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A systematic study of the conduction bands of the (001) GaAs/Al,Ga,_,As and
Al,Ga,_,As/AlAs superlattices using a one-band Wannier orbital model is presented. The pa-
rameters in the Wannier orbital model are fitted to correctly describe the lowest conduction band
of the bulk semiconductors over the entire Brillouin zone, including the correct effective masses.
Using this model, we have examined the dependence of the superlattice conduction-band energy
levels on layer thicknesses, alloy composition, and wave vectors, as well as external hydrostatic
pressure. We have found that there can be substantial mixing between the I'-valley states and the
(001) X-valley states. The symmetry of the confined X-valley states is found to be critically depen-
dent on whether the slabs with higher Al concentration contain an even or odd number of mono-
layers. As a result, the amount of I'-X mixing is extremely sensitive to the layer thicknesses. An
experimental procedure for observing this effect with use of high-quality samples of superlattices
with ultrathin layers is proposed. Our calculations also show that the pressure coefficients associ-
ated with the I'-like quantum-well states decrease with well width; the results are in good agree-
ment with experimental data. In addition, mixing between states derived from the (100) and (010)

15 SEPTEMBER 1987-1

X valleys is also reported.

I. INTRODUCTION

In 1970 Esaki and Tsu' first proposed fabricating su-
perlattices from alternating layers of semiconducting
materials. Since then a variety of superlattices have
been grown.>?® Because of their technological impor-
tance, superlattices have been widely investigated both
experimentally and theoretically. The theory of super-
lattice valence bands has recently been extensively stud-
ied by a number of groups.*~® The conduction bands of
superlattices can be treated adequately by the Kronig-
Penney model, provided that the superlattices are made
from a direct-band-gap semiconductor where only the
I'-valley electrons need to be considered. Recently, how-
ever, there has been considerable interest in systems such
as the GaAs;_,P,/GaP (Refs. 7 and 8) and the GeSi/Si
(Ref. 9) strained-layer superlattices (SLS) and the
Al,Ga,_,As/AlAs superlattice which are made from
indirect-band-gap semiconductors. For these systems we
must take into account electrons associated with the
various conduction-band valleys (I", X, L, etc.). More-
over, even for a GaAs/Al,Ga,_,As superlattice which
is made entirely from direct-band-gap semiconductors,
external hydrostatic pressure can be applied to drive the
I'-valley states up in energy so that the X-valley states
become the lowest conduction-band states.

Recently, several experiments have been performed to
determine the band offset in Al,Ga,_,As heterostruc-
tures by probing the X-valley states in the GaAs/
Al,Ga;_,As (Refs. 10 and 11) and Al,Ga;_,As/AlAs
(Ref. 12) heterostructures. Strong optical transitions be-
tween the Ga;_,As,P/GaP superlattice valence-band
states and the X-valley states have been observed.® Exci-
tons associated with the X-valley states in the ultrathin
GaAs-AlAs superlattices have recently been seen.!> To
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understand these experimental data, detailed knowledge
of the X-valley states in superlattices is needed. In order
to investigate the properties of these superlattices
theoretically, realistic band structures with correct
effective masses for both I" and X valleys must be includ-
ed. Previously, Jaros and co-workers studied the
GeSi/Si SLS (Ref. 14) and the GaAs/Al,Ga;_,As (Ref.
15) superlattice with the pseudopotential method which
uses a plane-wave basis; Ting and Chang also investigat-
ed the GeSi/Si SLS with a two-band model'® which em-
ploys a localized basis with two basis orbitals per unit
cell. In this paper we present another method which
uses a localized basis for treating the conduction bands
of superlattices. This model is simpler and numerically
more efficient than the two-band model.!® In our model
the superlattice conduction-band states are constructed
from the Wannier orbitals associated with the lowest
conduction band of the constituent bulk semiconductors.
The advantages of this approach can best be illustrated
by comparing it with another method which uses a local-
ized orbital basis, namely, the nearest-neighbor tight-
binding (NNTB) model. For III-V compound semicon-
ductors, typically eight or ten orbitals per unit cell are
used in the NNTB model, while only one orbital per unit
cell is needed in our model. This accounts for the com-
putational efficiency of our model. In addition, while
our model incorporates the correct effective masses for
the various conduction-band valleys, the NNTB model
suffers from having an infinite transverse X-valley
effective mass, leading inevitably to the wrong con-
clusions on the superlattice X-valley states. It should be
noted that the pseudopotential method also has difficulty
in getting accurate effective masses. We point out that
the present one-band model yields information only on
the superlattice conduction bands. The valence bands
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must be obtained separately by other methods.*~% Addi-
tionally, the one-band Wannier orbital model implicitly
assumes that the superlattice conduction bands of in-
terest (i.e., the lowest few bands) have contributions only
from the lowest conduction band of the bulk semicon-
ductors. Therefore it is not suitable as the two-band
model'® is, for the treatment of superlattices such as the
GeSi/Si SLS where the lowest two conduction bands are
degenerate at the X point and contributions from both
bands must be taken into account. Note that this is not
a problem for the Al,Ga;_, As systems under considera-
tion in this paper.

By exploiting the computational efficiency of the one-
band Wannier orbital model, we have been able to exam-
ine the conduction bands of the (001) GaAs/
Al,Ga,_,As and Al,Ga,;_,As/AlAs superlattices under
a wide variety of circumstances. Specifically, we have
studied the dependence of the superlattice conduction
bands on layer thicknesses, alloy composition, wave vec-
tors, and hydrostatic pressure. The remainder of this
paper is organized as follows. In Sec. II we describe the
one-band model and how it is implemented to treat su-
perlattices. In Sec. III we present our results on the
(001) GaAs/Al,Ga;_,As and Al,Ga,_,As/AlAs super-
lattices. The summary is given in Sec. IV.

II. THEORY

In this section we present a theoretical method for
studying the conduction bands of superlattices whose
well and barrier materials can be either direct- or
indirect-band-gap semiconductors. In this method the
superlattice conduction bands are constructed from the
lowest conduction bands of the bulk well and barrier
materials; the valence bands and the higher conduction
bands are discarded to achieve numerical efficiency.
Thus, for instance, only the fifth band of Al,Ga,_,As
and the fifth band of AlAs are used to construct the con-
duction bands of the Al, Ga,_, As/AlAs superlattice.

A. One-band Wannier orbital model

We use the one-band Wannier orbital model to de-
scribe the lowest conduction band of bulk semiconduc-
tors. Let |k) be the lowest bulk conduction-band state
with energy E (k). The Wannier orbital located at the
lattice vector R is defined as

1R>:717V_—§exp(—ik-k)|k>, (1

where N is the number of primitive cells in the bulk.
The conduction-band energy E (k) is related to the Wan-
nier orbitals as follows:

E(k)=(k|H |k)=3 exp(ik-R){O|H |[R), (2)
R

where (O | denotes a Wannier orbital located at the ori-
gin.

Note that in the above expression we sum over an
infinite number of Wannier orbital matrix elements
(O | H |R) to obtain the energy E (k). In practice we
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impose a cutoff on the range of interaction and only re-
tain those terms with | R |?2<RZ, where RZ is a chosen
cutoff value. The set of (O |H |R)’s are treated as ad-
justable parameters, and are obtained by fitting the band
structure. For convenience, we shall call these fitted ma-
trix elements one-band parameters. Two sets of one-
band parameters must be fitted, one each for the well
and barrier materials. Proper band offsets are added to
the on-site elements ({O | H |O)) of the two materials
to ensure the correct band lineup in a superlattice. The
effect of external hydrostatic pressure on the band struc-
ture is included by properly modifying the one-band pa-
rameters. A more-detailed discussion on the one-band
Wannier orbital model is given in the Appendix.

Figure 1 shows the lowest conduction band of GaAs.
The open squares represent the values obtained by the
pseudopotential method, but slightly adjusted so that the
effective masses and positions of the symmetry points
agree better with experimental values. The solid curve is
the one-band Wannier orbital model band structure
which we fitted. As we can see, the one-band model can
give us a good description of the lowest conduction band
over the entire Brillouin zone.

