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Electronic and optical properties of laterally composition-modulated
Al xIn12xAs, GaxIn12xP, and GaxIn12xAs alloys

Yong Zhang and A. Mascarenhas
National Renewable Energy Laboratory, 1617 Cole Boulevard, Golden, Colorado 80401

~Received 5 January 1998!

Results of a systematic study of the band structure and optical properties of laterally-composition-modulated
semiconductor alloys AlxIn12xAs, GaxIn12xP, and GaxIn12xAs are reported.@110# composition modulation
occurs spontaneously during growth of~001! short-period superlattices or bulk epilayers of these alloys. The
effect of this long-range lateral modulation is modeled usingk•p theory and the envelope-function approxi-
mation, while the vertical short-period superlattice is emulated by a uniaxial perturbation. We have studied the
dependence of the electronic and optical properties of such structures on the modulation amplitude, profile, and
negative feedback due to the coherency strain field. We find that~i! among the three-alloy systems, for a given
modulation amplitude, the largest band-gap reduction can be achieved in AlxIn12xAs, and the smallest in
GaxIn12xAs, ~ii ! a step-function modulation gives a larger band-gap reduction than a sinusoidal modulation;
~iii ! when the coherency strain is tetragonal in the modulated direction, a strong in-plane optical anisotropy is
expected and when it is tetragonal in the growth direction, a weak in-plane optical anisotropy is anticipated;
~iv! the vertical short-period superlattice enhances the band-gap reduction, but reduces the in-plane optical
anisotropy; and~v! the lateral composition modulation is inherently associated with a diminishing of the
vertical short-period superlattice. The possibility and conditions of type-II band alignment in these modulated
structures are discussed.@S0163-1829~98!05519-2#
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I. INTRODUCTION

Spontaneous lateral composition modulation~CM! has
been observed in many III-V semiconductor alloys gro
by either MBE ~molecular beam epitaxy!1–9 or MOVPE
~metal-organic vapor-phase epitaxy!.10 Most research on
CM has focused on three alloy systems: GaxIn12xP,1–3,10

GaxIn12xAs,4–6 and AlxIn12xAs,7–9 where the CM occurs
along the@110# direction in the plane perpendicular to th
@001# growth direction. The lateral CM has been observed
occur spontaneously when growing vertical short-period
perlattice~SPS! structures,1–6,9 although it has also been ob
served to occur during epitaxial growth of bulk alloys su
as AlxIn12xAs ~Refs. 7, 8, and 10! and GaxIn12xAs.11

Strained or unstrained@110# superlattices grown on~110!
substrates have been modeled by using thek•p method in a
number of previous studies.12,13 However, those results ar
not applicable to laterally-composition-modulated structur
because of the coexistence of the vertical SPS or the s
coupling to the~001! substrate. There have been two a
tempts to model the electronic structure2,14 and optical
anisotropy14 in laterally-composition-modulated GaxIn12xP.
In Ref. 2, the effect of the CM is modeled by a later
effective-mass superlattice of which the piecewise cons
effective masses and band gaps in the Ga- or In-rich reg
are calculated by diagnolizing thek•p Hamiltonians in each
region. A similar approach has been used in Ref. 14 to mo
the anisotropy in the optical transitions. In both of these t
previous studies, the band alignment between the Ga-
In-rich regions was type II~i.e., the topmost valence-ban
state was in the Ga-rich region while the lowest conducti
band state was in the In-rich region!, which is an issue tha
needs further consideration. In this work, a more rigoro
570163-1829/98/57~19!/12245~10!/$15.00
o
-

s,
in

-

l
nt
ns

el
o
nd

-

s

treatment of the problem will be given by using a multiba
k•p Hamiltonian with a spatially varying effective potentia
tensor in which band-gap and strain-induced deformation
tentials are modulated following the profile of the later
CM.15,16

Experimentally, using photoluminescence studies,
band-gap reduction resulting from the lateral CM has be
observed to be as large as;250 meV in MBE-grown
GaxIn12xP,17 ;300 meV in MBE ~Refs. 18 and 19! or
MOCVD ~Ref. 10! -grown AlxIn12xAs, and;100 meV in
MBE-grown GaxIn12xAs.20,21 These values are roughly on
order of magnitude larger than the band-gap reduction p
dicted for the corresponding SPS or CuAu-order
structures.22 Because of a lack of accurate knowledge in t
amplitude of CM and its profile, and simplified theoretic
approaches, quantitative comparisons of the optical ani
ropy between the experimental results and theoretical ex
tations have not been satisfactory. Polarization anisotro
defined as a ratio of the transition intensities polarized alo
directions perpendicular and parallel to the modulation,
been observed in a range of roughly 2–20 in differe
samples.2,5,6,14,18,19,21

The main purpose of this study is to achieve a better
derstanding of the dependence of band-gap reduction
optical anisotropy, on the various structural and material
rameters, including variations in the modulation amplitud
modulation profile~step-function or sinusoidal!, symmetry of
the strain field, strength of vertical modulation, band offse
and differences in alloy systems.

