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Predictions of the energy band gaps as functions of alloy composition are given for the Greene al-
loys, which are metastable, crystalline, substitutional alloys of III-V compounds and group-IV ele-
mental materials. All possible combinations of these alloys involving Al, Ga, In, P, As, Sb, Si, Ge,
and Sn are considered. The I" and L conduction-band minima, relative to the valence-band maxima,
exhibit characteristic V-shaped bowing and kinks as functions of composition x; the band edges at
point X bifurcate at critical compositions corresponding to the order-disorder transition of Newman
et al. The V-shaped bowing due to the transition offers the possibility of band gaps significantly
smaller than expected on the basis of the conventional virtual-crystal approximation. Alloys with
modest lattice mismatches that are predicted to have especially interesting band gaps include
(InP),_,Ge,,, (AISb),_,Sn,,, (GaSb),_,Sn,,, and (InAs),_,Sn,,, which are alloys with potentially
small band gaps, and (AlAs);_,Ge,, and (GaAs);_,Si,c, which are alloys with larger gaps and
several interesting band-edge crossings as functions of composition.

I. INTRODUCTION

Recently, Greene and co-workers have fabricated a new
class of semiconducting (4™BY),_, XV alloys for a wide
range of compositions.!”* The III-V compounds and
group-IV elemental materials are normally immiscible at
equilibrium,’ but can be forced to mix by ion bombard-
ment during growth. The resulting material, in the case

1.2 T T T T T T T | —
(Gqsb)l_x Snzx

AO/O =0.06

Energy (eV)

FIG. 1. Predicted band gaps at points I', L, and X versus al-
loy composition for (GaSb); _,Sn,,. Kinks are seen in the I" and
L levels and the level at point X bifurcates at the assumed criti-
cal composition of Newman’s zinc-blende-to-diamond phase
transition, x,=0.3. The gap is direct for all compositions,
ranges from ~0.6 to zero and decreases slowly as a function of
composition from 0.15 eV to zero for compositions greater than
the critical composition.

of (GaAs);_,Ge,, or (GaSb);_,Ge,,, is a metastable,
crystalline, substitutional alloy with-a lifetime at room
temperature of order 10% years.® The fundamental energy
band gap of (GaAs),_,Ge,, has been determined from
optical-absorption measurements and shows a nonparabol-
ic V-shaped bowing as a function of alloy composition x
(Ref. 7). A V-shaped band gap cannot be explained using
the conventional virtual-crystal approximation, which
gives approximately parabolic bowing. This V-shaped
bowing is explained, however, with a zinc-blende-to-
diamond, order-disorder phase transition.®

A theory for this transition has been developed by New-
man et al.3~1% and applied to (GaAs),_,Ge,,. As seen in
Fig. 1, where the theory is evaluated for the conduction-
band minima near points I', L, and X for (GaSb);_,Sn,,,
the fundamental band gap exhibits a V-shaped bowing as
a function of composition, with a kink at the critical com-
position x.. This theory also gives smaller gaps than
those of the conventional virtual-crystal approximation.

In this paper we apply this theory to the entire class of
(A™MBY), _ X5y alloys involving all possible combinations
of Al, Ga, In, P, As, Sb, Si, Ge, and Sn, and we predict
the energy band edges for these new metastable materials
as functions of alloy composition x. We also establish
general rules for understanding the chemical trends in the
band gaps and for choosing a metastable (4™BY), _ x1V
alloy with a desired energy band gap.

II. THEORY

The central idea of the present work is that all of the
(A™MBY), _ XY metastable alloys should exhibit an
.order-disorder transition from an ordered zinc-blende
structure (in which cations “know” which sites are sup-
posed to be cation sites) to the disordered diamond struc-
ture in which there is no distinction between anion and ca-
tion sites. The critical composition x, at which this tran-
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sition occurs depends on the growth conditions of the al-
loy.

In developing a theory of the electronic structures of
these alloys, we must remember that very little is present-
ly known about these new and interesting materials.
Many of the metastable alloys have not yet been grown; in
most cases, satisfactory growth conditions are not yet
known; and it is not yet definitely known if any of the
Greene alloys other than (GaSb);_,Ge,, exhibits the
order-disorder transition [which should be detected in x-
ray diffraction as the disappearance of the (200) zinc-
blende spot as x approaches x, from below].!! These
facts are important in defining the nature of the theory
that is appropriate at this time; it should be global and
simple, rather than detailed and excessively quantitative.
With this in mind, we assume both that all of the Greene
alloys exhibit the Newman et al. transition, and that there
exist growth conditions that will result in a critical com-
position x,=0.3, the value appropriate for the two alloys
grown to date by Greene and co-workers: (GaAs),_,Ge,,
and (GaSb);_,Ge,, (x. is probably experimentally adjust-
able).!”> We then predict the band structures (as functions
of alloy composition x) of the remaining (4™BY)X%Y
metastable alloys with the intent of determining which al-
loys are likely to exhibit interesting and useful electronic
structures—thereby targeting specific alloys for priority
growth. Thus, we present these calculations in order to
predict which materials are most likely to be interesting,
rather than pretending to specify the band structures with
any precision.

