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Evaluating the structural, optoelectronic, and photovoltaic performance of the Cu₂SnS₃ compound is essential for the development of 
materials for solar energy. This ternary chalcogenide semiconductor stands out for its strong potential in photovoltaic applications, 
thanks to its broad light-absorbing range and chemical stability. In this paper, we have examined the structural and optoelectronic 
properties of copper-based ternary semiconductors, specifically those in the Cu₂SnS₃ compound, and their effectiveness in photovoltaic 
applications. Since there is significant variation in previous studies on the band gap values (0.65-1.35 eV), an attempt was made to find 
an appropriate approximation for studying this type of compound. The structural properties were investigated using both the Perdew-
Burke-Ernzerhof (PBE) form of the generalized gradient approximation (GGA) and the local density approximation (LDA), allowing 
a comparative assessment of the effects of different exchange-correlation functionals on the material’s structure. Given the important 
influence that Cu delectrons play in determining their electronic properties, as shown by the results obtained when using different 
exchange correlation energy functionals. The combined function of the Becke-Johnson potential, modified by Tran and Blaha, and the 
Hubbard potential (TB-mBJ+U) was employed to systematically optimize the calculated anion displacement. The calculations yielded 
the band gap values. The semiconductor quasiparticle is 0.7 eV in the monoclinic structure (m-CTS; SG: Cc), and that of the 
orthorhombic structure (gold-CTS; SG: Imm2) is 0.73 eV, which is largely consistent with experimental values. The study of optical 
properties, including the dielectric function, also revealed the reflectance, absorption coefficient, and refractive index of the Cu₂SnS₃ 
compound in its two phases. The latter is considered a promising candidate in optoelectronic applications. To verify this, we used the 
SCAPS program, and the results were good. When this compound is used as an absorbent layer in a photovoltaic cell, the current 
density (Jsc) increases, peaking at a thickness of 800 nm. 
Keywords: Cu2SnS3; FP-LAPW; LDA; TB-mBJ+U; Photovoltaic cells 
PACS: 73.50.-h, 73.50.Pz 

1. INTRODUCTION
Semiconductors are attracting considerable interest due to their strong potential in photovoltaic applications, 

particularly for thin-film solar cells [1-3]. Among them, the chalcogenide family, especially copper chalcogenides and copper 
tin sulfide (CTS), is attracting increasing attention for their use in this type of device [4,5]. The preparation of these materials 
as colloidal inks can enable low-cost manufacturing via solution-based printing and coating processes [6, 7]. 

Due to the scarcity and rising prices of indium and gallium, there is interest in alternative chalcogenide 
semiconductors Cu₂ZnSnSe₄ (CZTSe) and Cu₂ZnSnS₄ (CZTS) [8,9]. The later solar panels have a relatively optimal 
efficiency of about 14% [10,11]. In practice, one could reduce the synthesis cost by incorporating tin and zinc at indium 
and gallium sites, respectively, in the CZTSe quaternary system. These later systems have very attractive applications as 
near-infrared devices [12], efficient Li-ion batteries [13,14], thermoelectric materials [15], and acousto-optic 
instrumentation. The CTSe compound is regarded as a promising material for solar panels, with a direct optical gap 
measured at 1.1-1.5 eV [16]. Several simple ternary systems exist, such as Cu₂SnSe₃, an example of a current low-cost 
solar cell. [17,18]. Cu₂SnSe₃ (CTSe) is a p-type semiconductor with an absorption coefficient greater than 104 cm-1 and 
a direct band gap between 0.8 and 1.1 eV. [19,20]. Compared to other solar cells, those based on CZTS (Cu₂ZnSnS₄) 
have achieved a maximum photovoltaic conversion efficiency of 12.6%. [21]. The CTS (Cu₂SnS₃) is a semiconductor 
interlayer compound that can be doped with zinc for the synthesis of CZTS (Cu₂ZnSnS₄). [22, 23]. CTS nanocrystals 
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(NC) can themselves serve as absorbers for thin-film photovoltaic systems. [24] Therefore, the CTS system is composed 
of non-toxic, naturally abundant elements and is economically viable [25, 26]. Therefore, based on the latter 
considerations, this material is particularly relevant, both for its elaboration process and its attractive applications, such 
as solar panel technologies and precise optoelectronic devices. [27]. Actually, more research is focused on studying 
different absorber materials that exhibit excellent environmental performance and high-efficiency conversion 
panels [28,29]. Furthermore, the Cu₂SnS₃ (CTS) technology is a viable option, as it is composed of abundant, non-toxic 
elements. [30]. In the Cu-Sn-Se system, most research has been conducted on the ternary semiconductor Cu₂SnSe₃ [31]. 
The Cu₂SnSe₃ compound formed has a congruent melting point of 963 K [32] or 968 K [33]. 

