Such a large angle can be realized
by using a grating and two cylindrical lenses, as shown in Figs.
2(a) and (b).

Consider the pulse front of the pump beam of a "single
wavelength" incident on a diffraction grating at an angle « and
diffracted at an angle g (see Fig. 2(a)). The single wavelength
component will acquire a tilt angle due to the difference
(Q+R) in path lengths between the edges of the diffracted
beam spot s. One can calculate the tilt angle y of this single
wavelength component of the pulse front incident on the
grating as

tan(ﬁ— )— > -
2 7 )T oxR

The denominator of (5) corresponds to the grating equation:

cosf
sina +sing

®)

sina +sin B =mp4, , (6)

where m and p are respectively the diffraction order and
groove density of a grating, and A, the central wavelength for
the pump pulse. The tilt angle y; of the pulse after a two-lens
telescope with a magnification My=f,/f; can be also expressed
by (see Fig. 2(b)):

T T
r_ = Z_ 4 7
tan(2 ylj M, tan(2 ;/J ()

The magnification Mg can be also defined by Mg=s,/s and thus
expressed by the following equation:

_ b : 8

M =
ttany, tan[Z— 7)

g

n |

By using (5)-(8) and considering the pulse front length

decreases in LN crystal, i.e. t;=t/n? , the tilt angle y. in LN

can be derived as follows:

tany, = __Mhp 9)
NYrM, cos g

The THz polariton generated by the tilted pulse front of the

pump propagates perpendicularly to the front in the LN crystal

(Fig. 1(b)), and it is coupled out into free space through the

surface of the crystal cut at the tilt angle 8, (=y.) (Fig. 2(b)).
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Fig. 3. THz pulse generation using the tilted-pump-pulse-front scheme
and electro-optic sampling setup. The 4f-lens configuration consists of
two cylindrical lenses L1 and L2 with focal lengths of 250 mm and 150
mm in the horizontal direction. The grating has 1800 lines/mm. The
incident angle @, and diffracted angle & of the grating are 35° and 56°.
The LN prism angle &y is 62°. The off-axis parabolic mirrors PM1,
PM2, and PM3 have effective focal lengths of 10, 100, and 50 mm and
diameters of 10, 50, and 50 mm. M: mirror, WP: Wollaston prism, PD:
photo detector.

3) THz generation and detection setup

Fig. 3 shows the tilted-pulse-front pumping scheme for THz
pulse generation and detection using electro-optic (EO)
sampling [48]. The source is an amplified Ti:sapphire laser
(pulse energy: 4 mJ, FWHM: 85 fs, central wavelength: 780
nm, repetition rate: 1 kHz). The EO sampling uses optical
pulses from an 80-MHz oscillator synchronized with the
amplified pulses.

The intensity front of the pump pulse is tilted with a grating.
A pair of cylindrical lenses in the 4f-lens geometry is used to
tilt the pulse more (see (7)) and to image the pump spot onto
the LN crystal (horizontal magnification My: 0.6) [69]. The
angles of the incident and first-order diffracted beams are set
to a =35.3° and S =55.7° to get a tilt angle 6. of 62° and
ensure efficient generation around 1 THz. A A/2 plate changes
pump beam from horizontal (for which the grating has high
efficiency) to vertical polarization aligned with the optic axis
of the LN crystal (not shown in Fig. 3); the ds; electro-optic
tensor component of LN is the largest. The beam is focused
onto the crystal by using three off-axis parabolic mirrors PM1,
PM2, and PM3.

Fig. 4(a) shows the temporal profile measured with a 300-
um-thick GaP detection crystal. Here, six high-resistivity Si
attenuators were put in front of the crystal to reduce the field
amplitude. The maximum modulation of balanced
photodetector signals measured at the peak THz field was
0.44; this value corresponds to an electric field of 1.2 MV/cm
without Si attenuators. The inset shows a THz image at the
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Fig. 4. (a) Measured THz temporal profile and (b) its Fourier spectrum.
Inset in (a): THz image measured at the focus of PM3.

focus after PM3. The spectrum (Fig. 4(b)) has a maximum
around 0.8 THz and has water-vapor absorption lines (no dry
air purging).

