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Statistical aspects of electronic and structural properties in partially ordered semiconductor alloys
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We have investigated the statistical effects of spontaneous ordering on the electronic and structural proper-
ties of a semiconductor alloy as a function of order parameter using an empirical pseudopotential method in
conjunction with a valence force field method in a supercell approach. The theoretical modeling yields valuable
information on the statistical fluctuation of electronic properties, which includes the individual band edge as
well as the band gap, for understanding the effects of ordering on various optical and transport measurements.
The results on the average bond lengths and the statistical distributions of different types of bonds provide a
guideline for the measurability of the effects of ordering in a partially ordered alloy in terms of the order
parameter.
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I. INTRODUCTION

When two crystalline materialsA andB are mixed homo-
geneously, they form a random alloyAxB12x , wherex is the
composition ofA. Statistical fluctuation is inevitable for an
alloys and has been an interesting subject for decade1,2

However, the focus of previous studies has mainly been
the issues related to random alloys. It is now well known t
spontaneous ordering may occur in many semiconducto
loys during their epitaxial growth.3 The purpose of this work
is to study the statistical effects of spontaneous ordering
varying degrees of order on the electronic and structu
properties of semiconductor alloys. We will take th
Ga0.5In0.5P alloy, a most thoroughly investigated system,3,4 as
an example for demonstrating certain statistical effects wh
are expected to be ubiquitous for the phenomenon
ordering.

The frequently observed ordered structure, the so-ca
CuPt structure, is a monolayer superlattice with alternat
Ga-rich and In-rich monolayers of Ga0.51h/2In0.52h/2P and
Ga0.52h/2In0.51h/2P along one of the@111# directions, where
the order parameterh can vary continuously from 0 to 1. A
great deal of experimental and theoretical studies on spo
neous ordering have focused on the dependence of the
semble average properties of the alloy on the order par
eter: e.g., the band-gap reduction,4,5 optical anisotropy,6

valence-band splitting,7 and average bond length.8 In con-
trast, a fundamental aspect of spontaneous ordering rela
to the statistical nature of the phenomenon has largely b
ignored, except in Ref. 8 where the statistical fluctuation
the band gap was obtained from the configuration averag
a 64-atom unit cell. Evidently, the investigation of statistic
effects for partially ordered structures is more difficult
terms of sample quality~experimentally! or computation ef-
fort ~theoretically! than that of ensemble average properti
Perhaps the most anticipated statistical effect of spontan
ordering is a reduction in the effects of alloy fluctuation fo
measurable physical property. Indeed, this effect has rece
been experimentally confirmed in the observation of a c
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tinuous reduction of the exciton linewidth as a function
the order parameter.9 Even for random alloys, the effects o
statistical fluctuations on the electronic structure have ra
been specifically evaluated: only the statistical distribution
certain structural properties~for instance, the bond length o
angle! have been studied.10–13

In this study, we will investigate the statistical effects
spontaneous ordering on both the electronic and struct
properties of a semiconductor alloy as a function of ord
parameterh. Our results show how spontaneous orderi
affects the statistical distribution of electronic states~includ-
ing the valence band, conduction band, and the band g!
and of the structural properties~including the bond length
and the local atomic occupation!. The implications of our
results with respect to the ability to measure these effect
ordering experimentally will be discussed.

II. METHOD

We use a large supercell of nearly 3500 atoms to simu
the partially ordered Ga0.5In0.5P alloy for any given order
parameterh(0<h<1). Statistical effects are accounted f
by averaging over 100 configurations for each value ofh.
Although the size of the supercell used here has been sh
previously to be more than adequate for obtaining the cor
statistics of the structural properties of random alloys,11–13

we find that this size is necessary for producing accur
average band-structure parameters.14 A modified empirical
pseudopotential method is used for the band-struc
calculations,15 which has been shown to be able to give ve
accurate average band gap for the partially ordered alloy.14 A
valence force-field method16 is used for determining the re
laxed atomic configurations and the corresponding struct
properties.

