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Yeatures of experimental interest in Al,Ga;_;As and In,Gay_.P alloys are studied tlirougli
: new tlieoretical treatnieiit, based on the small crystal approach. Different aloy config-
urations accommodated ill a relatively large basic cluster are numerically geiierated and
solved independently. Periodic boundary conditions are imposed. Tlie aloy's properties are
ilentified to an ensemble average over tliose calculated for a large number of small crystal
configurations generated according to tlie overall coinposition and degree of order. For ran-
domly disordered Al,Ga;_,As, we focus on tlie direct-to-indirect transition in the nature
of tlie optical gap, wliicli occurs at z, ~ 0.4. Pliysical aspects of tlie traiisitioii are dis-
cussed and explored in analogy witli order-clisorder transitions in statistical mechanics. For
I 1,Ga,_,P, ordering into tlie experimeiitally observed monolayer superstructure along tlie
[ 11] direction is considered. Tlie band-gap eiiergy and structural propertiesof partially or-
dered alloys are determined. Tlie dependence of tlie calculatcd propertieson tlie loiig-range
order parameter is found to follow siinple functional relationships. Structural aiiisotropies
scale accurately witli the square of tlie order paraineter. Our results are i1l good quaiititative
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agreement witli tlie experimentally reported order-induced baiid-gap narrowing effect.

I. Introduction

Al;Gaj_,As aloys have been extensively studied
during tlielast yearsdueto tlieir primary tmportance in
high-speed electronic and optoelectronic devices. Tliis
developinent was only possible because tliese alloys ex-
hibit distinct electronic properties as tlie composition
is changed, but are essentially lattice matched over tlie
wliole composition range. Tlie artificial growth of dif-
ferent kinds of structures witli controlled electronic and
optical prope-ties is tlius facilitated. Optimized use
of these materials must be based on accuiate knowl-
edge of tlie alloy's properties as a function of compo-
sition. Particalarly relevant cliaracteristics in tliis re-
spect are relaied to tlie band gap and its optical na-
ture. GaAs i,; a direct-gap material, wliile tlie main
energy gap of AlAs isindirect. Therefore, as observed
experimentallylt], progressive substitution of Ga by Al
must cliange the nature of tlie gap il tlie aloy to-
wards an indirect-gap behavior. Usual tlieoretical pic-
tures describing tlie direct-to-indirect gap transition in
Al,Ga;_,As are based on interpolation schemes con-
necting tlie baad structures of tlie binary constituents.
The top of tlie valeiice band is expected to remain of I’
symmetry for all x, wliilleaI'~X conduction-band-edge
crossover is presumed to occur at a transition composi-
tion z., above which tlie gap becomesindirect!::2. This
isstrictly not tlie case, since aloys are not translation-
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aly invariaiit, and tlierefore k is not a good quantum
number except for x = 0 or 1. Tliis crossover must
be understood within a tlieory which does not rely on
zinc-blende symmetry points in reciprocal space, aiid
wliicli allowsfor 2, and other properties related to tlie
traiisition to be calculated.

In,Ga;_,P dloys are also very convenient light
emitting materials for device applications, due to tlieir
large direct band-gap and to a close lattice match to
GaAs at # = 0.5. Specia attentioii lias been given
lately to tlie experimental observation of spontaneous
ordering of this aloy iiito a metastable structure, and to
the consequences of tliisordering in tlie electronic prop-
erties of the material, particularly tlie order-induced
band-gap narrowing. Relative to the random alloy at
x = 0.5, a band-gap narrowing of over 100 meV lias
been observed in ordered samplesl®=5]. Accurate deter-
mination o tlie long-range order (LRO) parameter is
essential in tlie investigation of tlie mechanisms leading
to ordering as well as to establish tlie effect of differeiit
growtli parameters in ordering!®.

Conventional aloy approximations are inadequate
for the tlieoretical treatment of tlie problems mentioned
above. Such techniquesl? usually involve approximat-
ing tlie system's Hamiltonian or Green’s function by an
effective operator representing the corresponding con-
figurational average over tlie aloy, and from whicli al-
loy’s properties are obtained. The averaging procedure
caststlie problem into a higher-symmetry environment,
wliich for ATIBMICV seiniconductor alloys is commonly
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taken to be zinc-blende. Tlie wave-function symmetry
is accordiiigly constrained, and tlierefore a poor or in-
complete description resultsfor related properties, such
as tlie nature of the gap in Al;Ga;-,As. Also, full or
partial ordering of In,Ga;_, P can not be mapped iiito
a zinc-blende symmetry problem, since tlie primitive
cell for tlie observed ordered structure does not fit into
tlie zinc-blende primitive cell.

