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We have used our pseudopotential scheme to calculate electronic and optical properties of GaAs-
Al,Ga,_, As superlattices and multiple-quantum-well structures as a function of alloying (O<x < 1),
hydrostatic pressure (0—50 kbar), and band offsets. We have obtained a full description of the elec-
tronic states both near the band edges and well into the range of energies above the confining bar-
riers. In particular, we have shown how alloying can be used to mix I'-like states with X-like states.
Such mixing can lead to dramatic changes in the rapidly varying parts of the superlattice wave func-
tions and alter appreciably the observable optical properties associated with such states. We also
show that similar effects can be produced by the application of hydrostatic pressure. The electronic
structure and optical properties of periodic structures with GaAs layers of width up to 102 A and
Al,Ga,_,As layers of width up to 514 A have been studied. We show how mixing in wave-vector
space between confined states and between confined states and extended bulk Bloch states leads to
changes in observable properties, some of which can be exploited in order to determine band offsets.
A representative set of data on the pressure dependence of optical spectra is used to make a compar-
ison between theoretical and experimental results.
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I. INTRODUCTION

Semiconductor superlattices are periodic structures con-
sisting of at least two semiconductors, e.g., GaAs and
Al,Ga;_,As, arranged in alternating layers. The periodic
spatial modulation results in a system which has a low ef-
fective dimensionality and, as a result, electronic and opti-
cal properties which are different from those associated
with bulk crystals. It has been shown that the electronic
states confined in GaAs by “barrier” layers of direct
(x <0.35) Al,Ga,_,As, which is well lattice-matched to
GaAs, can be modeled in terms of effective potentials
which are microscopically smooth and which originate
from spatially dependent zone-center band edges.""> More
detailed calculations have confirmed that the predictions
of the particle-in-a-box model are basically correct.?
However, a complete picture of the electronic structure in
the energy range above the confining (I'g) barrier cannot
be obtained within such a framework because the rapidly
varying Bloch component of the total (superlattice) wave
function and its changes at the interfaces are totally ig-
nored. Such an assumption cannot be justified for cases
in which Al,Ga;_,As is indirect or for cases in which the
confined states are dominated by secondary-conduction-
band minima lying close to the X and L points of the bulk
Brillouin zone.

Until the formulation of our pseudopotential method,
no scheme was able to give a complete* and accurate’
description of the electronic and optical properties of su-
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perlattices in all interesting ranges of energy. Even the
most accomplished methods based on the tight-binding
formalism®” include only nearest-neighbor parameters
and consequently misrepresent the symmetry properties of
states associated with secondary-conduction-band valleys.
Our pseudopotential method is particularly useful for
modeling structures in which crossing occurs between
states derived from the center (I') and edges (X) of the
bulk Brillouin zone. Such crossings may occur as a result
of changes in alloy composition or changes in the widths
of the layers® or may be induced by the application of hy-
drostatic pressure. Accordingly, we have made parallel
theoretical and experimental studies of structures whose
electronic structure is dominated by mixing between
zone-center- and zone-edge-related states. In our first re-
port,” in which experimental methods and results were
emphasized, we presented pressure-dependent optical
spectra for several multiquantum well structures. In par-
ticular, we showed that high-pressure techniques can be
used to give a direct optical determination of band offsets
in the GaAs-Al,Ga,_,As system. The present study is a
complementary report in which theory is emphasized, al-
though we make a direct comparison with representative
experimental results in order to illustrate the way in
which our predictions can be used in order to interpret ex-
perimental data. We hope in this study to provide a con-
ceptual and factual basis for a more wide-ranging and
comprehensive comparison between experimental and
theoretical results which we intend to provide in our fu-
ture publications.
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II. METHOD

The direct lattices of GaAs and AlAs have the zinc-
blende structure which may be considered as two face-
centered cubic (fcc) structures displaced from each other
by one-quarter of a body diagonal. The T,; symmetry as-
sociated with these bulk crystals is lowered when a super-
lattice is formed by alternating layers of, say, GaAs with
layers of, say, AlAs in a particular direction. For exam-
ple, the (GaAs),(AlAs), (001) superlattice formed by al-
ternating in the [001] direction u# monolayers of GaAs
with v monolayers of AlAs has the simple tetragonal
structure with space-group symmetry D}, (P42m) for the
case of even (u +v) and space-group symmetry D;,lj
(I42m) for the case of odd (u +v). In this paper, we de-
fine a monolayer to comprise one layer of anions plus one
layer of cations and so the width of such a monolayer in
the [001] direction is A/2, where A is the bulk lattice con-
stant. We shall also restrict ourselves to the case of super-
lattices with even (u +v) and so to superlattices with
period D = A (u +v)/2.

The conventional unit cell of the fcc lattice has to be
enlarged in the direction parallel with the superlattice axis
in order to include one complete layer of GaAs and one
complete layer of AlAs. This enlarged unit cell is then re-
peated indefinitely in all directions in order to form the
complete (infinite) superlattice crystal. In Fig. 1(a) we
show a set of primitive translation vectors a’ for the fcc
lattice and a set of primitive translation vectors a for a
(001) superlattice with period D =LA, where L
=(u +v)/2. For simplicity, although this need not be a
constraint, we have neglected the small difference in lat-
tice constant between GaAs and AlAs. From Fig. 1(a),
the primitive translation vectors of the fcc lattice are

and the primitive translation vectors b’ of the reciprocal
lattice to the fcc lattice are

b =G, —3.k)27/4 ,
b,=0G,3, —k)27/4 , (2)
bi=(—1,j,k)27/4 .

In the case of the superlattice, the primitive translation
vectors are

a,=(,-73,04/2,
a,=(1,3,0)4/2 , (3)

a;=(0,0,k)LA ,

and the primitive translation vectors b of the reciprocal
lattice to the superlattice are

b=, —,027/4 ,
b,=(1,3,02m/4 , @)
b;=(0,0,k)27 /LA .
A general bulk reciprocal lattice vector (RLV) is written
G=h'bj+k'by+1'b;
=Q2w/ANh' +k'—I',—h'+k'"+1I',h'—k'+1') (5)
and a general superlattice RLV is written
g=hb;+kb,+Ib;
=Q2m/A)h +k,—h +k,1/L) . (6)

We note that & +k and k —h are either both even or both
odd. Expressions for g in terms of the b’ and expressions
for G in terms of the b can be obtained through simple
algebra. The important point to note is that the primitive
RLYV’s for the bulk crystal and for the superlattice cannot
be the same. The volume of the unit cell of the superlat-
tice is Qg =2LQp, where Qp=A43/4 is the volume of
the unit cell of the fcc lattice.

In Fig. 1(b), we show the first Brillouin zone (BZ) of the
(GaAs)(AlAs); (001) superlattice labeled with the line
and points of high symmetry which are of particular in-
terest in this work. The relationship between this BZ and
the BZ of the fcc lattice [see Fig. 1(c)] is shown in Fig.
1(d). As the period of the superlattice increases, the
height (along k,) of the superlattice Brillouin zone (SBZ)
decreases and the number of times the bulk energy bands
have to be “folded” in order to be contained within the
SBZ also increases. For example, in the case of the
u =v =1 superlattice, the bulk bands need only be folded
in half. We should add, however, that a superlattice
comprises at least two different materials and so the con-
cept of band folding must not be taken too literally. Since
the number of atoms and therefore the number of valence
electrons contained within the superlattice unit cell is 2L
times the number of atoms contained within the bulk unit
cell, there are 2L times as many energy levels in the SBZ
as in the bulk Brillouin zone (BBZ).

A. Bulk crystals

We write the one-electron pseudopotential Hamiltonian
for the bulk crystal (e.g., GaAs) as

Hy=—5V>+V,(r) %)
where

Vo (r=V(r)+Vg(r) (8)
and

Vr(r)= 3 (E—E,) |b,){b,| . )

t

V(r) is the true crystal potential and | b,) is a core state
with energy E,. The term Vj involving the core states is
an effective repulsive potential and so the matrix elements
of ¥V, are correspondingly smaller than those of V. Ignor-
ing the effects of nonlocality, the pseudopotential V,(r)
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fcc lattice -

a/ =(1,01) A2
a; = (1,1,0) Al

ai =(0,1,1) A2

superlattice :

a, = (1,4,0)A
a, = (1,1,0)A/2
as = (0, 0, L)A

(b) ke

FIG. 1. (a) Diagram showing a set of primitive translation vectors a’ for the face-centered cubic (fcc) lattice and a set of primitive
translation vectors a for an (001) superlattice with period D =L A4 (see text). (b) Brillouin zone for a (GaAs),(AlAs), (001) superlattice
labeled with the line and points of high symmetry which are of particular interest in this work. (c) Brillouin zone for an fcc lattice.

(d) Diagram showing the relationship between the Brillouin zones in (b) and (c).
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can be regarded simply as a superposition of local, spheri-
cally symmetric atomic pseudopotentials.

For the zinc-blende crystal, the Fourier transform of
the pseudopotential may be written as a Fourier sum over
RLV’s G

Vo(r)= 3 Vi (G)eST, (10)
G
=3 3 SJGIVE(GOT, (11)
G atomic
species,a

where V7(G) represents the Fourier transform of the
atomic pseudopotential at wave vector G. The structure
factor S(G) gives the locations of the atoms within the
unit cell;

S(G)=3e N, (12)

R.

J
where R; is a basis vector to each atom j. The crystal
states ¢ are expanded in terms of plane waves and the
1

coefficients of the expansion are determined by requiring
that these states satisfy the Schrédinger equation

Hop=(—3V>+V,)¢=Eo (13)

with eigenvalues E.

In fitting the pseudopotential form factors to experi-
mental values of band gaps, we retain only the three
lowest independent symmetric and antisymmetric Fourier
coefficients which are permitted by symmetry for the
zinc-blende crystal. Higher-order Fourier coefficients are
neglected on the grounds that the pseudopotential is
smooth even into the core regions where the strong repul-
sive and attractive parts of the true potential nearly cancel
(see, for example, Refs. 10 and 11) and so we set
V(| G|)=0 for | G |*> 16, with G measured in units of
2w/ A.

The effects of spin-orbit coupling are incorporated us-
ing an extension!? of the method introduced by Weisz.!?
The eigenfunctions ¢,,, and eigenvalues E,,; of H,, such
that Hod,s =E,®nks are generated by diagonalizing the
matrix

||{%K2_EnkslaG,G’as,s’+ VL( ]G_G, | )Bs,s‘+ SS,CS),(KaK’)H:O ) (14)

where n is the band index, G is a bulk reciprocal lattice
vector, wave vector K=k+G, s and s’ are spin states,
and V; and Vg are the local and spin-orbit coupling
terms.

