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Variation of the energy gap with composition in A '8 ' 'C2 ' chalcopyrite-structure alloys
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The nonlinear variation of the fundamental energy gap Eg as a function of composition x ob-
served in A'B"'Cz' chalcopyrite-structure alloys is discussed. The downward optical-bowing pa-
rameter c observed in these alloys is analyzed in terms of current models given in the literature. A
relationship between c and the difference in electronegativities ~ of the atoms mixed to form the
alloy is obtained. Also, an expression to predict the Eg-vs-x curve for these alloys is proposed and
good agreement with experimental data is found.

I. INTRODUCTION

The A'B'"C2' chalcopyrite-structure alloys have re-
cently attracted considerable interest because of their po-
tential applications in optoelectronic devices. ' These
materials are substitutional alloys formed from pairs of
A'BruCvzr semiconductor compounds with the chalcopy
rite structure. Two types of alloys can be obtained,
namely those with mixed cations (i.e., A A

& „BC2 or
AB„B', „C2 ) and those with mixed anions [i.e.,
AB(C C', )z]. This substitution gives rise to a disor-
der in the respective cation or anion sublattices.

Studies of various types made on these materials show
that in general such alloys are solid solutions across the
whole composition range and that they have well-defined
band structures in which the energy gaps and other relat-
ed parameters vary continuously with composition be-
tween their values of the end compounds. Also, it is
observed that the optical energy gap Eg varies with the
composition x according to the equation

Eg(x) =u+/x +cx

where c, the nonlinear coefficient, is a measure of the
downward bowing.

Although some plausible attempts have been made in
order to correlate the bowing parameter e with relevant
physical parameters of these alloys, ' no quantitative
analysis capable of explaining successfully the values of c
observed in these materials has been reported. It has
been suggested' by an analysis that considers the
inhuence of the anion displacement on the band gap of
such alloys that e will be appreciable in mixed-cation al-
loys (e.g. , Ag Cu, „InSz or CuIn Ga, „Se2) but very
small in mixed-anion alloys [e.g. , CuIn(Se S& „)2]. How-
ever, this suggestion does not agree well with experimen-
tal data, which show that for these alloys c varies from 0
to about 0.5 eV for the case of mixed anions while it was
found to be about 0.20 or less for the case of mixed cat-
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In the present work we attempt to point out that the
nonlinear variation of the energy gap versus composition
observed in these alloys can be related to the difference in
electronegativities of the two atoms that are mixed to

form the alloys. The analysis allows us to express c in a
simple way and gives an expression to determine the E-
vs-x curve for these alloys. A good agreement is found
with the data for both mixed-cation and mixed-anion
A 'B"'C2' alloys reported in the literature.

II. THEORY

It has been pointed out' ' that the optical-bowing pa-
rameter c, observed in semiconductor alloys, can be
separated into a contribution ~, due to order effects and a
contribution ~I& due to disorder effects. According to
Van Vechten and Bergstresser, ' the c&& contribution,
which is related to the difference of electronegativities of
the alloyed atoms, plays a dominant role in determining c
in the case of the A„B1 C alloys. However, Bernard
and Zunger, ' based on first-principles calculations of the
electronic structure of A„B, „C zinc-blende-structure
alloys, have recently concluded that the optical bowing is
due to order effects arising principally from an internal
structural relaxation effect. Furthermore, they claim that
the scaling between c and hX does not constitute a proof
of the relevance of the disorder since the order contribu-
tion c, also scales with the electronegativity difference.

In the case of the present chalcopyrite-structure alloys,
no calculation like that reported in Ref. 17 has been pub-
lished, and so no definitive conclusions about the
relevance of order or disorder effects can be given at
present. However, since in any case a correlation be-
tween ~ and AX is expected to occur according to the re-
sults of Ref. 17, we plot in Fig. 1 the experimental data of
c for the A 'B"'C2 ' alloys reported in the litera-
ture '" ' versus AX, using the Phillips electronegativity
values' given in Table I. It is observed that the points
tend to stay on a straight line. The best fit to the data is
shown in the figure by the dashed line; however, since it
is expected, according to the model, that the bowing
must disappear when AX vanishes, an attempt was also
made to adjust the data under this condition. A good fit,
as shown in the figure by the solid straight line, is ob-
tained by the expression

