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Abstract: One route to decreasing the absorption in CdS bu↵er
layers in Cu(In,Ga)Se

2

and Cu
2

ZnSn(S,Se)
4

thin-film photo-
voltaics is by alloying. Here we use first-principles calculations
based on hybrid functionals to assess the energetics and stabil-
ity of quaternary Cd, Zn, O, and S (Cd

1�x

Zn
x

O
y

S
1�y

) alloys
within a regular solution model. Our results identify that full
miscibility of most Cd

1�x

Zn
x

O
y

S
1�y

compositions and even
binaries like Zn(O,S) is outside typical photovoltaic processing
conditions. The results suggest that the tendency for phase
separation of the oxysulfides may drive the nucleation of other
phases such as sulfates that have been increasingly observed in
oxygenated CdS and ZnS.

Keywords: thin-film photovoltaics, bu↵er layer, CIGS,
CZTS, alloy, density functional theory

The attractive electronic and optical properties of binary
II-VI compounds containing Cd, Zn, O, and S have made
these materials staples in a number of technologies, partic-
ularly in conventional thin-film photovoltaics (PV) where
they act as window and contact layers critical for high perfor-
mance.1–3 For example, in typical CdTe and Cu(In,Ga)Se

2

(CIGSe) devices, a bu↵er layer is incorporated between the
absorber and transparent contact layers to protect the ab-
sorber while facilitating improved charge transport within
the solar cell stack and often to create a p-n heterojunction.
The bu↵er layer most often consists of chemical bath de-
posited (CBD) CdS due to its ease of deposition and other
favorable properties such as robust n-type conductivity and
a favorable band alignment for separation and collection of
the photo-generated carriers, while (possibly doped) ZnO is
the most commonly used material for the transparent con-
tact layer.

Despite the numerous advantages of CdS as a bu↵er layer
in thin-film PV,1,4 it absorbs in the blue region of the so-
lar spectrum and limits the ultimate device e�ciency. The
need for wider band gap bu↵ers such as Zn(O,S,OH) has led
to increasingly competitive alternatives to CdS with devices
now achieving comparable e�ciencies (>21% in the labo-
ratory),4 but these materials still represent a constrained
choice for identifying optimal bu↵er layer compositions.

Here, we use hybrid density functional calculations to
assess the stability of alloys within the quaternary space
formed by Cd, Zn, O, and S to identify thermody-
namically accessible compositions that may provide II-
VI alternatives to CdS bu↵er layers. We consider the
zincblende (ZB), wurtzite (WZ), and rocksalt (RS) phases
spanned by the pseudobinary endpoint compounds in the
Cd

1�x

Zn
x

O
y

S
1�y

system, although we focus mostly on the
ZB and WZ alloys that are the energetically preferred phases

for dilute Zn and O concentrations and which have been ob-
served to grow epitaxially on CIGSe absorbers using physical
vapor deposition (PVD).5

Our calculations are based on density functional theory
using the Heyd-Scuseria-Ernzerhof (HSE06) screened hy-
brid functional6 and projector-augmented wave (PAW) ap-
proach7 as implemented in the VASP code.8 The fraction of
non-local Hartree-Fock exchange (↵) in the HSE functional
was set to 32% to accurately reproduce the experimental
band gap of CdS in the WZ phase (2.58 eV)9–11 while si-
multaneously improving the calculated formation enthalpy
relative to the experimental value. In Table 1 we summa-
rize the calculated formation enthalpies of the binary II-VI
reference compounds. As we focus on the energetics of the
alloys, we note that the modified ↵ improves the formation
enthalpies of all compounds relative to experiment compared
to a “standard” value of ↵=25% (see Supporting Informa-
tion for more details).

We employ 64-atom ZB and RS alloy supercells based
on 32-atom special quasirandom structures (SQS) for each
cation and anion face-centered cubic (fcc) sublattice, which
were previously generated and reported in the literature.12

The SQS from Ref. 12 span the full composition range in
increments of 6.25% for each sublattice and provide a to-
tal of 172 = 289 unique stoichiometries in the ZB or RS
Cd

1�x

Zn
x

O
y

S
1�y

composition space. For the WZ alloys,
we use 32-atom supercells based on 16-atom hexagonal-close
packed (hcp) SQS also reported previously.13 Additional de-
tails on the structures, the calculations, and the regular so-
lution model are included in the Supporting Information.

Table 1. Summary of the calculated formation enthalpies (�H)
used for the bulk binary references in the Cd

1�x

Zn
x

O
y

S
1�y

quater-
nary space for di↵erent phases. The �H values for the ground state
structures are included in bold to compare with the corresponding
experimental values taken from Ref. 16.

