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In actual thin film PV device based on chalcopyrite CIGS
absorber, zinc blend ZnS has proven to replace successfully
toxic and expensive CdS buffer layer, with high efficiency of
about 18 %. In the other class of materials based on
chalcogenide absorber where costly and scarce Indium and
Gallium are replaced by Zinc and Tin, ZnS mix rather badly
with CZTS due to small lattice misfit of 1.38% and large
valence band offsets of 0.9 eV. Among possible alternatives to
ZnS mixed with CZTS, the pyrite FeS2 is a promising
candidate who can address economic and environmentally
issues. To do so, we investigate in a comparative study the
structural, electronic and optical properties of ZnS and new
introduced pyrite FeS2 as a buffer layer in kesterite CZTS
based solar cells. First-principles calculations are performed
using FP-LAPW method implemented in Wien2k code within
the
framework
of
Perdew-Burke-Ernzerhof-GGA
approximation. The addition of the Hubbard term U in
LDA+U/ (GGA+U) approximation was necessary to correct the
energy gaps. The calculated band structure gives reliable
results close to the experimental values of 3.78 and 1.29 eV
which are direct gaps located at ǻpoint in BZ for ZnS and
CZTS, respectively. For FeS2, the modified Becke-Johnson
potential is used to calculate its band gap and it gives a value of
1.093 eV. It is found that FeS2 can be used as an efficient
buffer in CZTS heterostructure based solar cells.

has interesting optical and electronic properties; it has
shown a direct band gap around 1.5 eV and an absorption
coefficient of ~104 cm-1 in the visible range, which is ideal
to achieve high solar-cell conversion efficiency [8]. It has
been found in some theoretical and experimental studies that
the Kesterite structure is the most stable among the Stannite
and Wurtzite structure with the I 4 symmetry space group
[7, 9, 10], contains as lattice parameters aczts = 5.42 Å and
cczts = 10.90 Å, and it has a good lattice mismatch with
ZnS ( F 4 3 m ) in the normal conditions which has as lattice
parameter aZnS = 5.41 Å [11, 12]. Now, the interest of PV
industry is to manufacture high efficiency solar cells with
competitive and friendly-environmental materials and
technologies. Thin film CdS/CIGS solar cells have shown to
be reliable and has yielded high efficiency of about 18 % in
similar devices made without CdS buffer layers [13]. One
other issue is the cost and scarcity of Indium and Gallium
especially for large scale productions. In recent novel thin
film PV devices, both CIGS absorber and CdS buffer layer
have been replaced by CZTS and ZnS, respectively.
Tranposing the same configuration, it was found that ZnS
mixes rather badly with CZTS due to some intrinsic
fundamental inconsistency raisons. The large lattice
mismatch and stress forces at interface can directly affect
band offsets, optical properties and reduce interface
potential which fosters electronic transport between the two
materials. In the point of elastic stability view, ZnS have a
small lattice mismatch with CZTS and hardly affects the
chemical bonds at the interfaces and creates a potential gate
for both electron and hole carriers. In the other case of
ZnS/CZTS interface, the valence band offset is over 0.9 eV
and the conduction band offset is over 1.3 eV [14, 15]. ZnS
appears then as an inactive insulator phase with CZTS
absorber [2]. Owing to this critical situation, the accurate
crystallographic orientations have to be taken into account
to expect promising results. Experimentally however, the
fine control of crystalographic orientation is not easily
feasible, other than by well-known but very expensive
epitaxial techniques. One way would be to seek for a

Keywords : CZTS solar cell, ZnS, FeS2, Optical properties,
Surface and Interface.

