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Terahertz-field-induced carrier generation in Bi;_,Sb, Dirac electron systems
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Terahertz-field-induced carrier generation processes were investigated in Dirac electron systems, single-
crystalline bismuth antimony alloy thin films (Bi;_,Sb,; 0 < x < 0.16). This investigation was performed by
precisely tuning, via the substituent ratio x, the band structure of the films from that associated with a semimetal
to that characteristic of a narrow-gap semiconductor. Terahertz-field-induced absorption was clearly observed
within a few picoseconds after the terahertz pump-pulse illumination of Bi,_,Sb, semimetal and semiconductor
samples. The field-strength dependence of the induced absorption was compared with the calculated Zener
tunneling probability in the Dirac-like band dispersion. Through this comparison, the mechanism of the induced
absorption was attributed to the carrier generation via the terahertz-field-induced Zener tunneling. The tunneling
occurred in subpicosecond timescales even at room temperature, demonstrating that Bi;_,Sb, thin films are
promising for future high-speed electronics and the investigation of universal ultrafast tunneling dynamics.

DOI: 10.1103/PhysRevB.98.214302

I. INTRODUCTION

The strong interaction between light and matter yields
many exotic nonlinear phenomena (such as high-harmonics
generation, carrier multiplication due to impact ionization,
and field-induced Zener tunneling between valence and con-
duction bands) in solid states [1-4]. These nonlinear phenom-
ena hold enormous promise for future high-speed nonlinear
optoelectronic devices operated at terahertz and petahertz
ranges of frequency [5,6]. The use of nonlinear carrier gen-
eration processes such as Zener tunneling is one of the keys
to realize the ultrafast devices, and therefore, fundamental
understanding of the process is highly desired [7-11]. Fur-
thermore, the field-induced Zener tunneling in Dirac electron
systems would arouse great interest in relation to quantum
electrodynamics (QED) in strong electric fields; electron-hole
pair generation induced via Zener tunneling is analogous
to the generation of a strong-field-induced electron-positron
pair in vacuum [12]. To date, however, the carrier generation
process occurring via Zener tunneling was not fully examined
in comparison with that via the impact ionization [13,14],
and therefore, a systematic investigation of Zener tunneling
in a typical Dirac electron system is essential to understand
the underlying physics such as the field-induced tunneling
dynamics, which may depend on the electronic structure from
a semimetal to a narrow-gap semiconductor.

The nonlinear interaction between light and matter is
generally characterized by the Keldysh parameter y =
VEg/2U,, where E, and U, are the band-gap energy and
the ponderomotive energy, respectively. If y > 1, the pertur-
bative multiphoton ionization process dominates the observed
optical nonlinearity and if y < 1, the nonperturbative field-
induced tunneling process becomes significant [15]. Since
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the Keldysh parameter is proportional to /Fg, the critical
electric-field strength across the crossover from the pertur-
bative to nonperturbative regime decreases in the case of
narrow-gap semiconductors and semimetals [11]. These ma-
terials are therefore promising candidates for investigating
the nonperturbative nonlinear carrier generation processes
occurring in materials. Here, we demonstrate that illumination
of bismuth antimony alloys (Bi;_,Sb,; 0 < x < 0.16) by
intense terahertz electric fields provides a suitable platform for
unveiling extremely nonlinear carrier generation processes in
Dirac electron systems. The applied terahertz electric fields
can either accelerate or generate carriers effectively at the
picosecond timescale before interband relaxation and heat
transfer to the lattice occurs.

