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Orientational superlattices formed by CuPt-ordered zinc-blende semiconductor alloys
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National Renewable Energy Laboratory, Golden, Colorado 80401

~Received 21 August 1996; revised manuscript received 15 October 1996!

We performed a systematic study on a nonconventional semiconductor heterostructure—orientational su-
perlattices~OSL’s!—based on CuPt-ordered zinc-blende alloys. Instead of the band offset in conventional
superlattices, it is the discontinuity in the angular momentum which brings about the superlattice effects in
orientational superlattices. Valence-band structures of five polytypes of OSL’s formed by CuPt-ordered
GaInP2 layers have been classified according to their symmetries and calculated numerically by using the
envelope-function approximation for structures with different periods, ratios of layer thickness, and degree of
order. On one hand, features similar to those in conventional superlattices—wave-function modulation, band-
gap modification, and the formation of subbands and minigaps—can be achieved purely from an orientational
alternation of the semiconductor layers. On the other hand, the dependence of energy levels on layer thickness
and the wave-function distributions in OSL’s are distinct from that in conventional superlattices.
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I. INTRODUCTION

Esaki and Tsu1 proposed the concept of a semiconduc
superlattice~SL! in which electrons~holes! are confined by a
one-dimensional scalar potential generated by alternating
doping with donors and acceptors or varying alloy compo
tion in thin semiconductor layers. In the Esaki-Tsu-type
perlattices, quantum confinement is most often achieved
the band-gap difference between two semiconductors. In
envelope-function approximation,2 the effective Hamiltonian
for electronic states usually has an effective potential in
form of a diagonal matrix. The matrix elements are given
the band offsets between adjacent semiconductor lay
Other than the band offsets, the discontinuity of t
effective-mass tensor varying from one layer to the ot
also plays a role in determining the electronic states.2 There
are certain situations in which the spatial confinement
electrons and holes can be understood as caused by the
tial variation of the effective-mass tensor. For instan
~GaP2/InP!2 bilayer SL with lateral composition-modulatio
~the so-called spontaneously generated effective-mass la
SL’s! is one such situation.3 However, this type of effective-
mass SL can as well be treated as a problem with a unif
effective-mass tensor and an effective potential having
diagonal matrix elements, which is a tensorlike effect
potential.4,5 Thus, in this type of effective-mass superlattic
the quantum confinement is still associated with the spa
variation of the band gap or a continuously varying ba
offset. In short, most of the previously studied semicond
tor SL’s can be considered as generalized Esaki-Tsu SL’
which symmetric axes of the alternating layers are aligne
parallel and so the ‘‘effective potential’’ matrices have t
same form, but the values of the matrix elements vary s
tially. Band-gap differences always exist between the t
constituents. We refer to this type of superlattice as acon-
ventional superlattice.

Another type of superlattice is theorientational superlat-
tice ~OSL!. In an OSL, by definition, when going from on
constituent to the other, neither the magnitude nor the s
metry of the lattice potential is changed, but the symme
550163-1829/97/55~19!/13100~11!/$10.00
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axis is rotated periodically. Silicon carbide~SiC! polytypes
are good examples of this type of superlattice. As pointed
by Backes, Bobbert, and van Haeringen,6 SiC polytypes may
be viewed as natural superlattices consisting of p
3C SiC segments that differ in size and crystallographic o
entation only. Usually, in these superlattices each segm
contains only a few monolayers of the 3C structure. Another
example of the orientational superlattices is the so-ca
‘‘twinning superlattices’’7 which is hypothetically formed by
arranging twin stacking faults in a periodic sequence. B
sides semiconductors, OSL’s have also been found in me
~a periodic antiphase boundary structure of ordered CuA8

for instance!.
Recently, a different category of OSL-like structure w

observed in CuPt-ordered III-V semiconductor alloys.9,10 It
has been well established that by using the growth techn
of metal-organic vapor-phase epitaxy, various III-V allo
A12xBxC (x;0.5) can spontaneously form a monolayer s
perlattice AC/BC along either one of the two@111#B
directions.11 Depending on the orientation of the substrat
one can obtain ordered alloys with single- or double-order
variants. A single-variant ordered alloy shows the symme
of a CuPt structure, as compared to the zinc-blende sym
try of the disordered alloy. Band-gap reduction, valen
band splitting, and changes in optical polarization are
major features of the ordering, and these features have b
well studied.11 On the other hand, ordered alloys wit
double-variant structures have received much less atten
and researchers often try to suppress the second varian
growing the epilayers on tilted substrates. We have poin
out12 that a category of OSL’s can be constructed fro
double-variant-ordered structures. In fact, spatial alterna
in the direction of the ordering axis has been observed
double-variant-ordered GaxIn12xP alloys: periodic structures
of domain boundaries between the two variants appear e
along the @001# growth direction9,10 or along the @110#
direction13 ~where we define the@111# and @1̄ 1̄1# as the or-
dering direction for the two variants!. The @001# structures
are found to have a periodicity of about 10 nm, and the@110#
structures have a large periodicity of the order of 1mm. The
13 100 © 1997 The American Physical Society
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55 13 101ORIENTATIONAL SUPERLATTICES FORMED BY CuPt- . . .
@110# structures have also been achieved by grow
GaxIn12xP expilayers on patterned substrates.14 Although the
periodicities in the above-mentioned structures are far
than perfect, they demonstrate the feasibility of growi
semiconductor OSL’s epitaxially. The double-variant stru
tures reported in Refs. 9, 10 have also been obtained in
laboratory. Moreover, the change in optical properties~e.g.,
enhancement of optical anisotropy! as compared to those i
single-variant structures has been observed experimenta15

