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Lateral composition modulatiofCM) is a periodic, position-dependent variation in alloy composition oc-
curring in the substrate plane, perpendicular to the growth direction. It can be induced by growing size-
mismatched short-period AC/BC superlattid®t.). Here we study the electronic structure induced by such
lateral composition modulation in GaAs/InAs, GaP/InP, and AIP/GaP, in search of optical properties relative to
the corresponding random alloys. We investigate in detail the propertigs ptire CM without any SL(b)
pure SL without any CM, an¢c) the combined CM-SL system. The systems are modeled by constructing a
large supercell where the cation sublattice sites are randomly occupied in the (aEtala) direction
according to the composition variation induced by €8L). The atomic structure and strain induced by CM
and SL are explicitly taken into account usingatomisticforce field. This approach is found to be crucial for
an accurate description of the microscopic strain in-€8L systems. The electronic structure is solved using
specially constructed empirical pseudopotentials and plane-wave expansion of the wave functions. We find that
(i) CM in GaAs/InAs and GaP/InP systems induces type-I band alignfetttrons and holes localized in the
same spatial regignwhile CM in AIP/GaP is shown as an example exhibiting type-Il band alignniign€m
and SL both induce significant contributiotwhich add up nearly linearjyto band-gap redshift with respect
to random alloy. CM in GaP/InP is found to induce larger band-gap redshifts than in GaAs/InAs due to larger
band offsets in the former systertii) The symmetry of electronic states at the valence band maximum is
sensitively affected by CM: the lowest energy optical transitions exhibit strong polarization where transitions
polarized perpendicular to the CM are favored, while transitions polarized parallel to the CM are surpressed by
being shifted to higher energy. These observations, as well as the magnitude of the predicted band-gap redshift,
agree with available experimental data, and suggest that control of composition modulation during growth
might be used to tailor band gaps, carrier localization, and transition polarizations relative to random alloys.
[S0163-182699)02824-9

[. INTRODUCTION the growth conditionge.g., substrate orientation, choice of
superlattice and substrate materials, )etwese islands could

- o " . (a) develop in a single substrate orientation, giving rise to a
posmon-dependent variation in alloy composition occurming, ivalike structure  (“one-dimensional composition

in the substrate plane, perpendlculgr to the growth d_|re_&tlon.modmation,.),5,6,8-12,160r (b) vertically self-align due to their

It has been observed in two leading growth mod@sin  girain fieldst’ giving rise to a dot arrayalso called “two-
homogeneously growalloy samples, i.e., where all alloy gimensional composition modulation®31%8|n both cases,
elements are deposited simultaneously on the substrate. Thise |ateral composition modulation is thuspontaneously
includes lattice-matched liquid-phase epitdky?E) samples  generated during the intentional growth wértical short-
[e.g., InGaAsP(Refs. 2,3] and molecular beam epitaxy period superlattices. Although CM is experimentally com-
(MBE) growth of Ga_,Al,As on vicinal (001) GaAs monly observed in short-period superlattice systems, a com-
substraté; (i) in sequential growthe.g., in (001) MBE plete picture of its origin is not yet fully resolved. It is
grown short-period  superlattices of GaP/InP5®  evident that the strain-induced lateral ordering of nucleating
GaAs/InAs? ™ or AlAs/InAs,*'~3on lattice-matched001)  island$*°plays an important role in the formation process.
buffer substrates. Thiateral composition modulation is dis- However, the connection to continuum elasticity models,
tinct from thevertical [001] platelet modulation occurring in - Which predict morphological instability for strained alloy
growth of, e.g., IpAs; ,Sb24 or InAl, As®or from the layers;® stress-driven alloy decompositidhand composi-
CuPt-like spontaneous orderingccurring along thg111]  tion fluctuations due to kinetic effeéfsis not well estab-

Lateral composition modulatiofCM) is a periodic,

direction with monolayer periodicity. lished. . . _
Most recent studies have concentrated on tjipggrowth ~ Instead of trying to resolve the mechanisms causing CM,
mode (sequential growth5_13_ Here one grows g001]- in this paper we concentrate on the electronic consequences

oriented  (AC),/(BC),, short-period f,m~1-2) of type (a) one-dimensional CM, while in a future publica-
superlattice-with lattice mismatched constituejg#agc 10N we will model type(b) two-dimensional CMdot array.
on a substrate that is matched to the global in-plane supeirhe position-dependent modulation in compositin(R)
lattice dimensions. If the growth is initiated, for example, about an average compositigp is taken to have the general
with AC, this material would form initially a wetting layer, form

and subsequently islan@$ the AC thickness exceeds a criti- _ R

cal thickness for Stranski-Krastanov growtbepending on X(R)=xo+Af, i(R), D
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CM + integer period SL

(a) Pure[110] CM (b) Pure [001] SL (n=2) | | (¢) [[,[':11:] éf I::z)
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FIG. 1. (Color) The atomic structure df) pure[110] composition modulation(ji) pure[001] integerperiod (h=2) superlattice, andii )
the combination ofi) and (ii). The red(blue) spheres represent Ghn) atoms while As atoms are shown in yellow.

whereA is the amplitude) is the wavelength and is a ~ Ga and In atoms, and finally a full monolayer of GaAs. This
vector along the direction of the modulation. For 11I-V semi- ¢an result from epitaxial growth experiments where one first
conductor alloys, A\~100-200 A, and A~1-20%, 9rows 1.5 monolayers of InAs followed by the growt_h of 1.5

depending on growth conditiod$8-1® The function mlonolayers of GaAs. _If the mixed alloy layer that is sand-

. . . ~ wiched between the binary layers of GaAs and InAs segre-
fgis a Eognded square wave or sinusoidal, efg.;(R) gates, CM is automatically induced provided that a vertical
=sin(27R-u/\)]. In most of the experimentally studied sys- alignment occurs between the successive mixed layers simi-
temsu is anng[TlO] or [110].>68-13 lar to self-alignment of quantum dot arra¥/sSuch a struc-

Figure 1 illustrates, for InAs/GaAs, the structures(af  ture with sinusoidal lateral segregation is shown in Fig).2
|atera|[110] a||0y CM of In,Ga, _,As without any Super|at- We note that the crucial difference between the2 andn
tice (SL) structure[Eq. (1)], (b) pure[001] SL, and(c) a =1.5 SL+ CM systems is that while fon=2 SL we have
combination of both. The atomic positions were calculated© induce atomic substitution in the pure layers to obtain a
by minimizing the strain energy, as explained in Sec. Il A. Inlateral CM wave, in the case af=1.5 SL the lateral CM can
the [001] superlatticeFig. 1(b)] the atomic layer sequence be simply generated by assuming rearrangement of cations in
consists of two InAs monolayers followed by two monolay- the mixed alloy layer while keeping the pure layers intact.
ers of GaAs. We see that a combination[0601] SL with It is evident that the strain fields induced by {{#®1] SL
[110] oriented lateral CMFig. 1(a)] results[Fig. 1(c)]inthe ~ and[110] CM can interact in a complex manner. The pur-
wirelike structure. Experimental studies have shown that th@ose of this paper is to study the electronic consequences of
strongest lateral CM is observed when the deposited supeguch a combined compositional and strain waves. Our aim is
lattice layers hav@onintegervalues, i.e., for (AC)/(BC),, o see how(i) the composition wave amplitud, (ii) the
superlattice §,m#1,2,...)%1"1® An example of such wave’s orientationu, and (ii) its wavelengths\ affect (a)
fractional period[001] SL (n=m=1.5) and its combination the band-gap(b) wave function localizatiofitype | or Il), (c)
with the lateral CM wave is shown in Fig. 2. In the fractional valence band splitting, an@l) polarization selection rules.
(n=1.5) period superlattice the layer sequence consists of @0 gain insight into the governing effects in the electronic
full monolayer of InAs, followed by an alloy monolayer of structure of the combined CMSL system, we study sepa-
InGaAs, where the cation sublattice is randomly occupied byately pure CM and pure SL systems.
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CM + fractional period SL
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FIG. 2. (Color) The atomic structure df) pure[110] composition modulation(ji) pure[001] fractional period (= 1.5) superlattice, and
(iii) the combination ofi) and (ii).The red(blue) spheres represent Gm) atoms while As atoms are shown in yellow. The labeling of
atomic layers used in Fig. 7 is shown in pafel