Since each Bloch function ¢,,(r) is defined only to
within an arbitrary phase factor, the ¢,,(r) are made real
and positive at r=0. The ¢,,,(r), expanded in terms of
plane waves

Snis ()= @, (G,s)e! k+C)T | 5) (15)
G

are normalized so that
<¢n’k's’ | ¢nks>:6n',n8(kl_k)6s',s . (16)

The effect of hydrostatic pressure (HP) on the electron-
ic and optical properties of zinc-blende semiconductors is
linked directly to the changes induced in the interatomic
distances. These changes lead to changes in the charge
distributions of the covalent bonds and consequently af-
fect all of the important parameters by which these struc-
tures may be characterized. The most important of these
parameters are principal energy gaps, effective masses,
and oscillator strengths. It is these which play the major
role in most descriptions of the optical and transport
properties of semiconductors.'* Changes in the energy
gap due to variations in HP are usually determined by
measuring the variation in the photon energy at which the
absorption edge reaches an arbitrary level. Provided that
complications with the shape and intensity of the absorp-
tion edge are not encountered, the accuracy of such
derivative measurements is likely to be greater than the
accuracy of absolute measurements of energy gap.'’
However, no experimental method exists to determine the

[

deformation of the E (k) surface with pressure. Various
band structures have been proposed for GaAs and AlAs
using the empirical pseudopotential method (EPM).!6—1°
However, in order to reproduce band structures which
give principal energy gaps for hydrostatic pressures up to
at least 50 kbar and which are in as good agreement as
possible with experiment, new form factors have been fit-
ted for both GaAs and AlAs. The form factors for GaAs
are shown in Table I(a) and the form factors for AlAs are
shown in Table I(b). For simplicity, although this need
not be a constraint, we have assumed that, at any given
pressure, GaAs and AlAs have the same (averaged) lattice
constant. The lattice constant 4 at any pressure P is cal-
culated using the Murnaghan equation of state®®

By

B
9 —1

Vo
= B

4

P

) (17)

where B, is the bulk modulus at P=0 and B is the
derivative of B, with respect to P. We use a value of
5.654 A for A, and values of 0.754 Mbar and 4.49,
respectively, for B, and B;.?! For simplicity, we shall
refer to atmospheric pressure as O kbar. The principal en-
ergy gaps of GaAs have been fitted to the recent experi-
mental data of Wolford and Bradley;?? the calculated and
experimental values are compared in Table I(c). The cal-
culated crossing of the 'y and X§¢ levels occurs at 41.5
kbar. We note that the variation of the band gaps are
linear with pressure, consistent with linear deformation-
potential theory.?*> This is in contrast with the earlier
measurements of Welber er al.?* A recent study has
shown that the negative pressure coefficient in GaAs of
the X¢ point with respect to I'y is attributable to high-
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TABLE I. Table giving the pseudopotential local form factors (in atomic units) and lattice constant (in atomic units) for (a) GaAs
and (b) AlAs for hydrostatic pressures from atmospheric (0 kbar) to 50 kbar. The only nonzero form factors are the symmetric (S)
form factors for g>=3, 8, and 11 and the antisymmetric ( A) form factors for g?=3, 4, and 11 (with wave vector ¢ in units of 27/4).
The calculated energies of the principal symmetry points (I',X and L) in the lowest conduction band of GaAs and AlAs are given in
(c) together with (in parentheses) recent experimental data (Ref. 9 and references therein).

(a)

Lattice GaAs
Pressure (kbar) constant (au) S3 S8 S11 A3 A4 All
0 10.683 —0.11980 0.006 30 0.03000 0.03500 0.02500 0.005 00
10 10.637 —0.11986 0.00703 0.03046 0.03530 0.02521 0.004 85
20 10.594 —0.11988 0.007 75 0.03093 0.035 60 0.02542 0.004 70
30 10.553 —0.11985 0.008 47 0.03139 0.03590 0.02563 0.004 55
40 10.515 —0.11975 0.009 18 0.031 85 0.036 20 0.025 83 0.004 40
50 10.478 —0.11965 0.009 88 0.03232 0.03651 0.026 04 0.004 25
(b)
Lattice AlAs
Pressure (kbar) constant (a.u.) S3 S8 S11 A3 A4 All
0 10.683 —0.11537 0.01271 0.03500 0.03625 0.03125 —0.00375
10 10.637 —0.11549 0.01351 0.03546 0.036 55 0.03146 —0.00390
20 10.594 —0.11552 0.014 31 0.03593 0.036 85 0.03167 —0.00405
30 10.553 —0.11554 0.01510 0.036 39 0.03715 0.03188 —0.004 20
40 10.515 —0.11546 0.01588 0.036 85 0.03745 0.03208 —0.004 35
50 10.478 —0.11538 0.016 65 0.03732 0.03776 0.03229 —0.004 50
(c)
Pressure (kbar) g (eV) X5 (eV) L§ (eV)
0 GaAs 1.523 (1.522) 2.012 (2.010) 1.846 (1.840)
AlAs 3.020 2.290 2.661
10 GaAs 1.629 (1.629) 1.997 (1.997) 1.884
AlAs 3.127 2.277 2.701
20 GaAs 1.737 (1.737) 1.984 (1.984) 1.924
AlAs 3.235 2.263 2.741
30 GaAs 1.844 (1.844) 1.970 (1.970) 1.962
AlAs 3.342 2.250 2.782
40 GaAs 1.951 (1.951) 1.956 (1.956) 2.001
AlAs 3.449 2.236 2.821
50 GaAs 2.058 (2.058) 1.943 (1.943) 2.041
AlAs 3.556 2.223 2.862

energy d states which depress the X minima.?®

Unfortunately, only limited data are available on the
band structure of AlAs at atmospheric pressure and, to
the best of our knowledge, no experiments under HP have
been reported for AlAs. We have based the direct and in-
direct gaps of AlAs at atmospheric pressure on data avail-
able in Refs. 26—28 and have assumed that the pressure
coefficients of the principal energy gaps are the same as
those for GaAs. The calculated energies of the principal
symmetry points in the lowest conduction band of AlAs
are shown in Table I(c). Where necessary, we use the
form factors in Table I and the virtual crystal approxima-
tion in order to model the band structure of the alloy
Al,Ga,_,As.

In Fig. 2(a), we show the lowest conduction band of
GaAs (solid curve) and AlAs (dashed curves) between I'
and X=(0,0,1)27/A4 at atmospheric pressure. The AlAs

conduction band has been shown for the cases in which
85% and 60% of the difference between the band gaps in
Table I at I' of GaAs and AlAs is taken up as the discon-
tinuity between the two I'g levels. These two band offsets
will be considered as limiting cases throughout this paper.
We shall refer to the lowest conduction band as CB1; oth-
er bands to which reference will be made are (i) the split-
off band; VB2, (ii) the light-hold band; VB3, (iii) the
heavy-hole band; VB4, and (iv) the second conduction
band; CB2. Since spin-orbit coupling has been included,
each of the bulk bands is doubly degenerate.

In Fig. 2(b), we show how the lowest conduction band
in the band structure of GaAs is deformed as HP is in-
creased from O to 50 kbar. It can be seen that as HP is in-
creased, the principal minimum at ' moves up in energy
and the secondary minimum near X moves down in ener-
gy. It should be noted that the secondary minimum does



35 EFFECTS OF ALLOYING AND HYDROSTATIC PRESSUREON . .. 1201

not lie exactly at the edge of the BZ (see Fig. 2). Apart
from studies such as those by Carter et al.,”® there ap-
pears to be no experimental information in the literature
on the position, depth, or width of the camel’s back in ei-
ther GaAs or AlAs. The significance of this feature in
the bulk band structures will be discussed later within the
context of superlattice band structures.

(a)

-——- AlAs
RN —— GaAs

energy (eV)

85:15 offset

60: 40 offset

wave vector, k

(b)

kbar
- 50

— 40

- 30

1.7 - 20

energy (eV)

- 10

15F pé

wave vector, k

FIG. 2. (a) The lowest conduction band of GaAs (solid curve)
and AlAs (dashed curves) along the A line between I' and
X =(0,0,1)2r/A4 at atmospheric pressure. The AlAs conduc-
tion band has been shown for the cases in which 85% and 60%
of the difference between the band gaps at I in Table I of GaAs
and AlAs is taken up as the discontinuity between the two I'g
levels. (b) Variation with hydrostatic pressure of the lowest con-
duction band of GaAs between I' and X =(0,0,1)27/A4. Hy-
drostatic pressure of O kbar is used to denote atmospheric pres-
sure. The crossing of the ['§ and X§ levels occurs at 41.5 kbar,
in accordance with the experimental data of Wolford and Brad-
ley (Ref. 22).

The effective mass m™ of the ground electron state at
I' as a function of HP has been calculated using the ex-
pansion’®

1 | eM,, 1 2
=142 —_—, 18
=1+ ? E. _E, (18)
n#n'

where e is a unit vector lying in the [001] direction,
M,,=(d, | §|¢,,l) is the momentum matrix element
with P=—iV the momentum operator and ¢, the bulk
Bloch function belonging to band n. In Table II, we show
our calculated values of m* and pressure coefficient
Mp=(1/m*)(dm*/dP); where possible, comparison has
been made with other values in the literature.!” 183137

B. Superlattices

The superlattice is viewed as a host crystal in which
monolayers are periodically substituted with a different
material. We expand the superlattice wave function ¥ on
a complete set of host-crystal eigenfunctions in the
reduced-zone representation

1
V=" 3 Ausbus (19)

nk,s

and write the superlattice Schrodinger equation
(Hy+V)W=EV . (20)

The dependence of ¥ on k within the SBZ is implicit.
The term V represents the difference in potential at all
relevant sites between the atoms of the host crystal and

TABLE II. Table showing calculated and experimental
values for the effective mass m* and the pressure coefficient
Mp=(1/m*)(dm* /dP) for the electron state at I'j. The units
of m* are m, and the units of Mp are Mbar—'.

Other calcu- Experimental
This work lated values values
GaAs m* 0.0772 0.075% 0.0648¢
0.067° 0.067¢
0.078°
Mp 5.44 6.8+0.3f 7.08
6.58
AlAs m* 0.143 0.110%
0.22°
0.15"
0.15'
Mp 2.11

2Braunstein and Kane, Ref. 31.
YLawaetz, Ref. 32.

‘Neumann et al., Ref. 17.
dChamberlain and Stradling, Ref. 33.
¢Vrehen, Ref. 34.

{Christensen, Ref. 35.

EPitt et al., Ref. 36.

hStukel and Euwema, Ref. 37.

iHess et al., Ref. 18.



1202 GELL, NINNO, JAROS, WOLFORD, KEUCH, AND BRADLEY 35

the atoms which are substituted in their place. The set of
k points included in the expansion of W is determined by
the periodicity of the superlattice and is therefore unique.
Multiplying Eq. (20) from the left by (1/V'Q)é,s and
integrating over the volume of the crystal, we are left with
a set of linear equations

1

An’k’s’(En'k's'_E) + Q

2 Ankx(‘bn’k’s’ 1 vV | ¢nks > =0,

nk,s

2n

the solutions of which are obtained by direct diagonaliza-
tion. For the remainder of this paper, we shall, for sim-
plicity, drop the subscript s used to denote the spin vari-
able.

It should be noted that we are solving an integral equa-
tion and so avoid the necessity of imposing
boundary conditions for the matching of wave functions
(see, for example, Refs. 38—41).

Since a complete atomistic description of the superlat-
tice is used, the full space group of the superlattice is au-
tomatically included and so results consistent with group
theory are obtained.

III. SUPERLATTICES: RESULTS AND DISCUSSION

A. Numerical aspects of the calculations

In this section we consider the convergence properties
of our pseudopotential method and the numerical uncer-
tainties involved in the calculation of (superlattice) elec-
tronic states. Since the electronic states are expanded in
terms of functions which are closely related to the “Bloch
waves” of the superlattice system, the secular matrices
which have to be solved have smaller dimensions com-
pared with a direct band-structure calculation using a
plane-wave basis set. Besides having the proper behavior
at the host-atom sites, the basis functions closely resemble
the true solutions at the substitute-atom sites. Since the
method of calculation is one in which energy levels are
calculated with respect to some reference levels, i.e., the

energy levels of the host crystal, the errors are much
smaller than those, about 100 meV, normally encountered
in supercell (large-unit cell) calculations in which all ener-
gies are calculated on an absolute scale.

In the present calculations, the worst possible errors are
those associated with the calculation of the band structure
of one material, e.g., AlAs, having expanded the (superlat-
tice) states W in terms of the Bloch functions of another
material, e.g., GaAs. Since AlAs is an indirect gap ma-
terial and GaAs is a direct gap material, the calculation of
the band structure of, say, AlAs from the band structure
of GaAs represents an especially difficult test of numeri-
cal accuracy. Another feature of this calculation is that
the potential associated with every atom in the unit cell is
changed, which is in contrast with the usual superlattice
calculation in which the potential associated with only
some of the atoms may be affected. It is this particular
calculation which we shall consider in detail.

