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ARTICLE INFO ABSTRACT

Keywords: In this paper, first principle calculations of Cu,NiGeS, (CNGS) are carried out to explore the structural,
Kesterite electronic and optical properties of kesterite compound. Both mBJ+U and HSE potentials are used to calculate
CNGS

the band gap energy. The first approach gives a value of 1.78 eV and the second one a value of 1.76 eV. Our
numerical simulation shows that the CNGS exhibits a remarkable high absorption coefficient of the order of
10* cm™', leading to a promising absorber material for photovoltaic devices. Additional optical properties such
as refraction index and dielectric function are also calculated in this work. Furthermore, CNGS-based solar cell
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simulation was performed through SCAPS software. The calculated values of short-circuit current density J

open-circuit voltage V,

oc>

sc?

Fill factor FF and power conversion efficiency show that CNGS can be a potential

candidate for solar cell application.

1. Introduction

Nowadays, one of the most important topics investigated by the
scientific community is the generation of electrical energy through
sources that are clean, safe, sustainable, renewable, and friendly to the
environment (Razmjoo et al., 2021; Panwar et al., 2011). Due to this,
a lot of theoretical and experimental research have been performed
to understand and improve the process involved in the generation of
electricity from the sunlight. As we know, the conversion efficiency
from sunlight to electrical energy depends on the photovoltaic device
that absorbs the radiation of the sunlight and converts it into elec-
tricity (Panwar et al., 2011; Beraich et al., 2020; Gloeckler and Sites,
2005).

Currently, photovoltaic materials such as amorphous silicon, CdTe,
and chalcopyrite thin films have received a lot of interest because of
their excellent optical properties and high PV efficiency (Ranjan et al.,
2021; Ranjan and Chakraborty, 2021; Pham et al., 2021; Eid et al.,
2015; Petrovi¢ et al., 2015; Ji et al.,, 2020). However, the majority
of these materials contain low-abundance and/or toxic elements, re-
stricting their use on a commercial basis. In particular, some studies
have been performed in Cu,ZnSnSe, (CZTSe), Cu,ZnSnS, (CZTS) and

* Corresponding authors.

Cu,ZnSn(S,Se,_,), compounds, which are an alternative for CIGS and
CdTe. These three compounds present a kesterite symmetry and have
been attracting attention because these materials are earth-abundant
and nontoxic. However, the highest reported conversion efficiency is
12.6% even though the band gap is in the range from 1 to 1.5 eV
(CZTSSe) with an absorption coefficient higher than 10* cm~! (Datta-
tray and Abhishek, 2019; Delgado and Sagredo, 2020; Padhy et al.,
2021; Kim et al., 2016). Therefore, its performance is still far from
the 20.8% achieved for CIGSe thin film solar cells (Eid et al., 2015).
The main drawbacks in the power conversion performance of kesterite-
based thin film solar cell are the presence of secondary phases such as
ZnS, SnS, SnS,, and Cu,S, the presence of uncontrollable disorder, and
the presence of large Cuy, and Znc, antisite defects, leading to potential
fluctuations in the electronic band structure and the band tailing (Just
et al., 2016; Mangelis et al., 2019; Vanalakar et al., 2018). One of the
fascinating approaches to lessen these effects is to replace Cu*t, Zn**,
and Sn** with other chemical components of the same valence. The
substitution of tin (Sn) atoms with germanium (Ge) atoms can increase
the optical band gap, allowing it to be coupled with a low band-gap
cell in a tandem configuration that can convert a significant part of
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Fig. 1. Schematic representation of Cu,NiGeS, in kesterite structure.

sunlight into electrical energy while suppressing all Sn-related deep
defects. The quaternary chalcogenide semiconductors Cu,ZnGeX, (X =
S, Se), defined as CZGX (X = S or Se), have an adjustable band gap
between 1.3 and 2 eV (El Hamdaoui et al., 2021).