B. Implementation of the slab method

In this section we describe how we compute superlat-
tice conduction bands using the one-band Wannier orbit-
al model and the ‘“‘slab method.” The slab method is a
standard method for obtaining the band structure of su-
perlattices. We will discuss how this method is imple-
mented for our one-band Wannier orbital model.
Specifically we will be considering superlattices made
from semiconductors with diamond and zinc-blende
structures, and in particular we will be studying super-
lattices whose interface planes are perpendicular to the
normal vectors 1=(0,0,1) and fi=(1,1,1)/v'3. The
(0,0,1) and (1,1,1) superlattices are the most commonly
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FIG. 1. Lowest conduction band of GaAs. The open

squares represent the values obtained by the pseudopotential
method, but slightly adjusted so that the effective masses and
positions of the symmetry points agree better with experimen-
tal values. The solid curve is the one-band Wannier orbital
model band structure which we fitted.
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grown superlattices. A feature shared by the (0,0,1) and
(1,1,1) superlattices is that they both consist of alternat-
ing cation and anion atomic planes perpendicular to the
growth axis. We refer to a pair of adjacent cation and
anion planes as a ‘“monolayer,” or simply a ‘“layer.” A
period of the superlattice will be referred to as a “super-
layer.” We assume that each superlayer of the superlat-
tice under consideration consists of Ly layers of well
material and Ly layers of barrier material. Our designa-
tion of well and barrier materials is determined by the
valence band, i.e., the material with the higher valence-
band top is designated as the well material. Note that
the material with the lower conduction bottom could ei-
ther be the well material or the barrier material. We
will discuss this more when we present our results on the
GaAs/Al,Ga;_,As and Al,Ga,_,As/AlAs superlat-
tices.

We proceed to describe how we implement the slab
method for the one-band Wannier orbital model. We be-
gin by changing our notation of the Wannier orbitals to
make it more suitable for the treatment of superlattices.
In our current notation we refer to the Wannier orbitals
by their Cartesian coordinates. In a superlattice, it is
more convenient to refer to the Wannier orbitals by the
planes they belong to, and by their positions within a
given plane. Thus we define the following:

|IRo)=|R).

In the above equation the unit cell label R is now bro-
ken into components parallel and perpendicular to the
superlattice interfaces

R = RH + Rl ’
with the perpendicular component rewritten as
R,=(R-fi)i=o0dh=0d,

where o is an integer used to label the monolayers, and
d is the distance between two adjacent monolayers.

We now define the planar orbitals. In a superlattice
the perpendicular component of the crystal momentum
k is no longer a good quantum number. However, since
translational invariance is still valid in the directions
parallel to the interface planes, k; is still a good quan-
tum number. Accordingly we could define planar orbit-
als by taking the Bloch sum of all Wannier orbitals
within a given atomic plane parallel to the interfaces:

|0,k) = —— S explik;-R,) |Ryo) , 3)
(N” ) R”
where N, is the number of unit cells in a layer.

The superlattice basis is formed by taking a Bloch sum
of all planar orbitals which have the same relative posi-
tion within the superlayer they belong to:

[A;kq)= > exp(iSLq-d) | SL +A;k) , 4)
s

(Np)l/l
A=1,2,...,L . (5)

In the above expression Njp is the total number of su-
perlayers or periods in the superlattice, L =Ly +Ljp is
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the number of layers in a superlayer, S is an integer used
to label the superlayers, A specifies the position of a layer
within a superlayer, and q=qgn is the perpendicular
component of the wave vector in the mini-Brillouin-
zone. Note that g takes on values between —(w/Ld)
and (w/Ld). For the well material, 1 <A <Ly ; and for
the barrier material, Ly +1<A<Ly+Lg. Note that
for a fixed wave vector k;+q there is a set of L such
basis vectors corresponding to the L layers. Since the
superlattice Hamiltonian is diagonal in k +q, the band
structure is obtained by diagonalizing the Hamiltonian
within this basis set.

To obtain the matrix elements of the superlattice
Hamiltonian, we start out by writing the matrix ele-
ments between the superlattice basis vectors in terms of
matrix elements between planar orbitals:

(Lkq|H [A3kq)
=§S: exp(—iSLq-d){(SL +A;k, | H |A';k)) . (6)

Note that if the separation between the two planes in-
volved exceeds the cutoff interaction range of the one-
band Wannier model, then the matrix element is 0. In
fact, if we choose Ly d and Lzd to be greater than the
cutoff interaction range (typically a few layers), then
only one term in the above summation could be nonzero:

(kg | H | A5kq)
=exp(—iSoLq-d){(SoL +A;k | H | A5k)) , (D)

where S, is —1, 0, or 1, whichever minimizes the sepa-
ration between the two planes at SoL +A and A'.

The matrix elements between planar orbitals can in
turn be written in terms of the matrix elements between
the Wannier orbitals as follows:

(o;k|H |03k} =3 exp(—ik;R){Rjo |H |Oy0") .
R,
(8)

In the above equation we have used the fact that
k'R, =0 to make the exponential phase factors depen-
dent on the lattice coordinates rather than their parallel
components; this is done to make computation more
efficient. Note that some of the terms in the above equa-
tion involve interactions between Wannier orbitals be-
longing to different materials. In such cases we take the
interaction to be the average between those of the two
materials.

To summarize what has been done thus far: We have
constructed a superlattice basis set out of the one-band
Wannier model basis orbitals, and then reduced the su-
perlattice Hamiltonian matrix elements in terms of the
one-band parameters which we know from the preceding
section. We are now able to compute the matrix ele-
ments of the superlattice Hamiltonian. Diagonalizing
this matrix yields the conduction-band structure of the
superlattice.
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C. Superlattice envelope functions

The superlattice Hamiltonian can be diagonalized to
yield the superlattice energy and eigenstates:

H |n,kq)=E,(kq)|nkgq), 9
nkq)=3 Ci(kq)|Akq) . (10)
A

In the above equation Cj(k q) is the envelope func-
tion in coordinate space. By plotting C}(k q) against A,
the layer label, we can find out how the superlattice
wave function is distributed in space. It is often more
useful, however, to examine the envelope functions in k
space. this can be done by taking the equation above
through a series of linear transformations and writing
down the superlattice eigenfunctions in terms of the
eigenfunctions of the bulk well and barrier materials.
The derivation is straightforward but rather tedious. We
will just write down the results:

L
Inkq)=3 [F.(kjq,g; W) | k,(q+g ;W)
=1

+F,(k,q,8,;B) | k(q+g);B)], (11)

where F,(kq,g;; W) and F,(k,q,g;;B) are, respectively,
envelope functions in k space for the well and barrier
materials. Note that in our notation for the bulk eigen-
states we have added an extra index to specify the type
of material (well or barrier) the eigenfunction belongs to.
The g;’s are the reciprocal-lattice vectors in the perpen-
dicular direction associated with the mini-Brillouin-zone
of the superlattice. They are given by

g=(—-1)2x/Ldh, I=12,...,L . (12)

Note that due to the periodicity of the superlayers in
the superlattice, a superlattice eigenstate with the wave
vector k|4 q has only contributions from the bulk eigen-
states with wave vectors k,+(q+g;), /=1,2,...,L.

The envelope functions themselves are given by

Fo(kiag:/)=—— 3 expl—i(q-+g)-Ad]C}(k,q),
‘/L rAE)

j=W,B, (13)

where the notation A€ is used to specify whether A is
in the well or the barrier material. For instance, AE W
means that A is in the well, i.e., 1 <A <Ly.

