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Orientational superlattices formed by CuPt-ordered zinc-blende semiconductor alloys
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We performed a systematic study on a nonconventional semiconductor heterostruariergational 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
GalnPR, 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.
[S0163-182697)04319-1

[. INTRODUCTION axis is rotated periodically. Silicon carbid&iC) polytypes
are good examples of this type of superlattice. As pointed out
Esaki and Tstiproposed the concept of a semiconductorby Backes, Bobbert, and van HaerindeBiC polytypes may
superlatticeSL) in which electrongholes are confined by a be viewed as natural superlattices consisting of pure
one-dimensional scalar potential generated by alternating theC SiC segments that differ in size and crystallographic ori-
doping with donors and acceptors or varying alloy composi€ntation only. Usually, in these superlattices each segment
tion in thin semiconductor layers. In the Esaki-Tsu-type su-<contains only a few monolayers of th€3tructure. Another
perlattices, quantum confinement is most often achieved bgxample of the orientational superlattices is the so-called
the band-gap difference between two semiconductors. In théwinning superlattices” which is hypothetically formed by
envelope-function approximatidrthe effective Hamiltonian ~ arranging twin stacking faults in a periodic sequence. Be-
for electronic states usually has an effective potential in thesides semiconductors, OSL's have also been found in metals
form of a diagonal matrix. The matrix elements are given by(a periodic antiphase boundary structure of ordered CUAuU,
the band offsets between adjacent semiconductor layerfor instance.
Other than the band offsets, the discontinuity of the Recently, a different category of OSL-like structure was
effective-mass tensor varying from one layer to the otheobserved in CuPt-ordered Il1-V semiconductor all8y8.it
also plays a role in determining the electronic stat&sere  has been well established that by using the growth technique
are certain situations in which the spatial confinement folof metal-organic vapor-phase epitaxy, various llI-V alloys
electrons and holes can be understood as caused by the spa- ,B,C (x~0.5) can spontaneously form a monolayer su-
tial variation of the effective-mass tensor. For instanceperlattice AC/BC along either one of the twd111]g
(GaR/InP), bilayer SL with lateral composition-modulation directions'! Depending on the orientation of the substrates,
(the so-called spontaneously generated effective-mass laterahe can obtain ordered alloys with single- or double-ordering
SL’s) is one such situatiohHowever, this type of effective- variants. A single-variant ordered alloy shows the symmetry
mass SL can as well be treated as a problem with a uniformf a CuPt structure, as compared to the zinc-blende symme-
effective-mass tensor and an effective potential having offiry of the disordered alloy. Band-gap reduction, valence-
diagonal matrix elements, which is a tensorlike effectiveband splitting, and changes in optical polarization are the
potential*® Thus, in this type of effective-mass superlattice, major features of the ordering, and these features have been
the quantum confinement is still associated with the spatiavell studied* On the other hand, ordered alloys with
variation of the band gap or a continuously varying banddouble-variant structures have received much less attention,
offset. In short, most of the previously studied semiconducand researchers often try to suppress the second variant by
tor SL’s can be considered as generalized Esaki-Tsu SL'’s igrowing the epilayers on tilted substrates. We have pointed
which symmetric axes of the alternating layers are aligned iout'? that a category of OSL’s can be constructed from
parallel and so the “effective potential” matrices have the double-variant-ordered structures. In fact, spatial alternation
same form, but the values of the matrix elements vary spain the direction of the ordering axis has been observed in
tially. Band-gap differences always exist between the twadouble-variant-ordered Gla, _,P alloys: periodic structures
constituents. We refer to this type of superlattice asoa-  of domain boundaries between the two variants appear either
ventional superlattice along the[001] growth directiof'® or along the[110]
Another type of superlattice is tharientational superlat-  direction® (where we define thgl11] and[1 11] as the or-
tice (OSL). In an OSL, by definition, when going from one dering direction for the two variantsThe [001] structures
constituent to the other, neither the magnitude nor the symare found to have a periodicity of about 10 nm, and[tHE0]
metry of the lattice potential is changed, but the symmetnystructures have a large periodicity of the order girh. The

0163-1829/97/58.9)/1310011)/$10.00 55 13100 © 1997 The American Physical Society



55 ORIENTATIONAL SUPERLATTICES FORMED BY CuPt .. 13101

[110] structures have also been achieved by growingOSL structures formed by CuPt-ordered GainBonstruct
Galn,_P expilayers on patterned substratealthough the  superlattice potentials for the five polytype OSL'’s, discuss
periodicities in the above-mentioned structures are far lesthe difference in superlattice potentials for conventional and
than perfect, they demonstrate the feasibility of growingorientational superlattices, and, using an envelope-function
semiconductor OSL's epitaxially. The double-variant struc-approximation, calculate energy dispersions and probability
tures reported in Refs. 9, 10 have also been obtained in owlistributions for the five polytypes. Section Ill discusses cer-
laboratory. Moreover, the change in optical propertieg., ~ tain distinct properties of OSL'’s, as well as the approxima-
enhancement of optical anisotropgs compared to those in tions and the limitations of our theoretical approach to mod-
single-variant structures has been observed experimefially,€ling these structures. Section IV summarizes this work.
as should be expected for the OSL’s whose band structures
will be studied in this work.

