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Cu,ZnSnS, (CZTS) is a promising thin-film photovoltaic absorber material consisting of earth-abundant and
nontoxic elements, though the efficiency achieved in actual devices is well below the theoretical one. Cation
disorder has been proposed as a possible explanation; it is, however, still badly understood. A recent investigation
based on high-resolution neutron diffraction experiments by Bosson ef al. [J. Mater. Chem. A 5, 16672 (2017)]
contradicts previous reports and indicates Cu-Zn disorder, not just in the 2¢ and 2d Wyckoff sites but also in
the 2a site of Cu. To clear up this confusion on the exact nature of the disorder, we employ a ternary cluster
expansion in combination with Monte Carlo simulations to analyze the phase characteristics of CZTS while
undergoing order-disorder transitions. Our calculations show that, in excellent agreement with experiments, a
low-temperature phase transition takes place close to 545 K and that the nature of the corresponding disorder is
the same as the one recently observed experimentally by Bosson et al.
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I. INTRODUCTION

As a consequence of the exponentially increasing energy
demand, the depletion of fossil fuels, and the growing threat of
climate change, renewable energy sources are becoming more
and more important. Among these, solar energy is projected
to play a dominant role [1]. During the last couple of decades,
thin-film photovoltaic (PV) cells have gained popularity [2].
In thin-film PV technology, CdTe and Culn,Ga;_,(S, Se)
(CIGSSe) have been the commercially viable absorber ma-
terials so far, with efficiencies close to 21% [2].

The past few years have seen a growing interest in
Cu,ZnSn(S, Se), (CZTSSe) arising out of sustainability and
environmental concerns over Cd toxicity and scarcity of Te,
In, and Ga. However, at present, these materials are not
commercially competitive, as their efficiency (close to 12.6%
[3] for CZTSSe and 8.6% [4] for CZTS) is far from that of
more mature thin-film technologies. This low efficiency is
attributed to a large deficit in the open-circuit voltage (V,.),
which reaches only about 60% of the theoretical maximum [5].
A number of hypotheses have been proposed to account for this
low V. First, it might result from the formation of secondary
phases due to the narrow phase stability range of CZTS
[6,7]. Another possible explanation is the presence of point
defects in the material, especially arising from disorder in the
Cu-Zn sublattice and tail states causing electrostatic potential
fluctuations [8,9]. It has been found that the formation energies
of Cu-Zn antisite defects are low while defects involving Sn
require higher energies due to the size mismatch between
Sn and Cu/Zn [10-14]. Cu-Zn disorder is hence dominating.
Furthermore, disorder has been shown to affect the electronic
properties of CZTS, leading to a decrease in the band gap,
as observed in photoluminescence (PL) and derivation of
absorption spectrum fitting (DASF) experiments [8,15,16].
The existence and importance of Cu-Zn disorder has been
widely observed in several studies based on x-ray and neutron
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diffraction [17], theoretical and experimental Raman spectra
[18-21], nuclear magnetic resonance (NMR) [22,23], and PL
measurements [8].

Experimentally, CZTS is found to crystallize in the kesterite
(KS) structure (with space group 14) [17,24,25], illustrated
in Fig. 1(a). Several theoretical studies [10,26] based on
density functional theory (DFT) also found KS to be the most
stable structure. It has alternating Cu/Zn and Cu/Sn planes
along the [001] direction and four different cationic sites:
one Cu is located at the Wyckoff position 2a (0,0,0), the
other Cu at 2c¢ (0,1/2,1/4), Zn at 2d (0,1/2,3/4), and Sn
at 2b (0,0,1/2). Until recently, the common understanding,
emerging from various experiments (e.g., Raman spectroscopy
[18] and neutron powder diffraction [27]) was that above a
critical temperature 7, (ranging from 533 to 552 K [18,27]),
KS evolves into a phase with disorder in the Cu-2¢ and
Zn-2d sites. This disorder phase is represented in Fig. 1(b)
and will be denoted as Cu-Zn plane disordered (CZ-PD)
[5]. However, more recent high-precision neutron diffraction
experiments [14] indicate that cation disorder is not restricted
to the 2¢ and 2d sites but extends to the 2a site, as illustrated
in Fig. 1(c), contradicting the interpretation of all previous
experimental results. This phase will be referred to as Cu-
Zn fully disordered (CZ-FD). In situ high-temperature x-ray
diffraction from synchrotron sources and neutron diffraction
experiments [14,17,28] showed an additional structural phase
transition from a tetragonal to a cubic phase close to 1150 K
with a mixed phase present between 1139 and 1156 K. This
high-temperature experimental phase formed due to loss of
long-range order denotes an evolution to a complete cation
disorder which is represented in Fig. 1(d) and will be denoted
as the fully disordered (FD) phase.