Since CuPt ordering occurs in the@111# direction with
alternating Ga-rich and In-rich atomic planes, an orthorho
bic supercell is built with three cell vectorsa1 , a2 , anda3

along thex8;@112̄#, y8;@ 1̄10#, andz8;@111# directions,
respectively. The basic cell witha15A3/2a, a25&a, and
©2001 The American Physical Society07-1
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FIG. 1. Histogram plots of the energy distributions of the band gap (Eg), conduction-band edge (Ec), and valence-band edge (Ev) for
partially ordered Ga0.5In0.5P alloys with order parameterh50, 0.36, 0.50, 0.70, and 0.86.
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a352)a contains 24 atoms, wherea is the lattice constant
The GaInP layer is assumed to be constrained by the
strate, resulting in a tetragonal film.17 The standard superce
used to simulate the partially ordered GaInP alloy has a
of 6a1312a232a3 , which has 24 atomic planes along ea
direction and a total of 3456 atoms. For a partially orde
structure, each cation layer is randomly occupied by Ga o
with probabilities pGa5x1h/2 for the Ga-rich plane and
pGa5x2h/2 for the Ga-poor plane, and the total number
Ga is constrained by the compositionx50.5.
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III. RESULTS AND DISCUSSIONS

Figure 1 shows the histogram plots for the band-edge
ergies of the valence band and conduction band as well a
the band gap of 100 randomly generated configurations
expected, on increasingh the fluctuations of these quantitie
decrease. It is interesting to note that the main contributio
the band-gap fluctuation is from the conduction band for
GaInP alloy, which can be comprehended in terms of the
that the major part of the band-gap difference between G
and InP lies in their conduction band18 and that the conduc
7-2
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tion band has a smaller effective mass than that of the
lence band. The information for the band-gap fluctuation
most relevant for various optical measurements~e.g., emis-
sion and absorption!, but that for the individual band edge
most valuable for transport measurements related to e
electrons or holes. Figure 2~a! shows the band-gap fluctua
tion Wgap(h) @measured by the full width at half maximum
~FWHM! of the histogram plot#, compared with the experi
mental data for the exciton linewidthWex(h), as a function
of h. Here Wgap(h) not only qualitatively agrees with bu
also quantitatively is rather close to the values ofWex(h) for
h,0.55 reported in Ref. 9. Nevertheless, one should no
that these two quantities are not exactly equivalent,
closely related to each other.19 Figure 2~b! shows the fluc-
tuation of the individual band edge:Wc(h) for the conduc-
tion andWv(h) for the valence band. As indicated in Re
19, a proper modeling of the excitonic linewidth requir
knowledge of all the three fluctuation parameters.

For a random alloy with only the substitutional fluctuatio
considered, the statistical fluctuation of a physical prope
P(x) from its average valueP0(x) is well known to be pro-
portional to x(12x).1 Applying the same argument to th
partially ordered alloy, we find that the alloy fluctuation of
physical property will be proportional to (x2x22h2/4) or

FIG. 2. Energy fluctuation of the band gap,Wgap(h), of the
conduction-band edge,Wc(h), and of the valence-band edg
Wv(h), for a partially ordered Ga0.5In0.5P alloy, measured by the
full width at half maximum~FWHM! of the histogram plots~shown
in Fig. 1!, as a function of the order parameterh. ~a! A comparison
of the calculatedWgap(h) with the low-temperature photolumines
cence linewidthWex(h) of Ref. 9 and a curve predicted by a simp
h2 dependence.~b! Calculated Wc(h) and Wv(h) as well as
Wgap(h).
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simply 12h2 for x50.5. As shown in Fig. 2, the band-ga
fluctuation does not obey this 12h2 dependence. Although
it was argued in Ref. 5 that the majority of physical prop
ties would obey theh2 rule, here is another physical proper
for which this scaling is found to be invalid, besides t
other example~i.e., the band-gap reduction! discussed in
Ref. 14.

We next discuss the statistics of a few important structu
properties. It has been shown experimentally that for
Ga0.5In0.5P random alloy there are two average bond leng
~the so-called bimodal behavior! that are close to those o
Ga-P and In-P bonds in the binaries, respectively.20 For a
CuPt-ordered Ga0.5In0.5P alloy, the average bond length fo
both Ga-P and In-P has been found to be different for
bonds along the ordering direction~O! and along the latera
direction (L),8 which in principle is detectable by polarize
extended x-ray-absorption fine-structure ~EXAFS!
measurements.21 Figure 3 shows the typical distributions o
theO andL-type bonds for partially ordered Ga0.5In0.5P with
different order parameterh. The results are obtained from
‘‘representative’’ configurations which yield the averag
band gaps for eachh value. As expected, the number ofO
bonds is about 1/3 the number ofL bonds. However, it is not
expecteda priori that the distributions for the two types o
bonds strongly overlap with each other forh up to 0.5, which