Cu₂SnS₃ (CTS) remains one of the most promising ternary photo absorbing compounds [34, 35]. Because of its 
wide band gap and high optical absorption coefficient in the visible spectrum, it is a very attractive material for thin-film 
PV applications [36, 37]. The first PV device using the CTS compound as an absorber material was developed by T. A. 
Kuku and O. A. Fakolujo [38], with an efficiency of 0.11%. Since then, research on this material has almost stagnated, 
until a cell with an efficiency of 2.84% was reported by Koike et al. [39]. Studies conducted by Umehara et al. [40] have 
shown that it is possible to improve the efficiency of the CTS cell to 6.0% by doping it with germanium (Ge) using a 
Cu₂Sn₀.₈₃Ge₀.₁₇S₃ composition. CTS is a ternary semiconductor belonging to the I-IV-VI group [34]. It is a polymorphic 
material that crystallizes in various systems, namely cubic (F4-3m) with a=b=c=5.696Å [41], tetragonal I4-2d with 
a=b=5.689Å and c=11.370Å [42], monoclinic C1c1 with a=6.967Å, b=12.049Å, and c=6.945Å [31], and monoclinic 
superstructure C1c1 with a=6.961Å, b=12.043Å, and c=26.481Å [32].A hexagonal structure of CTS was reported by 
Wu et al. [43]. However, to date, no other study has reproduced this structure. Some rare research has been conducted on 
the synthesis of CTS with a triclinic phase. [44,45], and no detailed crystallographic description of this structure has been 
provided. Thus, the Cu₂SnS₃ compound exists in cubic, tetragonal, and monoclinic structures [34]. Furthermore, with the 
identification of copper-rich phases such as Cu₃SnS₄, Cu₄SnS₄, and Cu₂S, we obtain an increase in the conductivity of 
these materials. [46]. Robles et al. [47] demonstrate that the resistivity of CTS has been increased from 2.10-3Ω.cm to 
5.10-3Ω.cm. Bodeux et al. [48] indicated that the variation in component content had an influence on the increase in CTS 
conductivity. They noted an increase from 0.1 S cm⁻¹ to 0.8 S cm⁻¹ for a Cu/Sn ratio that increased from 1.9 to 2.2. Thus, 
it is clear that the presence of secondary phases modifies the optical and electrical properties of the CTS compound and 
consequently affects the conversion efficiency of PV solar cells. 

The thermodynamic study of CTS formation reveals that tetragonal and monoclinic structures form at relatively low 
temperatures (<750°C), whereas the cubic structure forms at higher temperatures (>750°C) [35]. Furthermore, cubic-
structured CTS can also be produced experimentally at low temperatures using chemical synthesis methods by optimizing 
the experimental conditions [49]. Theoretically, calculations of the electronic density of states have all shown that CTS 
offers a direct optical aperture with theoretical values ranging from 0.84 eV to 0.88 eV [50, 51], while experimentally, 
the different optical gap values reported in the literature are in an extremely large range, from 0.83 to 1.77 eV [38,46,52], 
which are desirable values for PV applications. This compound also exhibits a strong optical absorption coefficient, with 
values reaching up to 105cm-1[36, 52]. 

The originality of this study lies in the evaluation of the structural and optoelectronic properties of the Cu₂SnS₃ 
compound in both monoclinic (Cc) and orthorhombic (Imm2) structures using DFT and four approaches: LDA, GGA, 
GGA + U, and (TB-mBJ+U). Solar cell modeling based on CTS was performed using the 1-dimensional solar cell 
capacitance software (SCAPS-1D) to achieve optimal electrical conversion efficiency. The models studied take into 
account the influence of the thickness of the absorber coating on the behavior of the back contact, the effect of different 
parameters such as the thickness and concentration of doping of the various layers, as well as the design of a new Cu₂SnS₃ 
(CTS) based solar cell with a promising efficiency. 

  
2. COMPUTATIONAL DETAILS 

2.1 First-principle calculation of Cu2SnS3 
Ab initio calculations were performed using the Full-Potential Linearized Augmented Plane Wave (FP-LAPW) 

method [53], as implemented in the Wien2k code [54], within the density functional theory (DFT) formalism [55]. To 
accurately model the structural and electronic properties of the Cu₂SnS₃-Cc and Cu₂SnS₃-Imm2 phases, we adopted both 
the generalized gradient approximation (GGA) according to the Perdew-Burke-Ernzerhof (PBE) formalism [56] and the 
local density approximation (LDA) [57]. To improve the accuracy of describing band gaps and electronic correlation 
effects, particularly in d orbitals, the modified Tran-Blaha exchange potential (TB-mBJ) was combined with a Hubbard 
(U) correction (TB-mBJ + U), thereby providing a more accurate representation of electronic interactions in these 
complex compounds. [58, 59] for all cited systems. In the FP-LAPW method, the Kohn and Sham wave functions are 
developed in terms of spherical harmonics within the MT spheres for a maximum value of lmax=10. 

The muffin-tin sphere radii (Rmt) for Cu₂SnS₃-Cc of the Cu, Sn, and S atoms are 2.26 u.a., 2.14 u.a., and 1.95 u.a., 
respectively; for Cu₂SnS₃-Imm2, they are 2.24 u.a., 2.16 u.a., and 1.85 u.a. The size of basis sets was controlled by the 
parameter RMT. Kmax (where Kmax is the maximum modulus for the reciprocal lattice vector), we have extended the 
basis function to RMT in our computations. Kmax is equal to 8. The number of k-points in the whole Brillouin zone was 
chosen as 250 for both systems to converge the total energy, with a mesh of 13×11×13 for the Cu₂SnS₃-Ccand and 
11×9×11 for the Cu₂SnS₃-Imm2 compound. The optical properties of both compounds are calculated using a 1000 k-



262
EEJP. 2 (2026) Boualem Kada, et al.

point mesh in the irreducible Brillouin zone. The self-consistent iterations are repeated until the convergence energy is 
less than or equal to 10⁻⁴ Ry. 

