Structural, Electronic and Defect Properties of Cu,ZnSn(S,Se)s Alloys
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ABSTRACT

Kesterite Cu,ZnSnSy (CZTS) and CuZnSnSes (CZTSe) compounds are candidate low-cost
absorber materials for thin-film solar cells, and a light-to-electricity efficiency as high as ~10%
has been achieved in the solar cell based on their alloys, Cu,ZnSn(S,Se)s (CZTSSe). In this
paper, we discuss the crystal and electronic structure of CZTSSe alloys with different
composition, showing that the mixed-anion alloys keep the kesterite cation ordering, and are
highly miscible with a small band gap bowing parameter. The phase stability of CZTS and
CZTSe relative to secondary compounds such as ZnS and Cu,SnS; has also been studied,
showing that chemical potential control is important for growing high-quality crystals, and the
coexistence of these secondary compounds is difficult to be excluded using X-ray diffraction
technique. Both CZTS and CZTSe are self-doped to p-type by their intrinsic defects, and the
acceptor level of the dominant Cugz, antisite is deeper than Cu vacancy. Relatively speaking,
CZTSe has shallower acceptor level and easier n-type doping than CZTS, which gives an
explanation to the high efficiency of CZTSSe based solar cells.

INTRODUCTION

In the past five years, the study about quaternary chalcogenide semiconductor Cu,ZnSnSy
(CZTS) has intensified, because CZTS is a strong candidate thin-film solar cell absorber material
with the optimal band gap 1.5 eV and a high adsorption coefficient 10* cm™'. [1-6] Compared to
the currently used thin-film solar cell absorbers, e.g. ternary CulnSe; and binary CdTe, the
advantage of CZTS is that all the constituent elements are naturally abundant and nontoxic, thus
benefit the future large-area production with low cost of raw materials. CZTS can be derived
from CulnSe, through replacing two In atoms by one Zn and one Sn, thus its crystal and
electronic structure inherit the characters of CulnSe,.[7,8] Due to the similarity between CZTS
and CulnSe,, CZTS-based solar cells can take the same device structure as Cu(In, Ga)Se; (CIGS)
solar cells,[4] and it is expected that CZTS may substitute CIGS in the future.

Recently the alloys of CZTS and its Se counterpart Cu,ZnSnSes (CZTSe), which adopts the
same crystal structure but has a smaller band gap (1.0 eV),[7] draw more and more attention.
CupZnSn(S,Se)s (CZTSSe) thin film solar cell has achieved a light to electricity conversion
efficiency as high as 10%,[9] which is currently the highest efficiency of CZTS related solar



cells. More recently, a group in Purdue University has fabricated CZTSSe nanocrystals based
solar cell with an efficiency 7.2%, which is much higher than the efficiency 0.73% of CZTS
nanocrystal based solar cell.[10,11] These successes indicate that CZTSSe alloys may be better
solar cell absorber material than the CZTS compound, however, the reason is so far not clear. As
we know, CZTS has the optimal band gap 1.5 eV for single-junction solar cells, and its alloying
with CZTSe should decrease the band gap, deviating from the optimal value, which should
decrease the efficiency, in contrast with the experimental findings. This abnormality is somewhat
similar to the case in CIGS solar cells, where the efficiency approaches a maximum at low Ga
content and starts to decrease if the Ga content is further increased, although the band gap
becomes closer to the optimal gap value. To explain this abnormality, a clear understanding of
the structural and electronic properties of CZTSSe alloys with different composition is
necessary. However, although recent studies have addressed the structural and electronic
properties of CZTS and CZTSe,[7,8,12,13] there is no detailed understanding of the CZTSSe
alloys.

Besides the crystal and electronic structure, the defect properties are also important for
explaining the compositional dependence of the solar cell efficiency. One important factor that
leads to the high efficiency of CIGS solar cells is related with its special defect properties, e.g.
the intrinsic defects in CulnSe; undergo self-passivation through forming defect complexes like
[Inc,” 42V 1,[14] and the interface between the absorber layer and the CdS layer can be type-
inverted to n-type,[15] which facilitates the separation of the electron-hole pairs. These special
defect properties make CIGS solar cell exhibit electrically benign character and good
performance, despite the poor crystallinity and serious non-stoichiometry. As we develop
CZTSSe based solar cells, one natural question arises: do CZTS and CZTSe inherit the defect
properties and electrically benign character from CulnSe,.

To address these questions, we have performed first-principles calculations of the structural,
electronic and defect properties for CZTSSe alloys, and studied their dependence on the
composition. In the following, we will introduce our calculation methods first and then present

our results in four separated sections.

