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Terahertz Conductivity and Possible Bloch Gain in Semiconductor Superlattices
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We have investigated terahertz emission due to dynamical electron transport in wide-miniband
GaAs/Aly;Gay;As superlattices. By noting that the time-domain THz emission spectroscopy inher-
ently measures the step-response of the electron system to the bias electric field, the obtained THz
spectra were compared with the high-frequency conductivities predicted for miniband transport.
Excellent agreement between theory and experiment strongly supports that the THz gain due to
Bloch oscillating electrons persists at least up to 1.7 THz. It was also found that Zener tunneling
into the second miniband sets the high-frequency limit to the THz gain for the samples studied here.
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Since the first proposal by Esaki and Tsu [1] that
artificial band structures in semiconductor superlattices
(SLs) should support Bloch oscillations (BOs), consider-
able effort from both experiments [2—11] and theories
[12,13] has been made to search for BOs and obtain
terahertz emission. Ultrafast time-domain experiments
unambiguously demonstrate that electrons in SL mini-
bands perform at least a few cycle BOs [7-11]. However,
the idea of the Bloch oscillator was challenged by asking
whether BO is useful in generating/amplifying electro-
magnetic (EM) waves [14]. When an electric field is
applied to an ideal SL, the miniband is split into equally
spaced Wannier-Stark (WS) ladder states with an energy
separation of fiwg (wy the Bloch frequency and 7 the
reduced Planck constant). Since the emission and absorp-
tion of EM waves take place between the adjacent two WS
levels, they occur at the same frequency and, hence,
cancel each other. Consequently, an ideal SL has no net
gain or loss for EM waves. However, when scat-
tering exists in the system, new transition channels, i.e.,
scattering-assisted transitions, become available. Since
the scattering-assisted emission (absorption) occurs at
frequencies slightly lower (higher) than wg, gain (loss)
for EM waves is expected below (above) wg.

The direct experimental proof of such THz gain is to
show that the real part of the carrier conductivity,
Re[o(w)], becomes negative in the THz range. The con-
ventional method for determining Re[o(w)] in the THz
range is the measurement of free carrier absorption in
doped SLs under bias electric fields by using, for ex-
ample, Fourier transform spectrometers [3]. Here, funda-
mental problems arise: (i) For such measurements, a large
sample size, typically a few mm?, is necessary. Then, an
extremely large current flows through the sample under
biased conditions. (ii) The profile of internal electric field
in doped SLs becomes very nonuniform due to the for-
mation of high-field domains. These two inevitable prob-
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lems have made the conventional measurements
practically impossible so far.

In this Letter, we present strong experimental support
for the THz gain due to Bloch oscillating electrons in
wide-miniband GaAs/Al,;Ga,;As SLs. For determining
the high-frequency electron conductivity in SL mini-
bands, we took a totally different approach; we used
undoped SL samples in order to avoid large current
density and high-field domain formation and took all
the necessary information within a few ps, by noting
that the time-domain THz spectroscopy inherently mea-
sures the step-response of the electron system to the
applied bias electric field and that the Fourier spectra of
the THz emission is closely related with o(w). Quasi-
autocorrelation measurements were performed on the
emitted THz electromagnetic wave, and the obtained
spectra were compared with |o(w)|? predicted theoreti-
cally [12]. Although we do not directly show a negative
Re[o(w)], excellent agreement between theory and ex-
periment on |o(w)|*> spectra strongly suggests that the
THz gain due to Bloch oscillating electrons persists at
least up to 1.7 THz.

The samples used in this work were GaAs/
Aly3Gag;As SL m-i-n (metal-intrinsic-n " -type) diode
structures. Two different wide-miniband SL samples
were prepared by growing undoped GaAs/Alj;Gay;As
SL layers (sample No. 1: 8.2 nm/0.8 nm and sample No. 2:
6.4 nm/0.56 nm) on n*-GaAs substrates by molecular
beam epitaxy. The first miniband widths, A, of the two
samples were designed to be 50 and 100 meV, respectively.
For both samples, the second miniband was separated by
a 40-meV-wide minigap. The thickness of the undoped SL
layers was 500 nm. The top contacts were formed by
depositing semitransparent 4-nm-thick NiCr Schottky
films and the bottom Ohmic contacts were formed by
annealing AuGeNi alloy. By applying a bias voltage,
Vi, between the top and the bottom electrodes, we can
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tune an internal electric field, F, in the undoped SL
region. When a femtosecond laser pulse excites the
sample, electron-hole pairs are optically injected into
the miniband. Because of an applied electric field, F,
the carriers start drifting and THz radiation that is pro-
portional to the carrier acceleration is emitted into free
space. Since the hole miniband is much narrower, holes
are almost localized under biased conditions. Con-
sequently, electron motion dominates the emitted THz
signal.