2.2 SCAPS-1D numerical simulation 
To design one-dimensional solar cells, we use SCAPS (Solar Cell Capacitance Simulator), a numerical modeling 

tool provided by the Electronics and Information Systems (ELIS) department at Ghent University, Belgium [60, 61]. 
Therefore, the software can easily simulate various energy conversion factors, including power conversion efficiency 
(PCE), fill factor (FF), energy gap (Eg), short-circuit current density (Jsc), quantum efficiency (QE), and current-voltage 
characteristics (J-V) [62]. 

Most studies of semiconductor devices are based on the simultaneous solution of Poisson's equation and the 
continuity equation. It calculates the concentrations of electrons and holes, as well as the value of the electrostatic 
potential, at every moment and at every point in space using a sequence of finite elements. The relationship between 
potential and carrier density is expressed by Poisson's equation. [63]: ∆V = ି ௤ℰ ሺ𝑁ௗ − 𝑁௔ + 𝑝 − 𝑛ሻ (1)

where V is the potential, q is the elementary charge of electrons, Nd and Na are the concentrations of ionized donor and 
acceptor dopants. n and p are the carrier densities. The equations of continuity define the variations in charge density 
(electrons, holes) and are formulated by the following equations [64]: డ௡డ௧ = 𝐺௡ − ∆௡ఛ೙ + 𝜇௡ ቀ𝜉 డ௡డ௫ + 𝑛 డకడ௫ቁ + 𝐷௡ డమ௡డమ௫, (2)

డ௣డ௧ = 𝐺௣ − ∆௣ఛ೛ + 𝜇௣ ቀ𝜉 డ௣డ௫ + 𝑝 డకడ௫ቁ + 𝐷௣ డమ௣డమ௫, (3)

where n and p are the concentrations of electrons and holes, Gn and Gp are the electron and hole generation rates, and τn 
and τp are the electron and hole recombination rates, which themselves have complex expressions related in particular to 
illumination. The charge carriers can be moved by the presence of both an electric field and a concentration gradient. 
Under the influence of an electric field, a current called drift current (or conduction current) is generated. This current is 
proportional to the electric field and defined by the following relationship [65]. 𝐽௡ሺ𝑥ሻ = 𝑞𝜇௡𝑛𝐸ሺ𝑥ሻ +  𝑞𝐷௡ ௗ௡(௫)ௗ௫ , (4) 𝐽௣(𝑥) = 𝑞𝜇௣𝑝𝐸(𝑥) +  𝑞𝐷௣ ௗ௣(௫)ௗ௫ . (5) 

Here n and p are the concentrations of electrons and holes, Jn(x) and Jp(x) are the electron and hole current densities, 
where E(x) is the electric field and μn and μp are the mobilities of electrons and holes, respectively. 

3. RESULTS AND DISCUSSIONS
3.1 Structural properties 

In this study, the crystal structure of the Cu₂SnS₃ compound belongs to the orthorhombic space group (Cc) or 
monoclinic space group (Imm2), as shown in Figures 1a and 1b. In the unit cell of the CTS compound with the structure, 
the Cu⁺ and Sn⁴⁺ cations occupy distinct sites in the crystal lattice, while the S²⁻ anions provide the bond between these 
tetrahedral units. This phase is less common than the monoclinic and cubic phases, whereas in monoclinic CTS, Cu and 
Sn atoms completely occupy the two separate tetrahedral sites in an orderly manner at the cation positions and do not 
share the same atomic positions and are distorted with different M-S distances. 

Figure 1. The crystal structure of Cu2SnS3 compounds: (a): Monoclinic with Cc symmetry, (b): Orthorhombic with Imm2 symmetry 
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In the current structural optimization, we aim to determine the ground state of our compound, which was initially 
required. More than a hundred iterations of the process were done until the total energy calculation converged. The 
parameters of the network at equilibrium are calculated by adjusting the total energy of the volume using Murnaghan's 
empirical formula [66], following the well-known relationship: 

 𝐸(𝑉) = 𝐸଴ + ቂ ஻బ௏஻ᇲ(஻ᇲିଵ)ቃ . ቈ𝐵ᇱ ቀ1 − ௏బ௏ ቁ + ቀ௏బ௏ ቁ஻ᇲ − 1቉, (6) 

where B and B' denote the compression modulus and its derivative, respectively. V0 is the volume of the ground state. 
The modulus of compressibility (B) and its derivative (B0′) are defined by: 

 𝐵଴ = 𝑉 ቀడమாడ௏మቁ, (7) 

