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We have investigated electric-field effects on the above-barrier states in a GaAs (7.0 nm)/Aly ;Gag 9As
(3.5 nm) superlattice clad by p-type and n-type Al, 3Ga, ;As layers using electroreflectance spectroscopy
for detecting the interband optical transitions and using a transfer-matrix method for calculating the
eigenenergies. It is demonstrated that the electric-field dependence of the energies of the optical transi-
tions associated with the above-barrier states exhibits a similar feature of the Stark-ladder states below
the barrier potential. In addition, it is found from the line-shape change of the electroreflectance signals
that the above-barrier state resonantly couples with the spatially separated below-barrier state. The line-
shape change results from the formation of bonding and antibonding states and wave-function delocali-
zation over the coupling space. The transfer-matrix analysis explains the above experimental results

reasonably well.

I. INTRODUCTION

In a superlattice (SL) it is well known that long periodi-
city D causes a mini-Brillouin zone along the growth
direction, which results in the formation of the minibands
of the electrons and holes. Recently, the effects of an
external electric field F on the miniband condition,
Wannier-Stark (WS) localization,! !4 and Franz-Keldysh
(FK) oscillation,'® !¢ have been considerably investigated
in electronic and optical properties. The WS localization,
which has especially attracted much attention, results
from the breakdown of the resonant tunneling condition
by the electrostatic potential difference eFD between
neighboring quantum wells (QW’s). In the WS localiza-
tion, the miniband splits into discrete energy states with
the equal energy spacing of eFD, the so-called Stark-
ladder states; therefore, the energies of the Stark-ladder
states are given by E,+veFD, where E, is the energy of
the miniband center, which corresponds to the eigenener-
gy in an isolated QW, and v is the Stark-ladder index,
v=0,%+1,£2,.... If the energy difference between
different quantum states AE is equal to meFD, the Stark-
ladder state in a QW resonantly couples with that in the
mth nearest-neighbor QW.”!1"!12 The resonant coupling
causes the delocalization of the wave function over the
coupling space and the formation of the bonding and an-
tibonding states due to wave-function mixing. The above
phenomena provide us with the freedom to control the
electronic and optical properties of SL’s. Until now, the
investigation of the electric-field effects has been focused
on the energy states below the barrier potential, the so-
called below-barrier states. Ritze, Horing, and Enderlein
reported the theoretical investigation of the electric-field
effects on above-barrier states from the viewpoint of the

0163-1829/95/51(7)/4236(6)/$06.00 51

density of states.!> They suggested that the above-barrier
region is dominated by two kinds of structures: one is
similar to FK oscillations, and the other resembles a
Stark-ladder behavior. Very recently, Kita et al. reported
the resonant coupling between the below- and above-
barrier states of light holes in an In,Ga;_,As/GaAs
multiple-QW structure under an applied electric field.!”
Under no electric-field condition, interband optical tran-
sitions associated with above-barrier states have been ob-
served by using resonant Raman scattering,'®
photoreflectance,'® and absorption?® spectroscopies.

In the present work, we have investigated the electric-
field effects on the above-barrier states in an undoped
GaAs (7.0 nm)/Al, ;Gay ¢As (3.5 nm) SL clad by p-type
and n-type Al, ;Ga, ,As layers. Electroreflectance (ER)
spectroscopy and a transfer-matrix (TM) method with
Airy functions have been used to detect the interband op-
tical transitions and to calculate the eigenenergies as a
function of electric field, respectively. In our previous
works for the WS localization of below-barrier
states, ! 1214 we demonstrated the high sensitivity of ER
spectroscopy and the usefulness of the TM method. In
the present work, we have clearly detected the optical
transitions associated with the above-barrier states in ad-
dition to those with the below-barrier states in the
electric-field range from ~5 to ~120 kV/cm. The
electric-field dependence of the energies of the above-
barrier transitions exhibits a similar feature of the Stark-
ladder states below the barrier potential. Moreover, we
have detected the resonant coupling between the above-
and below-barrier states of electrons, heavy holes, and
light holes from the changes of the ER line shape and in-
tensity. We discuss the experimental results on the basis
of the electric-field dependence of the energies of the
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above- and below-barrier states calculated by the TM
method.

