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Transformation process from quantum beats of miniband excitons to Bloch oscillations

in a GaAs/AlAs superlattice under applied electric fields
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We have investigated the coherent dynamics of excitonic wave packets from the viewpoint of the electric-
field-induced transformation from the minibands to the Wannier-Stark (WS) localization in a GaAs
(6.8 nm)/AlAs (0.9 nm) superlattice embedded in a p-i-n diode structure with the use of a reflection-type
pump-probe technique. It is clearly confirmed that the coherent-dynamics profile changes from the quantum
beat of the miniband excitons to the Bloch oscillation in the WS localization with an increase in an applied bias
voltage, producing an internal electric field. The key finding is that the Bloch oscillation with the frequency of
vgo=2eFD/h appears in a weak-localization regime in addition to the ordinary Bloch oscillation with vgq
=eFD/h in a strong-localization regime, where F is the electric field and D is the superlattice period. The
experimental results of the coherent dynamics are reasonably explained by the electric-field-strength depen-
dence of the excitonic-transition energies observed by electroreflectance spectroscopy and that of the localiza-
tion profiles of the envelope functions of the electron and hole states calculated by a transfer-matrix method.
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I. INTRODUCTION

Bloch oscillations (BO’s) of wave packets in superlattices
(SL’s) have attracted much attention in physics and genera-
tion of tunable terahertz electromagnetic radiation.'"® The
BO is a coherent dynamical process of wave packets of the
Wannier-Stark (WS) localization states generated by inci-
dence of ultrashort laser pulses. In the WS localization,’'%
the miniband splits into a series of equally separated energy
states, the so-called Stark-ladder states with an energy spac-
ing of eFD, where F is an applied electric field along the
growth direction of the SL and D is a SL period. The ener-
gies of the interband Stark-ladder transitions are given by
Eo+meFD (m=0,+1,+2,---), where E, is an interband
transition energy within an individual quantum well (QW)
and m as an integer is a Stark-ladder index indicating an
oblique transition in real space. An ultrashort laser pulse with
a broad spectral width produces the coherent superposition
of different Stark-ladder transitions, which results in the gen-
eration of dynamical wave packets. The wave packets spa-
tially oscillate with a given frequency, vgo=eFD/h, along
the growth direction of the SL, the so-called BO. The BO
frequency corresponds to the frequency of the quantum beat
(QB) between the WS-localization states in the first-nearest-
neighbor QW’s. A theoretical research on the BO predicts
that the time evolution of the oscillating wave packets
strongly depends on the density weight of the envelope func-
tions simultaneously excited by a pump light pulse.!! On the
basis of the first-nearest-neighbor tight-binding model for the
WS localization,” the probability density of the localized en-
velope function in the mth-nearest-neighbor QW, P,,, is
given by the following Bessel-function form:

P, =J2[AleFD], (1)

where J,, is the Bessel function with an integer index m and
A is one-half of the total energy width of the relevant mini-
band. According to Eq. (1), it is noted that the localization
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behavior of the envelope function is not gradually enhanced
with an increase in electric field, but exhibits oscillatory pro-
files as shown in Fig. 1, where the calculated results show
the probability density P,, of the envelope functions of the
first quantized (n=1) electron state for m=0, 1, 2 as a
function of electric-field strength in a GaAs (6.4 nm)/AlAs
(0.9 nm) SL that corresponds to the sample used in this
work. The localization properties of the envelope functions
produce complex changes of the oscillator strengths of the
interband Stark-ladder transitions with a change of electric-
field strength. This electric-field-strength dependence of the
oscillator strength was experimentally demonstrated by using
an electroreflectance (ER) spectroscopy.'>!3 Although it is
expected that the BO behavior as a function of electric-field
strength is also affected by the complex WS-localization
characteristics, there has been no report on the BO properties
from such a viewpoint. For example, if the probability den-
sity of the envelope function in the second-nearest-neighbor
QW is larger than that in the first-nearest-neighbor QW, we
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FIG. 1. Calculated results of the probability density P,, of the
envelope functions for m=0, 1, +2 of the n=1 electron state as a
function of electric-field strength using Eq. (1) in a GaAs
(6.4 nm)/AlAs (0.9 nm) SL.