Band structures of certain SiC polytypes have been calcu- IIl. MODEL AND CALCULATIONS
lated successfully by using the superlattice apprdathis A. Structures of polytypes
assumption is comparable to the flat-band approximation in _| i )
the description of conventional superlattices in which the Figure 1 shows five types of the most simple OSL struc-
layers are assumed to be entirely bulkifk&onduction-band tures based .o_n.ordered CuPt alloys. These structures cpuld
structures for Si, Ge, AlAs, and GaAs twinning superlattices®® 9rown artificially or formed spontaneously. They consist
have been calculated by using a microscopic techniqu@f two d|fferently.or|ented layers in a single superlattlcg pe-
(empirical-pseudopotential-based layer technjdihe su- riod. Qne layer is re_Iated to the other one by a rotational
perlattice effects—the change of band-edge energy and tHP€rationR of the point groupT,: 180° rotation about the
formation of minibands—are found very prominently in 001] axis for types I, ll, and 1V; 240° rotation about the
indirect-gap materials and short-perigiéss than 10 ML [111] axis for types |l 'and V. Th_e arrows in Fig. 1 are to pe
structures. For direct-gap semiconductors and long-periofnderstood as directions pointing from Ga-rich to In-rich
structures, the superlattice effect is merely a small shift if@yers (or the other way The relative arrow directions
band-edge energy, which is essentially becausesdiiee T shown in the Fl_g. 1 reprt_asent OSL structures without an-
conduction state is not sensitive to the rotation of the crystajiPhase boundarieS. The difference among types |, Iil, and
potential. For valence bands, the superlattice effects are ned) 0" Petween types Il and V is in the stacking direction. For

ligibly weak® The authors of Ref. 7 also pointed out that YP€S I, 1, and 1V, the ordering directions of the two layers

many of the effects in twinning superlattices cannot be un@'€ in the same plane, but this is not so for types Il and V.
If the atomic arrangements at the interface are taken into

derstood within the ‘“continuum” models, such as the o9 .
effective-mass method, because neither the potential nor tHiFcount, for each polytype in Fig. 1, there are three micro-

effective-mass change across the boundary. As will be O”Ss_copically distinct st_ructures. The revgrsal in tr_\e direc?ion of
cussed later, this statement is not generally valid for OSL'sOn€ Of the arrows in each polytype is associated with the
although it is valid for the special cases in which OSL’s arePccurrence of a zinc-blende or CuPt antiphase boundary at
constructed from their parent lattices that have diamond of'® interface of the two variants. A zinc-blende antiphase
zinc-blende symmetry. For OSL's formed by ordered alloysPoundary can Pe generated by combining the rotaRamith
like Galn, P, because of its direct band gap, one would® translationT’ that does not belong to the space group
not expect strong changes to the conduction-band electron(d&43m) of the zinc-blende crystaléit interchanges cation
structure unless very short-period structures are considereBlanes with anion plangsFor any one of the structures
However, for the valence band, because opiitke symme- ~ shown in Fig. 1, this procedure gives a new structure micro-
try, one could expect that the rotation of the uniaxial axis ofscopically different from the original one. Another distinct
the ordered crystal will bring about changes in the valencestructure can be obtained by combining the rotattowith a
band structure. We recently investigated the band structuréanslationT that interchanges the Ga and In cation planes
of the valence bands for OSL's based on orderec@nd generates a CuPt antiphase bounddrybelongs to
Galn;_,P alloys'? The purpose of this work is to give a F43m but not toR3m (the space group of the CuPt struc-
systematic description of the band structure for differenture). In this work, we try to focus on the bulk effects of the
polytypes of OSL's formed by ordered zinc-blende alloysOSL. To avoid the complexity of the interfaces, we limit the
and to discuss the differences between conventional and orituation to that in which the layer thickness is much larger
entational superlattices. The same “flat-band approximathan that of a monolayer, and assume that in this limit the
tion” used for conventional superlatticeand for orienta- interface effects are negligible. This is a valid assumption for
tional superlattices of SiC polytypess applied, and the the conventional superlattice, but has not yet been rigorously
envelope-function methdds used in this work. Analogous investigated for OSL'Sthis issue will be addressed later in
to conventional superlattices, these orientational superlatticésec. 1V). Therefore, we do not distinguish the structures
also show spatially varying amplitudes of the envelope funcshown in Fig. 1 from the other structures associated with the
tions, modifications to the band-edge states and band gapsgcurrence of antiphase boundaries generated 'byr T,
and the appearance of subbands and miniband gaps, but @hd the arrows in Fig. 1 can be removed.
ten in different or complementary ways. Characteristic fea-__Note that polytypes | and Ill, consisting ¢f11]- and
tures of five distinct polytype structures are discussed in refl 11]-ordered variants alternatively stacked along [th@Q]
lation to their symmetry. or [110] directions, are the double-variant structures ob-
This paper is organized as follows: Section | is an Intro-served experimentally by Refs. 9, 10, 15 and Refs. 13, 14,
duction. In Sec. Il, we describe five of the simplest possiblerespectively. Type IV can be viewed as the same double-
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FIG. 1. Five polytype orientational superlattices based on CuPt-ordered Gallol?s. The relative arrow directions represent the
structures without antiphase boundaries.