II. EXPERIMENTAL PROCEDURES

The sample used in the present work was grown on an
n-type (001) GaAs substrate by molecular-beam epitaxy
(MBE). The SL consists of 70 periods of undoped GaAs
(7.0 nm)/Alj ;Gay 9As (3.5 nm) and is placed in the center
of a p-i-n diode structure. The n layer is a Si-doped
(1X10"® cm™3) Aly1Gag;As (~1 um thick), and the p
layer is a Be-doped (5X10'® cm™3) Al,;Ga,,As layer
(~0.2 pum thick). The sample was processed into a mesa
structure with the size of ~0.2X ~0.9 mm. The ER
measurements were performed at 77 K. The probe light
was produced by combination of a 50-W halogen lamp
and a 32-cm single monochromator with the resolution of
0.5 nm. The reflected light was detected with a Si photo-
diode. The applied bias was modulated with the ampli-
tude of 80-200 mV and the frequency of 210 Hz around
a given dc bias. We lowered the modulation bias when
we measured the fine structures of the ER signals, though
the intensity was reduced. The ER signals were obtained
by a conventional lock-in technique. In addition, we
measured photocurrent (PC) spectra with a picoammeter
in order to compare them with the ER spectra.

III. RESULTS AND DISCUSSION

Figure 1 shows the ER spectra of the GaAs (7.0
nm)/Aly ;Gaj sAs (3.5 nm) SL at various electric fields,
where the dashed line indicates the band-gap energy of
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FIG. 1. Electroreflectance spectra of the GaAs (7.0

nm)/Aly ;Gag 0As (3.5 nm) SL at various electric fields (77 K),
where the dashed line indicates the band-gap energy of
Aly Gag 9As.
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Aly Gag 9As. The ER intensities are not normalized
with the reflectance intensities because the surface elec-
trode prevents us from obtaining the real reflectance of
the SL. The electric field is estimated from the built-in
voltage of the p-n junction, 1.45 V, corresponding to the
bias voltage on which the Stark-ladder levels below the
barrier potential converge. The arrows located on the
ER spectrum at 5 kV/cm indicate the energies of the in-
terband transitions calculated by a Kronig-Penney model
at zero electric field. In the calculation, the effective-
mass parameters including the band nonparabolicities are
taken from Ref. 21, and the conduction-band-offset ratio
is 0.66. We neglect the exciton-binding energy, which is
slightly larger than that ( ~4 meV) in bulk GaAs because
of the miniband formation. The Kronig-Penney-model
calculation indicates that the second (n =2) electron and
light-hole minibands are above the barrier potentials.
The notation of Hn,n, (Lnn,) denotes the interband
transition associated with the n,th electron and n,th
heavy-hole (light-hole) minibands, and I" and 7 in the
parentheses indicate the transition at the I' and 7 (mini-
Brillouin-zone edge, 7/D) points. From the calculated
transition energies, it is evident that the ER spectrum at
5 kV/cm reflects the miniband structures below and
above the barrier potential. The oscillatory structures in
the energy range below 1.6 eV are mainly due to FK os-
cillations. From Fig. 1, it is obvious that the line shapes
and energies of the ER signals remarkably change with
increasing the electric field, which will be discussed
below. It is noted that we have not clearly observed the
above-barrier transitions from the PC spectra.