There are three previous attempts at modeling the elec- To study effectqi)—(iii) on propertiega)—(d) one needs
tronic structure of CM-SL systems: by Mascarenhasal,®  to consider the following questionél) what type of strain
by Richet al,” and by Zhang and MascarentfddVe have field is set up by the concomitant existence of a composition
recently presentéd an atomistic study of CM+SL. There \yave alongu and the SL along001]; (2) how does this

are several reasons why atomistic study is needed (Bre: g 4in field couple to the electronic structure; d8how to

The problem involves a substitutional alloy, which cannot berepresent and solve the ensuing electronic structure problem.

described accurately by continuum models, especially when . . -
composition fluctuatiorf§ or ordering exist(2) Short-period Pr_ol_alem(l) will be addressed here by apply|rangom|st|c
elasticitytheory, namely the valence force field mett8do

(n~2) SL exists in the system. It has been showthat the minimize the strain energy associated with each assumed
continuum effective mass de- p model cannot be used to i . 9y . ) .
CM+SL configuration. Arbitrary strain configurations are

describe the electronic structure of a short-period &). ) . .
Microscopic strain plays an important part in the problem.thus treated directly. Previous approactes ignored the

As will be shown below(Sec. Il B) the continuum models €XPlicit [001] strain due to SL and assumed that for thick
are not able to describe the microscopic strain accuratelyilms the CM strain can be approximated by the harmonic
However, a large system size-(L0* atoms is required in ~ continuum e|aS'FICIW. In Sec. 1l B we will compare the ato-.
the atomistic approach, since the cell has to incorporate onfdistic and continuum approaches to determine the strain in
complete CM wavelengti\(~ 100— 200 A) in one direction, the CM and CM-SL systems. We find that) for systems
and simultaneously, in the directions perpendicular to théaving no SL, i.e., “pure CM,” atomistic and continuum
CM wave, be large enough to allow realistic random occu-approaches give nearly identical strain, bt for the
pation of the alloyed sublattice sites. Therefore, special techEM+SL system the strain given by atomistic elasticity for
nigues(see Sec. )l for solving the minimized atomic and individual monolayers differs considerably from that given
electronic structure have to be applied. We next outline thdoy the continuum approach. This indicates that for a realistic
main differences between our approach and the earlielescription of strain in the CMSL system aratomisticap-
studies® "2 proach is necessary.
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Problem (2) will be addressed by using specially con- SL act as sequential filters. The CMBL system in
structed atomic pseudopotentials which have explicit depenAl,Ga, _,P is found to have an indirect band gép recip-
dence on the local strain. These pseudopotentials are fitted tocal spacg limiting its use in practical optical applications.
reproduce bulk band structures, hydrostatic and biaxial de- This study thus shows that if one were able to control
formation potentials, and natural and biaxially strained band@rowth parameters to select desirable CM amplittjeand
offsets based on available experimental and theorefficst- ~ Wavelength §) it would be possible to tailor the optical
principles local-density approximation methodata. Thus, Properties of semiconductor alloys in a significant way.
the coupling of atomic displacements to the electronic struc-
ture is described atomically and explicitly. In earlier
studie§"??the atomic degrees of freedom were coupled to
electronic structure rather approximately using a continuum we wish to solve the Schdinger equation
strain-dependerit- p Hamiltonian. This has resulted in some
ambiguity in the band alignment in CM systems: the studies
by Mascarenhaset al® and Tangetal” model CM in
Ga _,In,P as a piecewise constant effective-mass superlat-
tice and find a type-I1l alignment between Ga-rich and In-rich
regions. This led to the prediction that CM in Galn, P will
spatially separate electrons and holes, and to the proposal
a new solar cell device structure based on this effelrt the
more recent study, Zhang and Mascarefhased a multi-
bandk-p method with spatially varying effective potential.
They find this time a type-I alignment with no electron-hole
separation for all CM systems (@aln,P, Ga_,In,As,
Al,In; _,As) covered in their study. It would be desirable to
determine more rigorously whether or not CM leads to
electron-hole separation. A. Atomic structure

Problem(3) will be solved by a general expansion of the ) ) )
wave function in plane waves and a direct diagonalization of We postulatgrather than predigta given profile of CM.

the pseudopotential Hamiltonian in this basis. Thus, the ef] hiS is done using a full three-dimensional atomistic model
fects of the SL of CM are included directly, no effective- to describe the CM structures. We then express the strain

mass approximation is usegbarticularly questionable for €nergy of the system using the valence force felFF)
short-period, 1-2 monolayer, superlatt®®sand a multi- methpd.AggnJugate gradient teqhm&ﬁs used t_o _rel_ax the
band coupling is allowed. Previous studies of CRefs. 8,7 atomic pqsmons so that Fhe _stram energy is m|n|m|zed_. The
and 22 have relied on their approach on the effective-masd0ca@l strain at each atomic si&R,, m) is calculated consid-
theory. Mascarenhast al® and Tanget al’ ignored the ©€"Ng the distorted tetrah(_adron forme.d.by the four nearest-
potential-energy modulation along the CM direction, and in-"€ighbor atoms, as described in detail in Ref. 29.

cluded a kinetic-energy modulation via variation of the ef-
fective mass. Furthermore, the SL was not considered di-
rectly; its effect was included indirectly and partially by - ] _
including a crystal-field splitting for the pseudo-alloy de- We construct empirical pseudopotentials that are fitted to
scribing the SL. Ref. 22 included the SL via the anticipated'@Produce, in addition to the bulk band structure at equilib-
crystal-field splitting it causes, but ignored the electronicfium, also effective masses, strained band offsets and the
structure of the Sl(e.g., thel'— X coupling it causesor the ~ Strain dependence of the band-edge energiesormation
Hamiltonian coupling of the SL with the CM. potential3. We also fit ternary information, i.e., band-gap

Our main results are: redshifts in (AC) /(BC), [111]-oriented SL(“CuPt” struc-

(i) CM in GaP/InP and GaAs/InAs shows type-I band ture) and (AC),/(BC), [001]-oriented SL(* Z2" structure
alignment(electrons and holes localized in the same spatiaWith the respect to random alloy. The fit is accomplished by
region. Inclusion of a vertical SL does not alter the bandusing a functional form for the pseudopotentials which is
alignment. We use AIP/GaP as an example of a system ex¢ontinuous in reciprocal space asttain-dependent
hibiting a type-1l alignment.