III. RESULTS AND DISCUSSION

In this section we examine the conduction bands of
the (001) GaAs/Al,Ga;_,As and Al,Ga,_,As/AlAs
superlattices as obtained by the one-band Wannier orbit-
al model. The AlGaAs superlattices are suitable candi-
dates for treatment by the one-band Wannier orbital
model. Both GaAs and AlAs are wide-gap semiconduc-
tors for which the conduction bands and valence bands
can be treated separately. In addition, for both materi-
als the second conduction band is sufficiently higher
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than the first so that the superlattice states of interest
are derived almost completely from the lowest bulk con-
duction band. More precisely, in both GaAs and AlAs,
the lowest point of the second conduction band is at the
X point, and the separation between X;- and X . for
GaAs and AlAs are 0.4 eV (Ref. 17) and 0.2 eV (Ref.
18), respectively. Our one-band results are valid for en-
ergy range sufficiently below the X ;- point.

The one-band coefficients for GaAs, Al, sGag sAs, and
AlAs are obtained by band-structure fitting, and are list-
ed in the Appendix. Coefficients for other compositions
of the Al,Ga,_,As alloy are obtained by quadratic in-
terpolation. Using a quadratic rather than a linear inter-
polation scheme allows us to include the bowing of the
band gaps.!® In our calculations we use a conduction-
band offset of Q,=0.7,'%!"20 meaning that 70% of the
direct-band-gap difference between the well and the bar-
rier materials is associated with the conduction band.
Also, we choose the valence-band top of bulk GaAs to
be zero in energy. We shall use the notation (L,Lp)-
001) Al Ga,_,, As/Al, Ga;_, As to denote a super-
lattice with growth axis along the [001] direction, and
with each period of the superlattice consisting of Ly
layers of Al Ga,_, As followed by Ly layers of

Al Ga;_,,As. Also, since for (001) superlattices k has

nonzero components only along the X and y directions,
and q along the Z direction, for simplicity we will denote
k, by the ordered pair (k,,k,), and q by the scalar g.
For convenience, wave vectors will be given in units of
(27 /a), a being the lattice constant.

Before we present our results, we first make a few sim-
ple observations about the AlGaAs superlattices which
will help us interpret our findings. Recall that we have
designated the slabs with lower Al concentration as the
well material and the slabs with higher Al concentration
as the barrier material. With the Q,=0.7 band offset,
the X minima of the barrier material are always lower
than those of the well material. The I' minimum, on the
other hand, is always lower in the well material. This
means that in an AlGaAs superlattice, the electrons near
the X minima see the slabs with higher Al concentration
as the wells, while the electrons near the ' minimum see
the slabs with lower Al concentration as the wells. For
convenience, we will call these the X wells and ' wells,
respectively. For example, in the Al, Ga,_, As/AlAs su-
perlattice, the AlAs layers are the X wells, and
Al,Ga,_,As layers are the I" wells. It should be noted
that the I' wells are always deeper than the X wells.
However, depending on the compositions of the well and
barrier materials, the bottom of the X well could be
lower than the bottom of the I' well.

An important factor in determining the superlattice
band structure is the electron effective masses. (Recall
from the simple particle-in-the-box model that the
quantum-well energy levels are inversely proportional to
the particle mass.) For the (001) superlattice, the three
important effective masses are the I'-valley effective mass
(mrp), the X-valley longitudinal effective mass (m;), and
the X-valley transverse effective mass (m,). They are, as
obtained in our model, respectively, 0.067m,, 3.86mg,
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and 0.39m, for GaAs, and 0.124m,, 1.82m,, and
0.23m for AlAs. The I' mass of GaAs is in good agree-
ment with the accepted experimental value.?! The other
values are less well established experimentally; our
values are in general agreement with the various experi-
mental values compiled by Madelung et al.?? The im-
portant thing to remember here is that the longitudinal
X mass is large, the transverse X mass is smaller, and the
I' mass is very small.

We now present our results, which are organized into
three categories. In Sec. III A we study the dependence
of the conduction bands on alloy composition, in Sec.
III B we examine the effects of external hydrostatic pres-
sure, and in Sec. III C we investigate the dependence on
the wave vectors. In addition, dependence on layer
thicknesses will also be explored as we go along.

A. Composition dependence

We examine the dependence of the conduction-band
energy levels of the (001) GaAs/Al,Ga,_,As and
Al,Ga,_,As/AlAs superlattices on the alloy composi-
tion x. Figures 2(a), 2(b), and 2(c) show the conduction-
band energy levels of the zone-center states (k;,=0,
g =0) of the (001) GaAs/Al,Ga,;_,As superlattice as
functions of alloy composition x for the following layer
thicknesses: (a) Ly, =7, Ly =28 [denoted by (7,28)]; (b)
Ly, =28 [denoted by (28,28)]; (c) Ly, =28, Lg =7 [denot-
ed by (28,7)]. The superlattice energies are drawn with
solid lines ( ) for the even-parity states, and dashed
lines (— — —) for the odd-parity states. Here parity is
defined with respect to the center of the well material.
On each graph the energies of the bulk Al,Ga,_,As al-
loy at I’ and X have been drawn in with dotted lines
(- + - .) for comparison. In this case the bulk I" and X
levels, respectively, indicate the top of the I' well and
bottom of the X well as functions of x. The bottom of
the I' well and the top of the X well are, respectively,
fixed at 1.43 and 1.9 eV, as appropriate for room tem-
perature. All results in this paper should be shifted up
by 0.09 eV in order to compare with experimental data
at zero temperature. The effect of increasing x, the Al
mole fraction in the barrier material, is to (1) raise the
top of the I' well while keeping its bottom fixed, and (2)
lower the bottom of the X well while keeping its top
fixed. Knowing this makes it very simple to identify the
I-well and the X-well states: The curves for the I'-well
states increase with x and are bounded above by the
bulk I' level, and the X-well states’ curves decrease with
x and are bounded below by the bulk X level.
Unconfined states can also be seen on these graphs.
Most of the states that lie above 1.9 eV (X-well top) are
unconfined states.

In Fig. 2(b) where the thicknesses of the GaAs (I
well) and Al,Ga,;_,As (X well) slabs are equal, we see
that the X-well states are spaced more closely together
than the I'-well states. This is due to the fact that the X
well has a heavier quantization mass than the I" well. In
Fig. 2(c) the X-well width is decreased to seven layers
(~20 A), while the I'-well width is kept at 28 layers.
We see that while this has little effect on the confined
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I'-well states, it substantially decreases the number of
confined states in the X wells.

Next we compare Fig. 2(a) to Fig. 2(b). Going from
Fig. 2(b) to 2(a) we decrease the I'-well width to seven
layers. Decreasing the well width squeezes the I'-well
confined states up in energy so that for x > 0.63, the
lowest conduction-band state is an X-well state, in spite

Energy (eV)

(a) (7.28)

Energy (eV)

(b) (28,28)

Energy (eV)

0.0 0.2 04 0.6 0.8 1.0
X

FIG. 2. Conduction-band energy levels of the k;=0, ¢ =0
states of the (001) GaAs/Al,Ga,_, As superlattice as functions
of alloy composition x. Layer thicknesses are as follows: (a)
(7,28), (b) (28,28), and (c) (28,7). The superlattice energies are
drawn with solid lines ( ) for the even-parity states and
dashed lines (— — —) for the odd-parity states. The energies
of the bulk Al,Ga,_,As alloy at I’ and X are drawn in with
dotted lines (- - . .) for comparison.
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of the fact that the bottom of the I' well is about 300
meV lower than the bottom of the X well. Note that the
I'-well states are much more sensitive to the change in
well width than the X-well states. By comparing Fig.
2(c) to 2(b), we see that for the GaAs/AlAs §uperlattice,
decreasing the X-well width from 80 to 20 A raises the
lowest X-well state by about 40 meV. Comparing Fig.
2(a) to 2(b), we see that the same change in the I'-well
width raises the lowest I'-well state by about 300 meV.
This is due to the fact that the I' effective mass is much
lighter than the longitudinal X mass, which in this case
is the quantization mass for the X wells. Recall from the
simple particle-in-the-box model that the energy levels
are inversely proportional to the product of the particle
mass and the square of the well width. Therefore the
changes in energy levels due to changes in well width are
amplified by a factor inversely proportional to the
effective mass.

