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The small-crystal approach with a 16-site basic cluster is used to determine the electronic struc-
ture of 16 inequivalent ordered structures of Al,Gag_,Asg compounds. The energy gaps and oscil-
lator strengths for the main gap transitions are calculated, and different results are obtained for
different structures of the same composition n, which illustrates the role of compositional ordering
in the electronic properties of alloys. Average values of these quantities are used as an attempt to
describe Al,Ga,_,As alloys. Important features of our results are (a) a positive curvature in the
averaged gap versus x dependence for small x and (b) a smooth featureless decrease of the averaged
oscillator strength with x. This last feature implies that the direct-indirect gap crossover in the al-
loy system cannot be genuinely obtained by any sort of averaging among Al,Ga;g_, Asg ordered

compounds.

Among the isovalent ternary semiconductor alloys of
type AMBI CV the Al Ga,_, As series' has been play-
ing a leading role in technological applications, including
high-speed electronic and optoelectronic devices. The in-
terplay between compositional ordering in such alloys
and their electronic properties has become an important
theme of investigation since the discovery? of spontane-
ous formation of [001]-oriented Al ,Ga,_,As superlat-
tices.

The dependence of the energy gap E, of these com-
pounds on the concentration x and the direct-to-indirect
gap transition that occurs near x =0.4 have been the ob-
ject of numerous experimental®’ and theoretical®~!!
studies. Most experimental results display a positive cur-
vature (i.e., d’E,/dx*>0), especially in the low-x
direct-gap range, but these results usually disagree quan-
titatively from one another. It has been suggested!' that
different degrees of compositional short-range order
(SRO) of the samples, caused by different growth process-
es and temperatures of preparations, are an additional
source of the discrepancies among the reported E,(x)
values, beyond the known technical limitations in the
precise determination of the alloy composition.

Theoretical studies of the influence of different degrees
of SRO on the gap and other electronic properties of al-
loys are limited by the difficulties found in simulating an
infinite crystal with a given degree of SRO. Sophisticated
electronic-structure calculations'® usually rely on the ac-
curate determination of properties of a small number of
periodic structures that are suitably averaged to simulate
a disordered alloy. Additional insight on the role of com-
positional ordering can be gained by studying the proper-
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ties of all possible arrangements of a small crystal, subject
to Born-von Karman periodic boundary conditions,
whose Hamiltonian can be solved exactly without
recourse to disordered-alloy approximations, such as the
virtual-crystal or the coherent-potential approximation.

The small-crystal approach!? is equivalent, for ordered
systems, to a sampling of a small number of points in the
Brillouin zone of the infinite, periodic lattice. In the
present work, we use a tight-binding scheme for semicon-
ductors, with matrix elements taken from the semiempiri-
cal parametrization of Vogl, Hjalmarson, and Dow.!
The method uses an sp3s* basis, where the excited s*
state gives improved results for the conduction bands,
and therefore to the energy gap. In a previous work,'*
this approach was introduced and discussed in detail for
a 16-site small crystal of diamond structure, and applied
to calculate the total electronic energies of some semicon-
ductor compounds. Related previous work!®!3-17 jn-
cludes the discussion of the band-gap energies of a num-
ber of periodic structures of III-V and II-VI pseudo-
binary alloys.

The 16-site basic cluster accommodates 16 equivalent
ordered structures of Al ,Gagz_,Asg compounds. The
Hamiltonian, written in the tight-binding approximation
with five orbitals per site, becomes an 80X 80 matrix
whose elements are defined in Ref. 14. The spectrum, ob-
tained by direct diagonalization of this matrix, corre-
sponds to the exact energy eigenvalues of the (infinite)
crystal at eight special points of the fcc Brillouin zone:
the I" point, the three X points, and the four L points.
The on-site and off-site matrix elements are taken from
the parametrizations suggested for GaAs and AlAs in
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Ref. 13; therefore values of E, fitted to experiment are
readily obtained for the binary compounds (n =0 and 8,
respectively). In order to account for the valence band-
edge discontinuity,'® the on-site elements of AlAs are
shifted downward with respect to those for GaAs by 0.47
ev.

We have determined the spectrum of all 16 ordered
Al,Gag_,Asg compounds, and the value of the energy
gap is associated with the energy difference between the
topmost occupied and the lowest empty energy levels.
Given that the number of electrons in the 16-site small
crystal is 64,

Eg(S§)=633(S§)“632(S§) , (1)

where 6,(S¢) is the ith eigenvalue of the Hamiltonian
corresponding to structure S,.

Values of E, calculated from (1) for the Al,Ga;_, Asg
compounds, according to the notation for the structures
in Ref. 14, are given in Fig. 1. The horizontal axis gives
the composition in terms of x =n /8, which is the Al con-
centration relative to the total of group-III species. We
also present an average E,(x), which is obtained by
weighting E,(S,) by the degeneracy of the S, structure,
given in Ref. 14, multiplied by the concentration proba-
bility (x)"(1—x)¥"". Note that E,(x) increases mono-
tonically with x: The low-x region is characterized by a
small positive curvature, whereas above x =0.5 the cur-
vature becomes larger and negative.

The direct-to-indirect gap transition is usually attribut-
ed in the literature'® to the concentration at which the
conduction-band minimum at I" becomes higher than the
minimum at X. This is a perfectly valid criterion for the
ordered, stoichiometric binary compounds, since the top
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FIG. 1. Asterisks give the calculated values of the main ener-
gy gap. E,(S¢), for ordered Al,Ga,_,As compounds. The la-
bels correspond to the structures S, given in Ref. 14. Solid
curve gives the average E,(x) calculated as described in the
text.
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of the valence band is always at I', and optically dipole-
allowed transitions must satisfy Ak=0. However, this
rule is not applicable to disordered alloys, since these sys-
tems lack the complete translational symmetry of the
constituents, and therefore k ceases to be a good quan-
tum number.

