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We investigate peculiar Bloch oscillations and interminiband Zener tunneling in a GaAs-based narrow-minigap superlattice up to room
temperature, by using terahertz emission spectroscopy under dc bias electric fields. The Bloch oscillations observed previously with a z/2 phase
shift at 10 K under relatively low bias fields are found to survive even at 300 K, where thermal energy kT exceeds the relevant minigap
(k: Boltzmann constant, T: temperature). Furthermore, the interminiband Zener tunneling under high bias fields leads to a monocyclic terahertz
signal with a temperature-dependent subsequent bumpy tail, indicating its occurrence at a few different occasions for Bloch oscillating electrons.
© 2021 The Author(s). Published on behalf of The Japan Society of Applied Physics by IOP Publishing Ltd

emiconductor superlattices (SLs) produce a variety of
miniband structures in the original energy bands of
host materials, leading us to in-depth understanding
and sophisticated application of charge transport.'™ In the
simplest case where a miniband is nearly isolated under dc bias
electric field F, we have a Wannier—Stark ladder,>™ i.e. a
series of equally separated energy levels with the mutual
separation given by eFd for lattice constant d. Although
electrons should be uniformly distributed onto the Wannier—
Stark levels and cannot form any population inversion,” they
have a voltage-tunable terahertz gain owing to scattering-
induced energy broadening as revealed theoretically’™'” and
experimentally.' =" Our recent phase-sensitive measurements
have shown that, when such electrons are created by femto-
second optical pulses, they exhibit terahertz Bloch oscillations
(quantum beats) with a unique initial phase,'>™"” which
reflects their capacitive nature equivalent to the occurrence
of the steady-state inversionless gain,'® up to above room
temperature. Here, the uniform bias field normal to the SL
layers is an underlying assumption; how to suppress field
domains induced at high electron densities is a longstanding
issue for the use of tunable terahertz gain in SL structures.”'?
It has been reported that the interminiband Zener
tunneling®'®?? of electrons can be used as a key concept
to prevent the formation of field domains and also coexist
with tunable terahertz gain in doped narrow-minigap SLs,
where the first miniband mixes substantially with higher
minibands in the conduction band under bias field.”*™” Very
recently, we have discovered peculiar Bloch oscillations as
well as interminiband Zener tunneling in an undoped narrow-
minigap SL excited by femtosecond optical pulses at low
temperatures of 7 < 80 K: the oscillation phase has a 7/2
shift induced by interminiband mixing”® and the dephasing
time has a characteristic dependence on the excitation photon
energy as explained by the miniband transport model,*” in
contrast to the Bloch oscillations reported for ordinary SLs
with nearly isolated minibands.'*'> However, the detailed
properties of interminiband Zener tunneling, including its
coexistence with Bloch oscillations at such temperatures that
thermal energy k7T (k: Boltzmann constant) exceeds the
relevant minigap, have not yet been understood.

In this letter, we report temperature-dependent transient
terahertz emission observed for a GaAs-based undoped
narrow-minigap SL, with an emphasis on the properties of
room-temperature Bloch oscillations and interminiband
Zener tunneling. The oscillatory terahertz signal assigned to
the Bloch oscillations in the conduction first miniband under
relatively low bias fields was found to survive even at
T =300 K, where thermal energy kT exceeded the relevant
minigap considerably, with the 7/2 phase shift insensitive to
temperature. Furthermore, the monocyclic terahertz signal
under high bias fields was accompanied by a temperature-
dependent subsequent bumpy tail, indicating that a majority
of electrons underwent interminiband Zener tunneling on the
first occasion and some others did so on a few later occasions
during the Bloch oscillations in the conduction first mini-
band.

The sample prepared here was an undoped
GaAs/AlyGago9As SL containing 59 periods, grown with
well widths of 16.3 nm and barrier widths of 1.0nm on an
n"-GaAs (001) substrate by molecular beam epitaxy. It was
estimated by the Kronig—Penney model that the 14.8 meV
wide first miniband was separated from the 47.9 meV wide
second miniband by an 8.4 meV wide minigap in the
conduction band.”® The sample temperature T was system-
atically varied from 80 to 300 K, allowing thermal energy kT
to go beyond the minigap midway. Electrons were created by
~100 fs long near-infrared pulses at approximately the
bottom of the first miniband under dc bias fields F applied
in the growth direction. Here, we considered the known
temperature-dependent band gap of the host material,®” and
adjusted the central photon energy at each temperature to
make only a low energy part of the ~20 meV wide pulse
spectrum contribute to the interband optical excitation. The
electron density was set to a relatively low value of
~2 % 10" em™ so that it would hardly induce the field
screening effect. We observed the temporal waveforms of
terahertz emission from the sample by using a ZnTe (110)
electro-optic crystal whose sensitivity was spectrally flat up
to ~3.5 THz and quenched above ~4.0 THz. Other details of
the experiment were similar to those reported in Refs. 15
and 29. The origin (¢ = 0) with an uncertainty of £15 fs was
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given to the time axis of the observed terahertz waveforms by
the maximum entropy method.'*3'-*%