 𝑘 = డ஻డ௉. (8) 
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Figure 2. Volume optimization of Cu₂SnS₃-Cc was performed using (a) GGA-PBE and (b) LDA, while Cu₂SnS₃-Imm2 was 

optimized using (c) GGA-PBE and (d) LDA approximations 

As illustrated in Figures 2a, b, c, and d, the predicted variation of the total energy versus the cell volume for Cu₂SnS₃-
Cc and Cu₂SnS₃-Imm2 using both well-known exchange and correlation LDA and GGA-PBE functionals. All the 
obtained results, such as (lattice constants a, bulk modulus B, and its derivative B’), are obtained using the plane wave 
method and the pseudo potentials are summarized in the Table. 1. One could observe easily that the obtained results 
according to the GGA functional are the closest ones with an excellent correlation to the experimental counterpart [67-69].  
Table 1. Calculated lattices constants (a, b, c) in (Å), bulk modulus B (GPa), the derivative and β (Deg), of Cu2SnS3-Cc and 
Cu2SnS3-Imm2 

 a(Å) b(Å) c(Å) B (GPa) B ′ β (Deg) 
Cu2SnS3-Cc 

LDA 6.59* 11.41* 6.62* 90.67* 4.94* 111.07* 
GGA 6.70* 11.67* 6.73* 68.70* 4.85* 109.37* 

Other Calcul 
6.65a, 
6.654b 
6.653c 
6.71d 

11.54a, 
11.534b 
11.536c 
11.620d 

6.67a, 
6.654b 
6.665c 
6.74d 

- 
- 
- 
- 

- 
- 
- 
- 

109.39a, c, 
109.67d 

- 

- 
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 a(Å) b(Å) c(Å) B (GPa) B ′ β (Deg) 
Cu2SnS3-Cc 

6.079e 6.741e - - - 
 Cu2SnS3-Imm2 
LDA 3.76* 5.18* 11.24* 91.48* 5.52* - 
GGA 3.91* 5.42* 11.65 71.46* 4.47* - 
Other Calcul 3.92d 

3.923e 
5.43d 
5.428 e 

11.61d 
11.612e 

- 
- 

- 
- 

- 
- 

*Present calculations, aRef [67] Experimental (photoreflectance spectroscopy (PR), bRef [68] Experimental, cRef [69] X-ray diffraction 
method, dRef [50] PBE-GGA and TB-mBJ approximations, eRef [70] TB-mBJ approach and Hubbard potential. 

The comparative study is well elucidated in the Table. 1 of the obtained results enables us to employ the PBE-GGA 
approximation as the practical potential, based on rigorous crystallographic atomic positions, thereby providing our study 
with an accurate electronic band-gap configuration. 
 

3.2 Electronic properties 
3.2.1 Band structure 

Based on equilibrium structural parameters for the Cu₂SnS₃-Cc and Cu₂SnS₃-Imm2 structures, we investigate the 
electronic characteristics of Cu₂SnS₃ compounds. We use the modified Becke Johnson potential (mBJ), the Hubbard 
formalism (U), and the generalized gradient approximation (PBE-GGA). The Fermi level is referenced at 0 eV. We 
compute the band structures for our compounds along the directions of symmetry in the first zone of Brillouin (ZB). 

 

 

 
Figure 3. The band structures of Cu₂SnS₃ in the Cc phase (left panel) were computed using: 

(a) PBE-GGA, (c) Hubbard correction, and (e) TB-mBJ+U, while those of Cu₂SnS₃ in the Imm2 phase (right panel) were obtained 
using: (b) PBE-GGA, (d) Hubbard correction, and (f) TB-mBJ+U 

Initially, we employed the GGA approximation to calculate the band gap, which revealed that the CTS material is a 
metal, as illustrated in Figs. 3(a) and 3 (b). We note a gap of 0.086 eV for Cu₂SnS₃-Cc-Cc and 0 eV for Cu₂SnS₃-Imm2 
at the high symmetry point Γ. By comparing our results with the experimental value of 0.92 eV for the monoclinic phase 
[71, 72], we note a significant discrepancy. For the d-type orbital correction on Cu atoms, we employed the TB-mBJ + U 
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approximation [73], which accounts for the overlap involving the Cu 3d orbitals that constitute the top of the valence 
band." To determine the correct Ud (Cu) value, we conducted a series of tests, as shown in Table 2, and recorded the 
resulting values. Through these tests, we established that Ud (Cu) = 6 eV is the appropriate value to correct this situation. 
Table 2 Band gap calculation of Cu2SnS3 

Compound 
Energy gap Eg (eV) 

GGA Hubbard TB-mbj +U Other Calaculations Ud=0 Ud=2 Ud=4 Ud=6 Ud=0 Ud=2 Ud=4 Ud=6 
Cu2SnS3-Cc 0.086 0.086 0.13 0.19 0.26 0.29 0.36 0.52 0.70 0.70[70] ,0.88[74] 0.95[75] 
Cu2SnS3-Imm2 0 - - - 0. 065 - - - 0.73  0.60[70] 

The obtained electronic band structures of Cu₂SnS₃-Cc and Cu₂SnS₃-Imm2 structures are shown in Fig. 3 (c, d, e, 
and f). It is clear that both compounds exhibit p-type semiconductors with direct band gaps (Γ–Γ) of 0.70 eV for Cu₂SnS₃-
Cc and 0.732 eV for Cu₂SnS₃-Imm2. The results obtained are consistent with previously reported experimental values. 
The band gap, as determined by the various approximations employed in this section, is summarized in Table 2. 
 