We now turn to the case where the barrier material is
fixed as AlAs while the composition of the well material
Al ,Ga,_, As is varied. Figures 3(a), 3(b), and 3(c) show
the conduction-band energy levels of the zone-center
states (k;=0, g =0) of the (001) Al,Ga,_,As/AlAs su-
perlattice as functions of alloy composition x for the fol-
lowing layer thicknesses: (a) Ly =7, Lp=28; (b)
Ly =28, Lp=28; (c) Ly =28, Ly =7. The legends used
in this figure are the same as in Fig. 2. In this case, the
top of the I well is fixed at 2.48 eV while the bottom of
the T" well increases with x, as indicated by the dotted
line corresponding to the bulk I' level. The bottom of
the X well is fixed at 1.69 eV while the top decreases as a
function of x, as indicated by the bulk X level. So,
again, the curves for the I'-well states increase with x
and are bounded below by the bulk I' level, and the X-
well states’ curves decrease with x and are bounded
above by the bulk X level.

The dependence of the energy levels on the layer
thicknesses is again evident as we compare the three
graphs in Fig. 3. In Figs. 3(b) and 3(c), the lowest
conduction-band state changes from a I'-well state to an
X-well state as we increase x. For Fig. 3(a), however,
the T well is so thin that the lowest state is always an
X-well state. An Al,Ga,_,As/AlAs superlattice in
which the lowest conduction-band state is an X-well
state is considered a type-II superlattice; that with a T'-
well state being the lowest conduction-band state is con-
sidered type I.

Whether an Al,Ga,;_,As/AlAs superlattice is type I
or type II depends on the layer thicknesses and the alloy
composition. Typically, as in Figs. 3(b) and 3(c), when
we increase x from 0, the superlattice changes from type
I to type II at some composition x-. We call x. the
“crossover composition.” Note that we can immediately
conclude that x- must be less than 0.4, since for x > 0.4
the I'-well bottom is higher than the X-well top, so the
lowest state must be an X-well state.

In Fig. 4 the crossover composition of the (001)
Al,Ga,_, As/AlAs superlattice is plotted as a function
of the well width Ly for several fixed values of Lg.
Note that by decreasing the I'-well width Ly we can
substantially lower the crossover composition. In fact,
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as we have seen in Fig. 3(c), for Ly sufficiently small,
the superlattice is always type II, regardless of the alloy
composition. Note also that x. decreases as the X-well
width Lp is increased. This is because widening the X
well lowers the X-well states, making them easier for the
I'-well states to overtake. The dependence of x- on the
X-well width, however, is not as strong as the depen-

Energy (eV)

sl (a) (7.28)

Energy (eV)

(b) (28,28)

Energy (eV)

0.0 0.2 04 0.6 0.8 1.0
X

FIG. 3. Conduction-band energy levels of the k;=0, ¢ =0
states of the (001) Al,Ga,_,As/AlAs superlattice as functions
of alloy composition x. Layer thicknesses are as follows: (a)
(7,28), (b) (28,28), and (c) (28,7). The superlattice energies are
drawn with solid lines ( ) for the even-parity states and
dashed lines (— — —) for the odd-parity states. The energies
of the bulk Al,Ga;_,As alloy at I and X are drawn in with
dotted lines (- - - .) for comparison.
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FIG. 4. Crossover  composition of the (001)
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FIG. 5. Energy levels of the (001) Al,Ga,_,As/AlAs super-
lattice as functions of x near the crossover point. The layer
thicknesses are (28,8) in (a), and (28,7) in (b).
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dence on the I'-well width.

We now take a closer look at the nature of the cross-
overs. In Fig. 5 we have plotted the energy levels of the
k,=0, g =0 states of the (001) Al,Ga,_,As/AlAs su-
perlattice as functions of x near the crossover point.
The layer thicknesses are (28,8) for Fig. 5(a), and (28,7)
for Fig. 5(b). Note that in Fig. 5(a), the crossover com-
position xc is well defined. In Fig. 5(b) however, the
curves for the lowest X-well state and the lowest I'-well
state anticross, leaving no clearly defined crossover
point. Upon closer examination we note when an X-well
state curve meets a I'-well state curve; they cross if they
have different parities and anticross if they have the
same parity. This is since the quantum well has even
parity, so that an X-well state and a I'-well state close in
energy can interact with each other only if they have the
same parity. The interaction gives rise to the anticross-
ing behavior. What is puzzling is this: In going from
Fig. 5(a) to 5(b), the only change we have made is to
reduce the thickness of the AlAs layers from eight to
seven. But notice the dramatic change: While the T'-
well states remain essentially the same, all the X-well
states have switched parity. For instance, the lowest X-
well state in the (28,7) superlattice has even parity, but
the lowest X-well state in the (28,8) superlattice has odd
parity. The parity switch of the X-well states in turn
changes all the crossings to anticrossings and vice versa.
To understand this we need to look at the wave func-
tions.

In Fig. 6 we’ve plotted the coordinate space envelope
functions of the lowest two states for each of the two su-
perlattices at the crossover composition x-=0.28. In

C", k=0, g=0)

(28,7) in=1 V VV \

I | i ! ! L : L

0.0 50 100 150 200 250 30.0 350 40.0
A

FIG. 6. Coordinate space envelope functions of the lowest
two k;=0, g=0 states for the (28,8)- and (28,7)-(001)
Alp.23Gag 7,As/AlAs superlattices.
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these graphs 1 <A <28 corresponds to the Al ,3Gag 7,As
layers, with the remaining corresponding to the AlAs
layers. The well and barrier centers are indicated by
vertical dotted lines. Note that at ¢ =0, the superlattice
wave function is invariant under a translation of distance
Ld along the z direction; hence the parities of the states
with respect to the well center and the barrier center are
the same. We first look at the (28,8) case where the
lowest I'-well and X-well states do not interact. The
n =2 state is the lowest I'-well state and its envelope
function is just the typical particle-in-the-box ground-
state wave function. The n =1 state is the lowest X-well
state. In general, the X-well state wave functions can be
described by the particle-in-the-box wave functions
modulated by a phase factor exp(iX-R), since the X-well
state comes from electrons near the X=(0,0,1)(27/a)
point in the Brillouin zone. For the lowest-lying X-well
state, the particle-in-the-box wave function is even with
respect to the barrier center, and the parity of the state
is determined by the phase factor. We write the phase
factor as cos(2wR, /a)+i sin(2wR, /a), where R, is the z
component of R measured from the barrier center.
When the X well consists of an even number of layers,
R, must take on values like (m +1)(a /2), where m is an
integer; thus the cosine term in the phase factor vanishes
and the wave function is odd with respect to the barrier
center. This explains why the lowest X-well state in the
(28,8) superlattice is an odd parity state. When the X
well consists of an odd number of layers, R, must take
on values like m (a /2); thus the sine term vanishes and
the wave function is even.

For the (28,7) superlattice, the lowest X-well and I'-
well states have the same parity; they interact when they
are brought close together in energy at the crossover
composition. The I'-X mixing results in the mixture
states that we see in the bottom two graphs of Fig. 6.

Since we are looking at the superlattice envelope func-
tions, we should point out another interesting
phenomenon. The superlattice states we have examined
so far all have ¢ =0. Recall that the superlattice en-
velope functions carry a g¢g-dependent phase factor
exp(iSLq-d), which is a constant within a superlayer but
changes from one superlayer to the next. In general, be-
cause of this modulating phase factor, the superlattice
envelope functions do not have definite parities, except
when g =0, where the phase factor is always 1. There is
another ¢ for which we can associate parities with the
superlattice envelope functions, and that is ¢ =(7/Ld)
=@ max- At §max, the phase factor becomes ( —1)5, alter-
natingly assuming the values of 1 and —1 going from
one superlayer to the next. This forces the envelope
functions to have the opposite parities with respect to
the well and barrier centers. This is demonstrated in
Fig. 7, where we have plotted envelope functions for the
same superlattices as in Fig. 6, except here we have
g =qmax instead of ¢ =0. As we can see, each of the
g =g max States is at once both even and odd, depending
on whether parity is defined with respect to the center of
the I" well or the X well.