variant structure but stacked along fHe.0] direction. This  assumption implies that the potentials in lay&randB have
polytype is similar to twinning superlatticéshecause one the same functional form and differ only in their strength.
variant is twisted by an angle of co§1/3) with respect to The band gaps—and so the effective masses—are different
the other about the superlattice axis. Higher-index polytypeé layersA andB. For an orientational superlattice, by defi-
(for instance, structures with three or more differently ori- nition, Vg(x) =R~ 1VA(X)R, whereR is a rotational operator
ented layers in one peripdire not considered in this work. that does not belong to the symmetry group of the host crys-
The symbol111}/[1 11]—{110] represents an OSL with lay- tal. In the twinning superlattice studied by Ref. 7, the layer
ers alternately ordered along tfiE11] and[1 11] directions, B is related to layeA by a 180° rotation about thEl11]
and the superlattice axis along theLQ] direction. axis. Even though the rotation does not belong to the sym-
metry operation of th&4 group, to the first-order approxi-
mation, the twinning superlattice has no effect on the
valence-band states with wave vedtaslong the superlattice

If a superlattice contains two different layds andB) in axis, because the unperturbed band-edge statep éike.
one period, the superlattice potential can be written aJhus, the twinning superlattice is a higher-order effect which
AV(x)=Vg(X) —Va(x) in layer B and AV(x)=0 in layer needs the coupling among states with kheector near and
A, whereV,(x) andVg(x) are the periodic potentials in the away from the Brillouin-zone center or states inside and out-
bulk materialsA andB, respectively. If layeA is taken as side the eight-band manifold.
the reference, to a first-order approximation, the superlattice We are going to show that for OSL’s constructed by ep-
potential in layerB becomesAV=(U 4 AV(x)|U,), where ilayers with uniaxial symmetry, superlattice effects, such as
U, is the band-edge Bloch state of the layerFor a con- band-gap changes, wave-function modifications, and mini-
ventional superlattice, with the assumption Uf,=Ug,?>  gaps, appear in the first-order treatment of the valence-band
AV is then the band offset between layeksand B. This  states, even in the absence of band offsets and effective-mass

B. Superlattice potentials
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discontinuities. The potential for a single-variant ordered ali # j, &;;= =1, depending on the ordering directigior in-
loy can be written a¥(x) =Vy(X) + 6V(x), whereVy(x) is  stance,e,,=1 for [111] ordering, &,,=—1 for [111], or
the potential for the disordered alloy in the “virtual-crystal [111] ordering and so onfor i=j, &;;=0. The coordinate
approximation,” 6V(x) is the perturbation due to ordering. axesx, y, andz have been chosen along tfk00], [010],
For the valence band¥B’s), the effective Hamiltonian for and[001] directions, respectively. By using the thrpdike
the perturbation can be written in a way similar to that for anband-edge statg$X), |Y), and|Z)) of the disordered alloy
[111]-uniaxial strain8-21:12 as a basis, the matrix form of E€l) is

h=—d[(L,L,+L,L)ex+cpl, (1) ( 0
h=d

Exy €xz
wherelL is the orbital angular momentum, and c.p. denotes exy O syz) , 2
cyclic permutation with respect to the indicesy, andz. Exz €yz O

Parameted describes the strength of the rhombohedral dis-

tortion, and the tensar describes the ordering direction. For and with spin-orbit interaction included, E(l) becomes

h= 1 \ (3
0 —r S 0 —V2r ——s
V2
1
S 0 _\ﬁs* —Var* 0 0
V2 2
3 1
v2r \/: 0 —— g* 0 0
2s ‘/js

with r=—ids,,/v3, s=—d(ey,~iey,)/V3. The basis for band, we expect that the OSL effects are weak for the con-
Eq. (3) is the same as what is normally used for a cubicduction band? Thus, we will focus only on the valence
crystal:  {|3,m,)}={| 3/2,—3/2), |3/2,—1/2), |3/2, 1/,  band. We would like to point out that because the spin-orbit
[3/2,312, |1/2, —1/2), |1/2,1/2}, whereJ=L+S, SandJ interaction is not involved in the pertubative Hamiltonian,
are the spin and total angular momentum, respectivelythe spin-orbit interaction does not directly contribute to the
When using Eq(1) to describe the ordering effect, we have OSL effects, but does so indirectly through the zinc-blende
ignored the small change in spin-orbit interaction due toHamiltonian,Hy, defined below.

ordering?!?!

Assuming the superlattice axis is along thledirection

andz’ =0 is at the center of layek, the superlattice poten- i
tial is then Recently, we have calculated the band structure of single-

variant or “bulk” ordered GalnR using an eight-bandt-p
Ah(z')=[hg—hal6(z"), (4  model?* where the ordering direction was defined as the
[111] direction. For a bulk CuPt-ordered IlI-V alloy, the VB
whereh, andhg are given by Eq(3) in layerA (with thick-  effective Hamiltonian can be written as
nessL,) and layerB (with thicknessLg), respectively.

