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We have measured the electric-field dependence of the electroreflectance intensities of the heavy-hole
and light-hole exciton transitions associated with the first (n =1) subbands in a GaAs (6.4 nm)/AlAs (0.9
nm) superlattice embedded in a p-i-n structure at 77 K. It is found that the electroreflectance intensities
are highly sensitive probes to detect the resonant couplings between the Wannier-Stark localization
states owing to the intensity reduction induced by the wave-function delocalization. We have clearly
detected the various resonant couplings between the hole subbands, which have not been observed yet, in
addition to those between the electron subbands. We have analyzed the electroreflectance-intensity
change for the resonant coupling on the basis of the overlap integral between the electron and hole wave
functions by using a transfer-matrix method with the Airy function.

I. INTRODUCTION

Recently, the electric-field-induced localization of the
extended wave function, Wannier-Stark (WS) localiza-
tion, in semiconductor superlattices (SL’s) has been ex-
tensively studied because of the fundamental interest in
experimental' ~!! and theoretical'?>” '® aspects and the ap-
plication of electro-optic devices.'”!® The WS localiza-
tion results in the quantization of the energy continuum
into the Stark ladders of the discrete energy levels with
an equal energy spacing of eFD: the energy of the inter-
band transition, so called Stark-ladder transition, is given
by Ey+meFD (m =0,%x1,%2,...), where Ej is an inter-
band transition energy in an isolated quantum well (QW),
F is an electric field, D is a SL period, and m is a Stark-
ladder index indicating an oblique transition in real
space. The oscillator strengths of the Stark-ladder transi-
tions depend on the extent of the wave-function localiza-
tion. Although there is a long-standing controversy as to
whether or not the WS localization is an exact solution of
a periodic Hamiltonian in the presence of an external
electric field,'* ¢ it is not within the scope of this paper.

In our previous work [electroreflectance (ER) measure-
ments]® and Refs. 6 and 11 [photocurrent (PC) measure-
ments], it is clearly indicated that when the energy of
meFD just agrees with the energy spacing between the
first (n =1) and n =2 electron subbands (meFD =AE,),
the WS localization state of the n =1 electron subband in
a QW resonantly couples with that of the n =2 subband
in the mth-nearest-neighbor QW (lower potential side).
We found that the resonant coupling appears as not only
the splitting features of the ER-line shapes due to the for-
mation of the bonding and antibonding states but also the
reduction of the ER intensities of the related Stark-ladder
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transitions due to the wave-function delocalization.” Al-
though the splitting features are observed for the first-
nearest-neighbor resonant coupling between the n =1
and n =2 electron subbands in the PC spectra,®!! we
have demonstrated that ER spectroscopy is much more
sensitive to detect the resonant coupling than PC spec-
troscopy.” While the resonant coupling of electrons has
been investigated extensively,®°~!! there is no report on
the resonant coupling of holes in SL’s. In asymmetric
double-QW structures, the resonant coupling between the
hole states has been studied by photoluminescence spec-
troscopy.’g’20

In the present work, we have investigated the resonant
coupling between the WS localization states in a GaAs
(6.4 nm)/AlAs (0.9 nm) SL by measuring the electric-field
dependence of the ER intensities of the heavy-hole and
light-hole exciton transitions associated with the n =1
subbands. In the ER spectra, it is easy to observe the in-
tensity change because of the flatness of the base line. On
the other hand, in PC spectroscopy, which has been a
major method for investigating the WS localization, it is
difficult to observe the intensity change because the PC
spectra include broad absorption bands as a background.
From the ER-intensity change as a function of electric
field, we have clearly detected the second-, third-, and
fourth-nearest-neighbor resonant couplings between the
n=1 and n =2 electron subbands, the first-nearest-
neighbor resonant coupling between the n =1 and n =2
(n =3) heavy-hole subbands, and the first-, second-, and
third-nearest-neighbor resonant couplings between the
n =1 and n =2 light-hole subbands. We discuss the ER-
intensity change for the resonant coupling on the basis of
the overlap integral between the electron and hole wave
functions by using a transfer-matrix (TM) method.
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II. EXPERIMENT

The sample of the GaAs (6.4 nm)/AlAs (0.9 nm) SL
was grown on an n-type (Si-doped) (001) GaAs substrate
by molecular-beam epitaxy. The SL has 20 periods and is
placed in the center of a p-i-n diode structure, where the
n and p layers are Si-doped (~1X10'® cm™3) and Be-
doped (~1X10"Y cm™3) Al ;;Gagq,As layers with a
0.8-um thickness, respectively. It was determined that
the SL period is 7.39 nm by a small-angle x-ray-
diffraction method.* The sample was processed into a
mesa structure with ~400-um diam. A windowed gold
film with ~250-um-diam open area and a 300-nm thick-
ness was evaporated onto the 30-nm p *-type GaAs cap-
ping layer for Ohmic contact formation. The ER mea-
surements were performed at 77 K. The probe light was
produced by combination of a halogen lamp (50 W) and a
monochromator with 0.5-nm resolution. The reflected
light was detected with a Si photodiode. The electric
field was modulated with the amplitude of 20 mV and the
frequency of 210 Hz around a given dc bias. The ER sig-
nals were obtained by a conventional lock-in technique.