The electric-field dependence of the energies of the ER
signals is shown in Fig. 2, where the dashed line indicates
the band-gap energy of Al, {Ga, ¢As, and the vertical ar-
rows on the left side indicate the energy ranges of the
miniband transitions at F =0 calculated by the Kronig-
Penney model. Since the line-shape-analysis method of
the ER signals has not yet been revealed, we determine
the energies of the H11(m) and L 11(m) transitions, com-
paring the ER spectra with the PC peak profiles, where
the number in the parentheses denotes the Stark-ladder
index. For other transitions, we adopt the peak energies
of the ER signals as the data plotted in Fig. 2; therefore,
the energies have uncertainty from ~10 to ~20 meV,
which depends on the ER linewidth. It is noted that the
electric-field dependence of the dip energies of the ER
signals is quite similar to that of the peak energies. From
Fig. 2, it is obvious that the electric-field dependence of
the energies of the below-barrier transitions labeled
H11(m) and L11(m) clearly shows the properties of the
Stark-ladder transitions. For the above-barrier transi-
tions labeled H22 and L22, the electric-field dependence
of the energies exhibits the similar feature of that of the
Stark-ladder transitions below the barrier potential. The
Stark-ladder behaviors of the H22 and L22 transitions,
downward and upward shifts of their energies as a func-
tion of electric field, are remarkable in the electric-field
range from ~15 to ~30 kV/cm in Fig. 2. The down-
ward shifts above ~30 kV/cm are hidden by the upward
ones of the below-barrier transitions. The electric-field
dependence of the H22- and L22-transition energies sug-
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FIG. 2. Electric-field dependence of the ER-signal energies of
the GaAs (7.0 nm)/Al, ;Gag oAs (3.5 nm) SL at 77 K, where the
dashed line indicates the band-gap energy of Aly ;Ga, 9As, and
the vertical arrows on the left side indicate the energy ranges of
the miniband transitions at F =0 calculated by the Kronig-
Penney model.

gests that the Stark-ladder states are formed in the
above-barrier region.

Noticing the electric-field dependence of the energies
of the H11(0) and L 11(0) transitions around 55 and 110
kV/cm in Fig. 2, we clearly find the anticrossing
behaviors. According to the previous works”!""!2 for the
resonant coupling between the Stark-ladder states, the
anticrossing indicates the occurrence of a resonant cou-
pling between different Stark-ladder states. Figure 3
shows the ER spectra of the H11(0) and L11(0) transi-
tions around 57 kV/cm, and the inset depicts the
electric-field dependence of the ER-signal energies (peak
positions) that exhibit the anticrossing. Both the H11(0)
and L 11(0) signals exhibit the splitting feature at 56, 57,
59, and 60 kV/cm, and the intensities are reduced. The
ER line shapes at 57 kV/cm are a little different from
those in Fig. 1 because of the difference of the modulation
bias. The splitting feature is most remarkable at 57
kV/cm, which is the center electric field of the anticross-
ing behavior shown in the inset of Fig. 3. The splitting
and intensity reduction of the ER signals under the
resonant-coupling condition result from the formation of
the bonding and antibonding states and the decrease of
the oscillator strength due to the wave-function delocali-
zation, respectively.!>1? Since the energy difference be-
tween the H11(0) and L 11(0) signals is small, ~10 meV,
the higher-energy part of the doublet H11(0) signals
|
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FIG. 3. Electroreflectance spectra of the H11(0) and L11(0)
transitions at 77 K around 57 kV/cm, where the inset depicts
the electric-field dependence of the ER-signal energies (peak po-
sitions), which exhibit the anticrossing.

overlaps with the lower-energy part of the doublet
L11(0) ones. The simultaneous change of the H11(0)
and L 11(0) signals indicates that the Stark-ladder state of
the n =1 electron miniband resonantly couples with
another electron state in a spatially separated QW. The
Kronig-Penney-model calculation indicates that the ener-
gy ranges of the n =2 electron minibands are above the
barrier potential; therefore, it is expected that the reso-
nant coupling is related to the above-barrier state.

We analyze the above experimental results by using the
TM method with Airy functions according to Ref. 22.
Our previous works'"!? have demonstrated that the TM
method is quite useful to calculate the Stark-ladder states
below the barrier potential in GaAs/AlAs SL’s. In the
present calculation, the sample structure of the GaAs (7.0
nm)/Al, ;Gag 0As (3.5 nm) SL is approximated by a sys-
tem of 11 QW’s sandwiched by semi-infinite Al ;Ga, ;As
layers. Transforming the SL growth coordinate z to the
dimensionless coordinate Z; in the Schrodinger equation
for an applied electric field F,

