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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 tinuous reduction of the exciton linewidth as a function of

the order parametérEven for random alloys, the effects of

When two crystalline materials andB are mixed homo- statistical fluctuations on the electronic structure have rarely
geneously, they form a random alléyB,_,, wherex is the ~ been specifically evaluated: only the statistical distribution of
composition ofA. Statistical fluctuation is inevitable for any certain structural propertieor instance, the bond length or
alloys and has been an interesting subject for dech@ies.angle have been studield**
However, the focus of previous studies has main|y been on In this StUdy, we will investigate the statistical effects of
the issues related to random alloys. It is now well known thagpontaneous ordering on both the electronic and structural
spontaneous ordering may occur in many semiconductor aRroperties of a semiconductor alloy as a function of order
loys during their epitaxial growthThe purpose of this work Parameters. Our results show how spontaneous ordering
is to study the statistical effects of spontaneous ordering fopffects the statistical distribution of electronic statieslud-
varying degrees of order on the electronic and structuraind the valence band, conduction band, and the band gap
properties of semiconductor alloys. We will take theand of the structural propertigéncluding the bond length
Gay <IN, P alloy, a most thoroughly investigated systéfas and the local atomic occupatipnThe implications of our
an example for demonstrating certain statistical effects whicfiesults with respect to the ability to measure these effects of
are expected to be ubiquitous for the phenomenon ofrdering experimentally will be discussed.

ordering.

The frequently observed ordered structure, the so-called Il. METHOD
CuPt structure, is a monolayer superlattice with alternating )
Ga-rich and In-rich monolayers of @& ,ysINgs P and We use a large supercell of nearly 3500 atoms to simulate

Gays_ y2Nos: 2P along one of th¢111] directions, where the partially ordered C%J,a},anEF.> alloy for any given order
the order parametey can vary continuously from 0 to 1. A parameterp(Os n<1). Stat|§t|cal gﬁects are accounted for
great deal of experimental and theoretical studies on spont&Y averaging over 100 configurations for each valuenof
neous ordering have focused on the dependence of the eﬁlthc_;ugh the size of the supercell used here _hf_;ls been shown
semble average properties of the alloy on the order paranJpre\_/lo_usly to be more than adequa_lte for obtaining the cgrrect
eter: e.g., the band-gap reductih,optical anisotropy, stat|§t|cs of the. strl_Jctu_raI properties of random allblys:
valence-band splitting,and average bond lengthin con-  We find that this size is necessary for prgducmg accurate
trast, a fundamental aspect of spontaneous ordering relatiyerage band-structure pqrameﬂéra modified empirical

to the statistical nature of the phenomenon has largely beég,seudopoter;tlal ~method is used for the band-structure
ignored, except in Ref. 8 where the statistical fluctuation ofc@lculations,” which has been shown to be able to give very
the band gap was obtained from the configuration average Giccurate average band gap for the partially ordered &Hiay.

a 64-atom unit cell. Evidently, the investigation of statistical Valence force-field methdllis used for determining the re-
effects for partially ordered structures is more difficult in laxed a'tomlc configurations and the corresponding structural
terms of sample qualitgexperimentally or computation ef- ~ PrOPerties. _ _ o _

fort (theoretically than that of ensemble average properties. Since CuPt ordering occurs in thé11] direction with
Perhaps the most anticipated statistical effect of spontaneo@iernating Ga-rich and In-rich atomic planes, an orthorhom-
ordering is a reduction in the effects of alloy fluctuation for aPic supercell is built with three cell vectoes, a,, andag
measurable physical property. Indeed, this effect has recentglong thex’ ~[112], y'~[110], andz’ ~[111] directions,
been experimentally confirmed in the observation of a conrespectively. The basic cell wita; = /3/2a, a,=v2a, and
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FIG. 1. Histogram plots of the energy distributions of the band d&y),(conduction-band edgeE(), and valence-band edgg) for
partially ordered Ggslngy sP alloys with order parametey=0, 0.36, 0.50, 0.70, and 0.86.

az=2v3a contains 24 atoms, wheeeis the lattice constant. lll. RESULTS AND DISCUSSIONS