The terahertz waveforms emitted at 7=300 K under
different bias fields are shown in Fig. 1, with the excitation
photon energy set to 1.427eV. For the relatively low bias
range where F <6.6kV cm ™', we find that damped oscilla-
tions appear with a few cycles and have basic features
identical to those of the Bloch oscillations observed pre-
viously with approximately /2 phase shifts at low
temperatures,”>>” although thermal energy k7T reaches
26 meV and substantially exceeds the minigap in the present
situation. This indicates that electrons are hardly subjected to
interminiband thermal excitation during their subpicosecond
ballistic transport in the conduction first miniband. When the
bias field is higher, the terahertz signal comes to have a
monocyclic feature governed by the Zener tunneling into
higher minibands.”®*” Intriguingly, its relaxation from the
negative peak observed for F ~ 11.5kV cm ™' is significantly
faster at 300 K than at low temperatures,”*~" suggesting
some thermally activated processes around the occurrence of
interminiband Zener tunneling.

To understand the Bloch oscillations and interminiband
Zener tunneling observed at room temperature, we examined
the detailed temperature dependences of terahertz emission.
The terahertz waveforms emitted under F=4.6kVcm ' at
T=280, 160, 240, and 300K are shown by circles in
Fig. 2(a), with the excitation photon energy set to 1.508,
1.485, 1.452, and 1.427 eV, respectively. Note that 7= 80 K
alone provides the case where thermal energy
kT (=6.9meV) is lower than the minigap. The damping of
the oscillatory terahertz signal is found to become somewhat
faster with increasing temperature. We made a fitting analysis
of the terahertz waveforms by following exactly the same
procedure as described in Ref. 29, where the formula

J(t) = JoO(t)e " cos(wpt + ) (1)

for transient current [Jo: magnitude, wpg/27m: resonance fre-
quency, 1/v: dephasing time, «: initial phase, ©(7): Heaviside
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Fig. 1. Temporal waveforms of terahertz emission observed for a GaAs
(16.3 nm)/Aly.1Gag oAs (1.0 nm) SL at room temperature (7' = 300 K) under
bias electric fields of F =4.6-11.5kV cm™'. They are displayed with
vertical offsets for clarity. Electrons were created by femtosecond optical
pulses at approximately the bottom of the conduction first miniband.
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Fig. 2. (Color online) Terahertz waveforms emitted at various tempera-
tures of 7= 80-300 K under a relatively low bias electric field of
F=4.6kV cm™ . They are displayed with vertical offsets for clarity. Fitting
analysis employing the formula for transient current given by Eq. (1) with a
temporal resolution of 0.28 ps yielded (a) fits (curves) to the terahertz
waveforms with resonance frequencies of wg/27 >~ 1.9 THz and also

(b) dephasing time 1/7y (triangles) and initial phase « (squares) as adjustable
parameters versus temperature.

step function] is employed to compute a fitting function for
terahertz field, i.e. the convolution of dJ/dt with a temporal
resolution of 0.28 ps that originates from the aforementioned
measurement frequency bandwidth. We obtained the satis-
factory fits shown by curves with resonance frequencies
wp/2mr almost equal to eFd/h = 1.9 THz.

The obtained sets of dephasing time 1/ and initial phase «
as adjustable parameters versus temperature are shown in
Fig. 2(b). The dephasing time 1/ has a constant value of
0.25ps at T=80-160 K (where thermal energy kT goes
beyond the minigap with increasing temperature), indicating
that the Bloch oscillating electrons do not directly receive the
thermal energy. The decrease in 1/y to 0.21 ps at higher
temperatures can be ascribed to the more frequent scattering
of the electrons by LO phonons through the Bose distribution
factor.'®* Furthermore, the initial phase o takes approxi-
mately —n/2 at T=80-300 K, in contrast to the values of
o =~ 0 reported previously for nearly isolated minibands.'*'>
As we mentioned earlier, « >~ —/2 (i.e. a 77/2 phase shift) has
been discovered also at low temperatures of 7'< 80 K,28’29)
together with the physical interpretation that electrons make a
conductive response under substantial delocalization of their

envelope wavefunctions due to interminiband mixing®®
© 2021 The Author(s). Published on behalf of
The Japan Society of Applied Physics by IOP Publishing Ltd
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(whereas a~(0 means a capacitive response
Wannier—Stark localization).