On the other hand, the substitution of Zn by Ni in the CZGS
results in the obtention of Cu,NiGeS, (CNGS) compound, which is
also an interesting material for solar cell fabrication. Experimentally,
only two works have investigated these materials. Delgado and Sagredo
(2020) and Beraich et al. (2020) have successfully synthesized CNGS
powder and thin film respectively. They have found that due to the
distribution of cations in the tetrahedral sites of these compounds,
the CNGS powders present the stannite structure while the kesterite
structure is observed in thin films. In addition, they demonstrated that
CNGS in kesterite and stannite form can be synthesized with a simple
and low-cost spray ultrasonic method. Their samples demonstrate a
very high crystallinity and the obtained Kesterite thin films are ho-
mogeneous with a band gap of 1.8 eV and with a high absorption
coefficient (Beraich et al., 2020). Unfortunately, even though CNGS
has some promising properties to make it suitable for solar cells, the
research about it is in an embryonic state. At the best of our knowledge,
so far there is no theoretical study about the electronic and optical
properties of Cu,NiGeS,, which could be very useful for the experi-
mental research on this material. In addition, there are no theoretical
reports of the CNGS solar cell performance. The solar cell simulation
would allow evaluating the potential application of CNGS material to
solar cells. In this sense, Density Functional Theory calculations are
performed in this work to evaluate the electronic and optical properties
of CNGS. In addition, the application of this material to solar cells is
analyzed by numerical simulations using SCAPS software.

2. Calculations detail

The standard DFT approach (LDA and GGA) is well known for
significantly underestimating bandgap energy (Perdew, 2009). There
are several approaches to compensate the bandgap underestimation of
standard DFT. In this work we used two of these approaches which are
DFT+U (mBJ+U) and hybrid functionals, both methods are commonly
employed in theoretical research (Shokri et al., 2020). While DFT+U
approach is computationally equivalent to the standard DFT method,
the hybrid functionals are computationally costly and more accurate
than DFT+U. For DFT+U method we used Tran-Blaha modified Becke
and Johnson potential combined (Tran and Blaha, 2009) with the
Hubbard potential U (Kirchner-Hall et al., 2021), that is based on
the full-potential linearized augmented plane-wave (FP-LAPW) (Blaha
et al,, 2018) method implemented in wien2k code (Schwarz et al.,
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Fig. 2. Total energy as a function of volume of CNGS in kesterite structure.

2002). mBJ is a correction used for GGA bandgap, however in our
case it is not sufficient to obtain a bandgap near the experimental
data. Therefore, we associate it with the Hubbard potential which is a
semiempirical value that can be added to DFT calculations for any open
shell orbitals such as d or f orbitals for transition metals (Cu and Ni in
our case) and perovskites when there is a strong correlation (Kirchner-
Hall et al., 2021). The band gap value can be altered by adjusting
the U value, and in our calculation, several U values were examined.
The optimal Hubbard U value that agrees well with experimental data
is determined to be 6 eV. For the hybrid functional we used the
Heyd-Scuseria—Ernzerhof (HSE) performed with QUANTUM ESPRESSO
code (Giannozzi et al., 2009), based on the plane wave (PW) method.
In the HSE hybrid functionals, the exchange part of the exchange and
correlation potential is a hybridization between the exact Hartree Fock
exchange and the exchange of the PBE functional (Heyd et al., 2003):

(€8]

HSE _ pPBE sr,HF _ rsr,PBE
Exc - Exc +a (Ex Ex )

where EPBE is the exchange and correlation energy functional of
the generalized gradient approximation (GGA-PBE), and E:"FBE and
EHF are the short-range (sr) part of the PBE exchange and Hartree
Fock energies, respectively. The mixing parameter a is chosen to be
0.25 in the original HSE functional. Following the convergence test,
within FP-LAPW method, we have taken the muffin-tin radii sufficiently
large to avoid their overlapping. The product of the smallest muffin-tin
radius and the magnitude of the largest k-vector is set to R, * K,
9. Cut-off energy of the plane-wave expansion is taken by default to
—6 Ry and the number of K-points in the first Brillouin zone is fixed
at 1000. For PW calculation, the cut-off energy for the wave function
is set to 80 Ry. k-point grid in the Brillouin zone is introduced with a
6 x 6 x 3 grid in the Monkhorst-Pack method (Monkhorst and Pack,
1976).

The relaxed lattice parameters of CNGS are obtained with two meth-
ods. The first method via Wien2k package, where the optimized lattice
parameters are calculated by fitting the total energy as a function of the
volume of the unit cell using Murnaghan’s equation of state (Tyuterev
and Vast, 2006), and the second method via quantum espresso pack-
age, where the lattice parameters are relaxed using Broyden Fletcher
Goldfarb Shanno (BFGS) method (Liu and Nocedal, 1989)

To calculate the optical properties, the following dielectric function
formula e(w) = ¢,(w) + ig;(w) was used, where ¢, stands for its real part
obtained using the Kramers—Kronig transformation (Bikerouin et al.,
2020) and ¢; denotes its imaginary part that can be given by the mo-
mentum matrix element between the occupied and unoccupied states
according to the following equation.
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Fig. 3. CNGS band structure with (a) mBJ+U and (b) HSE06.