c=—'AX eV .
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FIG. 1. Experimental downward bowing parameter for
A B'"C2' alloys as a function of the difference in electronega-
tivity of mixed cations or mixed anions to form the alloy. a,
CuIn(S SeI „)2 (Ref. 14); b, CuGa(S SeI )2 (Ref. 15); c,
Cu(Ga In& )Se2 (Ref. 11); d, Cu(Ga InI )S2 (Ref. 12); e,
Ag„Cu, InTez (Ref. 13); f, Ag Cu, „InSe2 (Ref. 11); g,
AgIn(Se„TeI x )2 (Ref. 8); h, CuIn(Se Tel x )2 (Ref. 13); i,
CuGa(Se Te& „)2 (Ref. 13);j, AgGa(Se„Te, )2 (Ref. 8).
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Taking into account that the reduction in the energy
gap of the alloy, measured with respect to the values of
Eg obtained by a linear extrapolation from the band gaps
of the extrema compounds, is given by'

FIG. 2. Variation of the energy gap as a function of composi-
tion for mixed cation 3 'B"'C& ' alloys (solid circles). Theoreti-
cal values, according Eq. (5), are represented by solid curves. a,
Ag CuI InTe2 (Ref. 13); 6, Ag„CuI „InSe, (Ref. 11); c,
CuGa In, Se2 (Ref. 11);d, CuGa In& S2 (Ref. 12).

b E~(x) =E~h"'"(x) Eg (x)=cx (1——x) (3)

and also by considering that in the case of a linear varia-
tion of E vs x the energy gap can be expressed as

2.2
E"""'(x)=E (0)+[E (1) E(0)]x, — (4)

2.0

where Eg(0) and E (1) are the energy gaps of the end
compounds (i.e., of samples with composition x=0 and 1,
respectively), we finally obtain

E~ (eV)

Es(x)=Eg(0)+[E (1)—Es(0)——,'(1 —x)EX]x .

This expression is used to calculate the energy gap as a
function of composition in A B C2 chalcopyrite-
structure alloys.
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TABLE I. Phillips electronegativities (from Ref. 18).
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FIG. 3. Variation of the energy gap as a function of composi-
tion for mixed anion A 'B'"C2' alloys (solid circles). Theoreti-
cal values, according to Eq. (5), are represented by solid curves.
a, CuIn(Se Tel „)2 (Ref. 13); b, CuIn(S„Sel )2 {Ref. 14)' c,
AgGa(Se„TeI „)2 (Ref. 8); d, CuGa(S Sel „)~ (Ref. 15).
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III. COMPARISON WITH EXPERIMENTAL DATA

Curves of E vs x for several A B C2 alloys have
been reported. " ' Some of these curves, represented
by circles, for both mixed-cation and mixed-anion alloys,
are plotted in Figs. 2 and 3, respectively. Theoretical E
values, according to Eq. (5), are also indicated in these
figures by solid curves. As observed, a very good agree-
ment is found in all cases, which shows the applicability
of the model for these alloys.

IV. CONCLUSIONS

It is suggested that the downward optical-bowing pa-
rameter observed in the curve of the fundamental energy
gap with a composition of A 'B "C2 ' chalcopyrite-
structure alloys can be related to the difference in Phillips
electronegativities of cations or anions mixed to form the
alloy. This fact gives us an expression to predict the E-
vs-x curve for such alloys. The results agree well with
the data reported in the literature.

At present, the origin of such bowing is not clear. For
pseudobinary A B

&
C alloys, Van Vechten and

Bergstresser' have suggested that a disorder-effect con-
tribution is mainly responsible for the nonlinear behavior

observed in the E -vs-x curve of these alloys. However,
Bernard and Zunger' have recently suggested a physical
mechanism for c that differs from that offered in Ref. 16.
These authors analyze the optical bowing in terms of
three contributions: (i) a volume deformation of the band
structure due to the replacement of the lattice constants
of the binary constituents by that of the alloys, (ii) a
chemical-electronegativity contribution due to charge ex-
change in the alloy relative to its constituent binary sub-
systems, and (iii) a structural contribution due to the re-
laxation of the anion bond lengths in the alloys. They
also conclude that the disorder contribution to the bow-
ing parameter is very small in the case of zinc-blende-
structure pseudobinary alloys. Although this model
agrees well with observations in these alloys, no definitive
conclusions can be given in the present case since no cal-
culations have been reported for chalcopyrite-structure
alloys. For this reason, the possibility of a disorder-effect
contribution to the optical bowing of these alloys cannot
be completely ruled out.
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