as should be expected for the OSL’s whose band struct
will be studied in this work.

Band structures of certain SiC polytypes have been ca
lated successfully by using the superlattice approach.6 This
assumption is comparable to the flat-band approximation
the description of conventional superlattices in which
layers are assumed to be entirely bulklike.2 Conduction-band
structures for Si, Ge, AlAs, and GaAs twinning superlattic
have been calculated by using a microscopic techni
~empirical-pseudopotential-based layer technique!.7 The su-
perlattice effects—the change of band-edge energy and
formation of minibands—are found very prominently
indirect-gap materials and short-period~less than 10 ML!
structures. For direct-gap semiconductors and long-pe
structures, the superlattice effect is merely a small shif
band-edge energy, which is essentially because thes-like G
conduction state is not sensitive to the rotation of the cry
potential. For valence bands, the superlattice effects are
ligibly weak.16 The authors of Ref. 7 also pointed out th
many of the effects in twinning superlattices cannot be
derstood within the ‘‘continuum’’ models, such as th
effective-mass method, because neither the potential no
effective-mass change across the boundary. As will be
cussed later, this statement is not generally valid for OS
although it is valid for the special cases in which OSL’s a
constructed from their parent lattices that have diamond
zinc-blende symmetry. For OSL’s formed by ordered allo
like GaxIn12xP, because of its direct band gap, one wo
not expect strong changes to the conduction-band electr
structure unless very short-period structures are conside
However, for the valence band, because of itsp-like symme-
try, one could expect that the rotation of the uniaxial axis
the ordered crystal will bring about changes in the valen
band structure. We recently investigated the band struc
of the valence bands for OSL’s based on orde
GaxIn12xP alloys.12 The purpose of this work is to give
systematic description of the band structure for differ
polytypes of OSL’s formed by ordered zinc-blende allo
and to discuss the differences between conventional and
entational superlattices. The same ‘‘flat-band approxim
tion’’ used for conventional superlattices2 and for orienta-
tional superlattices of SiC polytypes6 is applied, and the
envelope-function method2 is used in this work. Analogous
to conventional superlattices, these orientational superlatt
also show spatially varying amplitudes of the envelope fu
tions, modifications to the band-edge states and band g
and the appearance of subbands and miniband gaps, bu
ten in different or complementary ways. Characteristic f
tures of five distinct polytype structures are discussed in
lation to their symmetry.

This paper is organized as follows: Section I is an Int
duction. In Sec. II, we describe five of the simplest possi
g
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OSL structures formed by CuPt-ordered GaInP2, construct
superlattice potentials for the five polytype OSL’s, discu
the difference in superlattice potentials for conventional a
orientational superlattices, and, using an envelope-func
approximation, calculate energy dispersions and probab
distributions for the five polytypes. Section III discusses c
tain distinct properties of OSL’s, as well as the approxim
tions and the limitations of our theoretical approach to mo
eling these structures. Section IV summarizes this work.

II. MODEL AND CALCULATIONS

A. Structures of polytypes

Figure 1 shows five types of the most simple OSL stru
tures based on ordered CuPt alloys. These structures c
be grown artificially or formed spontaneously. They cons
of two differently oriented layers in a single superlattice p
riod. One layer is related to the other one by a rotatio
operationR of the point groupTd : 180° rotation about the
@001# axis for types I, III, and IV; 240° rotation about th
@111# axis for types II and V. The arrows in Fig. 1 are to b
understood as directions pointing from Ga-rich to In-ri
layers ~or the other way!. The relative arrow directions
shown in the Fig. 1 represent OSL structures without
tiphase boundaries.17 The difference among types I, III, an
IV or between types II and V is in the stacking direction. F
types I, III, and IV, the ordering directions of the two laye
are in the same plane, but this is not so for types II and

