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Structural and electronic properties of the random alloy ZnSexS1−x
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In this article we employ density functional theory in the generalized gradient approximation to investigate the
structural and electronic properties of the solid solution alloy ZnSexS1−x in the wurtzite structure. We analyzed
the character of the bond lengths and angles at the atomic scale, using a supercell approach that does not impose
any constraint on the crystal potential. We show that the bond lengths of pristine ZnS and ZnSe compounds are
almost preserved between nearest neighbors, which is different from what would be anticipated if Vegard’s law
were valid at the atomic level. We also show that bond lengths start behaving in accordance with Vegard’s law
from the third shell of nearest neighbors onward, which in turn determines the average lattice parameters of the
alloys determined by diffraction experiments. Fundamental building blocks around the anions are identified and
are shown to be nonrigid but still volume preserving. Finally, the geometrical analysis is connected to the trend
exhibited by the electronic structure, and in particular by the band gap. The latter is found to exhibit a small
deviation from linearity with respect to the Se concentration, in accordance with available experimental data. By
assuming a quadratic dependence, we can extract a bowing parameter and analyze various contributions to it with
various calculations under selected constraints. The structural deformation in response to the doping process is
shown to be the driving force behind the deviation from linearity. The difference in stiffness between ZnS and
ZnSe is shown to play a key role in the asymmetric behavior of the bowing parameter observed in the S-rich and
Se-rich regions.

DOI: 10.1103/PhysRevB.105.184201

I. INTRODUCTION

The mechanical, thermodynamic, electrical, magnetic, and
optical properties of crystalline materials mainly depend
on the crystal structure and chemical composition. Hence,
material properties can be tuned by controlling either the
structural degrees of freedom or the type of atoms enter-
ing in the solid [1]. For example, interesting—and often
superior—physical properties may occur in materials where
compositional defects are purposely introduced [2,3]. Such
defects may range from localized impurities or vacancies to
the formation of a proper substitutional random alloy. The
latter is of particular interest in materials science, as its
composition can be systematically adjusted between the pure
components to explore how the physical properties evolve
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with it. A change in composition is expected to induce struc-
tural changes, whose understanding is necessary to be able
to drive the alloying process towards the desired materials
properties.

One of the first observations of the relation between struc-
ture and composition was made by Vegard in 1921 [4] and
is currently known as Vegard’s law [5]. This law states that
the lattice constant of an alloy can be expressed as the lin-
ear combination of the lattice constants of its components,
weighted by their respective concentrations. Vegard’s law was
introduced based on empirical considerations, but found a
theoretical justification in the virtual crystal approximation
(VCA), a decade later [6]. Let us consider an alloy of chemical
formula (A1−x, Bx )C, where the random occurrence of two
different atoms A and B at a given crystallographic site is
possible. In VCA, one can describe this alloy via a fictitious
system where atoms A and B are replaced by a virtual atom
whose potential is assumed to be the compositional average of
the potentials of A and B [7,8]. As this virtual atom represents
an interpolation of the behavior of the atoms in the parent
compounds, VCA can easily describe the linear variation of
many physical properties, including the lattice parameter as a
function of composition, i.e., Vegard’s law. Decades of work
on alloys, however, have shown that many properties are not
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well described by VCA. At a fundamental level, VCA is a
single-site effective medium theory, a feature that is shared by
other well-known computational approaches to disorder, e.g.,
the coherent potential approximation (CPA) [9]. While these
theories may potentially provide a good description of phys-
ical properties involving averages over multiple unit cells,
their treatment becomes less and less adequate the more we
restrict our domain of observation towards the atomic scale,
where the individual A-C and B-C bond distances depend on
the mutual interaction between the individual atoms at a very
local level. In this regard, extended x-ray absorption fine struc-
ture (EXAFS) experiments make it possible to measure the
local bond distances directly. Several studies in the last three
decades have demonstrated that the nearest-neighbor bond
lengths do not change drastically with composition, but re-
main close to their values in the pure systems [10–16]. In two
of the most recent studies [16,17], we combined experimental
measurements by EXAFS with theoretical data via density
functional theory (DFT) [18,19] to identify unambiguously to
what extent Vegard’s law applies at the atomic scale in both
cationic and anionic solid solutions, namely, ZnxCd1−xS and
ZnSexS1−x. The usage of large supercells constructed via spe-
cial quasirandom structures (SQSs) [20] allowed us to avoid
the limitations of the single-site effective medium theories,
discussed above, providing a meaningful comparison between
theory and experiment. These analyses have demonstrated that
the individual bond lengths of the first- and second-nearest
neighbors show a small to moderate change across the solid
solution, while starting from the third coordination shell one
can observe a behavior that is closer to what Vegard’s law
would predict. While cationic and anionic solid solutions
show similar features, some distinctive differences are also
present. The most significant difference manifests primarily
in the variations of the bond angles as a function of composi-
tion, which leads to identifying different kinds of elementary
building blocks for the two types of solid solutions [16,17].
Understanding these differences is of paramount importance
to shed light on the connection between microscopic changes
at the atomic scale and macroscopic changes at the crystal
scale, following Vegard’s law. In this sense, a limitation of the
previous two studies [16,17] is that the EXAFS analysis yields
only an average value for each bond distance. This is a gross
approximation of the real world, where one expects a wide
distribution of bond distances between two atoms, based on
their local environment. These features at the atomic scale are
totally missed by EXAFS and hence were not addressed in our
previous study, ignoring the rich information available in the
distribution of bond distances. The present theoretical work
deals with these distributions and not just an average number,
providing microscopic insights impossible to obtain from any
experiment that necessarily averages over a finite length scale,
as in x-ray diffraction (XRD), or different local compositional
distributions, as in EXAFS. In addition, the cationic and an-
ionic solid solutions we investigated were ordered in different
crystal structures, respectively wurtzite and cubic zinc blende.
These structures, being the experimental ones, are optimal for
a quantitative comparison with EXAFS data, but they may
complicate the comparison of the physical processes govern-
ing cationic substitution and anionic substitution. To remedy
this ambiguity, in the present paper, we extend our theoret-

ical calculations to the anionic solid solution ZnSexS1−x in
the wurtzite structure. By comparing these results with those
obtained for the zinc blende structure, as well as with those
obtained for ZnxCd1−xS, we provide a deeper analysis of the
distribution of the bond lengths and bond angles. This allows
us to clarify the nature of the building blocks dominating the
doping process in binary alloys.

In addition to this structural analysis, we also employ
our computational data to understand the evolution of the
band gap in solid solution alloys. In this case, theory and
experiment predict a quadratic behavior, whose shape is asso-
ciated with a bowing parameter [7]. Although this problem in
ZnSexS1−x has already been addressed in previous theoretical
works [7,21–23], we provide here a detailed and systematic
analysis that takes advantage of the large computational capa-
bilities offered by modern supercomputers. In this way, we are
able to understand the importance of long-range correlation in
the stabilization of the bowing parameter, as well as to eluci-
date the different mechanisms contributing to the changes of
the band gap. The latter is shown to be qualitatively connected
to a volumetric analysis of the local crystal structure, as well
as to a difference in stiffness between ZnS and ZnSe.

