
Defect formation and phase stability of Cu2ZnSnS4 photovoltaic material

Akihiro Nagoya and Ryoji Asahi
Toyota Central R&D Laboratories, Inc., Nagakute, Aichi 480-1192, Japan

Roman Wahl and Georg Kresse
Faculty of Physics and Center for Computational Materials Science, Universität Wien, Sensengasse 8/12, A-1090 Wien, Austria

�Received 22 September 2009; revised manuscript received 23 February 2010; published 15 March 2010�

First-principles studies of the phase stability of and defect formation in Cu2ZnSnS4 �CZTS� are performed.
We show that CZTS is the thermodynamically stable phase for a rather small confined domain of chemical
potentials. Even slight deviations from the optimal growth conditions will therefore result in the formation of
other sulfidic precipitates, including ZnS, Cu2SnS3, SnS, SnS2, and CuS. In particular, under the prevalent
experimental Cu-poor and Zn-rich growth conditions ZnS is the main competing phase. Furthermore, the
calculations unambiguously predict that Cu at the Zn site is the most stable defect in the entire stability range
of CZTS. This correlates with the experimental observation that CZTS is an intrinsic p-type semiconductor.
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The quaternary semiconductor Cu2ZnSnS4 �CZTS� has
drawn much interest as an absorber layer in thin-film solar
cells, because its constituents are nontoxic and abundant
in the earth’s crust.1–16 The CZTS thin films posses

kesterite �I4̄� structure and show p-type conductivity, a direct
band gap of 1.4–1.5 eV, and a high optical absorption of
104 cm−1.4–7,9,13,17 The highest conversion efficiency of
CZTS reported so far is 6.7%,2 demanding further
improvement for practical applications. Cu-poor
�Cu / �Zn+Sn��0.85� and Zn-rich �Zn /Sn�1.25� conditions
are often used in experiment to achieve a better solar cell
performance.2,10–12 Under these conditions, intrinsic defects
and/or precipitates of other phases are to be anticipated. It is
thus necessary to understand the nature of these defects in
CZTS in order to improve the solar cell performance. How-
ever, there have been only a few discussions of defects in
CZTS, in contrast to the much more popular ternary photo-
voltaic materials such as CuInSe2 and CuGaSe2. Very re-
cently, during the reviewing procedure of the present Brief
Report, a study on the defect formation of CZTS has been
reported.8 They suggested that Cu-rich/Zn-poor conditions
are necessary for the growth of the single-phase CZTS and
reported the defect formation energies under such a condi-
tion. In this Brief Report we employ first-principles calcula-
tions to determine the stability of intrinsic point defects un-
der comprehensive conditions where the parent material is in
thermal equilibrium and stable against competing phases.

The calculations were performed using the plane-wave
projector augmented-wave method18,19 applying the Perdew-
Burke-Ernzerhof �PBE� exchange-correlation functional20 as
implemented in the Vienna ab initio simulation package
�VASP�.21,22 A plane-wave cutoff of 300 eV was used. To
determine accurate formation energies of defects in the dilute
limit, we calculated formation energies for different super-
cells, i.e., up to 512 atoms/cell as described below. The lat-
tice constants were fixed at the optimized ones for the perfect
CZTS crystal,6 while the ionic positions were relaxed until
the residual forces became less than 0.2 eV /Å. Band filling
corrections and multipole corrections were performed for fi-
nite supercells as discussed below.23,24 We confirmed that the

non-spin-polarized state is always stable for all considered
defects. Although the calculated band gap by PBE was
0.1 eV, much lower than the experimental value,6 the
band-gap correction was not included since we assumed
p-type CZTS and thus unimportance of accurate evaluation
of donor states.

The formation energy for a defect D in a charge state q,
�HD,q, is expressed by23,25

�HD,q�EF,�� = �ED,q − Ep� + �
�

n��� + q�Ev + EF� , �1�

where ED,q and Ep are the total energies of CZTS with and
without defect D, respectively, and EF is the Fermi energy of
the system measured from the valence-band maximum
�VBM� Ev. The equilibrium concentration of the defect D in
the charge state q will be proportional to the Boltzmann fac-
tor exp�−�HD,q�EF ,�� /kBT�. We assumed p-type character
for CZTS; hence, EF was fixed at the VBM �EF=0�. Since
we are interested in the dilute defect limit, Ev was set to the
value of the VBM in the perfect CZTS crystal. The atom
index � determines which atom is added or removed for the
defect D, with n�=1 if an atom is removed, while n�=−1 if
an atom is added. The chemical potentials �� are referenced
to the standard elemental state, i.e., ��=��

0 +���, where the
reference potentials ��

0 are those of metallic Cu, Zn, and Sn,
and the solid state of S.