Even for the ternary ordered compounds used in inter-
polation schemes for the study of alloys, the zinc-blende
special k points map (fold) into different symmetry points
of the other structures. For example, in the five
A,B,_,C, ternary compounds, studied in Ref. 10, it has
been shown that many of the zinc-blende X, L, and W
states fold into I' states of the Brillouin zone of the
lower-symmetry structures.

The above criterion concerning the nature of the gap
can only be understood in some sort of virtual-crystal
scheme, in which the alloy Hamiltonian is averaged into
one with zinc-blende symmetry, and then diagonalized.
One could also think of linearly averaging the full spec-
trum of the binary constituents according to the alloy
composition. However, the result in Fig. 1, as well as
previous studies'®!! of the gap versus composition, shows
that local ordering, which is expected to occur in alloys,
usually produces fluctuations with strong deviations from
the average, which means that any sort of crossover be-
havior in alloys is difficult to define in terms of the cross-
ing of two sharp functions of composition.

The relevant parameter to establish whether the gap of
a material is direct or not is the dipole selection rule for a
transition from the top of the valence band to the bottom
of the conduction band of the system. This is convenient-
ly established by the dimensionless oscillator strength?

fu,c=%l(v|pIC)|2/(é"c—€v), )

where |v) and |c) are the valence- and conduction-band

eigenstates, respectively. This quantity is easily calculat-

ed within the small-crystal approach, in which each

eigenfunction |e ) is specified by its expansion coefficients
e

aj, in the tight-binding basis set {|in)}, where i is the
site index and p identifies the orbital. Thus,

* . .
(v|p|c)=2a,~‘;l af, iplpljv) . (3)
i
The dipole matrix elements may be written in terms of

the Hamiltonian H and the position r operators matrix
elements in the tight-binding basis set as?!

“MP!J'V):%<i#|H|jv)((jv|r|jv)—(i,u,|r|i,u)) .

4)

The term in parenthesis on the right-hand side of (4) may
be approximated by d;; =r; —r1;, the relative position vec-
tor of sites i and j.

We have calculated the oscillator strength of the main
gap transition for the 16 ordered structures of the 16-site
small crystal. Results are presented in Fig. 2, normalized
to the value of the oscillator strength obtained for GaAs,
f(S,). As in Fig. 1, the average f(x), obtained by
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FIG. 2. Asterisks give the calculated oscillator strength of
the main gap transition, normalized to the GaAs value,
f(S¢)/f(S}), for ordered Al,Ga,_,As compounds. The labels
correspond to the structures S given in Ref. 14. Solid curve
gives the average f(x)/f(S;) calculated as described in the
text.

weighting each f(S,) by the degeneracy of the S struc-
ture multiplied the concentration probability, is also
given.

From Fig. 2, we notice that the average oscillator
strength decreases smoothly from x =0 to x =1. Except
for the appearance of a few indirect-gap compounds
above x =0.5, no indication of a global transition in the
gap nature of alloys within any range is identified from
these results.

The increase in energy gap as a function of x, and the
small positive curvature in the GaAs-rich region are in
agreement with experimental®’ data. On the other hand,
results concerning the nature of the gap, with their
smooth mean change but with large fluctuations in the
AlAs-rich region, indicate that values averaged over a
relatively small number of ordered structures may pro-
duce unsatisfactory results as simulations of random al-
loys.

It has been found!* that the fraction of Al-Ga second
neighbors (first neighbors in the fcc cation sublattice) is
the most relevant parameter for the distinction among
formation energies (AE) of Al,Gag_, Asg ordered com-
pounds. Therefore a cluster expansion of AE in terms of
on-site energies and fcc—first-neighbor pairwise interac-
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tions may be a good approximation for the alloy.”? In
contrast, a similar cluster expansion is expected to con-
verge much more slowly for gap properties. For exam-
ple, structures S; and S5 have the same composition and
several identical short-range environmental characteris-
tics (in fact, their first distinct correlation function is a
four-site term) and are practically degenerate in AE,?"?
but present clearly separated main gaps and oscillator
strengths (see Figs. 1 and 2).

Attempts to correlate the gap magnitude with the os-
cillator strength also lead to inconsistencies. One would
think that, for a given concentration, structures with
larger gaps approach somehow the AlAs character, and
should have a smaller oscillator strength. Although this
is usually the case (e.g., structures S, and S3), inver-
sions occur, as for structures S; and S, which show just
the opposite behavior.

Although charge-transfer and lattice-mismatch effects
have not been included in our tight-binding calculations,
the relative results for the different ordered structures are
believed to be reasonably accurate. No mechanism is ap-
parent that would cause the mentioned effects to modify
our conclusions concerning the dispersion of the total gap
and oscillator strength at a given composition.

In summary, we have calculated the value and optical
nature of the main gap of the 16 ordered compounds
Al,Gag_, Asg obtained by periodic repetition of all atom-
ic arrangements of a 16-site crystal. A considerable
dispersion, which cannot be explained in terms of short-
range pairwise correlations, has been found in both the
main gap and the oscillator strengths of different struc-
tures at most n values. Gap properties are clearly sensi-
tive not only to composition, but also to the compound’s
symmetry. The present example illustrates this rule
through a combination of effects due to the different
periodicities of the ordered compounds and to the dis-
similar optical nature of the binary constituents. Disor-
dered Al,Ga,_,As alloys should then be studied with
caution, since knowledge of only the composition x is
probably too little information to determine its gap prop-
erties, and averaging among a few ordered structures may
lead to an incomplete or even wrong description.
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