Figure 1(a) schematically illustrates the band structure of
Bi;_,Sb, as a function of the substituent ratio x, where the
dashed line shows the chemical potential w. In pure Bi, the
band structure around the L point of the first Brillouin zone
is well approximated by the Wolff Hamiltonian (anisotropic
Dirac Hamiltonian), with band-gap energy on the order of a
few tens of meV [16]. This structure also has a hole pocket
at the T point with a relatively large effective mass and
band gap [17]. Consequently, electrons in the L point with
a low effective mass contribute mainly to the field-induced
carrier dynamics [16,18]. The use of Bi;_,Sb, thin films
allows us to precisely tune, via the substituent ratio x, the
band-gap energy from values characteristic of a semimetal
(0 < x £ 0.09) to values associated with a narrow-gap semi-
conductor (0.09 < x < 0.16). The Dirac-like asymptotic lin-
ear band structure is maintained despite the change in the
band-gap energy. Hence, Bi;_,Sb, thin films are well suited
for our study of elucidating a nonlinear carrier generation
mechanism in Dirac electron systems.
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FIG. 1. (a) Schematic showing dependence of the chemical po-
tential p and the energy of high-symmetry points in the Brillouin
zone on the Sb concentration. Insulating thin films will be formed
at Sb concentrations exceeding x = 0.09. (b) Terahertz and infrared
transmission spectra of 40-nm-thick Bi;_, Sb, thin films (for several
Sb concentrations) with respect to that of the bare Si substrate.
Data below 10 THz are measured with a terahertz time-domain
spectroscopy (TDS) setup, and the rest are obtained with a conven-
tional Fourier transform infrared (FTIR) spectrometer. Dashed lines
indicate the results of Drude fitting [the corresponding parameters
are shown in (c)]. (c) Dependence of the plasma frequency, damping
constant, and carrier density on the Sb concentration.

II. EXPERIMENT

Using molecular beam epitaxy, we prepared high-quality
Bi;_,Sb, (0 < x <£0.16) epitaxial thin films (thickness:
40 nm) deposited on a (7 x 7) reconstructed surface of a high-
resistivity silicon (Si) (111) substrate [19-21]. Details of the
sample preparation and the experimental setups are described
in the Supplemental Material [22]. Figure 1(b) shows the ter-
ahertz transmittance measured at weak electric-field strengths
within the linear regime of different Sb composition rates [23].
The transmittance below 10 THz increases with increasing Sb
concentration, suggesting that the absorption due to free elec-
trons decreases with increasing Sb concentration. Moreover,
the plasma frequency, damping constant, and carrier density
were obtained [see dashed lines in Fig. 1(c)] based on the
Drude analysis described in the Supplemental Material [22].
The carrier density decreases as the band structure approaches
the region where the Bi;_,Sb, becomes semiconducting. The
increase in the carrier concentration at x = 0.16 may be
attributed to the contribution from the H point holes, as shown
in Fig. 1(a).

III. EXPERIMENTAL RESULTS

To examine terahertz-field-induced carrier generation pro-
cesses in Bij_,Sb, thin films, we measured the depen-
dence of the terahertz transmittance on the peak electric-field
strength [24,25]. Figure 2 shows the typical results obtained
for the terahertz-field-induced transmittance of Bi;_,Sb,
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FIG. 2. (a) Comparison of the terahertz waveforms transmitted
through the reference Si substrate, pure Bi (x = 0.0), and Bi,;_, Sb,
(x = 0.16) samples at two different field strengths. Dashed lines
in the middle and lower graphs indicate the reference waveforms.
(b) Dependence of the terahertz transmittance averaged over 0.35—
1.0 THz on the peak terahertz field strength. Data for several Sb
concentrations are shown for comparison of the nonlinearity.

thin films with different Sb concentrations. The transmit-
tance of the semimetal samples (typically, x = 0) increases
with increasing electric-field strength [see Fig. 2(a)], ow-
ing to the terahertz-field-induced acceleration of the Dirac
electrons [26]. In contrast, the transmittance of the semi-
conducting samples (typically, x = 0.16) decreases slightly
with increasing field strength. A plot of the terahertz-field-
induced transmittance as a function of the electric-field
strength [see Fig. 2(b)] reveals the differing field depen-
dence of the semimetal (0 < x < 0.02) and semiconductor
(0.07 < x £ 0.16) samples. As discussed below, the trans-
mittance of the semiconducting samples is attributed to a
nonlinear mechanism other than the carrier acceleration [26].