Various theoretical studies have also been dedicated to the
disorder in CZTS. Shang et al. [29] performed calculations
based on special quasirandom structures (SQS) [30] consider-
ing disorder in the Cu-Zn planes only fora2 x 2 x 1 supercell

©2018 American Physical Society
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FIG. 1. Tetragonal unit cells of (a) KS, (b) Cu-Zn plane disordered (CZ-PD), (c) Cu-Zn fully disordered (CZ-FD), and (d) fully disordered

(FD) phases.

of the ZnS eight-atom unit cell. Yu and Carter [31] considered
disorder among all Cu-Zn sites by using a cluster expansion
[32] (CE)-based Hamiltonian in combination with Monte Carlo
simulations (MC) [33] in a 4 x 4 x 2 supercell. Zawadzki
et al. [34] considered a motif-based model Hamiltonian in
combination with MC to describe the electronic properties
of CZTS. In all cases, the critical temperature for the first
order-disorder transition was found to be very close to the
experimental observations. But the nature of the disorder could
not be identified.

The aim of this paper is to provide a clear understanding of
the nature of the disorder in CZTS. First, we identify the order-
disorder transitions via a combined CE and MC approach. We
then analyze the different phase characteristics and provide
insight into the evolution of disorder in stoichiometric CZTS.

II. COMPUTATIONAL DETAILS

DFT calculations were performed with the VASP [35] code
using the projector augmented wave (PAW) [36] method.
We adopted the Perdew-Burke-Ernzerhof (PBE) exchange-
correlation functional [37], including a Hubbard U correction
(PBE+U) for the Cu-d states [38]. A U value of 6.0 eV
was chosen in accordance with previous studies [39-43]
in order to obtain accurate structural parameters (including
the anion displacement) and electronic properties [44]. The
atomic positions and lattice vectors were optimized with a
convergence criterium on the total energy of 0.4 meV/atom
and 50 meV/A on the forces. For all these calculations, a
kinetic energy cutoff of 520 eV was employed for truncating
the plane-wave basis set. The Brillouin zone was sampled using
a I'-point centered k-point mesh with a density corresponding
to 10 000 points per reciprocal atom (i.e., the number of points
in the full Brillouin zone times the number of atoms equals
10000).

Using the ATAT [45] package, a CE of the total energy was
obtained based on the occupation of the four cationic sites
of a ZnS eight-atom unit cell by either Cu, Zn, or Sn (see
Appendix). The dominant interactions in the CE are found to
involve only first and second nearest-neighbor cations, referred
to as INN and 2NN, and three pair-correlation functions: fyfy
(f00), f1fy (f10), and f;f; (f11) (see Appendix). Based on this

CE, MC simulations were performed using the MEMC2 code
[46] in ATAT in a canonical ensemble, sampling the relevant
microstates with the standard Metropolis algorithm. For these
calculations, we used a 20 x 20 x 20 supercell consisting of
64000 atoms (i.e., 32000 cationic active sites), significantly
larger than those considered by Zawadzki et al. [34] and
Yu et al. [31]. At each temperature, the system was first
equilibrated by executing 10° passes and subsequently, the
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FIG. 2. (a) Variation of the energy (A E) and (b) heat capacity C,
obtained from MC simulations as functions of temperature. In panel
(a), the temperature scale is linear up to 3500 K and logarithmic
thereafter. Two phase transitions are identified by gray dotted vertical
lines. The relative energies of the KS, CZ-PD, CZ-FD, and FD phases,
computed with CE, are indicated by black, brown, green, and red
dashed lines, respectively. Panels (c) and (d) show the two phase
transitions, around 545 and 2891 K, respectively, in detail.
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observables were measured by averaging over 10° passes.
Starting from a completely disordered structure at 10° K, the
system was slowly cooled down to 100 K by a simulated
annealing technique. Smaller temperature steps were used in
the vicinity of the phase transition regions.