The present paper is organized as follows. After this In-
troduction constituting Sec. I, the methodology used for our
study is presented in Sec. II. Then, Sec. III is dedicated to
results and discussion, which are presented separately for the
different coordination shells under consideration and finally
for the electronic properties. Section IV contains our conclu-
sions to this investigation. For the sake of completeness, we
have included more details on the structural analysis in the
Appendixes and in the Supplemental Material (SM) [24]. The
latter contains most of the data for the zinc blende structure,
while selected plots are included in the main text for the sake
of comparison with the wurtzite structure.

II. METHODOLOGY

The electronic structure problem was addressed by us-
ing a projector augmented wave (PAW) [25] implementation
of density functional theory, within the Vienna Ab initio
Simulation Package (VASP) [26,27]. The generalized gradient
approximation (GGA) [28] in the Perdew-Burke-Ernzerhof
(PBE) parametrization [29] was used for the exchange-
correlation functional, unless stated otherwise. In the analysis
of the band gap, we performed a few additional calculations
with the modified Becke-Johnson (mBJ) exchange potential
in combination with correlations from the local density ap-
proximation (LDA) [30,31]. The two end members, i.e., ZnS
and ZnSe, were modeled using the experimental wurtzite
structure (space group P63mc) [32,33]. The three interme-
diate compositions, namely, ZnS0.75Se0.25, ZnS0.50Se0.50, and
ZnS0.25Se0.75, were modeled using SQS [20]. These were in
turn generated using the Alloy Theoretic Automated Toolkit
(ATAT) [34–36], based on a method derived from Monte Carlo
simulations [37]. Supercells of different size were considered,
including 64, 96, and 128 atoms. For the largest supercells,
all the distributions of the bond lengths and bond angles
discussed in the paper are well converged. Hence, our anal-
ysis is focused on the results obtained for the supercells of
128 atoms. In those, the pair correlation function associated
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FIG. 1. Left: Variation of the lattice parameter a = b (bottom)
and c (top) as a function of increasing Se concentration in ZnSexS1−x

solid solutions. The linear variation of both is in agreement with
Vegard’s law. Right: Variation of the volume per formula unit as a
function of increasing Se concentration in wurtzite and cubic phases,
as reported in different theoretical (athis work, bRef. [17], cRef. [21])
and experimental (d,eRef. [41], f Ref. [17]) studies.

to the SQS is found to match that of a perfectly random
alloy until the seventh coordination shell. A full structural
optimization was performed over all degrees of freedom and
calculations were considered converged when forces on indi-
vidual atoms became smaller than 10−3 eV/Å. The Brillouin
zone was sampled by a �-centered Monkhorst-Pack mesh of
14 × 14 × 7 for a pristine ZnS or ZnSe unit cell with 4 atoms.
The 128-atom supercells were constructed by a 4 × 4 × 2
repetition of the unit cell and for that a 8 × 8 × 10 k-mesh
was used. Along with this, an energy cutoff of 550 eV was
used for the kinetic energy of the plane waves included in
the basis. For the sake of completeness, the convergence of
the full structural optimization with respect to the energy
cutoff of the plane waves and the sampling of the k-mesh
was accurately checked. The optimized lattice parameters ob-
tained for ZnS were found to be 3.848, 3.848, and 6.311 Å,
which are on average ∼0.65% larger than the corresponding
experimental values. This small discrepancy can be linked to
the well-known overestimation of the equilibrium volume in
the GGA [38–40], and it does not affect the analysis of our
results.

III. RESULTS AND DISCUSSION

Before addressing the behavior at the atomic scale of var-
ious shells of nearest neighbors, it is useful to look at the
optimized values of the lattice parameters, which are directly
connected to the macroscopic properties of the sample. The
lattice parameters of the wurtzite structure, a = b and c, as
a function of increasing Se concentration are reported in the
left-hand panels of Fig. 1. As expected by Vegard’s law,
we can observe a linear increase when going from ZnS to
ZnSe, which is also in line with what was reported by both
experiment and theory [17]. Naturally, for the cubic phase we
have only one lattice parameter, whose value is intermediate
to the values of a and c found in the wurtzite structure. The

c/a ratio can be inferred from the linear behavior of a and c,
and exhibits a perfectly linear behavior as well, going from
1.640 to 1.642. For a comparison across different phases and
with existing literature, it is convenient to plot the volume
per formula unit for varying concentrations, reported in the
right-hand panel of Fig. 1. The present data (red circles)
are shown to overlap almost perfectly with the data for the
cubic phase (blue squares) from Ref. [17], as well as with
those (green diamonds) obtained in a very recent theoretical
study [21], despite much smaller supercells used there. This
reflects what we pointed out in our recent work on the cu-
bic phase; i.e., the behavior of the lattice parameter, being
determined by a long-range averaging over many unit cells,
does not depend crucially on the precise description of the
local environments in ZnSexS1−x [17]. The comparison with
recently reported [17,41] experimental data (black dots, up
and down triangles) is also favorable. Alongside the shift of
the curves, associated to the overestimation of the bond length
mentioned above, we also observe that the experimental data
show some irregularities in the Se-rich region. These can be
attributed to the difficulties in separating cubic and wurtzite
phases, which are mixed in the experiment, depending on the
concentration [41].

A. First shell environment

Next, we investigate the Zn-S and Zn-Se nearest-neighbor
bond lengths for the first coordination shell. The variation
in the average values of the nearest-neighbor Zn-S (circles)
and Zn-Se distances (squares) as a function of increasing
Se concentration is shown in Fig. 2(a). The presence of two
distinct distributions of bond lengths represent a strong devia-
tion from simplistic expectations based on Vegard’s law. The
latter should basically correspond to results obtained in VCA,
which are reported in Fig. 2(b) as a black dashed curve. They
show a perfect agreement with those obtained by converting
the lattice parameters in effective average bond lengths (up
triangles). This is done by imposing the optimized lattice
parameters from the alloy systems in the ZnS wurtzite unit cell
and then measuring the Zn-S bond lengths. Interestingly, this
behavior would also be recovered by taking a full average of
the Zn-X (X = S or Se) bond lengths, which will be analyzed
below. Overall, Figs. 2(a) and 2(b) demonstrate that the indi-
vidual Zn-S and Zn-Se bonds try to retain values close to those
obtained in the pure end members, without following Vegard’s
law, which would instead dictate a much larger change.

More details on the distribution of the nearest-neighbor
bond lengths are obtained by examining the corresponding
histograms, reported in Fig. 2(c). This picture shows clearly
the presence of two distinct distributions, each with a spread
of ∼0.05 Å around the average Zn-S and Zn-Se values. This
spread is not small with respect to the bond length but is still
much smaller than the difference between the average Zn-S
and Zn-Se values. For reference, we provide a more compact
overview of the data shown in these histograms, as well as
in the following ones, in a series of tables included in the
SM [24].