To verify the formation of the miniband and the WS
ladder in our samples, we first took weak-excitation in-
terband photocurrent spectra, I,y Figure 1(a) shows the
contour plot of the derivative of Iph, 1e., deh /dhv, mea-
sured on sample No. 1 (A = 50 meV), where hv is the
incident photon energy. For +0.8 V>V, > +0.5V,
only an excitonic absorption at the bottom of the mini-
band is observed. However, when Vy is reduced below
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FIG. 1. (a) The contour plot of the derivative spectra of the

interband photocurrent, dlph/dﬁv, measured on sample No. 1
as a function of the applied bias voltage. The horizontal arrow
denotes the photon energy of the femtosecond laser pulses used
for the time-domain THz measurements. The vertical arrows
indicate the anticrossing points due to Zener tunneling into the
second miniband. (b) The integrated intensity of the THz
emission is plotted as a function of the bias voltage.
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+0.5 V, the spectrum starts showing rich structures
which originate from the formation of the WS ladder.

For time-domain THz emission spectroscopy, we used
a quasiautocorrelation geometry, i.e., the power of the
THz radiation generated by a pair of time-correlated
femtosecond laser pulses was measured as a function of
the time interval, 7, between the two laser pulses imposed
by a Michelson interferometer. Experiments were per-
formed by using 100 fs laser pulses delivered from a
mode-locked Al,O5:Ti laser. The laser pulses were
loosely focused onto the sample surface. The pump
power, P, used in the experiment was 10 mW. The pump
photon energy was set to be 1.55 eV, which is close to the
bottom of the miniband, as indicated by the horizontal
arrow in Fig. 1(a) [11]. The generated THz emission was
detected by a wideband Si bolometer. The samples were
cooled at 10 K.

Figure 1(b) shows the integrated intensity of the emit-
ted THz radiation as a function of V,, measured for
sample No. 1. The THz intensity starts rising at about
Vi, = +0.65 V, indicating that this voltage is the flatband
voltage, Vi, in this particular sample. With decreasing V,,
(i.e., increasing reverse bias), the THz intensity increases
first. However, when the reverse bias exceeds —0.1 V, the
THz intensity starts to roll off due to the field-induced
Stark localization [11].

Figure 2(a) plots the autocorrelation traces of the emit-
ted THz radiation measured at various F for sample No. 1.
F was estimated from Vi, and the total thickness of the
undoped SL layer. At very low fields, a hump is seen at
about ¢t = 0. However, as we increase F, a few cycle
oscillations start to show up. From the F dependence of
the oscillation frequency, the observed oscillations were
identified as BOs. The Fourier spectra of the time-domain
traces are plotted in Fig. 2(b). As seen in the figure,
the peak position of the BO shifts to higher frequency
as F is increased. However, for F > 17 kV/cm, the spec-
tral shape drastically changes and becomes very broad.
The behavior in the large reverse bias region will be
discussed later.

At this stage, we discuss what the THz emission spec-
tra represent. In the THz emission experiment, we first set
a dc electric field F in the SL and then shoot a fs-laser
pulse to the sample at = 0 to create a step-function-like
carrier density, n®(¢), in the sample. Subsequently, THz
radiation is emitted from the accelerated photoexcited
electrons. Now, by using our imagination, we view the
experiment in a different way. Let us perform the follow-
ing thought experiment; we first set electrons in the
conduction miniband under a flatband condition and, at
t = 0, suddenly apply a step-function-like bias electric
field, FO(r). We notice that electrons in the thought ex-
periment emit the same THz radiation as in the actual
experiment. This fact implies that the time-domain THz
experiment inherently measures the step-response of the
electron system to the applied electric field.
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FIG. 2. (a) The autocorrelation traces of the THz emission
and (b) their Fourier spectra measured on sample No. 1 for
various bias electric fields from 1 kV/cm to 29 kV/cm with a
2 kV/cm step. The traces are shifted for clarity.

By noting this important conclusion, we formulate the
THz emission process as follows: the creation of step-
function-like carrier density by fs-laser pulses in the
actual process is replaced with the application of step-
function-like electric field in the thought experiment as

F

F(s) = = (D)

F(t) = FO(y),

Here, the variables with ~ denote their Laplace transfor-
mation. The transient current by the photoexcited elec-
trons in the miniband is given by

J(s) = a(s)E(s). (2)

Then the emitted THz electric field, Eqy,, can be ob-
tained as
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oJ(t 1 c+ioo F
Ery, > 30 _ — f seF(s)—ds = o()F, (3)
at 270 ) e—ioo s

where o (1) is the electron conductivity in the time do-
main. Equation (3) tells us that, since the spectra shown
in Fig. 2(b) are the Fourier spectra of the THz autocorre-
lation traces, they are proportional to |o(w)|?F?.