3.2.2 Density of state 
To elucidate the orbital hybridization mechanisms in CTS alloys and clarify the contributions of different atomic 

states to the electronic band structures, the predicted total density of states (TDOS) and partial density of states (PDOS) 
were calculated and are shown in Figs. (4a) and (4b), respectively. The Fermi level (EF) was arbitrarily set at 0 eV to 
serve as an energy reference. We note that there is a similarity in density of states to monoclinic and orthorhombic 
structures of Cu₂SnS₃, where we find that the energy region between [-14, -6] eV. 
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Figure 4. The density of states (DOS) partial and total of Cu2SnS3-Cc and Cu2SnS3-Imm2 using (GGA-PBE) 

The electronic states corresponding to the s and p orbitals of the Sn atom, as well as the s orbitals of the S atom, are 
confined to an energy band located approximately between -14 eV and -6 eV. The failure of the PBE-GGA approximation 
to calculate the band gap is further exacerbated by the observation that the conduction band around the Fermi level is 
primarily composed of Cu (d) with a minor contribution from the p states of (Sn) and (S). The d states of Cu predominate 
at the maximum of the valence band. 

The energy region [0,14] eV is characterized by the significant contribution of the p of (Sn) and the small 
contribution of the p of (S), which resulted in a gap of 0.7 and 0.73 electron-volts for Cu₂SnS₃-Cc and Cu₂SnS₃-Imm2, 
respectively. Eventually, the Cu₂SnS₃ compound exhibits semiconductor behavior; this property likely makes it a 
promising candidate for various applications. 
 

3.3 Optical Properties 
The optical properties of solids for the complete range of photon energies can be characterized as the complex 

dielectric function, defined by the following formula [76]:  

 𝜀(𝜔) = 𝜀ଵ(𝜔) + 𝑖𝜀ଶ(𝜔). (9) 
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The imaginary component ε₂(ω) of the dielectric function, at a given angular frequency ω, is determined from the 
sum of the contributions of all possible electronic transitions between occupied and unoccupied states. It is expressed by 
the following relation: [77, 78]:  

 𝜀ଶ(𝜔) = ଼ଷగఠమ ∑ ห𝑃௜ఫሶ(𝑘)หଶ׬ ௗௌೖ∇ఠ೔ೕ(௞)௜ఫሶ , (10) 

Where 𝑃௜ఫሶ(𝑘) represent the components of the dipole moment matrix between |𝑛𝑘〉and |𝑛ሶ𝑘〉 
The indices i and j represent the initial and final states of the system, respectively, and are used to identify the 

configurations before and after the transition in question. Indeed, the real part of the dielectric function is given by the 
Kramers-Kronig and can be expressed as [78, 79]: 

 𝜀ଵ(𝜔) = 1 + ଶగ 𝑃 ׬ ఌమ൫ఠᇲ൯ఠᇲௗఠᇲఠᇲమିఠమஶ଴ , (11) 

where P the principal part of the Cauchy integral and ω is the frequency. It is possible to use the complex dielectric tensor 
to calculate various optical constants, such as the refraction coefficient 𝑛(𝑘) and the extinction coefficient 𝑘(𝜔) which 
are given by the equation: 

 𝑛(ω) =  ଵ√ଶ [(𝜀ଵଶ(ω) + 𝜀ଶଶ(ω) )భమ + 𝜀ଵ(𝜔) ]ଵ/ଶ, (12) 

 𝐾(ω) =  ଵ√ଶ [(𝜀ଵଶ(ω) + 𝜀ଶଶ(ω) )భమ −  𝜀ଵ(𝜔) ]ଵ/ଶ. (13) 

Other very interesting optical grades that can be deduced from the complex index are the reflection coefficient R 
and the absorption coefficient 𝛼(ω), which can be expressed by [80] 

 Re σ(𝜔) =  ன ସ஠ Im ε(ω), (14) 

 α(𝜔) ସగ ஛ k(ω). (15) 

Studying the optical properties of materials allows us to know the way they interact with light as well as their 
electrical structure in order to know the possibility of their application in the field of optoelectronic applications. In this 
section, we will investigate the optical properties of the compound Cu2SnS₃ in its various phases, focusing on key 
parameters such as the absorption coefficient and refractive index. This analysis aims to describe electronic transitions 
and vibrations, particularly in the visible, ultraviolet, and infrared regions. 
 

3.3.1 Dielectric function 
For Cu₂SnS₃ in both the Cc (red curve) and Imm2 (blue curve) crystal phases, Fig. 5(a) shows the real component 

of the dielectric function, ε₁(ω), and Fig. 5(b) the imaginary part, ε₂(ω). The material's dispersion and polarization 
behavior can be inferred from the ε₁(ω) spectrum. Both phases exhibit positive ε₁(ω) values in the visible and near-
infrared regions (up to ~3.3 eV), which is favorable for optoelectronic applications, as it indicates low absorption and 
strong dielectric transparency. In the Cc phase, we observe a sharp peak at approximately 5 eV, which can be attributed 
to the increased polarization of the UV spectrum. However, at high photon energy, where it exceeds 8 eV, the values 
become negative, and this compound has a reflective property similar to metals. 
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Figure 5. Dielectric function: Real part (a) and Imaginary part (b) of Cu2SnS3 in the Cc and Imm2 phases calculated 
using the TB-mBJ+U method 
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As for the optical absorption properties related to interband electronic transitions, they are visualized by the ε₂(ω) 
spectrum in Fig. 5(b). There is a great similarity between the spectra in the two phases, with the ε₂(ω) values of the Imm2 
phase usually appearing at slightly larger values. The onset of absorption (first non-zero ε₂ values) occurs at about 1 eV, 
which means a comparable band gap. It also includes many peaks between 3 and 8 eV, indicating excellent absorption 
properties in the UV spectrum, which means more effective absorption of photons. This feature allows use in the field of 
photocatalysis and photovoltaic applications. 