(ii) Both CM and SL induce significant band gap redshifts
with respect to the random alloy. In a combined €BIL
system their contributions add up nearly linearly: far
=8% we find  AEga—= —40(—215) meV in where v, is the screened atomic pseudopotential and
Ga _,In,As (Ga_,InP), of which the SL contribution is &(R, ) is the local strain tensor at atomic skg, , .
~—20(—130) meV. The strain dependence plays a crucial role for the CM

(iii ) The lowest energy transitions between the conductiorapplications. While it is possible to construct conventidhal
and valence states are distinctly polarized due to CM and Slstrain-independent pseudopotentials of typ€qg,0) to give
the transitions polarized along the composition wéageral  good band structure at equilibrium systetesy., bulk GaAs
for CM and vertical for S are surpressed by being shifted and good band-gap deformation potenticdg,,;=acgm
to higher energy. In the combined CM5L system CM and —aygy, these pseudopotentials exhibit shortcomings when

II. METHOD OF CALCULATION

1
=5V 2 var—Rum) (N =€), @

l%hereRa,m are the atomic positionsy( denotes atomic spe-
cies andm runs over individual atomsand v, is the
screened atomic pseudopotential. In order to obtain the elec-
tronic structure given by Eq2) we need to knowa) atomic
positionsR, ,, (b) the atomic pseudopotentials, for each
atomic typea, and (c) a method to solve Eq(2). These
issues are discussed next.

B. Atomic pseudopotentials

Va(3,8) =0 (Q,0)[ 1+ 6V o (E(Rym))], ()
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the system is deformed with respect to the ideal structurewhereng,(,) denote how many of the four nearest-neighbor
For example, the individual band-edge deformation poteneations surrounding the As site are @a) atoms, respec-
tials acgy andaygy and band offsets in lattice-mismatched tively. We emphasize that, although this weighted average of
systems are difficult to fit correctly even qualitatively. This is pseudopotentials in thenion sublatticelocally resembles the
because the pseudopotential forn(q,0) does not contain spirit of virtual crystal approximatioVCA), the description
any dependence on the local atomic environment whiclof the full alloy (mixed cationsublattice is based on explicit
would describe the change in the potential due to deformatreatment of individual atoms rather than VCA.
tion. This shortcoming of ,(q,0) does not appear in self- In order to check the effect of spin-orfi8O) splitting in
consistently screened potentials since the latter builds in ththe CM systems, we have constructed a set of pseudopoten-
effect of charge redistribution due to the deformation. Thetials for GaAs and InAs including the SO effects. We use the
formv ,(q,&) supplies this needed dependence of the potensame functional form as in E¢3), and include the SO in-
tial on its atomic environment. For cubic materials, we teraction by introducing a nonlocal teffiThis nonlocal po-
model the pseudopotential dependence&ohby using the tential is represented by a Kleinman-Bylander separable
trace of the strain tens¢ir(£)] to describe the changes in form in real space, which allows orddr-scaling for calcu-
the local atomic environment. The functional form chosenlations with large system siZ8.The resulting pseudopoten-
for v,(q,0) is tials are listed in the Appendix which also compares the SO
pseudopotentialSO—-EPM with the pseudopotential omit-
(P—ay,) ting SO effectdNSO-EPM, and the reference experimental
7] [1+a4,Tr(&)], (4) and first-principles values. The accuracy of the SO—EPM can

Ua(q,g):aoa—
p,€%9 — be seen to be similar to the NSO—EPM.

wherea;, 1=0,1,2,3,4 are the parameters to be fitted. ) L )
The functional form is chosen to give sufficient flexibility C. Solving the Schralinger equation

to describe as many physical quantities as possible without The realistic modeling of a CM system requires the use of
overfitting” the potential by including too many param- sypercells containing typically-30 000 atoms. This sets
eters. It also provides a functional form that resembles thgpecial requirements for solving the electronic structure.

final form from the outset and will therefore Only require To expand the electronic wave functionsi we use the
some small optimization for each atomic type rather thampjane-wave basis:

dramatic changes, thus stabilizing the optimization process.
These types of pseudopotentials have been shown to pro-
duce reliable results for lattice-mismatched 1lI-V systems :2 ik+G-r 6
. . . i Ck+cE ' (6)
where the strain dependence plays a crucial role: random G
alloys, strained superlattices, and embedded quantum

d0t5;1’32 q 't dth oved where G runs over the reciprocal lattice lattice vectors ful-
The pseudopotential fits and the parameggrsemploye fillin - 2 :

L . . g the kinetic-energy cutoff ¥|k+G|><5Ry). Using

in this study for GaAs, InAs, AlP, GaP, and InP are listed Nihis expansion for wave functions we calculate the eigen-

the Appendix A 5 Ry kinetic-energy cutoff was used when L . X

generating the pseudopotentials. To avoid discontinuities ir%’tatetS of the t?}ch%ng%ﬂergfquhatlorﬁEq. (2)|] using the folded
the calculated band structure, a smoothing function was aps_pec rum method ). where one solves
plied near the cutoff energl,,;.>* The Appendix compares
the EPM calculated band-edge energies at high symmetry (H— €160 ?thi = (€ — €160 * i, (7)

points, electron and heavy-hole effective masses, hydrostatic

and biaxial deformation potentials with the first-principles which gives identical solutions with E¢2). The crucial ad-
and experimental values used as a reference in the fittingantage of FSM is that we are able to solve a selected num-
procedure. The Appendix further shows the natural anger of eigenstates around the reference eneggywithout
strained valence band offsets given by the applied pseudopgne need to solve all eigenstates of the Hamiltonian. For ex-
tentials and makes comparison with the reference valuegmple, by choosing, inside the band-gap we are able to
The Appendix also gives the band-gap redshifts in CuPfesolve the band edge states which are of primary interest for
([(111-oriented SL with periodn=1) and Z2 ([001]-  the present application. Using this approach, the computa-
oriented SL with perioch=2) alloy structures with respect tjonal cost scales linearly as a function of the system size,
to random alloy. In general, we see that the generategd|lowing calculations with the required large system sizes, in
pseudopotentials reproduce well the reference values.  contrast with conventional methods which scaleNss (N

In the alloy environment we have used a weighted avercorresponding to the number of atoms in the systéms
age for the anion pseudopotentials based on the local atomjgstrictingN to <10°® atoms.

configuration surrounding an anion site. For example, in

Ga,_,In,As, there are two pseudopotentialggc, and

U as(in) resulting from the fits performed for binary GaAs and Ill. LATERAL COMPOSITION MODULATION
InAs. The pseudopotential used at an As atomic site is WITHOUT SUPERLATTICE: GaAs/InAs

We first discuss the consequences of pure lateral CM,
NGa Nin ®) without the vertical SL. We take Gan, sAs as an example

