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ABSTRACT: In this work we systematically analyze the structural, electronic and optical properties of the
Cu,ZnSnS, and Cu,ZnSnSe,. We show that kesterite is more stable phase than the stannite phase and the
estimated direct band gaps energy for Cu,ZnSn(S, Se),compoundsrangesfrom 0.70to 1.47 eV. Furthermore,
defect studies reveal that Cu vacancy is the most dominant vacancy with the lowest formation energy. We
find that the vacancy formation energies are larger in the Cu,ZnSnS, compared with the corresponding
vacancies in the Cu,ZnSnSe,. All the calculations are carried out by employing hybrid functional approach

within the density functional theory.
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[.INTRODUCTION

Development of photovoltaic materias (PV) comprised
of non-toxic, earth abundant elements are considered to
be amajor criterion to meet the ever increasing demand
for energy [1]. Current PV technologies are mostly
dominated by the two most promising thin-films solar
cells i.e, CdTe [2] and Cu(In,Ga)Se, (CIGS) [3].
However, due to price volatility issues (In, Ga), supply
issues (In, Te), and environmenta issues (Cd), these
solar cell technologies are under scanner [4]. Hence, the
current research efforts are directed to search the new
inexpensive and earth abundant materials as thin-film
solar cells. To meet the aforementioned demands, one
of the suitable candidates is Cu,ZnSn(S,Se), (CZTSSe)
type compound, primarily because they contain only the
abundant and inexpensive elements like Cu, Zn, Sn, S,
and Se in compared with the corresponding CIGS.
Apart from this, the band gap energy of the CZTSSe
ranges between E; = 1.0-1.6 €V which fdl in the
optimum band gap range and they aso have high
absorption coefficient (>10* cm™) which is suitable for
PV applications. Furthermore, a solar cell conversion
efficiency of 11.1% [Nov. 2012] has aready been
achieved [5]. Therefore, more attention has been given
to Cu,ZnSnS, (CZTS) and Cu,ZnSnSe, (CZTSe) in
recent time [6-18]. For these materials, two types of
crystal structures namely kesterite (ks) and stannite (st)
have been reported both experimentally [14-18] and
theoretically [19-21]. A theoretica method especialy

first-principles within density functional theory (DFT)
is of gpecial priority in the study of electronic and
structural properties of materials due to its superiority
in control. Since, the DFT using the local density
approximation (LDA) or semilocal generalized gradient
approximations (GGA) with the semilocal Perdew-
Burke-Ernzerhof (PBE) [22] exchange-correlation
functional are in general fails to reproduce band gaps
and lattice parameters comparable with experiment
findings, therefore, in this work we use a hybrid Heyd-
Scuseria-Ernzerhof (HSEO06) [23] functional to
overcome these problems. The defect studies are
performed using the supercell approach. The Crystal
structure, density of states, band structure, optical
properties, and formation energy (AH;) of native neutral
defects of CZTSSe are discussed in details. We show
that, CZTS and CZT Se have comparable electronic and
optical properties with band gap energy estimated to be
Eg = 1.27-1.47 eV for CZTS and Ey4= 0.70-0.90 eV for
CZTSe. Total energy calculation revealsthat kesteriteis
more stable phase than the stannite phase. Furthermore,
defect studies revealed that Cu vacancy is the most
dominant vacancy with the lowest formation energy
AH;. The formation energy of Cu vacancy is very
similar in the both compounds. Moreover, we
demonstrate that the vacancy formation energies are
larger in the CZTS compared with the corresponding
vacanciesin the CZTSe.
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[I.COMPUTATIONAL DETAILS

All the calculations are performed using the DFT
method as implemented in Vienna ab initio simulation
package [24]. Wave functions are represented by plane-
wave basis with projector augmented wave (PAW)
method [25]. For the intrinsic compounds, a plane wave
cutoff energy of 450 eV and a 8 x 8 x 4 Monkhorst-
Pack k-point mesh are used to give converged results.
For defect studies, we construct the defects in a 64-
atoms super cell and estimated the defect formation
energy by using a plane wave cutoff energy of 350 eV
and a k-point mesh of 4x4x4 size. For HSE06
calculation, a 25% screened Hartree-Fock exchange
with a standard Hartree-Fock screening parameter 0.2 is
choose which is known to fairly accurately describe the
crystal volume and band gap energies. The ion
positions of the calculated cell are fully relaxed with the
maximum force on each atom below 0.01 eV/A,
whereas the lattice constants are relaxed by minimizing
the total energy to an accuracy of 0.1 meV. The valance
electrons include the 3d and 4s orbitals for Cu and Zn
and open-shell sand p orbitalsfor Sn, In, S, and Se.