The analysis of the previous data shows that the average
value of all the Zn-S and Zn-Se bonds present in the system
together closely follow Vegard’s law (or equivalently what
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FIG. 2. (a) Variation in the Zn-S and Zn-Se nearest-neighbor
bond length as a function of increasing Se concentration in
ZnSexS1−x solid solutions. (b) Average nearest-neighbor Zn-X (X =
S or Se) bond length (down triangles) compared to a hypothetical
VCA-like average Zn-X bond length (dashed line) obtained connect-
ing the Zn-X bond lengths of the pure end members; the Zn-S bond
length (up triangles) calculated by imposing optimized lattice pa-
rameters in the ZnS wurtzite unit cell is also shown. (c) Distribution
of the nearest-neighbor Zn-S and Zn-Se bonds in the solid solution
alloy for increasing Se concentration (top to bottom), normalized
with respect to the number of bonds per Zn atom (4); the unfilled
blue outlines represent data for the zinc blende structure. The details
of the ranges and averages for each composition in the wurtzite phase
are also tabulated in the SM [24].

would have been predicted by the VCA). In addition, from
Fig. 2(a) we can see that, although the average values of
the Zn-S and Zn-Se bond lengths separately do not follow
Vegard’s law, both of them slightly increase as a function
of increasing Se concentration. Finally, the histograms in
Fig. 2(c) show that there is a range of values about the
average Zn-S and Zn-Se values. All these observations can
be understood in terms of two extreme situations where we
substitute a single Se atom in a S-rich environment and vice
versa. The presence of a larger Se atom in a S-rich region
creates a tensile strain locally due to a local chemical pressure
effect. This tensile strain increases the distance between the
surrounding atoms and as a result the Zn-S bonds about the
substituted Se atom increase from their natural values. This

effect increases the average value of the Zn-S bond distances
in the system slightly. So we expect the average Zn-S bond
length to increase gradually with an increasing Se concentra-
tion as shown in Fig. 2(a). Exactly the opposite mechanism
takes place when we substitute a smaller S atom in a Se-rich
region and, hence, the average Zn-Se bond length gradually
decreases with increasing S concentration. Now, in a realistic
alloy system for any composition, there will not be just one
type of environment but a fluctuation in the local composi-
tion. This fluctuation in the local composition will give rise
to the dispersion in the extents of the volume expansion or
contraction, leading to a distribution of Zn-S and Zn-Se bond
distances about the average values as we see in Fig. 2(c).
These features are very similar to those found for the cubic
zinc blende phase as shown by the blue lines in Fig. 2(c).
The average values of the Zn-S and Zn-Se bonds in the two
phases match perfectly, which is consistent with our previous
interpretation in terms of local environment only. A minor
difference is due to the spread of the distributions, which
is ∼0.04 Å in the cubic phase, i.e., about 0.01 Å smaller
than in the wurtzite phase. This is expected, as the wurtzite
phase possesses a lower symmetry than the cubic phase, which
makes one of the four bonds in the tetrahedral cage slightly
bigger than the other three. This is clearly visible in the
histograms for pristine ZnS and ZnSe and results in a wider
distribution of the bond lengths at intermediate compositions.
This diminished symmetry also introduces an ambiguity in
how the atoms are included in different shells of neighbors.
For reference, our precise partitioning is reported in Table I,
for both wurtzite and zinc blende phases.

B. Second shell environment

In the ideal wurtzite structure, the second coordination
shell of any cation (anion) consists of 12 cations (anions). The
only difference between the cationic and anionic sublattices
in the case of the alloy systems under study is that, for the
cationic sublattice, 12 atoms around each Zn atom are Zn
atoms, but for the anionic sublattice both S and Se atoms are
present around any S or Se atom. The distribution of the cal-
culated Zn-Zn second-nearest-neighbor bonds in the cationic
sublattice is illustrated in Fig. 3(c). For all the intermediate
concentrations, the distributions are clearly bimodal, albeit
the peaks are less marked than those associated to the two
separate nearest-neighbor distributions plotted in Fig. 2(c).
This bimodality indicates the presence of a group of shorter
and larger Zn-Zn bonds coming from the SZn4 and SeZn4

tetrahedral units present in the system. Furthermore, it allows
us to calculate separate average values for the Zn-Zn distance
coming from SZn4 and SeZn4 tetrahedral units, shown as
respectively circles and squares in Fig. 3(a). In the same plot,
we also report the composition weighted average of both types
of Zn-Zn bonds (diamond), as a function of increasing Se
concentration. The black dotted line represents the variation
of a single hypothetical Zn-Zn bond that would have been
predicted by VCA. We can see that the shorter and larger
Zn-Zn bonds separately do not follow Vegard’s law, which
suggests that the Zn-Zn distances around S and Se atoms in
the alloy systems retain values close to their values in the
pure systems. However, as for the first shell, the average value

184201-4



STRUCTURAL AND ELECTRONIC PROPERTIES OF THE … PHYSICAL REVIEW B 105, 184201 (2022)

TABLE I. Partition of the first five shells of nearest neighbors of a Zn atom in GGA-optimized ZnS. The number of atoms, their types,
their distance from the Zn atom and the coordination shell they belong to are shown, for both wurtzite and zinc blende structures. Notice that
the fourth coordination shell around the Zn atom contains six Zn atoms at a distance of 5.45 Å. In wurtzite ZnSe the distance is 5.74 Å. These
six Zn atoms are targeted for the analysis of the fourth shell environment.

Wurtzite Cubic

Shell Neighbor Number of atoms Distance Number of atoms Distance

First S 1 2.36 4 2.36
3 2.36

Second Zn 6 3.85 12 3.85
6 3.86

Third S 1 3.95 12 4.52
3 4.51
6 4.51

Fourth Zn 6 5.45 6 5.45
Fifth S 6 5.51 12 5.94

6 5.93
3 5.95

of all the second-nearest-neighbor Zn-Zn bond lengths lies
very close to the black dotted line corresponding to the VCA
results.

We can then proceed to the analysis of the S-S, Se-Se, and
S-Se second-nearest-neighbor distances around the Zn atoms.
The corresponding histograms, reported in Figs. 4(a)–4(c),
are very different from the other plots we showed so far. For
all the intermediate concentrations, the distributions of the
bond lengths show a significant overlap, which is in sharp
contrast with the two well-marked peaks visible in Fig. 2(c).
Nevertheless, since these distributions describe different pairs
of atoms, it is still possible to calculate meaningful average
values. Figure 3(b) shows the average values of the S-S (up
triangle), Se-Se (down triangle), and S-Se (right triangle)
second-nearest-neighbor bonds as a function of increasing Se
concentration. The black dotted line again represents the vari-
ation of a single hypothetical average X -X (X = S or Se) bond
that would have been predicted by VCA. From Fig. 3(b) we
can see that the second-nearest-neighbor bond lengths from
the anionic sublattice follow Vegard’s law more closely com-
pared to the second-nearest-neighbor Zn-Zn [see Fig. 3(a)] or
nearest-neighbor Zn-S and Zn-Se bond lengths [see Fig. 2(a)].
This same trend can also be seen in the cubic case, where
the average values as well as the range of the quantities de-
scribed above closely match with the values obtained for the
wurtzite system. For example, the distributions of the Zn-Zn
bonds from the cubic phase are shown alongside that of the
wurtzite phase in Fig. 3(c), with unfilled blue outlines. We see
a very good qualitative match between these two phases. The
only minor difference between wurtzite and cubic structures
is that the second shell of wurtzite ZnS and ZnSe consists
of two different sets of bonds with a difference of ∼0.01 Å,
whereas in the cubic structure the 12 bonds are all of the same
length. This is also visible from the histograms of the two end
members in Fig. 2(c). As discussed above, these features are
a result of the lower symmetry of the wurtzite phase when
compared to the zinc blende phase.

