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Electronic structures of short-period GaAs/AlAs superlattices in a uniform electric field along
the growth axis are studied by a second-neighbor tight-binding method. Minibands of the X band
edge in AlAs show discrete energy levels, the so-called Stark ladder, as do the I minibands in GaAs.
Electric-field-induced mixing between a Stark ladder of the I' miniband and one of the X miniband is
studied and found to depend strongly on miniband indices and superlattice structures. The optical
transition probability between the Stark ladder of valence states and that of the X miniband is

strongly enhanced due to the I'-X mixing.

I. INTRODUCTION

The energy spectrum of a solid under a strong electric
field F is quite different from that of Bloch states. Under
an electric field the energies are given by E(n) = nedF,
where n is an integer, e is the electron charge and d is
the lattice constant. These discrete energy levels are as-
sociated with localized states with the localization length
XA = W/(2eF) where W is the bandwidth. These local-
ized states, which are called Stark ladders, are induced
when the electrostatic energy is larger than the band-
width,

W < eFd. (1)

Since Wannier pointed out the existence of a Stark ladder
in a crystalline solid, it has attracted much attention.!
Zak argued that the localized states cannot exist in a
solid because the interband coupling destroys the local-
ized character of the states.? Some authors have car-
ried out theoretical studies based on the one-dimensional
tight-binding model with interband coupling, and con-
firmed the existence of Stark ladders.3™® Thus, the Stark
ladder is widely believed to exist even if the interband
coupling is strong when the condition of Eq. (1) is sat-
isfied. On the other hand, there have been few experi-
mental works to observe the Stark ladders because the
electric field needed to induce the Stark ladders is too
large in a bulk material. Only an oscillatory behavior of
conductivity in ZnS was considered a sign of the Stark
ladders.®

Recently, however, the Stark ladders were observed in
GaAs/AlAs superlattices.” ' This is due to the fact that
a small bandwidth associated with a large lattice con-
stant of a superlattice reduces the strength of the elec-
tric field to induce Stark ladders, hence the Stark ladders
easily occur. The Stark ladders in GaAs/AlAs superlat-
tices have attracted much attention and have been inten-
sively studied both theoretically and experimentally. In
order to understand the behavior of the Stark ladders, a
realistic band structure is necessary. Energy spectra of
Stark ladders have been studied theoretically with meth-
ods such as the effective-mass approximation!46 and
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the tight-binding method.3%17-18 Although the effective-
mass approximation is convenient for calculating the
energy spectra, it is difficult to include some impor-
tant effects such as interband mixing between Stark lad-
ders of different valleys. On the other hand, the tight-
binding method has the capability to produce realistic
band structures with the appropriate choice of empirical
parameters.'9722 We have already reported that Stark
ladders can be well described by a tight-binding picture
with the effects of the electric field included as diago-
nal elements of a Hamiltonian matrix.'” From the tight-
binding calculation, we have also found that the spin-
orbit split-off band in the valence band forms the Stark
ladder, although it has energies larger than the potential
barrier.23

The energy bands of superlattices are quite compli-
cated due to many minibands folded into the first Bril-
louin zone. For a short-period (GaAs),/(AlAs), super-
lattice with n=>5-15, in particular, the X miniband of
AlAs is close in terms of energy to the I' miniband of
GaAs. Much effort has been made to study the alignment
of the X, band edge, the X, band edge, and the I band
edge, and it is widely accepted that the lowest conduction
miniband is X, for n smaller than 12 and is I state for n
larger than 13. Electric-field-induced mixing between the
Stark ladders of the I' band edge and those of the X band
edge is of interest. In this paper we focus our attention on
Stark ladders of short-period (GaAs),,/(AlAs), superlat-
tices (n=8-12) in which the X, miniband of AlAs is close
in terms of energy to the I' miniband of GaAs. We inves-
tigate the effect of the electric-field-induced I'-X mixing
on Stark ladders by using the tight-binding method.