Z,=—[2m; /(eAF1(E —V, +qFz) , W

we obtain the following TM relation at the interface be-
tween the jth and (j + 1)th layers from the wave-function
continuity:

mj—Z/SAil(Zj) mj—2/3Bil(Zj) bj m]—:Q—ZI/SAll(Z]+]) mj_+21/3 Bl'(zj+1) bj+1 (2)
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where m; and V; are the effective mass and potential in
the jth layer, respectively, ¢ =—e(+e) for electrons
(holes), and Ai and Bi are the Airy functions. Under the
boundary condition of the wave-function amplitude in
the final layer (semi-infinite Al ;Gag ;As), (af,b,)=(1,0)
for Z;— o0 because of Ai( o« )—0 and Bi( o0 )— o, we as-
sume that the energies of the wave-function-
transmittance maxima correspond to the eigenenergies.
The effective-mass parameters are the same as those used
in the Kronig-Penney model, which is applied to calcu-
late the miniband energies at F =0. Ritze, Horing, and
Enderlein!? have used the same TM method to calculate
the density of states in an above-barrier region.

Figure 4 shows the electric-field dependence of the en-
ergies of the electron states in the modeled GaAs (7.0
nm)/Aly {Gag gAs (3.5 nm) SL calculated by using the
TM method, where the energies are measured with
respect to the center of the modeled SL, and the dashed
line indicates the barrier potential of electrons. The nota-
tion of En(m) means the nth electron miniband and the
mth Stark ladder, which is counted from the center QW.
The vertical lines on the left side indicate the energy
ranges of the minibands at F =0 calculated by the
Kronig-Penney model. Although the electric-field depen-
dence exhibits the complicated behavior because of the
various resonant-coupling-induced anticrossings, we find
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FIG. 4. Electric-field dependence of the energies of the elec-
tron states in the modeled GaAs (7.0 nm)/Aly ;Gag 9As (3.5 nm)
SL calculated by using the TM method, where the energies are
measured with respect to the center of the modeled SL, and the
dashed line indicates the barrier potential of electrons. The no-
tation of En(m) means the nth electron miniband and the mth
Stark ladder, which is counted from the center QW. The verti-
cal lines on the left side indicate the energy ranges of the mini-
bands at F =0 calculated by the Kronig-Penney model.
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that both the below- and above-barrier minibands trans-
form into the Stark-ladder states with increasing electric
field. This is consistent with the theoretical results re-
ported by Ritze, Horigin, and Enderlein.!*> As shown in
Fig. 2, the electric-field dependence of the observed tran-
sition energies associated with the above-barrier states,
H?22 and L22, exhibits the similar feature of the Stark-
ladder transitions with the below-barrier states, H11 and
L11. Thus, both the experimental and theoretical results
demonstrate the formation of the Stark-ladder states of
the E2 miniband above the barrier potential.

We discuss the anticrossing behaviors of the Stark-
ladder states. As described above with Figs. 2 and 3, we
clearly observe the anticrossing due to the resonant cou-
pling between the n =1 electron state and the above-
barrier state, which results in the ER-signal splitting of
the H11(0) and L11(0) transitions around 57 kV/cm. In
the calculated results of the electron-state energies (Fig.
4), there are two types of the anticrossings between the
below-barrier (E 1) state and the above-barrier (E2 and
E3) states in this electric-field range: For the E1(0) state
in the center QW, one around 48 kV/cm is due to the res-
onant coupling between the E1(0) and E2(-2) states,
which is denoted as E1(0)-E2(-2), and the other around
55 kV/cm is the E1(0)-E3(-5) coupling. On the other
hand, we observe only one type of the anticrossing as
shown in Fig. 2. From Fig. 4, the TM calculation pre-
dicts that the E3-related anticrossings of E1(0)-E3(-4)
and E1(0)-E3(-3) occur around 68 and 80 kV/cm, re-
spectively; however, we could not observe them from the
ER spectra. Therefore, the observed anticrossing around
57 kV/cm is attributable to the E1(0)-E2(-2) coupling.
The missing of the E3-related coupling in the experi-
ments indicates that the TM calculation of the E3 states
is quite inaccurate. The energy range of the E3 states
calculated by the TM method extends over the potential
(~280 meV) of the Al,;Gag;As clad layer. Therefore,
we consider the following possible reasons for the inaccu-
racy of the TM calculation of the E3 states. The bound-
ary condition is inappropriate for the E3 states, and/or
the boundary between the clad layer and the modeled SL
remarkably modifies the calculated eigenenergies because
of the limited number of the QW’s.