We expand ¥V in terms of five bands, (VB2, VB3, VB4,
CB1, and CB2) of GaAs at I',X. The fact that each band
is two-fold spin degenerate is implicit. The offsets used in
the calculation are the so-called 60:40 offsets in which
60% of the difference in band gaps at I'{ between GaAs
and AlAs is taken up as the offset in the conduction band.

In Table III(a), we show the energies at I',X of GaAs
and the calculated and expected energies at I',X of AlAs
for the case of 60:40 offsets. The numbers obtained by ex-
panding W on the eight lowest bands in the band structure
of GaAs are very similar to those shown in Table IIl(a).
We note that at least 65 waves must be used in the expan-
sion of each host-crystal state. It was found that no nu-
merical advantage was obtained by using double rather
than single-precision arithmetic. From Table III(a), it can
be seen that the maximum error associated with the calcu-
lation of an AlAs level at I" or X is about 50 meV and
that this pertains only to the levels in the conduction
band. In the case of 60:40 offsets, the error in the calcu-
lated energy of the X§ (AlAs) level is 47 meV but this
reduces almost linearly with decreasing alloy concentra-
tion x. The error in the calculation of the valence-band
levels of AlAs is very small, a reflection of the usual rig-

TABLE III. (a) Table showing energies in eV at I', X of GaAs and the calculated and expected ener-
gies at [', X of AlAs for the case of 60:40 offsets. The energy levels of AlAs have been calculated by ex-
changing every GaAs monolayer in the host crystal with an AlAs monolayer. (b) Table showing ener-
gies in eV which are analogous to those in (a) for the case in which AlAs is used as the host crystal.

AlAs (output)

Level GaAs (input) expected obtained difference
6 1.523 2.421 2.473 0.052
| B 0.108 —0.502 —0.490 0.012
| —0.226 —0.798 —0.790 0.008
& 2.012 1.691 1.738 0.047
GaAs (output)
Level AlAs (input) expected obtained difference
| I3 2.421 1.523 1.582 0.059
X6 1.691 2.012 2.053 0.041
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idity of valence bands calculated within the empirical
pseudopotential scheme (see, for example, Ref. 16).

On the basis of the results shown in Table I1l(a), we
suggest that any significant errors involved in the calcula-
tion of states in GaAs-Al,Ga;_,As (001) superlattices are
associated only with the states in the conduction band.
The error associated with states in the valence band is
likely to be no more than 1—3 meV. In the remainder of
this discussion on convergence properties and numerical
uncertainties, we shall therefore be concerned only with
conduction-band states; this will be assumed implicitly.

Depending on the sensitivity of particular superlattice
states to the band offset, the errors associated with such
states may be much smaller than about 50 meV. For ex-
ample, the error in the energy of the ground conduction
I'-related bound state in a GaAs-Al,Ga;_,As (001) su-
perlattice with x <0.4 may be less than about 2 meV since
the I'§ barrier is itself no more than about 400 meV in
height. Also, since the camel’s back structure near X
traps at least one pair of bound states for layers of width
greater than about 30 A (e.g., Ref. 8), the error associated
with the position of such states within the camel’s back
can be no more than about 4 meV. In such cases where
two or more levels are almost degenerate, the computer
may return linear combinations of the true wave func-
tions. Physically meaningful quantities such as charge
densities and optical matrix elements are necessarily sums
over the relevant degenerate states.

It should be noted that if AlAs Bloch states are used in
the expansion of W, the typical errors shown in Table
III(a) will correspond to the energies of GaAs levels. In
order to illustrate this, we show in Table III(b) the results
of a calculation using 60:40 offsets in which the energies
of the ' and X§ levels in CB1 of GaAs are calculated us-
ing expansions in terms of I" and X states of AlAs. It is
important to realize that, although the energy of a given
superlattice state may have an error of between 1 and 50
meV, both the magnitude and the sign of this error can
nearly always be determined using information such as
that given in Table III. The uncertainty in any given en-
ergy level is therefore much smaller than would on first
inspection be expected from the data given in Table III.
In order to obtain the best results for a given superlattice,
it is helpful to choose a basis set which gives rise to the
least numerical uncertainty for those superlattice states
which are of particular interest.

In order to change the relative alignment of the two
bulk band structures (to give either an 85:15 or a 60:40
offset), different analytic fits to the empirical pseudopo-
tential form factors have been used. In reality, the actual
offset is influenced by transfer of charge between the two
materials which takes place in a narrow region at the in-
terface. Such an effect, notoriously difficult to establish
quantitatively,*? has its origins in both small and large
wave vector (g) components of the potential. We tem-
porarily circumvent this problem by adjusting only the
small g components of the potential, an approximation
which will be examined in detail in subsection C.

We have carried out a series of tests which show that,
for superlattices in which the layer widths are greater
than about 30 A, any uncertainty in the potential at wave

vectors lying far from the bulk RLV’s is immaterial and
that smooth truncation of the potential at about
q*=6477/A% leads to results which are effectively
stable;*** the case of ultrathin layers is more complicated
and has been described elsewhere.® In addition to the
component of the superlattice potential at the bulk RLV
with ¢=0, it is the Fourier components at and clustered
around the bulk RLV’s which play the leading role in
determining the charge densities. It is for these reasons
that self-consistency does not appear to be a stringent re-
quirement for the calculation of the electronic and optical
properties of superlattice structures whose layers comprise
a few or more lattice constants. Charge redistribution be-
tween the layers is restricted to a narrow region at the in-
terfaces and the resultant sheet of redistributed charge
controls an effectively sharp step in potential. Our pseu-
dopotential method can therefore be used to fit transition
energies from experimental data to within a few meV
despite the uncertainties in the long-wavelength Fourier
components of the superlattice potential.’

B. Basic electronic structure

It is instructive to see how the confined states are
directly related to the bulk Bloch states on which they are
expanded and how their properties depend on the constit-
uent materials of the superlattice. We consider a superlat-
tice with 60:40 offsets of period D=274 comprising
(GaAs,51 A/ALGa;_,As,102 A; 0<x <1.0). Specifical-
ly, the GaAs layer comprises 18 monolayers and the alloy
layer comprises 36 monolayers. We expand WV at I'sgz in
terms of GaAs Bloch states. The states which are includ-
ed in W are those belonging to k points in the BBZ which
are coupled to [ggz by some linear combination of g’s. In
this case, the only g’s which are coupled to I'sgz are those
of the form (0,0,+0.037p)2mw/A, where p is a positive in-
teger. For simplicity, we focus only on the lowest conduc-
tion band CB1 in GaAs and so only those superlattice
conduction states lying close to the edge of the conduction
band of GaAs. We stress, however, that our pseudopoten-
tial method is formally a full-zone, multiband method and
not a single-band method, although on occasions (as here)
it may be adequate to use a single-band approximation.

In Fig. 3(a), we indicate the k points nearest to I' which
are included in the expansion of ¥ and in Fig. 3(b), we
show the charge densities of the corresponding GaAs
Bloch states. The charge densities have a modulation
length which is equal to 2m/k. Apart from the single
state shown for the ' point, all of the other Bloch states
occur in pairs and correspond to linear combinations of
the degenerate states at k and —k. Figure 3(a) also shows
the relationship between the lines of the BBZ and SBZ for
this superlattice and indicates how the band structure of
GaAs in the BBZ may be viewed as a folded band struc-
ture in the SBZ. In Figs. 4(a)—4(d), we show how the su-
perlattice states evolve as the proportion of Al in the
Al,Ga;_,As region is increased. Figure 4(a) corresponds
to the case with x=0.01, Fig. 4(b) corresponds to the case
with x=0.1, Fig. 4(c) corresponds to the case with
x=0.35, and Fig. 4(d) corresponds to the case with
x=1.0. The energy levels of these states for x ranging
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FIG. 3. (a) Section of the lowest conduction band of GaAs at
0 kbar in the vicinity of I'. Sampling points for a period
comprising 27 lattice constants are shown together with the rela-
tionship between the A, line of the superlattice Brillouin zone
and the folded bands of GaAs. (b) Charge densities of bulk
GaAs conduction states of lowest energy at sampling points
along the A line between I' and X =(0,0,1)27 /A4 for a superlat-
tice comprising 27 lattice constants. The peak of each charge
density |V |2, plotted in the [001] direction, is set to one to fa-
cilitate presentation. The origin is in the center of the 51-A
layer. The wave vectors in units of 27 /A are indicated on the
right-hand side of the figure.
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from O to 1.0 are shown in Fig. 5 and in Fig. 6, we show
the sum over spin of the modulus squared of the A,
coefficients in the expansions of the states for the case
with x=0.1. It should be noted that the superlattice actu-
ally comprises two materials but the expansion V¥ is in
terms of Bloch states from only one of the materials. Al-
though WV in this case has been expanded on GaAs Bloch
states, the results which are shown are similar to those
which would be obtained if Al,Ga,_,As Bloch states had
been used as the basis set. By comparing Fig. 4 with Fig.
5, it can be seen that the conduction states (prefixed with
E) group into two types. Firstly, there are those states (la-
beled symbolically with T') which are derived primarily
from the center of the BBZ and secondly, there are those
states (labeled symbolically with X) which are derived pri-
marily from the edges of the BBZ. For brevity, we shall
distinguish between the two types of states using the
terms I related and X related although one should bear in
mind that these states are not derived precisely from just
the T' point or just the X points in the BBZ. It can be
seen from Fig. 5 that certain I'-related states lie above the
g (Al,Ga;_,As) level. In the sense of the Kronig-Penny
model, these states are anti-well states. We shall refer to
them as resonances and introduce an additional label R.
Thus, for example, the label EXR4 would correspond to
the third-excited resonant conduction state derived from
bulk components lying at or close to the edges of the
BBZ.

It can be seen from Fig. 6 that, apart from the lowest
state ET'1, the states group into pairs with the peaks in
the spectral distributions moving progressively away from
" with increasing energy. The double peak in the spectral
distribution of state ETR1 reduces to a single peak cen-
tered on I'" as alloy composition increases causing state
ETR1 to move away from state ET"2. It should be noted
that the peaks in the spectral distribution of state EX1 are
centered on the minimum near X. The reason for the ap-
parent double degeneracy of state EX1 will be discussed
later.