0(z')=0 whenz' isin the layerA, andé(z’')=1 whenz’ is H ora= Hgist h, (5)

in the layerB. We assume layek and layeB have the same

degree of order, so we can study the effects purely due to thehere H;s is the six-bandk-p Hamiltonian for the disor-
orientational changgthe eigenvalues of E¢3) are the same dered alloy and given by E@A6) of Ref. 21. InH 4, terms

in layer A and layerB: therefore, there are no band offsets related to the lack of inversion symmetry in zinc-blende
for band-edge stat¢sThe conduction band and valence bandcrystals are ignored, since their effects are usually very
have been decoupled because of the relatively large band gageak? As for conventional SL's, the OSL'’s can be treated in
(Eq~2eV). Because the anisotropy of the conduction bandhe envelope-function approximatiériNote that the super-

is mainly due to its coupling to the well-separated valencdattice potential Eq(4) is a tensor with all the diagonal terms

C. Energy dispersion and probability distribution
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TABLE |. Band-structure parameters for the disordered TABLE Il. Band-edge energy differences between the top of

GalnR alloy. VB in ordered Galnp and the five polytype OSL’s of GalgP
compared with the projection of the orientational tensan the
EsevV) A(meV) E (V) mg(mg) 7 Vo V3 superlattice axes.
1.991 103 26 0.092 455 1.05 1.49 | I nov Vv
SE=Eqq—EosL 246 247 322 171 2.12
being zero in the coordinate system, {y, z). One could (meV)
also treat this type of OSL as an effective-mass OSL forl %) V2 V3 1 (1+v3)
which the principal axes of the effective-mass ten&an, E(|8A'u|+|‘°’5'u|) 2
more generally, energy-dispersion functiphsve different
orientations in the adjacent layers. However, this is inconve-
nient because the dispersions are strongly nonparatolic. First, we consider symmetric superlattices for which lay-
The eigenvalue equation for the OSL is then ersA andB are of equal thickness. Table Il shows the energy
shift SE (the energy of the top of the VB with respect to that
[Ho+Ah(z')]JF=EF, (6)  of the top of the VB in a bulk-ordered GalpBlloy) for the

five types of GalnROSL’s with Ly,=Lg=100 A. 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 gap
from the bulk value. This energy shift, referred to as “con-
finement energy” in conventional SL'’s, is largest in type lll,
intermediate in types I, Il, and V, almost the same in types |
P ) . and Il, and smallest in the type-IV structures, as summarized
(x".y",2’), in which H, becomes a function of the wave i, tapie 1. Figures 2a) and 2b) show the dispersion curves

vector q=(ds,d2,9s), Wwith g3 along the superlattice axis gq ) for types | and V, respectively. The results for types
andg;, andgs in the plane perpendicular to the superlattice|, "/ are qualitatively similar to that of type I. For these

axis. However, we do not change the basis of the six-bang, polytypes, two adjacent subbands meet at the zone

manifold. ;
. . . boundary €1;=0.5Ky) i.e., the folded bands are degenerate

A Founer fransform meth&ﬁ“ IS u;ed_ to solve the ei- o e 70ne boundary. Also shown in FigiaRas dashed
genvalue problem of E((6), with a periodic boundary con- ¢, es are the folded bands of bulk-ordered GalimPthe
dition F(z")=F(z'+La+Lg) implied. The validity of this  1401] gispersions. Type V, as shown in Figb, is distinct
boun_dary condition will be _dlscusse_d Iater. The envelop rom the other four polytypes: a mini-band-gap opens at the
functions can be expanded in a Fourier series, zone boundary. Note that type V is not a pure orientational

m superlattice. With respect to the superlattice axis, layers
fi(q;z')= 2 bjn(a)exp(inKez'), ) andB are equivalent_ for gll thg polytypes excgpt for type V.
n=—m In type V, the ordering direction of the layéy is coplanar
with the superlattice axis and that of the laygeis not. Thus,
the energy dispersions in the two layers are different along
the superlattice axis even without considering any superlat-
fice effects, which indicates that there is a band offset be-
tween the two layers fog=0. This situation is similar to
most conventional superlattices, in which the band offset and
6 the effective-mass discontinuity coexist, but here there is a
goq(x’)=exp(iq‘x’)2 £,(9,2")ug; (8) coexistgnce c_>f the orientational discontinuity and effective-
=1 mass discontinuity.

Let us now study the spatial probability distribution of
valence-band states in OSL'’s. For types I-IV, because layers
A andB are equivalent with respect to the superlattice axis,

6 we expect to see an identical probability distribution in the
p(z')= E If:(2')|2 9) two layers. For type V, however, we expect that the envelope
= ' function will be more confined in the layer with heavier mass
o o , (or lower energy when going away froq=0), because the
where the normalization condition i ,+1,P(2')dZ'=La  guperlattice potential mixes Bloch states ngar0, and there
+Lg. Note thatEf:1|fj(q)|2=1 for a bulk-ordered alloy. are band offsets fog+#0 states. More specifically, the

