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Abstract

Herein we study the native point defect equilibrium in Cu2ZnSnS4 (CZTS) by applying a
statistical thermodynamic model. The stable chemical-potential space (SCPS) of CZTS at
elevated temperature was estimated directly, on the basis of deviations from stoichiometry
calculated for the different combinations of chemical potential of the components. We show
that the SCPS is narrow due to high concentration of (𝑉𝐶𝑢− − 𝑍𝑛𝐶𝑢+ ) complex which is dominant
over other complexes and isolated defects. The CZTS was found to have p-type conductivity
for both stoichiometric and Cu-poor/Zn-rich composition. It is established that the reason for
this is that the majority of donor-like 𝑍𝑛𝐶𝑢+  antisites are involved in the formation of
(𝑉𝐶𝑢− − 𝑍𝑛𝐶𝑢+ ) complex making 𝐶𝑢𝑍𝑛−  dominant and providing p-type conductivity even for Cu-
poor/Zn-rich composition. However, our calculation reveals that the hole concentration is
almost insensitive to the variation of the chemical composition within the composition region
of the single-phase CZTS due to nearly constant concentration of dominant charged defects.
The calculations for the full equilibrium and quenching indicate that hole concentration is
strongly dependent on the annealing temperature and decreases substantially after the drastic
cooling. This means that precise control of annealing temperature and post-annealing cooling
rate are critical for the tuning of electrical properties of CZTS.

I. INTRODUCTION

The past decade’s intensive study of the CZTS and Cu2ZnSn(S,Se)4 compounds as a
promising earth-abundant material for solar cell applications enabled the record efficiencies of
12.6 %1 and 9.2%2 for the Cu2ZnSnSe4 and pure CZTS, correspondingly. However, this is still
much lower than the theoretically predicted maximum efficiency for CZTS-based solar cells,
that is, about 30 %.3 It is well known that Zn-rich/Cu-poor composition is favorable for the
high-efficiency CZTS solar cells.4–6 As an off-stoichiometric material is expected to contain
high concentration of point defects and their complexes, further progress in CZTS-based solar
cells is hardly possible without improving the crystal quality and compositional homogeneity



2

of thin films; moreover it would demand optimizing the concentration of native point defects.
These defects could act as shallow impurity levels or deep traps, affecting the conductivity and
recombination losses in the absorber layer and hence the device efficiency. 5,7

The highly disordered crystal structure of CZTS was confirmed experimentally.8–13 The
experimental works14–16 focused on electrical and optical characterization of CZTS reveal a
number of energy levels in the band gap. In many cases, these levels were associated with
different charged native point defects based on results of density functional theory (DFT)
calculations of formation energies and ionization levels.17–19 Nowadays, the common opinion
is that, depending on chemical composition, the 𝑍𝑛𝐶𝑢+  is dominant shallow donor while 𝐶𝑢𝑍𝑛−

and 𝑉𝐶𝑢−  are dominant shallow acceptors, and the 𝑆𝑛𝑍𝑛2+ and 𝑍𝑛𝑆𝑛2− antisites were considered to
be most probable deep traps.17–20 These defects can easily form complexes with each other,
such as (𝐶𝑢𝑍𝑛− − 𝑍𝑛𝐶𝑢+ ), (2𝐶𝑢𝑍𝑛− − 𝑆𝑛𝑍𝑛2+), (2𝑍𝑛𝐶𝑢+ − 𝑍𝑛𝑆𝑛2−) and (𝑉𝐶𝑢− − 𝑍𝑛𝐶𝑢+ ).17,18 The
opinions regarding the presence of the 𝑉𝑆2+ as a mid-gap trap are divided.18,19,21

The theoretical works17,18,20,22 contributed significantly to the understanding of the
composition-dependent behavior of the point defects and their complexes. In particular, it was
established18 that concentration of charged point defects in CZTS is sensitive to chemical
composition. Therefore in the best-case scenario, the electrical properties of the material could
be tuned by changing the precursor composition and the growth conditions. But since the
synthesis of the CZTS implies high-temperature annealing under sulfur pressure with
subsequent cooling to room temperature, it is difficult to make any prediction regarding the
point defect concentration by considering only formation energies calculated by DFT for 0 K.

Thus it is necessary to develop a model for calculating the point defect concentration
for the material with different chemical composition at a high temperature and after cooling to
room temperature. Such a model was developed in our previous work.23 However, in that work,
the concentration of point defects was calculated depending on the chemical potentials of the
components, whereas the effect of chemical composition on the point defects’ equilibrium was
only roughly estimated, by assuming that different sets of the metals’ chemical potentials
corresponded to deficiency or excess of one or another component.

Later in Refs.24,25 the results for calculation of point defect concentrations as a function
of chemical composition were reported for the first time. In these studies, the formation energies
of point defects were assumed to be constant. However, according to theory outlined in
Refs.17,18, the formation energies of the defects are dependent on the chemical potentials of the
components and hence should be varied with chemical composition. In addition, the
contribution of the vibrational free energy to the total formation energy of the defects was not
taken into account. As was shown in Ref.23, this contribution could be substantial at high
temperature. Also, in Ref.24,25, the calculations were done only for the case of high-temperature
equilibrium without considering cooling to room temperature, while our results for CZTS23

show dramatic changes in the concentration of free carriers and point defects after cooling.
Moreover, experimental works8–10 reveal that the rate of post-growth cooling has a great effect
on the order-disorder transition and hence on overall concentration of defects in CZTS.

The main aim of the present study is to estimate SCPS of CZTS at high temperature,
and further calculate the concentration of native point defects and free carriers for high-
temperature conditions as well as to investigate the influence of cooling on the point defect
equilibria. In order to allow direct comparison to experimental data on the effect of growth
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conditions on properties of CZTS, the concentration of the point defects and free carriers will
be presented as a function of chemical composition and temperature.