To reveal the mechanism governing this field-induced
absorption, we perform terahertz-pump and terahertz-probe
spectroscopy using the experimental optical setup described
in the Supplemental Material [22]. The electric-field strength
of the probe employed in this experiment is relatively low and,
hence, nonlinearity in the samples is avoided. Figures 3(a)
and 3(b) show the typical results obtained for the terahertz
transmittance as a function of the time interval between the
pump and probe terahertz pulses. In the semimetal samples
(x = 0 and 0.02), we found that the terahertz-induced trans-
parency occurs at the time origin, owing to the terahertz-
field-induced acceleration of conduction electrons. In other
words, the conduction electrons are accelerated via intense
terahertz electric fields along the Dirac-like asymptotic linear
band dispersion with an increase in the electron effective
masses [26]. Subsequently, the terahertz-induced absorption
emerges with a decay time of about 10 ps after the terahertz
illumination, implying that field-induced carrier generation
and relaxation occur in the samples. This absorption occurred
in both the semimetal and semiconductor samples, suggesting
that the origin of the observed absorption is universal in Dirac
electron systems.

To elucidate the relaxation dynamics of the induced ab-
sorption, we analyze the data between 2 and 8 ps using
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FIG. 3. Delay dependence of the terahertz-pump and terahertz-
probe signals for (a) pure Bi with different electric-field strengths and
for (b) different Sb concentrations. We plotted the ratio of average
terahertz transmittance from 0.35 to 1.0 THz normalized by that
obtained without the terahertz-pump pulse. The second peaks that
appear at 8 ps correspond to the reflection from the back surface of
the Si substrate. The arrow at 4 ps indicates the delay time where
the field dependence at different Sb concentrations is measured, as
shown in Fig. 4. Dashed lines are the best fits obtained by the method
as described in the main text. Note that the scale values of the vertical
axis in (a,b) are the same.

an exponential decay function convoluted with a Gaussian
function as follows. The Gaussian function was chosen for
simplicity.

t ) t—1¢ [/2
AT(t) x dt"exp | — -—).
oo T 202

Here, 7 is the relaxation time, and o = 2 ps is the pulse
duration of the terahertz wave. The dashed lines in Figs. 3(a)
and 3(b) represent the best fits with t = 10 ps (x = 0), 4.9 ps
(x =0.02), and 2.9 ps (x = 0.16). The observed relaxation
times are comparable to that observed in the previously re-
ported optical-pump and terahertz-probe experiment (4 ps)
[27]. The faster relaxation time with the Sb concentration may
originate from the increase of either intervalley scattering due
to phonons or inhomogeneity. The amplitude of induced trans-
mittance change also depends on the Sb concentration. To
explain the terahertz-field-induced dynamics observed both
in semimetallic and semiconducting samples, we will discuss
two possible mechanisms in the Dirac electron systems as
shown in Fig. 4(a) in the following: i.e., Zener tunneling and
impact ionization.

IV. CALCULATION AND DISCUSSION

For Zener tunneling, the tunneling probability of the Dirac
system is determined from [28]:

b4 Ez(k)i|

PZener(F) = exp |:_Z hice F

Here, E(k) = \/EZ + 2c2k? is the band-gap energy with
a wave vector k; ¢ and F are the asymptotic velocity of the
Dirac system (the so-called effective light velocity of the sys-
tem) and the applied electric field, respectively. In the cal-
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FIG. 4. (a) Schematic of Zener tunneling and impact ionization
processes occurring in the Dirac band structure. Solid and open
circles in the left indicate the electrons and holes excited by the
Zener tunneling (the blue arrows) depicted in both the real and
momentum spaces. Solid circles in the right indicate the initial states
of the impact ionization. In the case of the scattering wave vector
shown as the red arrow, the valence electron could not be excited
because of the absence of the final state satisfying energy-momentum
conservation. In the case shown as the green arrows, the energy
and momentum conservation rule is approximately satisfied, as the
energy-momentum dispersion can be approximated by the Dirac
cone at high energy. CB: conduction band, VB: valence band. (b)
Calculated field dependence of the Zener tunneling rate for different
Sb concentrations. (c) Dependence of the transmittance change in
the terahertz-pump and terahertz-probe measurement (time delay:
4 ps) on the electric field strength. The solid lines are the calculation
results shown in (b) normalized by the data for x = 0.07.

