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Results of a systematic study of the band structure and optical properties of laterally-composition-modulated
semiconductor alloys Aln,_,As, Ggln;_,P, and Gan,;_,As are reported[110] composition modulation
occurs spontaneously during growth (@01) short-period superlattices or bulk epilayers of these alloys. The
effect of this long-range lateral modulation is modeled uding 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 findithamong the three-alloy systems, for a given
modulation amplitude, the largest band-gap reduction can be achievedlm AKAs, and the smallest in
Galn;_,As, (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-Il band alignment in these modulated
structures are discussg®0163-18208)05519-7

[. INTRODUCTION treatment of the problem will be given by using a multiband
k-p Hamiltonian with a spatially varying effective potential
Spontaneous lateral composition modulati®M) has tensor in which band-gap and strain-induced deformation po-
been observed in many IV semiconductor alloys grownte'\r}ltilasl%are modulated following the profile of the lateral

by either MBE (molecular beam epitaxy® or MOVPE Experimentally using photoluminescence studies, the
(metal-organic vapor-phase epitax§ Most research on band-gap reduction resulting from the lateral CM has been

. 1-3,10

CM has fo‘fﬂged on three allcygsystems.x@xP, observed to be as large as250 meV in MBE-grown
Gadny_As™ " and Abdn,_,As,” " where the CM occurs gy, p 17 ~300meV in MBE (Refs. 18 and 19 or
along the[llO]_ dlrgctlon in the plane perpendicular to the \\OCcvVD (Ref. 10 -grown Al In, _,As, and~100 meV in
[001] growth direction. The lateral CM has been observed tayBE-grown Galn;_,As.2%?' These values are roughly one
occur spontaneously when growing vertical short-period suorder of magnitude larger than the band-gap reduction pre-
perlattice(SPS structures;®“although it has also been ob- dicted for the corresponding SPS or CuAu-ordered
served to occur during epitaxial growth of bulk alloys suchstructure$? Because of a lack of accurate knowledge in the
as AlIn,_,As (Refs. 7, 8, and 10and Galn;_,As.'! amplitude of CM a.nd.its profile, _and simplified theoretiqal

Strained or unstrainefd 10] superlattices grown oftL10) approaches, gquantitative comparisons of the optlg:al anisot-
substrates have been modeled by usingkthe method in a  FOPY between the experimental results and theoretical expec-

: . 1213 tations have not been satisfactory. Polarization anisotropy,

number of previous studiéd® However, those results are

. . defined as a ratio of the transition intensities polarized along
not applicable to laterally-composition-modulated structuresi o ctions perpendicular and parallel to the modulation, has
because of the coexistence of the vertical SPS or the straleen observed in a range of roughly 2—20 in different

coupling to the(001) substrate. There have been two at- sample&>6141819.21

tempts to model the electronic structtité and optical The main purpose of this study is to achieve a better un-
anisotropy* in laterally-composition-modulated @a; _P.  gerstanding of the dependence of band-gap reduction and
In Ref. 2, the effect of the CM is modeled by a lateral gptical anisotropy, on the various structural and material pa-
effective-mass superlattice of which the piecewise constanmeters, including variations in the modulation amplitude,

effective masses and band gaps in the Ga- or In-rich regiong,odulation profile(step-function or sinusoidglsymmetry of

are calculated by diagnolizing the p Hamiltonians in each e strain field, strength of vertical modulation, band offsets,
region. A similar approach has been used in Ref. 14 to modelnq gifferences in alloy systems.

the anisotropy in the optical transitions. In both of these two

previous studies, the band alignment between the Ga- and Il. THEORETICAL MODELING
In-rich regions was type Ili.e., the topmost valence-band
state was in the Ga-rich region while the lowest conduction-
band state was in the In-rich regiomwhich is an issue that We first consider the simplest situation in which fi¢0]
needs further consideration. In this work, a more rigorousoriented lateral CM occurs in a bulk alloy that has a