For numerical calculations, we use a typical valuedof ground-state envelope-function will localize in the layer for
= —15 meV, which corresponds to a heavy-light-hole split-which the ordering direction is coplanar with the superlattice
ting of 25 meV and a band-gap reduction of 106 meV in aaxis because the effective mass in fiel0] direction is
single-variant-ordered GalpP"?® This value ofd repre- heavier than that in thg110] direction?! Figures 3a) and
sents the situation for the strongest ordered samples currentBfb) show the probability distributions of the band-edge
achieved experimentalR?. The band structure parameters for states of the first four subbands for types | and V, respec-
disordered Galnpare listed in Table I. tively. The results of types II-1V are similar to that of type I.

where Ho=H(k,,— —iV,)+h, is the Hamiltonian for
the bulk-ordered GalnPandF=(f,,f,,...,f5) are six-band
envelope functions. Note thé&t, is given in the coordinate
system §&,y,z) as a function of wave vectork
=(ky,ky,k;). When the superlattice axis is not along the
[001] direction, we transfornH, to the coordinate system

whereKy=2m/(Lo+Lg), andm is a finite number, depend-
ing on the accuracy required. The solution of Ef) in-
volves obtaining the eigenvalues and eigenvectors of
6(2m+1)x6(2m+1) matrix. The wave functions of the
electronic states are given as

whereuy; are band-edge states of the disordered alloy.
The corresponding probability distribution is defined’as
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% \/__ FIG. 3. Probability distributions of the first four band-edge
E states(labled as 1-%of symmetric OSL’s withL ,=Lg=100 A:

® _90 __/_\_ (a) type | and(b) type V.

\/ envelope function is still zero at the center of each layer, but

-30r. - the maximum position shifts toward th#&11]-ordered layer.
Second, we consider the asymmetric OSL structures. For
Lo=50 A andLg=150 A, Figs. 4a) and 4b) are dispersion
' . ' ' i’ curves ofE(q3)’s for types | and type V, respectively. The
0 0.10.20.30.40.5 results shown in Fig. @) are typical for types I-IV. In all
g (K) these asymmetric structures, the degeneracy at the zone
(b) 3 0 boundary has been removed and mini-band-gaps appear, as
FIG. 2. Energy-dispersion curve(qs) of symmetric OSL's opposed to being observed only f_or type V in Fhe sy_mmetric
with Ly=Lg=100 A along the superlattice axés) type | and(b) ~ Case. The appearance of the mini-band-gaps is obviously as-

type V. Dashed curves ifa) are the folded bands of the bulk- Sociated with the lack of rotational symmetRy
ordered alloy. Except for type V, the confinement energy of an asym-

metric OSL is smaller than that of a symmetric one of the
F LIV fi . individual | . same type—that is, the confinement energy maximizes at the
or types |-V, no confinement in an individual layer IS ex- a6 /| . —1. Figure 5 shows the confinement energy as a
pected, but spatial modulation of the envelope function apsnction of the superlattice perioia+Lg with different
pears for these OSL’s. The envelope functions maximize at /| _ ratios for type-lll structures. For type V, the confine-
the centers of the t_wo layers for the first, second, and fou_mﬂnent energy first increases when reducing the thickness
states and at the interfaces of the two layers for the thirg| ) of the layer in which the envelope function is localized
state. An eSpeCIally IntereStIng pOInt is that the third state haﬁ)r the Symmetric case. After reaching a maximum ata Va'ue
zero probability at the centers of the layers. The probabilityof |, /Lz<1, the confinement energy starts to decrease. On
distributions of these OSL'’s are somewhat similar to conventhe other hand, increasing the superlattice petigd L
tional superlattices with thin barriers. For the OSL structuresdecreases the confinement energy just as for all the other
the interface acts like the barriers. For type V, the probabilitytypes. Figure 6 shows the confinement energy as a function
distributions are unequal for the two layers or ordered doof ratio L,/Lg for different values ofL,+Lg. For a con-
mains. For the ground state, referred to as the type-V struosentional SL, one expects that the confinement energy in-
ture shown in Fig. 1, the envelope function is mostly local-creases when reducing the well width, until the well width
ized in the [111]-ordered layer. For the third state, the approaches a certain value at which the increase stops be-

-40F ]
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10r L/Lg ratios.
—// [110] and[lﬂ)] directions, respectively, with comparison to
0 the in-plane dispersions of the bulk-ordered structure. In gen-
- eral, the energy dispersion is anisotropic koin the plane
S perpendicular to the superlattice direction, which is corre-
2 10k ] lated with the propertyn[llo]> Mr110) Of the bulk-ordered
=~ e alloy. For the first subbands, the effective masses become
M slightly heavier than that of the bulk-ordered alloy. On the
_20l other hand, some subbands have very heavy effective masses
\/ or nearly flat dispersion curves nela=0. Away from the
zone center, dispersion curves become more similar to that
/\ of the bulk-ordered alloyshown by the dashed linesFor
-30F g
1 1 1 1 1 5|||.|-|||||-v-;||rn||r
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) 30 AL L, +Ly=100 A i
FIG. 4. Energy-dispersion curves(q;) of asymmetric OSL’s I ]
with L,=50 A andLz=150 A along the superlattice axds) type
I and (b) type V. alL i
> L
cause of the wave function leakage into the barriers. What 2 | L, +Lg =200 A 1
happens in the typ®¥- OSL is similar to that in a conven- o I 1
tional SL. © oL |
Figures Ta) and 1b) are the probability distributions of [ ]
the valence-band states for the asymmetric OSL'’s of types | L L +L. <400 A |
and V, corresponding to Fig. 4. For all the five types, the L AT 1
probability distributions are qualitatively the same: the T ]
ground states are more localized in the wider layer, the sec- - 1
ond states in the narrower layer, the third states near the i 1
interface but in the wider layer, the fourth states in the wider o0 ———— 1 L e e L
layer, etc. 0.0 0.4 0.8 1.2 1.6
Next, we consider the energy dispersions with wave vec- L/ Ly

tors in the plane perpendicular to the superlattice direction.