II. TIGHT-BINDING MODEL

We consider a (GaAs),/(AlAs), superlattice in an
electric field along the growth axis (z axis). The Hamil-
tonian we consider is given by
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H= Z tim;jna;!majn + Z fimazmaim
1,7,m,n ,m
+eF Z 2@} aim. (2)
i,m

In Eq. (2), a],(aim) is a creation (annihilation) operator
of the mth orbital at the ith atomic site, ¢n,(r — ;)
(m stands for s, p, py, and p,) with an assumption
of orthogonality between them.?* ¢;,,,.;, and €;,, are the
transfer integrals and the site energies, respectively. In
order to obtain a good description of the Stark ladder
of the X band edge, it is necessary to reproduce correct
band structure at the X point. The first-neighbor tight-
binding model leads to an artificial dispersionless band
along the X-W line, and thus the band structure near
the X point is incorrect. Some authors tried to produce
good band at the X point by extending the interaction
up to the second-neighboring atoms.?°~?2 Among them,
Lu and Sham presented a new set of tight-binding pa-
rameters so as to reproduce the effective masses at some
points in the first Brillouin zone as well as the energies,
and they explained that the alignment between the X,
band edge and the I' band edge changes at n=12 for
(GaAs), /(AlAs),, superlattices. This interpretation was
confirmed by comparison of the calculation with the ex-
perimental data by Matsuoka et al.?® Since Stark ladders
are affected by the effective mass at the band edge, we
use the tight-binding parameters obtained for GaAs and
AlAs by Lu and Sham so as to obtain Stark ladders of X
minibands of AlAs. We simply averaged tight-binding
parameters at the interfaces between GaAs and AlAs
because the superlattice period we consider is not very
short. The third term of Eq. (2) denotes the potential
energy of atomic orbitals due to the electric field.

In the normal tight-binding theory in which the trans-
lational symmetry in three directions exists, the three-
dimensional Fourier transforniation is used to reduce the
matrix size. In the present case, however, the transla-
tional symmetry along the z axis is lost, while the transla-
tional symmetry along the = and y directions remains. In
such a case, it is convenient to introduce two-dimensional
Fourier transformation as

1 ik -r;
Wiym = N Ze kimial,, ®3)

1 ik s
Qlleyym = -_—Tr E e ™l r,at'm, 4

where k| is a two-dimensional wave vector and r; is the
atomic position, and ¢ runs through N atomic positions
in a two-dimensional layer denoted by I. We set k) = 0
because the Stark ladders we are interested in are uniform
states along the z and y directions. Using Eqs. (3) and
(4), we can express the secular equation as

det |Himirm' — Edip0mm:| = 0, (5)
where diagonal elements of Him;i'm' consist of the site
energies and the second-neighbor transfer integrals of

the atomic orbitals in the plane perpendicular to the
z axis, and off-diagonal elements consist of the first-
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neighbor and the second-neighbor transfer integrals. We
have to note here that the secular equation (5) has in-
finite size for an infinite number of superlattice peri-
ods. Since the number of periods for a real superlat-
tice is finite, we consider a finite domain in the z di-
rection. In the present study, we consider ten periods
of (GaAs),/(AlAs), superlattice. Solving the secular
equation (5), we calculated the energy spectra and corre-
sponding wave functions as linear combinations of atomic
orbitals in various magnitudes of electric fields. In the
present case, the spin-orbit interaction is neglected, and
thus the Hamiltonian matrix can be decoupled into two
irreducible parts,!” where one consists of s and p, or-
bitals and the other consists of p, and p, orbitals. Near
the fundamental band edge, conduction minibands arise
from the former and valence minibands arise from the
latter.