II. THEORETICAL MODELING

A. Qualitative consideration

We first consider the simplest situation in which the@110#
oriented lateral CM occurs in a bulk alloy that has
12 245 © 1998 The American Physical Society
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12 246 57YONG ZHANG AND A. MASCARENHAS
composition-independent lattice constant and is latti
matched to the substrate. The properties of such a struc
are essentially the same as that of a GaAs/AlxGa12xAs su-
perlattice grown on a~110! substrate. The difference is tha
the lateral superlattice exhibits a strong optical anisotropy
the growth plane, whereas the latter does not.

Next, we consider that in reality every one of the thre
alloy systems, GaxIn12xP, AlxIn12xAs, and GaxIn12xAs,
has a composition-dependent lattice constant. Thus, bec
of the lateral CM, the epilayer will have a laterally
modulated-coherency strain field.23,2 Depending on the epil-
ayer thickness and the period of the modulation, the st
field can be very different.23 When the epilayer is thin with
respect to the modulation period, it is coherently strained
the substrate, and the distortion is tetragonal in the@001#
growth direction; when the epilayer is thick with respect
the modulation period, in the region away from the substr
laterally adjacent sheets strain each other, and the disto
is tetragonal in the@110# direction of the CM. In general, the
strain is nonuniform along the growth direction, and evolv
gradually from the thin-layer limit to the thick-layer limit. In
reality, for a thick epilayer most optical measureme
mainly probe the top portion of the epilayer. In this work, w
will only consider these two extreme situations. In the ca
of thin epilayers, the tetragonal strain in the growth direct
tends to reduce the in-pane anisotropy caused by the la
CM, and so a relatively weak anisotropy is expected in
~001! growth plane. In the case of thick layers, the symme
axis of the strain tensor is aligned with that of the modulat
wave, and so the strong in-plane anisotropy is retained
most published studies, typical modulation periods and e
layer thicknesses were found to be around 130–200 Å
1000 Å,2,9 respectively, making the thick-layer approxim
tion more appropriate than the thin-layer one23 for those
cases. Although the primary cause for the lateral quan
confinement is the spatial variation of the band gap with
lateral CM, the coherency strain field plays an important r
in determining the energy levels of the confined states.
the conduction band, the effect of strain tends to counter
ance the effect of pure composition variation, i.e., it redu
the well depth and barrier height, for both types of strain. F
the valence band, the strain causes strong mixing of he
and light-hole states. The overall effect of the strain tend
diminish the band-gap reduction caused by pure CM,
this has been referred to earlier as the negative feedb
effect.2

Finally, we consider the effect of the@001# SPS that is
symmetrically equivalent to CuAu-ordering.24 The major ef-
fects of ordering are well known as inducing a band-g
reduction and a valence-band splitting. The vertical S
tends to enhance the band-gap reduction and weaken th
plane anisotropy caused by the lateral CM. If an order
rameter is defined ash51 for an ideal vertical SPS,24 the
occurrence of the lateral CM will reduce the degree of or
~i.e., h,1!, because of swapping of cations between
A-rich andB-rich regions of the SPS (AC)m /(BC)n (m,n
51 – 2). This phenomenon has recently been confirmed
x-ray reciprocal space mapping experiments25 in which the
intensity of the vertical SPS diffraction spots is observed
decrease as the intensity of the diffraction spot due to
lateral CM increases. Figure 1 shows schematically two
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treme situations:~a! the ideal vertical SPS with no CM (h
51), ~b! 100% lateral CM with no SPS (h50), and~c! a
situation that is closer to reality: a partially modulated stru
ture in which the vertical SPS is partially diminished due
lateral cation exchange.