II. CALCULATION MODEL

In this study, analogously to our previous work,23 we consider one-zone annealing of
the CZTS under sulfur vapor. This chapter gives a brief description of the main equations and
focuses on improvements in the model and calculation procedure.

The point defect equilibrium was described with the help of a quasi-chemical formalism
under the assumption of dilute conditions (i.e. number of lattice sites >> number of defects). In
the case of a multi-compound material consisting of several elements ABCD..etc., the
concentration of the defect𝑋𝑘

𝑞  (k=ABCD..etc.) with a charge state q (e.g. q = 0 for neutral defect,
and q = -1 for single charged acceptor) at an elevated temperature can be calculated according
to an Arrhenius-type law, expressed as follows ( see Refs.26–28):

𝑋𝑘
𝑞 = 𝑔𝑒𝑙𝑒𝑐𝑡𝑟𝑔𝑠𝑡𝑟𝑢𝑐𝑡[𝑁𝑘]exp − 𝐻𝑡𝑜𝑡𝑎𝑙

𝑞

𝑘𝑏𝑇
.                      (1)

Here, 𝑔𝑒𝑙𝑒𝑐𝑡𝑟  is the electronic degeneracy factor, i.e. number of possible spin
configurations (numerical values were taken from our work23), 𝑔𝑠𝑡𝑟𝑢𝑐𝑡 is the structural
degeneracy factor, i.e. number of equivalent configurations in which the defect can be
incorporated (𝑔𝑠𝑡𝑟𝑢𝑐𝑡=1 for the isolated vacancies and antisites), [𝑁𝑘] is the concentration of
available lattice sites, i.e. concentration of lattice sites in a stoichiometric material (for example,
[𝑁𝑘]=[𝑁𝐶𝑢]=1.247 1022 cm-3 for the defects in the Cu sub-lattice of CZTS) and 𝐻𝑡𝑜𝑡𝑎𝑙

𝑞  is total
formation energy of the defect with a charge state q. The total formation enthalpy of the neutral
defects 𝐻𝑡𝑜𝑡𝑎𝑙0  can be written analogously to,29 adding the vibrational free energy,

𝐻𝑡𝑜𝑡𝑎𝑙0 = 𝐹𝑣𝑖𝑏0 + 𝐸𝑒𝑙0 + ∑ 𝑛𝑘 𝜇𝑘𝑘 ,                                     (2)

here, 𝐹𝑣𝑖𝑏0  is the vibrational free energy of the neutral defect, 𝐸𝑒𝑙0  is the electronic
formation energy of the neutral defect (i.e. sum of the energies of pure elemental constituent in
solid state, perfect supercell and supercell with defect), 𝑛𝑘 is the number of atoms transferred
to (𝑛𝑘 = −1) or from (𝑛𝑘 = 1) the supercell, and 𝜇𝑘  is the reference chemical potential of the
constituent.

By taking into account the transition energy level for the charged defects 𝜀 and assuming
that vibrational free energies of the neutral and charged defects are equal, it is possible to
express 𝐻𝑡𝑜𝑡𝑎𝑙

𝑞  similarly to Refs.17,18,30

𝐻𝑡𝑜𝑡𝑎𝑙
𝑞 = 𝐹𝑣𝑖𝑏0 + 𝐸𝑒𝑙0 + 𝑞(𝐸𝐹 − 𝜀) + ∑ 𝑛𝑘 𝜇𝑘𝑘 ,                                    (3)

where 𝐸𝐹  is the Fermi energy referenced to the valance band maximum.
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The Fermi energy and hence concentration of point defects can be calculated self-
consistently as a function of temperature and the chemical potentials by using the equation of
electroneutrality,

𝑝 − 𝑛 + ∑ 𝑞 𝑋𝑘
𝑞

𝑘 = 0,                                                (4)

where p and n are the concentrations of holes and electrons, respectively, which can be
expressed by Fermi statistics analogously to Ref.23

Then, the concentration of neutral complexes may be computed by using known
concentrations of involved defects [𝑋𝐴] and [𝑋𝐵]:26

[(𝑋𝐴 − 𝑋𝐵)] = 𝑔𝑠𝑟𝑢𝑐𝑡[𝑋𝐴][𝑋𝐵]
[𝑁𝑘]

exp −𝐻𝑖𝑛𝑡
𝑘𝑏𝑇

,                             (5)

were 𝐻𝑖𝑛𝑡  is the interaction energy of the involved defects.

In a case of defect complexes, 𝑔𝑠𝑟𝑢𝑐𝑡 can be determined by considering multiple
equivalent configurations as was carried out in Refs.24,25

A concentration of component A in a compound is the sum of the stoichiometric
concentration of lattice sites [𝑁𝐴] and deviation from stoichiometry. The latter is represented
by a combination of different point defects (isolated and involved in the formation of
complexes) related to the corresponding component,31,32 which gives,

[𝐴] = [𝑁𝐴] + 𝐴𝑖
𝑞 − 𝑉𝐴

𝑞 + ∑ 𝐴𝑚
𝑞

𝑚=𝐵,𝐶,𝐷.. − ∑ 𝑚𝐴
𝑞

𝑚=𝐵,𝐶,𝐷.. ,                  (6)

where 𝐴𝑖
𝑞 is the interstitial atom, 𝑉𝐴

𝑞  is the vacancy in A sub-lattice, 𝐴𝑚
𝑞  and 𝑚𝐴

𝑞  are
antisite defects.

The concentration of any other component could be calculated similarly to Eq.(6). Thus,
the chemical composition in the off-stoichiometric CZTS can be given in the usual form as a
ratios of various components, for example [Cu]/[Sn], [Zn]/([Cu]+[Sn]) and S/([Cu]+
[Zn]+[Sn]).