In the following, we compare the observed THz spectra
with the conductivity theoretically predicted for the
Bloch oscillating electrons by Ktitrov et al. [12]:

1—- a)%;TmTe —iwT,
(4] 2 2 N
(wf — @)1, 7, + 1 — (7, + 7,)
000 “4)
1+ w37,

olw) =

with oy =

where 7, and 7, are the momentum and energy relaxation
times of electrons, respectively, and o, a constant. The
top panels of Fig. 3 show the calculated real and imagi-
nary parts of the miniband conductivity, and the bottom
panels show the measured THz spectra and calculated
|o(w)|?> for two representative bias conditions. 7, and
7, in the calculation were determined to be 0.15 and
1.5 ps, respectively, from numerical fitting. wg at F =
1.0 kV/cm was simply set to be edF/h. However, we
found that the peak position of the THz spectrum at
11.1 kV/cm is slightly lower than the value simply ex-
pected from edF /h (2.41 THz), which is due to anticross-
ing with the WS ladder states of the second miniband, as
will be discussed later. We set wp at F = 11.1 kV/cm
to be 1.96 THz, which gives the best fit to the experimen-
tal data.

At very low field [F = 1.0kV/cm, wg(1,7,)" =
0.66], the conductivity spectra and the THz emission
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FIG. 3. The top panels show the calculated real (solid line)
and imaginary (dashed line) parts of o(w) for the superlattice
miniband. The bottom panels show the calculated |o(w)|?
spectra (dashed line) and the THz emission spectra (dots)
measured for sample No. 1 by the time-domain THz spectros-
copy; (a) F = 1.0 kV/cm and (b) F = 11 kV/cm.
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FIG. 4. The calculated |o(w)|? spectra (dashed line) and the
THz emission spectra (dots) measured for sample No. 2 are
shown for four bias electric fields: (a) 2.6 kV/cm,
(b) 6.5kV/cm, (¢) 10.4 kV/cm, and (d) 14.4 kV/cm. The
sharp dips at 0.5 THz in the measured data are due to water
vapor absorption.

show more or less a Drude-like behavior [see Fig. 3(a)].
However, as F is increased, Eq. (4) predicts that a nega-
tive Re[o(w)] below wp develops and that a clear dip in
Im[o(w)] appears at wg. Consequently, the expected
|o(w)|? spectrum becomes asymmetric with an enhanced
low-frequency spectral component. It should be noted in
Fig. 3(b) that the THz emission at F = 11.1 kV/cm
[wg(7,,7.)"> = 5.8] indeed has a characteristic asymmet-
ric spectral shape and that the agreement between
the observed THz emission and the calculated |o(w)|?
is excellent, indicating that Ery, is indeed proportional
to o(w) of Bloch oscillating electrons. Furthermore,
the calculated Re[o(w)] strongly suggests that the THz
gain persists at least up to 1.7 THz. Similar experiments
were performed for sample No. 2 (A = 100 meV).
Figure 4 summarizes the THz spectra and the calculated
|o(w)|> for various F. Except for the case at F =
2.6 kV/cm, where the THz emission is quite weak and
the signal/noise ratio is low, the excellent agreement
between experiment and theory further confirms the
above conclusion.

When F is further increased, however, the THz spectra
suddenly change their spectral shapes, as seen in Fig. 2(b).
We attribute this behavior to the Zener tunneling into the
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higher miniband. Let us take a look at Fig. 1(b) again. It is
noted that the THz emission becomes brighter with in-
creasing field for F > 29 kV/cm. This fact contradicts
what is expected from simple field-induced Stark locali-
zation in a single miniband and indicates that electrons in
the first miniband find a new conduction channel by Zener
tunneling. Further support can be seen in the interband
photocurrent spectra shown in Fig. 1(a), where anticross-
ing with the WS states of the second miniband can be
observed in the high bias region, as indicated by vertical
arrows [15]. From these data, it is concluded that the
Zener tunneling into the higher miniband set the high-
frequency limit to the Bloch gain.

In summary, we have investigated THz emission due to
dynamical electron transport in wide-miniband GaAs/
Aly3Gag;As SLs by time-domain THz emission spec-
troscopy. The obtained THz spectra were compared
with theoretically predicted high-frequency conductivi-
ties in SLs. Excellent agreement between theory and
experiment strongly supports that the THz gain due to
Bloch oscillating electrons in wide-miniband superlatti-
ces persists at least up to 1.7 THz.
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