The GalnP Iayer is assumed to be constrained by the sub- Figure 1 ShOWS the histogram plotS for the band_edge en-
strate, resulting in a tetragonal filh The standard supercell ergies of the valence band and conduction band as well as for
used to simulate the partially ordered GalnP alloy has a sizéhe band gap of 100 randomly generated configurations. As
of 6a, X 12a,X 2a3, which has 24 atomic planes along eachexpected, on increasing the fluctuations of these quantities
direction and a total of 3456 atoms. For a partially ordereddecrease. It is interesting to note that the main contribution to
structure, each cation layer is randomly occupied by Ga or Inhe band-gap fluctuation is from the conduction band for the
with probabilities pg,=x+ 7/2 for the Ga-rich plane and GalnP alloy, which can be comprehended in terms of the fact
Pca=X— 7l2 for the Ga-poor plane, and the total number ofthat the major part of the band-gap difference between GaP
Ga is constrained by the compositigrs 0.5. and InP lies in their conduction batfdand that the conduc-
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FIG. 2. Energy fluctuation of the band gay,,{ »), of the ) o
conduction-band edgeW,.(#), and of the valence-band edge, FIG. 3. Histogram plots of the bond length distributions of par-
W, (7), for a partially ordered Ggalny P alloy, measured by the tially ordered GgslnosP alloys with order parametey=0, 0.36,
full width at half maximum(FWHM) of the histogram plotsshown ~ 0.50, 0.70, and 0.86. Black:  for thetype bonds along the lateral
in Fig. 1), as a function of the order parameter(a) A comparison  directions. Gray: for theéD-type bonds along the ordering direc-
of the calculatedNy,{ 7) with the low-temperature photolumines- tion. The dashed vertical lines denote the Ga-P and In-P bond
cence linewidthW,,( 5) of Ref. 9 and a curve predicted by a simple lengths in the binaries on the=0 panel(upmos} and in the fully
7* dependence(b) CalculatedW,(%) and W,(7) as well as order structure f=1) on the,=0.86 panelbottom.

Wga;( 7).

simply 1— 2 for x=0.5. As shown in Fig. 2, the band-gap

tion band has a smaller effective mass than that of the vafluctuation does not obey this-17? dependence. Although
lence band. The information for the band-gap fluctuation idt was argued in Ref. 5 that the majority of physical proper-
most relevant for various optical measureme(ets)., emis- ties would obey the;? rule, here is another physical property
sion and absorptionbut that for the individual band edge is for which this scaling is found to be invalid, besides the
most valuable for transport measurements related to eith@ther example(i.e., the band-gap reductiprdiscussed in
electrons or holes. Figure(@ shows the band-gap fluctua- Ref. 14.
tion Wyad 77) [measured by the full width at half maximum  We next discuss the statistics of a few important structural
(FWHM) of the histogram pldt compared with the experi- properties. It has been shown experimentally that for the
mental data for the exciton linewidW,,(7), as a function  Gag, sInysP random alloy there are two average bond lengths
of 7. Here Wy,{ ») not only qualitatively agrees with but (the so-called bimodal behavjothat are close to those of
also quantitatively is rather close to the values\of(7) for ~ Ga-P and In-P bonds in the binaries, respectif®lifor a
7<0.55 reported in Ref. 9. Nevertheless, one should notic€uPt-ordered GglnysP alloy, the average bond length for
that these two quantities are not exactly equivalent, buboth Ga-P and In-P has been found to be different for the
closely related to each oth€r.Figure Zb) shows the fluc- bonds along the ordering directid®) and along the lateral
tuation of the individual band edge:\W,(#) for the conduc-  direction (L),® which in principle is detectable by polarized
tion andW,(#) for the valence band. As indicated in Ref. extended  x-ray-absorption fine-structure (EXAFS)
19, a proper modeling of the excitonic linewidth requiresmeasurements. Figure 3 shows the typical distributions of
knowledge of all the three fluctuation parameters. the O andL-type bonds for partially ordered Gang sP with

For a random alloy with only the substitutional fluctuation different order parameten. The results are obtained from
considered, the statistical fluctuation of a physical propertyrepresentative” configurations which yield the average
P(x) from its average valu®y(x) is well known to be pro- band gaps for eacly value. As expected, the number Of
portional tox(1—x).* Applying the same argument to the bonds is about 1/3 the numberlobonds. However, it is not
partially ordered alloy, we find that the alloy fluctuation of a expecteda priori that the distributions for the two types of
physical property will be proportional tox¢-x?— 5%/4) or  bonds strongly overlap with each other fpup to 0.5, which
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=7 ) L A, L AL UL A come(3 Ga, 1 In and(1 Ga, 3 In, with Ga atoms being on
05 FIn-P bond in In ] the Ga-rich and In-rich planes, respectively. It is during this
: transition process that the enhancement in the fluctuation of

290 E - E the bond length occurs. For instance, fpr1, there will
< 2481 +O In-p F always be a finite probability to find & Ga, 1 I coordi-
g 246 (q)| ¢ L'InP 3 nation with the 3 Ga atoms in the In-rich plane. The Ga-P
& 244 F +,,(|:),,%a'ﬁ; 3 bond length for this coordination will be significantly differ-
T 242F A a 3 ent from that for the more probable coordination, i.e., the 3
B 240F 3 Ga atoms being on the Ga-rich plane.