Material CdO CdS ZnO ZnS
�HZB (eV) �2.07 �1.56 �3.15 �1.96

�HRS (eV) �2.16 �1.32 �2.94 �1.33
�HWZ (eV) �2.10 �1.57 �3.18 �1.96

�Hexpt. (eV) �2.67 �1.68 �3.64 �2.00

We note that these structures assume the randomness of
the sublattices are independent, which need not be the case
in alloys for more ionic compounds like the II-VI systems
where clustering may be more energetically favorable. The
models additionally are limited to describing the properties
of solid solutions and do not account for intermixing of the
sublattices or formation of other phases like sulfates and
sulfites that have been observed in oxygenated CdS.14,15 We
discuss cases of competing phases later in this paper.

Within a regular solution model for heterostructural
alloys, the alloy energetics can be constructed for a

1
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Figure 1. Plots of the mixing enthalpies for the pseudobinary II-VI alloys: CdO
y

S
1�y

(a), Cd
1�x

Zn
x

O (b), ZnO
y

S
1�y

(c), and
Cd

1�x

Zn
x

S (d). Points are calculated using SQS, and lines show the fits to a regular solution model as described in the text and Eqn. 1.
Note the di↵erence in scale for (d).

(pseudo)binary compound

�H(x) = x(1� x)⌦
0

+ ⌦
1

(x2 � x)(x� 0.5) + xE
1

+ (1� x)E
0

,
(1)

where ⌦
0

is the regular alloy interaction parameter, ⌦
1

describes the asymmetry of the enthalpy of mixing, and
E

0

and E
1

are the energies of the end compounds rela-
tive to the ground state structures.17 The mixing enthalpy
describes the energy cost to form an alloy with respect
to the parent compounds at zero temperature and deter-
mines whether a given alloy composition is intrinsically sta-
ble relative to phase separation. Temperature e↵ects are
included by considering the Gibbs free energy of mixing,
�G(x) = �H(x)�T�S(x), with the mixing entropy �S(x)
based on a random mixture model. Additional contributions
such as the vibrational entropy are not included but not ex-
pected to influence our qualitative conclusions.

As seen from the �H in Table 1, the ground state struc-
tures for CdS and ZnO are the WZ phase, while CdO prefers
RS and ZnS is found to be equally favorable as WZ or ZB.
Figure 1 shows the computed mixing enthalpies for each of
the pseudobinaries in the di↵erent phases and the excellent
fits to Eqn. 1, with the obtained fit parameters included in
the Supporting Information. We do not consider the RS
phases for ZnO

y

S
1�y

and Cd
1�x

Zn
x

S alloys due to the sig-
nificantly larger formation enthalpies relative to the ZB and
WZ phases in these materials (see Table 1).

The calculated mixing enthalpies are well described by
Eqn. 1, with the third order ⌦

1

parameter generally being
largest for those containing both Zn and O. The quadratic
terms ⌦

0

are consistent with previous theoretical reports
on the mixing enthalpies for the pseudobinary alloys.13,17–20

Our results for the pseudobinaries identify that the Cd-
containing alloys prefer the RS structure only for very high
O content, above ⇠87-91% O in CdO

y

S
1�y

alloys and above
⇠80-86% O in Cd

1�x

Zn
x

O alloys. The ranges denote the
di↵erent crossover points for the WZ-RS and ZB-RS tran-
sitions, as seen in Fig. 1. For CdO

y

S
1�y

our values are
in good agreement with previous theoretical reports of the
transitions occurring at 84% O for the ZB to RS transi-
tion.17 Our values for Cd

1�x

Zn
x

O are also consistent with
previous reports of a preference for WZ over RS alloys for Zn
contents exceeding ⇠5% from theoretical studies and above
31% from experiment,21–23 and above 14% Zn for the tran-
sition to ZB from RS.17 This suggests that alloys formed
by dilute O incorporation into CdS or Cd

1�x

Zn
x

S should
maintain the WZ or ZB structure in the absence of phase
separation.