It should be noted that similar to our previous work23 we focused only on lowest-
formation-energy defects such as 𝐶𝑢𝑍𝑛, 𝑉𝐶𝑢 , 𝑉𝑍𝑛, 𝑍𝑛𝐶𝑢, 𝑍𝑛𝑆𝑛, and 𝑉𝑆. In the present study, we
also include the 𝑆𝑛𝑍𝑛 antisite, since this defect was predicted to be an important deep trap.18 In
a case of defect complexes we considered those having highest interaction energy 𝐻𝑖𝑛𝑡 , namely
(𝐶𝑢𝑍𝑛− − 𝑍𝑛𝐶𝑢+ ), (2𝐶𝑢𝑍𝑛− − 𝑆𝑛𝑍𝑛2+), (2𝑍𝑛𝐶𝑢+ − 𝑍𝑛𝑆𝑛2−) and (𝑉𝐶𝑢− − 𝑍𝑛𝐶𝑢+ ). 18 Thus, we have
chosen point defects based on their DFT calculated formation energies. However, a recent
experimental study13 shows the significant concentration of copper interstitials, and hence the
formation of this defect requires further careful theoretical analysis.

The key problem of the calculation of point defects is the determination of the input
parameters, first of all, formation energies of the isolated defects 𝐻𝑡𝑜𝑡𝑎𝑙

𝑞 . According to Eq.(3)
the 𝐻𝑡𝑜𝑡𝑎𝑙

𝑞  consists of several contributions, discussed in the following.
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The vibrational free energies 𝐹𝑣𝑖𝑏0  for the most probable defects in CZTS were calculated
by us in,23 and were used in the present work. The contribution from 𝐹𝑣𝑖𝑏0  for the additional
𝑆𝑛𝑍𝑛 defect was neglected.

The charge transition level 𝜀 and electronic formation energies 𝐸𝑒𝑙0  were taken from
Ref.33 As follows from Eq.(2), analogously to our work,23 the 𝐸𝑒𝑙0  and 𝜇𝑘  are considered
independently rather than in combination at a discrete point in the chemical potential space.18

The numerical values for the input parameters of Eqs. 1, 3 and 5 discussed above are
summarized in Table I.

The chemical potentials of the components 𝜇𝑘  should be limited by the SCPS of CZTS
which, in turn, can be constructed according to formation reaction of secondary phases and of
the CZTS itself. The calculation of the SCPS of CZTS was performed in Refs.17,18 for the T=0
K conditions. However, formation enthalpies of CZTS (ΔHCZTS) reported in different works are
significantly different. The identification of the SCPS of CZTS at real annealing conditions is
more complicated than at T=0 K, since it requires to know the formation enthalpies of CZTS
and secondary phases (metal sulfides) at a certain pressure and temperature. In fact, the first
theoretical paper in this field34 reveals a strong effect of temperature and pressure on enthalpies
of CZTS formation reactions. Therefore the SCPS of CZTS identified T=0 K can only serve as
an estimate of the boundary conditions while modeling the point defect equilibria at high
temperature.

It is difficult to calculate chemical potentials of metals in the case of high-temperature
annealing of CZTS, since the equilibrium pressures of the Cu, Zn and Sn are unknown. On the
other hand, the temperature-equilibrium pressure dependence of pure sulfur is well defined
experimentally; here we used an empirical formula from Ref.35 This makes it possible to
determine chemical potentials of the elemental sulfur in terms of standard thermodynamic
equations. For instance, in Ref.23 we have calculated the chemical potential of sulfur vapor,
assumed, for simplicity, to be represented by the S2 molecules only. A recent theoretical study36

reports a universal chemical potential function for the sulfur vapor, which can provide more
accurate calculations by considering the sulfur gas as a mixture of the S2 and S8 molecules.
Therefore, in the present study we calculated the chemical potential of sulfur vapor as a function
of pressure and temperature by using equations from Ref.36 In the case of one-zone annealing
of CZTS, the chemical potential of sulfur is constant at constant temperature. This gives a
starting point for the further determination of the SCPS at high temperature and suggests that
this task can be achieved by considering the reactions involving the secondary phases and the
CZTS formation, similarly to how it was done at T=0 K conditions in Refs.17,18 However, as
was mentioned above, this requires to know the formation enthalpies of CZTS and secondary
phases at high temperature.

As follows from Eq.1-5, the chemical composition of CZTS at constant temperature can
be changed only by varying the metal chemical potentials. This leads to the conclusion that
every set of chemical potentials corresponds to a particular concentration of point defects (Eq.1,
3) and hence to a particular chemical composition (Eq.6). One can expect that at high chemical
potentials the concentration of the point defects could reach extreme values close to the
concentration of the lattice sites giving an approach to set the boundary of the SCPS. Thus, we
speculate that it is possible to construct the SCPS of the stable CZTS not only by considering
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the reaction of the secondary phase formation but also by calculation of the point defects
concentration and consequently chemical composition for the different combination of the
metals chemical potentials. This way, the problem reduces to a selection of the sets that match
reasonable chemical composition.

To determine the point defect concentration under different temperature conditions we
consider two distinct cases:

1) Full equilibrium of the point defects at a given temperature. With the purpose to
study temperature evolution of the point defects’ equilibrium, we will calculate the
concentration of the point defects at several trial temperatures within the range 550
down to 27 0C, assuming that the point defects would equilibrate even at low-
temperature conditions. For instance, the room-temperature equilibrium of the point
defects in CZTS was considered in Ref.18 It is not clear what is the minimal
temperature required for the equilibrium conditions. It is thought37 that point defect
equilibrium takes place under high temperature, namely >0.5 melting point of the
material (about 490 0C for the CZTS38).