We treat disorclered aloys in tlie small crystal
approachl”™ %1 and show tliat the difficulties mentioned
above are properly handled in tliis context. Specific
aloy properties are identifiecl to configurational aver-
ages of tliese properties calculated for tlie ordered com-
pounds accommodated witliin a given basic cluster.
Tlie accuracy of tliis assumption increases witli the ba-
sic cluster size, becoming exact in tlieliinit of an infinite
cluster. In order to simulate an infinite solid, periodic
boundary conditions are imposed. Occupational corre-
lations witliin tlie basic cluster size are preserved. In
Section IT we discuss tlie crossover in tlie optical nature
o thegap of Al,Ga;_,As aloys. Resultsfor tlieelectric
dipole moment associated to the inain gap transitioii,
obtained witli basic cluster sizes ranging from 16 to
216, are presented and compared to tlie virtual crystal
approximation results. Structural properties and the
energy gap o partially ordered In,Ga;_.P aloys are
considered in Section 1II, wliere we discuss tlie possibil-
ity of inferring tlie order parameter from measurements
of tliese properties.

II. Direct-to-Indirect gap  transition in

Al,Ga;_,As

Tlie small crystal approach!*¥ is equivalent, for or-
dered systems, to a sampling over a small number of
points in the Brillouin zone of the infinite, periodic
lattice. A basic cluster of sites is chosen, and differ-
ent coiifigurations are defined according to their spe-
cific occupation, witli periodic boundary conditions im-
posed. For a 16-site basic cluster in tlie diamond lat-
tice, tlie inequivalent structures for AI'BI! CY com-
pounds are systematically classified in Ref. [7]. Disor-
dered AI'BI_CV alloy’s properties are approximated
by configurational averages over tlie ordered structures
accommodated in a given cluster size. Averages may

thus be exactly performed for a 16-site cluster, namely

Yoea™(1—2)*> " D(S¢)P(Se)
Yo" (L—2)®"D(S)

wliere P is any alloy property and P(S¢) is tlie value
o this property calculated for tlie ordered compound
structure S;. Tliesums are performed over the inequiv-
alent structures {S¢}, D(S¢) is the degeneracy of con-
figuration S¢, and n is the number of A atomsin the
basic cluster for tliis configuration.

P(z) = (D
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linproved aloy approximations are obtained by in-
creasing tlie basic cluster size C. However, the nuinber
o possible configurations increases exponentially witli
C. and a systematic classification of the inequivalent
ones becomes impractical as tlie basic cluster size in-
creases. For example, changing C from 16 to 64 leads
to a Sactor of over 7 orders of magnitude increase in
tlie nuinber of possible configurations. This difficulty
is overcome by tlie standard statistical procedurc of
replacing tlie configurational average by an ensemble
average performed over a representative set of struc-
tures generated numerically according to tlie occupa-
tion probabilities of tliesitesof tlie group-III sublattice.
For arandoin Al,Ga;_,As dloy, tliese are p4; = x and
pge = 1 — 2. Randoin Al,Ga;_.As is tlius simulated
by anumber N of small crystal structures {S;}, whose
basic cluster configurations provide arealistic sampling
o C-atom cellsextracted froin the macroscopic system.

We describe electronic properties of Al, Gam Asman
orderecl compounds witliin tlie tight-binding formal-
ism, witli Hamiltonian matrix elements taken from tlie
parametrization suggested by Vogl et «'1 for tlie bi-
nary constituents GaAs and AlAs. Such parametriza-
tion reproduces the major features of conduction and
valence bands of these compounds. Tlie basis set is of
type sp3s*, wliere s* refers to an excited effective s or-
bital, and tlie Hamiltonian for eacli small crystal config-
uration isobtained according to tliesitcs occupatioii. lii
order to account for tlie valence band-edge discontinu-
ity, tlie on-site elements of AlAs are shilted downward
with respect to tliose for GaAs by 0.47 ¢V. Environ-
mental disorder at tlie group-V sublattice is dealt witli
by taking for the on-site As matrix elements tlie aver-
age o tlie parameters for As in tlie binary compounds
weiglited by tlie number of Ga and As atoms among its
four neighbors.