Overall the results reveal that the energies of the WZ and
ZB phases in the pseudobinary alloys are nearly equivalent
for the compositions that are more S-rich, as evident from
Fig. 1 in the limits of low O content. Due to the small en-
ergy di↵erences, the preference for a given phase in practice
would be more sensitive to details of the growth conditions
such as the substrate orientation. This is consistent with
the observed coexistence of both ZB and WZ epitaxial CdS-
derived bu↵er layer materials in sputter-grown CIGSe thin-
film photovoltaics, where the particular phase is determined
by the orientation of the underlying exposed CIGSe surface
facet.5

Most notably, we find �H for all the pseudobinary alloy
combinations to be positive, which indicates the existence
of a miscibility gap and a tendency for phase separation de-
pending on the temperature. From our regular solution free
energies, we can determine the temperatures at which the
binary phases form fully miscible alloys over the entire com-
position range. We identify these from the common tangent
construction and include the calculated binary phase dia-
grams in the Supporting Information. For Cd

1�x

Zn
x

S WZ
alloys we find miscibility starts above 210 K and all compo-
sitions become fully miscible above 800 K, the lowest of the
studied alloys, while temperatures above 1140 K are neces-
sary for the miscibility of all Cd

1�x

Zn
x

O compositions. The
temperatures for complete miscibility of the oxysulfides are
considerably higher owing to their much larger �H values,
with predicted temperatures of 2374 K for CdO

y

S
1�y

and
4365 K for ZnO

y

S
1�y

WZ alloys. From these thermody-
namic results the oxysulfides are expected to generally suf-
fer from significant phase separation at the microscale into
regions that are highly oxygen-rich and sulfur-rich for typ-
ical PV processing conditions. This is consistent with the
identification of ZnO and ZnS in X-ray absorption (XAS)
spectra in Zn(O,S) thin-films grown by atomic-layer deposi-
tion (ALD) for a range of di↵erent S to O ratios.24

We assess the stabilities of the quaternary Cd
1�x

Zn
x

O
y

S
1�y

alloys by extending the above analysis to two dimensions
(see Supporting Information for more details). Considering
the relatively high temperatures calculated for full misci-
bility of the binary alloys, we discuss specific compositions
that may form stable mixtures at representative tempera-
tures relevant to processing conditions for thin-film PV. We
apply the regular solution model by defining the quaternary
enthalpy of mixing using the �H terms fit for the pseudobi-
nary compounds as defined by Eqn. 1 and include the results
in Fig. 2(a) for heterostructural WZ alloys. The fits of the
data show a mean-absolute error of 0.01 ± 0.01 eV from the
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Figure 2. (a) Map of the heterostructural mixing enthalpy (�H) of the quaternary WZ alloys as fit within a regular solution model.
The boundary denoted by the dashed white line refers to the region where RS alloys are predicted to be more favorable. The free energy
of mixing (�G) including the entropy of random mixtures and the mixing enthalpy in (a) are included for temperatures of 1000 K (b)
and 1400 K (c). The solid red lines in (b) and (c) indicate the boundaries for stable compositions while the dashed dotted red lines
indicate the boundaries for spinodal decomposition. The white dotted lines denote the compositions associated with more stable sulfate
and sulfite phases described in the text. The four corners in each panel represent the bulk references of CdS (lower left), CdO (upper
left), ZnO (upper right), and ZnS (lower right).

�H explicitly calculated for the alloy structures, indicating
they are well described within this two-dimensional regular
solution model.

In Fig. 2 we also include results for the free energy of
mixing for WZ alloys at two representative temperatures of
1000 K (b) and 1400 K (c). While these temperature ranges
are above that for typical bu↵er-layer growth processes using
CBD, they are relevant for high-temperature PVD processes.
We determine the boundaries of binodal (absolute) stability
regions from the conditions of equal chemical potentials of
the mixtures from the common tangent construction and in-
clude these as solid red lines in Fig. 2(b) and (c). The thin
regions at high and low O content above and below the red
lines are stable, while the large region between them is un-
stable. We also compute the spinodal boundary conditions
which satisfy the equations25

✓
@2G(x, y)

@x2

◆✓
@2G(x, y)

@y2

◆
=

@2G(x, y)
@x@y

, (2)

where all second derivative terms are also required to be pos-
itive. The spinodal boundaries indicate where small compo-
sition fluctuations are expected to drive phase decomposition
by uphill di↵usion and composition waves, and are included
as dashed red lines in Fig. 2(b) and (c). The regions be-
tween the binodal and spinodal boundaries are metastable,
while those bounded between the dashed spinodal lines are
unstable.

Inspection of the stability regions bounded by the solid red
lines in Fig. 2 suggests that Cd

1�x

Zn
x

O
y

S
1�y

alloys grown
at typical PV processing temperatures will su↵er from phase
separation, as expected from the binary phase diagrams.
Due to the calculated miscibility gap, quaternary solid solu-
tions are expected only for dilute O or S concentrations (i.e.
nearly Cd

1�x

Zn
x

O and Cd
1�x

Zn
x

S) at or below the tem-
peratures considered here. For example, we identify that at
1000 K the alloys would phase separate into low and high-O
content alloys that each exhibit di↵erent phase stability. At
this temperature the Cd