2) Quenching of the defects, i.e. a rapid cooling from high to room temperature.
Quenching means that while the total concentration of the defects is determined by
the annealing temperature, and remains constant during instantaneous cooling, the
concentration of free carriers is variable.23,39–42 Consequently, one can expect a shift
in the Fermi energy and a redistribution of concentrations of neutral and charged
defects. The defects’ concentration on quenching was calculated analogously to
Ref.,23 namely the total concentration of the defects was defined at high temperature
and, then the concentrations of free carriers and ionized defects were recomputed at
room temperature.

It is not obvious which of the above approximations is more suitable to describe point
defect equilibria in real samples, the decision would depend on annealing conditions and post-
annealing cooling. However, in our opinion, the quenching of the defects seems more realistic,
especially in a case of thin films annealing when the cooling rate is rather high.

The calculations were done using a self-made Matlab script which allows operating with
large input arrays.

III. RESULTS AND DISCUSSION

First of all, we determined the SCPS at T=550 0C. For this purpose, the chemical
potential of sulfur ( 𝜇𝑆) was calculated at this temperature and kept constant. In particular, the
calculation of sulfur vapor pressure at T=550 0C yields 3.72×105 Pa, which sets the chemical
potential of sulfur at -0.385 eV. The chemical potentials of the metals were varied with a step
of 0.01 eV in a range from 𝜇𝑘=0 eV ( 𝜇𝑘=0 corresponds to the formation of pure phase of the
component17) to -0.7, -1.9 and -1.45 eV for Cu ( 𝜇𝐶𝑢), Zn ( 𝜇𝑍𝑛) and Sn ( 𝜇𝑆𝑛) chemical
potentials, correspondingly. Then, the point defect concentrations were calculated for all
possible combinations of chemical potentials. While scanning throughout the output array, the
sets showing extremely high concentrations of the point defects i.e. [𝑁𝑘] < 𝑋𝑘

𝑞  were excluded.
It should be noted that [𝑁𝑘] < 𝑋𝑘

𝑞  condition is not consistent with the dilute limit (i.e. [𝑁𝑘] ≫
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𝑋𝑘
𝑞 ) and could be used only for the preliminary estimate of the SCPS. Then we found the

combinations of chemical potentials for which the values of [Cu]/[Sn], [Zn]/([Cu]+[Sn]) and
[S]/([Cu]+ [Zn]+[Sn]) do not exceed the limits of 1.75-2, 0.33-0.46 and 1-1.3, correspondingly.
The results of this calculation are plotted in Fig.1 (a) and (b) as a map of the [Zn]/([Cu]+[Sn])
and S/([Cu]+[Zn]+[Sn]) composition ratios in a two-dimensional space of the chemical
potentials.

Fig.1. The distribution of composition ratios [Zn]/([Cu]+[Sn]) (a) and
S/([Cu]+[Zn]+[Sn]) (b) in metals chemical potentials space at T=550 0C.

Note that in Ref.18 the chemical potential of sulfur was varied and hence it is difficult to
compare our results with this work. Nevertheless, we denoted points by (A, P, etc.)
corresponding to the same Sn chemical potentials (-0.29, -0.49 eV, etc.) as in Refs.17,18 As
follows from Fig. 1(a), the region of reasonable values of [Zn]/([Cu]+[Sn]) is rather narrow,
less than 1 eV in the broadest part at high metal chemical potentials, but extends from -1.4  to
0 eV, from -1.85 to -1.14 eV and from -0.6 to -0.18 eV for 𝜇𝑆𝑛 , 𝜇𝑍𝑛 and 𝜇𝐶𝑢 , correspondingly.
These results correlate with18 where the bottom limits for 𝜇𝑍𝑛 and 𝜇𝐶𝑢  were found to be -1.75
and -0.55 eV (near the G point), correspondingly. The chemical potential of tin 𝜇𝑆𝑛  is limited
only at the low range of chemical potentials by -1.4 eV, whereas even at 𝜇𝑆𝑛=0 eV the value
of [Zn]/([Cu]+[Sn]) is close to stoichiometric.

We speculate that this is due to underestimated formation energy of the 𝑆𝑛𝑍𝑛 antisite,
since one can expect high concentrations of this defect at extremely high 𝜇𝑆𝑛  close to 0 eV
(from the A point to 0 eV) and hence deviation from stoichiometry toward Sn-rich
compositions. Thus the direct determination of the SCPS of CZTS immediately from the
deviation from stoichiometry requires precisely defined formation energies of the point defects.
Therefore, the formation enthalpies of secondary phases and of CZTS should be also taken into
account for a more refined calculation.

The presence of Zn and Sn-related secondary phases in a region of high 𝜇𝑆𝑛  and 𝜇𝑍𝑛
(from point A to 0 eV) is not confirmed by our calculations. However theoretical works18,34

show that the formation of ZnS, SnS and SnS2 phases is thermodynamically favorable, since
their enthalpies of formation (ΔH) are rather low. In particular, in standard conditions ∆𝐻𝑍𝑛𝑆,
∆𝐻𝑆𝑛𝑆 and ∆𝐻𝑆𝑛𝑆2  are -1.62, -1.01 and -1.25 eV, correspondingly.34 The upper limit of the Zn
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and Sn chemical potentials could be estimated by taking into account a calculated sulfur
chemical potential 𝜇𝑆 of -0.385 eV and that, to avoid formation of the secondary phases, the
relations 𝜇𝑍𝑛 + 𝜇𝑆 < ∆𝐻𝑍𝑛𝑆, 𝜇𝑆𝑛 + 𝜇𝑆 < ∆𝐻𝑆𝑛𝑆 and 𝜇𝑆𝑛 + 2𝜇𝑆 < ∆𝐻𝑆𝑛𝑆2  must be satisfied.18