=—= +— : : ‘
VAs™ 4 Uas(Ga)™ g VAs(ing» to illustrate the essential physical phenomena related to CM.
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0.10 F ] TABLE I. The elastic constants given by the applied valence
S ‘ (a) Composition proﬁle‘ In-rich force field for GaAs and InAs. Experimental values are also given
é 0.00 as reference.
E Ga-rich
o010 | | 10"dyne/cnt
0.005 I : ] Material Ci1 Ciy Cus
_ — GaAs 12.03 5.70 5.20
wi 0.000 . _ == GaAgexperimental 12.11 5.48 6.04
-0.005 | =T —— AE ——-CE | |pAs 8.53 4.90 3.14
InAs(experimental 8.329 4.526 3.959
& 200 .
g éﬁ \
= 0o (c) CBM energy B. Atomic relaxation and strain fields
8 200 i} Having constructed a periodic composition wave, we now
permit all atoms in the supercell to relax away from their
= 200 - 7 I A S N nominal zinc-blende sites so as to minimize the elastic VFF
g 0.0 - — N Y N strain energy. No symmetry constraints are assumed, i.e., the
= . (d) VBM energies g - ) . K X R .
& @ e Ve T atomic relaxation is not restricted to the modulation direc-
-20.0 tion. We find that the main relaxation occurs in fi¢0] CM
_ direction in the supercell: for thel10 planes in the Ga-rich
g 0047 1 (In-rich) region the interplanar spacing contracéxpands
e 002 \\/__//—/\/\"\ To illustrate this, Fig. &) shows thd 110] strain component
3 induced by pure CM. We note that the strain wikig. 3(b)]
& 000 is commensurate with the composition wd¥ég. 3(a)]. The
R solid line in Fig. 3b) corresponds to the strain calculated
£ o010 directly using the VFF method, i.e., atomic elasticity. This
2 000 strain is used throughout this work. The strain along the
3 [120] direction is calculated by averaging over the atomic
= -0.10 local strains in eaclil10) plane. The dashed line in the same

figure shows thg110Q] strain calculated using continuum
Position R along modulation direction [110] elasticity. Assuming the cartesian coordinate systegnand
z corresponding t§100], [010] and[001] directions, the con-

FIG. 3. The purg110] composition modulation in Ga,In,As:  tinyum elasticity tetragonal strain along tfeL0] direction
(a) the sinusoidal composition profilé) the[110] strain calculated can be evaluated &

using the atomistic VFF method and using continuum elastitiy;

the modeled CBM energy along the composition watd®; the 2C44—C11— 3C1
modeled VBM energies along the composition wafe};the wave E10= Ext 5Xy=€zzm, (8)
function squared for the lowest conduction band state; (8nthe 447 11T 12
wave function squared for the three highest valence band states. In
. : a(Xop) —a(x)
(f), V5 andV, are inverted for clarity. & =2 7
oA
A. Construction of the composition modulation supercell wherec,4, €q,, andc,, are elastic constants of a zinc-blende

material, anda(x,) anda(x) correspond to the lattice con-

We first consider sinusoidal composition modulation instant of Ga_,In,As (Xxo=0.5). To make a consistent com-
Ga,_,InAs atx,=0.5 andu along a[110] direction using Parison between the strains calculated based on atomic and
Eq. (1). We construct a periodic “supercell” containing a continuum elasticity, we have used the values for elastic con-

. . > stants directly derived from the VFF force constants listed
full period of x(R) of Eg. (1) by stacking along the direc- for GaAs and InAs in Table 2 Comparison of thé110]

tion n planes with lattice vectors perpendicular to the modu-Stralins in Fig. @) reveals that atomic and continuum elas-

lation a;=N(1,1,0)a,, and a,=N(0,0,1)a,, Wherea, is ticity give very similar strain profiles and magnituditbe
the cubic lattice constant of GgngsAs andN is an integer  small fluctuations in the atomic elasticity strain are due to
driving the lengths of the in-plane lattice vectors. Rér  averaging over randomly occupiéd10) planes with finite
=10, we have 200 cations and 200 anions per plane. Thsize]. We will see in Fig. 7 below how this situation changes
number of planes is~(4/\/2)(\/a,). For example, fo dramatically for individual layers in CM SL systems.

=150 A we haven=72, leading to a number of atoms

(anions and cationsin the supercell of 8>n=28800. In C. Simple model for band-edge energies and band alignment
each plane we occupy the R? cation-lattice  sites In Sec. Il D we will describe the results obtained by di-
randomly”, so as to produce a plane composition given b¥rectly solving Eq.(2) for the minimum strain atomic con-
X(R). Figure 3a) shows our composition profile(R) along  figuration in Figs. 3(a) and 3b). Before presenting the re-
the u=[110] direction with modulation amplitud&=8%. sults of the full calculation, it is instructive to consider in this
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subsection how coupling of the strain with the composition
wave is going to modify the energy levels relative to the
random alloy. To study theualitative physics we wish to — =~ Composition effect (x=x(R), e=¢,,,)
consider the CBM and VBM energies along tlelQ)C™M | = Strain effect (x=0.50, £=¢,,,~¢,),,,)

composition wave. In order to simply mimic the local atomic
environment along the composition wave, we construct : ‘ . :

—— Full CM calculation (alloy + strain effect)

smaller [110]-oriented supercelf¥ We occupy the cation & 800 | __——~-composition CBM |
sublattice randomly in these cells so that the composition E 43'8 s ST T ]
3 L ; = e TR — z
corresponds ta(R). To imitate the average strain alongthe & -400 [ ™o ; ~_ P
[110] direction in the large CM supercelFig. 3(b)], the © 800 strain . S———T
shape of the small supercell is chosen in the following way: ‘ . ‘ .
The supercell vector lengths aloig10] and [001] corre- s — \
spond to the lattice constant of tixe=0.50 alloy given by E 28'8 i AT TN
Vegard's rule, while the length of thgl10] cell vector is Se =200 | S ]
adjusted for eaclx(R) to give the strain alon§110] illus- -40.0 .
trated in Fig. 8b). Full relaxation of the atoms in the small '
supercell is then performed using the VFF method, and the 40.0 - vV, 1
eigenstates of the Hamiltoniafwithout spin-orbit interac- > 200 Py ]
tion) are consequently solved using the same methtmhic % 0.0 o = o
pseudopotentials, folded-spectrum methad used for the > :4218'8 P
large CM cell as reported in our full numerical calculation in ' - '
Sec. I D. 400 [ : v ]
The resulting band-edge energies are shown in Fig3. 3 o 59 [ P ¢ ]
and 3d). Figure 3c) shows that the modeled CBM energy g ool = oo
goes up relative to the random alloy in the Ga-rich region 5* -200}f 7 T ]
and dips down in the In-rich region. The behavior of the -40.0 . . ]
three uppermost valence states is shown in Fi{g).3Ne
label themV,, V,, andV, in order of the energies in the Position R along modulation direction [110]

In-rich region. Analysis of the symmetry of these states re- - o
FIG. 4. The purd110] composition modulation in Ga,In,As:

vgals that they havg110] (hgavy-hole, [001] and [110] . the alloy and strain contributions to the modeled CBM and VBM
(light-hole) character, respectively. We see that the energiegnergies along the composition wave.

of V, andV,, are pushed ugdown) in the In-rich (Ga-rich

region, Whi|eVC behaves in an opposite way. It is interesting character, their wave functions are more localized than the
to note that in the In-rich region whet;,0>0 [Fig. 3(b)] A Iight-hqle stgte(which has a smaller effective mass along
there is a 10 meV splitting betweas, andV,,, while in the  the [110] direction. . N

Ga-rich region where};,4<0, this splitting is almost zero. The physical effects leading to the composition depen-
This important nonlinearity cannot be represented by the lindénce of the band-edge stategy (x) and ecgw(x) in Figs.

ear strain model used in tHe p method®”22 This nonlin-  3(C) and 3d) are analyzed in more detail in Fig. 4. We have
earity is responsible for the fact th¥t, in the In-rich region separated the contributions originating from the composition

is slightly aboveV, in the Ga-rich region, indicating type-I change("composition effect,” long dashed lineand the

band alignmentelectrons and holes localized in the Samestrain wave(“strain effect,” dotted ling. The solid lines in
spatial regioih This effect was missed in Refs. 8, 7 and 22. Fig. 4 correspond to the combined effgshown also in Figs.