As an example, Fig. 8 shows the results for the type-l struc- FIG. 6. Confinement energyE, of the first subband as a func-
ture with La=Lg=100 A [Figs. 8a) and 8b)] and L, tion of L,/Lg ratio for type-V SL's at various superlattice periods
=50 A/Lg=100 A [Figs. 8c) and &d)] for k along the La+Lg.
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are (1) the OSL'’s are treated in the subspacel'g®I'; of
the zinc-blende structurg?) the interface effects have been
ignored.

It has been well demonstrated that Edj) can describe
very well certain properties of the bulk-ordered alloy, e.g.,
the valence-band splitting&?’ optical polarizatiorf® How-
ever, it does not give a full account for the absolute energy
positions of the valence ban#s?® because the interaction
with other bands, especially with the folded band in the
—L direction, is not taken into account. The interaction with
these ignored bands is expected to change when OSL struc-
tures are formed. Thus, the current model may not give ac-
curate results for the absolute valence-band positions and the
changes in the band gap.

We have used zinc-blende band-edge states as the basis
for solving the Hamiltonian of OSL structures. This basis is
the same on either side of an OSL interface. What changes as
one moves across the interface is the change in the perturba-
tion to the zinc—blende Hamiltonian, which results from the
orientational change in the OSL. The justification for this is
based on the fact that the VB states for the regions on either
side of the interface are constructed from the same set of
atomic orbitals. The envelope functions defined in Byare
continuous at the interfaces, though their derivatives are usu-
ally not.

The treatment of the interface in our model is essentially
the same as that frequently adopted in conventional
superlattice$. The situation in the OSL's is slightly more
complex than in conventional superlattices, that is, layers
andB do not have the same microscopic lattice periodicity
orientationwise. However, it can be shown in the same way
as for conventional superlatticethat to a first-order ap-
proximation, the difference in the periodicity has no effect as
[110] direction which is coplanar with the ordering direction, long as the superlattice period is much larger than the lattice
every_two subbands merge into one at lakgevhenk is in constant. In a more rigorous treatment of the boundary con-
the [110] direction, subbands do not merge together but beditions (to a higher-order approximatignthe periodicity of
come parallel. For the asymmetric structure, Figs) @nd  the lattice on either side of the interface becomes critical in
8(d), subbands do not merge in either {i4.0] or the[110]  deriving the boundary conditions for the envelope functions,
directions. just as for the conventional superlattic8sAlthough the

Finally, we consider the dependence of the OSL effectdligher-order effects are usually negligible in a conventional
on the degree of order. Figure 9 shows the energy levels dgfuperlattice which has a relatively large superlattice period,
the first and the second band-edge states as a function 8fey could turn out to be more significant in an OSL than in
parameter|d| for types-l and -lll OSL's with Ly=Lg the former. Further consideration of the interface effects is
=50 A, with a comparison to those of bulk-ordered alloy. beyond the scope of this work.

As one can see, the confinement ened@fy=E,— Eqs.

increases with increasing degree of order. An important char- _ _ . .

acter of OSL's is that, while in the bulk case the topmost VBB' Orientational superlattices versus conventional superlattices
state has a linedd| dependence, the dependence becomes Superlattice effects in conventional superlattices are usu-
nonlinear due to the interaction with other subbands, whictally associated with the discontinuity of energy or effective
suggests that the band gap will not have a lingardepen- mass between two layers. By definition, in OSL'’s, both en-
dence any more. Another important feature is that the splitergy levels and effective masses are identical in the two lay-
ting of the first two VB states is significantly smaller than ers. One would like to ask the following: what is the physical
that of the bulk-ordered alloy for the same degree of order.quantity whose discontinuity is the cause of the superlattice
effects which appear in OSL’s? To answer this question, let
us start with Eq.(1), the perturbative Hamiltonian, which
brings up all the superlattice effects studied in this work.
Note that Eq(1) has been given in a cubic coordinate system
with x, y, andz axes along th¢100], [010], and[001] di-

The aim of this work is to present properties of orienta-rections, respectively. Assuming layér orders along the
tional superlattices. A greatly simplified model has been em{111] direction, the[111] direction is then a preferred direc-
ployed in our calculations. The major approximations madeion for layer A. We can transform Eq.l) to a coordinate

(b) z' (Angstrom)

FIG. 7. Probability distributions of the first four band-edge
states(labled as 1-% of asymmetric OSL’s withL,=50 A and
Lg=150 A: (a) type | and(b) type V.