CALCULATION METHODS

The total energy and band structure were calculated within the density functional formalism as
implemented in the VASP code.[16] For the exchange-correlation potential, we used the
generalized gradient approximation (GGA) of Perdew and Wang, known as PW91. Since the
semi-local GGA usually underestimates the band gap of semiconductors significantly, we also
calculate the band gaps employing a more sophisticated hybrid functional, the HSE (Heyd-
Scuseria-Ernzerhof) functional in which one-quarter of Hartree-Fock nonlocal exchange

interaction is added to the GGA functional, and a screening of b = 0.2 A™ is applied to partition



the exchange potential into short-range and long-range terms.[17] The d states of group IV
elements are treated explicitly as valence. The interaction between the core electrons and the
valence electrons is included by the frozen-core projector augmented wave method, and an
energy cutoff of 300 eV was applied for the plane-wave basis set. For Brillouin-zone integration,
we used k-point meshes that are equivalent to the 4 X4 X4 Monkhorst-Pack meshes for an eight-
atom cubic unit cell, and 2 X2 X2 mesh for the 64-atom supercell. The convergence test shows
that the increase of energy cutoff and k-points changes the band gap by less than 0.01 eV and the

alloy formation energy by less than 0.1 meV/atom. All lattice vectors and atomic positions were
fully relaxed by minimizing the stresses and forces.

To describe the random occupation of S and Se on the anion sites of the CZTSSe alloy, we use
the special quasi-random structure (SQS) method in our calculation of the properties of alloys.
To calculate the defect formation energy and transition-energy levels, we use the supercell
approach in which a defect is placed in a 64-atom supercell. More details can be found in Ref.
[18,19]

CRYSTAL STRUCTURE

According to our previous calculation, pure CZTS and CZTSe crystallize in the zinc-blende-
derived kesterite structure as their ground state, with all cations ordered in one face-centered-
cubic sublattice and all anions in another.[7,8] Besides kesterite structure, in CZTS and CZTSe
the cations may adopt other ordering configuration as their metastable states, such as stannite
structure and partially (Cu+Zn) disordered kesterite structure which has Cu and Zn cations in the
(001) layers disordered due to the very low energy cost.[7,8]

Although kesterite is the lowest-energy structure for pure CZTS and CZTSe, it is not sure that
kesterite still has lower energy when the anions S and Se are mixed in their sublattice. To study
the energy stability of different cation-ordering configurations, we employ the SQS approach to
mimic the random distribution of S and Se anions in a 64-atom supercell,[20,21] and calculate
the formation enthalpy of Cu,ZnSn(S;.xSex)s alloys at different composition x,

AH(x) = B(x) - (1- X)E /15 - XE ¢ 1se (1)

where Eczrs and Eczrse represent the total energy of pure CZTS and CZTSe in the kesterite
structure, and E(x) is the total energy of the alloy with composition x. In Fig. 1, the black circles,
blue triangles and red diamonds show the calculated formation enthalpy of the Cu,ZnSn(S;.
Seyx)s alloys with x=0, 0.25, 0.5, 0.75 and 1, and cations ordered in kesterite, stannite and
partially disordered kesterite configurations respectively.

As we can see, the relative structural stability is not influenced by anion mixing and kept for
alloys at all compositions over 0 < x < 1; i.e., the energy increases in the following order:

kesterite, disordered kesterite, and stannite. Furthermore, the energy differences between these



structures are kept almost constant at different compositions, e.g., 3—4 meV/atom between
stannite and kesterite, and ~0.3 meV/atom between the partially disordered kesterite and kesterite.
The small energy differences, especially for the partially disordered kesterite, indicate that these
alternative configurations are likely to coexist in the synthesized alloys.
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Figure 1. The calculated formation enthalpy of the Cu,ZnSn(S; (Sex )4 alloy as a function of the
composition x.[19] The cations are ordered in three different configurations.
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According to the positive values of the formation enthalpy, the alloy prefers phase segregation
into CZTS and CZTSe at zero temperature, and it costs additional energy to mix S and Se anions
to form the random alloy. Usually the formation enthalpy obeys the following relation with the

content x,
AH(x) = (1-x)AH(0) + xAH(1) + Qx(1-x) )

where ( is the interaction parameter that describes the cost of mixing. In Fig. 1, the lines show
the fitting according to Equ. (2), and an interaction parameter of 26 meV/atom (or
52meV/mixed-atom) is got for the kesterite ordering. Compared to the larger interaction
parameter (about 176 meV/mixed-atom) of Cu(InyGa; x)Se, (CIGS) alloys,[22] the small value
of CZTSSe alloys indicate they are highly miscible, so we may expect the phase separation and
alloy inhomogeneity of CIGS may not exist in CZTSSe alloys. Applying mean-field theory to
the free energy of the solid solution, we estimate that the miscibility temperature of CZTSSe is
less than 300 K, suggesting that it is stable at typical growth temperatures.