A. Qualitative consideration
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composition-independent lattice constant and is lattice- ;- —

matched to the substrate. The properties of such a structur +—BC

are essentially the same as that of a GaAgsa _,As su-

perlattice grown on 110 substrate. The difference is that

the lateral superlattice exhibits a strong optical anisotropy in

the growth plane, whereas the latter does not. (@
Next, we consider that in reality every one of the three-

alloy systems, Ggn,_,P, AllIn;_,As, and Galn;_,As,

has a composition-dependent lattice constant. Thus, becaus

of the lateral CM, the epilayer will have a laterally-

modulated-coherency strain fild> Depending on the epil-

ayer thickness and the period of the modulation, the strain

field can be very differer® When the epilayer is thin with (o)

respect to the modulation period, it is coherently strained by

the substrate, and the distortion is tetragonal in [(D@1] A-ich B-rich

growth direction; when the epilayer is thick with respect to Adich  —» | '

the modulation period, in the region away from the substrate, . <«— B-ich

laterally adjacent sheets strain each other, and the distortiol

is tetragonal in th¢110] direction of the CM. In general, the

strain is nonuniform along the growth direction, and evolves =

gradually from the thin-layer limit to the thick-layer limit. In ©

reality, for a thick epilayer most optical measurements

mainly probe the top portion of the epilayer. In this work, we S N e o —

will only consider these two extreme situations. In the case 100% AC 100% BC

of thin epilayers, the tetragonal strain in the growth direction

tends to reduce the. in-pane anlsptropy CaUSEd by the_ lateral FIG. 1. Schematic diagrams showif® a vertical fully ordered

CM, and so a relatively weak anisotropy is expected in the hort-period superlatticéb) a lateral fully composition modulated

(001) growth plane. In the case of thick layers, the symmetryS orrperiod sup : y b
X . o . -~ ’superlattice, an€c) a partially ordered and partially modulated ver-

axis of the strain tensor is ghgned W|th_that of the mod.ulatlon[ical and lateral superlattice.

wave, and so the strong in-plane anisotropy is retained. In

most published studies, typical modulation periods and epi-

layer thicknesses were found to be around 130—200 A antieme situations(a) the ideal vertical SPS with no CMi(

1000 AZ° respectively, making the thick-layer approxima- =1), (b) 100% lateral CM with no SPSz(=0), and(c) a

tion more appropriate than the thin-layer &héor those situation that is closer to reality: a partially modulated struc-

cases. Although the primary cause for the lateral quanturture in which the vertical SPS is partially diminished due to

confinement is the spatial variation of the band gap with thdateral cation exchange.

lateral CM, the coherency strain field plays an important role

in determining the energy levels of the confined states. For

the conduction band, the effect of strain tends to counterbal- B. Model

ance the effect of pure composition variation, i.e., it reduces

the well depth and barrier height, for both types of strain. For The composition-modulated structure is treated as a bulk

the valence band, the strain causes strong mixing of heavyalloy subjected to two perturbations: the lateral CM and the

and light-hole states. The overall effect of the strain tends taertical SPS. Thek-p Hamiltonian for the bulk alloy is

diminish the band-gap reduction caused by pure CM, angjiven byH,., [Eq.(Al) in the Appendi}. When considering

this has been referred to earlier as the negative feedbaekm, we treat the unmodulated SPAC),,/(BC), as an

effect? _ _alloy AB,_xC with an average compositiox=m/(n
Finally, we consider the effect of th@01] SPS that is | ) First we describe the perturbation caused by the CM.
symmetrically equivalent to CuAu-orde_nﬁé.T_he major et he”confinement potentials for the electron and hole gener-
fects of ordering are well known as inducing a band-gap ted by pure CM are determined by the conduction- and
reduction and a valence-band splitting. The vertical SID§alence-band offsets. The unstrained band alignment be-

tends to enhance the band-gap reduction and weaken the if- . . . !
plane anisotropy caused by the lateral CM. If an order paf\1/veen theA-rich andB-rlgh regions |s_chosen to'be type | for
the alloy systems considered in this work, with a rafig

rameter is defined ag=1 for an ideal vertical SP%, the 26 X )
occurrence of the lateral CM will reduce the degree of order— AEc/AEg=0.75" Although this value is not well estab-

(i.e., 7<1), because of swapping of cations between thdished, we shall use it for our calculations. For the conduc-
A-rich andB-rich regions of the SPSAC),,/(BC), (m,n  tion band, the lateral confinement potential is defined as
=1-2). This phenomenon has recently been confirmed by

x-ray reciprocal space mapping experiménias which the

intensity of the vertical SPS diffraction spots is observed to \; (,'\=0 E [x(z/)1—E.(x.)}+a 2V + 2/
decrease as the intensity of the diffraction spot due to the o(2)=QelEgX(2)]~ Eylx0)} + acl£u(2') F2(2')
lateral CM increases. Figure 1 shows schematically two ex- +e,42")], D

liBC
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wherea_ is the conduction-band deformation potentig),is
the strain tensor that will be defined later, aids along the
direction of CM. For the valence band, the confinement po-
tential is 2C44—Cq1— 3Cq5
€, =EyytEW=E,,
z'z XX Xy zzZ 2C44+ C11+ C12