If the atomic arrangements at the interface are taken
account, for each polytype in Fig. 1, there are three mic
scopically distinct structures. The reversal in the direction
one of the arrows in each polytype is associated with
occurrence of a zinc-blende or CuPt antiphase boundar
the interface of the two variants. A zinc-blende antipha
boundary can be generated by combining the rotationR with
a translationT8 that does not belong to the space gro
(F4̄3m) of the zinc-blende crystals~it interchanges cation
planes with anion planes!. For any one of the structure
shown in Fig. 1, this procedure gives a new structure mic
scopically different from the original one. Another distin
structure can be obtained by combining the rotationR with a
translationT that interchanges the Ga and In cation plan
and generates a CuPt antiphase boundary.T belongs to
F4̄3m but not toR3m ~the space group of the CuPt stru
ture!. In this work, we try to focus on the bulk effects of th
OSL. To avoid the complexity of the interfaces, we limit th
situation to that in which the layer thickness is much larg
than that of a monolayer, and assume that in this limit
interface effects are negligible. This is a valid assumption
the conventional superlattice, but has not yet been rigorou
investigated for OSL’s~this issue will be addressed later
Sec. IV!. Therefore, we do not distinguish the structur
shown in Fig. 1 from the other structures associated with
occurrence of antiphase boundaries generated byT8 or T,
and the arrows in Fig. 1 can be removed.

Note that polytypes I and III, consisting of@111#- and
@1̄ 1̄1#-ordered variants alternatively stacked along the@100#
or @110# directions, are the double-variant structures o
served experimentally by Refs. 9, 10, 15 and Refs. 13,
respectively. Type IV can be viewed as the same doub
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FIG. 1. Five polytype orientational superlattices based on CuPt-ordered GaInP2 alloys. The relative arrow directions represent th
structures without antiphase boundaries.
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variant structure but stacked along the@1̄10# direction. This
polytype is similar to twinning superlattices,7 because one
variant is twisted by an angle of cos21(1/3) with respect to
the other about the superlattice axis. Higher-index polyty
~for instance, structures with three or more differently o
ented layers in one period! are not considered in this work
The symbol@111#/@1̄ 1̄1#—@110# represents an OSL with lay
ers alternately ordered along the@111# and@1̄ 1̄1# directions,
and the superlattice axis along the@110# direction.

B. Superlattice potentials

If a superlattice contains two different layers~A andB! in
one period, the superlattice potential can be written
DV(x)5VB(x)2VA(x) in layer B and DV(x)50 in layer
A, whereVA(x) andVB(x) are the periodic potentials in th
bulk materialsA andB, respectively. If layerA is taken as
the reference, to a first-order approximation, the superlat
potential in layerB becomesDV5^UAuDV(x)uUA&, where
UA is the band-edge Bloch state of the layerA. For a con-
ventional superlattice, with the assumption ofUA5UB ,

2

DV is then the band offset between layersA and B. This
s
-

s

e

assumption implies that the potentials in layersA andB have
the same functional form and differ only in their strengt
The band gaps—and so the effective masses—are diffe
in layersA andB. For an orientational superlattice, by de
nition,VB(x)5R21VA(x)R, whereR is a rotational operator
that does not belong to the symmetry group of the host c
tal. In the twinning superlattice studied by Ref. 7, the lay
B is related to layerA by a 180° rotation about the@111#
axis. Even though the rotation does not belong to the sy
metry operation of theTd group, to the first-order approxi
mation, the twinning superlattice has no effect on t
valence-band states with wave vectork along the superlattice
axis, because the unperturbed band-edge states arep like.
Thus, the twinning superlattice is a higher-order effect wh
needs the coupling among states with thek vector near and
away from the Brillouin-zone center or states inside and o
side the eight-band manifold.

We are going to show that for OSL’s constructed by e
ilayers with uniaxial symmetry, superlattice effects, such
band-gap changes, wave-function modifications, and m
gaps, appear in the first-order treatment of the valence-b
states, even in the absence of band offsets and effective-m
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discontinuities. The potential for a single-variant ordered
loy can be written asV(x)5V0(x)1dV(x), whereV0(x) is
the potential for the disordered alloy in the ‘‘virtual-cryst
approximation,’’dV(x) is the perturbation due to ordering
For the valence bands~VB’s!, the effective Hamiltonian for
the perturbation can be written in a way similar to that for
@111#-uniaxial strain,18–21,12

h52d@~LxLy1LyLx!«xy1c.p.#, ~1!