ELECTRONIC STRUCTURE

As derived from binary CdTe and ternary CulnSe,, CZTS and CZTSe both have direct band
gaps at I point, as shown in Fig. 2, where we plot the calculated band structure using the hybrid
exchange-correlation functional. Although the band gap sizes are different, the overall shape of



the band structure of CZTS and CZTSe is very similar, which is easy to be understood since they
have similar bonding (hybridization of atomic states) and crystal structure.
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Figure 2. The calculated band structure using HSE exchange-correlation functional along the
high symmetry lines T->I"->N for (a) Cu,ZnSnS, and (b) Cu,ZnSnSes.

In Fig. 3, we plot the calculated band gaps of Cu,ZnSn(S; «Sex)s alloys with different
composition x. The gap decreases monotonically when the Se content increases, from 1.5 eV at
x=0 to 0.96 eV at x=1. As we can see, the decrease is almost linear; i.e., the band gap bowing
parameter is small. The calculated band gap bowing (0.07 eV) of CuxZnSn(S; «Sex)s is similar to

those of other mixed-anion alloys, CuGa(S; xSex)2 (0.07 eV) and Culn(S; «Sex), (0.04 eV),
which results from the small size and chemical differences between S and Se.
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FIG. 3. The calculated band gap of Cu,ZnSn(S; «Sey)s at different composition x using the HSE
functional.[19]



To demonstrate how the band gap decreases from CZTS to CZTSe, we have also calculated
the band offset using a well-defined computational procedure.[18] As shown in Fig. 4, the band
alignment between CZTSe and CZTS is of type I; that is, the valence band is higher and the
conduction band is lower at the CZTSe side compared to CZTS.

This band alignment can be understood according to the nature of the valence band maximum
(VBM) and the conduction band minimum (CBM) states:[19] (i) For Cu based chalcogenides
including the quaternary Cu,ZnSnS4, Cu,ZnSnSey4 and ternary CulnSe,, CuGaSe,, the VBM is an
antibonding state of the anion p and Cu d orbitals.[8,21] The S p level is lower than Se, thus the
VBM of the sulfides is lower than that of the selenides; e.g., the VBM is 0.52 eV lower for ZnS
than ZnSe, but the difference is reduced by p-d hybridization in Cu based chalcogenides, because
the hybridization is stronger in the shorter Cu-S bond and pushes the antibonding VBM level of
the sulfide up relative to that of the selenide. As a result, the valence band offset between
CuyZnSnS, and CuyZnSnSey is only 0.15 eV, and a similarly small offset exists between CuGasS,
and CuGaSe,, and CulnS, and CulnSe2. Since the p-d hybridization is similar for all Cu based
selenides, their valence band offsets are smaller, as shown in Fig. 4. (i1)) The CBM of Cu,ZnSnS,
and Cu,ZnSnSe; is the antibonding state of the anion s and Sn s orbitals.[8] Although the s level
of Sis 0.2 eV lower in energy than Se, the shorter bond length of Sn-S makes the level repulsion
stronger in Cu,ZnSnS4 and moves its CBM up relative to Cu,ZnSnSe;.
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Figure 4. The calculated band alignment between CdS, Cu,ZnSnS,, Cu,; ZnSnSe,, CulnSe,, and
CuGaSe; (the effects of spin-orbit coupling are included).[19] The red (dashed) line near the
conduction band shows the pinning energy of the Fermi level for n-type doping.

From the larger conduction band offset (0.35 eV) than the valence band offset (0.15 eV), we
expect that as the Se content increases in the Cu,ZnSn(S; «Sey)s alloy, the CBM downshift plays
a more important role than the VBM upshift in the band gap decrease. As the band gap bowing is
small, it is expected that the shift of band edge states is linear as a function of the composition x.
The calculated band alignment and estimated band edge shift with the composition offer basic



parameters for the device simulation of CZTSSe based solar cells. Experimental verification of
our calculated results is called for.