Figures 3e) and 3f) show the wave functions squared for 8(0) and 3d)]. To model the composition effect, the compo-

X sition of the small 400 atom cell was adjusted to follow the
the lowest conduction state and the four uppermost valence . N
states as calculated in the full 28800 atom CM system composition wave(R) and the volume of the cell was cho-

. - . sen accordinglyfVegard's rulg. After this, a full atomic re-
spin-orbit interaction Indeed, the CBM and/, are both | - ¢ ting i .
localized in the In-rich region confirming the expected type-I axation was performed resulting in strain denotedchys,

) . Co T del the strain effect th Il iti kept
band alignment for the studied band edges in Figs). 8nd O rmocel the strain eniec: the ce’ composition was xep

o fixed atx=xy=0.50, but the cell geometry was adjusted to
3(d). The superscripts in the valence baiuB) state labels  imic the relaxation in thé110] direction due to CM wave:

in Fig. 3(f) refer to the three types of states,b,c) identi- e yolume change due to Vegard's rule was subtracted so
fied in Fig. 3d): Vi and V3 are the highest VB states both that the sum of the alloy effect and strain effect calculations
exhibiting a-type character, bu¥3 resides lower in energy would correspond to the composition and cell shape in the
due to an additional node in its wave functigeen as the full calculation. After assigning the composition and cell
double peaked structure in wave function squarstd ex-  shape, a full atomic relaxation was performed. The resulting
hibits only one maximum and is localized in the In-rich re- strain is denoted b= ;15— Eyjoy -
gion and is thus assigned to be of typeFinally, V, is We see from Fig. 4 that the composition effect shifts the
localized in the Ga-rich region and has to belong to type aCBM energy up(down) in the Ga-rich(In-rich) region, while
based on Fig. @). SinceVi, V5, andV§ have heavy-hole all the energies of the three valence states are pushed down
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FIG. 5. The behavior of the band-gap and the band-edge states r|g . polarization of the lowest energy transitions for pure

in Ga,_,In,As as a function of sinusoidal composition modulation 11 composition modulation in Ga,InAs with A\=149 A and
amplitudeA. The modulation wavelength is 149 A. The behavior p_go;

of the lowest conduction band and the three uppermost valence

moiiaton wih er0 ampltude I the composidon moduiaied (1€ €ffect o varying the modlation wavelengthwe find
svstem the band qap ex :riences asi nificaFrjmt narro(etshify that the behavior of the band-edge states and band gap is
y gap &xp g weighift. rather insensitive to\: the band gap increases linearly by

(up). Thus, the band gap widersarrows in the Ga-rich ~5 meV whenh is varied from 116 A to 182 A.

(In-rich) region, as expected from the larger band gap for o ) -

GaAs than for InAs. The strain effect has qualitatively the E. Polarization of optical transitions

same contribution as the alloy effect for CBM and the two  |n order to analyze the polarization of the lowest energy
uppermost valence states. For the third valence s¥tg ( optical transitions, we have calculated the dipole matrix ele-
however, the strain has an opposite effect: due to sWain  ments between the lowest conduction state and the valence
has its maximum in the Ga-rich region whig andV, have  states

their maxima in the In-rich region. Based on this decompo-

sition analysis into alloy and strain contributions it is evident

that an accurate description of both compositional and strain Pa(i) = camlPal ¥ ), (9)
effects is essential for a realistic modeling of the band-edge '
states in a CM system. wherei indexes the four highest valence statgs V,, Vs,

andV,; and « denotes the cartesian componexty, andz.
Since the CM is assumed alofy10], the interesting oscil-

D. Band-gap redshift L
- lator strengths to be determined apgig), Prii0;, and
As the modeled band edge.s show n Flgﬁc)_fﬁnd 3d), [oo1)- Based on the calculated cartesian matrix elements
the smallest band gap occurs in the In-rich region of the CMyaqe can be expressed as

system. Combined with the information that the CBM and

VBM are localized in the In-rich regiofFigs. 3e) and 3f)]

the CM is expected to induce band-gap narrowiregishify Pri101= Px T Py

with respect to a random alloy. While Figs(cB and 3d)

were the result of a simple modé&bec. 11l G, we now use

direct diagonalization to solve Eq2) for the full 28800 Prii0)= ~ Px+ Py, (10)
atom minimum strain configuration. The result is given in
Fig. 5 which shows the behavior of CBM and uppermost VB
states as a function of the CM amplitudgd A=0 corre-
sponds to a fully random systemVe indeed see that CM
shifts VBM up while CBM drops, the combined effect being » . 5 . 2. 2
a band-gap redshift which is about 40 meV for 10% modu-The full transition probability|p|* is obtained asp;+py

lation amplitude. TPz o
We have also made calculations where the composition Figure Ga) shows the calculated polarizations. The lowest

profile f is changed from a sinusoidal to a steplike function.energy transition from CBM t&/, is found to be polarized
We see that the band-gap redshift increases slightlyAfor along[110], i.e., perpendicularto the CM wave. The tran-
=8% the increase is-5 meV. Also, we have investigated sition probability for CBM toV, is very small(weak transi-

Proo1= Pz-
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tion). The transition from CBM toV3 is [001] polarized 0.015
while the transition from CBM to/, is [110] polarized. ooto| @ _ge202e, .
'5 ¢ Eoo1
*E 0.005 Ga-rich
IV. COMBINATION OF LATERAL COMPOSITION §° 0.000 S
MODULATION AND VERTICAL SHORT-PERIOD 'q;, 00054 © 8[1M
SUPERLATTICE < ©
0.010 1/ ¢ 0 omest
Having illustrated the physics induced by a pure lateral — pureCM
CM in Sec. lll, we now turn to modeling the combined sys- '06‘_’;:
tem of lateral CM and vertical SL which corresponds to the (b)
actual experimental case. 0.04 1 |~ TN
0.02 |
i 0.00
A. Structure: Integer vs. fractional period - ®
superlattice GaAs/InAs .g -0.02
Experimental studidd!-13show that the strongest lateral & 004
CM is observed when superlattice layers hax@ninteger E 0.06
values, i.e., for (AC)/(BC),, superlattice fi,m#1,2,...). = 0.06
To gain insight into the role of the superlattice period, we §
investigate the two structures illustrated in Figs. 1 and 2. The & 0.04 1
atomic positions shown correspond to minimum strain con- ‘E o2
figuration, the atomic strain being calculated as described in= g
Sec. Il A. The crucial difference between Figs. 1 and 2 isthe @~ g0
superlattice period: Fig.(b) showsinteger (n=2) period
superlattice while in Fig. @) the superlattice period &ac- -0.02
tional n=1.5. In the integer period superlattice, pure binary

monolayers follow each other, while in the fractional period
superlattice an alloy monolayer of ,@a _,As is sand- Position along modulation direction [110]
wiched between the pure binary layers. It is evident that both
the illustrated §tructures represent an ideal model of the a%'omposition modulation and combin#10] composition modula-
tual experimentally grown structures [e.g. tion 4+ [001] vertical superlattice systems. The modeled systems
(AlAS? 144/ (INAS), 56 (Ref. 11]. We further noFe. that the correspond to Ga ,In,As with A=16.7%,A=149 A . The verti-
experimental CM-SL structures commonly exhibit cusplike ¢4 syperlattice has a fractional period=1.5). While (8) shows
behavior of the superlattice layers. In our model this phehatvertically averaged110] and[001] strains are nearly identical
nomenon is neglected at present, and we concentrate on prig-pure CM and CM-SL systems(b) and(c) show that the strains
viding understanding for the principal physics related to thecalculated for individual layers in the CMSL structure deviate
illustrated model structures. considerably from the average behavior. The labeling of atomic
layers is shown in Fig. Zc).