whereL is the orbital angular momentum, and c.p. deno
cyclic permutation with respect to the indicesx, y, andz.
Parameterd describes the strength of the rhombohedral d
tortion, and the tensor« describes the ordering direction. Fo
bi

el
e
t

-

t

ts
nd
g
n
c
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s

-

iÞ j , « i j561, depending on the ordering direction~for in-
stance,«xy51 for @111# ordering, «xy521 for @1̄11#, or
@11̄1# ordering and so on!; for i5 j , « i j50. The coordinate
axesx, y, andz have been chosen along the@100#, @010#,
and @001# directions, respectively. By using the threep-like
band-edge states~uX&, uY&, anduZ&! of the disordered alloy
as a basis, the matrix form of Eq.~1! is

h5dS 0
«xy
«xz

«xy
0

«yz

«xz
«yz

0
D , ~2!

and with spin-orbit interaction included, Eq.~1! becomes
h51
0 s* r * 0 2

1

&
s* &r *

s 0 0 2r * 0 A3

2
s*

r 0 0 s* 2A3

2
s 0

0 2r s 0 2&r 2
1

&
s

2
1

&
s 0 2A3

2
s* 2&r * 0 0

& r A3

2
s 0 2

1

&
s* 0 0

2 , ~3!
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with r52 id«xy /), s52d(«xz2 i«yz)/). The basis for
Eq. ~3! is the same as what is normally used for a cu
crystal: $uJ,mz&%5$u 3/2,23/2&, u3/2,21/2&, u3/2, 1/2&,
u3/2,3/2&, u1/2, 21/2&, u1/2,1/2&%, whereJ5L1S, S andJ
are the spin and total angular momentum, respectiv
When using Eq.~1! to describe the ordering effect, we hav
ignored the small change in spin-orbit interaction due
ordering.11,21

Assuming the superlattice axis is along thez8 direction
andz850 is at the center of layerA, the superlattice poten
tial is then

Dh~z8!5@hB2hA#u~z8!, ~4!

wherehA andhB are given by Eq.~3! in layerA ~with thick-
ness LA! and layerB ~with thicknessLB!, respectively.
u(z8)50 whenz8 is in the layerA, andu(z8)51 whenz8 is
in the layerB. We assume layerA and layerB have the same
degree of order, so we can study the effects purely due to
orientational change@the eigenvalues of Eq.~3! are the same
in layerA and layerB: therefore, there are no band offse
for band-edge states#. The conduction band and valence ba
have been decoupled because of the relatively large band
(Eg;2 eV). Because the anisotropy of the conduction ba
is mainly due to its coupling to the well-separated valen
c

y.

o

he
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d
e

band, we expect that the OSL effects are weak for the c
duction band.22 Thus, we will focus only on the valenc
band. We would like to point out that because the spin-o
interaction is not involved in the pertubative Hamiltonia
the spin-orbit interaction does not directly contribute to t
OSL effects, but does so indirectly through the zinc-blen
Hamiltonian,Hdis, defined below.

C. Energy dispersion and probability distribution

Recently, we have calculated the band structure of sin
variant or ‘‘bulk’’ ordered GaInP2 using an eight-bandk–p
model,21 where the ordering direction was defined as t
@111# direction. For a bulk CuPt-ordered III-V alloy, the VB
effective Hamiltonian can be written as

Hord5Hdis1h, ~5!

whereHdis is the six-bandk–p Hamiltonian for the disor-
dered alloy and given by Eq.~A6! of Ref. 21. InHdis, terms
related to the lack of inversion symmetry in zinc-blen
crystals are ignored, since their effects are usually v
weak.2 As for conventional SL’s, the OSL’s can be treated
the envelope-function approximation.2 Note that the super-
lattice potential Eq.~4! is a tensor with all the diagonal term
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13 104 55YONG ZHANG AND A. MASCARENHAS
being zero in the coordinate system (x, y, z). One could
also treat this type of OSL as an effective-mass OSL
which the principal axes of the effective-mass tensor~or,
more generally, energy-dispersion functions! have different
orientations in the adjacent layers. However, this is incon
nient because the dispersions are strongly nonparabolic.21

The eigenvalue equation for the OSL is then

@H01Dh~z8!#F5EF, ~6!

whereH05Hdis(kz8→2 i,z8)1hA is the Hamiltonian for
the bulk-ordered GaInP2, andF5( f 1 , f 2 ,...,f 6) are six-band
envelope functions. Note thatH0 is given in the coordinate
system (x, y, z) as a function of wave vectork
5(kx ,ky ,kz). When the superlattice axis is not along t
@001# direction, we transformH0 to the coordinate system
(x8,y8,z8), in which H0 becomes a function of the wav
vector q5(q1 ,q2 ,q3), with q3 along the superlattice axi
andq2 andq3 in the plane perpendicular to the superlatti
axis. However, we do not change the basis of the six-b
manifold.