SX’X’:Sy’y’:SZZ’

®

Vin(2')=(1=Q{Eq[X(2')] = Eg(Xo)} + Heyaird 2'),
(2) SXIZ/:SZ/XIISy/Z/:Szry/ISX/y/ISyIXIIO.
wherel is a 6X 6 unit matrix, andH g, is the strain poten-
tial [Eq. (A3) in the Appendiy. Next, the effect of the vertical SPS can be emulated by a
In a conventional cubic coordinate system withy, and  tetragonal distortioff or CuAu ordering®* The perturbative
z oriented along th¢100], [010], and[001] directions, the  Hamiltonian in the conventional basis can be writteff' as
strain tensor for th¢001] tetragonal distortion is given as

1 0 0 0 0 O
Sxxzsyy:a(’Ti;X), 0 -1 0 0 v2 0
Acg/ O O -1 0 0 v2
Hess= 310 0o o 1 0 o] ©®
o, 2l 3 0 v2 0 0 0 O
2z XX C11 ' 0 0 v2 0 O 0
Ex7= E7x= Ey;= E7y= Exy= &y,=0, where A is the crystal-field-splitting parameter. For per-

fectly ordered (GaP;/(InP);, (GaA9,/(InAs);, and
where a(x) is the lattice constant of the bulk alloy (AlAs);/(InAs); superlatticesAcg is predicted to be 191,
AB,_,C, ap=a(xy) is the lattice constant at which the 134, and 270 meV, respectivély The crystal-field splitting
epilayer is lattice-matched to the substrate, efcre elastic  contributes to the band-gap reduction by an amaligt/3,
constants. which for CuAu ordering represents most of the ordering-
For the[110] tetragonal distortion, the strain tensor can beinduced band-gap reductiéh.Thus, we can ignore other
derived from a general theory given by Mailhiot and Snifth. contributions to the band-gap reduction due to the CuAu
The tensor we obtain is ordering. As mentioned earlier, the CM effectively reduces
the degree of order of the vertical SPS because of lateral
cation exchange. If the modulation amplitude is assumed to

_ap—a(X) be 6x, the maximum value possible for the CuAu order pa-
f22m Ty X rameter will b&®
2Cy—C
= Eyy =y e 2 2(8%) =min[2(Xo+ 8X),2(1—Xo— X)], @)
4 2C44+C1ytCoo @)
49 where min means thap(6x) is the smaller value of 2q
g g ouTCC12 +6x) and 2(1-xo— 8X). The n dependence of the crystal-
R #22CutCiptCyp’ field-splitting parameter can be written?as
exz= eax= 8y2= 82y~ 0, Acd 7()]= A n=1). ®

where y=2(\—£&)/\, \ is the modulation period and is

the width of the region with compositior. We have as- The conduction band is treated by a one-band model with

sumed that the composition variation is piecewise constardn isotropic effective mass and a confinement potential given

along the modulation direction. Whejx=\/2, y=1, which by Eq.(1). For the valence band, the total Hamiltonian is the

leads to the strain tensor used in Refs. 2 and 14. If the comsum ofH,.,, Eq.(2), and Eq.(6). The band structure of the

position variation is not piecewise constant but still symmet-composition modulated structure can be obtained by using

ric, for instance, a sinusoidal variation, the above formulaghe envelope-function approximatiéh!®In our calculation,

are still applicable by setting=1. thek- p Hamiltonian in the conventional basis with its quan-
The[110] stain tensor given above looks complicated intization axis along th¢001] direction has been transformed

the (X,y,z) coordinate system. Since its symmetry axis is theto that in a new basis with its quantization axis alongzhe

same as that of the CM, i.e., th&10] direction, we rewrite direction (for both angular momentum and spiand in the

the strain tensor in a new coordinate system withalong  new coordinate systenx{(,y’,z’). Details are given in the

[110], x" along[001], andy’ along[110]. It is then given as Appendix. In the new basis, Eg.(6) becomes
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TABLE |. Material parameters for the three-alloy systems used in our calculations.