1. Introduction

Solar cells based kesterite-Cu2ZnSnS4 showed recently
an improved conversion efficiency of 11.1% [1] and appears
as a promising candidate absorber for future thin film
photovoltaic (PV) industry as compared to the best
performing CuGaInS (CGIS) solar cells absorbers. The
CZTS is a relatively new photovoltaic material constructs
basis non-toxic, more abundant and less expensive chemical
elements then is expected to be interesting for
environmentally amenable solar cells [2-8]. This material
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In this paper, the first-principles calculation are
performed by using the full-potential linear augmented
plane waves plus local orbitals method (FP-LAPW) as
implemented in Wien2k-package [18], with Perdew-BurkeErnzerhof (PBE) exchange-correlation functional [19] as
well as the LDA+U/GGA+U orbital potential approximation
that is necessary to correct the energy gaps for semiconductor materials [20]. We focus in particular on
interfaces between CZTS relaxed structure and ZnS(001),
ZnS(½[110]) and pyrite FeS2(001) optimized volumes
important for solar-cell applications. The band structure is
calculated for each material in bulk. The band offset
between these structures is quantitatively analyzed from
each calculated band gap. We also discuss how these band
offsets could affect optical properties, as absorption
coefficient, optical conductivity and dielectric functional.

2. Computational details
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The kesterite-CZTS is the most stable phase; its total
energy is smaller than the wurtzite-stannite structures [21].
This is the reason why we will focus our study on its
interaction with a zinc-blende structure. We however must
take into account many structural considerations. It is well
known in semiconductor materials that the structural
properties significantly affect the electronic and optical
properties [10]. In the first case, we use density functional
theory (DFT) calculations to optimize structural parameters
of bulk FeS2, ZnS and CZTS separately.

Calculations are performed as mentioned above, by using
relativistic FP-LAPW+lo method applying the PBEsol-GGA
exchange-correlation functional, because the errors percent
of the surface exchange energy are 2.7% better than the
standard PBE that equal to 11% [19]. Brillouin-zone
integration was performed on -centered symmetry reduced
Monkhorst-Pack k-meshes [22]. Bulk phase calculations
have been carried out using shifted k-special points of
4×4×4, 8×8×8 and 10×10×10 meshes for CZTS, ZnS and
FeS2 primitive unit cells, respectively. Also we use the value
of 9, 8 and 8 of RmtKmax product parameter for same simple,
respectively. This product parameter will determines matrix
size to esteem time calculations and the convergence
criterion is fixed to 10-4. Where Kmax is the plane wave cutoff and Rmt is the smallest of all atomic sphere radii. Bulk
band gaps are treated by using LDA+U/GGA+U potential
orbital to correct the energy gaps, and we chose the U value
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parameter to be adequate for band gaps observing in
experimental studies. In the case of FeS2, the modified
Becke-Johnson potential is supported in Wien2k-package to
calculate band gap and to see the role of hybrid HF/DFT
method for FeS2 structure. We also considered the B3LYP
functional form (Becke’s three-parameter hybrid exchange
and Lee–Yang–Parr correlation functionals) [23]. The
atomic positions are relaxed for CZTS structure to minimize
stress and Hellmann-Feynman forces because we observed
when we suppose Wyckoff position for Sulfur in CZTS and
FeS2 structures, the forces are large. The volume
optimization of these structures is necessary to minimize
total energy and to avoid the artifact structure when we
construct a ZnS (001)/CZTS, ZnS (½[110])/CZTS and FeS2
(001)/CZTS super-cells. The valence band offset E (A/B)
phases is calculated by the means of the core level energy
[15], and is defined as:
∆Ev ( A / B ) = ∆Eb − v + ∆EI −v
(1)
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specific material which possesses particular crystalline
structure while preserving economic and environmental
issues. A possible alternative can be FeS2; this material
shows interesting optical, electrical and transport properties
[16,17] and we will investigate by numerical simulation the
possibility of its insertion as a buffer layer on CZTS
absorbent material .
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The bulk term ∆Eb −v = EvA − EvB is the difference of the
maximum of valence band of each material. The term
∆EI −v is the potential alignment at the interface directly
calculated from band structure. As for conduction band
offset, Ec is given by:
(2)
∆ E c ( A / B ) = ∆ Ev ( A / B ) + ∆ E g ( A / B )