B. Model

The composition-modulated structure is treated as a b
alloy subjected to two perturbations: the lateral CM and
vertical SPS. Thek•p Hamiltonian for the bulk alloy is
given byHk•p @Eq. ~A1! in the Appendix#. When considering
CM, we treat the unmodulated SPS (AC)m /(BC)n as an
alloy Ax̄B12 x̄C with an average compositionx̄5m/(n
1m). First, we describe the perturbation caused by the C
The confinement potentials for the electron and hole gen
ated by pure CM are determined by the conduction- a
valence-band offsets. The unstrained band alignment
tween theA-rich andB-rich regions is chosen to be type I fo
the alloy systems considered in this work, with a ratioQc

5DEc /DEg50.75.26 Although this value is not well estab
lished, we shall use it for our calculations. For the cond
tion band, the lateral confinement potential is defined as

Ve~z8!5Qc$Eg@x~z8!#2Eg~x0!%1ac@«xx~z8!1«yy~z8!

1«zz~z8!#, ~1!

FIG. 1. Schematic diagrams showing~a! a vertical fully ordered
short-period superlattice,~b! a lateral fully composition modulated
superlattice, and~c! a partially ordered and partially modulated ve
tical and lateral superlattice.
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57 12 247ELECTRONIC AND OPTICAL PROPERTIES OF . . .
whereac is the conduction-band deformation potential,« i j is
the strain tensor that will be defined later, andz8 is along the
direction of CM. For the valence band, the confinement
tential is

Vh~z8!5~12Qc!$Eg@x~z8!#2Eg~x0!%I 1Hstrain~z8!,
~2!

whereI is a 636 unit matrix, andHstrain is the strain poten-
tial @Eq. ~A3! in the Appendix#.

In a conventional cubic coordinate system withx, y, and
z oriented along the@100#, @010#, and @001# directions, the
strain tensor for the@001# tetragonal distortion is given as

«xx5«yy5
a02a~x!

a~x!
,

«zz52«xx

2c12

c11
, ~3!

«xz5«zx5«yz5«zy5«xy5«yz50,

where a(x) is the lattice constant of the bulk allo
AxB12xC, a05a(x0) is the lattice constant at which th
epilayer is lattice-matched to the substrate, andci j are elastic
constants.

For the@110# tetragonal distortion, the strain tensor can
derived from a general theory given by Mailhiot and Smith27

The tensor we obtain is

«zz5
a02a~x!

a~x!
x,

«xx5«yy5«zz

2c442c12

2c441c111c12
,

~4!

«xy5«yx52«zz

c1112c12

2c441c111c12
,

«xz5«zx5«yz5«zy50,

wherex52(l2j)/l, l is the modulation period andj is
the width of the region with compositionx. We have as-
sumed that the composition variation is piecewise cons
along the modulation direction. Whenj5l/2, x51, which
leads to the strain tensor used in Refs. 2 and 14. If the c
position variation is not piecewise constant but still symm
ric, for instance, a sinusoidal variation, the above formu
are still applicable by settingx51.

The @110# stain tensor given above looks complicated
the (x,y,z) coordinate system. Since its symmetry axis is
same as that of the CM, i.e., the@110# direction, we rewrite
the strain tensor in a new coordinate system withz8 along
@110#, x8 along@001#, andy8 along@11̄0#. It is then given as
-

nt

-
-
s

e

«x8x85«y8y85«zz,

«z8z85«xx1«xy5«zz

2c442c1123c12

2c441c111c12
, ~5!

«x8z85«z8x85«y8z85«z8y85«x8y85«y8x850.

Next, the effect of the vertical SPS can be emulated b
tetragonal distortion28 or CuAu ordering.24 The perturbative
Hamiltonian in the conventional basis can be written as24

HSPS52
DCF

3 S 1
0
0
0
0
0

0
21
0
0
&
0

0
0

21
0
0
&

0
0
0
1
0
0

0
&
0
0
0
0

0
0
&
0
0
0

D , ~6!

where DCF is the crystal-field-splitting parameter. For pe
fectly ordered ~GaP!1 /~InP!1, ~GaAs!1 /~InAs!1, and
~AlAs!1 /~InAs!1 superlattices,DCF is predicted to be 191
134, and 270 meV, respectively.22 The crystal-field splitting
contributes to the band-gap reduction by an amountDCF/3,
which for CuAu ordering represents most of the orderin
induced band-gap reduction.22 Thus, we can ignore othe
contributions to the band-gap reduction due to the Cu
ordering. As mentioned earlier, the CM effectively reduc
the degree of order of the vertical SPS because of lat
cation exchange. If the modulation amplitude is assumed
be dx, the maximum value possible for the CuAu order p
rameter will be29

h~dx!5min@2~x01dx!,2~12x02dx!#, ~7!

where min means thath(dx) is the smaller value of 2(x0
1dx) and 2(12x02dx). Theh dependence of the crysta
field-splitting parameter can be written as24

DCF@h~dx!#5h2DCF~h51!. ~8!