©2007 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.76.115323

HASEGAWA, MIZOGUCHI, AND NAKAYAMA

can expect the appearance of the BO with the frequency of
vgo=2eFD/h instead of the usually observed frequency of
vgo=eFD/h. In Ref. 4, the possibility of appearance of such
an unusual BO was suggested; however, no clear evidence
for the relevant phenomenon was presented.

In this work, we have investigated the coherent dynamics
of the Bloch oscillating wave packets from the viewpoint of
the localization properties of the WS-localization states as
described above in a GaAs (6.8 nm)/AlAs (0.9 nm) SL with
a reflection-type pump-probe (PP) technique. In order to
clarify the transformation process from the miniband to the
WS-localization states, which reflects the localization prop-
erties of the envelope functions, we measured the applied-
bias-voltage (electric-field-strength) dependence of the inter-
band optical transitions in this SL with the use of ER
spectroscopy and photocurrent (PC) spectroscopy. In addi-
tion, we calculated the electric-field-strength dependence of
the envelope functions of the WS-localization states with a
transfer-matrix (TM) method in the framework of an
effective-mass approximation. The systematic results of the
PP measurements as a function of applied bias voltage pro-
vide the observation of the transformation process from the
QB between the heavy-hole (HH) and light-hole (LH) exci-
tons under the miniband condition to the BO’s in the WS
localization. The key finding is that the BO with the fre-
quency of wgo=2eFD/h is clearly observed in a weak-
localization regime, and then its frequency shifts to usually
observed vgo=eFD/h. This fact is discussed from the ex-
perimental and theoretical results of the electric-field-
strength dependence of the localization profiles of the enve-
lope functions.

II. EXPERIMENTS

The sample used in this work was grown on an n-type
(001) GaAs substrate by molecular-beam epitaxy. The SL
consists of 100 periods of undoped GaAs (6.8 nm)/AlAs
(0.9 nm) and is placed in the center of a p-i-n diode struc-
ture, where the n layer is a Si-doped Alj4GajcAs with a
thickness of ~1.0 um and the p layer is a Be-doped
Al 4Gag ¢As with a thickness of ~0.2 um, where the doping
concentrations of Si and Be are ~5X10" and ~1
X 10" ¢cm™3, respectively. In addition, undoped Al, ,Ga,cAs
layers with a thickness of ~50 nm were placed on both sides
of the undoped SL. A heavily doped p-type GaAs cap layer
with a thickness of ~10 nm was finally grown for Ohmic
contact. The sample was processed into a mesa structure with
a size of 1.0X 1.0 mm?, and a gold-film electrode having a
light window (0.7 X 0.7 mm?) was formed on the surface.

The signals of the QB and BO were measured by a
reflection-type PP technique. The laser source was a mode-
locked Ti:sapphire pulse laser with a pulse duration of
~70 fs and a repetition rate of 80 MHz. The pump and probe
beams were orthogonally polarized to each other, which re-
sults in elimination of the pump-beam contribution to the
probe beam. The pump light was focused onto the sample
surface with a spot diameter of ~0.2 mm. The pump power
was kept at ~3.0 mW (~120 nJ/cm?) in order to reduce the
Coulomb screening of the internal electric field by photoge-
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nerated carriers. In ER measurements, the probe light was
produced by combination of a halogen lamp and a single
monochromator with a spectral resolution of 0.5 nm. The
applied bias was modulated with an amplitude of 100 mV
and a frequency of 450 Hz around a given dc bias. The
modulated reflectance signal was detected with a conven-
tional lock-in technique. In measurements of PC spectra, PC
signals were detected with a picoammeter. We simulta-
neously measured ER and PC spectra at various applied bias
voltages. The electric-field strength was characterized by F
=(V,—V,)/L;, where V,, is the built-in voltage due to the p-n
junction that is 0.9 V in the present case, V, is the applied
bias voltage, and L; is the total length of the undoped layers.
The sample temperature was kept at 10 K in all the optical
measurements utilizing a closed-cycle helium cryostat.