Parametefunits) AlyIn,_,As Galn,_,P Galn;_,As
Eq (eV) 0.43+2.6x+0.633 1.424 1.46¢+0.76 0.43+ 1.08%+ 0.460
X (x—1) X (x—1) X (x—1)
Ag (V) 0.38-0.10% 0.11-0.0%—0.03% 0.38-0.03%
(x=1)
E, (eV) 21.1x+21.11 (1-X) 31.4+20.7 (1-x) 22.7x+21.11 (1-x)
Y1 4.04+20.4 (1—x) 4.05¢+5.05 (1-x) 6.8x+20.4 (1-X)
Y2 0.7&+8.3 (1-X) 0.4%+1.6 (1—x) 1.%+8.3 (1-X)
Ya 1.5%+9.1 (1-x) 1.25+1.73 (1—x) 2.7%+9.1 (1-X)
a. (eV) —5.64—5.08 (1-X) —7.14—5.04 (1-X) —7.1%—5.08 (1-X)
a (eV) 2.47%+1.00 (1—x) 1.7x+1.27 (1-x) 1.16¢+1.00 (1—X)
b (eV) —1.5—1.55 (1-x) —1.4x—1.55 (1—x) —1.%—1.55 (1-x)
d (ev) —3.4x—3.10 (1-x) —4.5%—4.2 (1-X) —4.2%—3.10 (1-x)
cq; (101 dyn/enf) 12.0X+8.329 (1-x) 14.38%+10.22 (1-x) 11.8%+8.329 (1-x)
¢4, (10 dyn/cn) 5.70«+4.526 (1—x) 6.520+5.76 (1-x) 5.38+4.526 (1—X)
Ca4 (10 dyn/cn) 5.8%+3.959 (1—x) 7.143%+4.60 (1-x) 5.94x+ 3.959 (1-X)
a(xg) (A) 5.8658 5.6480 5.8658
1 V3 3
- 0 — 0 0 —
2 2 2
1 V3 1
o - 0o -= = 0
2 2 o)
V3 1 1
-~ 0 - o0 0 =
. Ace| 2 V2
Hsps—— . 9
3 V3 1 3
0o —-—= 0 = /= O
2 2 2
1 3
0 — 0o - \ﬁ 0 0
V2 2

\E 0
2

S|P

Spatial dependence of the material parameleustinger pa-  region has a modulation amplitudix,>0 with a widthl
rameters, deformation potentials, and elastic constant3, etcand theB-rich region has a modulation amplitudixg<0
has been taken into account. with a width |z, the relationdx,l,+ xglg=0 has to be
satisfied. For a sinusoidal distribution, we writ#x(z")
= Ox cos(2rZ'/L), wheredx is the modulation amplitudd,
is the period, and’ =0 is chosen as the center of tAerich

We consider two types of CM profiles: step function ar]dregion. Band structure and material parameters used in our

sinusoidal. We define the spatially dependent compositiof@iculations are listed in Table .~ _
x(2') as All the numerical results shown in this section are for the

lateral strain modulation corresponding to a tetragonal dis-
tortion along thg110] direction. In the next section, we will
briefly discuss the results for the CM in thin epilayers where
the tetragonal distortion occurs along {@91] direction.
wherex is the composition at which the lattice constant of  First, we consider the band-gap change as a function of
the epilayer matches that of the substrabe, is the devia- CM amplitude. We assume that the modulation period is 200
tion of the average composition frory, and ox(z’) is the A, the profile is step-function-like, symmetrice., 15=1g),
spatially dependent part of the deviation. For the alloyand with an amplitudeSx. For simplicity, we assumex,
A,B;_,C, if the CM profile is step-function-like, tha-rich =0 (i.e., the epilayer is lattice-matched to the substrate at its

C. Numerical results

X(Z")=Xgp+ OXg+ x(Z'), (10
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500 1.0 T T T T
Alin, As
< 400f g 08} L,=L,=100A //____‘\eHY'(W/SPS)
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uP 00 | < osf . i elly' (wio SPS)
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é 200 ﬁ 04 | \\
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of oof == .
e||z' (w/o SPS)
0 5 10 15 20 2I5 30 (I) {I, 1‘0 1I5 2I0 2I5 30
Modulation Amplitude 5x (%) (a) Modulation Amplitude x (%)
FIG. 2. Band-gap reduction as a function of composition- 1‘0> Ga'ln p ' ' ' elly’ (W,'Sps)
modulation amplitude for the three-alloy systems, with and without ~ - _” B
. - ) 2 osl Li=L,=100A -~
the vertical short-period superlattice. g ¥ pd
£ / e|ly’ (wio SPS)
average compositionFor the lateral strain modulation cor- < 06 // ]
responding to d110] tetragonal distortion, Fig. 2 shows 2
. . [
band-gap reductions as a function &f for the three-alloy £ o4} \\
systems, with and without the presence of the SPS. There ars \
two major observations(i) for a given modulation ampli- g 02| \\
tude, the band-gap reduction is largest inl®_,As and ~ ~ ,
. .. ~_ el|z' (w/ SPS)
smallest in Gdn,;_,As; (ii) the SPS causes an enhancement .t = “=———- . __
in the band-gap reduction, but this effect diminishes with e||z’ (w/o SPS)
increasing CM amplitude. . s