The conduction band is treated by a one-band model w
an isotropic effective mass and a confinement potential gi
by Eq.~1!. For the valence band, the total Hamiltonian is t
sum ofHk•p , Eq. ~2!, and Eq.~6!. The band structure of the
composition modulated structure can be obtained by us
the envelope-function approximation.30,15 In our calculation,
thek•p Hamiltonian in the conventional basis with its qua
tization axis along the@001# direction has been transforme
to that in a new basis with its quantization axis along thez8
direction ~for both angular momentum and spin! and in the
new coordinate system (x8,y8,z8). Details are given in the
Appendix. In the new basis, Eq. ~6! becomes



12 248 57YONG ZHANG AND A. MASCARENHAS
HSPS8 5
DCF

3

¨

1

2
0

)

2
0 0 A3

2

0 2
1

2
0 2

)

2

1

&
0

)

2
0 2

1

2
0 0

1

&

0 2
)

2
0

1

2
2A3

2
0

0
1

&
0 2A3

2
0 0

A3

2
0

1

&
0 0 0

©

. ~9!

TABLE I. Material parameters for the three-alloy systems used in our calculations.

Parameter~units! Al xIn12xAs GaxIn12xP GaxIn12xAs

Eg ~eV! 0.4312.6x10.633 1.42411.46x10.76 0.4311.087x10.460
x (x21) x (x21) x (x21)

Dso ~eV! 0.3820.105x 0.1120.03x20.035x 0.3820.039x
(x21)

Ep ~eV! 21.1x121.11 (12x) 31.4x120.7 (12x) 22.71x121.11 (12x)
g1 4.04x120.4 (12x) 4.05x15.05 (12x) 6.8x120.4 (12x)
g2 0.78x18.3 (12x) 0.49x11.6 (12x) 1.9x18.3 (12x)
g3 1.57x19.1 (12x) 1.25x11.73 (12x) 2.73x19.1 (12x)
ac ~eV! 25.64x25.08 (12x) 27.14x25.04 (12x) 27.17x25.08 (12x)
a ~eV! 2.47x11.00 (12x) 1.7x11.27 (12x) 1.16x11.00 (12x)
b ~eV! 21.5x21.55 (12x) 21.4x21.55 (12x) 21.9x21.55 (12x)
d ~eV! 23.4x23.10 (12x) 24.5x24.2 (12x) 24.23x23.10 (12x)
c11 (1011 dyn/cm2) 12.02x18.329 (12x) 14.387x110.22 (12x) 11.88x18.329 (12x)
c12 (1011 dyn/cm2) 5.70x14.526 (12x) 6.520x15.76 (12x) 5.38x14.526 (12x)
c44 (1011 dyn/cm2) 5.89x13.959 (12x) 7.143x14.60 (12x) 5.94x13.959 (12x)
a(x0) ~Å! 5.8658 5.6480 5.8658
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Spatial dependence of the material parameters~Luttinger pa-
rameters, deformation potentials, and elastic constants,!
has been taken into account.

C. Numerical results

We consider two types of CM profiles: step function a
sinusoidal. We define the spatially dependent composi
x(z8) as

x~z8!5x01dx01dx~z8!, ~10!

wherex0 is the composition at which the lattice constant
the epilayer matches that of the substrate,dx0 is the devia-
tion of the average composition fromx0 , anddx(z8) is the
spatially dependent part of the deviation. For the al
AxB12xC, if the CM profile is step-function-like, theA-rich
c.

n

f

y

region has a modulation amplitudedxA.0 with a width l A

and theB-rich region has a modulation amplitudedxB,0
with a width l B , the relationdxAl A1dxBl B50 has to be
satisfied. For a sinusoidal distribution, we writedx(z8)
5dx cos(2pz8/L), wheredx is the modulation amplitude,L
is the period, andz850 is chosen as the center of theA-rich
region. Band structure and material parameters used in
calculations are listed in Table I.

All the numerical results shown in this section are for t
lateral strain modulation corresponding to a tetragonal d
tortion along the@110# direction. In the next section, we wil
briefly discuss the results for the CM in thin epilayers whe
the tetragonal distortion occurs along the@001# direction.