III. RESULTS AND DISCUSSION

First, we describe the calculated results of the WS-
localization states by using a TM method and the experimen-
tal results of ER spectra as a function of electric-field
strength in order to clarify the electric-field-strength depen-
dence of the eigenstates in the SL. In the TM calculation, the
SL is approximated by a system of QW’s with a steplike
potential including an electrostatic potential having an aver-
age value of each constituent layer. This method enables us
to calculate the eigenstates even at the flatband
(0 kV/cm).'>* It is noted that Airy function, which has been
usually used for the TM calculation, cannot be applied to
calculate the eigenstates under almost flatband conditions be-
cause of its divergence characteristics. In this TM calcula-
tion, we used the band parameters including the band non-
parabolicity according to Refs. 13 and 15. The modeled SL
consists of 13 sets of GaAs (6.4 nm)/AlAs (0.9 nm) with
edge layers of Al 4Gaj¢As for the calculations of the optical
transition energies and the envelope functions of the electron
and HH states. The GaAs-layer thickness was slightly
changed from the designed value (6.8 nm) in the sample
growth for adjusting the calculated transition energies to the
observed results.

Figure 2 shows the squared overlap integral of the enve-
lope functions of the electron and HH states in the WS-
localization regime, where the notation of I[El(xm)
—HH1(0)] indicates the squared overlap integral of the n
=1 electron and HH states, m is the distance in units of SL
period from the center QW with m=0, and the sign of + (—)
indicates the QW in the higher (lower) potential side. The
squared overlap integral shown in Fig. 2 mainly reflects the
probability density of the envelope function of the n=1 elec-
tron in the mth-nearest-neighbor QW because the envelope
function of the HH state tends to be localized in the electric-
field-strength region lower than 5 kV/cm owing to the fact
that the effective mass of the HH is much heavier than that of
the electron. Here, we assume that the squared overlap inte-
gral corresponds to the transition probability of the relevant
Stark-ladder transition.!! Thus, it is considered that the tran-
sition probability is dominated by the localization degree of
the envelope function of the electron state. In Fig. 2, the
values of I[E1(0)-HHI1(0)] and I[E1(-1)-HHI1(0)] are
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FIG. 2. Calculated results of the squared overlap integral of the
envelope functions of the E1 (+m) and HH1(0) states as a function
of electric-field strength in the modeled GaAs (6.4 nm)/AlAs
(0.9 nm) SL with the use of the TM method. The inset shows the
calculated result of the squared envelope function of the n=1 elec-
tron state belonging to the QW indicated by the arrow at 5 kV/cm.

dominant at F= ~ 10 kV/cm. This result suggests that the
Stark-ladder transitions with m=0 and —1 are dominantly
excited at F= ~10 kV/cm. This leads to the generation of
the BO with the usual frequency of eFD/h. On the other
hand, in the electric-field-strength region lower than
~10 kV/cm, the value of I[E1(-2)-HH1(0)] is consider-
able. Furthermore, the value of I[E1(-2)-HHI1(0)] is larger
than that of [E1(—-1)-HHI1(0)] around F=6 kV/cm. The
inset in Fig. 2 shows the calculated result of the squared
envelope function of the E1(0) state at 5 kV/cm. It is obvi-
ous that the probability density of the envelope function in
the first-nearest-neighbor QW is much smaller than that in
the center and second-nearest-neighbor QW’s. In this situa-
tion, we can selectively excite the interband Stark-ladder
transitions with m=0 and -2, which leads to the quantum
interference between the E1(0) and E1(-2) states; namely,
the BO with the unusual frequency of 2eFD/h occurs, which
has not been observed until now. This is the key point in the
present work.

Figure 3 shows the image map of the ER spectra of the
interband Stark-ladder transitions as a function of applied
bias voltage, where the electric-field strength is indicated on
the top axis. In Fig. 3, the ER intensity is represented by the
gray scale shown on the right side, and the energies of the
HH and LH transitions related to the n=1 quantized states,
which are labeled H11 and LI11, calculated by the TM
method are indicated by the solid and dashed curves, respec-
tively, where the number in parentheses indicates the Stark-
ladder index. The arrows belonging to the labels of H11(I)
and L11(I") on the left side indicate the transition energies of
the H11 and L11 transitions at the I" point in the miniband
dispersion calculated by the well-established Kronig-Penney
model in the framework of the effective-mass approximation.
It is noted that the applied-bias-voltage (electric-field-
strength) dependence of the observed transition energies
drastically changes at ~0.5 V (~5 kV/cm) for the H11 tran-
sition and at ~0.3 V (~7 kV/cm) for the L11 transition;
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FIG. 3. Image map of the ER spectra of the interband transitions
as a function of applied bias voltage in the GaAs (6.8 nm)/AlAs
(0.9 nm) SL at 10 K, where the ER intensity is represented by the
gray scale shown on the right side. The solid and dashed curves
indicate the energies of the H11 and L11 transitions, respectively,
calculated by the TM method.