III. CALCULATED RESULTS AND DISCUSSION
A. I'-X mixing

Figure 1 shows a typical result of the calculated charge
densities for the (GaAs)s/(AlAs)s superlattice at 60
kV /cm, where square amplitudes of eigenvectors are plot-
ted as a function of position. We note that the vertical
axis is not to scale exactly but arbitrary in this figure.
Doubly degenerated heavy hole valence states (denoted
by I'hn), the first conduction states of the I" edge of GaAs
(T.), and conduction states of the AlAs X point (X} and
X?2) are shown in this figure, where we see that all these
states are well localized in each GaAs and AlAs layer,
respectively. The states . and X? mix with each other
and are delocalized because they are close in terms of
energy. According to the relative position between local-
ized valence and conduction states, direct and indirect

calculated

FIG. 1. Typical charge densities of
(GaAs)s/(AlAs)s near the band edge at 60 kV/cm. Heavy
hole valence states (I'nn), conduction states of the GaAs T’
edge (T.), and first and second conduction states of the AlAs
X edge (X! and X?) are shown with oblique steps indicating
the layers of GaAs and AlAs. The vertical axis is not exactly
to scale.
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transitions in real space which are denoted 0, +1/2 and
+1 would occur. These transitions will be discussed in
the next section.

The X! states (i=1, 2) have tails extending weakly in
neighboring GaAs layers and the I, states also have tails
in neighboring AlAs layers. Partial charge of such a tail is
an index of strength of the I'- X mixing and we can easily
evaluate this quantity from eigenvectors of Eq. (5). The
partial charge of the X! state is written as

Cl= Z'Zidmlzy (6)

where i, is the eigenvector of the X! state and summa-
tion of [ is taken within atomic layers of GaAs. Although
it is a rough treatment, the perturbation theory presents
a good outlook of the I'-X mixing. Let |T'?) (] X)) to be
a state of I' (X') band edge of an isolated GaAs (AlAs)
layer in an electric field and E2 (E%) to be the corre-
sponding energy. When the GaAs layers and the AlAs
layers are attached to form a superlattice, a perturba-
tion H' occurs due to change of crystal potential, and
thus |T'?) and |[X:°) mix with each other. Within the
first order perturbation theory, we can express the states
IT.) and | X?) of the superlattice as follows:

2 0|2y/| Yi0
0y 3o WEHIXD) g
= re e/’ 7
(PC> |Fc> + poaet E?‘ _ E;? lXc >1 ( )
7 1 X::O Hl Fg
xt = 1) + G, (®)

where we have neglected higher states. A

From Eq. (8) the partial charge of the X state is ex-
pressed as

' O H/| Xi0Y|2

o = LLHIXN

(Br — E%)? "’ ®)

where we have approximated as EX — E¥ ~ Er — Ei.
Equation (9) shows that the [-X mixing is dominated by
two factors. One, which comes from the denominator of
Eq. (9), is the so-called resonant effect, and depends on
the electric field through Er — E& The I'-X mixing is
strongly enhanced due to the resonant effect at an elec-
tric field where Ep — E% is small. Another factor comes
from the numerator of Eq. (9), which depends on elec-
tric fields, superlattice structures, and miniband indices.
However, behavior of [(I'%|#'| X°)|? cannot be intuitively
understood. We have already seen in Fig. 1 the resonant
mixing between I'; and X}.

Figures 2(a) and 2(b) show the calculated partial
charge of the X? states of (GaAs),/(AlAs), superlattices
as functions of the electric fields. A large peak shown in
each curve indicates the resonant coupling between the
X }: state and the neighboring I'. state. Small deviations
are due to other types of mixing such as mixing between
X! and X2. For the X! state, the I'-X mixing occurs
in a wide range of the electric fields as shown in Fig.
2(a). Shapes of the peaks for (GaAs)io/(AlAs)io and
(GaAs)11/(AlAs)q; are almost the same except for the
peak position. The peak width of (GaAs);o/(AlAs)qo
is slightly wider than that of (GaAs);1/(AlAs);;. These
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FIG. 2. (a) Partial charge of an X/ state in GaAs layers
calculated for a (GaAs),/(AlAs), (n=10 and 11) superlattice.
(b) Partial charge of an X? state in GaAs layers calculated
for a (GaAs)n/(AlAs)n (n=8—11) superlattice.