Tlie nature o tlie gap of a ccmpound witli structure
Sy is related to the electric dipole moment, J\7I(Sg) =
{velpleey, whicli vanishesfor indirect-gap materials. The
transition inatrix element above is related to tlie states
leg), at tlie bottom of the conduction band, and v},
at tlie top of the valence band. This quantity is easily
calculated in tlie tiglit-binding approach, since in tlie
basis set {li,u)}, witli i representing tlie site and p
representing the orbitallsl,

Gl = Gl H A ()
The dipole inoment M(S,) is thus obtained from tlie
Hamiltonian matrix elements and from tlie eigenfunc-
tions calculated in tlie tight-binding basis set. Within
tlie small crystal treatment, M?(z) for an Al,Ga;_,As
dloy is approximated by tlie ensemble average of
[M(S)[?, witli Al,GayAsmarn structures S defined in
aC = 2(nt m)-site basic-cluster.
In Fig 1 we present results for M2(z) calculated
for basic cluster sizes C = 16, 64 and 216. Note tliat
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for C= 16, M? is a smoothly decreasing function of x,
with no ind cation of a crossover from direct-to-indirect
gap regimes®. Results for this basic cluster size are ob-
tained from exact configurational averages, asindicated
in Eq.(1). For C = 64, ensembles with N = 400 config-
urations wee generated for eacli value of z. Statistical
error bars are given for the data points (triangles). An
indirect-gap region is identified above x ~ OG Tlie
direct-to-inclirect gap crossover is even clearer from tlie
C = 216 resilts (squares), calculated from N = 40 con-
figurations for each value of x. Tlie indirect-gap region
appears above X ~ 0.5, while asharp decreasein M? oc-
cursin tlie composition rangefrom 0.35t0 0.45. Results
for M?(z) calculated within the virtual crystal approx-
imation (VCA) are aso presented. Matrix elements
are linearly nterpolated from tlie binary constituents,
and a zinc-blende symmetry Hamiltonian resultsfor the
whole composition range. The calculated M? presents
a negligible decrease witli x (less than 1%) as z in-
creases from 0 to 0.3, where it drops discontinually to
zero. At the composition 2¥ ¢4 = 0.3, a conduction-
band-crossin; occurs. leading to astrictly indirect-gap
situation for x > z¥ ¢4,
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Figure 1: Dipo e moment squared for the main gap transi-
tion of Al,Ga,- ,As, normalized to tlie GaAsvalue, vs dloy
composition z. Calculations within the small crystal ap-
proximation and basic cluster sizes C = 16, 64 and 216 are
given by the dotted line, triangles and squares respectively.
The s0lid line is tlie result obtained in the virtual crystal
approximation.

Comparison of tlie results for different levels of the
small crystal epproximation show a tendency towards
sharper direct-to-indirect gap transitions as the basic
cluster size Ciacreases. At the transition region, larger
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statistical error bars are obtained, another indication
tliat for C — oo, a well defined critical concentration
z. may be found at which M? goes to zero. From
the present results, a value of z. between 0.4 and 0.5
is to be expected, which is in good agreement witli
experiments!). The analytic behavior of the transition
is hard to be inferred from the present results. Note
that tliis problem may be studied in analogy with order-
disorder transitions in statistical meclianics, where M 2
naturally defines tlie associated order parameter. For-
mally, it is important tO establish whetlier tlie order
parameter goes continually (second order transition) or
discontinually (first order transition) to zero. Effective-
potential approximations lead tofirst order transitions,
as illustrated by tlie VCA calculations in Fig 1. How-
ever, this result is implied by the underlying approxi-
mations and by tlie related band-crossing picture crite-
rion for tlie transition. The small crystal approach pro-
vides, for increasing values o C, aliierarchy of approx-
imations for alloy properties from whicli infinite-system
values may be extrapolated through Monte Carlo sta-
tistical mechanics techniques!'>13l. Calculations under
way, for larger values of C and aiming at these ques-
tions, shall be reported elsewhere.

III. Structural and gap properties of partially
ordered Ing 5 Gag 5P

The band-gap energy (E,) o IngsGagsP aloys
grown on (001) GaAs substrates by metalorganic Ve
por phase epitaxy®~%14 and atomic layer epitaxy!!s! is
found to depend strongly on the growth conditions. Ac-
cording to the growth parameters, vaues for £, rang-
ing from 1.78 €V t0 1.92 eV at 300 K345 and frorn
1.882 eV to 1.987 ¢V at 13 K®! have been measured.
Gomyo et L4 qualitatively related this gap narrow-
ing to the degree o ordering in the alloy’s group-111
sublattice. Samples producing stronger superstructure
spotsin the electron-diffraction patterns also presented
narrower gapst?l. Kanata et all’! assumed that £, de-
creases linearly witli tlie LRO parameter in these d-
loys. On tlie other hand, Kurtz et o'l pointed out
tliat the correlation between the degree of long-range
order (LRO) in IngsGagsP and clianges in tlie band
gap properties is not yet established in detail. They
find samples with almost “normal” band gaps but still
showing asignificant degree of order in X-ray diffraction
patterns.