1. RESULTSAND DISCUSSION

A. Crystal structure
Fig. 1 shows the crystal structure of CZTSSe and

CISSe compounds. For the ks-structure (Fig 1a) [ 2;
space group no. 82], four Cu atoms are on the Wyckoff

positions 2a and 2c, two Zn atoms on position 2d, two
Sn atoms on position 2b, and eight anions (S or Se)
atoms on the 8g position, while for st-structure (Fig. 1b)

[142m space group no. 121], the four equivalent Cu
atoms on the Wyckoff 4d positions, two Zn atoms on
position 2a, two Sn atoms on position 2b, and eight
anions (S or Se) atoms on the 8i position. Similarly, for
the chalcopyrite CISSe compounds, we used most

stable tetragonal structure (fig. 1c) [142d; space group
no. 122] and perform a comparative study together with
CZTSSe in order to understand these chalcogenide
compounds better. Table 1 shows the calculated lattice
parameters (a, and c), anion position (X, y, 2), total
energy difference (AE;,) band gap energy (Eg), and high
frequency dielectric constants (&) calculated with

HSEQ6. The calculated values of CZTSSe and CISSe
are in satisfactory agreement with experimental as well
the available theoretical data. These results demonstrate
that the HSE functional improves the reproduction of
lattice parameters and band gap energy with the
experimental values. From the calculated total energy
difference AE; = Ey(st) — Ei(ks) the most stable phase is
the ks-structure and this is agree well with the recent
experimental results. However, other phase stannite can
also be grown as the lattice parameters, total energy,
and bond lengths are almost similar for both the phases
(Table 1).

(a) Kesterite Cu,ZnSnS,

(b) Stannite Cu,ZnSnS,

(¢) Tetragonal CulnS,

Fig. 1. Crystal structure of (a) kesterite-CZTS, (b) stannite-CZTS, and (c) tetragonal-CI S.
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Fig. 2. () Caculated electronic band structure along two symmetry lines Z (001-direction) and X (110-direction) for ksCZTS as
a representative case. All the compounds show rather similar band structure with a fundamental direct bad gap at "-point. The
energies are referred to the VBM (dashed line). (b) Atomic - resolved DOS of ks-CZTS. The grey area represents the DOS of Cu
atom, while red, black and blue lines represent the DOS of Zn, Sn, and S atoms respectively.

Table 1. Calculated lattice constants (a and c), bond lengths between the cation ( Cu, In, Zn, or Sn) and the anion (S or
Se), the difference in total energy per primitive cell AE;, band gap energies Eg, and high-frequency dielectric constants &g
of the kesterite, stannite, and chalcopyrite structured CZTSSe and CISSe compound with the HSE06 exchange-
correlation potentials.

Cu,ZnSnS, Cu,ZnSnSe, Culns, CulnSe,
Kesterite Stannite Kesterite Stannite Tetragonal
a(A) 5.440 5.450 5.732 5.738 5.555 5.829
c(A) 10.864 10.878 11.418 11.453 11.187 11.700
Scuwy-y A) 2.33 2.32 2.44 2.439 2.33 2.45
dcuay A) 2.33 2.33 2.45 2.438
dzny (A) 2.35 2.36 2.47 2.49
dsny (A) 242 2.42 2.56 2.57
Biny (A) 254 2.64
A,
(meV/cal) 0 50 0 64
Eqy (eV) 1.47 (1.50%  1.27(1.38%) 0.90 (0.96% 0.70(0.82%) 1.25 (1.33Y) 0.79 (0.85%)
€w 6.31 6.36 7.58 8.05 6.17 7.81

3Reference 19, PReference 21
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B. Electronic properties

() Full-band structure

Fig. 2a shows the electronic band structure of ks-
Cu,ZnSnS, as a representative case (we show only
CZTS compound, because all these compounds have
rather similar band structures and chemical bonding
environment). One can see that CZTS as well others
have a direct band gap as valence band maxima (VBM)
and conduction band minima (CBM) is located at I'-
point. The estimated HSEO6 band gap energy is E4=
1.47 eV for ks-CZTS, 1.27 eV for st-CZTS, 0.90 eV for
ks-CZTSe and 0.70 eV for s-CZTSe. It demonstrates
that the theoretical band gap of CZTSeis about 0.57 eV
smaller than that of CZTS, which is agree well with an
energy difference of AE; = 0.5 eV [14]. Very early
measurements [15] indicated that E(CZTSe) = 1.44
eV, which disagrees with our calculated band gap, and
the reason for this could be (as reported by Chen et al.
[19]) either poor sample quality or incorrect linear
interpolation of the gap energies. Moreover, our
calculated band gap energies are in good agreement
with earlier theoretical predictions [19,21]. Similarly
for CISSe compounds our calculated HSEO6 band gap
energies, Eg = 1.25 eV for CulnS, and Eg = 0.79 eV for
CulnSe, are in good agreement with earlier
experimental [26] and theoretical [27] findings (Table
1).