An uncooled microbolometer THz camera (NEC
Corporation, IRV-T0830) picked up the intensity image from
pulses passing through a 300-GHz-width band-pass filter for 1
THz (Murata Manufacturing Co., Ltd., MMBPF40-1000). The
small spot (FWHM intensity: 300 um) is near the diffraction
limit. The total pulse energy was estimated to be ~2 pJ by
integrating the THz intensity temporally and spatially [75],
and the energy conversion efficiency was ~10°.

I1l. NONPERTURBATIVE EXCITONIC INTERACTION WITH
INTENSE THZ PULSES

The nonlinear interaction of matter with strong, oscillating
electric fields has attracted considerable attention because of
their importance in fundamental physics and technological
applications. The resonant (or nearly resonant) interaction of
electric fields with electronic transitions in semiconductors
and atomic gases exhibits intriguing nonlinear phenomena
such as the ac (optical) Stark effect [76,77], Rabi oscillations
[78], Autler-Townes splitting [40,42,76], and
electromagnetically induced transparency [79]. Even in
nonresonant situations, atomic systems subjected to high-
intensity laser excitation exhibit extreme nonlinear phenomena
such as above-threshold ionization [80] and high-order
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Fig. 5. (a) THz-pump and optical-probe experimental setup. The linear
polarization directions of the pump and probe pulses are parallel to the
MQW layers. (b) Observed THz temporal profile. (c) Excitonic
absorption spectrum observed at pump-probe delays of —1.8 (THz pump
off) and 0 ps (THz pump on). (d) Differential absorption spectrum
plotted a function of optical energy and delay between THz-pump and
optical-probe pulses. Figure adapted from Ref. [60].

harmonic generation [81-85], and these phenomena cannot be
described by perturbation theory.

The key concept behind these nonperturbative phenomena
is ponderomotive energy, which is the cycle-averaged kinetic
energy of an electron wiggling in an oscillating electric field
[86], i.e.,

e’E’

_ , 10
U, preo (10)
where E is the electric-field amplitude of the incident laser
pulse, e is the elementary charge, m* is effective mass, and
wl2r is the laser field’s frequency. Since ponderomotive
energy increases quadratically with the inverse square of
frequency, even small photon energies can enhance
nonperturbative effects. A terahertz (THz) electric field could
make the poderomotive energy larger than that of a visible
light source. A lower effective mass in semiconductors could
also enhance it [87].

Fig. 5(a) illustrates the THz-pump and optical-probe
experiment using the tilted pump pulse front technique. The
multiple quantum wells (MQW) sample was grown on a (100)
GaAs substrate; the MQW consisted of 30 repetitions of 5-nm-
ZnSe wells and 30-nm-ZnMgSSe barriers. Fig. 5(b) shows the
THz temporal profile measured via EO sampling. The THz-
pulse beam at the focus was set to 1.5 mm in diameter using a
90° off-axis parabolic mirror (focal length: 100 mm). The
maximum field at this position was about 68 kV/cm. For the
probe pulse, we used a white-light continuum generated by
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Fig. 6. Absorption peak energy of hh (open circles) and Ih (solid circles)
excitons versus the incident THz field Ery,. Solid and dashed lines are
fits of the Stark effect to the data for the hh and Ih excitons, respectively.
Figure adapted from Ref. [60].

focusing a small portion of the laser pulses into a 10-mm-thick
quartz cell containing water. The resulting continuum
spectrum ranged from the visible to near-infrared.

Fig. 5(d) presents the differential absorption spectrum as a
function of optical energy and delay between the THz-pump
and optical-probe pulses. Fig. 5(c) shows the optical
absorption spectrum with the THz pump off and on (i.e., at
pump-probe delays of —1.8 and 0 ps). The absorption peaks at
2.86 and 2.89 eV in the pump-off spectra in Fig. 5(c) are
respectively due to n = 1 heavy-hole (hh) and light-hole (lh)
excitonic absorptions. These excitonic resonances are strongly
modulated and suppressed by the THz pump. The absorption
increases below the band edge of the ZnMgSSe (bulk barrier
layer) and above 2.92 eV. This behavior is attributed to the
dynamical Franz-Keldysh effect (DFKE) [88-90].