The allowed ��� can be determined by the requirement
that CZTS must be more stable than any competing phase,
such as CuS �having symmetry P63 /mmc�, Cu2S �P43212�,
SnS �Pnma�, SnS2 �P3̄m1�, ZnS �F4̄3m�, and Cu2SnS3 �Cc�.
For a four-component system, three chemical potentials are
independent, and one potential is fixed by the requirement
that the stoichiometrically weighted sum of the chemical po-
tentials should be equal to the total energy of the compound,
i.e., Ep=2�Cu+�Zn+�Sn+4�S. Using the heat of formation
�H�CZTS�, and the chemical potentials referenced to the
standard elemental states ���, the constraint can be written
as
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�H�CZTS� = 2��Cu + ��Zn + ��Sn + 4��S. �2�

The heat of formation of CZTS is calculated to be −3.2 eV
with respect to the elemental solids. This immediately yields
lower and upper bounds for all chemical potentials, with
��� confined by the relation −3.2�����0 eV. To avoid
the formation of competing phases, e.g., Cu2SnS3, the chemi-
cal potentials are furthermore constrained by the following
equation:

�H�Cu2SnS3� � 2��Cu + ��Sn + 3��S, �3�

and analogous constraints for other phases. In the first step,
we determined the range of allowed chemical potentials,
considering the other possible competing phases. We show in
Fig. 1 two-dimensional slices of the phase stability diagram,
for a fixed ��Cu and varying ��Zn and ��Sn values. For the
Cu-rich conditions ��Cu=0.0�, we find phase boundaries be-
tween CZTS and ZnS, SnS, Cu2SnS3, and CuS under Zn-
rich, Sn-rich, Zn-poor, and Zn-poor and Sn-poor conditions,
respectively. Even under Cu-rich conditions, CZTS is stable
only in a very small regime of the phase diagram; in particu-

lar, �Zn must lie in a narrow range since CZTS competes
with Cu2SnS3 and ZnS. The situation becomes worse when
the chemical potential of Cu is decreased �Cu-poor condi-
tions�. When only solid S is allowed as a competing phase,
CZTS becomes unstable for ��Cu�−0.41 eV �Fig. 1�b��,
whereas if the formation of H2S is allowed �e.g., if H2 is
available�, the stability regime is even smaller and CZTS
becomes unstable for ��Cu�−0.28 eV �Fig. 1�c��. The very
small phase stability regime of CZTS has profound implica-
tions for the growth process and implies that uttermost care
must be used to avoid precipitates of the six competing solid
phases. As often observed in experiment, one can take Cu-
poor and Zn-rich conditions to avoid Zn-poor phases, such as
Cu2SnS3; but, unfortunately, in order to avoid the formation
of ZnS precipitates, a relatively low Zn potential
��Zn�−1.0 is required as well. On the other hand, the small
stability regime allows an unambiguous determination which
defects are the most stable ones in the stability regime of the
parent CZTS compound.

In the second step, we determined the formation energies
of point defects in the charged state q, considering vacancies
of atoms at a site A, �V at A�q, or a substitution of atom B
for the atom at site A, �B at A�q. We first demonstrate the
accuracy and convergence of the present supercell calcula-
tions for a vacancy at the Cu site �V at Cu�. We employed
supercells containing 64, 128, 256, and 512 atoms and used
	-centered special k-point sets with six, three, two, and one
k point in the irreducible Brillouin zone, respectively. The
k-point sets were chosen to be exactly identical and fold back
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FIG. 1. �Color online� The chemical potential domains allowed
for the CZTS phases �shown as the shaded areas and points� in the
��Zn and ��Sn planes for �a� Cu-rich conditions ���Cu=0.0 eV�,
�b� Cu-poor conditions ���Cu=−0.41 eV� using solid S as a sulfur
source, and �c� Cu-poor conditions ���Cu=−0.28 eV� allowing for
H2S formation.
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FIG. 2. �Color online� Formation energies of a Cu vacancy in
CZTS with �a� band filling corrections for neutral cells �lines with
dots� and �b� the monopole corrections for the charged �q=−1� cells
�lines with dots�. Also shown are results without such corrections
�dots�.
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to the same set in the Brillouin zone of the primitive cell.
Gaussian smearing with a width of 
=0.02 eV was used.
Figure 2 shows the defect formation energies of the vacancy
at the Cu site �V at Cu� as a function of 1 /� �where � is the
cell volume� for the neutral and −1 charged states, at Cu-rich
conditions ���Cu=0�. Figure 2�a� shows the neutral defect
formation energy �HV@Cu,0 with and without band filling
corrections. Clearly, band filling corrections are indispens-
able for small supercells since the dispersion of the valence
band is sizable.26 After these corrections, the formation en-
ergy in the dilute limit �1 /�→0� can be accurately predicted
to be 0.590�0.005 eV. For charged defects, we first applied
the monopole corrections24 using the static dielectric con-
stant of CZTS, 0=10.6 After these corrections �H shows a
residual linear error in 1 /�, because of dipole-dipole inter-
actions and elastic interactions between neighboring cells
�see Fig. 2�b��. Extrapolation to the dilute limit is, however,
straightforward, and we obtained a well-converged formation
energy of �HV@Cu,−1=0.681�0.007 eV. We note, however,
that including the monopole corrections usually yields an
upper limit for the formation energy, in particular, if the de-
fect charge is not localized.23,27 For the present purpose we
found the applied procedure to be sufficiently accurate using
64- and 128-atom cells, and we estimate the errors in the
formation energies to be typically 20 meV using band filling
and/or monopole corrections.