culation, we used the well-known empirical values of the
band-gap energy and Fermi energy for each Bi;_, Sb, sample,
taken from Ref. [16,22]. To obtain the probability per unit
time, we define an attempt frequency «(F) = aeF /h, which
describes the frequency of band electrons to attempt the
tunneling at each wave vector (a: lattice constant of Bi) [29].
The wave vector of the electrons should be conserved between
the initial and final states and, hence, the Zener tunneling is
regarded as the vertical transition between the valence and the
conduction bands, as illustrated by the blue arrow in Fig. 4(a)
[9]. Subsequently, the tunneling probability from the valence
to the conduction band can be obtained by integrating over the
entire Brillouin zone [7].

When calculating the tunneling probability, for simplicity,
we consider an isotropic Dirac band [16], and assume that
the intraband electron-electron scattering is sufficiently rapid
to ensure the thermal equilibrium of each Dirac band. The
number of electrons generated via the Zener tunneling can
then be expressed as

N(F) = [dkf,(K)[1 — fe(K)]a(F) Pzeper (F),

where f, (k) represents the Fermi-Dirac distribution function
at wave vector k for valence and conduction band, respec-
tively. The calculated field-strength dependence of the tun-
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neling electron rate is summarized in Fig. 4(b), where the
dependence varies with Sb concentration.

Since the Zener tunneling rate will be proportional to the
number of generated carriers, the calculated tunneling rates
can be directly compared with the experimental results shown
in Fig. 3. The absorption strength is experimentally estimated
at the pump-probe delay time of 4 ps, where the conduction
electron acceleration or the field-induced transparency can be
completely neglected. In the comparison, the proportionality
constant relating the calculated tunneling rate to the induced
absorption is adjusted with the experimental data for x = 0.07
[see Fig. 4(c)]. As the figure shows, satisfactory agreement is
obtained between the calculated values and the experimental
values. This agreement is obtained although the band gap and
Fermi level of the Bi;_,Sb, Dirac electron systems change
from those characterizing a semimetal to those character-
izing a semiconductor, as shown in Fig. 1(a) (the details
of the dependence are shown in the Supplemental Material
[22] and Ref. [16]). The agreement realized for the entire
range of substitution ratio x values and the small Keldysh
parameter for Bi;_, Sb, films (e.g., y = 0.02 for pure bismuth
at 100 kV/cm and 1 THz) strongly indicates that Zener
tunneling plays a key role in the observed terahertz-induced
absorption.

For the impact ionization process, a hot conduction elec-
tron interacts with a valence electron through the Coulomb
interaction under energy and momentum conservation. How-
ever, energy or momentum conservation may be violated
in Dirac electron systems with a finite effective mass, as
indicated by red arrows in Fig. 4(a). Energy and momen-
tum conservation requires, as indicated by green arrows, an
anomalous acceleration of the carriers in the Dirac-like band
toward much higher energy than the band-gap energy [14,27].
This acceleration is, however, unrealistic under the present
experimental conditions [26]. Although the impact ionization
process assisted by either phonons or inhomogeneity might
be another possibility under the violation of energy and mo-
mentum conservation, the estimated small Keldysh parameter
for our experimental condition indicates the dominant contri-
bution of the Zener tunneling. Furthermore, the long Fermi
wavelength [30] of Bi;_,Sb, would make the impact ioniza-
tion mediated by the inhomogeneity less favorable, because
the electrons with the long wavelength become insensitive to
the inhomogeneity on the atomic scale.

