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ABSTRACT

CulnSe2 (CIS) is a very promising material for thin film solar cells due to its unique optoelectronic
properties. Sulfur (S) loading has been examined as an improvement to its performance. In this study,
Density Functional Theory (DFT) calculations were used to evaluate the effect of S doping on the
structural, electrical, and optical properties of Culn (Se;,Sy);. The results show that S doping causes
significant changes in the band structure and defect formation energy. The results obtained provide
important insights into the potential of S-doped CIS as a high efficiency material for the fabrication of
optoelectronic and photovoltaic devices.

Keywords-chalcopyrite; Culn(Se,..Sy);; CASTEP; GGA-PBE approximation; thin-film solar cells;
structural and electronic properties
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I.  INTRODUCTION

Solar cells used in the field of renewable energy, can
convert solar to electrical energy. Chalcopyrite compounds,
such as CulnSe,, are widely utilized for manufacturing solar
cells, due to their special properties [1], including high light
absorption, ideal band gap [2], and thermal stability against
photo-degradation [3]. The energy band gap is the property that
distinguishes materials to conductors (very small or none band
gap), insulators (large band gap), and semiconductors (small
band gap). The band gap energy (E,) is different for every
semiconductor and affects the properties of the solar cells, with
researchers trying to find ways to improve its efficiency [4-7].
One of the ways to improve the performance of CIS solar cells
is sulfur doping, where part of the selenium is replaced by
sulfur to form Culn(Se;,Sx),. Authors in [8] prepared
Culn(Se;,S,), using a relatively simple and convenient
solvothermal method, and studied the lattice constants and
optical properties of the material. Authors in [9] fabricated
Culn(Se;,S,), crystals with the Bridgman technique using
CuSe as a solvent, and examined the effect of sulfur on the
electrical and optical properties of the material. Authors in [10]
prepared Culn(Se;Syx), thin films by precisely controlling the
sulfurization temperature of CIS. Authors in [11] analyzed the
effect of lattice volume on the bandgap of sulfur-doped CIS by
first-principle calculations, while authors in [12] successfully
deposited single phase Culn(Se;.,Sy), using a two-step process.
In addition, authors in [13] examined the optical properties of
Culn(Se; Sx), using spectroscopic ellipsometry. The purpose
of this research is to investigate the structural, electrical, and
optical properties of Culn(Se;..S,), in the chalcopyrite phase
for sulfur concentrations. First-principle calculations were
performed based on DFT, as imported in the Cambridge
Sequential Total Energy Package (CASTEP) program code
[14, 15], in Materials Studio with the Generalized Gradient
Approximation (GGA) [16]. The computational results were
systematically compared with existing experimental and
theoretical data. The main findings were summarized with a
special focus on the potential applications of these materials in
advanced optoelectronic devices.

II. COMPUTATIONAL DETAILS

Chalcopyrite compounds are efficient absorber materials
widely used in high-performance thin-film photovoltaic
devices [1, 17-19]. Culn(Se;.,S,), crystallizes as a chalcopyrite,
with tetrahedral bonding. The unit cell of chalcopyrite is
constituted by the stacking of two cubic zinc blende units along
the c-axis. For CIS a 16-atom unit cell with the space group
(I4) 2d is employed. The practice of sulfonation doping
involves the substitution of sulfur atoms for selenium atoms in
the chemical structure of a compound. The specific structure
was analyzed using DFT [20] to obtain a more energetically
stable form with optimum lattice volume and atomic locations.
This study examined six concentrations of sulfur doping: x = 0,
0.2, 0.4, 0.6, 0.8, and 1. Employing first principle calculations
based on DFT using the pseudo-potential method and the
CASTEP software package in Material Studio, the study sought
to analyze the effects of doping on the material's properties.
The interaction between electrons and ions was modeled
deploying the norm-conserving pseudo-potential method [21].

The calculations employed the GGA, represented by the
Perdew-Burke-Ernzerhof (PBE) exchange-correlation
functional [16], to analyze the structural and electronic
properties of the system. These properties include, but are not
limited to metrics, such as lattice constants, bulk modulus, first
pressure derivatives, energy gap values, band structures, Total
Density of States (TDOS), and Projected Density of States
(PDOS) for both materials, as well as optical properties,
involving optical dielectric function, refractive index,
reflectivity, and absorption coefficient. The calculations were
performed using a 9 x 9 x 5 Monkhorst-Pack [22] k-mesh and
a plane wave energy cutoff of 900 eV. The electrical
configuration of each element in CulnX, (X=S, Se) is: Cu: 34"
4s', Se (S): 3s” 3p* and In: 4d'% 55 5p'.