III. TRANSFER-MATRIX METHOD
AND CALCULATED RESULTS

We first present the calculated results of the energies of
the WS localization states as a function of electric field by
using the TM method proposed by Hutchings.?! Trans-
forming the SL growth coordinate z to the dimensionless
coordinate Z; in the Schrédinger equation for an applied
electric field F,

Z;=—[2m;/(e#iF)*]"}(E —V;+qFz) , (1)

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

Ai(Z;) Bi(Z;) a;

mj_2/3Ai'(Zj) mj"2/3Bi’(Zj) b;
AI(Z]+1) BI(Z].H) aj+1
mj_+21/3Ai'(Zj+1) mj_-#—zl/sBi'(Zj+l) bj+1

(2)

where m; and V; are the effective mass and potential in
the jth layer, respectively, g=—e (+e) for electrons
(holes), and Ai and Bi are the Airy functions. The bound-
ary conditions is (a;,b;)=(1,0) for Z;,— o because
Ai(w)—0 and Bi(w)— o, and the wave-function
transmittance is given by T=1/(a?+b?), where the sub-
scripts i and f indicate the initial and final media, respec-
tively. We assume that the energies of the transmittance
maxima correspond to those of quasibound states. In the
present calculation, the sample is approximated by a sys-
tem of eleven QW’s sandwiched by semi-infinite AlAs
layers corresponding to the initial and final media. In the
analysis of the resonant coupling, the energy spacing be-
tween the n =1 and higher subbands is one of the most
important factors; however, the confinement energy of
the higher subband is sensitive to the inaccuracy of the
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layer thicknesses in the sample preparation and the
effective-mass parameters in the calculation. We treat
the effective-masses and the band nonparabolicities (i.e.,
the electron, heavy-hole, and light-hole effective masses
m,, my;, and my,, respectively, and the band nonparabol-
icity factors v, and yy,) as adjustable parameters to fit the
calculated results to the experimental results described in
the next section. We use the following parameters: for
GaAs, m,=0.0665, m,=0.5, and m;=0.117; for
AlAs, m,=0.15, my;=0.6, and m;;=0.18; vy,
(GaAs)=2.7X10"'° m? and 7y, (GaAs)=0.6X 10" m?,
where we take into account the band nonparabolicity ac-
cording to Ref. 22. We assume that the conduction-
band-offset ratio is 0.66.

Figure 1 shows the calculated energies of the WS local-
ization states of (a) electrons, (b) heavy holes, and (c) light
holes in the GaAs (6.4 nm)/AlAs (0.9 nm) SL as a func-
tion of electric field. Since the base line of the SL poten-
tial is in proportion to the growth coordinate under the
electric field, eFz, the energies are measured with respect
to the center of the sixth QW corresponding to the center
of the modeled SL with the eleven QW’s. The notations
of En(+m), HHn(£m), and LHn(+m) indicate the nth
electron, heavy-hole, and light-hole states in the mth-
nearest-neighbor QW from the sixth QW (m =0), respec-
tively, and the + (—) sign indicates the QW in the
higher (lower) potential side from the sixth QW. In Fig.
1, we find a number of anticrossing behaviors due to the
resonant couplings between the WS localization states.
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FIG. 1. Calculated energies of the WS localization states of
(a) electrons, En(+m), (b) heavy holes, HHn(+m), and (c) light
holes, LHn(+m) of the GaAs (6.4 nm)/AlAs (0.9 nm) SL as a
function of electric field, where 7 is the quantum number and m
is the Stark-ladder index. The energies are measured with

respect to the center of the sixth QW corresponding to the
center of the modeled SL with the eleven QW’s.



7658 ISAO TANAKA et al. 46

In our previous paper,’ the anticrossing behaviors be-
tween the electron subbands are discussed from the split-
ting features of the ER-line shapes.