FIG. 7. Comparison of strain between the relaxed dur&]]

B. Atomic relaxation and strain fields in GaAs/InAs C. Wave function localization and band alignment:
Figure 7 shows the atomic relaxation in the cas€ldf)] GaAs/InAs, GaP/InP, and AlP/GaP
CM on which we superimpose [@01] GaAs/InAs SL with In Fig. 8 we compare the wave function squared in three

periodn=1.5. Panela) compares the averadin the verti-  CM-+SL systems: panela) corresponds to Ga,InAs as
cal[001] direction) [001] and[110] strains in CM+SL (solid  calculated without the spin-orbit interaction, pafi®l shows
lines) and pure CM(filled and open circlessystems. Rather the result for the same Ga,In,As system but including the
surprisingly, we see that theveragestrains are nearly iden- spin-orbit effects, and panét) shows the wave functions
tical in pure CM and in CM-SL systems. Thus, the addition squared in Ga_,In,P.

of fractional period superlattice bears little influence on the Comparison between Fig.(3howing wave function den-
averagestrain which is determined by the average composisities for pure CM systemsand Fig. &) showing the wave
tion along the CM direction. In contrast, panél and(c)  function densities in CMSL system, reveals that the type-|
show that the[001] and [110Q] strains calculated fomdi- band alignment exhibited in the pure CM system is preserved
vidual atomic layershave large deviations from the average in the CM+SL system. We further note the close similarity
behavior. The first and second layél@beling of the atomic  between the CM and CMSL systems in the CBM and the
layers is shown in Fig. )] exhibit qualitatively similar two uppermost valence states, suggesting that the character
strain profiles with the average strain shown in paf@] of the band-edge states is mainly determined by the CM
while the third layer shows an opposite behavior. Thesavave rather than the SL. However, the effect of SL becomes
strain profiles are a consequence of fB@1]-oriented buck-  evident with the deeper valence states which have a different
ling of the atomic layers which cannot be described by character from the pure CM system as described in detail
continuum model&."?? below (Sec. IV B.
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A=16.7%, A=149A

(a) GaIlnAs (NSO) (b) GaInAs (SO) (c) GalnP (NSO)
0.08 | CBM 0.08 | CBM 0.08 CBM
0.04 w 0.04 \_’/\\ 0.04 /\
0.00 0.00 0.00
0.2 A v, 0.2 A v 0.2 A

V., 1
014 2 041 Vzi X A : 0.1
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FIG. 8. The wave function squared for the lowest conduction band state and the eight highest valence band stateljAGand
Ga _,In,P[110] CM + n=1.5[001] SL systems. For Ga,In,As, comparison between the calculations excludM§O) (a) and including
(SO (b) spin-orbit splitting is madeVs, V,, V4, andVg are inverted for clarity.

The main effect of the spin-orbit interaction in the binary an example to demonstrate type-Il band alignment in the
GaAs or InAs system is that it splits the otherwise triply [110] CM + [001] SL (n=1.5) system. It is immediately
degenerate VBM 15, into two components: doubly degen- evident that CBM and VBM wave functions are localized in
eratel's, , and a split-off statd’;, , 0.34(0.38 eV lower in  different regions. This is a direct consequence of the type-I|
energy in GaAgInAs). The question we want to ask is: does natural (unstrainedl band offset between AIP and GaP: the
this affect the delicate VBM structure in CMBL structure  vBM (CBM) of GaP resides 0.540.58 eV lower than in
and if so, how? Comparison between pan@sand (b) of  Aip. Thus, it is possible to generate a type-Il CM if one uses
Fig. 8 corresponding to calculations excluding and including.qonstituents that already have a type-Il alignment. This phe-
the spin-orbit effects reveals only minor differences: the,,menon could be used, e.g., in reducing the electron-hole

e A e afEcombinaion na ool iuctur as proposed by s
’ 27
the lower valence band states. We thus conclude that, Su<r:_arenha$at al”" However, ALGa P alloy seems not to be

prisingly, the spin-orbit interaction does not play a dominani® good candidate for this application due to inefficient light

role in determining the behavior of the band-edge states iﬁbSOI’ptIOI’] induced by the indirect band dape Sec. IV E
the CM+SL systems.
The wave function densities shown for the ;Gdn,P

. . D.B - hift: InAs, AlAs/InA P/InP
CM+SL system in Fig. &) show that Ga_,In,P also ex- and-gap redshift: GaAs/inAs, AlAs/InAs, Gab/in

hibits type-l band alignment. In Fig. 9 we use &k, _,P as Figure 10 shows the behavior of the band edges and band
gap as a function of the modulation amplitudefor the
A=16.7%, \=149 & combined[110] CM and[001] SL (n=1.5) structure. Panel
0.40 (a) also shows the band-gap reduction for the system with
030 | (@) ¥l (R ] [110] CM + [001] n=2.0 SL and pur¢110] CM. The data
020 | ] points atA=0.0 correspond to pure SL without CM. We see

that the purd001] SL induces a significant redshift which

R 2;2 mainly originates from downshift in CBM. The contribution
¥ 0:40 I 5 ] to the redshift from fractionaln(=1.5) and integerr{=2)
(b) M pR) period superlattices is nearly the same. P&aeleveals also
0.20 ] that the redshift induced by the CMVBL system is nearly a
0.00 L linear combination of the pure CM and SL contributions.
020 Figure 11 compares the shift in the band-edge states and

band gap between the ¢aln,As and Ga_,In,P CM+SL
-040 | Garich Al-rich 1 systems. We see that the GMbL induced band-gap redshift
is much larger in Ga_,In,P than in Ga ,In,As. This is
induced by two factors(a) the redshift for puren=1.5 SL
FIG. 9. The wave function squared for the lowest conduction(A=0) is considerably larger for Ga,In,P than for
band state and the three highest valence band states@sAlLP  Ga ,In,As and(b) the redshift induced by CM is larger in
[110] CM + n=1.5[001] SL system demonstrating a type-Il band Ga;_4In,P than in Ga_,In,As as can been by comparing the
alignment.V5 andV, are inverted for clarity. slopes in Fig. 1(a). These effects are a consequence of the

Position along the [110] modulation direction
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A=149 A 0 [ g=====—=———"Randomalloy————~ ===
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Modulation amplitude A (%) FIG. 11. The comparison of the band-gap and the band-edge

FIG. 10. The behavior of the band-gap and the band-edge sta’[eséates in GaIn,As and Ga_In P systems exhibiting botfi 10]

in a Ga _,In,As system exhibiting both110] composition modu- gompos!tlon modulatlon a_n@Ol] superl_attlce |(1=.1.5) as a func-
. ; - . . : tion of sinusoidal composition modulation amplitudeThe modu-
lation and[001] superlattice §=1.5) as a function of sinusoidal

» ) ) . lation wavelength\ is 149 A for Gag_,In,As and 144 A for
composition modulation amplitud& The modulation wavelength G In.P. Zero modulation amolituda— 0.0 represents the effect
N is 149 A. In (a) the band-gap redshift is compared with AN P —orep

) L " . of pure vertical superlattices. The behavior of the band (@apnd
Ga _,In,As systems(i) exhibiting only composition modulation . .
X o . : . the lowest conduction bang) are shown relative to the random
and (i) composition modulation and integer period={2) super- ) . "
; ) . - alloy (dashed horizontal lingsThe splitting between the two up-
lattice. Zero modulation amplitudd= 0.0 represents the effect of ermost valence band states is showifdn
pure vertical superlattices. The lowest conduction bdmdand the P ’

three uppermost valence band statelsare given relative to the ] o ]
random alloy(dashed horizontal lings constitutes most of the band-gap redshift in both materials.