(i) Density of Sates

In order to analyze the chemical bonding, Fig 2b
shows the Atomic - resolved density of states (DOS) of
ks-CZTS as a representative case. The valance band
(VB) DOS contains mainly a hybridization of Cu-3d
and anion p(S, Se), similar to other Cu-S based
semiconductor CIGS [20]. The contribution of Zn-spd,
Cu-s, and Sn-p can also be seen in the lower energy
region from -6 to -2 eV of the DOS. One can aso see
the peaks of anion (S, Se) s and p states well below the

VBM a -10to -8 eV and -10 to -8 eV, respectively.
On the other hand top of the conduction band (CB)
consists mainly of a Sn-s and anion-p (S, Se)
hybridization. One can aso see that the difference
between the lowest CB and next higher lying CBs is
about 2 eV and such higher CBs do not contributes to
the optical absorption in the low energy regime [20].

C. Optical properties

In this section, the optical properties are presented in
terems of the complex dielectric  function
&,(w) +ig,(w) and absorption coefficient (w).

(i) Diélectric functions
One of the main optical characteristics of a solid is
its complex dielectric function. The imaginary part

&, of the dielectric function is calculated from the joint
DOS integrated over the Brillouin zone with the weight
of momentum matrix elements while real part & is
related to the imaginary part by Kramers-Kronig
transformation [20]. Fig. 3 shows the dielectric function
&(w) of CZTSSe compounds. All four compounds
have similar dielectric function and the spectra are also
comparable to CISSe (Fig. 3d). It isobviousform Fig. 3
that the dielectric functions show a significant
anisotropy of its components perpendicular and parallel
to the c-axis. The average high frequency dielectric
constants &, calculated with HSEO6 are shown in

table 1. The ¢&,is dominated by a broad peak that

extends between an absorption edge at 2.0-2.5 eV. St-
compounds show much stronger anisotropy both in real
and imaginary parts. The Se based compounds show
larger high frequency dielectric constants (Table 1) and
this is obvious as Se based compounds have low band
gaps than S based compounds.
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Fig. 3. The dielectric function g(w) = &,(w) + igx(w) for () ks-CZTS, (b) ks- CZTSe, (c) St-CZTS, (d) st-CZTSe, (€) ch-CIS, and
(f) ch-ClSe calculated from HSEO6. Here, the thin black and green lines represent the real part €,(w), while red and blue lines
represents the imaginary part €,(w). Both the transverse (xy; solid lines) and longitudinal (z dotted lines) are shown.

(ii) Absorption coefficient
The absorption coefficient o(w) is obtained directly from the dielectric function by

a(w) = Y20

(@) + &,(0)? —81(0))] " Where ¢ is the speed of light. The calculated absorption coefficients of

CZTSSe compounds are displayed in Fig. 4.
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Fig.4. The absorption coefficient ¢(w)for the selected compounds. Left panel shows the absorption coefficient of (a) kesterite

and (c) stannite structured CZTS and CZTSe compounds. Right panel shows the comparative behavior of (b) kesterite and,
(d) stannite structured CZTSSe with chal copyrite structured ClSSe compounds.

For a comparison, we also show for CISSe compounds.

Since the absorption is obtained directly from the
dielectric function, similarities in the polarization
response are reflected also in the absorption coefficient.
Thus, all four compounds have comparable absorption
except onset to absorption. One can see that ks-CZTS
have much stronger absorption than the CZTSe and
CISSe and which is as per experimental measurements.
Overdl, al these compounds have a much stronger
absorption  (>10* cm™) which is a desirable
characteristic of the potential absorber materials for
solar cell applications. Absorption measurement reveals
the optical band gap of E;= 1.51 eV for ks-CZTS, 1.38
eV for st-CZTS, 1.0 eV for ks-CZTSe, and 0.85 eV for
st-CZTSe.