Ultimately, it can be said that the Cu2SnS₃ compound is a good absorber of UV-visible, as both phases exhibit 
unique dielectric responses. These discoveries open up new possibilities for designing materials with adjustable optical 
properties that can be utilized in optoelectronic devices and solar energy conversion applications. 
 

3.3.2 Absorption coefficient, reflectivity, refraxion and extinction index 
The absorption coefficient enables us to describe a material's ability to absorb incident photons, thereby evaluating 

its performance in optoelectronic and photovoltaic applications. The optical absorption coefficient of Cu₂SnS₃ for the Cc 
(red curve) and Imm2 (blue curve) crystal structures is shown in Fig. 6 (a) as a function of photon energy. As the photon 
energy moves into the visible and ultraviolet (UV) ranges, both phases show a dramatic rise in absorption, which is 
negligible in the near-infrared region (below ~1.5 eV).  
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Figure 6. Absorption coefficient (a), reflectivity (b) and  refraxion(c)  of Cu2SnS3-Cc and Cu2SnS3-Imm2 using TB-mBJ+U 

There is a comparable band gap, as evidenced by the onset of absorption at 1 eV. Both structures also show 
significant absorption accompanied by prominent peaks in the UV region, reaching limit values above 10⁵ cm⁻¹. This 
suggests that there are numerous permitted electronic transitions. In the region of 8–11 eV, the Cc phase exhibits 
somewhat greater absorption values compared to the Imm2 phase, indicating a stronger interaction with high-energy 
photons. 



268
EEJP. 2 (2026) Boualem Kada, et al.

Optical reflectivity indicates the amount of incident light reflected from the surface of a material. It is an important 
metric for applications such as sensors, photovoltaics, and optical coatings. We plotted the optical reflectivity of Cu₂SnS₃ 
in the Cc (red line) and Imm2 (blue line) phases against photon energy in Fig. 6 (b). Both phases show comparatively low 
reflectivity, typically below 0.2, in the visible and near-infrared ranges (0–3.3 eV), suggesting that the majority of incident 
light in this range is either absorbed or transmitted. This is a beneficial characteristic for light-harvesting devices such as 
solar cells. Reflectivity rises and exhibits multiple noticeable oscillations that correspond to interband transitions as 
photon energy increases into the ultraviolet (UV) range. The Imm2 phase shows somewhat higher and more variable 
reflectance values in the UV spectrum, especially between 5 and 8 eV, due to its unique electronic band structure. As for 
the Cc phase, the reflectivity remains relatively smoother. 

The graph with the sign 6 (c) expresses the change in the refractive index value of the Cu₂SnS₃ compound in its 
Cu₂SnS₃-Cc and Cu₂SnS₃-Imm2 phases across the spectra of visible light, ultraviolet, and near-infrared light spectrums. 
Both phases exhibit comparable and consistent refractive indices (1.8-2.1) in the near infrared. The index rises for both 
in the visible zone. The refractive index exhibits more intricate behavior in the UV spectrum, with peaks and valleys that 
correspond to different electronic transitions. Interestingly, Cu₂SnS₃-Cc typically exhibits sharper features and 
significantly higher indices in the 3.0-6.0 eV range, indicating variations in its optical sensitivity to higher-energy photons. 

3.4 Numerical device modelling 
The one-dimensional software SCAPS-1D allows the modeling of any photovoltaic structure using the materials 

listed in its data files, while offering the possibility of modifying various parameters, such as layer thickness, surface area, 
and doping level. This simulator relies on an iterative and self-consistent numerical solution of a system of coupled 
differential equations, including Poisson and continuity equations for majority and minority carriers (electrons and holes), 
in order to predict the electrical behavior and performance of photovoltaic devices [81].  

The structure analyzed is a planar configuration shown in Fig. 7, consisting of an n-type indium gallium zinc oxide 
(IGZO) layer, which serves as both the electron transport layer (ETL) and the front contact (anode). It also incorporates 
p-type material (CuSnS3), used as an absorbing material, as well as different materials placed as p-type layers that act as
hole transport material (HTL) to the gold (Au) metal electrode, such as Cu2O, which is known for its wide bandgap,
giving it transparency in the visible spectrum. P3HT is an organic conductor sensitive to visible light. DPBTTT-14 is
commonly used as a hole transport material (HTM) due to its superior electrical conductivity and high charge carrier
mobility.

The studied structure is a planar structure with the configuration FTO/CuSnS3/HTL, as shown in Fig 7. The 
simulation was performed under standard conditions, with lighting of 1000 W/m² at 300 K and an air mass of AM 1.5G. 
The simulation was performed using parameters specific to each material purposes are listed in Table 3. 

Figure 7. Architecture of the primary p-i-n type perovskite solar cell device 

Table 3. The parameters for each material were used for simulation. 