A Fourier transform method23,24 is used to solve the ei
genvalue problem of Eq.~6!, with a periodic boundary con
dition F(z8)5F(z81LA1LB) implied. The validity of this
boundary condition will be discussed later. The envelo
functions can be expanded in a Fourier series,

f j~q;z8!5 (
n52m

m

bjn~q!exp~ inK0z8!, ~7!

whereK052p/(LA1LB), andm is a finite number, depend
ing on the accuracy required. The solution of Eq.~6! in-
volves obtaining the eigenvalues and eigenvectors o
6(2m11)36(2m11) matrix. The wave functions of the
electronic states are given as

wq~x8!5exp~ iq•x8!(
j51

6

f j~q,z8!u0 j , ~8!

whereu0 j are band-edge states of the disordered alloy.
The corresponding probability distribution is defined a25

p~z8!5(
j51

6

u f j~z8!u2, ~9!

where the normalization condition is*LA1LB
p(z8)dz85LA

1LB . Note that( j51
6 u f j (q)u251 for a bulk-ordered alloy.

For numerical calculations, we use a typical value ofd
5215 meV, which corresponds to a heavy-light-hole sp
ting of 25 meV and a band-gap reduction of 106 meV in
single-variant-ordered GaInP2.

21,26 This value of d repre-
sents the situation for the strongest ordered samples curr
achieved experimentally.26 The band structure parameters f
disordered GaInP2 are listed in Table I.

TABLE I. Band-structure parameters for the disorder
GaInP2 alloy.

Eg ~eV! D ~meV! Ep ~eV! m0* (me) g1 g2 g3

1.991 103 26 0.092 4.55 1.05 1.49
r

-

d

e

a

-

tly

First, we consider symmetric superlattices for which la
ersA andB are of equal thickness. Table II shows the ener
shift dE ~the energy of the top of the VB with respect to th
of the top of the VB in a bulk-ordered GaInP2 alloy! for the
five types of GaInP2 OSL’s with LA5LB5100 Å. The shift
of the VB maximum in OSL’s is similar to that in conven
tional SL’s; that is, the shift tends to increase the band g
from the bulk value. This energy shift, referred to as ‘‘co
finement energy’’ in conventional SL’s, is largest in type I
intermediate in types I, II, and V, almost the same in type
and II, and smallest in the type-IV structures, as summari
in Table II. Figures 2~a! and 2~b! show the dispersion curve
E(q3) for types I and V, respectively. The results for typ
II–IV are qualitatively similar to that of type I. For thes
four polytypes, two adjacent subbands meet at the z
boundary (q350.5K0) i.e., the folded bands are degenera
at the zone boundary. Also shown in Fig. 2~a! as dashed
curves are the folded bands of bulk-ordered GaInP2 in the
@001# dispersions. Type V, as shown in Fig. 2~b!, is distinct
from the other four polytypes: a mini-band-gap opens at
zone boundary. Note that type V is not a pure orientatio
superlattice. With respect to the superlattice axis, layerA
andB are equivalent for all the polytypes except for type
In type V, the ordering direction of the layerA is coplanar
with the superlattice axis and that of the layerB is not. Thus,
the energy dispersions in the two layers are different alo
the superlattice axis even without considering any super
tice effects, which indicates that there is a band offset
tween the two layers forqÞ0. This situation is similar to
most conventional superlattices, in which the band offset
the effective-mass discontinuity coexist, but here there i
coexistence of the orientational discontinuity and effectiv
mass discontinuity.

Let us now study the spatial probability distribution
valence-band states in OSL’s. For types I-IV, because lay
A andB are equivalent with respect to the superlattice ax
we expect to see an identical probability distribution in t
two layers. For type V, however, we expect that the envelo
function will be more confined in the layer with heavier ma
~or lower energy when going away fromq50!, because the
superlattice potential mixes Bloch states nearq50, and there
are band offsets forqÞ0 states. More specifically, the
ground-state envelope-function will localize in the layer f
which the ordering direction is coplanar with the superlatt
axis because the effective mass in the@110# direction is
heavier than that in the@1̄10# direction.21 Figures 3~a! and
3~b! show the probability distributions of the band-ed
states of the first four subbands for types I and V, resp
tively. The results of types II-IV are similar to that of type

TABLE II. Band-edge energy differences between the top
VB in ordered GaInP2 and the five polytype OSL’s of GaInP2,
compared with the projection of the orientational tensor« in the
superlattice axes.