In Fig. 7(a), we show plots of the leading A, coeffi-
cients, i.e., those from CBI, in the spectral distributions of
the lowest conduction states in the (GaAs,51 A/AlAs,102
A) superlattice. State ET'1 and the lowest X-related states
are fairly distinct although strong mixing between EI'2
and EX10 is evident. In Fig. 7(b), we show the charge
densities of the strongly mixed EI'2 and EXI10 states.
These charge densities (as all other charge densities
presented in this paper) have been plotted along a line in
the [001] direction passing through mid-bond positions.
Although the T'-X mixing is very strong, it is fairly easy
to distinguish between the rapidly varying components of
the charge densities which are characteristic either of a
I'-related or an X-related state. This distinction is of
course apparent because the bound X-related state is con-
fined almost entirely in the AlAs layer and the bound I'-
related state is confined mostly in the GaAs layer. I'-X
mixing similar to that shown in Fig. 7 can occur between
resonant [-related and bound X-related states.*

By comparing Figs. 3, 4, 5, 6, and 7, it can be seen how
the superlattice states evolve from the bulk GaAs states.
As the alloy composition x increases from 0, the lowest
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FIG. 4. Electron ch:oarge densities plotted along the superlattice axis in the [001] direction, at the center of the superlattice Brillouin
zone, in the (GaAs,51 A/Al,Ga;_,As,102 A) superlattice with 60:40 offsets at O kbar. The aluminum fractions x are (a) 0.01, (b) 0.1,
(c) 0.35, and (d) 1.0. See the text (Sec. III B) for a classification of the states.
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I'-related state EI'1 slowly becomes confined in the GaAs
layer although there is always remnant tunneling in the al-
loy layer. The variation in energy with x of state ET'1 has
been shown in Fig. 5 for two cases: one (full curve) in
which 60% of the difference between the band gaps of
GaAs and Al,Ga;_,As at I'{ is taken up as the
conduction-band offset and the other (dashed curve) in
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_ 1.8
>
z
>
(=4}
@
c
[V
1.7
EM(85:15) ]
EM (60: 40)
1.6
1.5

1 1 1 1
0 0.2 04 06 08 1.0
aluminum fraction, x

FIG. 5. Variation with aluminum fraction x of the energies
of the lowest conduction states, at the center of the suPerlattlce
Brillouin zone, in the (GaAs,51 A/Al Ga,_,As,102 A) super-
lattice with 60:40 offsets at O kbar. Apart from state EX1, the
ground zone-edge-related state confined in the Al,Ga,_,As
layers, all of the states shown are zone-center-related states. At
any given aluminum fraction, those zone-center-related states
lying above the T'§(Al,Ga;_,As) level (shown dotted) are
resonant states. At x=O0, corresponding to bulk GaAs, the
states correspond to those shown in Fig. 3. The dashed curve
shows the variation in energy of the ground zone-center-related
state EI'1 with 85:15 offsets.
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FIG. 6. Plot of | A, |? associated with the six lowest con-
duction states from Fig. 4(b) and from Fig. 5 at x=0.1 as a
function of k, along the A line of the GaAs Brillouin zone.
Only contributions from the lowest bulk conduction band [see
Fig. 2(a)] are shown.

which 85% of this difference is taken up as the
conduction-band offset. Both the general form of the
EI'1 energy curves and the difference between the 60%
and 85% curves can be understood in terms of a simple
particle-in-a-box model.

For x >0.25, the first excited bound (GaAs)-related
state EI'2 is easily distinguishable from the ground
resonant (Al,Ga,_, As)-related state ETR1. However, for
x <0.25, the anticrossing states originating primarily
from k =(0,0,+0.037)27/A are rather delocalized. Con-
finement of these states becomes more apparent once state
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FIG. 7. (a) Plot of | A |? associated with the twelve lowest
conduction states from Fig. 4(d) and from Fig. 5 at x=1.0as a
function of k, along the A line of the GaAs Brillouin zone.
Only contributions from the lowest bulk conduction band are
shown. States EI'2 and EX10 show strong mixing. (b) Charge
densities plotted along the superlattice axis in the [001] direction
of the two strongly mixed states EI'2 and EX10 from (a).
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ET'2 has been “captured” by the I'g well and state ECR1
begins to be pushed up by the rising T'§(Al,Ga,_,As) lev-
el. The midpoint of the anticrossing occurs at x=0.16.
In contrast with the gradual process of confinement of the
I-related states, confinement of the X-related states is
abrupt. It can be seen from Fig. 4(b) that complete con-
finement of the lowest pair of quasidegenerate X-related
states has occurred with an alloy concentrate of only
10%.

We show in Fig. 8 the dispersion in the k, direction of
the lowest conduction states in the (GaAs,51A/
Al,Ga;_,As,102A) (001) superlattice for the case of (a)
x=0.01 and (b) x=0.35. The resemblance between the
dispersion curves in Fig. 8(a) and the folded bands of
GaAs in Fig. 3(a) is apparent. Figure 8(b) shows that
there is practically no dispersion on the EI'1l state with
x=0.35. This lack of dispersion is due to the thick alloy
barrier. It can also be seen that the lowest X-related
states, strongly confined in the alloy layers [see Fig. 4(c)],
also have negligible dispersion and show an increasing
spacing with increasing energy. Qualitatively similar
behavior would be found using a simple square-well
model.

Since the zone-edge-related states have little dispersion
in the k, direction, their velocity along the superlattice
axis must be negligible, although some leakage of the
states into the barrier regions occurs due to I'-X mixing.
Interaction between the I'-related and X-related states can
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significantly modify the dispersions (effective masses) of
the states. For example, Fig. 8(b) shows that such an in-
teraction has led to a negative bowing of EI'R1 near
Xspz. Such effects, occurring in the hot-electron range of
energies, are likely to be important for device physics.

In order to illustrate the effects of varying band offsets
on the electronic states other than the ground I'-related
bound state, we show in Fig. 9 the energies of the lowest
conduction states at the center of the SBZ in the
(GaAs,51A /Al ,Ga, 3As,102 A) superlattice for (a) 60:40
offsets and (b) 85:15 offsets. In the spirit of the Kronig-
Penny model, “potential wells” have been drawn using the

¢ and lowest As-minimum bulk levels to highlight the
different relative positions of the bulk band structures.
However, it is important to realize that for a given offset
the difference in energy between two, say, I'¢ levels does
not represent a step in potential energy. The potential
wells drawn in Fig. 9 are effective potential wells (EPW’s).
The only physical step in potential energy in going from
one material to the other is that associated with the differ-
ence between the average electrostatic potential energies of
the two materials.

By comparing Fig. 9(a) with Fig. 9(b), it can be seen
that, in our calculations, the sign of the As;-EPW changes
so that in the case of 60:40 offsets the alloy layer is the ac-
tive region®® and in the case of 85:15 offsets the alloy
layer is the barrier region. This situation was created de-
liberately by fitting the band structure of AlAs to aver-
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FIG. 8. Dispersions along the A, line between I' and Xsp7 [see Fig. 3(a)] in the superlattice Brillouin zone of the lowest conduction
states in the (GaAs,51 A/Al,Ga,_,As, 102 A) superlattice with 60:40 offsets at O kbar with (a) x=0.01 and (b) x=0.35. In both
cases, the lowest zone-edge-related states EX1 and EX2 (not labeled) each correspond to a pair of quasidegenerate states confined in

the alloy layer (see Fig. 4).



1208 GELL, NINNO, JAROS, WOLFORD, KEUCH, AND BRADLEY 35

(a) (b) (c)
20} — = =
p— — EMR3
p— — ErR3
_1.9F EFR3 —
3 — EMR1
1.8F —— — ElR1
> —Er2
S = ETR? —Ere
S1.7F
pe —Er3
1.6} 6 — M —EM
—EM2
1-5F EP1
GaAs AlGaAs GaAs AlGaAs GaAs AlGaAs
51A  102A s1A 1024 181 A 102 A
60 : 40 offset 85:15 offset 85:15 offset

FIG. 9. Energies of the lowest conduction states at the center of the superlattice Brillouin zone in (a) the (GaAs,51
;\/Alo,zGao_gAsJOZ A) superlattice with 60:40 offsets, (b) the (GaAs,51 A/Aly,Gag 3As,102 A) superlattice with 85:15 offsets, and (c)
the (GaAs,181 ;\/Alo,zGao_gAs,IOZ A) superlattice with 85:15 offsets. The effective potential wells associated with the I'§ levels and
the lowest point of the A; minima in GaAs and Aly,Ga, sAs are indicated on the left of each set of energies.

aged values of experimentally determined energy gaps
which were adjusted slightly and was done to avoid any
ambiguity over the sign of the A;-EPW. Bearing in mind
the spread in the experimental data of AlAs, such an ap-
proximation does not seem significant. In the case of an
exact alignment of the X§ levels, we find that complicated
interference effects arising from the different A5 minima
give rise to charge densities which are peaked at the inter-
faces.

From Figs. 9(a) and 9(b), it can be seen that in going
from 85:15 to 60:40 offsets, the energies of all of the states
drop. The I'-related states, both bound and resonant,
drop because the I'g-EPW becomes shallower and the X-
related states drop because the sign of the As-EPW re-
verses. Although the I'-related states remain localized
(but less confined) in the same material, the lowest X-
related states switch to being localized in the alloy layer
rather than in the GaAs layer. The competing effects of
active and barrier layers on the energies of I'-related
bound states in GaAs-Al,Ga;_,As (001) superlattices
have been studied in detail by Ivanov and Pollmann using
a resolvant method based on Green’s functions.*® As the
height of the I'§-EPW decreases, a I'-related bound state
can tunnel further into the (finite) barrier region thus
leading to a reduction in its kinetic energy. This tunnel-
ing leads to an interaction between the active and barrier
regions and a lowering of the energy of the superlattice
state. Since Ivanov and Pollman considered only bound
states, we show in Fig. 9(c) the energy levels of the lowest
conduction states at the center of the SBZ in the
(GaAs,181 A/Aly ,Gag gAs, 102 A) (001) superlattice with
85:15 offsets. The charge densities of the I'-related states
shown in Fig. 9(c) are given in Fig. 10. By comparing
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FIG. 10. Charge densities of the lowest conduction states
from Fig. 9(c) plotted along the superlattice axis in the [001]
direction.
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Fig. 9(b) with Fig. 9(c), it can be seen that the number of
bound states has increased with the increase in the width
of the GaAs layer. The width of the alloy (barrier) layer
is the same in both cases. Although Ivanov and Pollmann
demonstrate that the GaAs layer predominately deter-
mines the number of bound superlattice subbands, it is
clear from Figs. 9(b) and 9(c), that it can also influence
the position of the resonant states.

It is apparent that the band structure of the superlattice
in the range of energies near the X points of the bulk crys-
tals is unlike that associated with the I's minima. The
quasidegeneracies arise as a result of the camel’s backs
near X and — X in the bulk band structures. To demon-
strate this, we have performed calculations in which infor-
mation about the camel’s backs is removed by adjusting
manually the energy levels E,;; [see Eq. (21)] at and near
+X in the band structure of the host crystal. We find that
removal of the camel’s back near +X results in the break-
ing of the quasi-twofold degeneracies. We conclude that
the quasidegenerate X-related states found in the (001)
superlattices arise from the equivalent minima lying in
from £X on the A line.

(a)

energy (eV)
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C. Effects of hydrostatic pressure

In our study of the effects of HP on the electronic and
optical properties of GaAs-Al,Ga;_,As (001) superlat-
tices, we shall consider two different systems with GaAs
layers of width 51 A. The widths of the alloy layers in
these superlattices are 6 and 102 A at O kbar. These su-
perlattices have been chosen in order to highlight several
important features. Firstly, results for the (GaAs,51
A/Al,Ga;_,As,102 A) superlattice with x=0.25 and
x=1.0, together with results presented earlier, are used to
illustrate the general effects of HP and make a direct
comparison between the effects of alloying and
HP. Secondly, results for the (GaAs,51 A/AlAs,6 A) su-
perlattice are used to illustrate the response to HP of elec-
tronic states which are formed within a layer which is
only quasi-bulk-like.

In Fig. 11, we show the variation with HP of the energy
of the lowest conduction states at the center of the SBZ in
the (GaAs,51 A/Al1,Ga,_,As,102 A) superlattice with (a)
x=0.25 and (b) x=1.0. The calculations have been per-
formed using GaAs Bloch states in the expansion of W for
the case of 60:40 offsets. In Table IV, we give the pres-
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FIG. 11. Variation with héydrostatic pressure of the energies of the lowest conduction states, at the center of the superlattice Bril-
louin zone, in the (GaAs,51 A/Al,Ga,_,As,102 A) superlattice with 60:40 offsets with (a) x=0.25 and (b) x=1.0. The solid dots
correspond to the results of full calculations; the solid lines are a guide for the eye. The variation in energy of the edge of the conduc-
tion band at ['g of GaAs is also shown.
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TABLE IV. Table giving pressure coefficients for various
states shown in Fig. 11 for the (GaAs,51 /o\/Alealvas,lOZ A)
(001) superlattice. Pressure coefficients for the GaAs (host crys-
tal) I'¢, X§ levels are also shown together with the corresponding
levels calculated (by exchanging monolayers of GaAs with
monolayers of AlAs) for AlAs.