In the present paper, we concentrate on the ER-
intensity change for the resonant coupling between the
WS localization states. It is considered that the ER in-
tensities, which reflect the oscillator strengths of the
Stark-ladder transitions, depend on the square of the
overlap integral between the WS localization states of
electrons and holes. Figure 2 shows (a) the calculated re-
sults of the square of the overlap integral between the
n =1 electron and n =1 heavy-hole wave functions in the
sixth QW [H11(0)] and (b) those between the n =1 elec-
tron and n =1 light-hole wave functions in the sixth QW
[L11(0)] as a function of electric field by using the TM
method. From Figs. 1 and 2, it is clear that the square of
the overlap integral decreases for the resonant coupling
between the WS localization states owing to the wave-
function delocalization. The assignments of the resonant
couplings are indicated in Fig. 2: e.g., E1(0)-E2(—2)
denotes the second-nearest-neighbor resonant coupling
between the n =1 and n =2 electron subbands. It is ex-
pected that the ER intensity is remarkably reduced for
the resonant coupling between the electron subbands
and/or for that between the hole subbands. Further-
more, the dip width for the square of the overlap integral
reflects the amount of the anticrossing split, which corre-
sponds to the strength of the resonant coupling. The fur-
ther details will be discussed with the experimental re-
sults in the next section.

(@YHN0) ) ey
HHIO-HH2ED } ey(0)-g2(-2)

1" ENO)-E2(-4)

L [} HHI(O)-*HHB(—I)
ot
<
&
Sosh
w T
Z L
s |
=4 L
E'o..n.l:::.ln...l:.:-l..
g (o (GG,
°© LH!(O)‘LHZ(‘-B) Vo e10)-£202)
© 4L EN0)-E2(-4)
od LH1(0)-LH2(-1)
< t
3

051
O-IAllixllllllAlllllll
0 50 100 150 200

ELECTRIC FIELD (kV/cm)

FIG. 2. Calculated values of (a) the square of the overlap in-
tegral between the n =1 electron and n =1 heavy-hole wave
functions [H11(0)] and (b) that between the n =1 electron and
n =1 light-hole wave functions [L11(0)] of the GaAs (6.4
nm)/AlAs (0.9 nm) SL as a function of electric field. The as-
signments of the resonant couplings are indicated by the arrows:
e.g., E1(0)-E2(—2) denotes the second-nearest-neighbor reso-
nant coupling between the n =1 and n =2 electron subbands.

IV. EXPERIMENTAL RESULTS
AND DISCUSSION

Figure 3 shows the ER spectra of the GaAs (6.4
nm)/AlAs (0.9 nm) SL at 77 K in the energy range of the
heavy-hole and light-hole exciton transitions associated
with the n =1 subbands at various electric fields F (ap-
plied biases V). The value of the electric field F is es-
timated from the built-in voltage of 1.64 V of the p-i-n
structure.® The ER spectra are not normalized by
reflectance (R) because the surface Ohmic electrode
prevents us from obtaining the real R signal from the SL.
The ER intensity in each spectrum is normalized by that
at F=126 kV/cm. In previous work,®° we have assigned
the ER signals to the Stark-ladder transitions as shown in
Fig. 3. The notation of Hnn,(m) [Ln n,(m)] for the
ER signal represents the transition with the Stark-ladder
index m between the n,th electron subband and the n,th
heavy-hole (light-hole) subband. In Fig. 3, the ER inten-
sities of the Stark-ladder transitions with m ==*1 de-
crease remarkably with increasing F, which indicates the
enhancement of the wave-function localization. The ER
signals of the m ==1 transitions disappear for F R 120
kV/cm, where the value of eFD at F=120 kV/cm is
about three times as large as the miniband width of the
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FIG. 3. Electroreflectance spectra of the GaAs (6.4

nm)/AlAs (0.9 nm) SL at 77 K in the energy range of the
heavy-hole and light-hole exciton transitions associated with the
n =1 subbands at various electric fields (applied biases). The
electroreflectance intensity in each spectrum is normalized by
that at F=126 kV/cm. The notation of Hn n,(m) [Lnn,(m)]
denotes the transition with the Stark-ladder index m between
the n,th electron subband and the n,th heavy-hole (light-hole)
subband.
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effective-mass approximation; therefore, the n =1 wave
function is fully localized in individual layers.