PHASE STABILITY

One important problem people have about the quaternary compound semiconductors is
whether they can be synthesized experimentally, or are there any secondary phases coexisting in
the synthesized samples? In fact, previous experiments about CZTS and CZTSe have shown that
the coexistence of secondary phases, such as ZnS, Cu,SnS;, etc., non-stoichiometry and
compositional non-uniformity are still challenges in the preparation of high-quality single phase
CZTS and CZTSe compounds.[3,4,24-26] To theoretically understand their phase stability
relative to the secondary compounds, we calculated the stability region in the chemical potential
space, as shown in Fig. 5.
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Figure 5. The calculated chemical-potential stable region of Cu,ZnSnS4 and Cu,ZnSnSe; in the
lcy=0 plane (the black area surrounded by A, B, C, and D points). All values are in eV.

The chemical potential p; is introduced to describe the richness of the element i, and pu=0
means the element is so rich that their pure solid phase can form. Since the pure Cu, Zn, Sn
metals and S, Se bulk are not allowed to exist in the synthesized samples, their chemical
potentials are required to be negative. Besides the elemental bulk, secondary phases such as CusS,
ZnS, SnS and Cu,SnS; (similarly for selenides) are also not wanted, thus the following relations
must be satisfied,

Ucy + s <AH(CuS) =-0.49eV

Uy, + Us <AH((ZnS) =-1.75eV

Us, + Us <AH(SnS) =-1.01eV

2uc, + U, +3us <AH (Cu,SnS;)=-2.36eV



Where AH,means the calculated formation energy of the compounds. Similarly secondary
phases such as Cu,S, SnS,, etc. also have limits to the chemical-potential stable region. To
maintain a stable Cu,ZnSnS, crystal, the chemical potential of Cu, Zn, Sn, and S must satisfy the

following equation:
2uc, + 1y, + U, +4ug =AH(Cu,ZnSnS,) =-4.21eV

This equation indicates only three of the four chemical potentials are independent; i.e. pus (Use
for CZTSe) is dependent on pcy, Hzn and ps,. Under the established constraints, the chemical-
potential range of Cu, Zn, and Sn that stabilizes CZTS and CZTSe is bound in a polyhedron in
the three-dimensional (pcy, pzn and psy) space. In Fig. 5 we plot the slices of the polyhedron in
ncy=0 eV plane. The black areas show the stable regions. As we can see, the stable regions are
small for both CZTS and CZTSe, and a deviation from the stable region will cause the existence
of CuS, ZnS, SnS or Cu,SnS; (similarly for selenides). The narrow stable region shows that the
chemical-potential control is very important for growing good-quality crystals. In particular, the
stable region is very narrow along the pz, axis, thus the content control of Zn should be taken
very carefully. Experimentally, ZnS and Cu,SnS; are observed in the samples,[24,25,27] which
can be explained according to the narrow range of pz,, i.e., Zn rich leads to ZnS while Zn too

poor leads to Cu,SnSs.
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Figure 6. Simulated X-ray diffraction patterns of kesterite Cu,ZnSnS4, Cu,SnS; with Cc
symmetry and zinc-blende ZnS. The nominal X-ray source is Cu Kot (A = 0.15406 nm).

In Fig. 6, we plot the simulated X-ray diffraction patterns of Cu,ZnSnS4, Cu,SnS3 and ZnS. It
is obvious that the main peaks and their position are very similar for Cu,ZnSnS, and the
secondary compounds Cu,SnS; and ZnS, which indicates that it is difficult to exclude the
coexistence of these secondary phases using the X-ray diffraction technique,[26] especially

considering that the quality of samples are currently still poor.



INTRINSIC DEFECTS

As quaternary compounds, Cu,ZnSnS4 and Cu,ZnSnSe4 have more intrinsic defects, such as
vacancies, antisites and interstitials, than binary and ternary compounds. Which defect is
dominant in the samples is quantitatively determined by the formation energy. In Fig. 7, we plot
the calculated formation energies of different defects as function of the Fermi energy level. As
the Fermi energy shifts up from the VBM to CBM, the formation energy of the negatively
charged acceptors such as V¢, Cuz, and Zng, decreases. When the formation energy of the
charged defect is lower than that of the neutral one, the Fermi energy is called its transition
energy level, shown by the filled circles in Fig. 7. In contrast with acceptors, the formation
energy of positively charged donors, such as Znc,, Cu; and Snz,, increases as the Fermi energy
shifts up.
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Figure 7. The change in the defect formation energy as a function of the Fermi energy at the
chemical-potential point A. For each value of the Fermi energy only the most stable charge state
is plotted with the filled circles representing a change in charge state (transition energy level).