III. RESULTS AND DISCUSSION

A. Structural Properties

CulnSe: crystallizes in the chalcopyrite structure, as shown
in Figure 1. This phenomenon persists even following the
introduction of sulfur through doping, resulting in the same
crystalline structure where the sulfur (S) atom can substitute
the selenium (Se) atom.

°Cu

o

Fig. 1. Graphical presentation in 3D of chalcopyrite CulnSe.

The structural characteristics, including equilibrium lattice
constants (a) and (c), bulk modulus (B), and the first pressure
derivative (B'), were studied by fitting Murnaghan's equation of
state [23] to the total energy as a function of the volume curves
obtained from the GGA-PBE approximation. The structures of
Culn(Se;,Sy), were optimized at varying pressures, as
presented in Figure 2. The relationship between total energy
and volume was described by:

_ s g (1 _ %) 4 () _
E(V) = E, + [B,(B,_l) .[B (1-2)+(%) 1] (1)
where V;, By, and B, represent the equilibrium volume, the
bulk modulus, and its derivative, respectively. The
compressibility modulus and its pressure derivative B’ are
expressed as:

, 0B
By =5 @
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chalcopyrite Culn(Se;.,S,),: (a) x=0 (left), x=0.2 (right), (b) x=0.4 (left), x=0.6
(right), (c) x=0.8 (left), x=1 (right).

Table 1 presents the results of the improved structural
parameters for Culn(Se;,Sy), compounds. Conversely, an
increase in sulfur (S) levels has been observed to result in a
concomitant decrease in both a and c¢. This outcome is
reasonable given that the effectiye ionic radii of S,— (17 A) are
less than those of Se,— (18.4 A) [24]. The calculated lattice
parameters demonstrate a strong correlation with both the
experimental and theoretical data for Culn(Se;S),.

B. Electronic Properties

The examination of the band structure is important for the
analysis of the physical characteristics of materials. The
method enables the estimation of several key properties,
including the absorption spectral distribution, the charge
density distribution, the electron and hole mobility, and other
related properties. This section presents the energy band
structure along multiple symmetry directions that have been
estimated, as well as the density of states in the Culn(Se;_,Sy),
compounds. As shown in Figure 3, these compounds exhibit a
direct band gap, noting that the experimental band gap values
for these compounds differ from the present study’s current
calculations. This deviation can be attributed to the adoption of
the GGA within DFT to handle the exchange-correlation
potential. The band structure of Culn(Se;,Sy), has been

primarily contributed by the hybridization of the Cu-d states
and Se-p states at CulnSe:; however, for CulnS., the
hybridization occurs between the Cu-d states and S-p states.
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Fig. 3. Band structure curves for chalcopyrite Culn (Se;..S,)).:(a) x =0, (b)
x=0.2, (c) x=0.4, (d) x =0.6, (e) x =0.8, (f) x =1, with GGA approximation.

The lowest sub-band is situated between -12 eV and -4 eV
and originates primarily from Se-s states, with minor
contributions from In-s and In-p states. The middle sub-band
ranges from approximately -3 eV to -7 eV, with states
representing a hybridization of Se-p and In-s (and In-p) states.
The Fermi level is set at 0 eV, and is controlled by the Cu-d
and Se-p states (valence band) and the In-s states (conduction
band). As shown in Figure 4, the conduction bands are
primarily composed of states originating from the Cu-p, Se-p,
In-s, and In-p orbitals. For CulnSez, there is no distinction
between its DOS and that of CulnS2; the principal disparities

emerging as the states of Se-p and Se-s are progressively
supplanted by the states of S-p and S-s with the rise in x in
Culn(Se; Sy)2. The position of the Conduction Band Minimum
(CBM) exhibits an upward shift as S atoms are substituted with
Se atoms. This phenomenon can be attributed to the increase in
energy level from Se to S. This shift is likely the primary cause
of the increasing energy gap in Culn(Se;S,)2.
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Fig. 4. DOS and PDOS for chalcopyrite Culn (Se;..S.):: (a) x =0, (b) x

=0.2, (¢) x =0.4, (d) x =0.6, (e) x =0.8, (f) x =1, with GGA approximation.

The energy band gap undergoes a non-linear change in
accordance with the rise in sulfur concentration, as presented
by the following equation:

Eg(x) = 0.650 + 0.096x + 0.129x> A3)

Table II presents the calculated band gap (Eg) within GGA
approximations of chalcopyrite Culn(Se;S,), compound.