An interesting consequence of all this is that the I'-X
crossing and anticrossing rule for the ¢ =¢,,, case is the
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FIG. 7. Coordinate space envelope functions of the lowest
two k=0, g =gqn., states for the (28,8)-, and (28,7)-(001)
Alp 25Gag 7,As/AlAs superlattices.

opposite of the g =0 case. At ¢ =0, when the curves for
the lowest I'-well and X-well states meet, they cross if
Lj is even, and anticross if Lp is odd. For ¢ =qp,,,, the
opposite is true. This can be seen by comparing Figs. 6
and 7. For Lz =38, the lowest I'-well and X-well states
are decoupled at g =0, but mixed at ¢ =¢,.,. The op-
posite is true for Ly =7.

B. Pressure dependence

In this section we study the effects of hydrostatic pres-
sure on the superlattice conduction bands. In general,
applying hydrostatic pressure to bulk Al ,Ga,;_,As
moves the I' valley up and X valley down. In addition,
the I'-valley effective mass also increases with pressure.
We know this from the k-p theory which tells us that
the I'-valley effective masses increase as the direct band
gap widens. In the k-p theory, we have my/mpr=1
+ C/E,(P), where C is a constant proportional to the
squared momentum matrix element between the
conduction- and valence-band states.”> In our model the
pressure-induced changes of the I'-valley effective mass
and the I'-, X-, and L-valley positions are incorporated
by modifying the one-band coefficients.

In Fig. 8 we plotted the energy levels of k,q=0 states
for the (25,50)-(001) GaAs/Alj ;Gag ;As superlattice as
functions of applied hydrostatic pressure. For GaAs,
the I'-, X-, and L-valley pressure coefficients we used are,
respectively, 10.7, —1.3, and 2.8 (in units of
meV/kbar).!%?* For AlAs, the corresponding pressure
coefficients are 9.9, —0.9, and 2.8.'%%* As we can see
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FIG. 8. Energy levels of zone center states for the (25,50)-
(001) GaAs/Aly 3Gag 7As superlattice as functions of applied
hydrostatic pressure.

from the numbers, the effect of hydrostatic pressure is to
move the I' well up and the X well down, accompanied
by some small changes in the well depths. The effects
are analogues to the changes caused by varying the alloy
compositions which we discussed in Sec. III A. We can
identify the curves for I'-like states by their positive
slopes, and the X-like states by their negative slopes.
Note that at P~=29 kbar the lowest I'-like state over-
takes the lowest X-like state, indicating a type-I to type-
IT transition. The pressure where this type-I to type-II
transition occurs is called the “‘crossover pressure.”

In Fig. 9 we plot the crossover pressures for the (001)

356.0

30.0

250

Crossover Pressure (kbar)

20.0 Il L 1 | |
10.0 200 30.0 40.0 50.0 60.0 70.0

I‘W
FIG. 9. Crossover pressures for (001) GaAs/Aly 3Gag7As

superlattices as functions of well width Ly for several fixed
values of Lp.
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GaAs/Aly 3Gag 7As superlattices as functions of well
width Ly, for several fixed values of Lg. The features in
this figure are similar to those found in Fig. 4 where we
plotted the crossover composition. As in Fig. 4, by de-
creasing the I'-well width Ly we can lower the cross-
over point. The explanation is similar and we will not
repeat it here. We should mention that for bulk GaAs,
the I'-X crossover occurs at P =40 kbar. The superlat-
tice crossover pressures are lower. i

In Fig. 10 we plot the pressure coefficients ar for the
lowest few I'-well states in (001) GaAs/Al, 3;Gaj ;As su-
perlattices. The width of the barrier slabs is taken to be
sufficiently large so that the GaAs slabs can be con-
sidered as isolated quantum wells. The superlattice ar’s
are obtained by computing the rates of increase of the
I'-well energy levels with pressure. The E versus P
curves actually deviate from being strictly linear, but we
will ignore the small nonlinearity here. The solid curves
in Fig. 10 represent results obtained with our one-band
model. The dashed curves are obtained by using a
particle-in-the-box model in which the particle mass is
allowed to vary with pressure; and the top and the bot-
tom of the quantum well vary with pressure according to
the bulk Alj3;Gag;As and GaAs ar’s, respectively. The
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FIG. 10. Pressure coefficients ar for the lowest few confined
I'-well states in (001) GaAs/Aly 3Gag ;As superlattices as func-
tions of well width Ly,. The solid curves represent results ob-
tained with the one-band model. The dashed curves are ob-
tained by using a particle-in-the-box model in which the parti-
cle mass is allowed to vary with pressure; the top and the bot-
tom of the well vary with pressure according to the bulk
Al 3Gap 7As and GaAs ar’s, respectively. The open squares
represent the experimental values for the n =1 quantum-well
state obtained by Venkateswaran et al. (Ref. 10).
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open squares represent the experimental values for the
n =1 quantum-well state obtained by Venkateswaran
et al.’® Our theoretical values are in good agreement
with the experimental results. We note first of all that
while ar for bulk GaAs is 10.7 meV/kbar, the superlat-
tice ar’s are noticeably smaller. At first we might
suspect that this is due to the leakage of the superlattice
wave functions into the Aly 3Gag ;7As slabs in which the
pressure coefficient is smaller (9.9 meV/kbar). A simple
calculation will show that this effect is too small to ac-
count for the difference between the bulk GaAs and the
superlattice ar’s. The real explanation is due to the fact
that the I'-valley effective mass increases with pressure.
This in turn causes the I'-well energy levels relative to
the I'-well bottom to decrease with pressure. This
means that the rates of increase for the I'-well levels
with respect to pressure is smaller than that for the bulk
I" valley, resulting in ap’s that are smaller than the bulk
value.

A general feature of the ar curves is that they de-
crease with increasing n, and, except for the ‘“hooks” at
the end of the curves, decrease with decreasing L. To
explain this we recall that for the particle-in-the-box
problem the energy levels relative to the well bottom are
approximately given by (assuming large barrier height):

- w2 Hn?

=I5 (14)
2mLW

n

We see that the decrease in E, due to the pressure-
induced increase in effective mass is amplified by factors
of n? and 1/L}. Since decrease in E, causes the
quantum-well ap’s to be reduced from the bulk value, we
expect this reduction to increase with n and decrease
with Ly,. Note that one of the effects of the finite bar-
rier height is the “hooks” that we see. The hooks are
associated with quantum-well levels near the well top
which cannot be approximated by (14).

Recall from our discussion in Sec. III A that when the
E versus x curves belonging to I'-well states and X-well
states meet, they either cross or anticross, depending on
whether there is I'-X mixing. Recall also that the cross-
ing or anticrossing behavior depends critically on the
thickness of the X well, and that changing the X-well
thickness by one monolayer would reverse the crossing
or anticrossing patterns completely. Here we shall sug-
gest a way by which this dependence of crossing or an-
ticrossing patterns on whether the X well consists of an
even or an odd number of monolayers might be observed
with pressure experiments.

Consider an experiment in which we are trying to ob-
serve the luminescence associated with transitions from
the lowest conduction subband to the highest valence
subband as functions of pressure. When pressure is in-
creased, the lowest conduction-subband states cross over
from I'-like to X-like, while the highest valence subband
states remain [I'-like. Since the overlap between the
conduction-band X-like state and the valence-band I'-
like state is small, we would expect the luminescence in-
tensity to drop off as we increase the pressure past the
crossover point. How quickly the intensity drops off de-
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pends on whether we have a ““crossing’ or an “‘anticross-
ing.”