And Eg (A/B) is the difference of gap energy between A
and B in heterostructure. For optical properties, the
theoretical framework is based here on electric dipole
hypothesis and quantum mechanics theory. The complex
dielectric function describes the polarization response of the
material to an externally applied electric field.
ζ (ω ) = ζ 1 (ω ) + iζ 2 (ω )
(3)
The imaginary part of dielectric function is calculated from
the joint DOS [24] from the following expression:
e2h
2
(4)
ζ 2 (ω ) =
Mme δ (ω c − ω v −ω ) d 3 k
π m 2ω 2 v , c BZ
2
M m e is the momentum matrix elements for dielectric
transitions between valence and conduction bands; is the
Dirac’s delta function which defines the electric field. The
real part ζ 1 (ω ) can be derived from the imaginary part by
means of Kramers-Kronig transformations:

ζ 1 (ω ) = 1 +

2

π

P

∞
0

ω ' ζ 2 (ω ')
dω '
ω '2 − ω 2

(5)

P is the constant of the integral. And the absorption
coefficient ( ) is given by [25].

α (ω ) =

2ω
c

ζ 12 (ω ) + ζ 22 (ω ) − ζ 1 (ω )

1/2

(6)

where c is the speed of light. The refractive index n ( ) is
important for optical properties calculations and it is
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n (ω ) =

ζ 1 (ω )
2

+

ζ 1 2 (ω ) + ζ 22 (ω )

1/ 2

(7)

2

3. Results and discussion
3.1 Structural properties

TABLE I.
THEORETICALLY AND EXPERIMENTALLY CALCULATED
LATTICE PARAMETERS OF ZINC-BLNEDE ZNS, PYRITE FES2 AND KESTERITE
CZTS
ZnS(001)

FeS2(001)

CZTS(001)

a (Å)
5.378
5.342
5.335
5.410
5.31
5.382
5.266
5.416
5.452
5.427
5.438
5.424
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A special attention has been given to the structural
relaxation to draw the curve of total energy as function of
cells volume as shown in Fig. 2, which can give an accurate
prediction of the equilibrium volumes of these structures. A
Birch-Murnaghan [26] equation of state is used to obtain the
equilibrium volume (V0), total energy (E) and lattice
parameters (a, c and tetragonality ratio c/a). The results have
been listed in Table 1.
From Table 1, the c/a ratio is very close to 2 for CZTS
material. This is in accordance with most of recent
experimental data [27-28]. We observe that ZnS is the
binary cubic similarity for CZTS and we note that ZnS can
grow normally on CZTS in equilibrium conditions. We are
in particular interested on two crystallographic orientations
as depicted in Fig. 1: The first, when ZnS is epitaxed at
(001) direction from CZTS. Another, when the ZnS is
epitaxed in the (½[110]) orientation for the reason to
increase forces and stress, also to reduce the potential gate.
For the first case, the conversion efficiency is in order of
3.08% of ZnS ultrathin layer of thickness of 5 nm. In the
second one, the result show that the turned ZnS structure by
45° at the interface can contribute directly to band offset
calculations and how the last can affect solar-cell
conversion efficiency of our system. The method to grow
ZnS layer at particular (½[110]) direction is unfortunatly not
directy applicable. We noticed that this twisted ZnS
structure by 45° have the same shape of the pyrite structure
FeS2 at the one difference of the number of sulfur atoms in
each one and these Wyckoff positions (Fig.2 c).

insisted by Birch-Murnaghan equation of state giving aZnS =
(5,378 s0.002) Å were in good agreement to the theoretical
studies and experimental observations [11, 31-33]. By the
same way, we also calculate the lattice parameter of pyrite
FeS2 and found that aFeS2 = (5.3508s0.002) Å. The
structural properties of bulk FeS2 are calculated by the
relationship between total energy and cell volume.
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expressed by real and imaginary parts of dielectric function
as:

On the other hand, the CZTS possesses five inequivalent atoms located by Wyckoff positions as : {(0, 0,
0), (½, 0, ¼)}, (0, ½, ¼), (0, 0, ½), {(¼, ¾, 5/8), (¾, ¼, 5/8),
(½, ½, 3/8), (¾, ¾, 3/8)} for Cu2, Zn, Sn, and S4,
respectively. This configuration shows that the HellmannFeynman forces are larges for Sulfur atoms, and then all
lattice vectors and atomic positions were fully relaxed by
minimizing the quantum mechanical stresses and forces.
Eos fitting gives new lattice parameters for CZTS
correspondingly to the smallest energy as aczts=
(5.452s0.002) Å, cczts = (10.801s0.002) Å and c/a =
(1.984s0.002). This result is in agreement with H. Nozaki et
al which find the following lattice parameters aczts = 5.438
Å, cczts = 10.857 Å [29]. V. Kheraj shows that the lattice
parameters calculated for the CZTS sample S4 from XRD
analysis come out to be 5.427 Å and 10.854 Å for a and c,
respectively [30]. As for ZnS, the volume optimization is

ICNCRE ’13

415

(a)

c (Å)
__

c/a
__

Reference
This work
[11]
[34]

__
__

__
__

Exp[31]
This work
[24]
[36]

10.801
10.854
10.857
10.861

(b)

1.984
2.000
1.996
2.002

Exp[23]
This work
[30]
[29]

Exp[27]

(c)

Purple =Zn
Red =Fe
Yellow=S
Blue =Cu
Gray =Sn

(d)

Figure 1. Crystalline structures of: a)-Zinc blend ZnS(001), b)-Zinc-blend
ZnS(½[110]), c)- Pyrite FeS2(001) and d)- Kesterite CZTS
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Brillouin zone for both ZnS and CZTS. For the analysis of
the band structure of CZTS it is likely that the dispersion of
the S p – Cu d anti-bonding states overlap to form at valence
band, where the top of the valence band remains fairly
unaltered. At the bottom of the valence band of both crystals
ZnS and CZTS are mostly derived from S-3s states and
slightly mixing to 3d Zn. This result is in agreement with
some theoretical and experimental studies that show a band
gap of ZnS around 2.16 - 3.8 eV [11, 35, 37]. For the case of
CZTS, Dan Huang et al used in GGA+U approximation,
effective values U parameters (5.2, 6.5, and 3.5 eV) for
Cu3d, Zn3d and Sn4d states, respectively [38]. The band
gap energy is given to be around 1.5 eV according to
experimental studies of Cu-poor and Zn-rich CZTS samples
[39-42]. In our study, we use the similar way in Wien2k
package [18] and we take J = 0 for all states; then we use
only U parameters for Cu23d and Zn3d states, with 5.02 and
5.42 eV values, respectively. The result gives a value of
1.29 eV for the direct gap located at point in BZ. Next, the
band structure calculated for ZnS using the values of U =
3.10 eV for Zinc and 1.40 eV for Sulphur gives a reliable
band gap close to the experimental value [44], and Eg
3.62 eV which is a direct gap located at point in BZ. The
choice of how to use U parameter in CZTS of what atoms

-0,682

Eos fitting of Volume optimization of ZnS
First-principles data

Energy (-4386 Ry)

-0,684

-0,686

-0,688

as
df
.re
s.
in

-0,690

-0,692

240

-0,70

250

260

270

280

290

Eos fitting ofVolume
Volume optimization
of FeS2
(a.u)3
First-principles data

-0,74

-0,76

-0,78

-0,80

w
w
w
.e
dl
ib
.