Pressure coeffi-

System Level or state cient (meV/kbar)
Bulk GaAs | 3 10.6
X6 —1.3
Bulk AlAs ré 10.2
X6 —1.7
Super- Er'l 10.5
lattice; x=0.25 EI2 10.2
ETR1 10.4
EX1 —14
Super- EI'l 10.4
lattice; x=1.0 EX1 —1.7
EX3 —1.6
EX5 —1.5
EX7 —1.3

sure coefficients dE/dP for the principal superlattice
states shown in Fig. 11. The pressure coefficients of the
bulk I'g and X§ levels both of GaAs and Al,Ga,_,As are
also given. In the case of Al,Ga,_,As, the pressure coef-
ficients which have been given are those which are “seen”
in the calculation and are therefore the pressure coeffi-
cients which should be compared with those of the super-
lattice states. Although a convergence problem exists for
the lowest X-related states for the case of 60:40 offsets
(see earlier discussion) when GaAs is used as the host
crystal, it is possible to avoid the problem by choosing
AlAs (or Al,Ga,_,As) as the host crystal. Of course, the
convergence problem would then shift to the I' (GaAs)-
related states. It should be noted, however, that states are
trapped in the camel’s back near X and so the necessary
correction in Figs. 11(a) and 11(b) (47x meV) to the ener-
gy of the lowest X-related state in the alloy layer is
straightforward.

The most striking feature of Fig. 11 is that, apart from
the anticrossing regions, the energy of all states responds
more or less linearly with HP. The pressure coefficient of
the lowest I'-related bound state EI'1 is less than the cor-
responding coefficient for the I'g level. This can be ex-
plained by the increase in m™* with increasing HP. By
comparing Fig. 11 with Fig. 5, it can be seen that some of
the effects of HP are very similar to those of alloying.
The most striking similarities are of course those in which
the energy of particular states change linearly with in-
creasing alloy composition x or increasing HP. For ex-
ample, it can be seen from Fig. 5 that (i) the energy of
state ET'R1 increases linearly with increasing x (for
x >0.2) and (ii) the energy of state EX1 decreases linearly
with increasing x. Other features such as anticrossing of
states can also arise as a result either of alloying or of HP.
However, a feature which appears to be unique to alloying
is the leveling off of an energy level, e.g., that of EI'l,
with increasing x. No such features have been observed
in this superlattice with HP increasing from O up to 50
kbar.

It is clear from the results presented in Sec. III B that
alloying can be used to achieve I'-X mixing. The same ef-
fect can also be achieved with the use of HP. To illustrate
this, we show in Fig. 12 the leading coefficients in the
spectral distributions of the lowest conduction states in
the (GaAs,51 A/Aly,5Gag 75As,102 A) superlattice with
60:40 offsets and HP of (a) 0, (b) 10, and (c) 30 kbar. Fig-
ure 12(a) shows mixing between EI'R2 and EX1 and com-
parison with Fig. 6 shows that the spectral distribution of
state E’R1 has evolved into just one peak centered on I'.
As HP is increased from zero pressure, the I'-related
states move up in energy and the X-related states move
down in energy. This is reflected not only in Fig. 11(a)
but also in the sequence of spectral distributions given in
Fig. 12. It can be seen from Fig. 12(c) that state ET'1 at
30 kbar mixes strongly with state EXS.

In Fig. 13(a), we show the variation with HP of the en-
ergy levels of the states at the center of the SBZ in the
(GaAs,51 A/AlAs,6 A) (001) superlattice with 60:40
offsets. The calculations have been performed using
GaAs Bloch states in the expansion of W. The state with
the lowest energy at zero pressure is the ground I
(GaAs)-related state EI'1 whilst state EX1 directly above
it in energy is an X-related state, confined mostly in the
AlAs layer. The charge densities of the lowest conduction
states at O kbar, plotted along a line in the [001] direction
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FIG. 12. Plots of | Ay |? as a function of k, along the A
line of the GaAs Brillouin zone for the lowest conduction states,
at the center of the superlattice Brillouin zone, in the (GaAs,51
A/Aly5Gag 75As,102 A) superlattice with 60:40 offsets at (a) O,
(b) 10, and (c) 30 kbar. Only contributions from the lowest con-
duction band have been shown.
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FIG. 13. (a) Variation with hydrostatic pressure of the ener-
gies of the lowest conduction states, at the center of the super-
lattice Brillouin zone, in the (GaAs,51 A/AlAs,é A) superlat-
tice. (b) Charge densities, plotted along the superlattice axis in
the [001] direction, of the lowest conduction states from (a) at O
kbar.

which passes through mid-bond positions, are shown in
Fig. 13(b). Since the charge densities, especially those of
the X-related states are fairly delocalized around the
atomic positions, this figure should only be used to give
an indication of the spatial location of the different states.
Unlike the bonding states at the top of the valence band,
the antibonding states in the conduction band do not have
their charge strongly concentrated on the bonds. The
reader is referred to Refs. 47 and 48 for charge-density
plots and further discussion of spatial localization of
charge in bulk states at the edges of bands and to Ref. 8
for a discussion of charge densities in GaAs/Al,Ga;_,As
(001) superlattices. .
Since the AlAs layer is only two monolayers (6 A) in
width, it cannot be considered to be bulklike. This is be-
cause the monolayer on either side of each of the AlAs
monolayers is different: on one side is a monolayer of
GaAs and on the other side is a monolayer of AlAs. In
Fig. 14, we show the dispersion in the k, direction of the
lowest conduction states at (a) O, (b) 10, and (c) 20 kbar.
The dashed curves in Fig. 14(a) show the corresponding
dispersions obtained by using AlAs Bloch states in the ex-
pansion of W. From Table III, it is reasonable to expect
the dashed curves for states EI'l and EI'2 to lie approxi-
mately 50 meV above the corresponding solid curves.
However, the dashed curve for state EX1 also lies above
its corresponding solid curve although on the basis of the
data in Table III, one might expect the use of AlAs Bloch
states as the basis set to result in a lowering of the energy
of state EX1. Since the opposite effect occurs, it must be
concluded that strong interaction occurs between the
GaAs and the (quasi)-AlAs states in the formation of
EX1. In effect, the form of the AlAs band structure
which is seen by the superlattice system must be incom-
plete or at least rather distorted. It has been shown that
at least three monolayers of AlAs are required in order to
provide sufficient information about the band structure of
AlAs near X for a superlattice state to be trapped within
the camel’s back.® For an AlAs layer comprising only
three monolayers, it is probably only the middle mono-
layer which is characteristic of AlAs. Several pseudopo-
tential studies have indicated that disturbances such as
charge redistribution between two adjoining semiconduc-
tor materials occur in a very narrow region at the inter-
face (e.g., Refs. 49 and 50). It has been shown that the As
minimum of AlAs lies well below (250—300 meV) the As
minimum of GaAs for systems in which the AlAs layers
are at least 15 A in width.>® However, the band offsets in
systems in which at least one of the layers is only one or
two monolayers in width is not known. Until the
mechanism(s) which control the band offsets is fully un-
derstood, there seems no reason to expect a fortiori that
the offset (if such a concept still applies) in, say, a
(GaAs,51 A/AlAs,6 A) superlattice is the same as that in
a (GaAs,6 A/AlAs,51 A) superlattice. Bearing this in
mind, it is clear from Figs. 13 and 14 that the uncertainty
can be resolved by appropriate measurements under hy-
drostatic pressure. Any significant changes in the offset
compared with that present in systems with layers of
width greater than about 15 A will result in significant
changes in the energy level of state EX1. Experimental
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FIG. 14. Dispersions along the Az line between I' and Xspz in the superlattice Brillouin zone of the lowest conduction states in the
(GaAs,51 A/AlAs,6 A) superlattice with 60:40 offsets at (a) 0, (b) 10, and (c) 20 kbar. The solid curves have been obtained using an
expansion of W in terms of GaAs Bloch states. Corresponding curves obtained using AlAs Bloch states are shown dashed in (a) for
comparison. The dispersion curve of state EI'1 at O kbar (shown dashed) has been superimposed on the corresponding curve in (c).

determination of the precise energy of the lowest X-
related state confined in the AlAs layer will provide im-
portant information for the understanding of the physical
mechanism(s) which control band discontinuities.

In Fig. 14(c), the dispersion curve of state EI'l at O
kbar (dashed curve) has been superimposed on the corre-
sponding curve at 20 kbar. It can be seen that the width
of the subband decreases with increasing HP. This de-
crease in subband width arises because (i) the curvature of
the bulk bands around I' decreases and (ii) interactions be-
tween state EI'1 and X-related states increase as state EI'1
moves up in energy. Detailed experimental investigation
of the curvatures and widths of these subbands should
provide useful information about the deformation of the
E (k) surface with HP.

Optical matrix elements at the center of the SBZ for
transitions from the ground heavy-hole-like (HH1) state
to the lowest conduction states in the (GaAs,51
A/AlAs,102 A) superlattice have been calculated. For a
given optical polarization, we use the modulus squared of
the optical matrix element (M) for the transition from
the initial state i=HHI1 to the final state f =ET1 at O
kbar as the basic unit. In this paper, only transitions with

i=HHI1 and f=conduction state will be considered and
so, for brevity, the modulus squared of the optical matrix
element will be referred to as M without further specifi-
cation of state i. We use a prime to indicate that the M
have been divided by Myy, gry (0 kbar). In Fig. 15, we
have plotted log;o(Mjs) against energy level for the lowest
conduction states at O, 10, 20, 30, and 40 kbar. The
momentum operator P has been chosen to lie in the [110]
direction and logarithms have been plotted to facilitate
presentation of the M. The points in Fig. 15 which cor-
respond to the ground I'-related state EI'l are labeled.
All other points correspond to X-related states which, un-
like state ET'1, are confined in the AlAs layers. The ener-
gies of the states as a function of HP have already been
shown in Fig. 11(b) and the spectral distributions at O
kbar have been given in Fig. 7(a). In Fig. 16, we show (a)
the spectral distributions and (b) the charge densities of
the lowest conduction states at 10 kbar. It is clear from
Fig. 16 and Fig. 11(b) that strong mixing (anticrossing)
occurs between states EI'1 and EXS5.

It can be seen from Fig. 15 that, for this superlattice,
the M, for the transitions between HH1 and the EXn al-
ternate with n such that the largest M are obtained for
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FIG. 15. Plots of log,o of the squared optical matrix element
M ; against energy level for the lowest conduction states, at the
center of the superlattice Brillouin zone, in the (GaAs,51
A/AlAs,102 A) superlattice with 60:40 offsets for hydrostatic
pressures ranging from O to 40 kbar. The initial state i is the
ground heavy-hole-like state (see text). The position of the
zone-center-related state EI'1 has been marked; all other states
are zone-edge-related states. The polarization vector P has been
chosen to lie in the [110] direction.

odd n. It is also evident from Fig. 15 that the M for the
X-related states increase as these states are crossed by the
I'-related state. The lowest M, for the X-related states
occur at 40 kbar. However, even at 40 kbar the M i for
the EXn (n odd) are between only two and four orders of
magnitude smaller than the M for the transition HH1 to
ET'1 at zero pressure. This would indicate that transitions
between the top valence state and various confined states
associated with the secondary minima should be measur-
able. This is in spite of the fact that such transitions must
occur across the heterointerface. Of course, no informa-
tion about the line shape of the HH1-EXn transitions can
be obtained from just the M at the center of the SBZ. In
this paper, however, we shall concentrate only on the pre-
diction that transitions such as these should in principle
be observable. We shall investigate some of the physics
which lies behind our predictions and shall discuss some
of the implications.

btk |

Al As Ga As

FIG. 16. (a) Plots of | A, |2 as a function of k, along the A
line of the GaAs Brillouin zone for the lowest conduction states,
at the center of the superlattice Brillouin zone, in the (GaAs,51
A/AlAs,102 A) superlattice with 60:40 offsets at 10 kbar. Only
contributions from the lowest bulk conduction band have been
shown. (b) Charge densities, plotted along the superlattice axis
in the [001] direction of the lowest states from (a).