the symmetric structure, Figs(a88 and 8b), whenk is in the

Ill. DISCUSSION

A. Approximations and limitations of our model calculations
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FIG. 8. Energy-dispersion curves of type-l OSL with wave vectors in the plane perpendicular to the superlattie® BKisi1q) and
(b) E(Kr1707) for La=Lg=100 A; (¢) E(K;11¢)) and(d) E(k;1107) for La=50 A andLg=150 A. Dashed curves are the dispersions for the
bulk-ordered alloy in the corresponding directiong,=2a, wherea is the lattice constant.
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between two layers with another ordering orientation. Al-

Bulk ordered

80 11— g .
H ' ' ] though for a ground state it is not possible to have the wave
_ TypeIOSL  Type III OSL function localized in the thinner layer, for certain higher
60 [ LT states(for instance, the second states in all the five poly-

] types, the wave functions can be localized in the thinner
] layer. This property suggests that it may be possible to gen-
erate carriers in alternate layers by tuning the excitation en-
ergy.
In this work, we have chosen ordered Galrafloys as a
] model system to illustrate the basic properties of orienta-
3 tional superlattices, because the ordering effects are well
] studied in GalnRalloys. Most calculations are based on the
currently obtainable degree of order, which is about 50%. In
general, the stronger the ordering or the larger the valence-
Idl (meV) band splitting, the stronger the OSL effects. It has been dem-
onstrated that many other IlI-V alloys also showed sponta-
FIG. 9. Energy levels of the first and the second band-edgeéeous ordering; some of them, in principle, could have larger
states as a function of paramete} for types-I and -1l OSL’s with  valence-band splitting than that of the Gajri® Although
La=Lg=50 A, with comparison to the bulk-ordered alloy. the calculations are applied to a specific structure, CuPt-
ordered Galnl many qualitative features are applicable, in
system k', y’, z'), with 2’ parallel to[111] andy’ parallel  general, to other possible OSL structuréfer instance,
to [110]. In such a coordinate system, the nonzero element€uAu-ordered OSL’s, where the ordering directions can be
of the tensok 5 aree, =&y =—1,ande, ,,=2, and the arranged to be perpendicular to each other in the adjacent

E (meV)

perturbation Hamiltonian becomes layers.
Compared to conventional superlattices, the confinement
h(ep) = —d(3L§,— L?), (100  energy is somewhat smaller in OSL’s if they have the same

layer thickness. For instance, a typicalyAbGa, /As/GaAs

whereL,, is thez’ component of angular momentum, and superlattice with_,=Lg=100 A has a confinement energy
the orientation-dependent term3d Lf, makesz’ a uniaxis. of 7.4 meV for the first heavy-hole state. For a type-l OSL
The rotationR, which transforms regiom\ to B in a SL,  With the same layer thickness, the confinement energy will
changes the tenser, to eg=Re,R~* and the perturbative be 2.5 or 4.4 meV for-50% or 100%-ordered GalgPre-
Hamiltonianh(e,) to h(eg)=Rh(sx)R™ L. In contrast with ~ spectively. One important difference between a conventional
the band-offset perturbation of a conventional 8(s3) is superlattice and an OSL is that for a conventional superlat-
not diagonal in thd 3@ ', subspace and represents the dis-tice, the light emitted along the superlattice axis is nearly
continuity in the angular momentum sensed by an electrotnpolarized; for an OSL, the emission is strongly polarized,
moving across the interface. As one can see from(®qthe  Which is a very useful property for a vertical-cavity surface-
change inh(e,) brought about by the rotatioR directly ~ emitting laser.
correlates with the change i dug to the rotation. Ifi is a V. SUMMARY AND CONCLUSIONS
unit vector parallel to the SL-axis, thej{|ea- u|+|eg-ul)
represents the projection of the orientational tens@long We have performed a systematic study on a nonconven-
the SL-axis. Empirically, the confinement energy, i.e., thetional semiconductor heterostructure: orientational superlat-
shift of the topmost VB state, is found to correlate with thetices based on CuPt-ordered zinc-blende alloys. Instead of
quantity 3(|e- u|+|eg- ul), which is confirmed in Table I. the band offset in conventional superlattices, the discontinu-
The undulation of the envelope functions can be understooity of the angular momentum is the cause of the superlattice
as being the result of interference of Bloch states scattereefffects in orientational superlattices. Electronic properties of
because of the mismatch of the angular momentum at ththe valence band—energy dispersions, envelope functions,
interfaces of the orientational domain boundaries. and the probability distributions—for the five polytypes of

It is interesting to notice that one cannot make quantumGalnk, OSL’s have been classified according to their sym-
well structures in the normal sense out of types I-IV OSL'smetry and calculated numerically for structures with differ-
by increasing the thickness of one of the constituents. Onlgnt periods, ratios of layer thickness, and degree of order.
the type-V OSL is similar to a conventional quantum well We have shown that wave-function undulation, band-gap
(the[111] layer is the well, and thEL10] layer is the barrier ~ modification, and minigaps can be achieved purely from ori-
and to some extent, one can indeed increase the confinemeanitational alternation of the semiconductor layers. Features
by reducing the well width. However, for types I-IV OSL’s in OSL’s similar to those in conventional superlattices are
one can achieve ground-state confinement in the thickdoand-gap modification, formation of subbands and minigaps,
layer by using the thinner layers as barriers, in contrast wittand wave-function modulation. The distinct properties of
the conventional SL's, where thick barriers are necessary t®SL’s are, for instance, the dependence of energy levels on
obtain quantum confinement in the wells. For instance, in dayer thickness, the wave-function distributions, and strong
type-l OSL withL,=20 A andLg=180 A, the integrated optical anisotropy. We believe that OSL'’s are a new field to
probability in layerB is greater than 90%, which indicates be explored in semiconductors for both physics and device
that a thin layer with one ordering orientation acts as a spaceapplications.