Energy (-16550Ry)

-0,72

-0,82
1000

1050

1100

1150

Eos fitting of Volume optimization
of CZTS
Volume (a.u)3
First-principles data

-0,600
-0,605

Energy (-25745 Ry)

-0,610
-0,615
-0,620
-0,625
-0,630

1000

1050

1100

Volume (a.u)3

fro
m

-0,635
-0,640

416

1150

D
ow
nl
oa
de
d

Figure 2. Eos fitting of the relationship between total energy and volumes
of ZnS, FeS2 and CZTS. The green arrow shows the equilibrium volumes.

G. Qiu et al [24] used the CASTEP package (pseudopotential- code) to calculate a total energy as a function of
lattice parameter a0 and of the Wyckoff parameter u. They
found that ‘a’ value of lattice parameter of FeS2 to be equal
to 5.382 Å. This result is very close to our calculation and
also to experimental value of 5.416 Å [23]. Joseph Muscat
et al [36] computed the lattice parameter of the optimized
structure of FeS2 using HF, LDA,GGA and B3LYP
treatments of exchange-correlation potential as implemented
in Crystal-98 and CASTEP package and their result is ~
5.299 - 5.614 Å.

(a)

(b)

Figure 3. The band structures calculated by means of LDA+U/GGA+U
approximations of (a)- Kesterite CZTS and (b)- Zinc-blende ZnS which
are direct band gap of values of 1.29 and 3.62 eV, respectively.

3.2 Electronic properties
The calculated band gap energies is based on GGA+U
approximation for CZTS and ZnS at equilibrium structure.
“Fig. 3” shows the theoretical band gap of these structures.
The Fermi level of each band structure is set to 0 eV. These
calculations reveal a direct bandgap at the point of the
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Figure 4. The band structure of Pyrite FeS2 calculated by LMTO-code
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Figure 5. Band offsets quantitatively calculated for CZTS/FeS2/ZnO and
CZTS/ZnS/ZnO.

Furthermore, the imaginary part of dielectric function is
written as function of the momentum matrix elements for
dielectric transitions between valence and conduction bands,
and then all critical peaks can find origins in inter-band
transitions. The first analysis of imaginary part of dielectric
function 2(E) shows that there are five intense peaks (Fig.
6) marked as : A (4.29 eV) ,B (5.59 eV), C (6.84 eV), D
(7.27 eV) and E (8.26 eV) for ZnS and five other peaks as F
(2.36 eV), G (3.34 eV), H (5.37 eV), I (7.38 eV) and J
(9.41eV) for FeS2 material. It is observed that the threshold
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is provided by calculating of electronic density at (111)
direction. The result shows that there are two regions ; the
strong and weak correlation zone. We used then only the U
parameter for atoms located at strong correlation zone. For
FeS2, we use the modified Becke-Johnson potential to
calculate its band gap and to see the role of hybrid HF/DFT
method for the Pyrite structure. This method gives a value
of 1.093 eV of band gap which is verry close to the
experemental result. Also, we use the LMTO-code to draw
the band structure using the case of non spin-polarized with
combined corrections and we use the exchange-correlation
of Perdew-Wang[43]. The result shows two natures of band
gap : The first is an indirect band gap of 0.482 eV between
points with coordinates (0.4, 0.0, 0.0) and (0.0, 0.0, 0.0) at
the Brillouin zone. The second is a direct band gap of 0.593
eV at the point (0.4, 0.0, 0.0), (see “Fig. 4”). The
phenomenology of valence and conduction band offsets
between absorber and buffer materials is not easy for the
conversion effeciency of solar cells[45]. Then, the large
positive conduction band offset create a potential gate for
both electron and hole carriers.
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In this work, the relatively small negative conduction band
offset of -0.19 eV at the CZTS/FeS2 interface indicates that
FeS2 can be used as buffer layer for the CZTS solar cells. On
the other hand, the large positive conduction band offset of
0.6 eV at the CZTS/ZnS interface causes an energy barrier
for the electrons generated in the CZTS absorber and
decreasing the conversion efficiency (see “Fig. 5”).
Although, Calculations of lattice misfit of both materials
and internal stress shows that the FeS2 material have a good
lattice mismatch of 1.89% in comparaison with ZnS near the
interface with CZTS absorber. The valence and conduction
band offsets of pyrite FeS2 are smaller in relation to these of
ZnS due to the strain induced by increased lattice misfit
between CZTS and FeS2 of about 1.89% in comparaison
with lattice mismatch between CZTS and ZnS of about
1.37%. Then, the large lattice misfit can cause defect states
in structural properties and dipole moment as well as the
band offset can also be affected [2].
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3.3 Optical properties