Since several approximations are made in our calcula-
tions, it is necessary to show that the log;o(Ms) which
have been plotted in Fig. 15 are not fictitious. The most
notable approximations are those made in the construc-
tion of the potentials with which the calculations are per-
formed. For a given HP, the symmetric and antisym-
metric form factors for GaAs and AlAs at the bulk
RLV’s are fixed (see Table I) but the interpolation of the
potential between these Fourier components is arbitrary.
Since we use a virtual crystal approximation in order to
achieve a rigid shift of one bulk band structure with
respect to the other, the value of the symmetric Fourier
component of the local potential Vj(g) at ¢g=0 is also
fixed. In Fig. 17(a), we show the curve fitted to the fixed
Fourier components of ¥V} (q) at 20 kbar which is used in
the calculations. The full curve has been obtained by
Lagrange interpolation with the section 12<g?<16
scaled down by a factor of 3. The curve in Fig. 17(a) cor-
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FIG. 17. Plots of (a) the symmetric local potential ¥;(q) and
(b) four different antisymmetric local potentials V(g) as a
function of g for the case of 60:40 offsets at 20 kbar. The po-
tentials are plotted in atomic units normalized to unit volume
and g is in units of 27 /A. The four sets of energy levels and
squared optical matrix elements which can be obtained with
these potentials are shown in Fig. 18. Truncation of the poten-
tial at g*>= 12 makes little difference to the results shown in Fig.
18.

responds to the case of 60:40 offsets.

At g=0, the structure factor [cf. Eq. (12)] eliminates
the antisymmetric component of the local potential V7 (q)
and so V{1(0) does not affect the band offset. Also, the
spin-orbit coupling terms at ¢g=0 do not affect the band
offset since they involve a vector crossproduct. The value
of V#(0), unlike that of V;(0), is therefore arbitrary. In
Fig. 17(b), we show four curves for the antisymmetric lo-
cal potential V{(g) at 20 kbar which have been obtained
by arbitrarily fixing V7(0) at values of —0.02118,
—0.01059, 0, and 0.01059 a.u. (normalized to unit
volume). We note that the four curves are not only dif-
ferent at and near ¢=0 but also differ slightly at the
larger values of g except exactly at the bulk RLV’s.

Although the use of the curve in Fig. 17(a) with any of
the curves in Fig. 17(b) can be used to simulate a

GaAs/AlAs superlattice with 60:40 offsets, long-
wavelength (small gq) scattering processes in the four pos-
sible calculations will be very different. Unless otherwise
specified, the results of all calculations which are present-
ed in this paper have been obtained using a curve for
V{(g) in which V/(0) has been set to zero.

In Fig. 18, we show log,o(M ) plotted against energy
for the lowest conduction states in the (GaAs,51
A/AlAs,102 A) superlattice at 20 kbar obtained using the
four possible combinations of the potentials shown in Fig.
17. The results in Fig. 18 which correspond to the case
with V1(0)=0 are the same as those which have already
been presented in Fig. 15. M, for the transition between
HH1 and ET'I at O kbar in the calculation with V/1(0)=0
has been used as the basic unit. We have chosen to test
the effects of the variation in the long-wavelength scatter-
ing processes for the case of 20 kbar since, at this pres-
sure, state EI'l sits amongst and is strongly mixed with
the X-related states. The calculations therefore represent
a very difficult test of the small-g approximations in the
potentials.

It can be seen from Fig. 18 that the largest variations in
M are those associated with the EXn (n even). Howev-
er, apart from M, for EX1, which varies by only one or-
der of magnitude, the M, for EXn (n odd) and especially
ET'l hardly change. We therefore conclude that uncer-
tainties in the long-wavelength components of our poten-
tial cannot qualitatively affect our predictions about the
observability of HH1-EXrn transitions. It should also be
noted that the largest variation in energy shown in Fig. 18
is only 10 meV (see state EX9/EI'1). Results similar to
those shown in Fig. 17 (at 20 kbar) are also obtained with
a potential in which all Fourier components with g%~ 12
are set to zero.

It was mentioned earlier how removal of the camel’s
backs near X resulted in the breaking of the quasidegen-
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FIG. 18. Plots of logjo of the squared optical matrix element
M ; against energy level for the lowest conduction states, at the
center of the superlattice Brillouin zone, in the (GaAs,51
A/AlAs,102 A) superlattice with 60:40 offsets at 20 kbar. The
four results shown for each state correspond to results obtained
with the four different antisymmetric local potentials V/(q)
shown in Fig. 17(b).
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eracies amongst the lowest X-related states. The camel’s
back is not responsible either for the large M, which are
calculated for transitions between the ground heavy-hole-
like state and the zone-edge-related states. In order to
demonstrate this, we have recalculated the M for the
(GaAs,51 A/AlAs,102 A) superlattice at 20 kbar [see Fig.

¢)] having artificially removed the camel’s back from
the band structure of the host crystal. The results ob-
tained using the unadjusted host-crystal band structure are
shown again in Fig. 19(a) for direct comparison. The
downward pointing arrows in Fig. 19 indicate states
which are quasi-doubly degenerate. Although the ground
I'-related state ET'1 has been labeled, its precise energy in
Fig. 19(c) is not significant since the results depend on the
curvature of the imposed band structure. By comparing
Fig. 19(a) with Fig. 19(c), we can see that the number (10)
of superlattice states in the energy range considered is the
same and that removal of the camel’s back near X has
made little difference to the optical matrix elements.

In order to demonstrate that observable transitions be-
tween the ground heavy-hole-like state and the X-related
states are not a peculiarity of the (GaAs,51 A/AlAs,102
A) system, we consider two more different superlattices.
In Fig. 19(b), we show the log oM ;s against energy level
for the lowest conduction states in the (GaAs,51
A/AlAs,232 A) superlattice at 20 kbar with 60:40 offsets.
By comparing Fig. 19(a) with 19(b), it can be seen that al-
though the widening of the AlAs layer has resulted in the
creation of additional X-related states, the alternation of
large and small M is retained. It is still the EXn (n odd)
which have the largest M. In Fig. 20, we compare the
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FIG. 19. Plot of log;o of the squared optical matrix element
M s against energy level for the lowest conduction states, at the
center of the superlattice Brillouin zone, in (a) the (GaAs,51
A/AlAs,102 A) superlattice, (b) the (GaAs,51 A/AlAs,232 A)
superlattice, and (c) the (GaAs,51 ;\/AIAS,IOZ A) superlattice.
All three sets of results have been obtained with 60:40 offsets at
20 kbar. The results in (a), shown here for direct comparison,
have already been shown in Fig. 15. The results in (c) corre-
spond to the case in which the camel’s backs in the host-crystal
(GaAs) band structure have been artificially removed. The
downward pointing arrows indicate pairs of quasidegenerate
zone-edge-related states. The polarization vector P has been
chosen to lie in the [110] direction.
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FIG. 20. Plots of logo of the squared optical matrix element
M s against energy level for the lowest conduction states, at the
center of the superlattice Brillouin zone, in the (GaAs,51
;\/AlAs,IOZ A) and (GaAs,102 A/AlAs,Sl A) superlattices
with 60:40 offsets at 20 kbar. The downward pointing arrows
indicate pairs of quasidegenerate zone-edge-related states. The
polarization vector P has been chosen to lie in the [110] direc-
tion.

log,oM jr against the energy level for the transition between
HHI1 and the lowest conduction states in the (GaAs,51
A/AlAs,102 A) and (GaAs,102 A/AlAs,51 A) superlat-
tices at 20 kbar with 60:40 offsets. The only I'-related
state shown for each of these superlattices is the ground I'
(GaAs)-related state ET'1. All other states are X(AlAs)-
related states and those which are quasi-doubly degenerate
have been indicated with a downward pointing arrow.
The points corresponding to the (GaAs,102 A/AlAs,51
A) superlattice show that some HHI1-EXn transitions
should be observable with [110] polarized light. However,
the M, in the sequence of EXn do not alternate compared
with those for the (GaAs,51 A/AlAs,102 A) superlattice.
This is because the increased width of the GaAs layer has
resulted in a closer spacing of the I' (GaAs)-related states
and so I'-X interactions are complicated by remnant I’
components in the wave functions of the EXn.

In Table V, we show values of log,oM ;s for the transi-
tions between the ground heavy-hole-like state HH1 and
the lowest conduction states in the (GaAs,51 A/AlAs,102
A) superlattice at 20 kbar with 60:40 offsets. The values
in column (a) are again those which have been plotted in
Fig. 15. These M were calculated using an expansion of
V¥ in terms of GaAs Bloch states from the four bulk
bands, VB2, VB3, VB4, and CB1. In column (b), we show
the log oM ;s which are obtained when the A4, in the su-
perlattice wave functions for |k, | >0.1527/4 are set to
zero and so the only nonzero components in the wave
functions are those in the region of the zone center. Since
there is little difference between the values in column (a)
and those in column (b), we conclude that enhancement of
the M s for the EXn is a direct result of the introduction
of zone-center components into the wave functions.

Since our diagonalization procedure incorporates an
orthonormalization routine, M i for transitions between,
say, HH1 and conduction states can be calculated using
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TABLE V. Table showing values of log,oM i for the transitions between HH1 and the lowest conduc-
tion states in the (GaAs,51 A/AlAs,102 A) superlattice at 20 kbar with 60:40 offsets. The values in
column (a) are those which have been plotted in Fig. 15. These M j; were calculated using an expansion
of ¢ in terms of GaAs Bloch states from the four bulk bands VB2, VB3, VB4, and CB1. The log;oM j
in column (b) were obtained after retaining only zone-center components (see text) in the wave functions
of the states. The log oM s in columns (c) and (d) were obtained using the approximation of decoupled
valence and conduction bands (see text) with a full-zone expansion of the conduction states in terms of

(c) CBI1 and (d) CB1 and CB2.

State (a) (b) (©) (d)
EX1 —3.218 —3.222 —3.176 —3.306
EX2 —4.305 —4.306 —5.239 —5.825
EX3 —2.567 —2.571 —2.541 —2.598
EX4 —7.991 —7.167 —6.101 —8.414
EX5 —2.202 —2.206 —2.193 —2.221
EX6 —7.043 —7.163 —6.240 —7.153
EX7 —1.539 —1.542 —1.542 —1.542
EX8 —6.294 —7.877 —6.536 —6.318
ET'l (EX9) —0.079 —0.079 —0.091 —0.078
EX9 (ET'D) —0.786 —0.785 —0.723 —0.778

superlattice pseudofunctions which have been obtained
from separate calculations of the electronic structure of
the valence and conduction bands. Since the valence and
conduction bands are totally decoupled in such calcula-
tions, the approximation makes sense only for superlat-
tices in which the layers are reasonably thick (>50 A).
To justify this, we show in Table V [columns (c) and (d)]
log oM s calculated using the approximation of decoupled
valence and conduction bands. The numbers in column
(c) and column (d) have been obtained using superlattice
valence states expanded in terms of VB2, VB3, and VB4
with k restricted to the third of the BBZ centered on I'.
In the case of the logoM j shown in column (c), the super-
lattice conduction states W, were obtained with a full-zone
expansion only in terms of states from the lowest bulk
conduction band CBIl. The corresponding numbers
shown in column (d) were obtained with ¥, expanded in
terms of Bloch states from the two lowest conduction
bands, CB1 and CB2. Although no significant differences
in energy ( <5 meV) were obtained for the states in Table
V in the three separate calculations (a), (c), and (d), the in-
troduction of CB2 into the expansion of W, in (d) does
cause a systematic lowering in energy of all the CB states,
as would be expected within the framework of perturba-
tion theory. By comparing the numbers in columns (a),
(c), and (d) of Table V, it can be seen that there is little
variation in the log;oM s for the three cases. This con-
firms the validity of the approximation of VB-CB decou-
pling for this width of layer at least for the M associated
with transitions across the superlattice gap from HHI.
This approximation is used throughout the paper for
superlattices with alloy widths greater than 102 A.
The numbers in Table V also justify the expansion of ¥,
in terms of only CBI1, at least for those states within about
450 meV from the conduction band edge of GaAs for the
case of 60:40 offsets.