facts indicate that the I'-X mixing exists even if Er — Ej{
is large, and that the strength of the I'-X mixing de-
creases very slowly as n increases. The feature of the
mixing between the X2 state and the I, state is quite dif-
ferent form that between the X! state and the I'. state
as shown in Fig. 2(b). The peak for (GaAs)s/(AlAs)s
is quite broad, indicating a strong I'-X mixing, and the
peaks become sharper rapidly as n increases. From this
result we can see that the strength of the I'-X cou-
pling between I' .- X2 strongly depends on the superlattice
structure; as n increases the strength of the I'-X coupling
is rapidly weakened. We also found that the character of
the enhanced charge mainly reflects the s orbitals of As
atoms. The partial charge of the X? state at off-resonant
condition is larger than that of the X! state, reflecting
the higher energy.

It is reported that the I'-X mixing at zero electric field
depends strongly on the parity of the states.?%25 At zero
electric field, parity of the X minibands alternates: X}
is even (odd) and X2 is odd (even), respectively, when
n is an even (odd) number. On the other hand, T, is
an even state for any value of n. Reflecting the parity
of the states, strength of the I'- X mixing changes alter-
nately with n. In the presence of electric fields, however,
monotonous change with n instead of the alternation is
seen because the symmetry is quite different due to the
electric field.

B. Transition energies and transition probabilities

In addition to transition energies between localized
states, we have evaluated matrix elements of optical tran-
sition by normal incident light with no particular polar-
ization. Using calculated eigenvectors, the matrix ele-
ments are written as2®

1 2w
) = 5= [ a2, (10)

with
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cosﬂg— + sinBE) ¢m,> ,
Tz dy

0]

(11)

where cff: ) is an eigenvector of a conduction (valence)
state. In calculating |M|? we set

(e 5] 04) = (4

and

(|~

for other combinations of atomic orbitals and partial
derivative.

Calculated transition energies and transition probabil-
ities for a (GaAs)g/(AlAs)s superlattice are shown in Fig.
3, where transitions between I'phn-T'c, Thp-X! and Tyn-
X2 are denoted by filled circles, open circles, and open
squares, respectively. Although there are deviations from
linear relations, the electric-field dependence of transition
energies is well approximated as meFd with an index
m = 0, %1 for the transition I'y,-T'c (d: superlattice pe-
riod). Transitions I'pp-X Land T'yp-X 2 are also expressed
as meFd with m = £1/2. I'y,-T(0) and Typ-X2(—1/2)
show anticrossing at F = 90 — 100 kV/cm. Anticrossing
between T'yp-Te(+1) and Thp-X2(+1/2) and kinking in
Thn-T'e(—1) take place at the same electric field. These
are due to strong mixing between the I and X? states,
which are already shown in Figs. 1 and 2(b). In addition
to the strong I'- X mixing, the I'. and X? states are close
in terms of energy in a wide region of electric fields. Thus
the I'-X mixing between them has a large effect on the
transition energies of I'yy-I'c and I'py-X2. Such strong

ME) = 3 et <¢m

Imm'

9
5;¢>=L (12)

9
oz

0
8_y‘¢m’> =0, (13)
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FIG. 3. Transition energies (left-hand side) and op-
tical matrix elements (right-hand side) calculated for a
(GaAs)s/(AlAs)s superlattice. Filled circles, open circles, and
open squares denote transitions I'np-Te, Thn-X2, and I‘hh-X,_z,
respectively. Indices 0, +1, and +1/2 denote relative position
between localized states.

mixing between transitions T'pp-T'c and I'yp-X2 has been
observed.?”