I II III IV V

dE5Eord2EOSL

~meV!
2.46 2.47 3.22 1.71 2.12

1
2
(u«A•uu1u«B•uu)

& & ) 1 (11))
2
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For types I-IV, no confinement in an individual layer is e
pected, but spatial modulation of the envelope function
pears for these OSL’s. The envelope functions maximize
the centers of the two layers for the first, second, and fou
states and at the interfaces of the two layers for the th
state. An especially interesting point is that the third state
zero probability at the centers of the layers. The probabi
distributions of these OSL’s are somewhat similar to conv
tional superlattices with thin barriers. For the OSL structur
the interface acts like the barriers. For type V, the probabi
distributions are unequal for the two layers or ordered
mains. For the ground state, referred to as the type-V st
ture shown in Fig. 1, the envelope function is mostly loc
ized in the @111#-ordered layer. For the third state, th

FIG. 2. Energy-dispersion curvesE(q3) of symmetric OSL’s
with LA5LB5100 Å along the superlattice axes:~a! type I and~b!
type V. Dashed curves in~a! are the folded bands of the bulk
ordered alloy.
-
at
th
d
s
y
-
,
y
-
c-
-

envelope function is still zero at the center of each layer, b
the maximum position shifts toward the@111#-ordered layer.

Second, we consider the asymmetric OSL structures. F
LA550 Å andLB5150 Å, Figs. 4~a! and 4~b! are dispersion
curves ofE(q3)’s for types I and type V, respectively. The
results shown in Fig. 4~a! are typical for types I-IV. In all
these asymmetric structures, the degeneracy at the zo
boundary has been removed and mini-band-gaps appear,
opposed to being observed only for type V in the symmetri
case. The appearance of the mini-band-gaps is obviously
sociated with the lack of rotational symmetryR.

Except for type V, the confinement energy of an asym
metric OSL is smaller than that of a symmetric one of th
same type—that is, the confinement energy maximizes at t
ratio LA /LB51. Figure 5 shows the confinement energy as
function of the superlattice periodLA1LB with different
LA /LB ratios for type-III structures. For type V, the confine-
ment energy first increases when reducing the thickne
(LA) of the layer in which the envelope function is localized
for the symmetric case. After reaching a maximum at a valu
of LA /LB,1, the confinement energy starts to decrease. O
the other hand, increasing the superlattice periodLA1LB
decreases the confinement energy just as for all the oth
types. Figure 6 shows the confinement energy as a functi
of ratio LA /LB for different values ofLA1LB . For a con-
ventional SL, one expects that the confinement energy i
creases when reducing the well width, until the well width
approaches a certain value at which the increase stops

FIG. 3. Probability distributions of the first four band-edge
states~labled as 1–4! of symmetric OSL’s withLA5LB5100 Å:
~a! type I and~b! type V.
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cause of the wave function leakage into the barriers. W
happens in the type-V OSL is similar to that in a conven
tional SL.

Figures 7~a! and 7~b! are the probability distributions o
the valence-band states for the asymmetric OSL’s of typ
and V, corresponding to Fig. 4. For all the five types, t
probability distributions are qualitatively the same: t
ground states are more localized in the wider layer, the s
ond states in the narrower layer, the third states near
interface but in the wider layer, the fourth states in the wid
layer, etc.

Next, we consider the energy dispersions with wave v
tors in the plane perpendicular to the superlattice direct
As an example, Fig. 8 shows the results for the type-I str
ture with LA5LB5100 Å @Figs. 8~a! and 8~b!# and LA
550 Å/LB5100 Å @Figs. 8~c! and 8~d!# for k along the

FIG. 4. Energy-dispersion curvesE(q3) of asymmetric OSL’s
with LA550 Å andLB5150 Å along the superlattice axes:~a! type
I and ~b! type V.
at

I

c-
he
r

-
n.
-

@110# and @11̄0# directions, respectively, with comparison
the in-plane dispersions of the bulk-ordered structure. In g
eral, the energy dispersion is anisotropic fork in the plane
perpendicular to the superlattice direction, which is cor
lated with the propertym@110#.m@1 1̄0# of the bulk-ordered
alloy. For the first subbands, the effective masses bec
slightly heavier than that of the bulk-ordered alloy. On t
other hand, some subbands have very heavy effective ma
or nearly flat dispersion curves neark50. Away from the
zone center, dispersion curves become more similar to
of the bulk-ordered alloy~shown by the dashed lines!. For

FIG. 5. Confinement energy,dE, of the first subband as a func
tion of superlattice periodLA1LB for type-III SL’s at various
LA /LB ratios.

FIG. 6. Confinement energy,dE, of the first subband as a func
tion of LA /LB ratio for type-V SL’s at various superlattice period
LA1LB .
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the symmetric structure, Figs. 8~a! and 8~b!, whenk is in the
@110# direction which is coplanar with the ordering directio
every two subbands merge into one at largek; whenk is in
the @11̄0# direction, subbands do not merge together but
come parallel. For the asymmetric structure, Figs. 8~c! and
8~d!, subbands do not merge in either the@110# or the@11̄0#
directions.