First, we consider the band-gap change as a function
CM amplitude. We assume that the modulation period is 2
Å, the profile is step-function-like, symmetric~i.e., l A5 l B!,
and with an amplitudedx. For simplicity, we assumedx0
50 ~i.e., the epilayer is lattice-matched to the substrate a
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average composition!. For the lateral strain modulation co
responding to a@110# tetragonal distortion, Fig. 2 show
band-gap reductions as a function ofdx for the three-alloy
systems, with and without the presence of the SPS. There
two major observations:~i! for a given modulation ampli-
tude, the band-gap reduction is largest in AlxIn12xAs and
smallest in GaxIn12xAs; ~ii ! the SPS causes an enhancem
in the band-gap reduction, but this effect diminishes w
increasing CM amplitude.

Second, we consider the optical anisotropy caused by
CM. Figure 3 shows the intensity~square of the transition
matrix element! for the transition between the first condu
tion and valence subbands as a function ofdx for the
three-alloy systems, with and without the SPS. Without
SPS, the lateral CM makes the topmost valence-band s
u3/2,63/2&@110#-like. The transitions are forbidden for ligh
polarized along@110#, and allowed for light polarized along
@11̄0#. However, because the@110# tetragonal distortion
occurs along a low symmetry axis and the valence-b
structure is complex~i.e., g2Þg3!, the @110# polarization is
not perfectly forbidden, but the polarization ratio betwe
the @11̄0# and@110# is a large number, typically greater tha
100. Thus, a very strong optical anisotropy is expec
for a bulk sample with lateral CM, although the exciton
effect tends to further enhance the forbidden transition
so reduce the anisotropy.31 With the coexistence of the SPS
the situation can be very different. When the CM is relative
weak so that the SPS effect is dominant, the topm
valence-band states areu3/2,63/2&@001#-like, and both of
the @110# and @11̄0# polarizations are allowed. However, th
lateral CM causes the@11̄0# polarization to be stronge
than that of the @110# polarization. When the latera
CM becomes dominant, the@110# polarization becomes
nearly forbidden. The numerical results are shown in F
3~a!–3~c!.

Until now, accurate measurements of the amplitude, p
file, and period of the modulation still remain technica
difficult or impractical due to sample quality. For th
GaxIn12xP sample studied in Ref. 2, the period was e
mated to be 200 Å, and the composition variation was e
mated to range from 44% to 58%. A band-gap reduction

FIG. 2. Band-gap reduction as a function of compositio
modulation amplitude for the three-alloy systems, with and with
the vertical short-period superlattice.
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;140 meV and a polarization ratio of 761 were observed in
this particular sample. Assuming the@110# tetragonal distor-
tion and the step-function-like modulation profile, and usi
the given estimated parameters, we have calculated the b
gap reduction and the polarization ratio to be 93 meV a
7.7, assuming the maximum possible order parameter for
SPS coexisting with CM. Without the SPS, these valu
would be 57 meV and 104.

-
t

FIG. 3. Optical transition intensity as a function of compositio
modulation amplitude for polarizationsy8;@ 1̄10# and z8;@110#,
with and without the vertical short-period superlattice.~a!
Al xIn12xAs, ~b! GaxIn12xP, and~c! GaxIn12xAs.
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12 250 57YONG ZHANG AND A. MASCARENHAS
Next, we consider the effects due to the difference in
modulation profile. Figure 4 shows the comparison in ba
gap reductions as a function of modulation amplitude
Al xIn12xAs. Comparing a sinusoidal to a step-function-li
CM profile for the same modulation amplitude, we get
smaller band-gap reduction with the sinusoidal distributi
This is due to the fact that the quantum confinement ene
is larger in a sinusoidal potential well due to the smal
effective well width.

III. DISCUSSIONS

As shown in Fig. 2, for a given modulation amplitude, t
Al xIn12xAs system has the largest band-gap reduct
among the three-alloy systems, with and without the vert
SPS. Without the vertical SPS, the two major causes of
difference in the magnitude of the band-gap reduction are
rate of band-gap change with composition change nearx0 ,
and the conduction-band effective mass. The former is c
cal in determining the depth of the well and the height of
barrier, the latter being the major parameter that determ
the confinement energy of the particle. The rate of the ba
gap change is roughly proportional to the band-gap diff
ence between the two binary compounds, if bowing is
too strong. Thus, we expect to have the largest band-
reduction in the AlxIn12xAs system, since the difference i
the direct gapsEg(AlAs) 2Eg(InAs)52.6 eV, Eg(GaP)
2Eg(InP)51.46 eV, andEg(GaAs)2Eg(InAs)51.09 eV.
On the other hand, GaxIn12xAs has the smallest conduction
band effective mass, which gives a large electron confi
ment energy, and therefore a small contribution to the ba
gap reduction. These two considerations explain
sequence of band-gap reductions among the three-alloy
tems. Even with the SPS, the sequence does not cha
since DCF is largest in AlxIn12xAs and smallest in
GaxIn12xAs. It is worth pointing out that the SPS does n
always enhance the band-gap reduction. As shown by
curves in Fig. 2 for GaxIn12xAs, in the strongly modulated
case, the band-gap reduction is smaller with the SPS
without it, which is because of the strong coupling betwe
the vertical SPS and the lateral modulation on the vale

