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Dependence of the optical properties of semiconductor alloys

on the degree of long-range order
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(P.oseived 9 September 1093 -aoocpted—for—pul;—lioation—gl Jaauery- 1003)

and by a reductlon in the d1rect band gap. We show here how these features can be used to

geduce-quantitatively the degreeoflong-ronge-order-iragiversample—Examplesarcpivertor

Gag sIng sP and Ga, sIng sAs alloys.

Bulk semiconductor alloys grown at high temperatures
are nearly perfectly random On the other hand, low tem-

when it is occupied by B we have ,§’,-=,+ 1. The lattice is
further broken into “figures,” each consisting of a grouping

sociation of like atoms (“clustering”) or unlike atoms
(“antlclustenng ) and is seen in diffuse scattenng, Ra-
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in vapor-phase growth of virtually all III-V alloys® is an
example of the imperfect ordering: successive atomic layers
along [111] are not pure A or pure B. The degree of or-
dering depends on growth temperature, growth rates,
III/V ratio, substrate misorientation, and doping. Electron
diffraction does not provide a quantitative measure of
LRO, and current-thcories do not relate-the-optical prop-
erties to the degree of LRO. We introduce here a general
theoretical method for describing alloy properties as a

alloys with partial LRO in terms of the pro;;ertles of (i)

tween widely separated atoms, or between many atoms
interacting simultaneously, are less important than those
between nearby pairs of atoms. In this case, it is possible to
calculate the contribution pz of the dominant interactions
from electronic structure studies of a small set of ordered
configurations.''? This set of py can then be used in Eq.
(2) to predict thc property P(o) of-any-of the2" ordered
configurations. This has been widely applied to study the
ordered conﬁguratzons of many binary systems.!""!?

respect to a particular ordered structure o whose compo-

t}wdne:fmﬂy randnm._alloy (IRQ pavameter u=Q) and__sition is X.. For exa_le the orde;;Mg_snucmre has

; ganic-cnemical-
vapor-deposmon-grown Gao sInO <P alloys (e g., Refs. 7, 8)
7~0.3-0.6. We also provide predictions for the
Gag sIng sAs system.

Our approach is based on a statistical description of
substitutional A;_,B, system in terms of Ising model.!! A
configuration o is defined as a particular occupation of

each of the N lattice sites by either an A ora B atom. If site
A
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vice versa. To study such systems, we replace the dzscrete
spin variables S +1 by the ensemble average value,
which is ‘

(Sixm)y=(2x—1)+7 Z S(k,0)e* R, (3)

Here S(k,0) is the Fourler transform of the spin variables
~F +
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phases, and band- -gap reduction ( AE ) of the ordered phase relatwe to the
random alloy. Results (in eV) are given for two alloys. For Acr(1) we

10 COMmIpute e properiies (£7) 01 tne ailoy at any 7 vaiue,
we first obtain the correlation functions of Eq. (1) using
. (4), and then insert these into the Ising model.? This

A n iiXE results cglcu[atgd with and without rhombohedral relaxation. The An

Lap sing st Gag sing sAS
Ap(0) 0.100 0.35
{1) Q. 105

— ——t
A == g i

To illustrate this general method, imagine a giant su-
ercell whose sites are occupied bv A or B atoms, for given

Acel g 0.31 0.18
-032 - ~0.30

7 value, according to Eq. (3). Treat this supercell as an
“ordinary” crystal with periodic boundary condition. The
total energy can be calculated using, e.g., the valence force
ﬁeld (VFF)I"' method. This dlrect approach w111 produce

3 (Bo+Acr)

Eip3= ’ )
1,2,3 +1 [(Ag+Acp) 2 —3AcAcp] 2

1s the crystal-ield splitting 1n the absence ot spin-orbit cou-

sinpler anproximarion will be fested, The latter cap he
¥ - 1, § -

013s

the pair interactions are dominant. Using Eqs. (1) and (4)

one has for F=pair figures
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shows that these are, in fact coupled] Ap(n) and Acg(n)