namely, the Stark-ladder transitions appear with a further in-
crease in reverse bias voltage. In Fig. 3, the ER signals re-
lated to the H11(m) transitions with m=0, —1, and -2 are
clearly observed in the WS-localization regime. In PP mea-
surements, we adjusted the pump energy at 1.600 eV, where
the full width at half maximum (FWHM) of the pump light is
~30 meV. The energy position of this pump light can excite
simultaneously the H11(I") and L11(I") transitions under the
miniband condition and the H11(m) transitions with m=0,
—1, and -2 in the WS-localization regime.

Figure 4 shows the time-resolved reflectivity changes at
various applied bias voltages, where the thick curves indicate
the numerically extracted oscillatory signals. It is noted that
the period and amplitude of the observed oscillatory signal
markedly change with an increase in reverse bias voltage
(electric-field strength). In addition, the shape of the initial
part around O ps of the time-resolved reflectivity change,
which presumably arises from many-body effects of the elec-
tronic system,'® clearly changes in V,<-1.0 V. This change
of the initial shape may reflect the transformation process
from the miniband to the WS-localization state by electric
field according to the bias-voltage dependence of ER spectra
shown in Fig. 3.

Figure 5 shows (a) the time-domain oscillatory signals
extracted from the time-resolved reflectivity changes at vari-
ous bias voltages with a step of 0.1 V and (b) the Fourier-
transform (FT) spectra of the oscillatory signals in Fig. 5(a).
In Fig. 5, we can roughly classify the oscillation profiles to
the following two regimes. In the applied-bias-voltage range
from 0.6 to —0.8 V, the period and frequency of the oscilla-
tory signal are almost constant, while those clearly exhibit
the bias-voltage dependence in V,<-0.8 V corresponding to
a higher electric field range. We note that an effective
electric-field strength inside the SL cannot be simply esti-
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FIG. 4. Time-resolved reflectivity changes at various applied
bias voltages in the GaAs (6.8 nm)/AlAs (0.9 nm) SL at 10 K,
where the thick curves indicate the numerically extracted oscillatory
signals.

mated from the bias voltage because of Coulomb screening
by photogenerated carriers. In the lower electric field range,
the observed constant frequency of ~4.9 THz almost agrees
with the expected value (~4.8 THz) of the QB between the
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FIG. 5. (a) Time-resolved oscillatory signals extracted from the
time-resolved reflectivity changes as a function of applied bias volt-
age with a step of 0.1 V in the GaAs (6.8 nm)/AlAs (0.9 nm) SL at
10 K. (b) FT spectra of the time-domain oscillatory signals shown
in (a).
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FIG. 6. (a) Peak frequencies of the FT spectra as a function of
applied bias voltage. (b) Peak frequencies of the FT spectra as a
function of effective electric-field strength, where the effective
electric-field strength is calculated as F,=[(V,—V,)—1.4)]/L;. The
solid and dashed lines indicate 2eF,D/h and eF,D/h, respectively.

HH and LH excitons at the I" point in the miniband disper-
sion estimated from the ER spectrum under the flatband con-
dition. Thus, the coherent oscillation in the lower electric
field range is due to the QB of the miniband excitons. So, the
disappearance of this QB indicates that the electronic state is
transformed from the miniband to the WS-localization state.
Therefore, the oscillatory signals observed in the higher elec-
tric field range are attributed to the BO in the WS-
localization regime. The important finding is the fact that two
types of FT peak obviously appear in the WS-localization
regime. It seems that this behavior reflects the complex lo-
calization profiles of the electron envelope functions de-
scribed above with Fig. 2; namely, the BO with the fre-
quency of 2eFD/h appears in a weak-localization regime,
and then the usual BO with eFD/h occurs in a strong-
localization regime.