FIG. 4. Comparison of band-gap reductions with step funct
and sinusoidal modulations.
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bands and the relatively small contribution from th
conduction-band edge in GaxIn12xAs.

As regards optical anisotropy, these three systems
qualitatively similar in the strongly modulated regime.
general, the polarization is more sensitive to the symme
change than the numerical difference in material paramet
However, in the weakly modulated region, the detailed b
ance among different perturbations does make the differe
among the three systems more significant. The vertical S
can significantly reduce the in-plane optical anisotro
caused by the pure lateral CM, while the@110# tetragonal
distortion has very little effect on the anisotropy.

For thin epilayers where the CM corresponds to a@001#
tetragonal distortion, the band-gap reduction is slightly lar
than the situations for the@110# tetragonal distortion shown
in Fig. 2 ~typically by ;10% without the SPS!. The more
important difference from the@110# tetragonal distortion is
that a much weaker in-plane optical anisotropy~typically a
ratio of ;3! is found with the@001# tetragonal distortion,
which is a result of the strong interaction between the t
perpendicular perturbations: the in-plane biaxial strain a
the lateral CM. This may explain the small optical anisotro
observed in a few earlier studies.5,6,14

Next, we discuss the competitions among the pure lat
CM, coherency strain, and vertical SPS. For the conduc
band, the band-edge shifts due to the pure lateral CM
coherency strain tend to have a counterbalancing effect
pointed out in Ref. 2 as being the result of negative feedba
UnlessQc is unusually small, the In-rich region has a low
band-edge energy than the Al-~or Ga-! rich region. The ef-
fect of the negative feedback is stronger for the@110# tetrag-
onal distortion than that for the@001# tetragonal distortion,
since the traces of the strain tensors are Tr(«)'7/5«0 and
«0 , respectively, for the two situations, where«05@a0
2a(x)#/a(x) ~in cubic alloys,c11'2c12 andc12'c44!.

For the valence band, the coherency strain more or
has the same effect as for the conduction band, but in a m
complicated way. Let us consider the situation with the@110#
tetragonal distortion. We can split the band-edge shifts of
valence-band states into three contributions:

dEv5dEv~x!1dEv~«,hydro!1dEv~«,shear/sps!,
~11!

wheredEv(x) is the contribution of pure CM,dEv~«,hydro!
is due to hydrostatic strain, anddEv~«,shear/sps! is the con-
tribution of shear strain and the vertical SPS. To illustrate
basic physics more clearly, we use a four-band approxim
tion, i.e., assuming a large spin-orbit splitting. For the to
most valence-band edge, dEv1(«,shear/sps)
52Aq̄21 r̄ 21q0

22q0(q̄1) r̄ ), and the second valence
band edge,dEv2~«,shear/sps!5Aq̄21 r̄ 21q0

22q0(q̄1) r̄ ),
whereq05DCF/3, q̄ and r̄ are related to shear strain~defined
in the Appendix!. Without the SPS~i.e., q050!, the band
offset between the In-rich and Al-~or Ga-! rich regions is
approximately EVBO52@ udEv(x)u2udEv(«,hydro)u]. If
EVBO.0, the highest valence-band edge is in the In-rich
gion, so the band alignment is type I. For the band-off
ratio Qc575%, all three-alloy systems have a type-I alig
ment. With the SPS, the contributions of the shear terms

n
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the band offset do not cancel each other, which, in fa
reduces the band offset. For all three alloys, the band al
ment remains as type I for the assumedQc575%. A new
solar cell structure based on the type-II alignment in
composition-modulated structure has been propo
recently.32 To achieve this goal, an alloy system with a sm
composition variation of the band gap, a large hydrosta
deformation potential, and a strong CuAu ordering is adv
tageous. Of course, a system with unstrained type-II ali
ment would be most desirable. If the coupling to the sp
orbit split-off band is taken into account, a smallDSO is of
help in achieving the type-II alignment, because the coup
pushes theu3/2,61/2&-like states up toward the conductio
band in the Al-~or Ga-! rich region in the three alloys con
sidered.