Finally, we consider the dependence of the OSL effe
on the degree of order. Figure 9 shows the energy level
the first and the second band-edge states as a functio
parameter udu for types-I and -III OSL’s with LA5LB
550 Å, with a comparison to those of bulk-ordered allo
As one can see, the confinement energydE5Eord2EOSL
increases with increasing degree of order. An important ch
acter of OSL’s is that, while in the bulk case the topmost V
state has a linearudu dependence, the dependence becom
nonlinear due to the interaction with other subbands, wh
suggests that the band gap will not have a linearudu depen-
dence any more. Another important feature is that the sp
ting of the first two VB states is significantly smaller tha
that of the bulk-ordered alloy for the same degree of ord

III. DISCUSSION

A. Approximations and limitations of our model calculations

The aim of this work is to present properties of orient
tional superlattices. A greatly simplified model has been e
ployed in our calculations. The major approximations ma

FIG. 7. Probability distributions of the first four band-edg
states~labled as 1–4! of asymmetric OSL’s withLA550 Å and
LB5150 Å: ~a! type I and~b! type V.
-
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are ~1! the OSL’s are treated in the subspace ofG8^ G7 of
the zinc-blende structure;~2! the interface effects have bee
ignored.

It has been well demonstrated that Eq.~1! can describe
very well certain properties of the bulk-ordered alloy, e.
the valence-band splittings,26,27 optical polarization.28 How-
ever, it does not give a full account for the absolute ene
positions of the valence bands,21,29 because the interactio
with other bands, especially with the folded band in theG
2L direction, is not taken into account. The interaction w
these ignored bands is expected to change when OSL s
tures are formed. Thus, the current model may not give
curate results for the absolute valence-band positions and
changes in the band gap.

We have used zinc-blende band-edge states as the
for solving the Hamiltonian of OSL structures. This basis
the same on either side of an OSL interface. What change
one moves across the interface is the change in the pertu
tion to the zinc–blende Hamiltonian, which results from t
orientational change in the OSL. The justification for this
based on the fact that the VB states for the regions on ei
side of the interface are constructed from the same se
atomic orbitals. The envelope functions defined in Eq.~8! are
continuous at the interfaces, though their derivatives are u
ally not.

The treatment of the interface in our model is essentia
the same as that frequently adopted in conventio
superlattices.2 The situation in the OSL’s is slightly more
complex than in conventional superlattices, that is, layerA
andB do not have the same microscopic lattice periodic
orientationwise. However, it can be shown in the same w
as for conventional superlattices2 that to a first-order ap-
proximation, the difference in the periodicity has no effect
long as the superlattice period is much larger than the lat
constant. In a more rigorous treatment of the boundary c
ditions ~to a higher-order approximation!, the periodicity of
the lattice on either side of the interface becomes critica
deriving the boundary conditions for the envelope functio
just as for the conventional superlattices.30 Although the
higher-order effects are usually negligible in a conventio
superlattice which has a relatively large superlattice peri
they could turn out to be more significant in an OSL than
the former. Further consideration of the interface effects
beyond the scope of this work.

B. Orientational superlattices versus conventional superlattices

Superlattice effects in conventional superlattices are u
ally associated with the discontinuity of energy or effecti
mass between two layers. By definition, in OSL’s, both e
ergy levels and effective masses are identical in the two
ers. One would like to ask the following: what is the physic
quantity whose discontinuity is the cause of the superlat
effects which appear in OSL’s? To answer this question,
us start with Eq.~1!, the perturbative Hamiltonian, which
brings up all the superlattice effects studied in this wo
Note that Eq.~1! has been given in a cubic coordinate syste
with x, y, andz axes along the@100#, @010#, and @001# di-
rections, respectively. Assuming layerA orders along the
@111# direction, the@111# direction is then a preferred direc
tion for layerA. We can transform Eq.~1! to a coordinate
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FIG. 8. Energy-dispersion curves of type-I OSL with wave vectors in the plane perpendicular to the superlattice axis:~a! E(k@110#) and
~b! E(k@1 1̄0#) for LA5LB5100 Å; ~c! E(k@110#) and~d! E(k@1 1̄0#) for LA550 Å andLB5150 Å. Dashed curves are the dispersions for
bulk-ordered alloy in the corresponding directions.w052pa, wherea is the lattice constant.
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55 13 109ORIENTATIONAL SUPERLATTICES FORMED BY CuPt- . . .
system (x8, y8, z8), with z8 parallel to@111# andy8 parallel
to @1̄10#. In such a coordinate system, the nonzero eleme
of the tensor«A are«x8x85«y8y8521, and«z8z852, and the
perturbation Hamiltonian becomes

h~«A!52d~3Lz8
2

2L2!, ~10!

whereLz8 is the z8 component of angular momentum, an
the orientation-dependent term23dLz8