III. RESULTS AND DISCUSSION

A. Order-disorder phase transitions

By combining a ternary CE with MC simulations, the energy
E can be calculated as a function of temperature. Since KS is
the most stable structure of CZTS at T = 0 K, its energy (also
obtained from CE) is chosen as the reference, and we focus on
the energy difference A E with respect to KS. The dependence
of AE on temperature is shown in Fig. 2(a).

At temperatures below 300 K, the energy of the system
still almost coincides with the energy of KS (shown by the
black dashed horizontal line). As the temperature increases,
the energy curve shows a smooth transition, denoting a second
order phase transition, around 500 K and a sharp discontinuity

0.10 — T T T
0.05

0.00

close t0 2900 K. The A E values for the CZ-PD, CZ-FD and FD
phases (computed from CE) are indicated by dashed horizontal
lines in brown, green, and red, respectively. The AE values
of CZ-PD and CZ-FD lie relatively close to each other and
the system only enters this regime between the two phase
transitions. Until this point, the disorder is restricted to the
Cu-Zn sublattice and the probability of cation exchanges with
Sn atoms is very low owing to the large chemical and size
mismatch between the Cu/Zn and Sn atoms. The A E value of
the FD phase is only reached at extremely high temperatures.

The heat capacity is obtained as the derivative of the energy
with respect to temperature and is shown in Fig. 2(b). Two
peaks corresponding to phase transitions occur at 545 and
2891 K. The first phase transition temperature, corresponding
to Cu-Zn disorder, is in very good agreement with the reported
experimental values of 533 + 10 K and 552 K [8,18,27].
In contrast, the second transition temperature (2891 K) is
overestimated in comparison to experimental observations
(1150 K) [17,28]. Four possible reasons for this discrepancy
have been identified. First, the vibrational entropy [47,48] is
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FIG. 3. The temperature evolution of the different pair-correlation functions (f00, f10, and f11) corresponding to 1NN and 2NN in CZTS
as obtained from the MC simulations (solid blue curves). The corresponding values for the KS, CZ-PD, CZ-FD, and FD phases of CZTS are
represented as black, brown, green, and red dashed lines, respectively. Phase transitions are identified by the changes of slope close to 545 and

2891 K.
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neglected in our calculations. Second, the possible formation
of vacancies is not taken into account and this becomes more
important at higher temperatures. Third, the CZTS samples
grown in experiments are often off-stoichiometric, which is
not accounted for in our simulations. Last but not least, the
errors on the CE energies are larger for the microstates with
higher energies (see Fig. 5 in the Appendix), which become
prevalent at higher temperatures in the MC simulation.

B. Phase identification from correlation functions

To understand the nature of the disorder observed in the MC
simulations, we also analyze the temperature evolution of the
pair-correlation functions (f00, f10, and f11) corresponding to
the clusters (1NN and 2NN) included in the simulations (see
Appendix). These six functions are shown as solid blue lines in
Fig. 3. The sign of their second-order derivative changes before
and after both phase transitions, and a discontinuity is present
at the second phase transition. The values of the corresponding
pair-correlation functions for KS and the different disordered
phases CZ-PD, CZ-FD, and FD are indicated by dashed
horizontal lines in black, brown, green, and red, respectively.