IV. MQWS’s: RESULTS AND DISCUSSION

We turn our attention tg systems in which the width of
the GaAs layer (51/102 A) is small compared with that

(514 A) of the AlAs layer. These systems can in effect be
considered as multiquantum well structures (MQWS’s)
since the AlAs (barrier) layer is sufficiently thick to inhi-
bit significant penetration by the states confined in the
GaAs layers. Within our pseudopotential scheme, howev-
er, these MQWS’s are still strictly superlattices since nu-
merical implementation of the scheme rests on the proper-
ty of periodicity. We shall focus predominately on the
variation with HP of the electronic and optical proper-
ties of the (GaAs,51 A/AlAs,514 A) and the (GaAs,102
A/AlAs, 514 A) MQWS’s with 85:15 offsets since these
systems can be used to study various I'-X crossings which
are not obscured by the presence of a multitude of extend-
ed bulklike (AlAs) zone-edge states, as in the case of 60:40
offsets. We shall show, however, that the effects observed
with 85:15 offsets are conceptually and in some respects
almost quantitatively no different from those observed
with 60:40 offsets.

In Fig. 21(a), we show the moduli squared of the 4,
coefficients near I'{ for the four lowest zone-center-related
conduction states EI'1 —ET'4 at the center of the SBZ in
the (GaAs,102 A/AlAs,514 A) MQWS at O kbar. These
zone-center-related states are confined in the GaAs layers.
Owing to the size of the period, various limitations are
placed on the expansions of the superlattice wave func-
tions. The approximation of decoupled valence and con-
duction bands is used. For the conduction states, we use a
full-zone, one-band (CB1) approximation and for the
valence states we use a partial-zone (5 of BBZ centered
on I'), multi-band (VB2, VB3, and VB4) approximation.
On account of these approximations, we are, as mentioned
earlier, restricted to those states lying within 450—550
meV from the band edges. This energy range corresponds
to the two cases of band offset (60:40 and 85:15) which
are considered in this study.

The spectral distributions in Fig. 21(a) have been shown
in order to highlight a general feature of the zone-center-
related states in the MQWS’s. The EI'n states with n odd
have a peak in their spectral distributions at I'g whilst the
ETI'n states with n even do not. Bearing in mind that only
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FIG. 21. (a) Plot of | A, |2 as a function of k, along the A
line of the GaAs Brillouin zone between I' and
k=(0,0,0.1)27/ A for the lowest four zone-center-related states,
at the center of the superlattice Brillouin zone, in the (GaAs,102
A/AlAs,514 A) MQWS with 85:15 offsets at O kbar. Only con-
tributions from the lowest bulk conduction band have been
shown. (b) Plot of log;, of the squared optical matrix element
M, against energy level for the lowest six states, at the center of
the superlattice Brillouin zone, in the (GaAs,102 A/AlAs,514
A) MQWS with 60:40 offsets at 0 kbar. Two cases of optical
polarization have been shown.

those A,,, weightings lying in the irreducible segment of
the BBZ have been included in Fig. 21(a) (the spectral dis-
tributions of the states at the center of the SBZ are sym-
metric with respect to inversion of k), it can be seen that
the distributions in wave-vector space of EI'1—ET'4 re-
flect the charge-density distributions in real space.

In Fig. 21(b), we show log;oM s at O kbar for states
EI'l -ET'4 and states EX1 and EXRI in the (GaAs,102
A/AlAs,514 A) MQWS’s. EX1 corresponds to a pair of
quasidegenerate states confined in the GaAs layers whilst
EXR1 corresponds to a pair of quasidegenerate quasiex-
tended states in the AlAs layers. Before discussing these
optical matrix elements, we show in Fig. 22, (a) the varia-
tion in energy of states EI'1—EI'4, EX1 and EXR1 with
HP, (b) the variation of log;oM for states EX1 and
EXR1 with HP, (c) the zone-center components in the
spectral distributions of state EX1 at 0, 20, 30, and 40

35 EFFECTS OF ALLOYING AND HYDROSTATIC PRESSURE ON . . . 1217

E‘ (d) 30 kbars 20
# 3
E EX1 =18
N':u @
3 ]
B/ e 1.6 {a)
T 0
(0,0,k; )
0
o (b)
°
7 - ® .
z >
E o-Lk
E g
=] - o
=<
w -8 (]
@ 0 20 40
,g pressure (kbar )
s
N‘—__‘I 0 kbar
=
=<

0.1

FIG. 22. Results concerning the lowest conduction states, at
the center of the superlattice Brillouin zone, in the (GaAs,102
A/AlAs,514 A) MQWS with 85:15 offsets. (a) Energies calcu-
lated as a function of hydrostatic pressure. (b) Plot of logjo of
the squared optical matrix element M with [110] polarization
against hydrostatic pressure for states EX1 and EXR1. (c) Plots
of | Ay |? of state EX1 as a function of k along the A line of
the GaAs Brillouin zone near I' at hydrostatic pressures of 0,
20, 30, and 40 kbar. Only contributions from the lowest bulk
conduction band have been shown. (d) Plots of | Au|? of
states EX1 and EXR1 as a function of k along the A line of the
GaAs Brillouin zone near I' at hydrostatic pressure of 30 kbar.
Only contributions from the lowest bulk conduction band have
been shown.

kbar, and (d) the zone-center components in the spectral
distributions of states EX1 and EXR1 at 30 kbar. Re-
turning to Fig. 21(b), it can be seen that with the polariza-
tion vector P lying in the [110] direction, M for the
transitions from HHI1 to EI'n alternate with n. This al-
ternation is a reflection of the alternation in the com-
ponents at and near 'y which are shown in Fig. 21(a).
The An=0 rule (e.g., see Ref. 1) for allowed optical tran-
sitions is based on this alternation. It should be noted,
however, that the log,oM s for the EI'n (n even) states in-
dicate that these transitions are weakly allowed. Figure
21(b) also shows that log;oM ;s for state EX1 is comparable
with that for state EI'4 and is only four orders of magni-
tude less than for state EI'1. This is due to a mixing be-
tween state EI'S and EX1 which has resulted in the intro-
duction of zone-center components into the wave function
of state EX1 at O kbar. The log oM i which are shown in
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Fig. 21(b) for P lying in the [001] direction, correspond to
unobservable transitions in the case of all of the states
considered.

It can be seen from Fig. 22(a), that as HP is increased

the energies of the ET states increase linearly and the en-
ergies of the EX states decrease linearly. This is similar
to the response which has already been shown for the oth-
er superlattices. As the EI states approach and cross the
EX states, ['-X mixing takes place and zone-center com-
ponents are introduced into the EX states (and conversely
zone-edge components are introduced into the ET states).
Apart from cases of multiple mixings, the distribution of
these zone-center components in the EX states, either
those confined in the GaAs layers or those quasiextended
in the AlAs layers, reflects the spectral distribution of the
particular ET" state with which interaction is occurring.
This is illustrated in Figs. 22(c) and 22(d). The mixing of
zone-center components into the EX states is accom-
panied by an increase in the M. In 22(c), it can be seen
that the M, with P lying in the [110] direction for states
EX1 and EXRI1 correspond to observable transitions,
especially at pressures above about 20 kbar.
, In Fig. 23, we show results for the (GaAs,51
A/AlAs,514 A) MQWS which are analogous to those
shown in Fig. 22. Since there are fewer ET states, the sit-
uation is less complicated than that illustrated in Fig. 22.
The dramatic increase in log,oM s for state EX1 at 30
kbar [Fig. 23(b)] can be seen to coincide with the
EIr'1/EX1 crossing and the dramatic increase in zone-
center components in the spectral distribution of state
EX1.

In Fig. 24, we compare the spectral distribution of state
EI'l in (a) _the (GaAs,5]1 A/AlAs,514 A) and (c) the
(GaAs,102 A/AlAs,514 A) MQWS’s at O kbar. The ar-
row on each curve in Fig. 24 (and 23) indicates the point
at which the modulus squared of the A4, coefficients has
dropped to half of the peak height. It can be seen that at
0 kbar, the localization of state ET'1 in wave-vector space
is greater in the case of the 102 A GaAs layer than in the
case of the 51 A GaAs layer. This is expected from the
basic properties of Fourier transforms. As the thickness
of the GaAs layer increases to several hundred A, the
layer becomes bulklike and a transition from confined to
extended character must take place. In the limit of bulk
GaAs, the spectral character of each electronic state must
correspond to a highly restricted region of wave vector
space centered on a k point permitted by the dimensions
of the crystal.

It can be seen from Fig. 23(b) that M for EX1 in the
(GaAs,51 A/AlAs,514 A) MQWS at O kbar is only about
three orders of magnitude smaller than that for EI'l.
This is in spite of the fact that the moduli squared of the
zone-center components in EX1 are considerably smaller
than those of EI'1 [see Fig. 23(c) and compare curves (a)
and (b) in Fig. 24]. In Fig. 24 curve (d) we show the
zone-center components in the spectral distribution of
EI'l in the (GaAs,102 A/AlAs,514 A) MQWS at 40
kbar. By comparing curve (c¢) with curve (d) in Fig. 24,
it can be seen that, although ETI'l at 40 kbar is strongly
mixed with zone-edge-related states, the form of the
zone-center manifold is unchanged. Over most of the
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FIG. 23. Results concerning the lowest conduction states, at
the center of the superlattice Brillouin zone, in the (GaAs,51
A/AlAs,514 A) MQWS with 85:15 offsets. (a) Energies calcu-
lated as a function of hydrostatic pressure. (b) Plot of log;o of
the squared optical matrix element M} with [110] polarization
against hydrostatic pressure for states EX1 and EXR1. (c) Plots
of | Ak |? of state EX1 as a function of k along the A line of
the GaAs Brillouin zone near I' at hydrostatic pressures of 0,
20, 30, and 40 kbar. Only contributions from the lowest bulk
conduction band have been shown.
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FIG. 24. Plots of | A,y | % as a function of k along the A line
of the GaAs Brillouin zone for various MQWS states, at the
center of the appropriate superlattice Brillouin zone. Only con-
tributions from the lowest bulk conduction band have been
shown.
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wave-vector space shown in Fig. 24, curve (d) can be ob-
tained from curve (c¢) by linear scaling. Apart from com-
plications due to multiple mixings, similar properties hold
for zone-edge components in the spectral distributions.
The results which have been shown in Figs. 21—24 for
the (GaAs,51 A/AlAs,514 A)  and  (GaAs,102 A/
AlAs,514 A) MQWS’s correspond to the case of 85:15
offsets. Similar results can be shown for the case of 60:40
offsets although the situation is complicated by the fact
that X¢ (AlAs) lies well below X (GaAs). Under these
circumstances, the lowest confined states in the GaAs
layers are meshed between the extended zone-edge states
of AlAs and so it is not so easy to disentangle the various
I'-X crossings. In order to highlight this point and to
demonstrate that the M shown in Figs. 21—-23 are not
peculiar to 85:15 offsets, we have plotted in Fig. 25(a)
log oM s against energy level for the states at the center of
the SBZ in the (GaAs,102 A/AlAs,514 A) MQWS at O
kbar with 60:40 offsets. In Fig. 25(a), three of the states
EI'l, ET2, and EI'3 are confined states localized in the
GaAs layers, whilst all of the other states shown are
quasicontinuum (extended) zone-edge AlAs states. Apart
from the pairs of doubly degenerate zone-edge states lying
below X§g (AlAs), the zone-edge states are singly degen-
erate (neglecting spin degeneracy). It can be seen from
Fig. 25(a), that the only confined zone-center-related state
lying amongst the extended zone-edge states is EI'3. In
Fig. 25(b), we show the modulus squared of the A,
component of the states in Fig. 25(a) which lie above state
EI'2. It can be seen From Fig. 25(b) that the interaction
between state EI'3 and the neighboring zone-edge-related
states has led to a spreading out of the I'-point com-
ponents from state EI'3. It is evident from Fig. 25(b) and
the previous discussion that the movement of a particular
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FIG. 25. (a) Plot of log;o of the squared optical matrix ele-
ment M, against energy level for the lowest conduction states,
at the center of the superlattice Brillouin zone, in the (GaAs,102
A/AlAs,514 A) MQWS with 60:40 offsets of O kbar. The three
zone-center-related states (EI'1, EI'2, and EI'3), confined most-
ly in the GaAs layers, have been marked. All of the other states
which have been shown are zone-edge-related states quasiex-
tended in the AlAs layers. Twelve pairs of quasidegenerate
states lie in the camel’s backs of AlAs below the energy corre-
sponding to the X§ point. (b) Plot of | A,r, |? for the states
shown in (a) which lie above EI'2 in energy. The (alternate)
zone-edge-related states which have finite A4,,, at I' are those
which have the largest M.