Parameters FTO [76] IGZO [77] Cu2SnS3 Cu2O [78] D-PBTTT-14 [78] P3HT [79] 
Eg (eV) 3.5 3.05 0.88  2.17 2.16 2
χ, (eV) 4 4.16 3.9 - 4.3 3.2 3.2 3.2 
Ɛ 9 10 10-20 7.11 10 3
Nc (cm-3) 2.2×1018 5×1018 2.2×1018 2.02×1017 2.8×10 19 10 20

Nv (cm-3) 1.8×1019 5×1018 2.9×1018 1.1×1019 2.5×10 21 10 20

μn (cm2 V-1 s-1) 20 15 101 - 103 200 10 -4 10 -4
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Parameters FTO [76] IGZO [77] Cu2SnS3 Cu2O [78] D-PBTTT-14 [78] P3HT [79] 
μh (cm2 V-1 s-1) 10 0.1 10 - 100 80 10 -4 10 -4 
ND (cm-3) 2×1019 10 18 1016 - 1019 0.0 0.0 0.0 
NA (cm-3) 0.0 0.0 10 18 - 10 20 10 18 10 18 10 16 
Nt(cm-3) 10 15 2.0×10 15 1014 10 14 10 14 10 15 

 
3.4.1 Influence of ETL materials 

We modified the hole transport layer (HTL) in this cell and analyzed the impact of different hole transport materials 
on the current-voltage (JV) properties using IGZO as the electron transport layer (ETL). Show Table 4. According to these 
results, PSCs with a Cu2O HTL have the best energy conversion efficiency (PCE). Thedifferenceof bandgap between 
perovskite and the Cu₂O layer is significant; however, it is possible to achieve high conversion efficiency (PCE) through 
effective contact between the active layer and the metal electrode. 
Table 4. Comparative analysis of hole transport materials in structures incorporating IGZO as the ETL layer. 

 Cu2O P3HT D-PBTTT-14 
Voc (V) 0.833 0.824 0.831 
Jsc (mA/cm2) 49.44 94,44 49,44 
FF (%) 84.40 79 .05 84.36 
PCE (%) 34.79 32 ,21 34.68 

 
3.4.2 Influence of absorbing layer thickness 

The absorber layer plays a crucial role in the cell's performance  [82]. To achieve this role, we will vary the absorber 
layer thickness from 100 nm to 800 nm. The simulation results are shown in Fig. 8. We can see that the variation in the 
thickness of the CuSnS₃ affects all the parameters of the cell. The current density Jsc increases with the increase in the 
thickness of the absorber (CuSnS₃), which is due to the latter's high absorption coefficient. For the others, an increase in 
the form factor, especially for Cu₂O, justifies the latter as a candidate promoter in this device. This simulation study, 
therefore, confirms that the film must have an optimal thickness of 800 nm. This demonstrates that perovskite is a material 
capable of achieving better light absorption and higher efficiency, even with thicknesses of a few hundred nanometers. 

 

 
Figure 8. Variation of photovoltaic parameters as a function of the thickness of Cu2SnS3: a) Conversion efficiency (PCE), b) Fill 

factor (FF), c) Open-circuit voltage (Voc), and d) Short-circuit current density (Jsc) 
 

3.4.3 Effect of Doping on Various Device Components 
Doping plays a crucial role in the performance variations of solar cells, as it directly influences the electrical 

properties of different regions of the device and allows for the optimization of charge carrier generation and collection 
[83,84]. In this section, we propose a study of optimal properties for the active layer and observe that the impact of doping 
absorbers with p-type carriers manifests itself in a range from 1012 to 1021 cm-3, as illustrated in Fig. 9. 
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Figure 9. Impact of doping on variations in solar cell performance: a) PCE, b) FF, c) VOC and d) Jsc 

The results reveal that efficiency increases with dopant concentration up to 1020 cm-3. Notably, in the cases of P3HT 
and Cu2O, the values reach 37.85% and 37.3%, respectively. The fill factor (FF) increases slightly to 1019 cm-3 for D-
PBTTT-14, while for P3HT and Cu2O, it remains almost constant at 1019 cm-3, then decreases sharply beyond this doping 
density. As NA increases, the Fermi energy level of the holes approaches the valence band (VB), resulting in an increase 
or constancy of VOC and JSC. 

The stability in JSC for solar cells with Cu₂O and P3HT as HTLs, for D-PBTTT-14, exhibits a crossover up to 
1020cm-3. The VOC is stable between 1012 and 1018 cm-3, then increases for HTL P3HT and D-PBTTT-14, and remains 
stable for HTL Cu2O. This indicates that a higher dopant concentration was ineffective and led to deep defects. 

 
3.4.4 Effect of External Operating Temperature 

The performance of solar cells is significantly affected by operating temperature [85]. We utilized the SCAPS-1D 
solar cell simulator to investigate the temperature-dependent variability in the device's performance. 300 K to 400 K, in 
10°C increments, under standard 1 sun illumination conditions, as described in our previous work [80]. 

As shown in Fig. 10, both the fill factor (FF) and the power conversion efficiency (PCE) of the hole transport layer 
decrease as temperature increases. According to Equation 16, this behavior is attributed to the temperature-dependent rise 
in the dark saturation current (J₀). This leads to a decrease in open-circuit voltage (VOC). This finding corresponds well 
with our simulation results. 
 𝑉ை஼ = ஺௄்௘ 𝐿𝑛 ቂ௃೛೓௃బ + 1 ቃ. (16) 

Furthermore, as temperatures rise, internal resistance decreases due to the low resistivity of the materials. This 
promotes better current flow, which reduces energy losses and increases the fill factor (FF). 