This yields the following chemical potential limits: of -1.24 and -0.63 eV for 𝜇𝑍𝑛 and 𝜇𝑆𝑛 ,
correspondingly. It should be noted that the formation enthalpies of the Cu-related secondary
phases are comparatively high,18,34 for example ∆𝐻𝐶𝑢2𝑆=-0.47 eV,34 this makes it unlikely that
such phases would be formed even at maximal 𝜇𝐶𝑢  of -0.18 eV. We denote the point which
corresponds to a maximum limit of 𝜇𝑆𝑛  by F because of similar chemical potentials of the
components as for point F in Ref.17 Considering only the upper limit for 𝜇𝑍𝑛 it is possible to
conclude that A, N-N1 and P-P1 points could be included to the SCPS of CZTS analogously to
Ref.18 This seems especially possible for the N-N1 and P-P1 points because the CZTS formation
enthalpy at these points is close to the theoretically predicted value of about -4.2 eV.18 However
the position of the F point suggests that the upper limit for 𝜇𝑍𝑛 is about -1.47 eV and the N-N1
and P-P1 points must be excluded. Thus, F is considered as a border point of the SCPS,
indicating an upper limit for the metal chemical potentials. At the same time, it is necessary to
estimate a bottom limit for the metal chemical potentials. The distribution of the
S/([Cu]+[Zn]+[Sn]) ratio in Fig.1 (b) gives additional useful information about the lower limits
in the SCPS. As could be seen from Fig.1 (b), the decrease in metal chemical potentials leads
to gradual increase in S/([Cu]+[Zn]+[Sn]) values indicating sulfur excess. This trend is clearly
visible at low ranges of the metal chemical potentials. Therefore the chemical-potential space
along the M-Q-G line corresponds to metal loss, most likely Cu and Sn, because the map in
Fig.1 (a) shows high values of [Zn]/([Cu]+[Sn]) ratio at this range. The region around M, Q,
and G points can be excluded from the stable chemical-potential region. This implies that the
bottom limit is situated between the F and M points. However, it is reasonable to consider a
range at which S/([Cu]+[Zn]+[Sn]) ratio and hence probability of the metal loss is minimal.
Therefore we focused on the analysis of point defect equilibria for the SCPS close to the F-F1
line.

For a more accurate determination of the SCPS near the F-F1 line, the concentration of
point defects and free carriers was recalculated by using the same approach as above but for
constant 𝜇𝑆𝑛  of -0.63 eV and for 𝜇𝑍𝑛 and 𝜇𝐶𝑢  varied with a smaller step of 0.001 eV in narrow
ranges from -1.45 to -1.5 eV and -0.4 to -0.35 eV, respectively. The results of this calculation
are presented in Fig. 2(a) as a map of hole concentration in a composition ratio scale for full
equilibrium at T=550 0C and quenching to room temperature. As was mentioned before, the
total concentration of defects is not changed after the rapid cooling, and hence SCPS for full
equilibrium and quenching coincide.

The F2-F5 points represent boundary values in the SCPS. It follows from Fig. 2(a) that
a small variation of the chemical potentials near the F-F1 line leads to a significant deviation
from stoichiometry. The maximal deviation from stoichiometry, i.e. [Zn]/([Cu]+[Sn])=0.33 and
[Cu]/[Sn]=2, calculated in compliance with the [𝑁𝑘]< 𝑋𝑘

𝑞  conditions are 0.39 and 1.79 for the
[Zn]/([Cu]+[Sn]) and [Cu]/[Sn] ratios, correspondingly. However the mapping of the
S/([Cu]+[Zn]+[Sn]) ratio (Fig.2(b)) shows high sulfur excess at very Cu-poor conditions (F4-
F5-F6 triangle area) suggesting that the SCPS is limited by the F4-F2, F4-F6, F6-F3 and  F3-
F2 lines. As could be seen from Fig. 2 (a) the hole concentration only slightly decreases with
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increasing deviation from stoichiometry. In particular, along the F2-F5 line, the hole
concentration is varied from about 1×1019 to 1.26 ×1019 cm-3 and from about 2×1016 to
2.58×1016 cm-3, in a case of full equilibrium and quenching, correspondingly. Thus our
calculations show that the hole concentration is not very sensitive to chemical composition, but
drastically decreases throughout three orders of magnitude after the quenching.

Fig.2. The distribution of hole concentration (a) and S/([Cu]+[Zn]+[Sn]) ratio (b) over
chemical composition at T=550 0C.

To explore the cause of such behavior, we plot composition dependencies of the point
defect and hole concentrations for the cases of full equilibrium and of quenching. Similar to
Fig. 2(a), the concentration map can be constructed for any point defect. Here, in order to
present all concentration curves on the same, more conventional, concentration-chemical
composition plot, the concentration of each point defect was plotted as a function of
[Zn]/([Cu]+[Sn]) and [Cu]/[Sn] ratios only for some points of the chemical-potential region
(Fig. 2(a)). By keeping in mind the preferable chemical composition of the CZTS solar cells,4–

6 we selected points which correspond to Zn-rich/Cu-poor and, for the comparison, to
stoichiometric composition. Namely, we consider points on the F2-F6 line and for Cu-poor
conditions points on the perpendicular line from F6 to the intersection with x-axis at
[Cu]/[Sn]=1.90. The plots are presented in Figs. 3 and 4.



10

Fig.3. The composition dependencies of the Fermi energy, holes and point defects
concentration for the points on F2-F6 line of chemical potentials space, full equilibrium at
T=550 0C (a) and quenching to the room temperature (b).

As follows from Fig.3 (a), regardless of composition, the Fermi energy is almost
constant at 0.05 eV; this is reflected in an insignificant decrease in hole concentration from
1.26×1019 to 1.06 ×1019 cm-3 with deviation from stoichiometric to Zn-rich/Cu-poor
composition. This could be explained by similar differences in concentrations between the
dominant 𝐶𝑢𝑍𝑛−  acceptor and 𝑍𝑛𝐶𝑢+  donor, which leads to Fermi level pinning. In particular, the
concentration of the 𝐶𝑢𝑍𝑛−  acceptors is about 1020 cm-3 and it is always only slightly higher than
the concentration of the 𝑍𝑛𝐶𝑢+  donors. Much lower concentrations of the 𝑉𝐶𝑢−  of about 1×1017

cm-3, even at Cu-poor composition, indicates small effect of the copper vacancy on doping
level. The acceptor-like 𝑉𝑍𝑛0  shows much lower concentration than 𝑉𝐶𝑢0  of about 3×1013 cm-3,
while concentrations of charged Zn vacancies are even less than 1013 cm-3.