The suppression of excitonic absorptions in Fig. 5(c)
indicates that the THz electric field distorts the Coulomb
potential between the electron and hole of the exciton and a
widens the Coulomb well, which induces the 1s level to shift
to lower energies. Fig. 6 shows the peak energy shift of the
hh- and Ih-excitonic absorptions. The peaks redshift
monotonously until ~40 kV/cm, at which point the redshift
changes to a blueshift.

The perturbative Stark-effect theory is applicable in the
weak-field limit up to ~40 kV/cm. The departure of the
experimental data from the quadratic Stark shift at stronger
fields and the appearance of a blueshift implies competition
between two different nonperturbative phenomena: 1) the high
THz field exceeds the electric field necessary to ionize the hh
exciton (estimated from Eg/eag to be ~44 kV/cm), and thus,
the THz field dominates the excitonic Coulomb potential and
induces the mixing of excitonic states with continuum states;
2) The DFKE causes a blueshift of the band-edge of the 2D
electronic continuum states [88].
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Fig. 7. Temporal profiles of the absorption change in the vicinity of the
hh exciton (at 2.86 eV) and the absolute value of the electric field of the
THz pulse. Figure adapted from Ref. [60].

The optical temporal response of excitons in quantum wells
to the THz pulses may be able to be exploited for ultrafast
optical modulation. Fig. 7 compares the temporal profiles of
the absorption change in the vicinity of the hh exciton (at 2.86
eV) and the absolute value of the pulse’s electric field. The
change follows the temporal profile rather closely. Theory
based on a one-dimensional exciton predicts that the effective
response time is just the exciton dephasing time and is the
reciprocal of homogeneous broadening [91]. The dephasing
time at zero field has been measured by femtosecond four-
wave mixing to be ~450 fs [92], and it would be shortened by
applying a THz field. Thus, the subpicosecond electro-
absorption response time for excitons implied by the data of
Fig. 7 is reasonable. The efficient modulation of the excitonic
absorption and the short response time are promising for Thit/s
wireless transmission systems.

IVV. CARRIER GENERATION BY INTENSE TERAHERTZ PULSE
EXCITATION

Cutoff frequencies of electronic devices are getting close to
1 THz, and carriers may experience electric fields up to 1
MV/cm. In fact, metal electrodes with a 10 nm gap would
have such a high field between them if a bias voltage of 1 V
were applied. This means the high-field nonlinear transport
properties of semiconductors can no longer be ignored in
engineering [93-96]. Although the high-field properties that
affect transport on the nanometer and ultrashort time-period
scales are not well understood, they can be investigated with
intense THz pulse sources [97-103].

Carrier multiplication via impact ionization under high
electric fields underlies many nonlinear transport phenomena.
It plays a key role in conduction breakdown in transistors
[93,104,105], the avalanche effect in single-photon detectors
[106], and in the workings of electroluminescent emitters
[107-109] and solar cells [110-112]. In the process [94]
illustrated Fig. 8(a), a highly energetic conduction-band
electron (eq;) colliding with a valence-band electron yields two
conduction electrons (e, + e5,) and a hole (hy;). The electron
ey gains energy in the strong electric field, and this energy
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Fig. 8. (a) Electron-initiated impact ionization transitions in GaAs band
structure in the A direction. The lattice constant a of GaAs is 5.6 A, and
+2n/a corresponds to #1.1x10% m™. The diagram shows electrons and
hole positions before and after the transition at the threshold. (b)
Generated THz pulses are focused onto the GaAs QWs sample, and the
luminescence is detected by a CCD camera after it has passed through
the spectrometer. Figure adapted from Ref. [61].

gain implies that carriers driven without being affected by
incoherent phonon scattering acquire enough kinetic energy to
trigger a series of impact ionizations, i.e., carrier
multiplication.