Where ¢ and v are the conduction and valence of Kohn—-Sham states,
respectively.
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3. Results and discussions
3.1. Structural properties

The quaternary Cu,NiGeS; can be crystallized in kesterite struc-
ture (Beraich et al., 2020). Fig. 1 presents the sites of each atom in
the unit cell structure of CNGS, which is characterized by a pseudo-
cubic cell. The atomic position of Cu is 2a (0, 0, 0) and 2c (0, 0.5,
0.25), Ni at 2d (0.5, 0, 0.25), Ge and S are located at 2b (0.5, 0.5, 0)
and 8 g (0.7581, 0.2536, 0.8718) respectively, in the tetragonal unit
cell with space group 14 (162) (Hall et al., 1978). Fig. 2 presents the
fitted data of total energy to unit cell volume obtained with wien2k.
Thus, the calculated lattice parameters are a = 5.14 A, ¢ = 10.5 A
and a = 5.2 A, ¢ = 10.48 A with FP-LAPW and PW respectively. We
noted that the calculated lattice parameters are in good agreement
with the experimental result, where the lattice parameters obtained
experimentally by Beraich et al. are a = 5.25 A and ¢ = 10.7 A (Beraich
et al., 2020).

The Cohesive energy is an important parameter to assess the stabil-
ity of CNGS in kesterite structure, it is defined as the energy required to
decompose the crystal into single atoms. Hence, the more negative the
cohesive energy value, the more stable the crystal structure is (Wang
et al., 2009). The cohesive energy can be calculated with the following
expression:

1
EC:[ECNGS—ZXECM—ENI-—EGG—4><ES]><g (O]

Where E.ygs is the total energy of CNGS in kesterite structure and
Ec,, En;, Eg, and Eg are the energies of the isolated atoms in the
freedom states. The calculated cohesive energy of kesterite CNGS is
4.34 eV/atom, where E, is negative, which indicates the stability
of our material. Compared with the results known for CZTS mate-
rial, our calculation shows that CNGS is more stable than CZTS with
3.9 eV/atom (Rondiya et al., 2020)
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3.2. Electronic properties

In order to explore the Cu,NiGeS, properties, we should understand
the behavior of its electrons. Taking into account the metallic charac-
teristic of nickel element, the spin-polarized effect is strongly requested
in the calculations. This will provide a remarkable difference in the
CNGS compound depending on where the spin is oriented either up or
down. Fig. 3 illustrates the band structure of CNGS kesterite material
with two representative cases of spin (up and down) determined with
both mBJ+U and HSEO06 approaches , along I -> X -> P -> N ->
I' symmetric points in irreducible Brillouin zone with Fermi level at
0 eV. From this figure, we can see the impact of the spin orientation
especially on the value of CNGS gap energy. As we can see in Fig. 3a,
a band-gap value of about 1.78 eV is obtained for CNGS compound
when the spin is up, while it is about 1.34 eV for the spin-down case,
from the same figure. The maximum of the valance band is located at
the center of Brillouin zone I', while the minimum of the conduction
band is found in X point, where the conduction band in that latter is
slightly below the gamma point, where we deduced that mBJ+U shows
an indirect bandgap behavior in both spin case. However, it can be seen
in Fig. 3b, with the accurate HSE06 calculations that a direct band gap
at I' valley of the first BZ is obtained with a value of 1.76 eV and
0.91 eV in both spin cases up and down respectively. The band gap
energy of the majority spin up remains within the range of gap energies
found in the literature until now, which is around 1.6-1.8 eV (Beraich
et al., 2020).