TABLE II. CALCULATED BAND GAP WITHIN GGA
APPROXIMATIONS OF CHALCOPYRIT Culn(Se;xSx)>
COMPOUND, COMPARED WITH EXPERIMENTAL AND
OTHER THEORETICAL WORKS

Materials Eg Eg Eg
Present work Expt. Theo.

CulnSe, 0.649 0.98 [33] 1 [34] 1.07 [24] 0.8 [34]
CU]Il(Se(]_gS(]_z)z 0676
CUIII(SCU,GS()A)Q 0.709
CUIl'l(Se(]_4S(]_5)2 0.752
CUIII(SC(MS()_S)Q 0.811

CulnS, 0.875 1.43 [30] 1.384 [24] 0.821 [34]

C. Optical Properties

The analysis of a material's optical spectrum is a powerful
tool for understanding the behavior of solids. In this study the
material properties are examined through various techniques,
such as absorption, reflection, and light emission. However,
ternary chalcopyrite semiconductors possess distinctive optical
properties, thereby facilitating research in a variety of
disciplines. Consequently, the development of accurate
methods grounded in first principles is important in order to
ensure a precise description of these properties. The GGA
approximation was used to calculate the optical characteristics
of the compound Culn(Se;,S,),. Two values of x were
considered: x = 0 and x = 1. The dielectric function, optical
conductivity, refractive index, reflectivity, and absorption
coefficient were included in the calculations, which were
performed to determine the optimal bandgap values. The
optical dielectric constant, static reflectivity, and static
refractive index for the chalcopyrite Culn (Se;Sx), compound
were measured and compared with experimental and other
theoretical works [35, 36].

1) Dielectric Function

The dielectric functions of Culn (Se;.Sy), (x=0,1), which
are materials used in thin-film solar cells, are significant for
understanding their optical and electrical properties. The
dielectric function is defined as the property of matter that
governs its interaction with electromagnetic radiations,
including light. The dielectric function of these materials is
typically described by two main components: the real part (g;)
and the imaginary part (g;). The complex dielectric function
&(w) of semiconductor materials is:

8((;_)) = greal(w) + igimaginary ((/)) (4)

and can be used to calculate other optical parameters, such as
the absorption coefficient a(w), the refractive index n(w), and
the reflectivity R(w). The imaginary part of the dielectric
function is:

2 4m2e?
( )( ) - llrnq—>0 92 chk Zwka(‘gck — &k — w) X

<uck + eaql uvk><uck + e[i'ql uvk) (5)

where u is the cell periodic component of the wave function
at the k-point, e, and eg are unit vectors for the three Cartesian
directions, and ¢ and v are the indices of the conduction and
valence band states, respectively. The Kramers—Kronig
bidirectional mathematical relation connects the imaginary and
real parts of any complex function that is analytic in the upper
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half-plane. The real part of the dielectric function can be
obtained from the imaginary part using [37, 38]:

w Egp@nwr

eé};)(w) =1 %Pf o’ 6)

0 wrZ-w2+in
where the principal value is represented by P. In the Kramers—
Kronig transformation [39] a small complex shift # is used,
which in this work’s calculations is set at 0.1 eV. The
knowledge of both the real and imaginary parts of the dielectric
function can help in calculating other optical properties. An
examination of the optical properties was made under two
types of polarizations: ordinary along the x and y directions
(E// (100)) and extraordinary along the z direction (E// (001)).
As shown in Figure 5, the plots of the real part of the dielectric
function are presented as a function of photon energy for
Culn(Se;4Sy), (x = 0, 1), covering a range of 0 eV to 20 eV.
The zero-frequency limit ¢;(0), is a critical quantity governed
by the band gap of the material. The calculated values of ¢,(0)
employing the GGA-PBE approximation are presented in Table
III, exhibiting strong concurrence with the theoretical and
experimental outcomes derived under ordinary and
extraordinary polarization for both chalcopyrite compounds.
The imaginary part of the dielectric function, &(w), is
indicative of the optical response of a material and provides
essential information regarding the inter-band electronic
transitions occurring between the valence and conduction
bands. These transitions occur when photons with sufficient
energy excite electrons from occupied states in the valence
band to unoccupied states in the conduction band, influencing
the material's optical absorption properties, and the results align
with the theoretical curves and the experimental data [40—42].

10
10 CulnSe2 ) Culn$,
: g/l [100] 6l e/ [100]
6 €. 1/ [001] ,g &, //001]
— 4
€4 =
w 2 24
0 0
21 _2 4
2 10
10.0
8 4
7.54
e
g O
=5.0 N
® w 4
2.5 )
0.0+ . . . 0 r T :
0 5 10 15 20 05 10 15 20
Energy (eV) Energy (eV)
(@) (b)
Fig.5. Real and imaginary part of dielectric function for chalcopyrite: (a)

CulnSe; and (b) CulnS, compound.