Figure 11c) shows that the energy difference between the

band alignment between the binary materiéilsthe valence two highest valence band states incre_ases nearly Iipearly
band offset between GaP and IfR11 eV} is about twice from_a few meV to~15 meV as a function of modulation
the value for GaAs/InA$0.057 eV, (i) the conduction band @mplitudeA in both Ga_,In,As and Ga._,InP.

offset, calculated aF point which is relevant for the alloy ~ The calculated band-gap redshifts are in good agreement
Comparison, is Significant]y |arg&ﬂ_30 eV} for GaP/InP with available experimental data. In =3lIn,As the reported
than for GaAs/InAS1.04 e\j. The conduction band offsets Vvalues are in the range from a few tens of meV up to
are thus much larger than valence band offsets; Figb)11 ~100! In Ga _,In,P the reported values are typically sig-
reveals that the drop in the conduction band minimum indeedificantly larger (250 meV)>628

A=149 A, A=16.7%

| pure [0011 SL (@=L.5) | [ [110] CM +[001] SL (n=1.5) |

| CBM | CBM | CBM |
T T I
=l .l =l = z| 2l 2| i
| = — — p— = =)
2l 3 2| 3 22| 2 = §l = 3
o El 2 2 bl b D =TI e
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FIG. 12. Polarization of the lowest energy transitions in, Gin,As for (i) pure [110] composition modulalation(ii) pure [001]
fractional (h=1.5) period superlattice, an@i) [110] composition modulationt+ [001] fractional (= 1.5) period superlattice.
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TABLE Il. The pseudopotential fit for GaAs. TABLE IV. The pseudopotential fit for AlP.
Properties SO-EPM  NSE&PM LAPW Expt. Properties NSO-EPM LAPW Expt.
I 1.52 151 1.52 I 4.73 4.38
Xs, -2.13 -2.11 —2.96° X, -2.42 -2.27
X1ie 1.95 1.86 1.98 Xy 2.27 2.5¢%
Ls, -0.77 -0.84 —1.309 Ly, -0.98 -0.8
Lic 1.75 1.78 1.81° Ly 3.61 3.57
Me 0.092 0.087 0.067 m, 0.26 0.2%
min(100) 0.47 0.47 040  my,(100) 0.62 0.51
ag(I) -8.63 —8.06 -725 -—82F ag(I) —7.46 -8.50 -9.3¥
a, () —-1.10 —-0.99 -1.21 a,(I) 1.98 2.64
b -1.77 -1.52 -1.99 -17 b —2.09 —1.59 -1
Ao(T7,—Tg,) 0.33 0.00 0.3%

3Reference 37.
bReference 38.
‘Reference 39.
dReference 40.

®Reference 41.
Reference 42.
9Reference 43.
PReference 44.

%Reference 51.
bReference 46.
‘Reference 52.
dReference 53.

®Reference 54.

Reference 55.

9Reference 44.
PReference 56.

E. Polarization of optical transitions

mixed layer. The two lowest energy transitionstpandV,
are[110] and[ 110] polarized. We also find fp01] polarized

Figure 12 illustrates the polarizations calculated for thetransition which, however, is 33 meV higher in energy. Thus,

lowest energy transitions in puf@10] CM, pure[001] SL
(n=1.5), and[110] CM + [001] SL systems.

the pure[001] SL allows both[110] and[110] transitions
but does not favof001] polarization perpendicular to the

We find that the lateral CM and vertical SL act as sequensuperlattice layergiii) The[110] CM and[001] SL system

tial filters. (i) Similar to Fig. 6, in the pur¢110] CM the
band-to-band transition hasl10] polarization. The next
transition with a significant total probability is 22 meV
higher in energy anfD01] polarized. Among the four lowest
energy transitions ng110] polarized transition is found.
Thus, the effect 0f110] modulation is to enhancgl10]
polarization perpendicular to the CM direction over fhé&0]
polarization parallel to CM, but also to allo@01] polarized
transition. (i) For pure[001] SL (n=1.5) the VBM is
slightly (~4 meV) split due to random occupation of the

TABLE lll. The pseudopotential fit for InAs.

combine the effects of the two underlying structures: either
[001] or[110] polarizations are not included among the four

lowest energy transitions, blit10] polarization, allowed by
both pure structures, is dominating.

In experimental studie%;2*1'3the polarization compo-
nent perpendicular to the CM direction is commonly found
to be clearly favored over the component paraller to the CM
wave. Our computational results analyzed above are indeed
in agreement with this observation. Furthermore, the transi-
tions with perpendicular polarization have been observed to
have a lower energy than the transitions with parallel polar-
ization to the CM directioR~81130ur calculated results are
also in agreement with this observation.

TABLE V. The pseudopotential fit for GaP.

Properties SO-EPM NSO-EPM LAPW Expt.
Iy 0.41 0.42 0.42
Xs, -1.88 -1.78 -2.8
Xic 2.27 2.29 2.3%¢
Ls, -0.72 -0.71 -0.9
Lyc 1.41 1.43 1.71°
Me 0.032 0.028 0.023
Myn(100) 0.48 0.53 0.35
agy(I) -5.33 -6.10 -488 -6.6
a,(I) -0.85 -1.01 -1.00

b —-1.85 —-1.70 -167 -1d
Ao(T7,-T'g,) 0.36 0.00 0.38

%Reference 45.
bReference 46.
‘Reference 47.
dReference 41.

®Reference 48.
fReference 49.
9Reference 50.

Properties NSO-EPM LAPW Expt.
| 2.86 2.86
Xs, -2.23 -2.7
X1ic 2.32 2.35
Lg, -0.95 -1.2
Lyic 2.73 2.71
Me 0.155 0.129
Myn(100) 0.50 0.45
ay(T) -9.3 —-7.99 -9.3
a,(T) -2.6 -0.58

b —2.45 -1.97 -1.8

%Reference 57.
bReference 46.
‘Reference 52.
dreference 53.