In order to quantitatively analyze the properties of the
BO, we have to estimate an effective electric-field strength,
taking account of the Coulomb screening effect. Figure 6(a)
shows the peak frequencies of the FT spectra as a function of
applied bias voltage. In Fig. 6(a), we notice two kinds of
bias-voltage dependence of the peak frequency in addition to
the constant frequency of ~4.9 THz corresponding to the
QB of the miniband excitons. Here, we assume on the basis
of the WS-localization characteristics described above that
the steep dependence and gentle dependence on the bias volt-
age are attributed to the BO’s with the frequencies of
2eF,D/h and eF,D/h represented by the solid and dashed
lines, respectively, where F, is the effective electric field
given by F,=[(V,-V,)—1.4]/L;. The offset value of 1.4 V
phenomenologically means an effect of the Coulomb screen-
ing on the internal electric field by accumulated carriers at
the interfaces between the SL and clad layers.* Figure 6(b)
shows the peak frequencies as a function of effective
electric-field strength: 2eF,D/h (solid line) and eF,D/h
(dashed line). The slopes of the solid and dashed lines well

115323-4



TRANSFORMATION PROCESS FROM QUANTUM BEATS OF...

T T T T T T T T T
= Q
£ 20 (a) % 4
CHNE o 9 BOIl
i o %
= BO2 %
7 5T "%'Q Q@ T
=
g 0 N 1 h 1 s 1 s I
- 0 10 20 30 40

Effective Electric Field (kV/cm)

e T T T T T T T T T
E 1.0 _(b) wow1 -
2 08f § o,
5 §
< 06 H e
£ H

Z 04 .
< H

£ 02f : b
E o E

) meﬂw-l

E 0.0 W T L
= 0 10 20 30 40
&

Electric Field (kV/cm)

FIG. 7. (a) Integrated intensities of the FT spectra as a function
of effective electric-field strength. (b) Calculated results of the
product of the spectral weights, wow_; and wyw_,, as a function of
electric-field strength.

explain the peak frequencies. This fact indicates that the es-
timation of F, is reasonable.

In Fig. 6(b), it is obvious that the QB of the miniband
excitons disappears at F,=4 kV/cm. This electric-field
strength is almost consistent with that (~5 kV/cm) at which
the ER signal related to the H11(I") transition in the mini-
band regime disappears, as shown in Fig. 3. This also sup-
ports the appropriateness of the estimation of F,. At F,
=4 kV/cm, the unusual BO with the frequency of 2eFD/h,
which results from the quantum interference between the
H11(0) and H11(-2) excitons, occurs. Subsequently, the
usual BO with the frequency of eFD/h begins to appear at
F,=10 kV/cm. Hereafter, we call the BO’s with the frequen-
cies of 2eFD/h and eFD/h by BO2 and BO1, respectively.
This transformation of the BO profile with an increase in
electric-field strength is due to the enhancement of the WS
localization. BOl and BO2 coexist in the electric-field-
strength range from 10 to 15 kV/cm, which is consistent
with the simultaneous observation of the Stark-ladder transi-
tions with m=-2 and —1, as shown in Fig. 3. In Fig. 6(b),
several experimental frequencies slightly deviate from the
slopes of 2eF,D/h and eF,D/h. This deviation may be due
to some inhomogeneity of the internal electric field.

Finally, we discuss the intensities of BO1 and BO2. Fig-
ure 7(a) shows the integrated intensity of the FT spectra re-
lated to BO1 and BO2 as a function of effective electric-field
strength. In Fig. 7(a), the electric-field strength at which the
BO1 (BO2) intensity reaches a maximum is 22(11) kV/cm.
In order to analyze the experimental results, we consider a
three-level system describing a ground state, |0), and two
excited states, |[H11(0)) and |H11(m)) (m=-1 or —2). In the
three-level-system description, the intensity of the PP signal
related to the BO can be represented by the following
equation:'”
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FIG. 8. ER and PC spectra at various electric-field strengths in
the GaAs (6.8 nm)/AlAs (0.9 nm) SL at 10 K, where the PC spec-
tra are represented by the dashed curves. The arrows indicate the
energies of the PC peaks, and the number in parentheses means the
Stark-ladder index of the H11 transition.