The concentrations of shallow defects are much higher than concentrations of the 𝑆𝑛𝑍𝑛2+,
𝑆𝑛𝑍𝑛+  and 𝑉𝑆2+deep donors of 2×1016 cm-3, 9×1013 and 1×1013 cm-3, correspondingly. The reason
of the relatively high concentration of the 𝑆𝑛𝑍𝑛+  is that the 𝜇𝑍𝑛 is much lower than the 𝜇𝑆𝑛  for
all points of the SCPS (Fig.2). According to Eq.(3), this leads to decreases in the total formation
energy and hence increases in the defect concentration. Although, the 𝑆𝑛𝑍𝑛2+ was found to be
clearly dominant over other deep donors, one should bear in mind that, unlike the rest of the
defects, we neglected the contribution from 𝐹𝑣𝑖𝑏0  to the total formation energy of the 𝑆𝑛𝑍𝑛 ,
which could significantly change its concentration.
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Fig.4. The composition dependencies of the Fermi energy, hole and point defects
concentration for the points in chemical potentials space corresponding to constant
[Cu]/[Sn]=1.90 and [Zn]/([Cu]+[Sn]) varied from 0.33 to F6 point, full equilibrium at T=550
0C (a) and quenching to the room temperature (b).

Thus, it is possible to conclude that the formation of the defects related to Cu-Zn
disorder mainly influences the hole concentrations and the dominance of the 𝐶𝑢𝑍𝑛−  acceptor
over 𝑍𝑛𝐶𝑢+  donor provides p-type conductivity of the CZTS.

In general, the concentration of the neutral complexes is higher than the concentration
of the charged defects, indicating a high level of complexation. Moreover, the (𝑉𝐶𝑢− − 𝑍𝑛𝐶𝑢+ )
complex shows highest concentration among all defects, increasing from 8×1020 to 9×1020 cm-

3 with a deviation from stoichiometry toward Zn-rich/Cu-poor composition. At stoichiometric
composition, the concentration of the (2𝑍𝑛𝐶𝑢+ − 𝑍𝑛𝑆𝑛2−) complex of 0.5 ×1020 cm-3 is almost the
same as (2𝐶𝑢𝑍𝑛− − 𝑆𝑛𝑍𝑛2+), while it is expectedly higher, but not significantly, at Zn-rich/Cu-
poor composition. Such a high concentration of defect complexes, especially (𝑉𝐶𝑢− − 𝑍𝑛𝐶𝑢+ ),
makes them responsible for deviation from stoichiometry of composition along with 𝐶𝑢𝑍𝑛0 ,
𝐶𝑢𝑍𝑛−  and 𝑍𝑛𝐶𝑢+  dominant defects.

It should be noted that the calculations reveal unrealistically high concentrations of the
(𝐶𝑢𝑍𝑛− − 𝑍𝑛𝐶𝑢+ ) complex of 6 ×1023 cm-3 at 550 0C (not shown in Fig.3 (a)). This is due to the
high concentration of involved defects and high interaction energy. The presence of the
(𝐶𝑢𝑍𝑛− − 𝑍𝑛𝐶𝑢+ ) complex has no influence on deviation from stoichiometry and, in general, on
the determination of the stable potential region of the CZTS as well as on compositional
dependencies of Fermi energy and point defect concentration. However, an extremely high
concentration of the (𝐶𝑢𝑍𝑛− − 𝑍𝑛𝐶𝑢+ ) complex implies complete rearrangement of the atoms in
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the Cu and Zn sub-lattices and hence the use of the DFT formation energies calculated under
assumption of the dilute solution case becomes questionable.

Here we ignore possible effects of the (𝐶𝑢𝑍𝑛− − 𝑍𝑛𝐶𝑢+ ) complex high concentration on
formation energies of the defects. However one should bear in mind that, if the concentration
of isolated defects or complexes is close to the density of lattice sites, the formation energies of
the defects must be reconsidered.

As can be seen from Fig. 3(b), the rapid cooling leads to a shift in Fermi level towards
the conduction band, by about 0.14 eV, and hence to a redistribution of neutral and charged
defects. For instance, as compared to full equilibrium, the concentration of the 𝑉𝐶𝑢−  is twice as
high and in the case of the 𝑉𝐶𝑢0  it drops by one order of magnitude after quenching. Also the
difference between the concentration of the 𝐶𝑢𝑍𝑛−  and 𝑍𝑛𝐶𝑢+  is reduced, which indicates a higher
level of compensation in quenched material. This results in a dramatic decrease in hole
concentration by about three orders of magnitude.

The concentration of the 𝑆𝑛𝑍𝑛2+ and 𝑉𝑆2+ remains almost the same after the rapid cooling,
namely of about 2×1016 cm-3 and 1×1013 cm-3, correspondingly, while the concentration of the
𝑆𝑛𝑍𝑛+ increases to the level of 𝑆𝑛𝑍𝑛2+. Hence, as in a case of high temperature equilibrium, these
defects have little effect on the doping level. However, these donor-like deep traps, especially
𝑆𝑛𝑍𝑛2+ and 𝑆𝑛𝑍𝑛2+, could significantly affect the transport or recombination of photogenerated
electrons.