These observations in the solid solution ZnSexS1−x can
only be understood by taking into account the variations in the

cation-centered X -Zn-X and anion-centered Zn-X -Zn (X = S
or Se) bond angles from their ideal value, obtained in pure ZnS
or ZnSe. The ideal value here refers to the value of 109.47◦
that is obtained for a regular tetrahedron, where all four faces
are equilateral triangles. We first consider the cation-centered
features. The variations of the average values of the S-Zn-
S (circle), Se-Zn-Se (square), and S-Zn-Se (diamond) bond
angles as a function of increasing Se concentration are shown
in Fig. 5(a). For completeness, the histograms of their dis-
tributions are reported in Appendix A, for all compositions.
The black dotted line in Fig. 5(a) corresponds to the ideal
value of 109.47◦ across the series. From this figure, we can
see that the S-Zn-S angle increases gradually with increasing
Se concentration from its value in ZnS. On the contrary, the
Se-Zn-Se angle decreases with increasing S concentration.
The S-Zn-Se bond angle values lie in the region between the
S-Zn-S and Se-Zn-Se values. Next, we proceed to analyze the
two anion-centered bond angles, whose distributions are also
detailed in Appendix A. In Fig. 5(b), we report the variations
of the average values of the Zn-S-Zn and Zn-Se-Zn bond
angles as a function of increasing Se concentration. We can
see that the average values of both angles remain almost
unchanged with respect to a change of composition. These
trends are also similar to those reported for the cubic phase
and, as for the bond lengths, the only difference concerns
the spread of the distribution. The cation-centered angles
in the cubic system show a larger spread of ∼1◦ compared
to the wurtzite system. For the anion-centered angles, it is the
opposite. Here the spread in the wurtzite system is ∼1◦ larger
compared to the cubic system.

Before providing a microscopic explanation of these re-
sults, it is useful to make a comparison of the present anionic
solid solution with the cationic solid solution ZnxCd1−xS of
Ref. [16]. While the nearest-neighbor Zn-S or Cd-S bond
behaves similarly to Zn-S and Zn-Se bonds when concentra-
tion is changed, the behavior of the second shell environment
changes with respect to the different doping process, affect-
ing the cationic sublattice instead of the anionic one. For
ZnxCd1−xS, the second coordination shell around any cationic
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FIG. 3. Variation in the (a) Zn-Zn second-nearest-neighbor bond
length and (b) X -X (X = S or Se) second-nearest-neighbor bond
length as a function of increasing Se concentration in ZnSexS1−x .
(c) Distribution of the nearest-neighbor Zn-Zn bonds in the solid
solution alloy for increasing Se concentration (top to bottom), nor-
malized with respect to the number of bonds per Zn atom (12); the
unfilled blue outlines represent data for the zinc blende structure. For
the alloy systems we see a clear bimodal distribution corresponding
to the Zn-Zn bonds coming from ZnS- and ZnSe-type clusters, re-
spectively. More quantitative details on the range and averages of the
distributions are provided in the SM [24].

site consists of both Zn and Cd atoms whereas any anionic
site has only S atoms in its second coordination shell. This
is just the opposite in the anion-substituted ZnSexS1−x alloy
system. As a result, in Ref. [16] we see that the second-
nearest-neighbor Zn-Zn, Cd-Cd, and Zn-Cd bonds in the
cationic sublattice follow Vegard’s law closely, similarly to
what we report here for the S-S, Se-Se, and S-Se bonds in the
anionic sublattice in ZnSexS1−x. Concerning the bond angles,
instead, we see that the average values of the cation-centered
S-Zn-S and S-Cd-S angles remain almost unchanged with
respect to compositional change. It is the anion-centered bond
angles, namely, Zn-S-Zn, Cd-S-Cd, and Zn-S-Cd, that vary.
With increasing Cd concentration, the average Zn-S-Zn angle
gradually increases from its ideal value, whereas the average
Cd-S-Cd angle decreases from its ideal value with increasing
Zn concentration. The Zn-S-Cd angle lies in between Zn-S-Zn
and Cd-S-Cd and behaves similarly to the S-Zn-Se angle in

FIG. 4. Distribution of the (a) S-S, (b) Se-Se, and (c) S-Se
second-nearest-neighbor bonds in the solid solution alloy for increas-
ing Se concentration (top to bottom), normalized with respect to the
number of bonds per S or Se atom (12), weighted by their relative
concentration. More quantitative details on the range and averages of
the distributions are provided in the SM [24].

the anion substituted system. This difference in the behavior
of the second-nearest-neighbor bonds between cation- and
anion-substituted systems indicates that the structural changes
at the atomic scale occurring in these two types of systems
are very different, although the nearest-neighbor cation-anion
bonds follow the same trends.

C. Third and fourth shell environment

The variation of the average second-nearest-neighbor X -X
(X = S or Se) bond lengths reported in Fig. 3(b) shows a
behavior resembling what one would expect from Vegard’s
law. Nevertheless, some deviations from it are still visible and
therefore one may ask to what extent this behavior persists
into the next shells of neighbors. In the case of pure ZnS or
ZnSe in the wurtzite structure, the third shell around each Zn

FIG. 5. Variation in the (a) X -Zn-X and (b) Zn-X -Zn (X = S or
Se) average bond angles as a function of increasing Se concentration
in the ZnSexS1−x solid solutions.
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FIG. 6. (a) Variation in the Zn-X (X = S or Se) bond distance be-
tween Zn and S or Se atoms from the third coordination shell around
Zn atoms, as a function of increasing Se concentration. (b) Variation
in the Zn-Zn bond distance corresponding to the fourth coordination
shell as a function of increasing Se concentration. The details of the
average and range for these Zn-S, Zn-Se, and Zn-Zn bonds are given
in the SM [24].