IV. SUMMARY

We have conducted a systematic study of the band st
tures and optical anisotropy of spontaneous laterally com
sition modulated semiconductor alloys: AlxIn12xAs,
GaxIn12xP, and GaxIn12xAs. We have focused on the com
petition between composition modulation and the nega
feedback effect of coherency strain in determining
Brillouin-zone center electronic and optical properties.
this study, we have specifically accounted for the fact tha
the amplitude of the spontaneous lateral composition mo
lation increases, the order parameter of the artificially gro
vertical short-period superlattice decreases.

A summary of the major results is as follows.
~i! Among the three alloy systems, for a given modulati

amplitude, a largest band-gap reduction can be achieve
Al xIn12xAs, and the smallest in GaxIn12xAs.

~ii ! For a given alloy system, a step-function modulati
gives a larger band-gap reduction than a sinusoidal mod
tion.

~iii ! In a relatively thick epilayer in which the coherenc
t,
n-

a
d

l
ic
-
-
-

g

c-
o-

e
e

s
u-
n

in

la-

strain field is approximately tetragonal in the direction
CM, a strong in-plane optical anisotropy is expected, wh
in a relatively thin epilayer in which the coherency stra
field is approximately tetragonal in the direction of th
growth, a weak in-plane optical anisotropy is anticipated.

~iv! A vertical short-period superlattice enhances t
band-gap reduction for weak composition modulations, a
reduces the in-plane optical anisotropy.

~v! The lateral CM causes a weakening in the verti
CuAu ordering. In weakly modulated structures, the verti
short-period superlattice plays an important role in the el
tronic and optical properties. However, in the strongly mod
lated structures, the effects of the vertical short-period sup
lattice are rather weak.

~vi! The valence-band offset is mainly determined by t
difference between the contributions of the composition
pendence of the band gap and the hydrostatic term of
strain field, when there is no vertical short-period superlatt
and with a large spin-orbit interaction. With the vertic
short-period superlattice, the shear strain also contribute
the band offset.
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APPENDIX

The k•p Hamiltonians are taken from Ref. 16. In th
conventional basis u5$u3/2,23/2&@001# ,u3/2,21/2&@001#,
u3/2,1/2&@001# ,u3/2,3/2&@001#, u1/2,21/2&@001#, u1/2,1/2&@001#%
and the coordinate system withz along@001#, x along@100#,
andy along@010#, thek•p Hamiltonian for the valence ban
is given as
Hk•p52

¨

2P1Q S* R* 0 2
1

&
S8* &R8*

S 2P2Q 0 2R* &Q8 A3

2
S8*

R 0 2P2Q S* 2A3

2
S8 &Q8

0 2R S 2P1Q 2&R8 2
1

&
S8

2
1

&
S8 &Q8 2A3

2
S8* 2&R8* Z 0

&R8 A3

2
S8 &Q8 2

1

&
S8* 0 Z

©

, ~A1!



is
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with

P5
\2

2m
g1~k1

21k2
21k3

2!, ~A2!

Q52
\2

2m
g2~k1

21k2
222k3

2!,

R52)
\2

2m
@g2~k1

22k2
2!22ig3k1k2#,

S52)
\2

2m
g3k3~k12 ik2!,

Z52Dso2
\2

2m
g18~k1

21k2
21k3

2!,
Q852
\2

2m
g28~k1

21k2
222k3

2!,

R852)
\2

2m
@g28~k1

22k2
2!22ig38k1k2#,

S852)
\2

2m
g38k3~k12 ikz!,

where g1 , g2 , and g3 are Luttinger parameters,g185g1

1Ep/3 (1/Ed21/Eg), g285g21Ep/12 (1/Ed21/Eg), g38
5g31Ep/12 (1/Ed21/Eg), Ed5Eg1Dso, Ep is a constant
related to the transition matrix element.