Tlie observed ordered structure is tlie (GaP); /InP;
monolayer superstructure along tlie [111] direction. We
define the LRO parameter in terms of site occupation
probabilities in tlie group-IIT sublatticel!”. This sub-
lattice is divided into two sublattices, « and &, which
are occupied respectively by In and Gain the perfectly
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ordered [111] monolayer siiperlattice. Four site occupa-
tioii probabilities, pf,, give tlie fraction of sites in sub-
lattice ¢ = « or 8 wiliich are occupied by species K = lii
or Ga respectively. In terms of these, the alloy compo-
sition isz = (p$, +p[;n)/2 =1-(p, +p%,)/2, and tlie
LRO parameter isdefined as S= p§, —pgn = pga —~ P&
The fully ordered structure corrcspoiids to z = 0.5
and S = 1 while, for partially ordered configurations,
0<S<1

Alloys are treated in the small crystal approxima-
tion, using a 64-site cubic basic cluster, which con-
tains eight conventional cubic céls of tlie diainond
latticel®). Partially ordered In,Ga;_.P aloys are sim-
ulated through small crystal configurations numeri-
cally generated according to the occupation probabil-
ities of the 32 sites of tlie group-1I1 sublattice: pf, =
(22 + 8)/2 = 1= p&,, Ph = (2 = S)/2=1-pf,.
For tlie present study, z = 0.5, aiid 400 structures are
generated for eacli value of Sin tlie range [0,1].

The binary constituents of In,Ga;_,P present a
bond-length mismatch of 7.6%, wiliich results i1l a
strained alloy. Tlie equilibriuin atoinic positions for
eacli small crystal in tlie ensemble of configurations
was determined!!” assuming tlie elastic eiiergies are
described by a Keating-type valence force field (VFF)
modell1%:29] Tlie elastic energy was minimized usiiig a
molecular-dynamics algorithm{?%, allowing for full un-
constrained relaxation of each configuratioii. Results
froin tlie equilibrium configurations are suinmarized in
Fig 2. Tliere, tlie average nearest-neighbor distances
along tlie [111] ordering direction (0) and along tlie
lateral directions (L) are plotted versus S for Ga-P
and In-P bonds. Of course tlie notation O and L is to
be taken as a general indication of tlie bonds orienta-
tion, siiice in equilibrium the alloy bonds areiiot strictly
parallel to any special directioii. Average valuesfor the
4 types of bonds sliow an excelleiit quadratic fit for tlie
dependence witli tlie order parameter. In particular,
tlie O - L bond shift may be written as

Ab(S) = AbpaxS? (3)

Witli Abmax = —0.050 A for Ga-P bonds and 0.057 A
for In-P bonds. Bond lengtlis for tlie ordered (S= 1)
system are in agreement witli previous calculations!!®l.
O-bonds are very close to tlie ideal unstrained length
value for each bond type, while L-bonds are dliifted by
Abmax Witli respect to those. As S decreases froin 1
to 0, average O and L bond lengths merge into values
whicli depend only on tlie species: 2.512 A for In-P and
2.383 A for Ga-P.
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Figure 22 Averagecalculated lengths of O-boncls (solid sym-
bols) and L-bonds (open symbols) for (a) In-P, and (b) Ga-
P bonds, versus tlie order parameter squared. Statistical
error bars are at most equal to symbol size. Tlie corre-
sponding unstrained bond lengtli is given by ar horizonta
dashed line. Dotted lines indicate the quadratic dependence
o average bond lengths witli S.