13110 YONG ZHANG AND A. MASCARENHAS 55

ACKNOWLEDGMENTS discussions with A. E. Blakeslee, M. Al-Jassim, S. P. Ahr-

enkiel, and S.-H. Wei. This work was supported by the Of-

We acknowledge S. Froyen’s and R. Alonso’s involve-fice of Energy Research, Material Science Division of DOE
ment in part of this work. We are very grateful for valuable under Contract No. DE-AC36-83CH10093.

L. Esaki and R. Tsu, IBM J. Res. Det4, 61 (1970. 15Yong Zhang, S. P. Ahrenkiel, and A. Mascarenhaspublishedl
2G. BastardWave Mechanics Applied to Semiconductor Hetero-'°G. P. Srivastavdprivate communication

structures(Les Editions de Physique, Les Ulis Cedex, 1988  *’P. Bellon, J. P. Chevalier, E. Augarde, J. P. Andre, and G. P.
3A. Mascarenhas, R. G. Alonso, G. S. Horner, and S. Froyen, Martin, J. Appl. Phys66, 2388(1989.

Phys. Rev. B48, 4907 (1993. 8G. L. Bir and G. E. PikusSymmetry and Strain-Induced Effects
“4Yong Zhang, Phys. Rev. B9, 14 352(1994). » in Semiconductor_(;WiIey, New York, 1974.
®In the effective-mass lateral SL's, the effective-mass modulatio%':- Pollak, Surf. Sci37, 863 (1973.

is associated with an inhomogeneously distributed strain, Whicl}ls'_H' Wei and A. Zunger, Phys. Rev.49, 14 337(1994.

is similar to the problem of Ref. 4, where the inhomogeneous ¥ °N9 Zhang and A. Mascarenhas, Phys. Rev.5B 13162

. . . . 1995.
strain was described by a tensor-type effective potential. 22 ( ; . . .
S\W. H. Backes, P. A. Bobbert, and W. van Haeringen, Phys. Rev. C_oupllng with theL—vaIIey states might slightly enhance the an-
B 49, 7564(1994). isotropic of the conduction band as well as the OSL effects.

23 .
. . B. F. Zhu and K. Huang, Phys. Rev. 85, 8102 (1987; K.

7
Z. Ikonic, G. P. Srivastava, and C. J. Inkson, Phys. Rev8B Huang, J. B. Xia, B. F. Zhu, and H. Tang, J. Lumi@/41, 88

. 17 181(1993. (1988.

D. W. Pashley and A. E. B. Presland, J. Inst. Met@s 419 24G. A Baraff and D. Gershoni, Phys. Rev.48, 4011(199)).

. (1959_' _ 25G. Bastard, J. A. Brum and R. Ferreira, $vlid State Physics
E. Morita, M. lkeda, O. Kumagai, and K. Kaneko, Appl. Phys.  edited by H. Ehrenreich and D. TurnbulAcademic Press,

" Lett. 53, 2164(1988. N 1991), Vol. 44, Chap. 2, p. 268.

C. S. Baxter, W. M. Stobbs, and J. H. Wilkie, J. Cryst. Growth 26p_Ernst, C. Geng, F. Scholz, H. Schweizer, Yong Zhang, and A.
112, 373(199D. Mascarenhas, Appl. Phys. Le@7, 2347(1995.

A, Zunger and S. Mahajan, idandbook on Semiconductond  27Yong Zhang, A. Mascarenhas, P. Ernst, F. A. J. M. Driessen, D.
ed., edited by S. Mahajaftlsevier, Amsterdam, 1994Vol. 3, J. Friedman, K. A. Bertness, J. M. Olson, C. Geng, F. Scholz,
Chap. 19, p. 1399. and H. Schweizer, J. Appl. Phy&o be published

127, Mascarenhas, Yong Zhang, R. G. Alonso, and S. Froyen, Solid®B. Fluegel, Yong Zhang, H. M. Cheong, A. Mascarenhas, J.
State Commun100, 47 (1996. Geisz, J. M. Olson, and A. Duda, Phys. Rev.(®8 be pub-

13D, J. Friedman, G. S. Horner, S. R. Kurtz, K. A. Bertness, J. M.  lished.

Olson, and J. Moreland, Appl. Phys. Le#6, 878(1994). 293, Froyen, A. Zunger, and A. Mascarenhas, Appl. Phys. B&it.

14G. s. Chen and G. B. Stringfellow, Appl. Phys. Lef9, 324 2852(19986.

(1991). 30M. G. Burt, J. Phys. Condens. Mattéy 6651 (1992.