The difference between I'-X crossing and anticrossing
is illustrated in Fig. 11 where we have plotted the square
of the k-space envelope function [|F,(k,q,g:;/) |2
Jj =W,B] of the lowest conduction-band state at k=0,
qg=0 for the (7,7)- and the (8,8)-(001) GaAs/
Al ;Gag ;As at several different pressures near the cross-
over point. In the (7,7) (anticrossing) case, the wave
function gradually changes from being I'-like (consisting
mainly of components from near k,=0) to X-like (con-
sisting mainly of components from near k, =1), with in-
termediate states being I'-X mixed states. In the (8,8)
(crossing) case, the I'-X crossover is abrupt, with no I'-X
mixing. From this we would expect the luminescence in-
tensity as a function of pressure to drop off gradually for
the anticrossing case, and abruptly for the crossing case.

However, the story is not quite this simple. Recall
that for a given superlattice subband the crossing and
anticrossing patterns are the opposite for ¢ =0 and
g =qmax- Typically we would not be able to isolate these
crossing and anticrossing patterns from each other if the
subbands associated with the states of interest have small
dispersion in the Z direction, so that the states with
different ¢’s in the lowest subband would all be occupied,
giving us a g-averaged luminescence. However, in the
case when the well and barrier thicknesses are ultrathin,
the lowest subband can actually have considerable
dispersion as a function of g. This is illustrated in Fig.
12 where we have plotted the g dispersion curves for the
(7,7)- and the (28,28)-(001) GaAs/Al, ;Gag ;As at k;=0.
As we can see, whereas the lowest subband for the
(28,28) case is virtually dispersionless, the energy
difference between the ¢ =0 and q =q,,, states for the
lowest subband for the (7,7) case is around 250 meV.
This means that in the ultrathin case, we only need to
consider the states near ¢ =0 for luminescence.
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FIG. 11. Square of the k-space envelope function

(| Fa(kq,g:;/)%, j=W,B) of the lowest conduction-band state
at k=0, g¢=0 for the (7,7)- and the (8,8)-(001) GaAs/
Alp 3Gag 7As at several different pressures near the crossover
point. The j =W (well component) is represented by the solid
curve, and the j =B (barrier component) is represented by the
dotted curve.



FIG. 12. q dispersion curves for the (7,7)- and the (28,28)-
(001) GaAs/Alo_3Ga0,7As at kH:O

Figure 13 shows the luminescence for the (7,7) and the
(8,8) superlattices as a function of pressure. The
luminescence is simulated by calculating the square of
the overlap of the envelope functions for the k;=0, ¢ =0
states of the lowest conduction subband and the highest
valence subband. In the (7,7) case, we have I'-X mixing
and the luminescence drops off gradually. For the (8,8)
case, the I' and X states do not mix, and the lumines-
cence drops off sharply. In fact, it drops off to zero
since the lowest ¢ =0 X-well state for the (8,8) case is
odd. This is one way by which the crossing or anticross-
ing dependence on the X-well thickness might be ob-
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FIG. 13. Simulated luminescence for the (7,7)- and the

(8,8)-(001) GaAs/Alp 3Gagp 7As superlattices as a function of
pressure.
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20 : — 7 served. Note that in order to observe this we must have
: A~ samples in which the superlattice well and barrier
19 : = thicknesses are ultrathin, and precise to one monolayer.
d N— C. Dependence on k
'8 So far, we have only looked at states at k;=0. In this
; ; s section we examine the dependence of the superlattice
17 : : oo energy levels on k. In Fig. 14 we plot the energy levels
. of the (28,28)-(001) Al ,sGag 7sAs/AlAs superlattice as
> : : N functions of k,, with k, and ¢ fixed at 0. Again, the
Rl I solid and dashed curves are used to identify the even-
w : : and odd-parity states, respectively. The parity is for
15 reflection about a plane parallel to the interface and
: : P through the well center. The interesting feature of Fig.
: : oo 14 is that, as a result of zone folding, it contains infor-
14 O q O q mation about quantum-well states associated with all
max max three of the X valleys as well as the T valley. To distin-
13 7.7) (28,28) guish the (100), (010), and (001) X valleys we shall refer
k=0 to them as, respectively, the X,, X,, and the X, valley.
[ Note that here X valleys and I' valley refer to the X val-
12 leys of AlAs and the T valley of AlGaAs.

To illustrate how the various X valleys come into play,
in Fig. 15 we plotted the lowest conduction band of bulk
AlAs along the direction of zone folding (2) for fixed
values of k, and k,. The solid curve ranges from
k=(1,0,—1) to (1,0,1), and describes the bulk states that
are folded into the k;=(1,0) superlattice states which
appear on the right-hand side of Fig. 14. This includes
the (100) (X, ) and the (010) X-valley (X, ) states. [Note:
the (010) point is equivalent to the (101) point in k space
because they differ by a reciprocal-lattice vector (111).]
It is interesting to note that the band structure is sym-
metric with respect to the line k, =0.5(27/a). The dot-
ted curve ranges from k=(0,0,—1) to (0,0,1), and de-
scribes the bulk states that are folded into the k,=(0,0)
superlattice states which appear on the left-hand side of
Fig. 14. This includes the X, -valley states.
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FIG. 14. Energy levels of the (28,28)-(001)

Al 25sGay 7sAs/AlAs superlattice as functions of k,, with k,
and q fixed at 0. The solid and dashed curves are used to iden-
tify the even- and odd-parity states, respectively.
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TABLE 1. Effective masses of the I' and X valleys.

[100] mass [001] mass
(dispersion mass) (quantization mass)
X, (100) m; m,
X, (010) m, m,
X, (001) m, m;
I' (000) mr mr

Note from Fig. 15 that the [001] effective mass is
different for the three X valleys. For the X, valley, it is
the (heavier) longitudinal mass m;, and for the X, and
X, valleys, it is the (lighter) transverse mass m,. The
mass along [001] is important because it is the quantiza-
tion mass in the (001) superlattices. The other important
quantity here is the [100] effective mass. The [100] mass
accounts for the dispersion along [100], the direction
along which the band structure is being examined in Fig.
14. The types of effective masses associated with the T
and the X valleys are summarized in Table I.

We are now able to identify the various subbands in
Fig. 14. First of all, we know that the X,-valley states
are folded into the region around k;=(0,0) along with
the I-valley states. If we look at the left-hand side of
Fig. 14, we can see that there are two subbands associat-
ed with the T valley (starting at about 1.7 and 1.86 eV).
The T' subbands are marked by their larger curvature
due to the smaller I'-valley dispersion mass. The other
subbands are associated with the X, valley.

Turning to the right-hand side of Fig. 14 (near
K, =1), we again see two sets of curves. As we have
discussed earlier, both the X,- and X, -valley states are
folded into the region near k;=(1,0). From Table I we
see that X, -valley states have a larger dispersion mass
than the X, valley. We can therefore identify the set of
curves with the smaller curvature as the X, -valley states,
and the other set as the X -valley states.

50

E (eV)

-10 -05 00 05 10
k, (27/a)

FIG. 15. Lowest conduction band of bulk AlAs along the
direction of zone folding (Z) for fixed values of k, and k,. The
solid curve corresponds to (k.,k,)=(1,0), and the dotted
curve corresponds to (ky,k,)=(0,0).