Second, we consider the optical anisotropy caused by thi ° 5 10 5 2 B %0

CM. Figure 3 shows the intensitisquare of the transition (b) Modulation Amplitude 3x (%)

matrix element for the transition between the first conduc-

tion and valence subbands as a function & for the

three-alloy systems, with and without the SPS. Without the g

SPS, the lateral CM makes the topmost valence-band state 5 %8 L=L,=100A

|3/2,+3/2)[11q-like. The transitions are forbidden for light

palarized alond110], and allowed for light polarized along

[110]. However, because thgl10] tetragonal distortion

occurs along a low symmetry axis and the valence-banc

structure is complexi.e., y,# y3), the[110] polarization is

not perfectly forbidden, but the polarization ratio between g oz ~

the[110] and[110] is a large number, typically greater than ~_ e||z (w/ SPS)

100. Thus, a very strong optical anisotropy is expected oof W —0 0000@0@0Twme——o ..

for a bulk sample with lateral CM, although the excitonic ellz' (w/o SPS)

effect tends to further enhance the forbidden transition anc : ; : : : :

so reduce the anisotropy With the coexistence of the SPS, 0 ° 10 s 2 » %

the situation can be very different. When the CM is relatively () Modulation Amplitude 8x (%)

weak so that the SPS effect is dominant, the topmost

valence-band states ail&/2,+ 3/2)(00y-like, and both of FIG. 3. Optical transition intensity as a function of composition-

the[110] and[110] polarizations are allowed. However, the modulation amplitude for polarizations ~[110] and z’' ~[110],

lateral CM causes th¢l110] polarization to be stronger with and without the vertical short-period superlatticéa)

than that of the[110] polarization. When the lateral Al,In,_,As, (b) Galn,_,P, and(c) Galn;_,As.

CM becomes dominant, thg¢l10] polarization becomes

nearly forbidden. The numerical results are shown in Figs~140 meV and a polarization ratio of71 were observed in

3(a)—3(c). this particular sample. Assuming th&l0] tetragonal distor-
Until now, accurate measurements of the amplitude, protion and the step-function-like modulation profile, and using

file, and period of the modulation still remain technically the given estimated parameters, we have calculated the band-

difficult or impractical due to sample quality. For the gap reduction and the polarization ratio to be 93 meV and

Galn,_,P sample studied in Ref. 2, the period was esti-7.7, assuming the maximum possible order parameter for the

mated to be 200 A, and the composition variation was estiSPS coexisting with CM. Without the SPS, these values

mated to range from 44% to 58%. A band-gap reduction ofwvould be 57 meV and 104.

1.0

Galn, As

06 | e ——

041 > elly’ (w/o SPS)

Transition Intensity (arb
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500 bands and the relatively small contribution from the
Alln, As conduction-band edge in @a; _,As.
400 + L,=L,=100A . As regards optical anisotropy, these three systems are
e qualitatively similar in the strongly modulated regime. In
general, the polarization is more sensitive to the symmetry
change than the numerical difference in material parameters.
However, in the weakly modulated region, the detailed bal-
ance among different perturbations does make the difference
among the three systems more significant. The vertical SPS
can significantly reduce the in-plane optical anisotropy
caused by the pure lateral CM, while th&l10] tetragonal
distortion has very little effect on the anisotropy.
. . . For thin epilayers where the CM corresponds tp0a1]
0 5 10 15 20 25 30 tetragonal distortion, the band-gap reduction is slightly larger
Modulation Amplitude 5x (%) than the situations for thgl10] tetragonal distortion shown
in Fig. 2 (typically by ~10% without the SPS The more
FIG. 4. Comparison of band-gap reductions with step functionimportant difference from théllO]_ tetrag_onal distprtion is
and sinusoidal modulations. that a much weaker in-plane optical anisotrdpypically a
ratio of ~3) is found with the[001] tetragonal distortion,