FIG. 3. Histogram plots of the bond length distributions of pa
tially ordered Ga0.5In0.5P alloys with order parameterh50, 0.36,
0.50, 0.70, and 0.86. Black: for theL-type bonds along the latera
directions. Gray: for theO-type bonds along the ordering direc
tion. The dashed vertical lines denote the Ga-P and In-P b
lengths in the binaries on theh50 panel~upmost! and in the fully
order structure (h51) on theh50.86 panel~bottom!.
7-3
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is about the order parameter for the strongest orde
samples currently available. Figure 4 shows the aver
bond lengths and their statistical fluctuations as functions
h2. In agreement with the results of Ref. 8, the average b
length follows theh2 dependence very well, as shown in Fi
4~a!. However, as shown in Fig. 4~b!, it is a surprise to find
that the bond length fluctuation first increases from that
the random structure and, then, decreases afterh.0.7. Here
we have taken the standard deviation of the average valu
the measure of the fluctuation. This observation is coun
intuitive in that ordering should always reduce the rand
fluctuation. The phenomenon can be understood by con
ering how the average coordination numbers of Ga or
around P vary with the order parameter. For the random
loy, if counting the Ga coordination of the first nearest neig
bor of a P atom, one will find the distribution to approx
mately follow the probability ratio of 1:4:6:4:1 for 0, 1, 2, 3
and 4 Ga atoms. Thus the average bond length for ei
Ga-P and In-P bond is largely determined by the most pr
able coordination of~2 Ga, 2 In!. On increasing the orde
parameter, the most probable coordinations gradually

FIG. 4. ~a! Average bond lengths for the four types of bonds
partially ordered Ga0.5In0.5P alloys vsh2 ~O, along the ordering
direction: L, along the lateral directions!. ~b! Bond length fluctua-
tions vsh2 for the four types of bonds.
12520
d
e

of
d

r

as
r-

id-
n
l-
-

er
b-

e-

come~3 Ga, 1 In! and~1 Ga, 3 In!, with Ga atoms being on
the Ga-rich and In-rich planes, respectively. It is during t
transition process that the enhancement in the fluctuatio
the bond length occurs. For instance, forh,1, there will
always be a finite probability to find a~3 Ga, 1 In! coordi-
nation with the 3 Ga atoms in the In-rich plane. The Ga
bond length for this coordination will be significantly diffe
ent from that for the more probable coordination, i.e., the
Ga atoms being on the Ga-rich plane.

There are a few significant implications of the resu
shown in Figs. 3 and 4. First, as shown in Fig. 4~a!, for h up
to 0.5, theO-L splitting is smaller than 0.2 Å, which is th
typical experimental uncertainty of any EXAF
measurements.20–22 Second, as shown in Fig. 3, the stron
overlap between their distributions and the 1:3 ratio for
counts of bonds makes it unfeasible to distinguish theO and
L bonds by using any unpolarized EXAFS techniques, un
the samples are very highly ordered. These two points m
explain why only a single average Ga-P bond length w
extracted from a recent XAFS measurement of partially
dered GaInP alloys.22 Note that if not constrained by th
instrumental resolution, forh>0.5, an unpolarized XAFS
technique may still resolve two average bond lengths
both Ga-P and In-P bonds, since the superposition of
distributions of theO and L bonds does show a two-pea
distribution. However, the peak positions will not be theO
andL bond lengths given in Fig. 4~a! and will not follow the
h2 dependence.

IV. SUMMARY

In summary, we have investigated the statistical effects
spontaneous ordering in GaxIn12xP alloys on the electronic
and structural properties of the alloy, using an approach
can be extended to other semiconductor alloys in a strai
forward manner. The calculated energetic fluctuations du
both chemical and positional disorder for the conduction a
valence band as well as the band gap are expected to be
useful for understanding the ordering effects on various
tical and transport measurements. The results on the b
length and its statistical distribution provide a guideline
the measurability of the ordering effects in the partially o
dered alloy in terms of the order parameter.
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