 
Figure 10. Influence of operating temperature on the performance parameters of solar cells, namely: (a) power conversion 

efficiency (PCE), (b) fill factor (FF), (c) open-circuit voltage (Voc), and (d) short-circuit current density (Jsc) 
(continued on next page) 
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Figure 10. Influence of operating temperature on the performance parameters of solar cells, namely: (a) power conversion 

efficiency (PCE), (b) fill factor (FF), (c) open-circuit voltage (Voc), and (d) short-circuit current density (Jsc) 
 

5. CONCLUSIONS 
This work has enabled the achievement of the objectives set for studying the structural, optoelectronic, and 

photovoltaic performance of the Cu₂SnS₃ compound, through a combined simulation process based on density functional 
theory (DFT) and the SCAPS-1D software. A comparative analysis of the structural, electronic, and optical properties of 
CTS (Cu₂SnS₃) was performed to evaluate its potential for photovoltaic applications. Our calculations were performed 
using direct LDA (or GGA) methods, but the values obtained suggested that the compound Cu₂SnS₃ is a metal, contrary 
to what experimental studies have demonstrated. This is because this type of semiconductor is based on copper. We note 
that the Cud electrons possess a dual nature, enabling them to hybridize with Sn s electrons. Therefore, this compound 
appeared to be metallic in nature. In order to displace the anion, The TB-mBJ+U functional, which combines the Tran 
and Blaha modified Becke–Johnson potential with a Hubbard U term, was introduced to better account for electron 
correlation effects, as the results were largely consistent with the experiment, as both structures, Cc and Imm2, appeared 
as p-type semiconductors with direct gaps (Γ-Γ) of 0.7 eV and 0.7 eV, respectively. Regarding the study of optical 
properties, the compound Cu₂SnS₃ exhibits increased polarization in the ultraviolet spectrum at high photon energies in 
both phases. It is also characterized by positive ε1(ω) values up to 3 eV, making this compound, in both phases, a candidate 
for electronic applications. In the last part of this work, we proved the effectiveness of the Cu₂SnS₃ compound in the field 
of photovoltaic cells, where, using the SCAPS program, we took this compound as an absorption layer, where the 
simulation showed that the current density Jsc increases even to its peak, which leads to an increase in the absorption 
coefficient, and this is at a thickness of 800 nanometers. Several questions remain to be explored to fully understand how 
structural, optoelectronic, and photovoltaic properties influence the behavior of the Cu₂SnS₃ compound. The results 
presented in this study make a significant contribution to this understanding and provide valuable insights for the 
development of high-performance materials for solar energy. 
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Оцінка структурних, оптоелектронних та фотоелектричних характеристик сполуки Cu₂SnS₃ є важливою для розробки 
матеріалів для сонячної енергетики. Цей потрійний халькогенідний напівпровідник вирізняється сильним потенціалом у 
фотоелектричних застосуваннях завдяки широкому діапазону поглинання світла та хімічній стабільності. У цій статті ми 
дослідили структурні та оптоелектронні властивості потрійних напівпровідників на основі міді, зокрема тих, що входять до 
складу сполуки Cu₂SnS₃, а також їхню ефективність у фотоелектричних застосуваннях. Оскільки в попередніх дослідженнях 
існували значні відмінності щодо значень ширини забороненої зони (0,65-1,35 еВ), було зроблено спробу знайти відповідне 
наближення для вивчення цього типу сполуки. Структурні властивості досліджувалися з використанням як форми 
узагальненого градієнтного наближення (GGA) Пердью-Берка-Ернцергофа (PBE), так і наближення локальної густини (LDA), 
що дозволяє провести порівняльну оцінку впливу різних обмінно-кореляційних функціоналів на структуру матеріалу. 
Враховуючи важливий вплив, який деелектрони Cu відіграють на визначення їхніх електронних властивостей, як показано 
результатами, отриманими при використанні різних функціоналів обмінної кореляції енергії, для систематичної оптимізації 
розрахованого зміщення аніонів було використано комбіновану функцію потенціалу Бекке-Джонсона, модифікованого 
Траном та Блахою, та потенціалу Хаббарда (TB-mBJ+U). Розрахунки дали значення ширини забороненої зони. Енергія 
напівпровідникової квазічастинки в моноклінній структурі (m-CTS; SG: Cc) становить 0,7 еВ, а в орторомбічній структурі 
(золото-CTS; SG: Imm2) – 0,73 еВ, що значною мірою узгоджується з експериментальними значеннями. Дослідження 
оптичних властивостей, включаючи діелектричну функцію, також виявило коефіцієнт відбиття, коефіцієнт поглинання та 
показник заломлення сполуки Cu₂SnS₃ у двох її фазах. Останню вважають перспективним кандидатом для оптоелектронних 
застосувань. Для перевірки цього ми використали програму SCAPS, і результати були хорошими. Коли ця сполука 
використовується як абсорбуючий шар у фотоелектричному елементі, густина струму (Jsc) збільшується, досягаючи піку при 
товщині 800 нм. 
Ключові слова: Cu2SnS3; FP-LAPW; LDA; TB-mBJ+U; фотоелектричні елементи 