From the above discussion, it is concluded that the an-
ticrossing around 57 kV/cm results from the
E1(0)-E2(-2) coupling, which is the so-called second-
nearest-neighbor one. The condition of the mth nearest-
neighbor coupling is given by meFD =AE ,, where AE |,
is the energy difference between the E1(0) and E2(0)
states. This indicates that the electric field of the
E1(0)-E2(-1) coupling is double the value of the
E1(0)-E2(-2) one; therefore, the anticrossing around 110
kV/cm shown in Fig. 2 is due to the E1(0)-E2(-1) cou-
pling. It is noted that the ER signal of the L 11(0) transi-
tion could not be observed in this high electric field be-
cause it is hidden by the broad line width of the strong
H11(0) signal owing to a quantum-confined Stark effect.
Moreover, the resonant-coupling condition predicts that
the third-nearest-neighbor coupling, E1(0)-E2(-3),
occurs around 38 kV/cm, which is two-thirds of 57
kV/cm for the E1(0)-E2(-2) one. Figure 5 shows the ER
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FIG. 5. Electroreflectance spectra of the H11 and L 11 tran-
sitions at 77 K around 40 kV/cm, where the third-nearest-
neighbor coupling of E1(0)-E2(-3) occurs.

spectra of the H11 and L11 transitions around 40
kV/cm. The H11(0) signal clearly exhibits the splitting
feature at 37, 40, and 42 kV/cm. Although we cannot ob-
serve the splitting of the L 11(0) signal, the intensity is re-
duced at the above electric fields. In the resonant cou-
pling between the electron states, it is expected that the
intensities of both the H11(0) and L11(0) signals de-
crease because of the delocalization of the electron wave
function, which results in the reduction of the oscillator
strengths. Thus, we demonstrate the first-, second-, and
third-nearest-neighbor couplings between the above-
barrier electron state (E2) and the below-barrier one
(E1):E1(0)-E2(-1), E1(0)-E2(-2), and E1(0)-E2(-3). It
is noted that the E2 states, which produce anticrossings,
are WS localized and originate, therefore, not from the
miniband edge but from the miniband center, which is
significantly above the barrier potential.

Finally, we discuss the ER intensity changes under
various resonant coupling conditions. Figure 6 shows the
electric-field dependence of the ER intensities of the
H11(0) and L11(0) transitions, where the closed and
open circles indicate the H11(0) and L11(0) intensities,
respectively, and the solid lines are guides to the eye.
The typical ER intensity changes around 57 and 40
kV/cm have been already discussed with the ER spectra
shown in Figs. 3 and 5, respectively. The ER line shapes
change with electric field, so that we adopt the peak-to-
dip intensities as the data plotted in Fig. 6. We observe
several intensity dips resulting from various resonant
couplings. From the above discussion, it is evident that
the simultaneous dips of the H11(0) and L 11(0) intensi-
ties around 57 (40) kV/cm result from the E1(0)-E2(-2)
[E1(0)-E2(-3)] coupling. In the resonant coupling be-

FIG. 6. Electric-field dependence of the ER intensities of the
H11(0) and L11(0) transitions at 77 K, where the closed and
open circles indicate the H11(0) and L11(0) intensities, and the
solid lines are guides to the eye. The several dips result from the
various resonant couplings, which are assigned according to the
discussion in the text.

tween heavy-hole (HH) [light-hole (LH)] states, it is ex-
pected that only the H11(0) [L11(0)] intensity is re-
duced by the delocalization of the HH (LH) wave func-
tion. Noticing the ER intensities around 19 and 34 (28)
kV/cm in Fig. 6, we find that only the H11(0) [L11(0)]
intensity exhibits the dip profile. This indicates that the
resonant coupling between the HH states occurs around
19 and 33 kV/cm and that the LH resonant coupling
occurs around 28 kV/cm.