A. Order-disorder transition

The order-disorder transition involves a change of sym-
metry from the zinc-blende structure to the diamond-
crystal structure. In this transition, the distinction be-
tween anion and cation sites is lost. The relevant order
parameter is:’

M(x):<PIII >cation_<PIIl >anion ’ (1)

where we imagine a zinc-blende lattice with sites labeled
nominally “cation” and “anion,” and {Ppy)cation iS the
average over all the lattice sites of the probability that a
column-III atom occupies a nominal cation site. Thus
M (x) is proportional to the average electric dipole mo-
ment per unit cell. The order parameter depends on the
growth conditions (e.g., substrate temperature, ion-
bombardment energy) as well as on the composition x.
For a completely ordered zinc-blende alloy, in which all
column-III (column-V) atoms occupy nominal cation
(anion) sites, we have M =1—x. If all the cations are on
anion sites and the anions are on cation sites, we have
merely mislabeled the nominal lattice and the order pa-
rameter is x —1. For the metastable ordered phase
(x <x,=0.3), we have O< |M(x)| <1—x. For the
disordered diamond phase (x > x,.), we have M =0.

The theoretical problem posed by the Greene alloys is
that of predicting the electronic structure of metastable al-
loys which are described by the order parameter M (x).
Thus, we must first execute a nonequilibrium phase-
transition theory of M (x) and then calculate the changes
of the electronic structure as the alloys (with different
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composition x) undergo the order-disorder transition.
Newman showed that this formidable problem could be
solved by breaking it into four connected parts: (i) an
equilibrium phase-transition theory of the order parame-
ter M(x), based on a three-component “spin”-
Hamiltonian model similar to the Blume, Emery, Grif-
fiths model'® of He®>-He* solutions. [Spin-up, spin-down,
or zero at a site in (GaAs),_,Ge,, signifies occupation of
that site by Ga, As, or Ge, respectively.] (ii) Introduction
of the nonequilibrium character of the alloys by eliminat-
ing those equilibrium phases that cannot be reached due
to growth conditions (e.g., phase separation, which occurs
at equilibrium, is prevented because characteristic growth
times are small in comparison with the time required for
the phases to diffuse apart); (iii) mutual elimination of
two unknown parameters of the spin-Hamiltonian model,
i.e; a spin-coupling constant J and an effective growth
temperature 7, in favor of one empirical parameter, the
critical composition x.;'* and (iv) evaluation of the elec-
tronic structure using a modified virtual-crystal approxi-
mation and a tight-binding model’®> whose matrix ele-
ments depend parametrically on the order parameter
M (x;x.). Thus, in the Newman approach there are two
Hamiltonians: (i) a spin-Hamiltonian for treating the
order-disorder transition and for calculating the order pa-
rameter M (x;x.) and (ii) an empirical tight-binding
Hamiltonian—that depends parametrically on
M (x ;x.)—for calculating the electronic structure.

B. Spin-Hamiltonian model

Newman et al. have shown that a III-V compound
semiconductor such as GaAs can be modeled in a spin-
Hamiltonian language as an “antiferromagnet” where
spin-up or spin-down on a site represents occupation by a
group-III atom or a group-V atom, respectively. Thus
GaAs, with alternating Ga and As atoms,  in this
language, is an “antiferromagnet.” The “magnetization”
is proportional to the net electric dipole moment per unit
cell, Eq. (1), and for zero-temperature GaAs at equilibri-
um, equals unity. In metastable (4™BY),_ X1V alloys,
such as (GaAs);_,Ge,,, occupation of a site by a
column-IV atom such as Ge is represented by “spin” zero.
If the Ge were to occupy both anion and cation sites
without disturbing the occupation of these sites by Ga and
As, then the order parameter would be M (x)=1—x.
However, M is not 1— x because Ge (spin zero) dilutes the
“magnetization” M (x;x.) of this “antiferromagnet,” by
removing nonzero “spins” at various sites, until there is
insufficient “spin-spin” interaction for an average site to
“know” it should have spin-up or spin-down. With a suf-
ficient concentration x of dilutants (that depends on tem-
perature), the “magnetization” vanishes, and the system