The calculation of the hole and point defect concentrations for [Cu]/[Sn]=1.90 and
[Zn]/([Cu]+[Sn]) varied from 0.33 to the F6 point shows no significant difference between
stoichiometric and Cu-poor conditions. As follows from comparison of Fig.3 and Fig.4, the
trends in compositional behavior of point defect concentration for stoichiometric and Cu-poor
conditions are very similar, except that the concentration of (𝑉𝐶𝑢− − 𝑍𝑛𝐶𝑢+ ) is higher in Cu-poor
samples.

A high concentration of the (𝑉𝐶𝑢− − 𝑍𝑛𝐶𝑢+ ) and (2𝑍𝑛𝐶𝑢+ − 𝑍𝑛𝑆𝑛2−) complexes implies the
existence of so-called A-type and B-type substitutions, correspondingly. Moreover, our
calculations show that the A-type substitution is dominant. This is consistent with experimental
results obtained by Raman spectroscopy showing presence of the A-type and B-type complexes
in Zn-rich/Cu-poor CZTS.10 At the same time, the concentration of the (2𝐶𝑢𝑍𝑛− − 𝑆𝑛𝑍𝑛2+) is also
rather high and the presence of this complex could have a significant effect on material
properties. According to theoretical work,18 the formation of the (𝑉𝐶𝑢− − 𝑍𝑛𝐶𝑢+ ) and
(2𝑍𝑛𝐶𝑢+ − 𝑍𝑛𝑆𝑛2−) clusters leads to band-gap fluctuation by about 100 meV, which could affect
light absorption and energy band alignment in CZTS-based solar cells.  However such
fluctuations are much lower than for the (2𝐶𝑢𝑍𝑛− − 𝑆𝑛𝑍𝑛2+) clusters, namely the band gap could
shrink to about 1.15 eV.18 Thus the dominance of the (𝑉𝐶𝑢− − 𝑍𝑛𝐶𝑢+ ) and (2𝑍𝑛𝐶𝑢+ −
𝑍𝑛𝑆𝑛2−) complexes over (2𝐶𝑢𝑍𝑛− − 𝑆𝑛𝑍𝑛2+) could be the reason why Zn-rich/Cu-poor composition
was found to be beneficial for high-efficiency solar cells.43 We note that the (𝐶𝑢𝑍𝑛− − 𝑍𝑛𝐶𝑢+ )
complex is at high concentration in all chemical potential regions, and is also thought to
introduce large band gap fluctuations.18

Experimental structural analysis of the CZTS shows that the substitution of Cu atoms
by Zn atoms significantly prevails in both Zn-rich/Cu-poor (A-type) and Cu-poor/Sn-poor (B-
type) materials.12,13 Thus one can expect a dominance of the 𝑍𝑛𝐶𝑢+  shallow donor over other
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charged defects which, in turn, could lead to n-type conductivity. But according to our
calculations, the major amount of the 𝑍𝑛𝐶𝑢+  is involved in formation of the (𝑉𝐶𝑢− − 𝑍𝑛𝐶𝑢+ ) and
(𝐶𝑢𝑍𝑛− − 𝑍𝑛𝐶𝑢+ ) neutral complexes. This makes the 𝐶𝑢𝑍𝑛−  shallow acceptor dominant and
explains the p-type conductivity of Zn-rich/Cu-poor CZTS.

The high concentration of the defect complexes and 𝐶𝑢𝑍𝑛0 , 𝐶𝑢𝑍𝑛−  and 𝑍𝑛𝐶𝑢+  dominant
defects explains high sensitivity of the [Zn]/([Cu]+[Sn]) and [Cu]/[Sn] ratios to the variation of
the metal chemical potentials, consequently, the SCPR of CZTS is very narrow. This, in turn,
restricts variation of the acceptors and donors. As a result the hole concentration is hardly
changed with chemical composition. Thus, we speculate that large variation of doping level
with chemical composition observed experimentally44–46 is rather related to formation of the
secondary phases than due to changes in concentration of the native point defects.

In contrast to the full equilibrium conditions, in which the hole concentration is very
high at 1.2×1019 cm-3 (which means that the material is nearly a degenerate semiconductor), the
hole concentration of 2.2×1016 cm-3 determined for the case of quenching is in a good
correlation with experimental observations of the doping level in CZTS solar cells.47–50

However, this comparison is not quite appropriate since the electrical properties of CZTS(Se)
strongly depend on the presence of sodium51,52 which typically diffuses from the soda-lime
glass substrate.

The temperature dependencies of the point defect concentrations under full equilibrium
conditions for material with composition [Zn]/([Cu]+[Sn])=0.345 and [Cu]/[Sn]=1.9 are
presented on Fig. 5(a).

Fig.5. Temperature dependencies of the point defects under full equilibrium conditions
(a) and hole concentration (b) for the material with composition of [Zn]/([Cu]+[Sn])=0.345 and
[Cu]/[Sn]=1.9; points 1, 2 and 3 represents hole concentration for the cases of full equilibrium
at annealing temperature (823 K), full equilibrium at room temperature and after the quenching
from annealing to room temperature, correspondingly. The dashed red line at T=763 K (0.5 of
melting point of CZTS) indicates possible critical temperature below which point defect
equilibrium can hardly be reached.

As could be seen from Fig. 5(a), the concentrations of defects significantly decrease
with temperature. However, the rate of decrease is different for different defects. For example,
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the rate of decrease of 𝑍𝑛𝐶𝑢+  is much higher than of 𝐶𝑢𝑍𝑛− , especially in the low-temperature
range of 550-300 K. This makes 𝐶𝑢𝑍𝑛−  a clearly dominant charged defect which solely
determines the doping level in the material. The concentrations of the defect complexes are also
dropping drastically with temperature, except (𝑉𝐶𝑢− − 𝑍𝑛𝐶𝑢+ ) complex. This leads to the
conclusion that at low-temperature equilibrium (if it was to be reached), the deviation from
stoichiometry mainly depends on the presence of (𝑉𝐶𝑢− − 𝑍𝑛𝐶𝑢+ ) complexes.