Using Eq. (2), Eq. (5) implies that for property P,

u-l

. n 1

faall

the total energy with respect to the structural parameters.
The results are summarized in Table I. Note that in addi-

R Y P00 (G)efiogtrcllinigrnyg] disioytiond/a e therelaxation of the P _

of coordinates. This equation relates the property P at any
degree of LRO to the corresponding properties in (i) the
perfectly random alloy at compositions x and X, and (ii)
the perfectly ordered structure at composition X,. Note
that Eq. (6) neglects SRO beyond that implied by the
assumed LRO.

We first examine the accuracy of Eq. (6) by perform-
ing direct calculations of a GagyslnysP alloy with CuPt
LRO. Such a calculation is not limited to pair interactions.
A giant, 2048 atom supercell is occupied by Ga and In
atoms according to Eq. (3) (the phosphorus atoms always
reside at their own sublattice). The total elastic energy of
such a configuration is minimized by permitting all atoms

or the interface coherence is removed), but in the presence
of coherence with a (001) substrate, this distortion can be
inhibited, resulting in a cubic or tetragonal film. Table I
gives Aqgp(1) for both the relaxed (rhombohedral) and
unrelaxed (cubic or tetragonal) cases.

We can now calculate E;,(n) vs 9 by applying Eq. (6)
to Ag(n) and Acg(7) in Eq. (7), using our calculated
values at 7=0 and 1 of Table I. This gives E{n) as a
power series in 7. Since no independent measurement ex-
ists to indicate whether a rhombohedral distortion exists,
we present in Fig. 1 results both for the relaxed and unre-
laxed cases: The solid lines are calculated for constrained
alloys without rhombohedral relaxation and the dashed

R XS T

21.0, 23.2, and 26.6 meV/atom, respectively. These can be
compared with the values predicted by the simple expres-
sion (6): 20.9, 22.9, and 26.3 meV/atom, respectively, in
excellent agreement with the direct supercell calculations.

Having established the accuracy of Eq. (6) we now
apply it to study the optical properties of semiconductor
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can be described fairly well by the quasicubic model'® as

I

3 111 carinsy

While the lines of Fig. 1 represent nonempirical first-
principles predictions, they can be used to infer the degree
of LRO in a given sample from optical measurements. The
open circles in Fig. 1(a) represent the polarized photolu-
minescence results of Kanata et al.” for Gay sIn, sP, while
the solid c1rcles are the polarized electromodulatlon results
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sets of data. Furthermore, the value of 7 deduced from the




in the ALE growth of Gao 51Ing, 49P/GaAs is probably the
D

s ]‘P
thi tem. Figure 1(b) Drovides predictions for the yet

SLS'erl.

1N01S WOrK 1HUSIrates now optical €Xperuneiils cair v
used to deduce the degree of LRO, thus, correlating
growth conditions with LRO. It would be interesting to
correlate the optically deduced LRO with that measured
directly in future quantitative diffraction experiments.
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et al. (Ref. 7) for five samples grown at different temperatures, while the Bernard and A. Zunger, ibid 43, 1593 (1991)

solid circles are the results of Glembocki et al. (Ref. 8) for three samples. 3The degree of LRO is limited by the requirement that | { Sy x| <1,
which by use of Eq. (4) implies that 0<y<min[x/X,,(1—x)/(1-X,)].
Perfect ordering (p=1) is possible only when x=X,.

measured AE, is consistent with the 7 value deduced from ;" Keating, Phys, Rev. 145, 637 (1966).
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bltal mixing at VBM is estimated to be less than 20 meV for the
. o 1 i the or . g
” Fo = E- vs m line for large m digtinenishes the relaxed and . i

et al.’ postulating linearity with 7. The large reduction 1n 18\ fcDermott ef al Appl Ph ys. Lett. 56, 1172 (1990).
band gap AE,=0.14 eV measured by McDermott et al'®
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