D. Defect studies

We perform the defect calculations of cation and
anion vacancies using the supercell approach. The
defect formation energy AH; of neutral vacancies V is
calculated following the procedure proposed in Refs 28
and 29:

AH(V, q=0) = AE(Ve, G=0)+ 3 Mo, (1)

where
fAE(Vaa q=0) = Ea(Va, 0 = 0) = E(0)
or
a=Cu, Zn, Sn, In, Sor Se.
Here, E(V4, q = 0) represent the total energy of a
supercell containing the neutral (q = 0) vacancy, and
E:(0) is the total energy of the defect free material. n,
is the number of atoms (Cu, Zn, Sn, In, Sor Se) that are
removed from the supercell when forming the
structures with vacancies. These atoms are regarded to
be in a reservoir with an absolute value of the chemical
potential described by Py = p™® + Ay, where the
reference chemical potential 1, ™'%is the total energy of
the ground state solid atoms like fcc structured Cu, hcp
structured Zn, tetragonal structured Sn and In, and
hexagonal structured S and Se. We redtricted the
chemical potential difference Ay, = O for each vacancy
calculation, which mean that the formation energy of
each vacancy is calculated in respective rich conditions.
Table 3 comprises the calculated formation energies of
neutral cation and anion vacancies of the CZTSSe (ks
structure only, asit is found to be the most stable phase)
and CISSe compounds.

(2
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The calculated formation energy of V= 0.75 €V in
CZTS with PBE is in good agreement with the value of
0.77 eV calculated by Chen and co-workers [30] using
the same approximation. We found the formation
energy of the Cu vacancy is lower than those energies
of Zn and Sn vacancies. Sn vacancy has highest energy
of formation. Similar to CZTSSe, aso in the CISSe
compounds the formation energy of V¢, is very low,
thus, V¢, is a dominant native defect in both CZTSSe
and CISSe. This is in agreement with the well-
established fact that V¢, is the main p-type acceptor in
CIGS materials[28]. From Table 2 one can observe that

the formation energy of V¢, is amost similar in both
i.e. same anion based corresponding compounds.
However, an interesting trend is observed in case of
V.. The formation energy of V|, is roughly the average
of formation energies of Vz, and Vg, [29]. Overal, we
found that formation energy of V¢, in Cu-rich condition
is similar for one and the same anion based compound,
that is, in Cu,ZnSnS, and CulnS, or in Cu,ZnSnSe, and
CulnSe,. Similar trends are observed also for neutral
anion vacancies (Vs and V), the formation energy of
Vs are larger than that of V.

Table 2. Calculated formation energy AH; of neutral cation and anion vacancies of the CZTS, CZTSe, CIS and ClSe
compound by using the GGA and HSEO6 potentials. The energiesarein unitsof eV.

PBE HSE06

Veu Vi Vg Vin Vs Ve Veu

ks-CZTS 0.74 (0.77%) 2.16 3.30 1.92 1.70

ks-CZTSe 0.46 1.74 267 1.65 1.37
CIs 0.75 (0.61°) 2.76 2.07 1.74 (1.74°)
ClSe 0.44 (0.43° 2.32 1.88 1.38 (0.92"

3Reference 29, PReference 27

IV.CONCLUSIONS

The structural, electronic, optical properties, and
defect studies of Cu,ZnSnS, and Cu,ZnSnSe, have
been analyzed theoretically. It has been found that these
materials have rather similar electronic band structure
and optical absorption coefficients. Total energy
calculation reveals that kesterite phase is more stable
than stannite phase. The calculated direct band gaps
energy for Cu,ZnSn(S,Se), compounds ranges from
0.70 to 1.47 eV, which are in good agreement with
previous measured values. The gaps are larger for the
kesterite structured compared with the corresponding
stannite structures. The gap energy of sulfur based
compounds is more [Ey(ks-CZTS) = 1.47 eV] than
corresponding to selenium based [Eq(ks-CZTSe) = 0. 90
eV] compounds. i.e. AEg = 0.57 eV, which isin good
agreement with experimental finding. All these
compounds have much large absorption coefficients

(>10* cm'™), which is a desire characteristic for a good
absorber material. CZTS show much larger absorption
coefficient than CZTSe. From defect calculation, we
reveal that the Cu vacancy is the most prominent
neutral defect and it has very similar formation energy
in both CZTSSe and CISSe compounds. The formation
energies of cation vacancies are higher in the S based
(CZTS) compounds compared with the corresponding
Se based (CZTSe) compounds.
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