Next, we consider the effects due to the difference in thavhich is a result of the strong interaction between the two
modulation profile. Figure 4 shows the comparison in bandPerpendicular perturbations: the in-plane biaxial strain and
gap reductions as a function of modulation amplitude forth€ lateral CM. This may explain the small optical anisotropy
Al,In;_,As. Comparing a sinusoidal to a step-function-like 0PServed in a few earlier studie§:

CM profile for the same modulation amplitude, we get a Next, we dlscuss.the competitions among the pure Iatgral
smaller band-gap reduction with the sinusoidal distribution CM, coherency strain, and vertical SPS. For the conduction
This is due to the fact that the quantum confinement energ§@nd, the band-edge shifts due to the pure lateral CM and

is larger in a sinusoidal potential well due to the smallercOherency strain tend to have a counterbalancing effect, as
effective well width. pointed out in Ref. 2 as being the result of negative feedback.

UnlessQ. is unusually small, the In-rich region has a lower
band-edge energy than the Abr Gaj rich region. The ef-
fect of the negative feedback is stronger for fh&0] tetrag-
onal distortion than that for thED01] tetragonal distortion,

As shown in Fig. 2, for a given modulation amplitude, the Since the traces of the strain tensors areeJ«7/5¢, and
Al In,_,As system has the largest band-gap reductiorfo. respectively, for the two situations, whees=[ao
among the three-alloy systems, with and without the verticai—a(x)1/a(x) (in cubic alloys,c;1~2¢;, andci,~Csy).
SPS. Without the vertical SPS, the two major causes of the For the valence band, the coherency strain more or less
difference in the magnitude of the band-gap reduction are thBas the same effect as for the conduction band, but in a more
rate of band-gap change with composition change mgar complicated way. Let us consider the situation with|th&0]
and the conduction-band effective mass. The former is critifetragonal distortion. We can split the band-edge shifts of the
cal in determining the depth of the well and the height of thevalence-band states into three contributions:
barrier, the latter being the major parameter that determines
the confinement energy of the particle. The rate of the band-
gap change is roughly proportional to the band-gap differ-  6E,= 6E,(X)+ JE, (&, hydro + 6E, (e, shear/sps
ence between the two binary compounds, if bowing is not (13)

too strong. Thus, we expect to have the largest band-gap . o

reduction in the Alin, ,As system, since the difference in WhereoE,(x) is the contribution of pure CMSE, (e,hydro

the direct gapsE4(AIAs)—E4(InAs)=2.6 eV, Ey(GaP) is dug to hydrostatic strain, anﬂEU(s_,shear/sp)ss fthe con-
—E4(INP)=1.46 eV, andE,(GaAs)- E4(InAs)=1.09 eV. tribution of shear strain and the vertical SPS. To illustrate the

On the other hand, Gin, _,As has the smallest conduction- 22SiC physics more clearly, we use a four-band approxima-
band effective mass, which gives a large electron confinelion: I-., assuming a large spin-orbit splitting. For the top-
ment energy, and therefore a small contribution to the bandMOSt _\éaler;ce-baﬂd __edge, 6E, (e shear/sps)
gap reduction. These two considerations explain the=— Va°+T°+dg—do(d+v3r), and the second valence-
sequence of band-gap reductions among the three-alloy sygand edge,sE,,(e,shear/sps= VO 12+ g5—ao(q+v3r),
tems. Even with the SPS, the sequence does not change&hereqo=Ac¢3, q andr are related to shear strajdefined
since Ace is largest in Alln,_,As and smallest in in the Appendi¥. Without the SPSi.e., qo=0), the band
Galn,_,As. It is worth pointing out that the SPS does not offset between the In-rich and Alor Gaj rich regions is
always enhance the band-gap reduction. As shown by thapproximately Eygo=2[|5E,(X)|—|5E,(e,hydro)]. If
curves in Fig. 2 for Gdn,_,As, in the strongly modulated E,go>0, the highest valence-band edge is in the In-rich re-
case, the band-gap reduction is smaller with the SPS thagion, so the band alignment is type I. For the band-offset
without it, which is because of the strong coupling betweerratio Q.=75%, all three-alloy systems have a type-| align-
the vertical SPS and the lateral modulation on the valencenent. With the SPS, the contributions of the shear terms in

— step function
300 - — — sinusoidal

200 -

100

Band-gap Reduction 8E; (meV)