(2)

Igo & Wi+ w2 + wow,[ 1 + cos(AEf)e™],

where w is a spectral weight of the optical transition, AE and
v indicate an energy spacing and a phase relaxation rate
between the simultaneously excited states, respectively, and
the subscript m means the Stark-ladder index. The spectral
weight w is defined by the product of S,,,[E,(F)] and
T[E,(F)], where S,m,lE,(F)] is an electric-field amplitude
of the pump light at the Stark-ladder transition energy of
E,(F) depending on the electric-field strength F and
TE,(F)] is a transition probability. From Eq. (2), it is evi-
dent that the intensity of the BO is determined by wyw,),.

In the calculation of Sympl E,(F)], E,,(F) is obtained from
the electric-field-strength dependence of the ER spectra
shown in Fig. 3. For the estimation of the precise transition
energy from the ER signal, it is necessary to analyze the line
shape of the ER spectra based on a dielectric function form;
however, we cannot exactly determine that of the Stark-
ladder transition. Here, we compare the ER and PC spectra
to determine the transition energies because the PC-peak en-
ergy usually corresponds to the transition energy. Figure 8
shows the ER and PC spectra at various electric-field
strengths, where the PC spectra are represented by the
dashed curves. The arrows indicate the energies of the PC
peaks, and the number in parentheses means the Stark-ladder
index of the H11 transition. From the comparison between
the ER and PC spectra, the dip energies of the H11(0) and
H11(-2) ER signals correspond to the transition energies,
while the peak energy of the H11(-1) signal is equivalent to
the transition energy. The uncertainty of determination of the
transition energy is about +2 meV according to the linewidth
in the present case. The spectrum of the pump light was
approximated by the Gaussian function with a FWHM of
30 meV. In the calculation of T]E,,(F)], we used the squared
overlap integral shown in Fig. 2, because the value of the
squared overlap integral can be attributed to the transition
probability of the relevant Stark-ladder transition.
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Figure 7(b) shows the calculated results of the wow_; and
wow_, for BO1 and BO2 with the frequencies of eFD/h and
2eFD/h, respectively, as a function of electric-field strength.
The electric-field strengths at which the products of the spec-
tral weights exhibit the maximum almost agree with those of
the experimental results. In the calculation, the value of
wow_, shows the dip feature at ~8 kV/cm. This reflects the
dip feature of I[E1(0)—HHI(0)] as shown in Fig. 2; how-
ever, the dip profile is not observed in the experimental re-
sults. In addition, the calculated results more slowly vary as
a function of electric-field strength in comparison with the
experimental results. We discuss the difference between the
experimental and theoretical results. In the present calcula-
tion, we ignore the excitonic effect, which affects the optical
transition, and the inhomogeneity of the internal electric
field. These factors should modify the transition probability
T E,,(F)]. Moreover, we also ignore the damping factor of
the coherent oscillation due to a scattering process. The ef-
fect of the damping reduces the BO intensity especially at
high electric-field strengths. In order to reproduce precisely
the electric-field-strength dependence of the BO intensity, we
have to take account of the knotty problems in theory de-
scribed above, which is beyond the scope of this work. Nev-
ertheless, the electric-field-strength dependence of the BO
intensity is semiquantitatively explained by the calculation
based on the simple model used here.
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IV. CONCLUSIONS

We have investigated the coherent dynamics of the exci-
tonic wave packets from the viewpoint of the transformation
process from the miniband to the WS-localization state in the
GaAs (6.8 nm)/AlAs (0.9 nm) SL with the reflection-type
PP technique at 10 K together using the energy spectra ob-
tained by ER spectroscopy. We have found that the unusual
BO (BO2) with the frequency of 2eFD/h occurs just after
the disappearance of the QB of the miniband excitons. Sub-
sequently, the usual BO (BO1) with the frequency of eFD/h
becomes dominant with a further increase in electric-field
strength. The electric-field-strength dependence of the BO1
and BO?2 intensities is semiquantitatively explained on the
basis of the simple three-level-system model taking account
of the electric-field-strength dependence of the Stark-ladder
transition energies measured with ER spectroscopy and that
of the squared overlap integral of the envelope functions of
the electron and hole states calculated by the TM method.
Thus, we provide a different aspect of the BO.
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