To further examine the electronic behavior of CNGS, we have also
computed the densities of states to investigate the contribution of CNGS
elements in forming its electronic structure. Fig. 4 presents the total
and the partial densities of states of the main elements contributing in
forming the band structure. For both cases in question, the upper of
the valence band is typically composed by the Cu d-orbitals, while the
lower of the conduction band in the spin down case is predominantly
formed by the electrons of d-orbital of Ni, the spin up case is a
hybridization between the s and p orbital of Ge and S. The top of the
conduction band is manly formed from the p-orbitals of Ge in the spin
up case, in contrast with the spin down, which is a mixing between
p and d-orbitals of Ge and Ni respectively. On the other hand, the
bottom of the valence band is a hybridization of d-orbitals of Ge and
Ni with p-orbital of S. The obtained band gap energy of CNGS is lower
than the quaternary kesterite CZGS which has bandgap between 2-
2.2 eV according to numerous studies (El Hamdaoui et al., 2021). The
substitution of the Zn atoms by Ni serves primarily to reduce the band
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Fig. 4. The total density of states of CNGS and the partial one of particular orbitals
which have a strong contribution in both spin states.

Table 1
The calculated total and partial magnetic moment.

Total Cu Ni

u (ug) 2

Ge S

0.03 1.655 0.001

0 2 4 6 8

Energy(eV)

Fig. 5. The imaginary and real parts of dielectric function spectra of CNGS.

gap from 2.2 to 1.8 eV. These results indicate that a band gap between
1.2 and 1.4 is expected if we substitute the sulfur with selenium.

The presence of Ni atoms can induce a magnetic behavior in the
kesterite compound. This can be observed in the difference in total dos
in both spin states. However, the magnetic origin can be evaluated by
magnetic moment. Hence, the calculated total and partial magnetic mo-
ment are presented in Table 1. The computed total magnetic moment
is found to be 2 while the partial magnetic moment of Ni is 1.65 and
the other atoms present a weak magnetic moment. This shows that the
origin of magnetization in quaternary CNGS is the Ni atom.

3.3. Optical properties

To provide a clear picture of the impact of Ni incorporation into
kesterite structure, we determine with mBJ+U the optical properties
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of CNGS from which we calculate the optoelectronic parameters of
solar cells. As usual, this can get started with the investigation of the
dielectric function. The calculated imaginary part ¢;, and real part
€,, of the dielectric function of CNGS are shown in Fig. 5 with two
possible directions of polarization. It is obvious that at low energies,
the curves of the imaginary in-plane and out-of-plane components
€im—xx and g;,_.. respectively are almost similar, hence the imaginary
dielectric function is isotrope. Above the first critical photon energy,
which is close to band gap energy, the spectra of ¢;, present the first
peaks at the visible range corresponding either to direct or indirect
interband transitions from the highest valence band (from d-state of
Cu) to the lowest conduction band (to s-state of Ge). On the other
hand, the calculated longitudinal and transversal components of the
real part of the dielectric function provide informations on the value
of the static dielectric constant, which corresponds to the limit value at
zero frequency. We have found thate,,_ ., =6.65and ¢,,_,, = 6.45, two
values from which we calculated the average value that can be used
as one of the essential parameter to predict the performance of solar
cells based on CNGS kesterite. Furthermore, CNGS reaches a negative
values of ¢,, over the range of UV. Consequently, the CNGS kesterite
can be an appealing material for UV-plasmonics. As it is known, the
measurements of the imaginary part of dielectric function allow to
deduce the optical absorption coefficient, which also allows us to
specify the region of the electromagnetic waves spectrum that the CNGS
kesterite can be exposed as a potential absorber. Fig. 6a depicts the in-
plane and out-of-plane components of absorption coefficient. As it can
be seen, the absorption process occurs with the energy range greater
than or equal the CNGS gap energy and has an order of magnitude of
10* cm™! in the visible range.

Other required parameters used to predict the behavior of op-
toelectronic devices such as solar cells are the refractive index and
extinction coefficient, which describe the loss of photon energy during
propagation through the optical medium. These can be deduced from
€., and ¢;,, as follows (El Hamdaoui et al., 2021):

@) = S1E,@)+ 3, @) + &) ®)

K@) = @)+ &,@)' = (@] Q)

In Fig. 7, both parallel and perpendicular components of refractive
index and extinction coefficient of CNGS kesterite are illustrated as
functions of the incident photon energy. It is remarkable that n(w) and
k(w) behave like ¢,, and ¢;, respectively. They also present their first
peaks at the same threshold energy. From the measurement point of
view, the corresponding values of CNGS static refractive indices are
Ho—xx = 2.54 and ny_,, = 2.58, which are slightly greater than those
obtained from our previous work on CZGS (El Hamdaoui et al., 2021)