Tlie electronic structure of eacli small crystal is
obtained ill tlie tight-binding approximation!!t] by di-
rectly solving for tlie Hamiltonian spectruml{!”l. Distor-
tionsdue tostress areincorporated locally in each near-
neighbor inatrix element through a (bg/b;;)* scaling{?!],
wliere b;; istlie calculated equilibrium distance between
atomic sites i and 5 and by is tlie unstrained value of
tlie corresponding bond. Fig 3 gives tlie ensemble av-
erage values for the main energy-gap as a function of
tlie order parameter S. Asexpected, £, is a decreasing
function of S, but, contrary to the structural parame-
ters plotted in Fig 2, aquadratic dependence alone does
iiot describe tlie calculated trend accurately. Symme-
try implies that £,(S) = E,(—S), tlierefore polyiiomial
corrections are restricted to even powers of S. Addition
of a small quartic term yields a satisfactory fit, iiidi-
cated by the dotted line in Fig 2. It correspoiids to tlie
forin £,(S) = E4(0) — AE,(S), where

AEG(S) = (0.135% - 0.035% eV (4)

is the gap reduction of ordered samples with respect to
the random alloy.
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Figure 3: Calculated low temperature energy-gap of

Ino.sGao.sP versus order parameter. Each data point gives
the ensemble average over 400 64-sites small crystal struc-
tures. Statistical error bars are indicated. The dotted line
is a fourth-order polynomial fit, described in the text.

All measured gap values given in Ref. [5] for ordered
samples fall within the range of our calculation. Assum-
ing our calculated E4(S) dependence, those would cor-
respond to 5 between 0.5 and 0.9. The order parameter
values estimated there are considerably smaller due to
the presumecd linear dependence of £, with S. The low-
est value for E, reported in the literature is 1.868 eV (at
T=4 K) for a sample grown by atomic layer epitaxylt®l.
From our calculation, this sample would essentially cor-
respond to .5 ~ 1.

The dependence of the gap with S obtained here
explains the apparent contradiction described in Ref.
[16]) of samples with almost “normal” band gaps but
still showing order in X-ray diffraction patterns. From
Fig 2 we not that for S < 0.4 the gap reduction effect is
almost neglizible (less than 1%), while values of S ~ 0.4
would still show superlattice diffraction spots in X-ray
experiments.

Our results indicate that local structural mea-
surements provide essential information to establish
the degree of ordering in IngGa;_ P alloys. Elec-
tron diffraction(4l and X-ray diffraction['®! experiments
show great quantitative uncertainties, while photo-
luminescence spectra, from which E; is usually ob-
tained, pres:nt a strong and anomalous temperature
dependencel ). Therefore diffraction spots intensities
and band-gap values alone can not give accurate esti-
mates for th: LRO parameter. On the other hand, the
simple quad:atic dependence of the O — L bond shifts
with S obtained here may be used as a reliable measure
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for the degree of ordering of these alloys. Of course O
~ L. bond shift measurements are also subject to un-
certainties, so that trying to infer the absolute value
of the order parameter from these experiments is sub-
ject to such inaccuracies, and must also be based on
a precise knowledge of Abp,qr. We estimate our value
of Abpae 18 reliable within 0.005 to 0.01 A, which is
comparable to EXAFS experimental accuracy.

Previous studies have mainly dealt with the compo-
sition dependence of elastic and electronic properties of
semiconductor random alloys. Near-neighbor distances
are usually found to follow a linear dependence with
¢ [22,23]. Band gaps, however, show distinct “hbow-
ing” effects, and both linear and quadratic terms in z
are present in fits to £, (z) [2]. In the case of order,
the simplest functional dependence of physical quanti-
ties on any order parameter S for which the system has
S — —S symmetry is quadratic: no linear terms are al-
lowed. For the particular system considered here, this
is an excellent approximation for average near-neighbor
distances, while gap properties require higher order cor-
rections. The situation is quite analogous to the com-
position dependence of the these quantities, only that
expansions are performed in powers of & in one case
and in powers of S? in the other.

IV. Conclusions

The small crystal formalism presented here is of
general application to disordered or partially ordered
alloys, and gives direct information about the depen-
dence of different alloy properties on statistical pa-
rameters related to composition, long or short range
order. Specific properties focused here, namely the
change in nature of the optical gap in Al,Ga;_zAs,
equilibrium bond lengths and order-induced gap reduc-
tion effects in In,Gaj_,P alloys, illustrate the flex-
ibility of this scheme. Previous applications of this
method to semiconductor systems include the forma-
tion energy of ordered compoundsl?, and pressure ef-
fects in Al,Gai_oAs [9,24]. It is interesting to note
that the small crystal approach was originally devel-
oped for the study of many-body effects in exactly solu-
ble models!!%. We have shown that it may be extended
to couple statistical mechanics concepts and simulation
techniques to standard solid-state methods in a variety
of problems involving bulk materials. Tuture exten-
sions include the study of heterostructures and doping
in semiconductor materials.
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