When comparing the correlation functions of the disordered
phases to the temperature-dependent correlation functions
obtained from MC, we observe that at very low temperature,
below 300 K, the correlation functions coincide with the corre-
lation functions of KS (black dashed line). As the temperature
increases, the MC correlation functions move towards the
values of CZ-FD (green dashed line), most clearly observed
in f10 (INN and 2NN). After the second phase transition, the
curves move towards the values of FD (red dashed line) at
very high temperatures. At this stage, the entropy factor is
high enough for exchanges to occur within the entire cation
sublattice, including the Sn, hence leading to a full disorder in
all cationic sites. The first phase transition is hence a transition
from KS towards a CZ-FD phase, in contrast to earlier claims
suggesting the involvement of a CZ-PD phase (brown dashed
line) [5]. This analysis hence indicates complete disorder in the
2a, 2c, and 2d sites, in agreement with recent high-resolution
neutron diffraction experiments [14]. We thus resolve the
longstanding confusion on the nature of disorder in CZTS,
rejecting the hypothesis of disorder only in the 2¢ and 2d sites,
which corresponds to the CZ-PD phase.

IV. CONCLUSION

In this study we used a theoretical approach, combining
ternary cluster expansion and Monte Carlo simulations to
resolve the nature of the cation disorder in CZTS.

In the MC simulations, we observe two phase transitions.
The system evolves from the KS structure via a phase with
full disorder in the Cu and Zn ions among the 2a, 2¢, and
2d Wyckoff sites to a phase including also disorder in the
Sn ions. The previous interpretation of Cu-Zn disorder being
restricted to the 2¢ and 2d sites thus seems incorrect. From the
heat capacity we predict the low-temperature phase transition
at 545 K, in very good agreement with experimental values.
The temperature of the second transition, to full cationic
disorder, is, however, overestimated due to limitations in the
applied approach. Obtaining an accurate description at high

temperature would probably require one to take into account
the vibrational entropy and the possible formation of vacancies
in the anion substructure, as well as to improve our CE model.

The present understanding could also help to further in-
vestigate nonstoichiometric CZTS (especially Cu-poor) com-
pounds for which the efficiency is experimentally found to be
higher than for stoichiometric CZTS.
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APPENDIX A: EFFECT OF U ON THE ENERGETICS

As a starting point of the present study, we investigated the
effect of U on the energetics of the different possible atomic
arrangements of CZTS. To this end, we considered 11 different
CZTS structures composed of 8, 16, and 24 atoms per unit cell.
For each of these, we calculated the total energies with PBE,
PBE+U, and HSEO06 [49] as shown in Table 1. Taking HSE
results as a reference in terms of quality of the calculations,
we found that there is no significant change with PBE4+U
compared to the standard PBE functional. The mean absolute
error (MAE) of PBE4-U is 3.3 meV/f.u. when compared to
HSE whileitis 5.1 meV /f.u. with PBE. The present study could
have been performed using simply the latter. Nevertheless, the
use of PBE+4-U was considered to be important for future work

TABLE I. Comparison of the energy difference with respect to
KS (AFE) for various structures computed within PBE, PBE+U, and
HSE. For each structure, the space group and the number of atoms in
the unit cell are indicated.

AE (meV/fu.)

Space group Naoms PBE PBE+U HSE
14 8 0.0 0.0 0.0
142m 8 17.6 26.0 24.7
P42m 8 28.9 43.1 34.6
P42c 16 1.1 7.1 5.0
C2 16 10.6 13.4 16.5
142m 16 23.1 30.4 29.2
P42c 16 25.9 33.1 33.6
P222 24 11.0 12.8 20.6
14 24 14.0 17.7 19.0
14 24 14.2 21.2 12.2
142m 24 24.2 29.3 27.8
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TABLE II. Cluster figures and the corresponding reduced coordinates, multiplicity, decoration, and
ECIs obtained from CZTS CE of energy.

Cluster Reduced ECI

figure coordinates Multiplicity Decoration (meV)
Empty 1 —27783.55
Point (L,LL,1) 4 0 0.00
(L,LL,1) 4 1 0.00
Pair (INN) (1/2,1,1/2),(0,1,0) 24 0,0 144.74
1/2,1,1/2),(0,1,0) 48 1,0 130.45
(1/2,1,1/2),(0,1,0) 24 1,1 127.01
Pair (2NN) (1/2,1/2,1),(1/2,1/2,0) 12 0,0 9.30
(1/2,1/2,1),(1/2,1/2,0) 24 1,0 5.64
(1/2,1/2,1),(1/2,1/2,0) 12 1,1 —-0.80

in order to obtain an accurate description of the electronic
properties [39].