"undergoes a phase transition, from an “antiferromagnet-

ic” zinc-blende state with M50 to an ‘“‘unmagnetized”
phase (M =0). That is, as Ge dilutes GaAs, an average
cation site is no longer fully surrounded by As atoms and
no longer feels electronically compelled to be occupied by
a Ga atom rather than an As atom. The average electric
dipole moment M (x) of the ordered zinc-blende phase de-
creases and the system undergoes a transition from an or-
dered zinc-blende phase in which Ga atoms preferentially
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occupy nominal cation sites to a disordered (M =0) dia-
mond phase in which there is no distinction between
anion and cation sites. Newman constructed a spin-
Hamiltonian model of this order-disorder transition. The
important physical parameter of this Hamiltonian is a
nearest-neighbor spin coupling (which is related to ener-
gies of interaction of the pairs of atoms V-V, III-III, and
111I-V). The Hamiltonian, when treated in a mean-field
approximation, yields the following equation for the order
parameter M (x;x.):

tanh[(M /(1 —x.)]=[M/(1—x)], (2)

where x, is the critical composition of the order-disorder
transition.

C. Tight-binding Hamiltonian

The electronic structure calculations are based on an
empirical, ten-band, second-nearest-neighbor, tight-
binding theory, which employs an sp3s* basis at each site
of the zinc-blende lattice. The on-site and nearest-
neighbor matrix elements of this model have been ob-
tained previously by Vogl et al.,'® who fit the known band
structures of many III-V compounds and group-IV semi-
conductors. The Vogl matrix elements are augmented by
one or two second-neighbor parameters'® (see Table I) in
order to obtain a better fit to the band structures of these
semiconductors at the L point of the Brillouin zone. (The
Vogl model was designed to fit the conduction-band struc-
tures well near points " and X.) The on-site matrix ele-
ments for these many semiconductors exhibit manifest
chemical trends that depend only on the atomic energies
of the atom on the site, to a good approximation. The
off-diagonal nearest-neighbor matrix elements are inverse-
ly proportional to the square of the bond length d, accord-
ing to the rule of Harrison et al.!” For our purposes the
important physical parameters of the tight-binding Ham-
iltonian are the on-site energies of the column-III, -1V,
and -V atoms, which we shall interpolate using a general-

TABLE 1. Second-neighbor parameters. Note here that
€(pxa,pya’)=€(pxc,pyc’) and e(sa,pya)=e(psc,sc’). See Ref. 16
for details.

Semiconductor e(sa,p,a’) e(pxa,pya’)
AlP 1.990 0.000
AlAs 1.830 —0.876
AlSb 0.101 0.000
GaP 0.641 0.000
GaAs 0.464 0.000
GaSb 0.688 0.000
InP 0.368 0.000
InAs 0.187 0.000
InSb 0.107 0.000
Si 0.000 0.146
Ge 0.157 0.000
Sn 0.000 0.056
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ized virtual-crystal approximation.” The on-site matrix

elements are interpolated according to Eq. (3), as are Vd?,
where V is the off-diagonal matrix elements and d is the
bond length of the alloy predicted by Vegard’s law:!®
d(x)=(1 —x)dy +xdyy.

We expect these (4AMBY), . X 2{’ alloys to satisfy ade-
quately the Onodera-Toyozawa!® criterion for an “amal-
gamated” electronic spectrum, since the variations in on-
site diagonal matrix elements are small in comparison
with nearest-neighbor transfer matrix elements.’’ There-
fore, we expect them to have relatively well-defined band
structures which can be described (in a first approxima-
tion) by a mean-field theory of the virtual-crystal type.
They cannot be treated with the ordinary virtual-crystal
approximation, however, because (in the disordered “dia-
mond” phase, in particular) they contain many antisite
atoms (e.g., a column-IIT atom on a nominal anion site)—
and the usual virtual-crystal approximation does not allow
for antisite atoms. We circumvent this problem by using
the generalized virtual-crystal approximation,” which has
virtual anions and cations such that the virtual cation is
(schematically):

[(1—x +M)/2]AM 4 [(1—x —M)/21BV+xXY .  (3)

Here, A™ X, and BY represent the column-III, -IV,
and -V atoms, and M (x;x.) is the order parameter (1) of
the order-disorder transition, obtained by solving Eq. (2).