®Reference 54.
Reference 55.
9Reference 44.
hReference 56.
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TABLE VI. The pseudopotential fit for InP. TABLE VIII. Calculated band-gap redshiftsE, with respect to
random alloy in CuP¢[111]-oriented SL with perioch=1) andzZ2

Properties NSO-EPM LAPW Expt. ([001]-oriented SL with perioch=2) structures.
)r(;c jzgg 721_'243, AE, NSO-EPM(eV) AE, LAPW (eV)
Xic 2.25 2.38°  GaAs/inAs  CuPt -0.05 -0.25
La, -0.78 -1.28 72 ~0.02 ~0.05
L 1.94 203%  Gap/np CuPt ~0.34 ~0.42
Me 0.088 0.077% z2 -0.12 —-0.11
Mhn(100) 0.46 0.58
ag(T) —-6.84 -5.18 -6.4
a,(T") —0.49 -0.41 V. SUMMARY AND CONCLUSIONS
b 1.7 1.97 20 We apply(i) atomistic description for strain as calculated
“Reference 58. ‘Reference 62. with a valence force field approadtii, specially constructed
bReference 59. 'Reference 63. strain-dependent empirical pseudopotentials, @ndplane-
‘Reference 60. 9Reference 64. wave basis for the expansion of electronic wave functions to
“Reference 61. "Reference 44. resolve the atomic and electronic structure resulting from

lateral composition modulation in vertical short-period su-
perlattices. Detailed analysis of a pure CM wave in

We have also analyzed the transition probabilities for thé>a -xINxAs alloy shows that a careful consideration of both
AlL.Ga_,P CM+SL system exhibiting type-Il band align- Strain and alloy composition effects are necessary for a real-
X e istic description of the CM system. This fact is emphasized

ment(Fig. 9). The full transition probabilities from the CBM
(Fig. 9 P 'Q the combined CM-SL system where the orthogonal strain

to the four uppermost valence states are extremely small dLLeIds induced by CM and SL composition waves with dif-

to the lack of spatial overlap in the conduction and ValenC‘?erent characteristic lengths, interact in a complex manner.

band wave functions. Type-Il band alignment is present also We show that for GaAs/InAs and GaP/InP systems, the
in reciprocal space: decomposition of the CBM into BIOChelectron—hole localization in type-l, i.e., the natural b’and
states withk-vector sampling in the principal directions in alignment between the binaries pe}sists’ in the-€3L sys-
the first Brilloun zone, reveals that it has very litllechar-  (em Similarly for AIP/GaP systems, exhibiting type-Il align-
acter, while VBM is principallyl’-like. This is an obvious ment between the binary compounds, we find type-II align-
consequence of both AIP and GaP binaries having an indireghent also in the CMSL system. Both CM and SL are
gaps in reciprocal space. In fact, we find that already the purgyund to contribute significantly to the behavior of band-
n=1.5 SL is indirect system in reciprocal space. edge states in CMSL system:
(i) Both CM and SL induce band-gap narrowing with re-
spect to random alloy, the main contribution originating from
a drop in conduction band energy. The GaP/InP system is
TABLE VII. Calculated valence band offsets of AC/BC, found to exhibit significantly larger band-gap reduction than
strained on a substrate lattice const@anin the{001} plane. Forthe  GaAs/InAs. This is a consequence of the larger natural con-
strained material foldfaceg the lattice constant along tH®01]  duction and valence band offsets between GaP and InP than
direction (@, ) is fully relaxed by using the valence force field ap- between GaAs and InAs.
proach.a* denotesnatural unstrained valence band offsets, i.e., (i) The symmetry of the uppermost valence band states is
Evem(aac) ~ EVem(asc). A positive offset means that the VBM  strongly influenced by both CM and SL. As a consequence,
energy of the material AC in AC/BC is above that of BC. the lowest energy optical transitions between conduction and
valence band exhibit polarization: the component perpen-
dicular to the CM wave has the lowest energy and highest

LAPW NSO-EPM  SO-EPM

AC/BC a (Efef\sgt ?Z\S/?t (Z:\S/‘)et transiti_on probability, and thg comppnent parallel to the CM
l wave is surpressed by a shift to higher energy. The strong

InAs/GaAs ax 0.057 0.056 0.045 polarization dependence is in agreement with experimental

InAs/GaAs Acaas 0.38 0.40 0.42 observations.

INAs/GaAs anas —0.25 -0.22 -0.39

TABLE IX. Screened atomic pseudopotential parameters for the
GaP/AIP a* 0.54 0.54 arsenide semiconductoexcludingthe spin-orbit interaction. Tha
parameters refer to E¢4). A 5 Ry cutoff was used in the fitting.

InAs/AlAs a* 0.58 0.56
InAs/AlAs aaas 0.89 0.91 ag a; a, as ay
InAs/AlAs ainas 0.13 0.13
Ga 55738.5 2.793 3209.4 0.283 1.862
In 107.755 1.915 3.460 0.414 1.665
InP/GaP a* 0.11 0.09
InP/GaP Agap 0.43 0.43 As(GaAs 48.54 2.536 1.463 0.494 0.000

InP/GaP amp  —0.32 ~0.25 As(InAs) 49.614 2.737 1.523 0.574 0.000
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TABLE X. Screened atomic pseudopotential parameters for the TABLE XI. Screened atomic pseudopotential parameters for the
arsenide semiconductorscluding the spin-orbit interaction. Tha phosphide semiconductors. Tagparameters refer to Eg4). A 5
parameters refer to E@4). A 5 Ry cutoff was used in the fitting. Ry cutoff was used in the fitting.

ag a, a, as a, ag a, a, as a,
Ga 123090.0 2270 3210.125 0.625 1.630 Al 59.399 1.880 4.585 0.212 1.008
In 202.622 1.883 5.052 0488 1.336 Ga 568.082 3.000 47.76 0.201 2.488
In 640.312 1.708 24.54 0.241 2.117

As(GaAs 12.301 2.885 1.151 0.261 0.000
As(InAs) 93.056 2.620 1.972 0.693 0.000 P(AIP) 17.148 2.454 1.147 0.282 0.000
P(GaP 36.874 2.646 1.375 0.402 0.000
P(InP) 23.721 2.707 1.225 0.392 0.000

In AIP/GaP CM+SL systems the optical transition prob-
abilities are small due to an indirect band gap, which makes APPENDIX: DESCRIPTION OF EMPIRICAL
the practical exploitation of the type-1l band alignment diffi- PSEUDOPOTENTIALS

cult, e.g., in solar-cell applications. ) ) ) .
In general, our results thus show that if the control in N this Appendix we describe the empirical pseudopoten-

wavelength §) etc., was achieved, the optical properties of(SO—EPM for pseudopotentials omittingncluding spin-
semiconductor alloys could be tailored. orbit effects. In Tables I[I-VI the pseudopotential iIEEPM)

are compared with the experimental dafa® and first-
principles calculationL APW). lllustrated are band energies
at high symmetry point&V with respect td"5,), the band-
gap hydrostatic deformation potential(I'), the valence
We thank S.-H. Wei for providing the LAPW values em- band maximum hydrostatic deformation potendg(I"), bi-
ployed in pseudopotential fits. T. M. acknowledges the finanaxial deformation potentiab, the electron effective mass
cial support by the Viada Foundation(Helsinki, Finland. ~ m,, and the heavy-hole effective massy(,). A, denotes
This work was supported by the U.S. Department of Energythe spin-orbit splitting value. Table VII gives the calculated
OER-BES-DMS Grant No. DE-AC36-83-CH10093. The cal- natural and strained valence band offsets. Table VIII gives
culations were performed using the Cray T3E, located at théhe band-gap redshifts in CuftL11]-oriented SL with pe-
National Energy Research Scientific Computing Centeriod n=1) and Z2 ([001]-oriented SL with periodh=2)
which is supported by the Office of Energy Research of thewith respect to random alloy. Tables IX—XI list the pseudo-
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