1�x

Zn
x

O
y

S
1�y

allow full miscibility
of Zn for alloys containing .2% O, while the O-rich com-
positions would additionally phase separate into solid solu-
tions that are approximately 35% Zn and 85% Zn-content

alloys owing to the immiscibility of Cd
1�x

Zn
x

O alloys for
all compositions at this temperature. Even at 1400 K, solid
solutions are only predicted to be stable for highly O-rich
and O-poor compositions (&95% or .5% O incorporation,
respectively), despite the full miscibility of the cation sub-
lattice. This suggests that oxygenated CdS-derived materi-
als likely exhibit a strong tendency to phase separate into
highly O-rich and O-poor regions, with possible composi-
tion waves from the large spinodal decomposition region.
The miscibility of the Zn-rich regions is predicted to be even
lower and suggests that Zn oxysulfides are prone to phase
separation at the typical temperatures involved in PV pro-
cessing steps, consistent with previous theoretical investiga-
tions.17,18,26 We note that the exact degree of phase sepa-
ration may be sensitive to other details during deposition
such as kinetics and even the film morphology,27,28 so the
long-term stability of Zn(O,S) and Cd

1�x

Zn
x

O
y

S
1�y

alloys
may require more in-depth study.

Adding to the di�culty of realizing various solid solution
compositions is the possibility of the formation of compet-
ing phases with more favorable formation enthalpies than
the alloy, for which we tabulate representative values in the
Supporting Information. For example, we calculate the �H
of CdSO

4

and ZnSO
4

to be �9.38 and �9.87 eV per for-
mula unit, respectively, in their lowest energy monoclinic
phases. These values are far lower than those of the par-
ent compounds (see Table 1) and the alloys of compara-
ble composition, which indicates a strong thermodynamic
driving force for the formation of sulfates (Cd

1�x

Zn
x

SO
4

) if
su�cient O is incorporated into CdS, ZnS, or Cd

1�x

Zn
x

S.
Other compounds such as sulfites and peroxides are also en-
ergetically favorable and likely complicate the formation of
phase-pure Cd

1�x

Zn
x

O
y

S
1�y

solid solutions, while the ad-
ditional presence of hydrogen during growth may also facil-
itate the formation of hydroxide phases.14,15,29 We include
the compositions corresponding to sulfate and sulfite species
in Fig. 2(b) and (c) to indicate that fall within the miscibility
gap at temperatures studied. Coupled with the strong ten-
dency for forming O-rich and O-poor Cd

1�x

Zn
x

O
y

S
1�y

al-
loys at lower temperatures from the �G in Fig. 2, we believe

3



that the separation into O-rich regions can act as nucleation
centers for these other phases that have been experimen-
tally observed in samples prepared by a number of di↵erent
deposition techniques such as sputtering,14 atomic layer de-
position,24 and ILGAR.30

These competing secondary phase materials are also
known to have much larger band gaps than pure CdS (>3.6
eV, see Supporting Information), and their contributions to
the optical absorption and electrical transport of bu↵er ma-
terials remains poorly understood. For example, the calcu-
lated band gaps are 5.69 eV for CdSO

4

, 5.32 eV for CdSO
3

,
and 3.61 eV for CdO

2

, which are all far larger than the
band gaps of either CdS or CdO summarized in Table 1.
The properties of the film will likely depend on the pre-
cise morphology of these secondary phases, including their
grain size distribution and the nature of interfaces with the
host material. We still expect electron transport within the
bu↵er to be dominated by the phases with the lowest-lying
conduction bands on an absolute energy scale, which would
likely be CdS or a related alloy, and this will be discussed in
a future paper.

In conclusion, we report on the energetics of Zn and O
mixing into CdS to form Cd

1�x

Zn
x

O
y

S
1�y

quaternary al-
loys and identify conditions in which stable and metastable
mixtures may form. We use hybrid density functional cal-
culations to characterize the stability of ZB, WZ, and RS
alloys, finding that RS quaternary alloys are only stable for
alloys with very high O and Cd content, while the WZ and
ZB alloys exhibit similar energies over a large region of the
composition space. Either the WZ or ZB phase may be pref-
erentially stabilized during growth depending on details of
the process, such as substrate orientation. The results sug-
gest that these alloys are prone to phase separation over a
very wide composition range at typical PV processing tem-
peratures. This instability may help drive the formation of
other phases observed in oxysulfide alloys such as sulfates
and sulfites that are more thermodynamically favorable and
may complicate the realization of stable solid solution alloys
over a wide composition range.

Supporting Information

Supporting Information with additional details of the calcu-
lations, the free energy models, and the calculated forma-
tion enthalpies and properties of sulfate and sulfite species
is available free of charge via the Internet at http://pubs.
acs.org.
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