Behavior of the transition probability is quite com-
plicated. As a gross feature, the direct transition in
real space I'p,-T'(0) becomes stronger, and other oblique
transitions become weak with increasing electric fields.
Such behavior is due to the fact that the wave func-
tions are strongly confined in the layers at larger elec-
tric fields. However, the interband mixing largely modu-
lates the transition probabilities. |[M|? of T'pp-X2(—1/2)
is strongly enhanced in a wide region of electric fields
due to the I-X mixing. |M|? of I'pp-T'c(+1) and that of
Thn- X2(+1/2) drastically change at F=90—100 kV /cm
where the anticross takes place. Due to the mixing ef-
fect, there is a large difference in a transition probability
between the plus index state and the minus index state.
I'hn-T'c(+1) has a larger transition probability than I'yj,-
Ic(—1) below 90 kV/cm, and the relation is reversed
above 100 kV/cm. I'yy-X2(—1/2) has a much larger tran-
sition probability than ['yp-X2Z(+1/2). The transitions
I'nhh-X2(£1/2) have much smaller probabilities compared
with other transitions because the resonant mixing be-
tween I'. and X} does not occur in electric fields lower
than 200 kV/cm. This fact is consistent with the report
of Shields et al. in which the transitions I'p,-X! are ob-
served as very weak signals.

Transition energies and transition probabilities of
(GaAs)10/(AlAs)1o are shown in Fig. 4. Compared
to (GaAs)s/(AlAs)s, the transition emergy for Tpy-T'.
is lower. This feature leads to the situation where
th—FC(O), th-Xt}('Fl/Z) and th—Xz(—l/2) cross with
each other at almost the same strength of the elec-
tric fields 130—150 kV/cm. Both the transition prob-
ability of I'pp-X2(+1/2) and that of Tpp-X2(—1/2) are
strongly enhanced at these electric fields, while I'yy-
X2(—1/2) and Thu-X3(+1/2) are weak, although they

(GaAs)10(AlAs) 10
10%gz2 i

1072

Transition Energy (eV)
[M[2 (Arb. units)

1074,

Electric field (kV/cm) Electric field (kV/cm)

FIG. 4. Transition energies (left-hand side) and op-
tical matrix elements (right-hand side) calculated for a
(GaAs)10/(AlAs)10 superlattice.
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FIG. 5. Transition energies (left-hand side) and op-
tical matrix elements (right-hand side) calculated for a
(GaAs)11/(AlAs)11 superlattice.

cross I'yp-T'e(+1)and T'pp-T'e(—1), respectively. Thus
the asymmetry in transition probabilities (the difference
in the transition probabilities) between ['yu-X2(—1/2)
and [pp-X2(1/2) and that between I'np-X2(—1/2) and
Tha-X2(1/2) is also seen in this case. On the other
hand, asymmetric behavior between I'yp,-I'e(+1) and ['pp-
Fe(—1) is small.

Transition energies and transition probabilities of
(GaAs)11/(AlAs);; are shown in Fig. 5. Due to the I'-
X mixing, ['yn-X2(+1/2) is enhanced in a wide range of

electric fields, while I'p,-X2(—1/2) is enhanced sharply
around F' ~ 150 kV/cm. This is consistent with the
result shown in Sec. IIIA; as n increases the reso-
nant mixing between I'.-X? becomes weak more rapidly
than that between .-X!. In addition, |M|? of [np-
T.(£1)is smaller than that of (GaAs)s/(AlAs)s and
(GaAs)y19/(AlAs)19. Asymmetry between I'yp-I'c(+1)
and T'yp- T'e(—1) is smaller than that of (GaAs)s/(AlAs)s
and (GaAs)10/(AlAs)1o. These are due to the thicker
AlAs barriers, which reduce the penetration of the local-
ized state.

In summary, we evaluated the strength of the electric-
field-induced I'-X mixing between Stark ladder states us-
ing the second-neighbor tight-binding method. We found
that the I'-X mixing remarkably depends on superlat-
tice structures and indices of the X minibands. Optical
transition energies and transition probabilities between
Stark ladders are strongly affected by the I'-X mixing:
anticross in transition energies and asymmetry in tran-
sition probabilities are expected. Results shown in the
paper may depend on the tight-binding parameters we
chose. Lu and Sham noted that their parameters lead
to stronger I'-X mixing than other parameters do. Fur-
thermore, the effect of charge redistribution may be im-
portant. It is a difficult to consider the effect of charge
redistribution in a self-consistent manner. By comparing
calculated results with experimental data precisely, the
importance of these points will be clear.
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