Figure 5 illustrates the dynamics in Bi;_,Sb, induced by
intense terahertz transients. The intense terahertz electric field
induces both the acceleration of the Dirac electrons and the
carrier generation due to the Zener tunneling. The excited
carriers reach the thermal equilibrium within 1-2 ps, and
then relax to the initial state within 10 ps. Although Zener
tunneling is a well-established mechanism, the results are
important in the field of strong light-matter physics, owing
to the following reasons. First, the use of intense terahertz
electric-field transients can distinguish the field-induced car-
rier generation from other undesirable effects (e.g., interband
scattering) and thermal effects in the time domain, as demon-
strated in this study. Second, Bi;_, Sb, becomes a prototypical
Dirac electron system, which can easily tune the band-gap
energy from that of a semimetal to that of a narrow-gap

THz pulse

Time

Bi,_,Sb,

FIG. 5. Schematic of carrier generation and relaxation processes
in Bi;_, Sb, Dirac electron systems. The acceleration of electrons in
the conduction band as well as the Zener tunneling is simultaneously
induced via the terahertz pulses at around the intense peak electric
field. Subsequently, the generated carriers in the conduction and va-
lence bands gradually relax to the initial states via the thermalization
and recombination processes within 10 ps.

semiconductor by changing the substituent ratio x. The Dirac-
like asymptotic linear band structure is maintained despite this
change. Moreover, a reduction in the influence of defects or
impurities (which have a significant effect on the dynamics in
the case of wide-gap semiconductors) is expected in the case
of narrow-gap semiconductors. These technical merits hold
enormous promise for future elaborate investigation of Dirac
electrons under the strong light-matter interaction, which may
unveil inherent nonlinear characteristics of Dirac electron
systems [31].

V. CONCLUSION

In conclusion, we measured the nonlinear terahertz re-
sponses of Bi and Bi;_,Sb, single-crystalline thin films,
by investigating the nonlinear terahertz transmittance and
terahertz-induced absorption via terahertz-pump and -probe
spectroscopy. When we increase the intensity of the pump
terahertz wave, the intensity dependence of the terahertz
absorption obtained for the semimetal samples differs from
that obtained for the semiconductor samples. Terahertz-pump
and terahertz-probe spectroscopy revealed that this absorption
originates from the Zener tunneling in the Dirac systems,
which is also supported by calculated results. Since the band
structure and Fermi energy can be tuned via Sb doping, the
Bi;_,Sb, systems could be an interesting platform for inves-
tigating the strong light-matter interactions in Dirac systems.
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1. Sample preparation

We prepared high-quality single-crystalline BiiSb:x (0=x=<0.16) epitaxially
grown thin films with thickness of about 40 nm deposited on (7x7) reconstructed
surface of a high resistivity Si (111) substrate using molecular beam epitaxy (MBE)
[1-3]. The base pressure of the MBE chamber was below 1.0x10”7 Pa. The evaporation
rates for Bi and Sb were checked in advance to the deposition to roughly determine the
Sb concentration x. The total evaporation rate was set below 0.05 nm/min. to keep the
high crystallinity of the sample. After the crystal growth, we annealed the sample at 350
K for 10 minutes. The crystallinity was in-situ monitored by reflection high-energy
electron diffraction (RHEED). The Sb composition x and the film thickness were
confirmed by X-ray fluorescence and photoemission spectroscopy. The accuracy of the
parameter x was about £0.03 for x=0.16, +0.01 for x=0.07, and +0.03 for x=0.03 sample,

which was estimated by comparing XPS and XRF measurements.
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Figure S1. Broadband terahertz time-domain spectroscopy setup. Terahertz
waves are generated and detected by photoconducting antennae used in a
reflection geometry. The setup was partially purged by nitrogen to avoid the

absorption due to water vapor.