For CulnSe,(x=0) the peak of ¢;(w) is close to 6 eV,
indicating strong refractive properties in this energy spectrum.

It also means that light interacts with the structure more
effectively since it is much concentrated within the material at
this intensity.

TABLE IIL CALCULATED ¢,(0), R(0), AND n(0) WITHIN GGA
OF CHALCOPYRITE Culn(Se;.xSx),, COMPARED WITH
EXPERIMENTAL AND OTHER THEORETICAL WORKS

Static parameters £1(0) R(0) n(0)
Materials E//(100) | E//(001)| E//(100)| E//(001)| E//(100) | E//(001)
CulnSe, (x=0) 9.314 | 7.577 | 0252 | 0.218 3.06 2.753
[35] 8.95 8.44 0.25 0.24 2.99 2.90
[36] 2.937 | 2.950
CulnS; (x=1) 7422 | 7.340 | 0227 | 0213 | 2.728 | 2.709
[26] 7.63 2.76

At higher energies (above ~10 eV), the plasma frequency,
is defined as the point at which the material transitions from
being more reflective to more absorptive. The significant peak
of &;(w) around 4 eV signifies robust absorption resulting from
inter-band electronic transitions. This phenomenon is indicative
of the material's capacity to absorb incident photons and
generate electron-hole pairs, a process that is essential for
photovoltaic applications. For CulnS, (x=1), the real part
(¢/(w)) exhibits a peak at slightly lower energy (~5.5 eV),
indicative of strong refractive behavior within this range. The
real part crosses the zero line at higher energies (8 eV — 10 eV)
at the plasma frequency. The imaginary part (g,(w)) displays an
attractive absorption peak at 3.5 eV, which is slightly lower
than that of CulnSe,. This finding indicates that CulnS, is well-
suited for absorbing lower-energy photons, thereby making it a
suitable complement to CulnSe, in solar energy harvesting
applications. This enhancement is poised to enhance the
efficiency of solar cells. The dielectric functions of CulnSe,
and CulnS, are indicative of their optical characteristics and
demonstrate their great potential for application in solar cell
technology. While CulnS, demonstrates efficacy in the short-
wave length region, CulnSe, exhibits superiority in long-wave
length light absorption. The combination of Se and S in
Culn(Se,_;S,), results in the formation of effective tandem solar
cells, thereby maximizing the usage of the solar spectrum and
enhancing energy conversion efficiency.

2) Reflectivity

The reflectivity R can be calculated from the refractive
indices n and k [43], which is applicable only when an incident
wave in a vacuum strikes a dielectric material at normal
incidence:

_ (n-1)%+k?
T (n+1)2+k2

)

The reflective index is expressed as the ratio of the speed of
light in a vacuum relative to that of the medium under
consideration. The calculated values of R (0) using the GGA-
PBE approximation show strong agreement with both the
theoretical and experimental results obtained under ordinary
and extraordinary polarization for the two chalcopyrite
compounds. As presented in Figure 6, the reflectivity spectra
for the samples under consideration span the photon energy
range from 0 to 20 eV. CulnSe, (x=0) displays enhanced and
more pronounced reflectivity within the energy range of 1 eV -
4 eV, suggesting an augmented interaction with incident light.
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0 2 4

This increased reflectivity in the low-energy region,
attributable to a diminished band gap, permits enhanced light
reflection. However, as the S-doping level increases and the
material transitions to CulnS, (x=1), the reflectivity in the low-
energy region experiences a slight decline. The larger band gap
restricts the interaction with lower-energy photons, thus
enhancing the material's transparency within this region. An
enhancement in the high-energy region (>6 eV) has been
observed, where the reflectivity of CulnS, becomes more
uniform and comparable to that of CulnSe,. This shift in
reflectivity serves to offset the observed variations.