The temperature behavior of the hole concentration, curve 1-2 in Fig. 5(b), is similar to
that of the dominant 𝐶𝑢𝑍𝑛− , namely its rate of decrease is higher in the low-temperature range.
As follows from Fig. 5(b), the hole concentration after the quenching (point 3) is about five
times higher than in a case of full equilibrium at room temperature (point 2). This could be
explained by the different mechanism of doping, in particular in a case of quenching the
concentration of dominant charged defects is high and concentration of holes determined by
compensation of 𝐶𝑢𝑍𝑛−  by 𝑍𝑛𝐶𝑢+  (Fig. 4 (b)). On the contrary, under low-temperature
equilibrium the hole concentration depends only on 𝐶𝑢𝑍𝑛−  (Fig. 5). Thus, we claim that the
concentration of the free carriers in CZTS is strongly related to annealing and cooling
conditions. In other words, it matters whether the annealing temperature is high enough to
maintain equilibrium conditions, as well as whether the cooling rate is sufficient to provide an
efficient quenching of the defects.

IV. CONCLUSIONS

The proposed approach allows estimation of the SCPS of CZTS at high temperature
directly from calculated deviation from stoichiometry. However, more reliable analysis requires
accurate values of the formation energies of the point defects.

It was shown that crystal structure of CZTS is highly disordered, which manifests itself
in high concentration of the 𝐶𝑢𝑍𝑛0 , 𝐶𝑢𝑍𝑛−  and 𝑍𝑛𝐶𝑢+  dominant defects as well as (𝑉𝐶𝑢− − 𝑍𝑛𝐶𝑢+ ),
(2𝑍𝑛𝐶𝑢+ − 𝑍𝑛𝑆𝑛2−) and (2𝐶𝑢𝑍𝑛− − 𝑆𝑛𝑍𝑛2+) complexes. As a result the deviation from stoichiometry
is very sensitive to the metal chemical potentials. On the other hand the hole concentration is
weakly dependent on chemical composition due to compensation of 𝐶𝑢𝑍𝑛−  by 𝑍𝑛𝐶𝑢+  and because
of the very narrow SCPS, which limits variation of concentration of the dominant acceptors and
donors. It should be noted that the predicted hole concentration of about 2.2×1016 cm-3 for
quenched material is much more reasonable than 1.2×1019 cm-3 as found in a case of full
equilibrium at T=550 0C.

The so-called A-type (𝑉𝐶𝑢− − 𝑍𝑛𝐶𝑢+ ) complex was found to be dominant for Zn-rich/Cu-
poor and stoichiometric composition, with a concentration of about 8×1020 cm-3. Thus we
speculate that even in case of small deviation from stoichiometry the formation of large clusters
of the (𝑉𝐶𝑢− − 𝑍𝑛𝐶𝑢+ ) complexes and hence fluctuations in band-gap energy are possible. This is
also the case for the (𝐶𝑢𝑍𝑛− − 𝑍𝑛𝐶𝑢+ ), which occurs in high concentration at all compositions.
The presence of the (𝑉𝐶𝑢− − 𝑍𝑛𝐶𝑢+ ) complexes suppresses formation of 𝑍𝑛𝐶𝑢+  isolated defects
and makes the 𝐶𝑢𝑍𝑛−  dominant over all other charged defects at even Zn-rich/Cu-poor
conditions.

The calculations show that donor-like tin antisites 𝑆𝑍𝑛 and sulfur 𝑉𝑆 vacancy with
concentration of about 1016 and 1013 cm-3, correspondingly, could act as important deep traps.
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It was determined that the concentration of holes in samples quenched from high to
room temperature is significantly higher than in samples under low-temperature equilibrium
conditions. This leads to the conclusion that the concentration of the free carriers is equally
dependent on annealing (temperature and vapor pressure) and post-annealing conditions (e. g.
cooling rate).
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Table I. Parameters of the point defects formation.

Type of defect degeneracy factor
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electronic
formation

energy of the
neutral

defects 𝐸𝑒𝑙0 ,
(eV)

vibrational
free energy

𝐹𝑣𝑖𝑏0
(T=550 0C)

(eV)

charge
transition
level 𝜀,
VBM=0

(eV)

electronic
𝑔𝑒𝑙𝑒𝑐𝑡𝑟

structural
𝑔𝑠𝑟𝑢𝑐𝑡

interaction
energy
𝐻𝑖𝑛𝑡,
(eV)

𝐶𝑢𝑍𝑛 q=0 1.42 -0.101 1 1
q=-1 0.146 2 1

𝑉𝐶𝑢 q=0 1.14 0.058 1 1
q=-1 0.0368 2 1

𝑉𝑍𝑛 q=0 2.9 -0.085 1 1
q=-1 0.12 2 1
q=-2 0.256 2 1

𝑍𝑛𝑆𝑛 q=0 0.73 0.029 1 1
q=-1 0.136 2 1
q=-2 0.28 2 1

𝑍𝑛𝐶𝑢 q=0 1.0 -0.422 1 1
q=+1 1.356 0.5 1

𝑆𝑛𝑍𝑛 q=0 2.63 0.0 1 1
q=+1 0.5 0.5 1
q=+2 0.5 0.5 1

𝑉𝑆 q=0 2.86 -0.27 1 1
q=+2 0.77 0.5 1

(𝐶𝑢𝑍𝑛− − 𝑍𝑛𝐶𝑢+ ) 4 -2.22
(2𝐶𝑢𝑍𝑛− − 𝑆𝑛𝑍𝑛2+) 28 -2.11
(2𝑍𝑛𝐶𝑢+ − 𝑍𝑛𝑆𝑛2−) 6 -4.66

(𝑉𝐶𝑢− − 𝑍𝑛𝐶𝑢+ ) 4 -2.32