atom consists of 10 S or Se atoms, divided into three different
types by symmetry (see Table I). Two of those types have
roughly the same bond lengths, which means that we expect
to see only two different bond lengths. For example, the Zn-S
bond in pristine ZnS has one short value of about 3.95 Å and
nine larger values of about 4.51 Å. Variations in the average
value of short and long Zn-S (circle and square) and Zn-Se
(down and up triangles) bonds between Zn and S or Se atoms
in the third coordination shell are illustrated in Fig. 6(a). The
black dashed line indicates the variation of a single Zn-V
bond between Zn and a composition averaged virtual atom
(V ) replacing both S and Se atoms, which would be predicted
by VCA. Looking at short and long bonds separately, the three
curves are on top of each other, which clearly shows that the
third-nearest-neighbor bond lengths follow Vegard’s law more
accurately compared to those of the first- and second-nearest
neighbors. We stress again that the origin of these differ-
ent bond lengths is not a different local environment, as in
Figs. 2(a) or 3(a), but simply the result of the crystal symmetry
of the wurtzite phase. This feature is, in fact, absent in the data
for the cubic phase, where 12 equidistant anions are present in
the third coordination shell around each Zn atom (see Table I).
The histograms showing the distributions of the Zn-S and

Zn-Se bond-lengths are reported in Figs. 7(a) and 7(b). The
two separate regions corresponding to the two different bond
lengths in the third coordination shell are evident. For the end
members, we can also observe the split of the long bonds into
two types, with three and six elements. Overall, no significant
variation is observed between the bonds Zn-X , depending on
choice of X . The distributions have now a substantial width,
spreading over about 0.3 Å. A similar spread is also observed
in the zinc blende structure, as reported in the SM [24]. It is
somehow expected that the differences between wurtzite and
cubic structures become less clear for pairs of atoms that are
farther apart.

At last, we also investigate the variation in the atomic bond
lengths arising from the fourth shell of neighbors. This shell is
particularly interesting for our analysis, since no experiment
has been able to probe these longer distances. The analysis
of the trends reported for the first three shells suggests that a
behavior in accordance with Vegard’s law should be expected.
The data for the average Zn-Zn bond lengths as a function
of increasing Se concentration, shown in Fig. 6(b), confirm
this hypothesis. This establishes firmly that any technique
probing over distances above the third shell of neighbors
will provide results showing a linear trend with respect to
the composition, at least for ZnSexS1−x. This is the situa-
tion typical of diffraction experiments, which are used to
affirm Vegard’s law. As expected, a single mode characterizes
the distributions of the fourth-nearest-neighbor bond lengths,
shown in the histograms of Fig. 7(c). However, a substan-
tial width of the distribution is still visible, which raises the
interesting question of what coordination shell will show a
narrow distribution that is indistinguishable from the behavior
of the lattice constant. We compared the histograms of the
distributions of farther and farther neighbors and observed a
slow decrease of the width (data not shown). However, our
analysis is probably limited by the size of our supercells,
which provide an exact match of the pair correlation function
of a random alloy only up to the seventh coordination shell.
Investigating larger supercells should provide a more detailed
answer to this question, but this analysis is out of the scope of
the present paper.

D. A model of the changes at the atomic scale due to doping

If we consider the behavior of the first-nearest-neighbor
Zn-S and Zn-Se bond lengths, as well as the behavior of the
second-nearest-neighbor bond lengths and their bond angles,
we can construct a model for the structural changes at the
atomic scale taking place in the anion-substituted ZnSexS1−x

alloy system in either wurtzite or cubic phase [42,43]. In
these alloy systems, where the substitution is done at the
anionic sublattice, the SZn4 and SeZn4 tetrahedral units act
as the basic building blocks and are connected via a corner
shared Zn atom. This is a consequence of the almost invariant
nature of the local Zn-S and Zn-Se bonds and anion-centered
bond angles. Now, as a result of their different sizes, the
SZn4 and SeZn4 units rotate and tilt with respect to each
other, to accommodate and reduce the local strain. This results
in a change of the X -Zn-X bond angles, which we know,
from Fig. 5(a), to vary as a function of composition. Thus,
this leads to a much rapid increase or decrease in the X -X
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FIG. 7. (a) Distributions of the third-nearest-neighbor short and
long Zn-S bonds in the solid solution alloy for increasing Se con-
centration (top to bottom), normalized with respect to the number
of bonds per Zn atom (10). The two vertical dashed lines in the
bottom panel represent the corresponding values in pristine ZnSe.
(b) Distributions of the third-nearest-neighbor short and long Zn-Se
bonds in the solid solution alloy for increasing Se concentration (top
to bottom), normalized with respect to the number of bonds per Zn
atom (10). The two vertical dashed lines in the top panel represent
the corresponding values in pristine ZnS. (c) Distributions of the
fourth-nearest-neighbor Zn-Zn bond distances in the system with
increasing Se concentration (top to bottom), normalized with respect
to the number of bonds per Zn atom (6). More quantitative details
on the range and averages of the distributions are provided in the
SM [24].

FIG. 8. (a) Substitution of a Se atom in a S-rich region leading
to a larger SeZn4 tetrahedral unit (red triangle) and rotation of the
surrounding SZn4 tetrahedral units shown by black curved arrows.
(b) Substitution of a S atom in a Se-rich region leading to a smaller
SZn4 tetrahedral unit (blue triangle) and rotation of the surrounding
SeZn4 tetrahedral units shown by black curved arrows.

second-nearest-neighbor bond lengths, whose behavior be-
comes closer to what a microscopic analog of Vegard’s law
would predict.

The previous analysis allows us to model the details of
the two extreme situations, where we substitute a single Se
atom in a S-rich region and vice versa. Substituting a Se
atom in a S-rich region is schematized in Fig. 8(a). The
larger volume of the Se atom (green sphere) leads to a larger
SeZn4 tetrahedral unit, as indicated by the red triangle. The
nearest-neighbor Zn atoms (gray spheres) around the Se atom
are displaced from their ideal positions, causing the associ-
ated S-Zn-S angles to increase. This has been shown by the
small red arrows. Such movements of the Zn atoms further
lead to a rotation of the surrounding SZn4 tetrahedral units
(gray triangles) as a result of the chemical pressure, depicted
through black curved arrows. These cooperative rotations al-
low the S atoms (yellow spheres) inside the tetrahedral units to
come closer to the Se atom, causing the S-Zn-Se bond angles
to decrease. The initial state of the tetrahedral units before
the substitution of the Se atom at the S site is indicated by
the black dotted lines. An analogous scheme can be drawn
for the situation where a S atom is substituted in a Se-rich
region, shown in Fig. 8(b). A smaller SZn4 tetrahedral unit
(blue triangle) leads to decreased Se-Zn-Se bond angles (in-
dicated by the small blue arrows), forcing the surrounding
SeZn4 tetrahedral units to rotate in such a manner that the
Se-Zn-S bond angles increase. So, from these two extreme
pictures we understand that for an increasing Se concentration
the S-Zn-S and S-Zn-Se bond angles will gradually increase
and decrease, respectively [see Fig. 5(a)], which leads to a
more rapid increase in the second-nearest-neighbor S-S dis-
tance with respect to the first neighbors, in agreement with
Fig. 3(b). Similarly, for an increasing S concentration, the
Se-Zn-Se and Se-Zn-S bond angles will gradually decrease
and increase, respectively [see Fig. 5(a)], ensuring a rapid
decrease in the Se-Se second-nearest-neighbor distance with
increasing S concentration, in agreement with Fig. 3(b). From
these structural considerations at the atomic scale, we can also
observe an interesting competition in the structural relaxation.
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An increase in the S-Zn-S bond angle favors a decrease of
the S-Zn-Se bond angle, whereas a decrease in the Se-Zn-Se
bond angle favors an increase of the S-Zn-Se bond angle (we
consider the S-Zn-Se and Se-Zn-S angles to be coincident
here). These competing mechanisms lead to average values
of the S-Zn-Se angle that lie in the region between the S-
Zn-S and Se-Zn-Se values, exactly as depicted in Fig. 5(a).
Furthermore, as the rotations of the tetrahedral units take place
around the S and Se atoms, we expect the Zn-X -Zn (X = S or
Se) bond angles to remain invariant when the the composition
is changed, as visible in Fig. 5(b). This reveals unambiguously
that the SZn4 and SeZn4 tetrahedral units try to constitute the
basic and probably rigid building blocks of the alloy systems.
Similar considerations based on the bond lengths and bond
angles can be made for the cation-substituted ZnxCd1−xS alloy
system [16] in the wurtzite phase, suggesting that the ZnS4