The terahertz waveforms emitted under F=11.5kVecm  at
the four different temperatures are shown in Fig. 3. The negative
peak appearing at ¢~ 0.2 ps regardless of temperature can be
ascribed to a series of events: a majority of electrons ballistically
approach the Brillouin zone edge (i.e. k,=7n/d in Refs. 28
and 29) with deceleration in the conduction first miniband
(leading to negative values in the terahertz signal), undergo the
Zener tunneling into various possible states of higher minibands,
and stop a coherent contribution to the transient current (leading
to the negative maximum in the terahertz signal). A pronounced
feature seen at 7= 80 K is the subsequent tail that extends to
t~1.0ps together with small bumps. These bumps have a
period of ~0.25 ps, or a frequency of ~4.0 THz, which is at the
high frequency limit of our electro-optic detection. Considering
that eFd/h=4.8THz for F=11.5kVem™!, we assign the
bumps to a low frequency part of the broad spectral peak
expected for Bloch oscillations. Indeed, when reexamine similar
bumps observed previously at 7= 10 K,** we notice that they
date back to the Bloch oscillations observed with
eFd/h < 4.0 THz for lower bias fields.

This bumpy feature indicates that a minority of the
electrons perform Bloch oscillations in the conduction first
miniband for a while and experience interminiband Zener
tunneling near the Brillouin zone edge on a few different
occasions. The tail is found to become smaller and less
bumpy with increasing temperature; this is presumably
because phonon scattering'® makes the Bloch oscillations
dephased faster and also increases the minigap-dependent
probability of interminiband Zener tunneling'®** effectively
through the broadening of miniband edges. As a result, the
relaxation from the negative peak is the fastest at 7= 300 K.
The terahertz signal turns slightly positive again at t ~ 0.7—
1.5 ps, perhaps owing to the incoherent transport of electrons
accelerated by high bias field after interminiband Zener
tunneling.

Here, we discuss the observed temperature dependence of
terahertz emission in a few other aspects. First, recall that
Bloch oscillating electrons have the in-plane degrees of
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Fig. 3. Terahertz waveforms emitted at various temperatures of 7 =
80300 K under a high bias electric field of F = 11.5kV cm™'. They are
displayed with vertical offsets for clarity.
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freedom, which are not explicitly considered above. For the
narrow-minigap SL at 7= 10K, we have reported that the
dephasing time 1/y decreases significantly with increasing
excitation photon energy because the sum of the first
miniband width and the in-plane excess energy for each
electron goes beyond the LO phonon energy.”” Figure 2(b)
reveals a much weaker dependence of 1/ on thermal energy
kT, ruling out such a possible in-plane excess energy induced
by thermal excitation during the subpicosecond ballistic
transport. Second, let us refer to the possibility of intramini-
band thermal excitation in ordinary SLs. For a nearly isolated
45 meV wide miniband, we have demonstrated that the
terahertz emission due to Bloch oscillations exhibits no
essential change when thermal energy kT goes beyond the
energy separation eFd of a Wannier—Stark ladder.'
However, it was unclear whether intraminiband thermal
excitation occurred during the Bloch oscillations or not,
because the Wannier—Stark ladder should be uniformly
populated in either situation. Our findings obtained from
the narrow-minigap SL suggest the latter situation. Finally,
note that the terahertz emission in Fig. 2(a) nearly maintains
its field strength up to room temperature, in contrast to that
reported for ordinary SLs.'” This is because the dephasing
time 1/ governs the field strength for # > 0 in both cases but
presumably has a smaller contribution from LO phonon
scattering'®*® in the narrow-minigap SL with substantially
delocalized electron wavefunctions.”® The same trend is seen
also for the terahertz emission in Fig. 3.

In summary, we studied the transient terahertz emission
from a GaAs-based narrow-minigap SL for electrons created
by femtosecond optical pulses at approximately the bottom of
the conduction first miniband, varying both the dc bias
electric field F and the sample temperature 7. The oscillatory
terahertz signal due to Bloch oscillations appeared for
relatively low bias fields and was found to survive even at
T=300K, where thermal energy kT exceeded the relevant
minigap considerably. A fitting analysis showed that the
electrons do not directly receive thermal energy k7" during
their subpicosecond ballistic transport in the conduction first
miniband but are scattered by LO phonons more frequently
near room temperature than at low temperatures through the
Bose distribution factor; the oscillation phase is insensitive to
temperature and also shifted by 7/2 from those observed
previously for nearly isolated minibands. Furthermore, the
monocyclic terahertz signal due to the Zener tunneling into
higher minibands appeared for high bias fields, together with
a subsequent bumpy tail having a characteristic temperature
dependence. This feature indicated that a majority of elec-
trons undergo interminiband Zener tunneling on the first
occasion and some others do so on a few later occasions
during the Bloch oscillations in the conduction first mini-
band. Thus, we have offered a deeper understanding of
ultrafast ballistic transport versus temperature, clarifying the
intriguing properties of room-temperature Bloch oscillations
and interminiband Zener tunneling.
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