4. Solar cell application
4.1. Device structure and simulation

Following the optical responses of CNGS calculated above, we next
proceed to perform the numerical simulations of the photovoltaic solar
cell using the material of interest as an absorber layer. Since CNGS is a
part of the kesterite family, we consider the traditional configuration of
CZTS and CIGS for CNGS baseline (Et-taya et al., 2020; Jackson et al.,
2016). The traditional Mo/CNGS/CdS/ ZnO/ZnO:Al configuration is
presented in Fig. 8a, where Mo is the back contact, CNGS is the p-type
absorber and the other part of the PN junction is the n-type CdS buffer
layer. On the top of CdS, an intrinsic layer of ZnO and Al-doped ZnO
(ZnO:Al) as a transparent conducting oxide layer (TCO), acting as the
window layer are considered.

The simulation is carried out by the SCAPS-1D program, which
was developed at the university of Gent, Belgium (Burgelman et al.,
2018). SCAPS determines the JV characteristics and spectral response
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Fig. 6. The CNGS absorption coefficient spectra as functions of the incident photon energy, (a) the in-plane and out-of-plane components, (b) the average absorption coefficient

in the visible range.

Table 2

Physical parameters of each layer used in the simulation of CNGS solar cell (Kukreti et al., 2021; Courel et al., 2016; Fujiwara
and Collins, 2018; Beal and Hughes, 1979; Luo et al., 2021; Adewoyin et al., 2017).

Parameters ZnO:Al ZnO Cds CNGS MosS,

w 80 80 50 2000 80

E, (eV) 3.3 3.3 2.4 1.8° 1.3

X (eV) 4.5 4.5 4.4 4.5 4.2

€ 9 9 10 6.56% 4

ny 2 2 2.5 2.56° 4.77

N, (cm™3) 2.2 108 2.2 108 2.2 10'8 2.58 10'82 7.5 10"

N,(cm™3) 1.810" 1.8 10" 1.8 10" 4.54 10'82 1.8 10"

v,(cm/s) 107 107 107 107 10°

v, (cm/s) 107 107 107 107 107

H (cm=2/Vs) 100 100 100 100 100

Uy (cm?/Vs) 25 25 25 25 150

N, (em™3) 10'8 108 108 0 0

N, (cm~3) 0 0 0 10'6 10

Absorption Scaps file Scaps file Scaps file Experimental data (Beal Data Fig. 6,b

and Hughes, 1979)

m,(my) 0.27 0.27 0.25 0.22° 0.53

my,?(my) 0.59 0.59 0.7 0.327 0.62
3(Computed in this work.)

6
Energy(eV)

8

Fig. 7. Variation of the refractive index (solid line) and extinction coefficient (dashed-
line) of CNGS Kkesterite as functions of the incident photon energy. For both quantities
the in-plane and out-plane components are calculated.
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by solving the basic semiconductor equations such as continuity equa-
tion, Poisson equation and carrier transport equation. These equations
are treated in one dimension and steady-state condition (Burgelman
et al., 2000; Niemegeers and Burgelman, 1997; Minbashi et al., 2018).
The simulation with SCAPS requires a set of input parameters of the
device and the material of each layer, which were obtained either
from different works and experimental literature studies (Kukreti et al.,
2021; Courel et al., 2016; Fujiwara and Collins, 2018; Beal and Hughes,
1979; Luo et al., 2021; Adewoyin et al., 2017) or computed with DFT.
All the parameters used in the simulation are summarized in Table 2.

In this simulation, the work function of the back contact Mo is
taken as 5 eV and the surface recombination velocity as 10° cm.s™!
and 107 cm.s~! for electron and hole respectively (Et-taya et al., 2020).
A single defect type is considered in the absorber layer located in the
middle of the band gap with a capture cross-section of electron and
hole of 10~'% ¢cm? and a density of 10" cm™3 (Li et al., 2019; Chen
et al., 2010). In addition, the radiative recombination is considered in
our simulation because auger recombination is known to contribute
only at high carrier concentrations. Moreover, the radiative recombi-
nation of CNGS and the other layer are calculated with the following
equation (Jiménez et al., 2018):

/°° a(E).E*.dE
E,

_E_
ekKbT — ]

8.7.n2
-

Cz.h3.n‘.2

@)
4
Where n, is the refractive index of the material, ¢ the speed of light in
vacuum, E, the band gap energy and «(E) the absorption coefficient as
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Fig. 8. The schematic representation of CNGS solar cell devices, (a) without MoS, and (b) with MoS, interlayer.
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Fig. 9. The energy band diagram of CNGS solar cell devices, (a) without MoS, and (b) with MoS, interlayer.

a function of wavelength for direct band-gap. The effective density of
states of the conduction and valence band can be calculated by:

2..m* Ky T\?