and CdS4 tetrahedral units can be identified as the basic build-
ing blocks. Hence, these observations from two very different
alloy systems suggest that, in general, one cannot consider
either the cation- or anion-centered tetrahedral units as the
basic building blocks. In the pristine systems, both units are
equivalent. The difference between them occurs only through
the alloying process that promotes one over the other as a
basic unit, based on the nature of the substitution (cationic
or anionic).

After having identified cation- or anion-centered tetrahe-
dral units as the basic building blocks in the alloy systems,
we can proceed to analyze their effective rigidity. Here, by
rigidity we mean that, in the case of the anion-substituted sys-
tem, the SZn4 and SeZn4 units can maintain their tetrahedral
shapes in the alloy systems and solid solutions. This rigidity
has been suggested in previous literature [16,17], on the basis
of the variation of the average values of bond lengths and bond
angles. However, the aforementioned analysis ignores the to-
tal picture that we get from their corresponding distributions
and therefore may be misleading. As we described above, the
variation of the average values can be understood from the
picture of substituting a S or Se atom in, respectively, the
ZnSe or ZnS host in the dilute limit, but things can be very
different for a realistic doping concentration, where disorder
plays an important role. Figure 3(c) illustrates clearly that,
for a 50% concentration of Se, the Zn-Zn second-nearest-
neighbor bonds have a very broad distribution that cannot
really be interpreted as bimodal. A similar absence of bi-
modality can be inferred from the analysis of the Zn-S-Zn or
Zn-Se-Zn bond angles, as visible from Fig. 13 in Appendix A.
This observation is important, as the short and long Zn-Zn
bonds construct the tetrahedral units around the S and Se
atoms, respectively. Hence, the absence of bimodality in these
distributions suggest that the SZn4 and SeZn4 units are not
able to preserve their tetrahedral shapes in the alloy systems
and cannot be considered rigid. So, if they are not rigid
enough to preserve their tetrahedral shapes, the next question
is whether the SZn4 and SeZn4 units preserve their volumes
or not. To answer this question, we calculated the volumes
associated with all the SZn4 and SeZn4 units present in the
system. Their distribution is illustrated in Fig. 9(a) for the
three alloy systems we considered here. Since a clear bimodal
distribution is observed, the SZn4 and SeZn4 units can be de-
scribed as not so rigid, but volume preserving. The presence of

FIG. 9. Distribution of the calculated volumes associated with
the (a) XZn4 and (b) ZnX4 units (X = S or Se) in the alloy systems,
normalized to 1.

volume-preserving distortions also explains the invariance of
the average anion-centered bond angles, reported in Fig. 5(b).
A very different scenario is observed for the cation-centered
ZnX4 units, which not only are nonrigid but do not even pre-
serve their volumes. This is clearly visible in the histogram of
the calculated volumes of the ZnX4 units, shown in Fig. 9(b).
The broad distribution observed in this case is most likely due
to the fact that ZnX4 units have five possible variants, ZnS4,
ZnS3Se1, ZnS2Se2, ZnS1Se3, and ZnSe4, with all of them
having different volumes. In conclusion, in this kind of alloy
system, the nearest-neighbor cation-anion bonds always try
to retain their value close to the values observed in the pure
end members. The local chemical pressure resulting from the
disordered substitution of a different atom at a given lattice
site is compensated by a change in the bond angles leading to a
rotation and tilt of the tetrahedral units that constitute the basic
building blocks of the system, which are SZn4 and SeZn4 units
in our case. In the case of alloying at the cationic sublattice,
cation-centered units act as the basic building blocks.

E. Electronic structure and band gap

While Vegard’s law predicts a linear behavior for the
evolution of the lattice parameters in a solid solution alloy,
experimental measurements show a quadratic behavior for
the band gap. The deviation from linearity is associated to
a bowing parameter b, whose size increases when the differ-
ence in band gap between the end members increases [7,44].
Over the years, there have been a few attempts to provide a
formula connecting the bowing parameter to relevant micro-
scopic quantities, such as the mismatch in size, band gap, or
electronegativity, but only with limited success [7,44–50]. In
this section, we will perform a systematic analysis of various
effects contributing to the bowing parameter, in the attempt
of identifying what mechanisms play the most crucial role in
ZnSexS1−x.

We start by focusing on the atom-projected density of
states for pristine ZnS and ZnSe in their DFT wurtzite op-
timized structure, reported in Fig. 14. The valence band is
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FIG. 10. Variation in the band gap as a function of increasing Se concentration calculated using (a) PBE and (b) mBJ as exchange-
correlation functional. The black dotted line represents a quadratic fit, which is used to extract the bowing parameter b. As reported in the
legends, b = 0.44 eV for PBE and b = 0.60 eV for mBJ.

mainly formed by S and Se p states, plus smaller contributions
due to Zn s and Zn p states. The conduction band is, instead,
constituted in equal measure of Zn s, Zn p, and S and Se p
states. Overall, Fig. 14 is in excellent agreement with previous
reports [21,51–54]. Since the band gap is fully specified by Zn
s and S and Se p states, we can focus on those for the analysis
of the evolution of the density of states in the ZnSexS1−x alloy,
illustrated in Fig. 15. We can see that doping does not induce
any new states, but the band edges move continuously across
the various compositions. This behavior is consistent with
the typical experimental observations on isovalent alloys, al-
though there are a few exceptions to this rule, e.g., GaPxN1−x

and GaPxBi1−x [7]. To further verify that this picture holds in
ZnSexS1−x, we performed additional calculations for a single
Se (S) impurity in a 128-atom supercell of ZnS (ZnSe). These
results (data not shown) confirm that no detached impurity
level forms, even in the dilute limit.