3) Refractive and Extinctive Indexes

The complex refractive index N has real and imaginary
factors, which are the extinction coefficient k and the refractive

index n, respectively [24, 44], when N = \/e(w) = n + ik so,
n and k can be determined as:

1/2

_ E%(w)+£§(w)+£1 (8)

2

n

1/2

&2 (w)+e3(w)-¢&1 ©)

2

It was observed that both CulnSe, and CulnS, converge at
higher energies; however, CulnSe, exhibits a higher refractive
index at lower energies (<3 eV). This finding suggests that
CulnSe, has a stronger interaction with low-energy photons
and more light bending. Conversely, CulnS, exhibits a lower
refractive index within this spectral range. The extinction
coefficient k(w) of CulnSe, is greater, reaching its maximum at
lower energies (~2 eV - 6 eV) and showing stronger light
absorption with a gradual decrease at higher energies. In
contrast, the k(w) values of CulnS, are lower across the
spectrum, indicating less absorption losses. S-doping in
Culn(Se,;Sy), enhances optical properties by decreasing the
refractive index n, increasing light transmission at lower
energies, and adjusting the extinction coefficient k, thereby
enhancing transparency in the visible range while increasing
absorption at higher energies. These properties render them
particularly well-suited for photovoltaic applications.

4) Absorption Coefficient

The absorption coefficient a(w) determines how far the
light of a specific wavelength may enter a material before being
absorbed. It can be calculated directly from the dielectric
function using [24,44]:

1/2
] =20 (10)

a(w) =120 [ e2(w) + &3 (w) — & (w)

Figure 6 depicts the absorption spectra of Culn (Se;Sy),,
with different doping densities (x = 0, 1). Absorption spectra
provide an approximation of the optical band gap. Absorption
occurs when the energy of a photon exceeds the band gap,
causing electrons in the valence band to become energized and
move to the conduction band. In instances where the photon
energy is less than the band gap, the material exhibits a lack of
absorption, hence enabling the transmission of light through the
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material, a property that can be defined as transparent to light.
When the photon energy exceeds the band gap, the absorption
rate experiences a substantial increase, therefore shaping the
absorption edge. As the x-axis increases, the absorption edge
shifts toward higher photon energy (4v), suggesting an increase
in the band gap (Eg). This phenomenon signifies the material's
augmented capacity to absorb high-energy photons. Distinct
absorption peaks are observed at 8 eV and 11 eV, with intensity
and location variations attributable to changes in electronic
structure and optical transitions. The material is transparent
below the bandgap (hv <Eg), which expands with increasing x
due to the widening bandgap. The absorption spectra undergo a
substantial change above 6 eV, which is most likely attributable
to higher-order transitions driven by S-doping.

5) Optical Conductivity

As presented in Figure 6, the electronic response to light is
more significant in the lower energy range (~3 eV - 6 eV),
where the peaks of CulnSe, are observed. In contrast, CulnS,
exhibits peaks at slightly higher energies (~4 eV — 7 eV),
though with lower maximum values in comparison to CulnSe,.
Consequently, CulnSe, exhibits stronger optical conductivity,
o(w), at lower photon energies, rendering it more responsive to
low-energy light. Conversely, CulnS, demonstrates superior
performance at slightly higher photon energies. In the present
study, the effective mass of electrons and holes subsequent to
sulfur incorporation was not calculated. Nonetheless, this has
been achieved for InAs,Sb,, as evidenced by the observation
of a deviation from linearity resulting from the bowing effect.
The non-linearity of the effective mass of heavy-holes is an
inherent property of the system under study [45].

IV. CONCLUSIONS

Density Functional Theory (DFT) calculations have been
performed to study the structural, electrical, and optical
properties of CulnSe: chalcopyrite materials doped with sulfur
(S) as x increased from O to 1, using the Generalized Gradient
Approximation - Perdew-Burke-Ernzerhof (GGA-PBE)
approximation. The results of this study include data on the
complex dielectric function, refractive index, extinction
coefficient, reflectivity, bandgap, and absorption coefficient of
Culn(Se;Sx),. The observed energy gap values are reasonably
similar to the experimental results and significantly better than
previously reported theoretical values. Furthermore, it was
observed that certain theoretical values, including BO and BO0',
as well as the calculation of their band gap, have been cited for
the first time in the context of Culn(Se;Sx), compounds doped
with sulfur. S-doping of Culn(Se,.; S,), improves optical
properties by lowering the refractive index, improving low-
energy light transmission, and adjusting the extinction
coefficient. This doping enhances transparency in the visible
range while increasing absorption at high energy levels.
Consequently, it is well-suited for photovoltaic applications.
CulnSe, demonstrates higher optical conductivity at low
photon energies, rendering it more responsive to low-energy
light, while CulnS, exhibits superior performance at slightly
higher photon energies. The Culn(Se;,Sx); materials
demonstrate considerable potential for usage in solar cell
applications and advanced optoelectronic devices. The practical
integration of Culn(Se,_.Sy), poses several technical challenges,

including thermal
production costs.

stability, fabrication complexity, and
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