N.=2 <T> ®
2.x.my Ky, T 32

N,=2 <T) 9

Here effective masses are obtained using the parabolic band approx-
imation by parabolic fitting the band edge with the following equa-
tion (Farkousa et al., 2021)

0’E,

Y= p
" <0k2>

Where m; and mj are the effective mass of electron and hole respec-
tively, E, and k denoted the energy of the band of interest and k is
the wave vector. The absorption coefficient data of each layer was
imported from an external source, for CNGS we use the Data of Fig. 6b,
and the other layers are taken from the experimental results in the
literature (Fujiwara and Collins, 2018; Beal and Hughes, 1979). In this
work, we have considered the experimental series and shunt resistances
of CZTS as 4.5 Q-cm? and 340 Q- cm?, respectively (Karthick et al.,
2020). The cell was illuminated from the TCO side with AM1.5G
spectrum.

-1
(10)

4.2. Simulations results

4.2.1. Energy band diagram

The energy band diagram provides an insight into the band align-
ment that impacts the photogenerated carrier transport, carrier recom-
bination across the heterojunction and thus influences the solar cell
performance. Fig. 9a shows the band diagram of the CNGS baseline
cell. The most important part of the band diagram is at the interface

3
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between the absorber (CNGS) and the buffer (CdS) layers, where a so-
called spike-like shape is observed. It is well known that the spike form
interface is favorable for high efficiency (Haddout et al., 2019). Indeed,
it enhances the collection of the photo-generated electrons as a result
of the reduction of recombination rate at the interface, which leads to
higher V., and thereby raising the solar cell performance.
4.2.2. CNGS baseline characteristics

The current-voltage plot of CNGS baseline is shown in Fig. 10
(black line), which allows us to extract the indispensable solar cell
characteristics. CNGS baseline cell exhibits an efficiency of 6.25%,
a fill factor of 49.17% and the other parameters are 0.44 V and
28.635 mA/cm? in V,, and J,, respectively. According to Shockley—
Queisser limit (Shockley and Queisser, 1961), CNGS with a band gap
of 1.8 eV should have at least a PCE of 25%. However, the 6.25% PCE
still lags significantly behind the theoretical efficiency. Therefore, to
enhance the performance of the CNGS baseline, we add a thin layer of
MoS, as an interlayer between CNGS and molybdenum. Fig. 8b presents
the CNGS solar cell device with MoS,. It has been reported that the p-
type MoS, has a positive effect on efficiency improvement (Luo et al.,
2021).

4.2.3. Enhancing CNGS cell with MoS, interlayer

As it can be seen in Fig. 10 (red plot) the addition of the p-MoS,
layer yields to improve the efficiency from 6.25% to 10.94%, the same
thing occurs for V,., J,., and FF where the new obtained values are
0.648 V, 29.039 mA/cm? and 58.07%. Although there is not much
change in J,, between the two simulated devices, there is a significant
enhancement in the V,.. Consequently, the fill factor increases leading
to a rise of solar cell efficiency. These results can be explained by
rectifying contact between MoS, and Mo, which reduced the series
resistance that causes an increase in the open-circuit voltage. Further-
more, many researchers used the MoS, layer to adjust the mismatch
between CZTS and Mo (Adewoyin et al., 2017).
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Fig. 10. The current-voltage characteristics of CNGS solar cell devices. (For interpre-
tation of the references to color in this figure legend, the reader is referred to the web
version of this article.)

5. Conclusion

In conclusion, we investigated the electronic and optical properties
of Cu,NiGeS, in its Kesterite structure. We obtained a band gap energy
of 1.78 and 1.76 for mBJ+U and HSE respectively. These results are
in good agreement with the reported experimental data. The optical
absorption coefficient of CNGS reaches more than 10* cm~! in the
visible region. Based on this impressive result, we have performed a
simulation of CNGS based solar cell taking into consideration the effect
of defect and resistances in our model. We found that the solar cell
efficiency can reach a value of 10.94%. Pointing out these results, the
CNGS kesterite can be considered as a promising absorber material.
Further experimental and theoretical studies are needed to achieve a
good solar cell efficiency.
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