In Fig. 7, two characters are clear, (i) the formation energies of most acceptors are lower than
those of donors, explaining the experimentally observed p-type conductivity and indicating that
the n-type doping is difficult in both compounds.[3] (ii) the lowest energy defect at the chemical-
potential point A is Cugz, antisite, which is different from the case in ternary CulnSe, where the
dominant defect is Cu vacancy. Because the energy differences of other acceptors (Vcu, Vizn,
Zns;,, Cugy) relative to the dominant Cuyg, are not large (less than 1 eV), these defects may be
formed in the samples too. The formation energy is also dependent on the chemical potential of



elements, so their relative stability and population in the samples can be tuned through changing
the chemical potential condition during the synthesizing process.

In Fig. 8 we list the calculated transition energy levels in the band gap of Cu,ZnSnS,4, which
can be derived from Fig. 7. It is important to note that the dominant defect Cuz, has an acceptor
level 0.12 eV above VBM, deeper than that of V¢, (0.02 eV above VBM). The shallow level of
V¢ is common in Cu-based chalcopyrites like CulnSe; and CuGaSe,. The deeper level of Cuz,
can be explained by considering that the Cu on Zn antisite enhances the p-d hybridization
between Cu and S. The deep level of the dominant defects is negative for CZTS solar cell
efficiency, and we can decrease the formation energy and enhance the population of shallow V¢,
relative to Cugz, using Cu-poor and Zn-rich growth condition.[28] Experimentally this condition
has been found to give high solar cell efficiency.[4,9,11]

Conduction Band

1.5
(Or+) OM) O | O | on (0/2+)
B (+/2+) i
VCu VZn VSn CuZn ZnCu CuSn SnCu ZnSn SnZn Cui Zni Sni VS
5 1.0 — |
> (+/2+)
< (2+4/3+)
>> B _— — -
oy N D) Garam)| 029
& (3-12-) —
KM 05 (4-/3-) B |
372 20
- 2-10) | (-/0) W (2-10) i
(-/0)
(-10) -
00—

Valence Band

Figure 8. The transition-energy levels of intrinsic defects in the band gap of Cu,ZnSnS4.[18] The
GGA band gap is corrected to the experimental value 1.5 eV, and the donor levels are shifted
together with the CBM level.

Comparing the defect properties of Cu,ZnSnS4 and Cu,ZnSnSey4 (Fig. 7a and 7b), they have
similar characters, i.e., acceptors have lower formation energy than donors, and Cugz, antisite is
dominant with a deeper acceptor level. However, there are also differences, (i) the acceptor level
is relatively shallower in Cu,ZnSnSe4, because the p-d hybridization between Cu and Se is
weaker and its valence band is higher. (ii) the n-type doping should be easier in Cu,ZnSnSes.
According to the doping limit rules, a semiconductor is difficult to be doped to n-type if the
conduction band level is too high, and is difficult to be doped to p-type if the valence band is too
low in energy.[29] For n-type doping of I-III-VI, chalcopyrites, it has been shown that the Fermi
energy level is pinned at about 0.06 eV above the CBM of CulnSe,, indicating that a I-I1I-VI,
semiconductor will be difficult to be doped to n-type if its CBM level is much higher than this

pinning level. Since kesterite Cu,ZnSnS4 and Cu,ZnSnSe4 have similar electronic structure to



that of CulnSe,, we can assume that the Fermi energy pinning level lines up for all chalcopyrite
and kesterite compounds.[29] In Fig. 4, the red dashed line shows this pinning level. We can see
that the line falls below the CBM level of Cu,ZnSnS,4, while above that of Cu,ZnSnSe4, which
indicates that the latter is relatively easier to be doped to n-type. The easier n-type doping make
type-inversion to n-type possible at the surface of the p-type Cu,ZnSnSe4 absorber layer, which
facilitates electron-hole separation of photo-generated carriers. Both the shallower acceptor level
and easier n-type doping are positive factors for solar cell efficiency, which offers an explanation
to the observed high efficiency of CZTSSe alloy based solar cells.

CONCLUSIONS

Using the first-principles calculation, we have studied the crystal and electronic structure,
phase stability and defect properties of CZTSSe alloys with different composition. We find that,
(1) the mixed-anion alloys keep the kesterite cation ordering, are highly miscible and have small
band gap bowing. (ii) the chemical-potential stable region is narrow for CZTS and CZTSe, and
the existence of the secondary compounds (ZnS and Cu,SnS;) cannot be excluded using X-ray
diffraction technique. (iii) in both CZTS and CZTSe, most acceptors have lower formation
energies than donors, and the acceptor level of the dominant Cuz, antisite is deeper than Cu
vacancy, but CZTSe has shallower acceptor level and easier n-type doping than CZTS.
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