In Fig. 3, it is found that the ER-line shapes change re-
markably with the electric field owing to the various reso-
nant couplings: (1) the appearance of the splitting
features of the line shapes due to the formation of the
bonding and antibonding states and (2) the intensity
reduction due to the wave-function delocalization. The
simultaneous changes of the H11(0) and L11(0) signals,
which are observed at F =62, 95, and 143 kV/cm in Fig.
3, indicate that the resonant coupling between the elec-
tron states occurs and/or that the resonant coupling be-
tween the heavy-hole states and that between the light-
hole states occur simultaneously. In our previous paper,’
we have indicated that the ER-line-shape changes of the
H11(0) and L11(0) transitions at F =143 and 95 kV/cm
originate from the second- and third-nearest-neighbor
resonant couplings between the n =1 and n =2 electron
subbands, respectively. Figure 4 shows the calculated
and observed energies of the H11(0) and L11(0) transi-
tions as a function of electric field for the second-
nearest-neighbor resonant coupling. The observed ener-
gies indicated by the solid (open) circles for the H11(0)
[L11(0)] transition are taken from Fig. 3 and our previous
report.’ Since the line-shape-analysis method of the ER
signals for the WS localization has not been revealed, we
assume that the transition energies correspond to those
indicated by the arrows in Fig. 3. The solid (dashed) lines
in Fig. 4 indicate the calculated results for the H11(0) and
H21(—2) [L11(0) and L21(—2)] transitions, which are
shifted down by 10 meV to correct the exciton binding
energy. The energies of the splitting ER signals clearly
exhibit the anticrossing behavior as a function of electric
field, and the experimental results agree with the calculat-
ed ones. The ER-line-shape change at F=62 kV/cm is
due to the simultaneous occurrence of a heavy-hole reso-
nant coupling and a light-hole one, which will be dis-
cussed later in detail.
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FIG. 4. Energies of the ER signals for the H11(0) and L11(0)
transitions indicated by the arrows in Fig. 3 and the calculated
energies of the H11(0), H21(—2), L11(0), and L21(—2) transi-
tions as a function of electric field for the second-nearest-
neighbor resonant coupling between the n =1 and n =2 elec-
tron subbands.

Noticing the ER spectrum at F=188 kV/cm (160
kV/cm) in Fig. 3, only the intensity of the L11(0)
[H11(0)] transition is reduced, and the splitting feature of
the L11(0) transition is observed. The calculated results
of the heavy-hole and light-hole subband energies [Figs.
1(b) and 1(c)] suggest that the intensity reduction of the
H11(0) transition at F=160 kV/cm and that of the
L11(0) transition at F =188 kV/cm originate from the
first-nearest-neighbor resonant coupling between the
n =1 and n =3 heavy-hole subbands and the coupling be-
tween the n =1 and n =2 light-hole subbands, respective-
ly. For the H11(0) transition under the resonant-
coupling condition, we cannot observe the splitting
feature of the ER-line shape at F =160 kV/cm, which re-
sults from the small amount of the anticrossing split, ~2
meV, as shown in Fig. 1(b).

Next, we give a full detail to the ER-intensity change
for the resonant coupling between the WS localization
states. Figure 5 shows (a) the ER intensity of the H11(0)
transition and (b) that of the L11(0) transition as a func-
tion of electric field. We assume that the transition inten-
sity corresponds to the amplitude of the ER signal from
the peak to the dip. Comparing Fig. 5 with Fig. 2, it is
obvious that the electric fields at the dips for the ER in-
tensities in Fig. 5 correspond consistently to those for the
square of the overlap integral. The ER-intensity dips are,
therefore, assigned to the various resonant couplings on
the basis of the calculated results in Fig. 2. The arrows in
Fig. 5 indicate the calculated values of the electric fields
at which the square of the overlap integral exhibits the
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FIG. 5. Electroreflectance intensity of (a) the H11(0) transi-
tion and (b) the L11(0) transition as a function of electric field.
We assume that the transition intensity corresponds to the am-
plitude of the electroreflectance signal from the peak to the dip.
The arrows indicate the calculated electric fields for the reso-
nant couplings in Fig. 2 except the electric field for the
HH1(0)-HH3(—1), which is shifted by 12 kV/cm.
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dip profile in Fig. 2 except the electric field for the
HH1(0)-HH3(—1) resonant coupling, which is shifted by
12 kV/cm because of the inaccuracy of the calculated en-
ergy of the n =3 heavy-hole state. The difference in the
detailed profile of the ER-intensity change between the
calculated and experimental results is because we neglect
the exciton effects in the TM calculation: the exciton
binding energy and the oscillator strength seem to be re-
markably decreased by the wave-function delocalization
for the resonant coupling.