We note that all the X,- and X,-valley states at
k =(1,0) come in degenerate pairs. The X,- and X,-
valley states are in the same quantum well (the X well),
and they have the same quantization mass, so we might
expect them to be degenerate. However, the degeneracy
is not necessary. In Fig. 16 we plotted the band struc-
ture along k, again, keeping the circumstances the same
as in Fig. 14, except changing the layer thicknesses from
(28,28) to (27,27). Note that this time the degeneracy at
k,=(1,0) is lifted. Comparing this band structure with
that in Fig. 14, we note that they are almost identical,
except that the parities of all the X, -valley states have
been reversed. The dependence of parity on layer
thicknesses reminds us of the I'-X crossover in Fig. 5.
And in fact, the explanations in both cases are the same.
Once again, the envelope functions for the k,=(1,0)
states associated with the X, valley are essentially the
particle-in-the-box wave functions as in the case of the
I-valley states, while those associated with the X, valley
[(101) X valley] are particle-in-the-box wave functions
modulated by a phase factor. When the modulating
phase factor is an odd function (Lg even), the X, and X,
states have different parities, and they do not interact.
But when the modulating phase factor is an even func-
tion (Lp odd), the X, and X, states have the same parity
and interact with each other to lift the degeneracy. We
shall call this interaction “X,-X, mixing,” in analogy to
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FIG. 16. Energy levels of the (27,27)-(001)

Aly ,5Gag 7sAs/AlAs superlattice as functions of k., with k,
and q fixed at 0. The solid and dashed curves are used to iden-
tify the even- and odd-parity states, respectively.
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I'-X mixing (hereafter referred to as the I'-X, mixing to
avoid confusion with the X, and X, states). We point
out that both X,-X, mixing and I'-X, mixing can be
seen in Fig. 16. We have chosen the alloy compositions
such that we are at a I'-X, crossover point. In Fig. 14,
the lowest I'-well state and the lowest X-well states at
k”=(0,0) are (accidentally) degenerate. In Fig. 16, the
degeneracy is lifted, giving us I'-X, mixing states at
k,=(0,0).

Another feature that can be seen in Figs. 14 and 16 is
the role of quantization mass. By comparing the energy
levels of the lowest X-well states at k;=(0,0) and
k,=(1,0), which we abbreviate as X'*” and X%, we
see that X'®% is always lower in energy. This is because
X %9 is associated with the X, valley, which has a larger
(001) quantization mass than the X, or the X, valley.
To illustrate this further, in Fig. 17 we plotted the ener-
gy levels of X%9 and Xx'“% for the (N,N)-(001)
Alg ,5Gag 75As/AlAs superlattice as functions of layer
thicknesses N. For comparison %9 the lowest T state,
is also included. We keep the I'-well and X-well widths
the same (Ly =Lg=N) so we can make reasonable
comparisons between the '-well and X-well states. Solid
circles are used to indicate an odd-parity state, open cir-
cles for an even-parity state, and solid squares for a de-
generate pair of even and odd states. Note that, due to
its larger quantization mass, X ‘%% is always lower than
X9 "which is either an X,-X, mixed state (Lz odd) as
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FIG. 17. Energy levels of the lowest I"-well state (I'®%), the
lowest X-well state at k;=(0,0) (X®®), and the lowest X-well
state at  k;=(1,0) (X'"®) for the (N,N)-(001)
Alp 2sGag 75As/AlAs superlattice as functions of layer thickness
N. A solid circle is used to denote an odd-parity state, an open
circle denotes an even-parity state, and a solid square denotes a
degenerate pair of even and odd states.
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in Fig. 16, or an X,,X, twofold-degenerate state (Lp
even) as in Fig. 14. T'(%.0)) as we have mentioned before
in Figs. 2 and 3, is lower than the X states at large N,
but is higher than the X states for small N. Note that
there are some wiggles in the I' curve at small N where
%9 is higher than X%, This is due to the interaction
between the lowest I'-well state and some higher X-well
states. The wiggles in the X'»? curve are due to the
fact that the X,-X, mixing occurs only if Lg is odd. As
we can see, X,-X, mixing is more pronounced at smaller
values of N.

IV. SUMMARY

We have developed an efficient and realistic model for
studying the conduction bands of superlattices made
from indirect-band-gap semiconductors. Using this
model we have made a systematic study of the conduc-
tion bands of the (001) GaAs/Al,Ga;_,As and
Al,Ga,;_, As/AlAs superlattices.

In treating this problem we found that it is convenient
to think of the superlattice as consisting of different
types of quantum wells: I' well for the I'-valley elec-
trons and X well for the X-valley electrons. In the
Al,Ga,_,As superlattices, the I" wells and the X wells
are staggered, with the I' well in the slabs with lower Al
concentration and the X well in the slabs with higher Al
concentration.

A primary objective of ours is to study the confined
states associated with the indirect valleys which are fold-
ed into the reduced Brillouin zone. In the case of the
(001) Al,Ga,_,As superlattices, for instance, we have
the X, valley which is folded into k;=(0,0), and the X,
valley which is folded into k;=(1,0). The envelope
functions of these confined states can be considered as
particle-in-the-box wave functions modulated by a spa-
tially varying phase factor. This phase factor has an im-
portant effect on the property of the envelope function.
At g =0, for example, the modulating phase factor asso-
ciated with the X, and the X, valleys is either an even-
or an odd-paritied function, depending on whether the
width of the X well, Lg, is an odd or an even number,
respectively. Therefore, in this case the overall parity of
the envelope functions is dependent on the thickness of
the X well.

The phase factor is important because it can deter-
mine how the confined states interact with one another.
By appropriately adjusting the alloy compositions or
external hydrostatic pressure, we can bring the confined
states associated with the different conduction-band val-
leys close together in energy to see how they interact
with each other. In our case, the I'-valley states and the
X,-valley states can be brought together at k;=(0,0),
and so can the X, and the X, valleys at k;=(1,0). We
find that ['-X, mixing and X,-X, mixing are similar in
nature. The only difference is that the (100) and the
(010) X valleys have the same quantization mass, while
the T valley and the (001) X valley have different quanti-
zation masses. At q =0, states from different valleys can
mix only if they have the same parity. Since the parity
of the zone-folded states is determined by the X-well lay-
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er thickness, we find that I'-X, and X,-X, mixing is
dependent on the X-well thickness. In addition, we also
found that I'-X, and X,-X, mixing also depend on the
superlattice wave vector g. For instance, if for a particu-
lar superlattice I'-X, mixing occurs at ¢ =0, then the '
state and the X state are noninteracting at ¢ =¢ -

In studying the pressure dependence of the (001)
GaAs/Al,Ga,_, As superlattice, we found that the pres-
sure coefficient of the superlattice states associated with
the I' valley are all smaller than the bulk ap. The
amount that they deviate from the bulk ar depends on
the well width Ly, and the principal quantum number n.
In general, the deviation decreases with Ly and in-
creases with n. This is explained in terms of the depen-
dence of the I'-valley effective mass on the applied hy-
drostatic pressure. The theoretical results obtained with
our model are found to be in good agreement with ex-
perimental values.

One of our findings is that both I'-X, mixing and X, -
X, mixing are enhanced when the layer thicknesses are
small. Our calculation also shows that pressure experi-
ment on high quality samples of superlattices with ul-
trathin layers can offer us a way to observe the depen-
dence of I'-X, mixing on the X-well width.

In conclusion we would like to remark that we have
found the one-band Wannier orbital model to be invalu-
able in our studies of the properties of Al,Ga,_,As su-
perlattices. Its numerical efficiency allows us to generate
data on different aspects of the problem quickly, and its
simplicity makes interpreting the data easy. We believe
this method can be a valuable tool in studying other
types of superlattices as well.

Note added. We would like to direct the readers’ at-
tention to a paper by Jaros and co-workers?® which ap-
peared after our manuscript was submitted. In that arti-
cle the electronic and optical properties of the
GaAs/Al,Ga,_,As superlattice as functions of alloy
composition and hydrostatic pressure are studied using
the pseudopotential method. The results that they
presented are in general qualitative agreement with ours.
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APPENDIX

In this appendix we discuss the details of how the
one-band parameters are obtained, and how they are
modified phenomenologically to account for the effects
of hydrostatic pressure.

1. Fitting one-band parameters

We first derive an expression for E (k) which we use
in fitting the one-band parameters. The bulk band struc-
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ture in the one-band Wannier orbital model is related to
the matrix elements between Wannier orbitals as follows:

E(k)=3 exp(ik-R){O |H |R) , (A1)
R

where R specifies the coordinates of the unit cell in
which the Wannier orbital |R) is located, and O is the
origin. For convenience, in the remainder of this section
we shall write R in units of @ /4, and k in units of 27 /a,
where a is the lattice constant. In these units, R is given
by a triplet of integers (/,m,n).