The aforementioned analysis of the spectra can be used
to extract the band gap Eg. The values for pristine ZnS and
ZnSe in their DFT optimized wurtzite structure amount to
2.08 and 1.18 eV, respectively. The experimentally reported
band gap of ZnS in the wurtzite structure is in the range 3.86–
3.98 eV, whereas for ZnSe measurements indicate a value
of about 2.87 eV [55,56]. This strong discrepancy between
theory and experiment is due to the usage of a semilocal
exchange-correlation functional, such as the GGA-PBE, as
already emphasized in previous works [21,51–54]. As shown
below, a more accurate evaluation of the band gap can be
obtained via more complex functionals, e.g., meta-GGA or
hybrid functionals [51]. The relative variation of the band
gap as a function of increasing Se content in the ZnSexS1−x

solid solution is shown in Fig. 10(a). The deviation from
linearity is evident, and fitting the data points to a quadratic
equation leads to a bowing parameter b = 0.44 eV. This
value is in very good agreement with previously reported
theoretical values, for example, with the value of 0.46 eV
reported in Ref. [22] by using a �-Sol correction to DFT
in GGA. A good agreement is also observed with respect to
reported experimental values, which are in the range 0.35–
0.68 eV [7,41,57,58]. This large interval reflects variations
in sample homogeneity and the phase admixture between

wurtzite and zinc blende that may depend on the S or Se
concentration [41]. To verify if the error on the precise size
of the band gap affects the bowing parameter significantly,
we performed additional calculations with the mBJ exchange
potential in combination with LDA correlations [30,31].
The predicted band gaps for pristine ZnS and ZnSe in the
GGA-PBE optimized wurtzite structure amount to 3.70 and
2.68 eV, respectively. As expected, the agreement with the
experimental values is significantly improved with respect to
PBE. The variation of the band gap for increasing Se concen-
tration is reported in Fig. 10(b). Fitting the data points to a
quadratic equation leads to a bowing parameter b = 0.60 eV.
This demonstrates that the choice of the exchange-correlation
functional does not only affect the values of the band gap
across the full range of compositions, but also changes the
bowing parameter itself.

A better understanding of the nature of the bowing param-
eter in ZnSexS1−x can be achieved by identifying the most
important contributions to it. For computational convenience,
this analysis will be based on the GGA-PBE calculations, but
our conclusions are most likely valid for other DFT function-
als as well, as discussed at the end of this section. Our current
understanding of the evolution of the band gap across different
concentrations in binary alloys is based on the theoretical
work of Ref. [7], where the authors separate the effects due to
volume change, electronegativity and structural deformation.
The two steric mechanisms are those that we have already
analyzed in the previous section (see, e.g., Fig. 8). Starting
from a ZnS environment, if we gradually replace S with Se,
the larger size of the latter will drive a volume change of
the tetrahedral building blocks. Moreover, the disorder of the
dopants will induce a volume-preserving structural distortion
of the tetrahedra (see Sec. III D), changing the cation-anion-
cation or anion-cation-anion bond angles. These geometrical
changes will modify the local electronic structure, by reducing
the band gap. The third effect is associated directly to the
increased electronegativity of Se with respect to S. In Ref. [7],
all these mechanisms were analyzed by extracting their corre-
sponding contribution from a few limited calculations, at a
fixed concentration. However, due to the larger computational
resources available today, we are able to calculate directly
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FIG. 11. (a) Decomposition of various mechanisms contributing to the bowing parameter. As indicated in the legend, volume changes and
structural distortions as a result of substitution in the ZnSexS1−x alloy, pure ZnS, and ZnSe are considered. See main text for comprehensive
details. (b) Total energy vs atomic volume curves for ZnS and ZnSe in the wurtzite phase. Zero volume corresponds to the equilibrium atomic
volume of each compound, for a better comparison of the relative stiffness.

the evolution of the band gap for the various supercells un-
der well-defined constraints. This analysis is illustrated in
Fig. 11(a), where the black circles represent the fully self-
consistent data already shown in Fig. 10(a). The green circles
represent the results of calculations where the structural de-
formation beyond the change of volume due to Vegard’s law
is not allowed. The linear behavior shows unequivocally that
the local structural deformation is the main factor contributing
to the bowing parameter, while the remaining contributions,
associated to volume deformation and electronegativity, are
very small. This comparison is in agreement with the afore-
mentioned studies, but provides also a new insight, i.e., the
fact that the deviation from linearity arises mainly in the S-rich
region, as shown by the more marked differences between
black and green curves there. This feature may appear obvious
at first, since we expect an asymmetric behavior due to the fact
that adding a building block whose local electronic structure
has a smaller band gap with respect to its host (as in the
ZnS limit) decreases the system band gap, while the opposite
situation (as in the ZnSe limit) does not lead to any increase.
However, one may expect this asymmetry to be connected to
the ionic nature of the substitution and hence it should not be
fully canceled when structural deformations are suppressed.
Since this asymmetry is not visible in the green curve, the
main mechanism driving the asymmetry of the band gap bow-
ing should have a different origin.

A better understanding of these data can be achieved by
removing all the effects due to the different electronegativity.
To this aim, we evaluate the band gaps of pure ZnS and ZnSe
in the perfect wurtzite structure, but using lattice parameters
obtained from Vegard’s law across the various concentrations.
These data are illustrated by the two red curves in Fig. 11(a).
As expected, a perfectly linear behavior is observed. We can
now evaluate the role of the structural distortions while ig-
noring the chemical composition by calculating pure ZnS and
ZnSe systems in the structure corresponding to the optimized
supercells of the solid solutions at each concentration. These
data correspond to the two blue curves in Fig. 11(a). A sub-
stantial bowing is visible and can be quantified as b equal to
0.24 eV and 0.17 eV for ZnS and ZnSe, respectively. We can