The perturbative Hamiltonian associated with strain
given as
Hstrain52

¨

2p1q s* r * 0 2
1

&
s8* &r 8*

s 2p2q 0 2r * &q8 A3

2
s8*

r 0 2p2q s* 2A3

2
s8 &q8

0 2r s 2p1q 2&r 8 2
1

&
s8

2
1

&
s8 &q8 2A3

2
s8* 2&r 8* z 0

&r 8 A3

2
s8 &q8 2

1

&
s8* 0 z

©

, ~A3!
nd

ect
with

p52a1~«xx1«yy1«zz!,

q5
b1

2
~«xx1«yy22«zz!,

r 5
)b1

2
~«xx2«yy!2 id1«xy ,

s52d1~«xz2 i«yz!,
~A4!

z5a2~«xx1«yy1«zz!,

q85
b2

2
~«xx1«yy22«zz!,

r 85
)b2

2
~«xx2«yy!2 id2«xy ,
s852d2~«xz2 i«yz!,

where a15a1da, b15b12db, d15d12dd, a25a
22da, b25b2db, d25d2dd, a, b, andd are deforma-
tion potentials for the valence band defined by Bir a
Pikus,33 da522Dso/9, db52Dso/9, and dd52)Dso/9
are corrections to the spin-orbit interaction due to the eff
of strain.34

Now we would like to transform Hamiltonians~A1! and
~A3! to a new basisu85$u3/2,23/2&@110# ,u3/2,21/2&@110#,
u3/2,1/2&@110#, u3/2,3/2&@110#, u1/2, 21/2&@110#,
u1/2,1/2&@110#% and in a new coordinate system withz8
along @110#, x8 along @001#, andy8 along @11̄0#. The coor-
dinate transform is chosen as

S x8
y8
z8
D 5S 0 0 1

1

&
2

1

&
0

1

&

1

&
0
D S x

y
z
D . ~A5!
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The transformation of spin is realized by

S ↑8↓8 D5S e2 if/2cos~u/2!

2e2 if/2sin~u/2!

eif/2sin~u/2!

eif/2cos~u/2! D S ↑↓ D , ~A6!

whereu590° andf545°.
With Eqs.~A5! and ~A6!, the Hamiltonians can be trans

formed accordingly from basisu to u8. However, in the basis
u8, the spin-orbit interaction term is nondiagonal. We th
applied another transformation to diagonalize the spin-o
interaction term:

u2952 1
3 u3/2,21/2&@110#1

2&

3
u1/2,21/2&@110# ,

u595
2&

3
u3/2,21/2&@110#1

1

3
u1/2,21/2&@110# ,

u3952 1
3 u3/2,1/2&@110#1

2&

3
u1/2,1/2&@110# ,

~A7!

u695
2&

3
u3/2,1/2&@110#1

1
3 u1/2,1/2&@110# ,

u195u3/2,23/2&@110# ,

u495u3/2,3/2&@110# .

The Hamiltonians~A1! and~A3! in the basisu9 presented
in the same format as in Eqs.~A1! and ~A3! have the fol-
lowing matrix elements:

P̄5
\2

2m
g1~k18

21k28
21k38

2!,

Q̄5
\2

2m
@ 1

2 g2~k28
21k38

222k18
2!1 3

2 g3~k38
22k28

2!#,
s.

C

S

Y.

s.

c

pl.

A
i-

os
h,
it

R̄5
)

2

\2

2m
@g2~k28

21k38
222k18

2!1g3~k28
22k38

214ik18k28!#,

S̄522)
\2

2m
k38~g3k182 ig2k28!,

~A8!

Z̄52Dso2
\2

2m
g18~k18

21k28
21k38

2!,

Q̄85
\2

2m
@ 1

2 g28~k28
21k38

222k18
2!1 3

2 g38~k38
22k28

2!#,

R̄85
)

2

\2

2m
@g28~k28

21k38
222k18

2!1g38~k28
22k38

2

14ik18k28!#,

S̄8522)
\2

2m
k38~g38k182 ig28k28!,

p̄52a1~«x8x81«y8y81«z8z8!,

q̄52 1
4 @b1~«y8y81«z8z822«x8x8!1)d1~«z8z82«y8y8!#,

r̄ 52 1
4 @)b1~«y8y81«z8z822«x8x8!1d1~«y8y82«z8z8

1 i4«x8y8!#,

s̄5d1«x8z82 i)b1«y8z8 ,
~A9!

z̄5a2~«x8x81«y8y81«z8z8!,

q̄852 1
4 @b2~«y8y81«z8z822«x8x8!1)d2~«z8z82«y8y8!#,

r̄ 852 1
4 @)b2~«y8y81«z8z822«x8x8!1d2~«y8y82«z8z8

1 i4«x8y8!#,

s̄85d2«x8z82 i)b2«y8z8 .
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