We define a ‘“‘shell” as a collection of all lattice points
located at equivalent positions relative to the origin [e.g.,
R=(2,2,0) and R'=(0,—2,2) are on the same shell].
We label the shells by the index i, and specify the ith
shell by the triplet (/;,m;,n;), the coordinates of a lattice
point on the ith shell. In our calculations 21 shells are
used. A listing of (/;,m;,n;) is given in Table II. Note
that even though (6,6,0) and (8,2,2) are equidistant from
the origin, they are considered to be on two separate
shells.

Due to the symmetry of the Wannier orbitals, if R
and R’ are on the same shell, then (O|H |R)
=(O|H |R’'). We can therefore use a single number
C; to denote the matrix element (O |H |R'"), where
R could be any lattice point on the ith shell. For con-
venience, we refer to the C;’s as the one-band parame-
ters. By grouping the terms involving R’s on the same
shell together in Eq. (A1), we can write E (k) as

E(k)=3 C;S;(l;,m;,n;;k) , (A2)

where summation index i runs over the shells, and S, is
the “shell structure factor” associated with the ith shell:

S;t;,mi,n;; k)= > exp(ik-R) . (A3)
R E€ith shell
It can be shown that S; is given by
N,
Si(l,m,n;k)z?lEF(P(I),P(m),P(n);k), (A4)
P

where N; is the number of points in the ith shell, and the
sum is taken over all permutations (P) of (/,m,n). Fis
given by

v

F(l,m,n;k)=cos >

Iklg cos (mk, cos

ki L | .
n 32’
(AS5)

Equation (A2) is used in our band-structure fitting
procedure. In fitting the band structure, one of the most
critical quantities is the I'-valley effective mass m. It
can be shown that the I'-valley effective mass is given by
2

m
2 S CN(I}+m2+n?), (A6)

1

ap

a

mr J—‘ 96Ry

where Ry is the Rydberg constant, m, is the free-
electron mass, and a, is the Bohr radius.



Where necessary, the E (k)’s are adjusted slightly to give
better agreement with known experimental values. A
search in the parameter space {C;} is then conducted to
find the set of one-band parameters which, when used in
Eq. (A2), yields the band structure which most closely
approximates the adjusted pseudopotential band struc-
ture. In the fitting process, more weight is given to the
points with lower energies since the superlattice states of
interest come mainly from bulk states in this energy
range. Also, heavy emphasis is placed on obtaining a
good fit to the I'-valley effective mass.

The one-band parameters for GaAs and AlAs are list-
ed in Table II. The pseudopotential form factors for
GaAs and AlAs used in band-structure fitting are taken
from Caruthers and Lin-Chung.?®

2. Pressure effects

In treating the effects of hydrostatic pressure we try to
account for the changes in the energies of the I', X, and
L valleys and the change in the I'-valley effective mass
by modifying the values of the one-band parameters.
The pressure-induced changes in energy at the I', X, and
L points are given by
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TABLE II. Al,Ga,_,As one-band coefficients for x =0, 0.5, and 1. Coefficients for other composi-
tions are obtained from values given here by quadratic interpolation. The onsite energy (C,) listed in
this table are adjusted to give E(k=0)=0. For use in superlattices, the offset of
1.425+Q.(1.155x +0.37x?) eV should be added to the onsite values."
Shell index R? , C,((O|H |R)) (eV)
i % [ [% N, GaAs Al sGag sAs AlAs
1 (0,0,0) 0 1 3.0864 3.2219 3.4322
2 (2,2,0) 8 12 —0.0297 —0.0033 0.0309
3 (4,0,0) 16 6 0.0064 —0.0467 —0.0989
4 (4,2,2) 24 24 0.0492 0.0206 —0.0163
5 (4,4,0) 32 12 —0.1212 —0.1099 —0.1065
6 (6,2,0) 40 24 0.0012 0.0105 0.0256
7 (4,4,4) 48 8 —0.0216 —0.0137 0.0015
8 (6,4,2) 56 48 0.0110 0.0269 0.0483
9 (8,0,0) 64 6 0.0819 0.0060 —0.0775
10 (6,6,0) 72 12 —0.0528 —0.0741 —0.0946
11 (8,2,2) 72 24 —0.0252 0.0014 0.0356
12 (8,4,0) 80 24 0.0053 0.0279 0.0497
13 (6,6,4) 88 24 0.0079 —0.0014 —0.0175
14 (8,4,4) 96 24 0.0041 0.0027 0.0032
15 (8,6,2) 104 48 0.0041 —0.0136 —0.0376
16 (10,2,0) 104 24 —0.0016 —0.0203 —0.0478
17 (10,4,2) 120 48 —0.0029 0.0030 0.0094
18 (8,8,0) 128 12 —0.0388 —0.0154 0.0112
19 (8,6,6) 136 24 —0.0199 —0.0013 0.0191
20 (10,6,0) 136 24 —0.0094 0.0007 0.0173
21 (8,8,4) 144 24 0.0014 —0.0124 —0.0259
The band-structure fitting procedure is as follows: Er(P)=Er(0)+arP , (A7a)
First, E(k) at 60 point along the path
L-T-X-U-L-W-K-T-W-X in the Brillouin zone Ex(P)=Ex(0)+axP, (A7b)
is computed by using the pseudopotential method. E; (P)=E;(0)+a,P , (A7c)

where P is the pressure, and the a’s are the bulk pres-
sure coefficients associated with the three conduction-
band valleys. Note that we have assumed that the
valence-band tops of the well and the barrier materials
do not move relative to each other as a function of pres-
sure. In other words, the pressure changes in the band
gaps have been completely assigned to the conduction
band. This assumption is in good agreement with recent
first-principles calculations by Van de Walle and Mar-
tin?’ which showed that in AlGaAs heterostructures the
pressure-induced change in the difference of the
valence-band tops (AE,) is more than an order of mag-
nitude smaller than the change in the band-gap
difference (AE, ).

The change in the I'-valley effective mass, as described
in Sec. III B, is given by

my C
Mo .
me(P) T Ep(P)

(A8)

The procedure we use to modify the one-band parame-
ters to account for these changes involves two steps.
First we scale all the parameters by the pressure depen-
dent factor f(P):
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C/=f(P)C; , (A9a) In addition, we have to ensure that whatever new

m (P =0) changes we now make in the one-band parameters do
f(P):r___ (A9b) not disturb the already correct mp(P). This is done by
mr(P) modifying the scaled parameters associated with the four

As we can easily verify by using Eq. (A6), the scale pa-
rameters {C/} give us a band structure with the desired
mp(P). In fact, as we can see from Eq. (A2), the entire
band structure is now scaled by a factor of f (P).

We next try to simulate the changes in I, X, and L.
We note that by scaling the one-band parameters we
have modified the energies of I', X, and L. These
changes must be compensated for in addition to the
pressure-induced changes. Therefore, we now need to
modify the scaled one-band parameters to affect the fol-
lowing changes in the I', X, and L energies:

AT =arP +[1—f(P))Er(P =0) , (A10a)
AX =ayP +[1—f(P)]Ex(P =0) , (A10b)
AL =a; P +[1—f(P))E.(P=0) . (A10c)

smallest shells (C},C5,C3,C;). It can be shown that
the proper changes that need to be made are

AC1=(6 AT +18AX +24 AL)/49 , (Alla)
ACy}=(5AT—3AX —-2AL)/49 , (A11b)
AC3=(1AT+3AX —4AL)/49, (Alle)
ACy=(—1AT+1AL)/49 . (A11d)

We mention that the reason we did not simulate the
changes in the I', X, and L energies and m by modify-
ing the one-band parameters associated with the four
smallest shells alone is that it would give us grossly dis-
torted band structure in the rest of the Brillouin zone
even at moderate pressures. The procedure that we used
avoids this problem.
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