Meanwhile, electrons in the conduction band of GaAs move
ballistically without incoherent LO-phonon scattering for
hundreds of femtoseconds (115 fs, @ o = angular frequency of
the LO phonon) [97]. Carriers accelerated ballistically on
ultra-short timescales can therefore be expected to gain kinetic
energy more efficiently and thereby trigger carrier
multiplication. However, insufficiently strong THz pulses
generate few carriers [101], and various additional phenomena
induced by them, such as phonon absorption [102], intervalley
scattering [98], and exciton dissociation [60,113], obscure the
carrier multiplication.

We developed an experimental scheme for studying carrier
multiplication in nominally undoped GaAs MQW (Fig. 8(b)).
Carrier multiplication was induced by irradiating the QWs
with a nearly half-cycle THz pulse (1 ps, max. electric field:
1.05 MV/cm) [48] (see Fig. 4). The electric field was
perpendicular to the stacking direction (100) of the sample.
The field ionization due to the THz pulses accelerates
electrons from residual impurity donors along the A line
around the Brillouin zone center (/" point) in momentum space
(Fig. 8(b)) [114]. When the electric field reaches a certain
strength, the electrons acquire enough energy to induce several
impact ionizations and produce many electron-hole (e-h) pairs
that go on to form excitons around the 7" point. The impulsive
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Fig. 9. (a) Spectra of luminescence excited at 10 K by THz pulses with
peak amplitudes of 0.54 MV/cm (green dotted line), 0.70 MV/cm (blue
dashed line), 1.05 MV/cm (red solid line), and by optical pulse (3.18 eV,
gray solid line). (b) THz pulse excitation intensity dependence of carrier
density (magenta closed circles). The eye guide (black solid line)
corresponds to a fourth-power-law THz intensity dependence. Figure
adapted from Ref. [61].
electric field allows unbound e-h pairs to form excitons that
decay radiatively because the electric field that would
otherwise ionize the exciton is absent just after the pairs are
generated [115]. Luminescence from the excitons is detected
by a liquid-nitrogen-cooled CCD camera (Fig. 8(b)).

Fig. 9(a) shows that THz pulses with different field
strengths induce near-infrared luminescence centered around
1.55 eV from MQW at 10 K, even though the central photon
energy of the pulse (~ 4 meV) is about 390 times lower than
the luminescence photon energy (see Fig. 4), and the
luminescence intensity drastically decreases as the electric
field ¢ decreases. Since luminescence is proportional to the
created e-h pair density [116], the generated carrier density N
can be estimated by comparing the luminescence measurement
with optical pulse excitation measurements. The carrier
density N plotted as a function of THz pulse fluence | is
extremely nonlinear and roughly proportional to | * («c &%)
(Fig. 9(b)). The minimum and maximum fluences correspond
to 0.47 and 1.05 MV/cm, and the carrier density increases over
this range by about three orders of magnitude. As shown in
Fig. 9(a), the spectral shapes are almost the same, and the peak
photon energies are near the hh exciton absorption peak.

We can attribute the substantial numbers of carriers to
carrier multiplication triggered by impact ionizations rather
than to Zener tunneling because the tunneling occurring under
a 1 MV/cm DC electric field lasting 1 ps can account for only
a small amount of the e-h pairs (10" cm™) [117]. In the
impact ionization process, an electron in the conduction band
(e11) gain Kkinetic energy from the electric field and creates an
electron (e1,) plus an e-h pair (e, + hy) (Fig. 8(a)):

€1 €6yt h21 : (11)
This process is possible only if the electron has a threshold
kinetic energy higher than the band gap Eg of 1.52 eV. As
shown in Fig. 8(a), if an electron released from an impurity
donor is accelerated to the threshold kinetic energy, it can
create an e-h pair. Subsequently, both the electron that lost
energy to create the e-h pair and the created e-h pair could, in
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Fig. 10. (a) Sketch visualizing the distortion in the Coulomb potential of
donors, causing the potential to widen and free electrons to be released,
and subsequent evolution of unbound e-h gas generated by a series of
impact ionizations into a pure population of excitons emitting
luminescence. (b) Electric field dependences of carrier density obtained
in the experiment (red open circles) and calculations using equation (12)
for three different impact ionization rates },Ica'; one is infinity (gray solid

line), and the others are derived from (13) with C = C, = 870 ps eV ?