Ill. DISCUSSIONS
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the band offset do not cancel each other, which, in factstrain field is approximately tetragonal in the direction of
reduces the band offset. For all three alloys, the band alignEM, a strong in-plane optical anisotropy is expected, while
ment remains as type | for the assum@g=75%. A new in a relatively thin epilayer in which the coherency strain
solar cell structure based on the type-ll alignment in afield is approximately tetragonal in the direction of the
composition-modulated structure has been proposedrowth, a weak in-plane optical anisotropy is anticipated.
recently®? To achieve this goal, an alloy system with asmall  (iv) A vertical short-period superlattice enhances the
composition variation of the band gap, a large hydrostatiddand-gap reduction for weak composition modulations, and
deformation potential, and a strong CuAu ordering is advanfeduces the in-plane optical anisotropy.
tageous. Of course, a system with unstrained type-Il align- (v) The lateral CM causes a weakening in the vertical
ment would be most desirable. If the coupling to the spin-CuAu ordering. In weakly modulated structures, the vertical
orbit split-off band is taken into account, a smaAli, is of  short-period superlattice plays an important role in the elec-
help in achieving the type-Il alignment, because the couplingronic and optical properties. However, in the strongly modu-
pushes the3/2,+1/2)-like states up toward the conduction lated structures, the effects of the vertical short-period super-
band in the Al-(or Gaj rich region in the three alloys con- lattice are rather weak.
sidered. (vi) The valence-band offset is mainly determined by the
difference between the contributions of the composition de-
pendence of the band gap and the hydrostatic term of the
IV. SUMMARY strain field, when there is no vertical short-period superlattice
and with a large spin-orbit interaction. With the vertical

We have conducted a systematic study of the band strughort-period superlattice, the shear strain also contributes to
tures and optical anisotropy of spontaneous laterally compohe pand offset.

siton modulated semiconductor alloys: A, _,As,
Galn;_,P, and Gadn,_,As. We have focused on the com-
petition between composition modulation and the negative
feedback effect of coherency strain in determining the
Brillouin-zone center electronic and optical properties. In  This work was supported by the U.S. Office of Energy
this study, we have specifically accounted for the fact that aResearch, Material Science Division of DOE under Contract
the amplitude of the spontaneous lateral composition moduNo. DE-AC36-83CH10093.

lation increases, the order parameter of the artificially grown
vertical short-period superlattice decreases.

A summary of the major results is as follows.

(i) Among the three alloy systems, for a given modulation
amplitude, a largest band-gap reduction can be achieved in The k-p Hamiltonians are taken from Ref. 16. In the
Al In;_,As, and the smallest in Gln,_,As. conventional  basis u={|3/2,—3/2)(001,|3/2,~1/2)[001],

(i) For a given alloy system, a step-function modulation|3/2,1/2 001 :|3/2,3/2 001, |1/2,—1/2)10013, 11/2,112 (001}
gives a larger band-gap reduction than a sinusoidal moduland the coordinate system withalong[001], x along[100],
tion. andy along[010], thek- p Hamiltonian for the valence band

(iii) In a relatively thick epilayer in which the coherency is given as

ACKNOWLEDGMENTS
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1
-P+Q & R* 0 - —g* V2R*
V2
3
S -P-Q 0 —R* v2Q' \[ES'*
3
R 0 -P-Q S —\és' V2Q'
Hip=— .| (A1)
0 -R S -P+Q —-V2R" -—-—¢
V2
lg V2Q' \st* —V2R'* z 0
V3 2
1
V2R’ \ES’ v2Q' - —g'* 0 z
2 V2
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with h?
’ 11,2 2 2
, Q :_ﬁ 72(k1+k2_2k3):
P=o— n(ki+k3+kj), (A2)
ﬁZ
2 R'=—v3 5 [75(ki— k) — 2i yzkak, ],
Q=-5 Y2k +K5—2Kk3),
52 S'=2v3 i sks(ky—ik,)
_ = 50 V3Ka(Ki—1Ky),
R=—v3 5 [v2(ki—k3) — 2 y3kik], 2m Z
.2 where y,, v», and y; are Luttinger parametersy;= vy,
S=2v3 5 vaka(ki—ika), +Ep/3 (1Eg—1Ey), v5=7v.+Ey/12 (1Eq—1/Ey), v}

=y3tEp/12 (1E4—1/Ey), Eq=E4+ A, Ep is a constant
related to the transition matrix element.