III. RESULTS

The energies of the band edges (relative to the valence-
band maximum, which is defined to be the zero of energy)
are given in Fig. 1 for (GaSb),_,Sn,,. Corresponding
results for all possible (4™BY),_, XV alloys are given in
Figs. 2—4. The T' conduction-band minimum occurs at
k=(0,0,0) in the band structure. The edges labeled A and
A refer to the conduction minima near the (1,0,0) and
(+,%,+) points, respectively (i.e., near points X and L).*!
For k at the X point of the Brillouin zone, the
conduction-band edge actually bifurcates as a function of
alloy composition at the critical composition x., produc-
ing both an X; and an X; minimum in the zinc-blende
(ordered) phase for x <x., but only one minimum for
x >x, in the diamond (disordered) phase. This bifurca-
tion is reflected in the dependence of the minima along
the A line as functions of composition x (see Fig. 4), be-
cause these minima lie at wave vectors near point X. The
relative minimum at point I', when plotted as a function
of composition x, exhibits a kink at x., as does the band
edge at the L point. The minimum in the A direction re-
flects the kinked behavior of the nearby L point.

In addition to the dependences on alloy composition X,
there are discernible trends depending on the positions of
the atoms in the Periodic Table. To facilitate quantifica-
tion of these trends, we define an effective average atomic
number:

(Z):lev+(1'—X)(ZIn+Zv)/2 s (4)

where, for example, Zy is the atomic number of the
column-IIT atom. Figure 5 shows that the T, A, and A
band edges tend to decrease in energy with increasing
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FIG. 2. Predicted band gaps of (4™BVY),_,Si,, alloys versus x, for the following III-V compounds: AIP, AlAs, AlSb, GaP, GaAs,
GaSb, InP, InAs, and InSb. Lattice mismatches, defined by Eq. (5), are shown. Kinks can be seen in the I', A, and A levels at the as-
sumed critical composition x,=0.3. The A minimum generally lies some distance from the X point in our tight-binding model, so the
strict bifurcation at the X point is not clearly visible. The kinks near x =1 are due to a crossing of the '’ and I'! levels.

(Z), with T" decreasing most rapidly and A decreasing
least rapidly with (Z). This trend can be exploited, for
example, to find metastable alloys with small fundamental
band gaps for possible applications in infrared photogra-
phy: The smaller gaps are associated with large average
atomic numbers. Hence (GaSb),_,Sn,,, with average
atomic numbers ranging from 36.5 to 50, should be an in-

teresting small-band-gap material, provided its electronic
transport properties can be made suitable for device appli-
cations.

Predicted band gaps of the metastable zinc-blende-
diamond Greene alloys fabricated from Al, Ga, In, P, As,
Sb, Si, Ge, and Sn are shown in Figs. 2—4. General
trends follow those of the prototypical alloy
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FIG. 3. Predicted band gaps of (4™BY),_,Ge,, alloy versus x, for the following III-V compounds: AIP, AlAs, AISb, GaP,
GaAs, GaSb, InP, InAs, and InSb. Lattice mismatches, defined by Eq. (5), are shown. Kinks can be seen in all levels, at the assumed
critical composition x,=0.3. For some alloys, notably (InP);_,Ge,, for x <0.4 and (InAs),_,Ge,, for x <0.5, the A minimum
occurs at the X point in our tight-binding model and the strict bifurcation at point X is clearly visible.

(GaSb), _,Sn,,, shown in Fig. 1. All alloy band gaps ex-
hibit kinks at x, as a function of composition. There is
always at least one kink in the minimum conduction-band
edge at x =x,, due to the phase transition. This kink is
not associated with a crossing of the band edges, although
these types of effects can also be seen at other composi-
tions. For example, in (InP);_,Ge,, (Ref. 22) at
x =0.85, the conduction band at I" crosses with A and
the alloy goes from being a direct-gap semiconductor to

one with an indirect gap.
The alloys with the smallest lattice mismatches

(5

are especially interesting. We focus primarily on alloys
with Aa/a <0.07. Values of Aa/a are given in each fig-
ure. '

Since the details of the band gaps for these alloys de-
pend on the Constituents, we summarize details below fig-

Aa/a=(ay —anLy)/ayy
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FIG. 4. Predicted band gaps of (4™BV),_,Sn,, alloys versus x, for the following III-V compounds: AIP, AlAs, AISb, GaP,
GaAs, GaSb, InP, InAs, and InSb. Lattice mismatches, defined by Eq. (5), are shown. Kinks can be seen in all levels, at the critical
composition x,=0.3. For some alloys, notably (InP),_,Sn,, for x <0.6 and (InAs);_,Sn,, for x <0.5, the A minimum occurs at the
X point in our tight-binding model and the strict bifurcation at point X is clearly visible.