2 makesz8 a uniaxis.
The rotationR, which transforms regionA to B in a SL,
changes the tensor«A to «B5R«AR

21 and the perturbative
Hamiltonianh(«A) to h(«B)5Rh(«A)R

21. In contrast with
the band-offset perturbation of a conventional SL,h(«B) is
not diagonal in theG8^ G7 subspace and represents the d
continuity in the angular momentum sensed by an elec
moving across the interface. As one can see from Eq.~2!, the
change inh(«A) brought about by the rotationR directly
correlates with the change in«A due to the rotation. Ifu is a
unit vector parallel to the SL-axis, then12( z«A•uz1 z«B•uz)
represents the projection of the orientational tensor« along
the SL-axis. Empirically, the confinement energy, i.e.,
shift of the topmost VB state, is found to correlate with t
quantity 1

2( z«A•uz1 z«B•uz), which is confirmed in Table I.
The undulation of the envelope functions can be underst
as being the result of interference of Bloch states scatte
because of the mismatch of the angular momentum at
interfaces of the orientational domain boundaries.

It is interesting to notice that one cannot make quantu
well structures in the normal sense out of types I–IV OS
by increasing the thickness of one of the constituents. O
the type-V OSL is similar to a conventional quantum w
~the@111# layer is the well, and the@1̄10# layer is the barrier!,
and to some extent, one can indeed increase the confine
by reducing the well width. However, for types I–IV OSL
one can achieve ground-state confinement in the thic
layer by using the thinner layers as barriers, in contrast w
the conventional SL’s, where thick barriers are necessar
obtain quantum confinement in the wells. For instance, i
type-I OSL with LA520 Å andLB5180 Å, the integrated
probability in layerB is greater than 90%, which indicate
that a thin layer with one ordering orientation acts as a spa

FIG. 9. Energy levels of the first and the second band-e
states as a function of parameterudu for types-I and -III OSL’s with
LA5LB550 Å, with comparison to the bulk-ordered alloy.
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between two layers with another ordering orientation. A
though for a ground state it is not possible to have the w
function localized in the thinner layer, for certain high
states~for instance, the second states in all the five po
types!, the wave functions can be localized in the thinn
layer. This property suggests that it may be possible to g
erate carriers in alternate layers by tuning the excitation
ergy.

In this work, we have chosen ordered GaInP2 alloys as a
model system to illustrate the basic properties of orien
tional superlattices, because the ordering effects are
studied in GaInP2 alloys. Most calculations are based on t
currently obtainable degree of order, which is about 50%
general, the stronger the ordering or the larger the valen
band splitting, the stronger the OSL effects. It has been d
onstrated that many other III-V alloys also showed spon
neous ordering; some of them, in principle, could have lar
valence-band splitting than that of the GaInP2.

11 Although
the calculations are applied to a specific structure, Cu
ordered GaInP2, many qualitative features are applicable,
general, to other possible OSL structures~for instance,
CuAu-ordered OSL’s, where the ordering directions can
arranged to be perpendicular to each other in the adja
layers!.

Compared to conventional superlattices, the confinem
energy is somewhat smaller in OSL’s if they have the sa
layer thickness. For instance, a typical Al0.3Ga0.7As/GaAs
superlattice withLA5LB5100 Å has a confinement energ
of 7.4 meV for the first heavy-hole state. For a type-I OS
with the same layer thickness, the confinement energy
be 2.5 or 4.4 meV for;50% or 100%-ordered GaInP2, re-
spectively. One important difference between a conventio
superlattice and an OSL is that for a conventional super
tice, the light emitted along the superlattice axis is nea
unpolarized; for an OSL, the emission is strongly polariz
which is a very useful property for a vertical-cavity surfac
emitting laser.

IV. SUMMARY AND CONCLUSIONS

We have performed a systematic study on a nonconv
tional semiconductor heterostructure: orientational super
tices based on CuPt-ordered zinc-blende alloys. Instea
the band offset in conventional superlattices, the disconti
ity of the angular momentum is the cause of the superlat
effects in orientational superlattices. Electronic properties
the valence band—energy dispersions, envelope functi
and the probability distributions—for the five polytypes
GaInP2 OSL’s have been classified according to their sy
metry and calculated numerically for structures with diffe
ent periods, ratios of layer thickness, and degree of or
We have shown that wave-function undulation, band-g
modification, and minigaps can be achieved purely from o
entational alternation of the semiconductor layers. Featu
in OSL’s similar to those in conventional superlattices a
band-gap modification, formation of subbands and miniga
and wave-function modulation. The distinct properties
OSL’s are, for instance, the dependence of energy levels
layer thickness, the wave-function distributions, and stro
optical anisotropy. We believe that OSL’s are a new field
be explored in semiconductors for both physics and dev
applications.
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