Although we have performed the TM calculation of
the hole states, the results are confused and inaccurate
because the energies of the hole states are quite close to
each other owing to the very low barrier potential of ~ 50
meV. The Kronig-Penney-model calculation at F =0 in-
dicates that the center energies of the hole minibands are
11 (HH1), 42 (HH2), 88(HH3), 23 (LH1), and 81 (LH2)
meV; therefore, the energy differences between the center
energies of the minibands, AE ,(HH), AE;(HH), and
AE ,(LH), are 31, 77, and 58 meV, respectively. The ac-
curacy of the Kronig-Penney calculation is supported by
the fact that the calculated transition energies are con-
sistent with the energies of the ER signals at 5 kV/cm as
shown in Fig. 1. It is noted that the HH3 and LH2 mini-
bands are the above-barrier ones. From the resonant
condition of meFD =AE;; between the ith and jth states,
it is expected that the mth-nearest-neighbor coupling be-
tween the hole states occurs around the following electric
fields: 30/m kV/cm for the HH1-HH2 coupling, 73/m
kV/cm for the HH1-HH3 one, and 55/m kV/cm for the
LH1-LH2 one. This suggests that the dip of the H11(0)
intensity around 34 kV/cm results from the HH1(0)-
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HH2(-1) and HH1(0)-HH3(-2) couplings. The narrow dip
width of ~5 kV/cm indicates that the two types of the
resonant couplings simultaneously occur. From the real
electric field, 34 kV/cm, of the HH1(0)-HH2(-1) and
HH1(0)-HH3(-2) couplings, we consider that the dip of
the H11(0) intensity around 18 kV/cm results from the
HH1(0)-HH2(-2) and HH1(0)-HH3(-3) couplings, which
are expected to occur around 17 (one-half of 34) and 23
(two-thirds of 34) kV/cm, respectively. In this electric-
field range from 15 to 30 kV/cm, we observe that only
the H11(0) signal continuously exhibits the splitting
feature, which appears as the doublet energies of the
H11(0) transition as shown in the electric-field depen-
dence of the observed energies (Fig. 2). For the dip of the
L11(0) intensity around 28 kV/cm, we consider that it
results from the LH1(0)-LH2(-2) coupling because the
electric field of the mth nearest-neighbor coupling is
given by 55/m kV/cm. It seems that the electric field of
the LH1(0)-LH2(-1) coupling, which is double the value
of the LH1(0)-LH2(-2) one, 56 kV/cm, overlaps with that
of the E1(0)-E2(-2) one. Thus, it is demonstrated that
the Stark-ladder states of the electron, HH, and LH mini-
bands above the barrier potential resonantly couple with
the below-barrier states.

IV. CONCLUSIONS

We have investigated the electric-field effects on the
above-barrier states in the wundoped GaAs (7.0
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nm)/Al, Gagy ¢As (3.5 nm) SL clad by p-type and n-type
Alj ;Ga, ;As layers. Electroreflectance spectroscopy and
the TM method with Airy functions have been used to
detect the interband optical transitions and to calculate
the eigenenergies, respectively. It is found that the
electric-field dependence of the energies of the above-
barrier transitions, H22 and L22, exhibits a similar
feature of the Stark-ladder transitions, H11 and L11,
below the barrier potential. This indicates that the
above-barrier minibands transform into the Stark-ladder
states with increasing the applied electric field. The
Stark-ladder formation of the above-barrier states is ex-
plained by the electric-field dependence of the eigenener-
gies calculated by the TM method. In addition, it is
demonstrated that the Stark-ladder states of the E2,
HH3, and LH2 minibands above the barrier potential res-
onantly couple with the spatially separated below-barrier
states, E1, HH1, and LH1, from the line-shape splitting
and the intensity reduction of the H11(0) and L 11(0) sig-
nals, resulting from the formation of the bonding and an-
tibonding states and the wave-function delocalization
over the coupling space.
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