ure by figure. Figure 2 displays predicted band edges for
zinc-blende materials combined in metastable alloys with
Si. Those with the smallest lattice mismatches are
(AIP), _,Si,, (Aa/a =—0.004), (AlAs),_,Si,, (—0.043),
(GaP),_,Siy, (—0.004), and (GaAs),_,Siy, (—0.043).2
Thus, of this class of well-lattice-matched alloys, one is
restricted to materials with (Z ) <23. The fundamental
band gaps of these alloys vary from 1.17 eV for Si to 2.5
eV for ordinary AIP.23 These gaps tend to have only one

kink, at the critical composition x =x,, because the fun-
damental gap, like that of Si, is along the A line for all x,
and does not cross I' or A [the exception being
(GaAs); _,Si,, for which we find crossings from I to A
to A as a function of increasing composition]. The kink
in " for x=~0.8 is due to mixing of this level’> and a [}’
level not displayed (Si has Fi5<1“é). In contrast to the
small-lattice-mismatched materials, the heavily strained
alloys (see the last row of Fig. 2), all show multiple band-
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versus average atomic number {Z ). The relevant energies for
the (4™BY),_, X% alloys in question lie within the boxes of the
figures. Hence those at I" and A, in particular, tend to decrease
with increasing (Z ).
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edge crossings from I" to A to A as a function of increas-
ing composition x.

Figure 3 gives band edges for zinc-blende materials in
metastable mixtures with Ge. Those with the smallest lat-
tice mismatches are (AIP);_,Ge,, (Aa/a =0.037),
(AlAS)l_xGezx ' (0.0), (GaP)I_xGezx (0.037),
(GaAs);_,Ge,, (0.0}, and (InP),_,Ge,, (—0.037). In this
class of alloys we are restricted to well-lattice-matched
materials with (Z) <32. The band gaps of these alloys
vary from 0.1 eV for (InP),_,Ge,, at x =0.3 to 2.5 for
ordinary AIP. The band gaps of these alloys have cross-
ings from A to I to A for (AIP);_,Gey and
(AlAs);_,Ge,, and from T to A for the others. Of the
remaining alloys with larger mismatches, some, such as
(InAs);_,Ge,, and (InSb),_,Ge,,, have zero gap for
some compositions x but, because the mismatch is larger,
they may be difficult to grow.

Figure 4 presents our predictions for metastable alloys
resulting from mixing zinc-blende materials with Sn.
Those with the smallest lattice mismatches are
(AISb); _,Sn,, (Aa/a =0.053), (InAs),_,Sn,, (0.068),
(GaSb);_,Sn,, (0.060), and (InSb);_,Sn,, (0.0). In this
class of alloys, lattice matching restricts us to materials
with 32<(Z) <50. These are especially interesting ma-
terials because Sn has a zero band gap. The band gaps are
predicted to be =zero for the metastable alloys
(InAs);_,Sn,, and (InSb);_,Sn,, for all compositions
(despite the fact that the equilibrium compounds InAs
and InSb have nonzero gaps®). All of the Sn-based meta-
stable alloys (with small lattice mismatches) mentioned
above are either direct-gap or zero-gap materials.
(GaSb);_,Sn,, is particularly interesting, because the
predicted gap varies from 0.15 eV to zero over a large
range in composition, from 0.3 to 1.0. Hence, the gap is
small and may not be too sensitive to fluctuations in local
environment. This, along with (InP),_, Ge,,, may be an
especially good candidate for an infrared detector.?? The
remaining alloys, while covering a large range in gap size,
from 2.5 eV for ordinary AIP to zero for Sn, all have
large lattice mismatches, Aa /a >0.096, and good-quality,
long-lived, metastable samples of these materials may be
difficult to grow.

IV. CONCLUSIONS

We have presented predictions of the energy band gaps
versus alloy composition x for the Greene alloys: meta-
stable, crystalline, substitutional alloys of III-V com-
pounds and group-IV elemental materials. The band gaps
at points I" and L exhibit kinks and the X points bifurcate
as functions of composition x, at a critical value x, corre-
sponding to the order-disorder transition of Newman
et al. The V-shaped bowing offers the possibility of band
gaps significantly smaller than expected on the basis of
the conventional virtual-crystal approximation. Alloys
with modest lattice mismatches that are predicted to have
small band gaps include (InP);_,Ge,,, (AISb);_,Sn,,,
(GaSb);_,Sn,,, and (InAs),_,Sn,,. Larger band-gap al-
loys with several potentially interesting level crossings in
the band gap include (AlAs), _,Ge,, and (GaAs); _,Siy,.
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