2

A
10

0

The study of optical properties is based here on complex
dielectric function describing the linear response of these
materials to externally applied electromagnetic waves. Since
the imaginary part of dielectric function is related to joint
DOS [24], interpretation and analysis of optical properties
are based on projected density of states and electrical band
structure. The optical properties as dielectric function,
refractive index and absorption coefficient are calculated
over a photon energy range extended to 10 eV. In figure 6,
we present frequency dependent real and imaginary part of
dielectric function of CZTS, ZnS and FeS2 materials
calculated using FP-LAPW method.
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Figure 6. Real and imaginary part of dielectric function of KesteriteCZTS, Zinc blende-ZnS and Pyrite FeS2.
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4. Conclusion
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ZnS material wich replaces efficiently toxic CdS as a
buffer layer in CIGS based solar cell is not appropriate for
equivalent CZTS structures. A detailed theoretical study of
structural, electronic and optical properties of ultra thin
films ZnS and FeS2 buffer materials for solar cells has been
performed by FP-LAPW method. These results show that
FeS2 can be favorably used as buffer in heterostructure with
CZTS based solar cells. FeS2 shows interesting physical
properties and it is regarded as a promising material for
solar cells. On the other hand, the large lattice misfit and the
small band offset would cause interface dislocations and
reduction of the precipation phase. Furthermore, the
variation of chemical environnement of films in
heterostructure can cause strain and functional hybridation
as for example FeS2 with CZTS absorber.
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of absorption occurs at 3.58±0.02eV for ZnS material. This
point represents splitting between 15v- 1c and gives the
threshold of the direct electronic transitions band between
the highest of the valence band and the lowest of the
conduction band. Besides, the origin of these peaks is
assigned to the inter-band transitions formed by the
electronic transfer between the occupied states 4s or binding
of Zn atom toward the vacant or anti-binding states 3p of
Sulfur. For FeS2, all the transitions are mainly between S-3p
and Fe-3d states. All these transitions are originated at X
direct bandgap and between - X indirect bandgap in BZ.
The threshold of absorption occurs at the energy (1.04±
0,02) eV for FeS2 material which is approximately the value
of bandgap. Our calculations show that ZnS and FeS2 are
optically isotropic contrary to CZTS material, then the
average value of its dielectric function is calculated by the
relationship : i( ) = {2* + }/3. The i index shows the real
or the imaginary part of dielectric function and , are the
components perpendicular and parallel to the z axis [22, 46].
The crystalline relaxation of CZTS proves that the positions
of Sulfur are not those of Wyckoff. A direct consequence of
this calculation shows that the CZTS is anisotropic. In the
point of practice view, the dislocation affects directly the
physical properties of the material and it has tendency to
widen its domain. The threshold of absorption of CZTS
occurs at the energy (1.26 ± 0, 02) eV; this point shows that
the direct electronic transitions are created between the
highest of the valence band and the lowest of the conduction
band at point in BZ. The critical peaks in 2( ) spectrum
are due to the electronic transitions from 3d-Zn state toward
3d-Cu state and from 3d-Cu state toward 5s- Sn state.
Besides, hybridization will take place between the 3p-S state
with 5s or 5p-Sn states and 5s-Sn state with 3d-Cu forming
the low of the conduction band.
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