2. Linear terahertz spectroscopy setup

Linear terahertz absorption spectrum of the sample was measured by a home-made
broadband terahertz time-domain spectroscopy setup (THz-TDS) from 0.1 to 10 THz
and Fourier-transform infrared spectrometer (FTIR) from 15 to 50 THz. Figure SI
shows the setup for the THz-TDS. We used a Ti:sapphire oscillator with the pulse
duration of 15 fs, center wavelength of 800 nm, and repetition rate of 80 MHz for
generate and detect terahertz waves [4]. We used low-temperature-grown GaAs
photoconducting antennae purchased from Hamamatsu photonics for terahertz
generation and detection. The antennae are placed with a reflection configuration to
avoid the bandwidth narrowing due to the terahertz absorption in the antenna substrates.
The resultant bandwidth of the detected terahertz wave is from 0.1 THz to 10 THz, with
a dip at 8 THz due to the transverse optical phonons of the substrate material GaAs. For
the FTIR measurement, we used a commercial spectrometer (Nicolet iS50 widerange

FTIR from Thermo Scientific). All the measurements are performed at room



temperature of 300 K.
The terahertz transmittance was analyzed by taking the ratio of transmitted terahertz
spectrum through sample T with that through the silicon substrate T,. For thin films,

we could use the Thinkham formula for the transmittance as,

T 1

E T od/(n+1)c-1"
Here, o is the optical conductivity, d the thickness of the film, n the refractive index
of the substrate, ¢ the speed of light. By using the Drude model, the conductivity is

given by

2
“p

T y+ie

Here, w, is the plasma frequency, and y the damping constant. The plasma frequency

is given by the formula,

nez

w}h ——

From this equation, we could evaluate the carrier density in the sample. We used the
effective mass m of electrons as 0.005m, to obtain the carrier concentration. Here,
m, is the electron mass, &, the dielectric constant of vacuum, e the charge of an

electron. The obtained x dependence of the Drude parameters are shown in the Fig. 1

of the main text.
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Figure S2. Nonlinear terahertz spectroscopy setup. We used a pair of wire-grid
polarizers to control the incident terahertz intensity on the sample, while

keeping the polarization.

3. Nonlinear Terahertz spectroscopy setup

To examine terahertz-field-induced nonlinear carrier generation processes in
Bi1..Sb; thin films, we used a Ti:sapphire regenerative amplifier with a repetition rate of
1 kHz, an output power of 2 mJ, a pulse duration of 100 fs and a center wavelength of
800 nm. The intense terahertz wave was generated by a LiNbO; prism with a tilted
wave-front configuration whose setup is shown in Fig. S2 [5, 6]. The maximum pump
terahertz electric-field strength obtained at the sample position was 100 kV/cm, which
was enough to induce terahertz nonlinearity in Bi..Sby thin films [7]. For the terahertz
detection, we used the electro-optic sampling method with a 0.4 mm (111) GaP crystal.

In the terahertz pump and terahertz probe spectroscopy, we used the similar setup
with the nonlinear terahertz spectroscopy, but by exciting the same LiNbO;3 prism using

a delay controlled double pulses. In this case, the excitation pulse for the probe terahertz



wave was chopped, and the electro-optic signal that originate from the probe was
selectively observed. We note that no nonlinearity of the EO sampling was observed in

our experimental configuration.
4. Calculation Procedure

In the calculation of the Zener tunneling probability, we used the bandgap energy
E; and chemical potential u with the following x dependence.

E, = 0.0154|1 — x/0.04| [eV],

0.0354(1 — x/0.09) 0 < x < 0.09
u={ (1-x/0.09) X [eV].

0 0.09 <x

The band structure of the L-point was assumed to be hyperbolic for all the antimony
concentration. The contribution from the other bands such as the T and H points are
neglected because they have much larger effective masses and bandgaps. These values
are empirical, and are taken from the reference [8] (figure 2 of the reference).
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