(green one-dot-dashed line) and C = 5C, (blue two-dot-dashed line). The

initial carrier density was assumed to be N, = 10" cm™. For the

experimental (red open circles) and calculated data (gray solid line), the
carrier density N is plotted together with the corresponding <n,>. Figure

adapted from Ref. [61].
turn, gain energy from the field. This process can continue as
long as the electric field of the THz pulse remains sufficiently
strong, and so, comparably few impact ionization events can
nonetheless produce numerous e-h pairs (Fig. 10(a)).

These multiplication dynamics can be compared with
experimental observation. As can be seen from (11), an
electron-initiated impact ionization event doubles the number
of electrons. That is, given an initial electron density Ny, the
electron and hole densities after <n,;> impact ionization events

are respectively N, x 2"’ and Nox(2<”'>—1). Thus, the

increase in impact ionizations <An;> due to the electric field
changing from gpnin = 047 to gnx = 1.05 MV/em is
10g2(N(&max)/N(&min)) ~ 9 (Fig. 10(b)). That is, at least nine
impact ionizations on average occur within the 0.5-ps duration
of the positive lobe of the THz pulse. Hence, the impact
ionization rate y, at the maximum electric field is
approximately 9/0.5x107"? s ~ 2x10" s,

The experimentally obtained impact ionization rate y, can
be quantitatively compared with a simple theoretical
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prediction whereby the electron motion in an electric field
follows the dispersion of the band structure in momentum
space:

oK) __ 12
h i ee(t) (12)

where e is the electron charge and 7 is Planck’s constant. Here,
the electric field is of a pulse reflected a number of times
inside the sample. The change in wavenumber k(t) during the
pulse is calculated assuming that the electrons lose all their
kinetic energy when they reach the average wavenumber
+2.77x10° m, that is, an infinite impact ionization rate. The
theoretical increase in number <ANn> from gmin = 0.47 10 gmayx =
1.05 MV/cm is <ni(&max) > — < Ny(&min) > = 12, which is close
to the experimentally obtained <An,;>, and this confirms the
experimentally derived y, of ~10%s™.

We can also analyze the carrier density with a finite impact
ionization rate using the Keldysh formula [118]:

7/|ca|=C(E_Eth)2’ E>E,. (13)
The corresponding values for electrons are taken from Ref.
[118]: C = C, = 870 ps eV 2 and Ey, = 1.7 eV. As shown in
Fig. 10(b), putting C = 5C, in (13) (blue two-dot-dashed line)
reproduces the experimentally observed carrier density and is
close to the curve for the infinite rate (gray solid line). Here,
@ is 2.5x10" s (derived by using (13) with C = 5C, and
E=1.94 eV at the maximum first-conduction-band energy
between the 7"and X points; see Fig. 8(a)). The experimentally
obtained value (7, ~10" s™) is almost ten times smaller
because electrons took time to accelerate to Ey,.

We demonstrated extraordinarily high carrier multiplication
in GaAs subjected to a THz pulse of a strong electric field; the
carriers increased by about three orders of magnitude. The
increase can be explained with a phenomenological impact
ionization model including electron motion in k-space with a
pristine band structure. A full quantum Kkinetic treatment of
carrier dynamics in a band structure modified by an intense
THz electric field should be performed to reveal the
microscopic origin of the carrier multiplication [119-121]. Our
findings of efficient ultrafast carrier multiplication bode well
for future ultrahigh-speed device applications such as high-
quantum-efficiency THz-biased avalanche photodiodes that
have femtosecond resolution and are sensitive to a single
photon. They may also lead to more efficient
electroluminescent and photovoltaic nanoscale devices.

V. CONCLUSION

The tilted-pump-pulse-front scheme using a LiNbO; crystal
can generate intense single-cycle THz pulses whose nonlinear
interaction with semiconductors may have many novel
applications. In particular, intense single-cycle THz pulses
induce strong spectral modulations in the excitonic and band-
edge absorption of ZnSe/ZnMgSSe MQW. Furthermore, the

extremely high (1 MV/cm) electric field of a THz pulse allows
us to excite electrons from the valence to conduction band of
GaAs/AlGaAs MQW and observe exciton luminescence.
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