For the electron states [see Figs. 5(a) and 5(b)], both
the reduction of the ER intensity of the H11(0) transition
and that of the L11(0) transition at F=143, 95, and 71
kV/cm result from the E1(0)-E2(—2), E1(0)-E2(—3),
and E1(0)-E2(—4) resonant couplings, respectively. The
electric fields for the second-, third-, and fourth-nearest-
neighbor resonant couplings should be in the ratios §:1:+
because the mth-nearest-neighbor resonant coupling
should occur at eFD =AE,,/m. The experimental re-
sults are consistent with the above. Noticing the electric
field of 95 kV/cm, the dip width for the ER intensity of
the L11(0) transition is broader than that of the H11(0)
transition. This is due to the overlap of the two types of
the resonant coupling, E1(0)-E2(—3) and LHI1(0)-
LH2(—2). In Fig. 5(a), only the intensity of the H11(0)
transition is reduced at F=160 kV/cm, which results
from the HH1(0)-HH3(—1) resonant coupling. Further-
more, the intensity reduction of the H11(0) transition at
F=62 kV/cm is due to the HH1(0)-HH2(—1) resonant
coupling. In Fig. 5(b), only the intensity of the L11(0)
transition is reduced around F =190 kV/cm owing to the
LH1(0)-LH2(—1) resonant coupling. The intensity
reduction of the L11(0) transition at F =95 and 62
kV/cm results from the LH1(0)-LH2(—2) and LH1(0)-
LH2(—3) resonant couplings, respectively. The electric
fields of 190, 95, and 62 kV/cm are in agreement with the
expected ratio of 1:1:1. It is noted that the intensity
reduction of the H11(0) and L11(0) transitions at F=62
kV/cm is due to the simultaneous occurrence of the
HH1(0)-HH2(—1) and LH1(0)-LH2(—3) resonant cou-
plings. The profile of the ER-intensity change of the
L11(0) transition around F=190 kV/cm is not the dip-
like shape, and both the intensity of the H11(0) transition
and that of the L11(0) transition decrease with increasing
F for F2200 kV/cm. This is due to the quantum-
confined Stark effect, which induces the instability of the
H11(0) and L11(0) excitons.?®

Noticing F=110 kV/cm in Fig. 5(a) and F=125
kV/cm in Fig. 5(b), there are the bends for the ER inten-
sity of the H11(0) and L11(0) transitions, respectively.
From the calculated energies of the heavy-hole states
[Fig. 1(b)] and the light-hole states [Fig. 1(c)], the energy
of the HH 1(0) state agrees with that of the LH2(—2) state
at F=110 kV/cm, and the energy of the LH1(0) state

agrees with that of the HH3(—1) state at F=125kV/cm.
Therefore, it seems that the bend for the ER intensity of
the H11(0) [L11(0)] transition at F=110 kV/cm (=125
kV/cm) results from the HHI1(0)-LH2(—2) [LHI1(0)-
HH3(—1)] resonant coupling. From the calculated re-
sults, it is estimated that the HH1(0)-LH2(— 3) resonant
coupling takes place at F=75 kV/cm; however, we can-
not detect it owing to the occurrence of the
E1(0)-E2(—4) resonant coupling at F =71 kV/cm as
shown in Fig. 5. Furthermore, the calculated results of
the hole-subband energies suggest that the HHI1(0)-
LHI1(—1) and LHI1(0)-HHI1(+1) resonant couplings
occur at F=35 kV/cm. Such a low electric field, which
corresponds to the high-forward-bias voltage of ~1.13
V, is out of range of our measurement condition because
the large injection current flows through the sample.

V. CONCLUSIONS

We have systematically measured the ER intensities of
the n =1 heavy-hole and light-hole exciton [H11(0) and
L11(0)] transitions in the GaAs (6.4 nm)/AlAs (0.9 nm)
SL as a function of electric field. The ER intensities of
the H11(0) and L11(0) transitions are remarkably reduced
under the various resonant-coupling conditions between
the WS localization states owing to the wave-function
delocalization. We have clearly detected the second-,
third-, and fourth-nearest-neighbor resonant couplings
between the n =1 and n =2 electron subbands, the first-
nearest-neighbor resonant coupling between the n =1
and n =2 (n=3) heavy-hole subbands, and the first-,
second-, and third-nearest-neighbor resonant couplings
between the n =1 and n =2 light-hole subbands. Thus,
the ER intensity is remarkably sensitive to the resonant
coupling. The experimental electric fields for the various
resonant couplings consistently agree with the calculated
ones by the TM method. On the other hand, the profiles
of the ER-intensity changes are explained to some degree
by the calculated results of the overlap integral between
the electron and hole wave functions. For the precise
analysis of the ER-intensity change, we need to consider
the exciton effects such as the change of the binding ener-
gy and the oscillator strength induced by the wave-
function delocalization for the resonant coupling.
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