see, then, that the same structural distortions in ZnS give rise
to a larger bowing in comparison to ZnSe, albeit no asymme-
try is noted with respect to the 50% concentration. Hence, the
fact that the bowing parameter arises mainly in the ZnS region
can be explained as a coexistence of the previous two effects,
namely, the asymmetric effect of inducing a local electronic
structure modification in a host with a given band gap and the
larger response of the electronic structure of ZnS to equivalent
structural modifications. This also indicates that structural
distortion as well as the difference in the atomic properties of
S and Se atoms are necessary to account for the actual bowing.
Finally, the previous analysis raises the question why the same
structural distortion gives rise to a slightly larger bowing in
the ZnS system compared to ZnSe. To provide an answer,
we calculated the energy vs volume curves for both ZnS
and ZnSe, shown in Fig. 11(b). The curve for ZnS is clearly
stiffer than the one for ZnSe, indicating that inducing the same
amount of local structural distortions costs more energy in the
former than in the latter. The nearest-neighbor Zn-S bonds and
their corresponding bond angles are hence more rigid with
respect to nearest-neighbor Zn-Se bonds and corresponding
angles. A more quantitative comparison of the stiffness of the
curves in Fig. 11(b) can be obtained by calculating the bulk
modulus B. Fitting the data by means of a Birch-Murnaghan
equation of state [59,60] leads to values of 68.76 GPa for ZnS
and 56.10 GPa for ZnSe. For reference, the experimentally
reported values for the zinc blende phase amount to 77.1
and 62.0 GPa for ZnS and ZnSe, respectively [40,61]. These
data demonstrate that a similar amount of structural distor-
tion is going to result in a larger change in the interaction
between the cationic and anionic orbitals in ZnS, if compared
to ZnSe. This difference is then reflected in the variations
of the electronic structure induced by said distortion. Finally,
we may speculate on how the presented analysis will depend
on the choice of a different exchange-correlation functional.
The bowing parameter is affected by the exchange-correlation
functional directly, by modifying the band gap, and indirectly,
by modifying the ionic positions. While the former effect
may only bring quantitative changes, the latter may potentially
change the decomposition illustrated in Fig. 11(a). However,
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FIG. 12. (a) Distributions of the S-Zn-S bond angles in the solid
solution alloy for increasing Se concentration (top to bottom), nor-
malized with respect to the number of bond angles centered on a
Zn atom (six) weighted by the S concentration. (b) Distributions of
the Se-Zn-Se bond angles in the solid solution alloy for increasing
Se concentration (top to bottom), normalized with respect to the
number of bond angles centered on a Zn atom (six) weighted by the
Se concentration. (c) Distributions of the S-Zn-Se bond angles in the
solid solution alloy for increasing Se concentration (top to bottom),
normalized with respect to the number of bond angles centered on a
Zn atom (six) weighted by the pair concentration of S and Se. The
details of the average and range for these angles are given in the
SM [24].

this change is likely to be small, since GGA is very accurate in
describing the structural properties, as shown by our analysis
of pure ZnS and ZnSe. Previous calculations in LDA, where
the largest discrepancy is expected, have corroborated this
expectation by reaching the same conclusion as ours, i.e., that
the local structural deformation is the main factor contributing
to the bowing parameter [7]. Analogously, the asymmetry of
the bowing parameter with respect to the 50% concentration
is not supposed to be affected by a different functional. In
fact, we demonstrated that this asymmetry is a consequence
of having different bulk moduli for ZnS and ZnSe, in spite
of their precise value. This will be qualitatively predicted by
most functionals.

IV. CONCLUSIONS

In summary, we investigated the structural and electronic
properties of the solid solution ZnSexS1−x by means of den-
sity functional theory. The analysis was mainly focused on
the wurtzite structure, but selected data for the cubic zinc
blende structure were also discussed, when relevant. The
quantum-mechanical calculations were done directly via large
supercells, generated as special quasirandom structures. De-
spite having a large computational cost, this approach has
allowed us to investigate the role of structural and chemical
disorder on the same footing, without averaging out signif-
icant effects as, e.g., may happen in VCA or CPA, due to
their single-site nature. The structural analysis we performed
showed that minor differences arise between the wurtzite and
zinc blende structures, if an appropriate partitioning of the

FIG. 13. (a) Distributions of the Zn-S-Zn bond angles in the
solid solution alloy for increasing Se concentration (top to bottom),
normalized with respect to the number of bond angles centered on
a S atom (6). (b) Distributions of the Zn-Se-Zn bond angles in the
solid solution alloy for increasing Se concentration (top to bottom),
normalized with respect to the number of bond angles centered on a
Se atom (6). The details of the average and range for these angles are
given in the SM [24].

coordination shells is performed. These differences are mainly
related to the width of the distributions of the bond lengths
and arise from the different crystal symmetries affecting the
distributions of the nearest neighbors. The bond lengths in
the first two coordination shells are characterized by bimodal
distributions and hence are inconsistent with what could be
anticipated from the application of Vegard’s law at the atomic
level. In the third coordination shell, the bimodal character of
the bond length distributions is lost, establishing a threshold
for the validity of a microscopic Vegard law. These fea-
tures are even more evident for the fourth coordination shell,
whose bond length distributions show one single peak and are
virtually not distinguishable from the lattice constant. Con-
sidering that no experiment has been able to probe this
far, our findings provide an additional motivation for ex-
perimentalists to verify the validity of Vegard’s law at the
atomic scale. In this regard, additional information on the
local structures can also be obtained with alternative experi-
mental techniques, e.g., perturbed angular correlation (PAC)
spectroscopy [62] or nuclear magnetic resonance (NMR) and
nuclear quadrupole resonance (NQR) spectroscopies [63].
Furthermore, the analysis of the bond lengths and angles
across different coordination shells allowed us to identify
tetrahedral building blocks around the anions and these are
also shown to be nonrigid but volume preserving. Analogous
building blocks are formed around the cations in the case of
cationic substitution in the solid solution, e.g., for ZnxCd1−xS.
Finally, we connected the structural changes driven by the
substitution to the bowing parameter that describes the evolu-
tion of the band gap in the solid solution. The deviation from
linearity was shown to arise mainly from structural deforma-
tion, which is in agreement with previous theoretical studies.
The bowing of the band gap is found to be asymmetric with
respect to an equal concentration of S and Se, exhibiting the
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FIG. 14. (a) Atom-projected partial density of states correspond-
ing to the Zn and S states in ZnS. (b) Magnified view around the
Fermi energy to show the contributions at the valence band maximum
(VBM) and conduction band minimum (CBM).

largest decrease across the solid solution in the S-rich region.
This behavior is shown to be connected to the difference in the
stiffness of the two end members and, to a lesser extent, to the
fact that the band gap is not an average quantity, but always
defined by the closest-lying single-particle excitations.
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FIG. 15. Atom-projected partial density of states corresponding
to the S and Se s and p states in ZnS, ZnSe, and the alloy systems.

APPENDIX A: HISTOGRAMS FOR BOND ANGLES
DISTRIBUTION

In this Appendix we focus on the histograms for the distri-
butions of the bond angles. These data provide more detailed
information than the simple average values, reported in Fig.
5. In Fig. 12, the histograms for the bond angles S-Zn-S,
Se-Zn-Se and S-Zn-Se are shown. In Fig. 13, instead, the
histograms for the bond angles Zn-S-Zn and Zn-Se-Zn are
shown. These last distributions are visibly centered around an
average value that is constant for all concentrations, as it was
discussed in the analysis of Fig. 5(b).

APPENDIX B: SPECTRAL PROPERTIES

In this Appendix, we show the spectral properties of the
solid solution alloys, which complement the discussion on
the band gap presented in the main text. In Fig. 14(a), the
atom-projected partial density of states of pure ZnS are shown.
In Fig. 14(b), the same data are shown for a magnified region
around the Fermi level, to emphasize what states contribute
to the formation of the band gap. While the valence band
maximum includes contributions from states with multiple
angular characters, the conduction band minimum includes
only contributions from s states, arising from both Zn and S
atoms. In Fig. 15, instead, the evolution of the atom-projected
partial density of states in the solid solution alloys is illus-
trated. It is evident that doping does not induce the formation
of new states, while the band edges move continuously across
different compositions.
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