In Table I, we show the defect formation energies for
various kinds of defects. The chemical potentials at the
CZTS domain boundaries were used �marked by circles in
Fig. 1�. We list the results with and without monopole cor-
rections, corresponding to the upper and lower bounds, but
the results are essentially identical for both cases. The most
stable defect is clearly and unambiguously Cu at Zn with a
negative formation energy for the entire allowed chemical
potential range. This implies the spontaneous formation of
Cu antisite defects in the dilute limit, and since Cu has a
valence of 1+ and Zn has a valence of 2+, our result fully
accounts for the p-type behavior usually observed in CZTS.
Furthermore, Cu vacancies �V at Cu� under Cu-poor condi-
tions �5�, and Zn at Sn and Cu at Sn under the Sn-poor
conditions �3� also exhibit relatively low formation energies
of around 0.2 eV. We have also calculated all the possible
interstitial defects among constituent elements. Their forma-
tion energies are however over 1 eV in the allowed chemical
potential region.

To determine the formation energy of the Cu at Zn defect
in the high concentration region, we determined the forma-
tion energies of Cu at Zn under Zn-rich conditions �points 4
or 6 in Fig. 1� using fully relaxed 128-, 64-, and 16-atom
supercells, not employing band filling corrections. We found
a roughly linear dependence of �H on the inverse volume
1 /�, becoming positive �endothermic� around a supercell
volume of ��170 Å3 or a defect concentration larger than
6�1021 cm−3. This indicates that the antisite defect Cu at
Zn in CZTS is thermodynamically stable up to fairly high
concentrations. In practice, it would be quite important to
control the Cu at Zn antisite concentration to optimize the
carrier concentration in CZTS. One way is to employ Cu-
poor and Zn-rich conditions or to introduce a compensating
donor. This correlates with the experimental observation that
Cu-poor and Zn-rich conditions help one to improve the so-
lar cell performance, as already mentioned in the introduc-
tion.

Finally, to determine how these defects affect the elec-
tronic structure, we calculated the density of states �DOS� for
a 64-atom supercell including a single defect. Figure 3 shows
the results for the Cu at Zn and V at Cu defects compared to

TABLE I. Formation energies �in eV� for possible point defects using chemical potentials at the CZTS domain boundaries specified in
Fig. 1. EF was fixed at the VBM. Those with the monopole corrections are listed in parentheses.

Defect 1 2 3 4 5 6

Cu at Zn −0.164 −0.318 −0.252 −0.064 −0.121 −0.064

�Cu at Zn�− −0.114 �0.001� −0.268 �−0.153� −0.202 �−0.087� −0.015 �0.101� −0.071 �0.044� −0.015 �0.101�
�Zn at Cu�+ 0.478 �0.593� 0.632 �0.747� 0.565 �0.680� 0.378 �0.493� 0.435 �0.550� 0.378 �0.493�
V at Cu 0.590 0.590 0.590 0.590 0.182 0.315

�V at Cu�− 0.591 �0.707� 0.591 �0.707� 0.591 �0.707� 0.591 �0.707� 0.183 �0.298� 0.316 �0.431�
Zn at Sn 0.599 0.291 0.158 0.532 0.419 0.532

Cu at Sn 0.698 0.236 0.170 0.732 0.562 0.732

V at Zn 0.785 0.631 0.697 0.885 0.420 0.609
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FIG. 3. �Color online� Densities of states of CZTS �upper panel�
and 64-atom supercells with Cu at Zn �middle panel� and V at Cu
�lower panel� defects. Partial densities of states projected into con-
stituents are also shown.
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that of defect-free CZTS, illustrating that these defects do
not change the overall electronic structure but just place the
Fermi energy at the VBM creating rather extended and shal-
low hole states. We also obtained similar DOSs for Zn at Sn
and Cu at Sn. In particular, localized states deep in the CZTS
band gap are not introduced by these defects. The avoidance
of deep acceptors is a beneficial property of CZTS and im-
plies that defects will not reduce the carrier mobility.

In conclusion, the defect formation energies of CZTS
were calculated using first-principles calculations in the al-
lowed range of the chemical potentials bounded by the pre-
cipitation conditions of the metal sulfides. Cu substitution at

the Zn site is the most stable defect and predicted to be even
slightly exothermic in our case. It is without a question the
dominant acceptor in p-type CZTS. CZTS is only stable for
a small range of chemical potentials suggesting that synthe-
sis is difficult since other sulfide precipitates might easily
form; however, systematic control of defects and precipita-
tion should provide a means to improve its crystallinity and
solar cell performance.
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