The perturbative Hamiltonian associated with strain is
given as

ﬁZ
Z=—Ag— m ’yi(ki-i—k%-i‘k%),

1
—p+q s* r* 0 ——s'*  V2r'*

H strain= — 1 ) (A3)
0 - S —p+q -V2r' - —g
V2
1
-—s'  v2q’ _\ﬁs'* —V2r'* z 0
V2 2
1
v2r' \/Es’ v2q’ ——g'* 0 z
2 V2
|
with s'=—dy(ey,— i Syz).

where a;=a+éda, b;=b+26b, d;=d+26d, a,=a
—2éa, b,=b—46b, d,=d—-4d, a, b, andd are deforma-
tion potentials for the valence band defined by Bir and
Pikus® sa=—2A./9, sb=—A/9, and 5d=—v3A./9
are corrections to the spin-orbit interaction due to the effect

p= _al(sxx+8yy+azz)a

by
q= 5 (Sxx+8yy_ 2e4),

of strain®*
V3b, Now we would like to transform Hamiltonian®1) and
r=—- (exx—&yy) —id18xy, (A3) to a new basisu’' ={|3/2,—3/2)(11q,3/2,~1/2)[110},
|3/2,1/2>[110], |3/2,3/2>[110], |1/2, _1/2>[110],

|1/2,1/2)(110)} and in a new coordinate_system witt
(A4) along[110], x" along[001], andy’ along[110]. The coor-
dinate transform is chosen as

S=— dl(sxz_ [ Syz),

Z=ay(exxteyyt ey,

0 0 1
b ' 1 1
q,:?Z(Sxx"_syy_zezz)v X — - 0 X
y'|=| v2 V2 y (A5)
_ 3, . Tl
r :T(sxx_syy)_ldzsxyv Vi o)
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The transformation of spin is realized by

T e '%2coq6/2)  €Zsin(6/2)\ (1

V= il i b2 ., (A6)
1 e sin(6/2) e'?'“cog60/2))\ | o
where §=90° and¢=45°. S=-2v3 °m Ka(vsky—i72k2),

With Egs. (A5) and (A6), the Hamiltonians can be trans- , (A8)

formed accordingly from basisto u’. However, in the basis 7oA h K124 K24 KL2)
u’, the spin-orbit interaction term is nondiagonal. We then s pm Y1tfa 2 3
applied another transformation to diagonalize the spin-orbit

interaction term: = h? 'L / / . /
Q'= om [ ¥5(K2+ k42— 2k1%) + 3 y(kE2—ky?)],

2
_:Eﬁ_ 12 12_ 12 12_ 12 ST
R > om [v2(ky + k3= 2k; %) + ya(ky — k3" +4ik 1k;) ],

2

n 1 2‘f2
Uz=—3(3/2- U2mg+ —~ (12~ 12)0q, — V3 h?

[y5(ky2+ k52— 2k;?) + yh(ky? — k2

2 2m
.22 1
Us=—3~ 312~ 1121110+ 3 112~ 1121119, +4ik1k;)],
2v2 = h?
uz=—3(3/2,12 11+ 3 |1/2,1/211q) S'=-2v3 om ka( vk —iv2Ky),
(A7) _
2‘/2 :_al(SX'X'+8y'y'+8Z’Z’)1
n_""" 1 —
Ug= 3 |3/2!1/2[110]+3|1/211/3[110]’ :_%[bl(sy’y’+82’Z’_28X’X’)+‘/§d1(82’2’_sy’y’)]!
u;{: |3/2,— 3/2>[110] , r=- %[‘/jbl(sy/y/ +SZ’Z’ _28X'X’) +d1(8yly/ — &1y

Uj=1312,3/211g Tidexy)],

;Z dlsx’z’ - i\/jblsyrzr y

The HamiltoniangAl) and(A3) in the basial” presented (A9)
in the same format as in EgéA1) and (A3) have the fol- 7= ag(exx teyytep),
lowing matrix elements: .
5 q, =—- %[bZ(Sy’y’ + Ezryr — 28X'X’) +\/§d2(82727 - 8y/y/)],
D_ - 12 12 12 —
P= 2m 71(k1 +k2 +k3 )' r :_%[\/gbz({-:y/yr‘f‘sz/z/_28X/X/)+d2(8y/y/_82/zl
o hz +i48xlyr)],
Q=5 [37a(ky + ks = 2k;) + 3 (k" k)],

?:dZSX’z’_i‘/ijSy’z’ .
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