state with alloying, HP or changing geometry should be
regarded as the movement of a pocket of components in
wave-vector space. Interactions between zone-center- and
zone-edge-related states (Fig. 25) has given rise to M, for
extended AlAs states which correspond to transitions
from HHI across the heterointerface which are in princi-
ple observable. The alternation of the M for the (AlAs)
zone-edge-related states [see Fig. 25(a)] is a result of the
property of periodicity which is retained within the calcu-
lations. If these states were true continuum states, strong
I'- X mixing would not be restricted to alternate states.

V. COMPARISON BETWEEN THEORY
AND EXPERIMENT

In order to provide a direct comparison between theory
and experiment regarding zone-center—zone-edge mixing,
we present in Fig. 26 the calculated and measured pres-
sure dependence of the ET'1-HH1 and EX1-HHI1 transi-
tions for the (GaAs,68 A/Al ,3Gag 7,As,68 A) (001) su-
perlattice. The details of the experimental method have
been given elsewhere.” Figure 26 shows that the calculat-
ed pressure dependence of the E['1-HHI1 transition agrees
well with the experiment although the slope of the EX1-
HHI1 transition deviates slightly from the measured one.
In our calculations, we have assumed that the pressure
coefficients of the I' and X band gaps of AlAs are the
same as those of GaAs (10.6 meV/kbar for the gap at T’
and —1.3 meV/kbar for the gap at X). We have also
neglected the possibility of small changes in the band
offset and exciton binding energy with pressure as well as
dynamic effects at the interfaces reflecting the functional
form of the oscillator strength versus pressure. A com-
bined effect of such uncertainties which are not yet fully
understood must be responsible for the discrepancy con-
cerning the EXI-HHI1 transition. Since the EI'l and
HHI1 states essentially follow the I' valley of GaAs, the
agreement between experiment and theory for the EI'l-
HHI1 transition is not surprising. With regard to the
EX1-HH]1 excitonic transition, we refer the reader to the
paper by Bastard et al. where a model for excitonic ef-
fects in a similar type-II system has been given.’! At the
crossing between the XI'l-HH1 and EX1-HH1 lines in
Fig. 26 which occurs at about 30 kbar, the I' valley of
GaAs and the X valley of Alj,3Gagy 7,As are almost de-
generate in energy for a band offset of approximately
71:29. The resulting mixing between the zone center and
zone-edge components of the corresponding wave func-
tions is reflected in a rapid increase in the oscillator
strength Fgy,.ym of the EX1-HHI1 transition. This is
clearly shown in Table VI, from which it can be seen that
the oscillator strengths for the EI'1-HH1 and EX1-HH1
transitions are comparable at 30 kbar.

The zone-edge-related state EX1 is localized in the alloy
layers and the zone-center-related states EI'l and HH1
are localized in the GaAs layers. However, the I'-x mix-
ing gives rise to a substantial amplitude of state EX1 in
the GaAs layers, as shown in Fig. 27(a). In Fig. 27(b), we
show the charge remaining in state EX1 after zone-center
components have been removed from its wave function.
It can be seen that the amplitude in the GaAs layers has



1220 GELL, NINNO, JAROS, WOLFORD, KEUCH, AND BRADLEY 35

2.1 T T T T | T T
/
/
./.
/.
- .
2.0 /°.
¢
/
R ./o
1.9F ;,d-.. EX1 - HH1
// K\.;
3 1 !
=1 ;/ EP1 - HH1 i
> /
o /
(39 /
@ /
5 17 B // -1
/I
/
/
//
1.6% 4
1.5F  (GaAs, 68A/Alg 55Gaq7; As,68A);
(001 ) superlattice at 8K

0 20 40 60 80

pressure ( kbar)

FIG. 26. Photoluminescence (8 K) of a 40-period (GaAs,68
;\/Alo_szamzAs,GS A) (001) superlattice prepared by metalor-
ganic chemical vapor deposition (MOCVD) and held at indicat-
ed pressures in a diamond anvil cell. Energies of the I'-confined
transitions (EI'1-HH1) increase with pressure, following the
shift of the direct GaAs band edge, while intensities rapidly di-
minish near and above 31 kbar. A staggered-band, X-confined
transition (EX1-HH1) appears here, and shifts down in energy,
weakening with increasing pressure [after Wolford er al. (Ref.
9)]. The dashed lines show the corresponding calculated transi-
tion energies. The calculations have been performed with a
71:29 offset using the band gaps of GaAs and Al,Ga;_,As at
atmospheric pressure given in Ref. 9. It has been assumed that
the pressure coefficients of the ' and X band gaps of
Al,Ga,_,As are the same as those which have been measured
for GaAs (Ref. 22). An allowance of 20 meV has been made for
the indirect exciton. The reader is referred to the paper by Bas-
tard et al. (Ref. 51) where a discussion of exciton effects in a
type-II structure has been given.

been quenched. We therefore conclude that there is a
one-to-one correspondence between localization of and
bulk components within the wave functions.

In order to provide more insight into the I'-X mixing,
we present an effective mass model, which in spite of its
very restrictive assumptions, reflects all of the key
features. Let us assume that the only relevant interaction
is between one I' (zone-center) state and one X (zone-edge)
state. Away from the crossing, let the wave functions of
the T" and X states be Wp(r)=Fr(z)¢p(r) and
Yy (r)=Fx(z)¢x(r), where Fp,Fy are slowly varying en-
velopes and ¢r,¢y are the respective Bloch states. At the
crossing, the energies Er and Ey are almost degenerate.
In first order perturbation theory, we can write

Y(r)=CrVWr(r)+CxW¥x(r), (22)

TABLE VI. Table showing oscillator strengths calculated at
various pressures for the transitions ET'1-HH1 and EX1-HH1
which are shown in Fig. 26 for the (GaAs,68 A/Alo‘ngao_nAs,
68 A) (001) superlattice.

Hydrostatic Oscillator Oscillator
pressure strength strength
(kbar) Ferimni Fex1nm
10 5.3 0.0
20 5.1 6.3x103
30 3.4 1.2
40 3.2 3.3x1073
(a)
2
Iy |
Al0.28 GQO?Z As Ga As
(b)
2
lwl l
N
Alo_zs GUO‘ 72 As Ga As

FIG. 27. (a) Charge density of the lower-energy state in the
quasidegenerate pair of EX1 states, plotted along the superlat-
tice axis in the [001] direction, at the center of the superlattice
Brillouin zone, in the (GaAs,68 A/Alo'nga0,72As,68 A) (001) su-
perlattice at 30 kbar (see Fig. 26). (b) Charge density remaining
from (a) after the zone-center components in the wave function
have been removed.
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which leads to the secular determinant

Er—B Vry

Vxr Ex—E =0, 23)
where
Vex= [ Fr@oFy(2dz [ $HnVsi(Dpy(ndr.  (24)

In (24), Vg (r) is the superlattice potential defined in Sec.
III B. The eigenvalues of (23) are

E=+(Epr+Ex+8), (25)
where
8=[(Er—Ex)*+4|Vrx|?1'*. (26)

At the crossing, Er =Ey, and so the repulsion in energy
of the mixed states is AE =2 | Vr x| and the wave func-
tions are

W(r)=1/V2[Vr(r)+Wy(r)] . 27

The major limitation of this model is that it overestimates
the amplitude of the wave functions (27) in the GaAs
layers because, in reality, there is more than just one
zone-edge-related superlattice state interacting with the
zone-center-related state. However, Eq. (24) shows some
important features. Let us consider two different situa-
tions: one in which Fr and Fy are localized in the same
layers and the other in which Fr and Fy are localized in
spatially separated layers. These two situations can be sa-
tisfied by changing the band offset (see Fig. 9). For exam-
ple, with an 85:15 offset, Fy is localized in GaAs whereas
for a 71:29 offset it is localized in Al,Ga;_,As. In both
cases | ¥ x| will be finite and of the same order of mag-
nitude (see Ref. 4 for I'-X mixing with an 85:15 offset).
When Fr and Fy are localized in the same layer, the
overlap integral in (24) is of the order of 1 whereas it is
<< 1 for the other case. Therefore, in order to obtain fi-
nite | V1 x|, ¢x(r) must be very different in going from
GaAs to Al, Ga,_,As. In other words, the I'-X mixing is
controlled essentially by the difference in the periodic part
of the zone-edge Bloch states of GaAs and Al,Ga;_,As.

VI. CONCLUSIONS

The electronic and optical properties of the superlat-
tices (and MQWS’s) which have been described here rest
on a delicate balance between dimensional conditions and
the microscopic properties of the superlattice potential.
The underlying dimensional conditions may be considered

to be the periodicity of the superlattice, the relative widths
of the constituent layers and the band offsets. The form
of the full superlattice potential is also intimately connect-
ed with the underlying dimensional conditions but is de-
rived primarily from differences between atomic
(pseudo)potentials. The form factors from which the
band structure of the host crystal is generated give rise to
a set of eigenvalues E,;; which, within the context of our
scheme, can also be regarded as a set of dimensional con-
ditions. The sensitivity of the zone-edge-related states to
the E,,, was discussed. Taken in isolation, these dimen-
sional conditions may be used to give a useful guide to the
envelope structures of the states near a particular band
edge. However, the finite details (and, in fact, the origin)
of the electronic states are controlled by the Fourier com-
ponents of the superlattice potential at and clustered
around the bulk reciprocal lattice vectors. Scattering pro-
cesses associated with wavelengths which are comparable
with the widths of the layers are largely irrelevant in the
determination of the electronic and optical properties of
the superlattices. The short-wavelength scattering pro-
cesses also determine the I'-X mixing which gives rise to
observable transitions from HH1 to the zone-edge-related
states.

Energy levels, transition energies, optical matrix ele-
ments, oscillator strengths and wave functions in real (and
momentum) space have been presented in order to
describe crossings between zone-center and zone-edge-
related superlattice states. In particular, we have used a
representative set of measured transition energies under
hydrostatic pressure to make a direct comparison with ex-
periment. A good agreement was obtained although small
but noticeable uncertainties in the pressure dependence of
the indirect exciton energies and the band offsets and in
the (bulk) pressure coefficients of the band edges of
Al,Ga;_,As prevented us from achieving a truly quanti-
tative agreement. However, a deeper conceptual under-
standing of the response of superlattice electronic states to
changes in alloy composition and hydrostatic pressure has
been achieved and will serve as a basis for future studies.
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