238k 3 There are a few significant implications of the results

236 5_Ga-_F_>_bond inGaP ¥ T—— shown in Figs. 3 and 4. First, as shown in Figa)4for » up

0.020 e to 0.5, theO-L splitting is smaller than 0.2 A, which is the
[ typical experimental uncertainty of any EXAFS
measurement® =22 Second, as shown in Fig. 3, the strong

o] '_
g ad! ] overlap between their distributions and the 1:3 ratio for the
8 ooz | 1 counts of bonds makes it unfeasible to distinguish@hend
2 1 ; L bonds by using any unpolarized EXAFS techniques, unless
2 X A "O"InP ] the samples are very highly ordered. These two points might
< 0008 | - i i
=4 [ —e—"L"In-P ] explain why only a single average Ga-P bond length was
S r (b) —m— " " Ga-P ] extracted from a recent XAFS measurement of partially or-
g 0004 - —v—"0"Ga-P ] dered GalnP alloy® Note that if not constrained by the
é - instrumental resolution, for=0.5, an unpolarized XAFS
0000 bots o 1 0 0 01w b1 N technique may still resolve two average bond lengths for
0.0 0.2 0.4 06 0.8 1.0 both Ga-P and In-P bonds, since the superposition of the
n distributions of theO and L bonds does show a two-peak

distribution. However, the peak positions will not be tBe
andL bond lengths given in Fig.(4) and will not follow the
»? dependence.

FIG. 4. (a) Average bond lengths for the four types of bonds in
partially ordered GgdngsP alloys vs%? (O, along the ordering
direction: L, along the lateral directions(b) Bond length fluctua-

H 2
tions vs 5~ for the four types of bonds. V. SUMMARY

IS ablout the otrlder pg}ra:)rlnet?:rl for tZe hstrongtist ordered |, summary, we have investigated the statistical effects of
Eamoﬁ)les iﬁ”endytha\{a'? t.e;{. Ilgflljret t's ows f e ztal_verag pontaneous ordering in @n; P alloys on the electronic

(2)n engths and Ineir statistical fuctuations as tunctions ok, gy ctyral properties of the alloy, using an approach that
7°. In agreement with the results of Ref. 8, the average bon

lenath foll then? d d I h - Fi an be extended to other semiconductor alloys in a straight-
ength Toflows Ihéy;- dependence very Well, as SNOWN iN F19. ¢5\yard manner. The calculated energetic fluctuations due to

4rga)' I:ovtv)ev%r,las SE?}’V” in I_:ig.(?), it.is a surprifse to Endf both chemical and positional disorder for the conduction and
that the bond length fluctuation first increases from that 10, 6nce band as well as the band gap are expected to be very
the random structure and, then, decreases gfted.7. Here

useful for understanding the ordering effects on various op-

we have taken the standard deviation of the average valueé §&,| ang transport measurements. The results on the bond
the measure of the fluctuation. This observation is counter

oo . fength and its statistical distribution provide a guideline for
|ntU|tlvg in that ordering should always reduce the rando. he measurability of the ordering effects in the partially or-
quptuann. The phenomenon can be understood by consi ered alloy in terms of the order parameter.

ering how the average coordination numbers of Ga or In

around P vary with the order parameter. For the random al-
loy, if counting the Ga coordination of the first nearest neigh-
bor of a P atom, one will find the distribution to approxi-  We thank Professor B. Koiller for useful discussions. This

mately follow the probability ratio of 1:4:6:4:1 for O, 1, 2, 3, work was supported by the U.S. Department of Energy under
and 4 Ga atoms. Thus the average bond length for eitheContract Nos. DE-AC36-99G010337 at NREL and DE-

Ga-P and In-P bond is largely determined by the most probAC03-76SF00098 at LBNL. The computational resources
able coordination of2 Ga, 2 In. On increasing the order were provided by the National Energy Research Scientific
parameter, the most probable coordinations gradually becomputer Cente(NERSQ.
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