APPENDIX B: CLUSTER EXPANSION

A configuration o with N lattice sites can be represented by
a vector of occupation variables such as o = {0}, 03, ..., on},
where each variable denotes the type of atom occupying lattice
site i. In such an alloy, where site i can host M; components, o;
can take any value between 0 and M; — 1. Let « be a group of
n lattice sites, and n = 1, 2, 3, ... indicates a single site, pair
cluster, triplet cluster, and so on. The cluster function IT can
then be defined as
I, =[] £ (00, (B1)

ica

where f; (0;) are called point functions. The vector s =
{s1,582,...,8,} is called a “decoration”, which specifies the
type of point function associated with each site in the cluster
a. The values for s; range from 0 to M; — 2. Hence, for a
ternary system, it can be either O or 1.

In the present case, we consider disorder in all the cationic
sites without any restrictions. Since there are three active
components, the occupation variables are o € {0: Cu, 1 :

ow

INN

FIG. 4. A schematic of a 16-atom tetragonal unit cell indicating
the relevant pair cluster interactions that are involved in the CE of
energies in CZTS.

Zn,?2 : Sn}. The point functions fy and f; to describe this
three-component system are defined as

_ 2
Jo = —cos 3nal ,
(2
fi = —sin 51'[01‘ .

Hence the computed point functions { fy, f; } corresponding
to each of the species are (Cu = {—1,0},Zn={1/2, —«/5/2},
and Sn = {1/2,+/3/2}). By averaging IT}, over all the symmet-
rical equivalent clusters of the lattice, the correlation function
[13, is obtained. A property such as the energy (E) that depends
on the lattice configuration can be expanded using the CE
technique as

(B2)

(B3)

EF ()= Jo+ Y Y m 3 (0), (B4)
1.5F ¥
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FIG. 5. Comparison of energy difference with respect to KS (in
eV/f.u.) for the 70 structures of the training set (red dots) and the 50
structures of the test set (blue dots) computed within the CE (A EF)
and within PBE4U (A EPBE*U). The inset shows the error (AEF —
A EPBE*U in eV /f.u.) made using the CE as a function of the PBE-+U
energy difference.
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where m, is the multiplicity factor indicating the number of
symmetrically equivalent clusters of type « (with a decoration
s) per lattice site and J;; is the configuration-independent Ising-
type interaction called effective cluster interaction (ECI). Jy is
the ECI of the empty cluster.

Based on a least-squares fit of the PBE+4U energies of a set
of 70 structures, we obtained the ECIs shown in Table II (see
Ref. [50]). We also consider a test set of 50 randomly selected
structures to check the validity of the CE. All the structures
considered here (both for the training and test sets) have the
stoichiometric atomic composition of 50% Cu, 25% Zn, and
25% Sn.

The CE with the lowest cross-validation score
(22.96 meV /f.u.) consists of only pair interactions involving
INN and 2NN, as shown in Fig. 4. For each of the clusters,
the product of point functions denotes the cluster function for
a decoration s. Their average gives the correlation function,

which can be represented as fyfy (f00), fof; (fO1), fify (f10),
and f;f; (f11). The fO1 and f10 are usually averaged, and we
simply refer to the average as f10.

In Fig. 5, we compare the energy difference with respect
to KS (in eV /f.u.) for the 70 structures of the training set (red
dots) and the 50 structures of the test set (blue dots) computed
within the CE (A ECF) and within PBE4+U (A EPBE*V). The
agreement is very good. The error made using this CE can be
measured by the difference between the relative energies with
respect to KS computed within the CE (A EE) and with an
explicit PBE+U calculation (A EPBE*V), Tt is reported in the
inset of Fig. 5 as a function of A EPBE*U We note that the error
tends to increase as the relative energies with respect to KS get
larger. The maximum and mean absolute errors obtained for
the training set are 68.2 and 12.4 meV /f.u., respectively, while
they are 127.0 and 33.0 meV/f.u., respectively, for the test
set.
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