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The quaternary compound Cu2ZnSnS4 (CZTS) has gained attention as a potential 
"next generation" photovoltaic material. CZTS has a high absorption coefficient 
(>104 cm-1) and an optimal direct bandgap energy of 1.4-1.6 eV, making it an ideal 
option for thin-film solar cell applications. The purpose of this study is to analyze 
the structural, electronic, and optical properties of CZTS in its kesterite and 
stannite phases using first-principles density functional theory (DFT) computations 
within the Cambridge Serial Total Energy Package (CASTEP) computational 
framework. The results revealed that the kesterite phase exhibits slightly better 
structural stability for solar energy conversion compared to the stannite phase. 
Furthermore, the calculations use Hubbard U = 7 eV for copper (Cu) and Zinc (Zn), 
U = 3 eV for Tin (Sn) and U = 9 eV for Sulphur (S) to fix the strongly localized 3d and 
5p orbitals. It improves the accuracy of electronic structure predictions by 
increasing the bandgap value to 1.5 eV, as opposed to the 0.98 eV predicted by 
standard density functional approaches. This advancement overcomes the 
limitations of these methods in accurately describing electron-electron 
interactions in transition metal compounds. Additionally, optical absorption 
estimates reveal a high absorption coefficient in the visible spectrum, which is 
crucial for effective solar energy capture. These findings highlight the potential of 
CZTS, particularly the kesterite phase, as a remarkably effective and 
environmentally friendly material for thin-film solar cells. This study provides vital 
insights into the structural, electronic, and optical properties of CZTS, offering the 
basis for optimizing its design and fabrication, and opening the way for the 
development of sustainable and high-performance solar solutions. 
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1. Introduction 
 

Technology, economic stability, social dynamics, and living standards in developed, emerging, and 
underdeveloped nations depend on energy use. As population growth intensifies, energy 
consumption is surging. There are three primary categories of energy: fossil fuels, fissile energy, and 
renewable energy [1,2]. Fossil fuels, valued at $1.5 trillion, continue to dominate the global energy 
landscape; yet their finite supply and significant greenhouse gas emissions provide substantial 
environmental challenges [3,4]. The search for alternative energy sources is motivated by the 
difficulties that occur from traditional fossil fuels, such as global warming and rising prices, which 
contribute to more than 30 gigatonnes of CO2 yearly, setting up dangers to ecosystems.  Renewable 
energy is the sole solution to global energy concerns due to its abundant, sustainable, and replicable 
nature [1-3,5,6]. On the contrary, the global energy industry is likely to rely on fossil fuels for at least 
the next few decades.  However, non-renewable energy sources, such as fossil fuels, are not 
practicable for the future since they contribute to environmental degradation [1,7].  

By 2040, photovoltaics is expected to be the most often used renewable energy source since they 
provide power with less effect on the surroundings [6, 8]. In the semiconductor industry, band gap 
investigations are indispensable since they affect device efficiency. Approximately 90% of solar cells 
are constructed of silicon, with their cost-effectiveness resulting from lower material usage and 
better energy conversion efficiency. CdTe thin films for solar cells were initially introduced in the 
1960s but concerns regarding cadmium toxicity and the availability of tellurium must be addressed 
prior to large-scale manufacture [9–12]. Low thermal expansion and great power conversion 
efficiency abound in solar cells absorber material such as copper indium gallium selenide (CIGS), 
cadmium telluride (CdTe), and amorphous silicon (a-Si).  Thin film solar cells including CIS and CIGS 
have been widely used in solar cell applications in the following generations. Still, unfortunately, 
some materials have uncommon components, which could limit their availability [9-11,13].  

Copper zinc tin sulphide, Cu2ZnSnS4 (CZTS) has emerged as a viable alternative to CIGS owing to 
its non-toxic, inexpensive, and plentiful components. CZTS possesses an adjustable direct bandgap 
(1.0–1.5 eV) and a high absorption coefficient (~104 cm−1), making it ideal for solar applications, 
achieving up to 80% effective absorption and demonstrating strong carrier mobility (0.1–35 
cm²V⁻¹s⁻¹) [9–11,14–16]. Its tetragonal crystalline structure in the kesterite (KS) and stannite (ST)  
phases makes it an attractive substitute for silicon-based solar cells. These properties establish CZTS 
as an exceptionally efficient and eco-friendly material for modern solar technology [1,13,15,17]. 
Density Functional Theory (DFT) is a crucial technique for analysing and refining the properties of 
CZTS, notably in solar cell applications. This work implements DFT to thoroughly examine the 
structural, electronic, and optical properties of CZTS. This study enhances the comprehension of CZTS 
using first-principles calculations, offering critical insights for optimising its design and production, 
thus establishing a basis for advancing sustainable and high-performance photovoltaic technologies. 
This highlights the promise of CZTS as a sustainable and effective substitute for next-generation thin-
film solar cells. 
 
2. Methodology  
2.1 Computational Method 

 
The first-principles approach using DFT within the generalised gradient approximation by 

Perdew-Burke-Ernzerhof for solids (GGA-PBEsol) exchange-correlation (XC) functional has been 
applied in this work. The ground state computation of the structural, electrical, and optical properties 
of the KS CZTS was studied by applying the DFT within XC functionals. Moreover, the Hubbard U 
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correlation known as (DFT + U) implemented in the Cambridge Serial Total Energy Package (CASTEP) 
was applied in all calculations to overcome the effect of the on-site Coulomb repulsion of the d orbital 
system, which affects the band gap of the electronic properties of KS CZTS [18,19]. The geometric 
optimization was done under the following conditions: convergence of minimal energy change per 
atom is at 5 × 10-5 eV, stress is < 0.02 Gpa, maximal residual force on the atoms is < 0.01 eV/Å and 
displacement of atoms is < 0.0005 Å [20, 21]. In this work, the Ultrasoft pseudopotentials were 
applied for all the atomic species with the basis set of the valence electronic states taken as follows: 
3d10 4s1, 3d10 4s2, 5s2 5p2, and 3s2 3p4 for Cu, Zn, Sn and S, respectively. The standard 
approximated GGA for PBEsol [22] was defined effectively for this study’s most stable structures and 
electrical characteristics. Several U values were attempted on the 3d orbital electrons of Cu and Zn 
and 5p and 3p of Sn and S orbitals, respectively. The energy was changed from 1 eV to 10 eV for KS 
CZTS to fix the electronic band gaps for both structures. The calculated structural, electronic, and 
optical properties of this quaternary chalcogenide CZTS using PBEsol + U with the strong effective on-
site Coulomb repulsion among the localized Cu 3d, Zn 3d, Sn 5p and S 3p electrons were described 
according to the following formalism: 

 
𝐸!"#$% =	𝐸!"# 	

(%'()
*

∑ 𝑇𝑟	(𝜌+ − 𝜌+𝜌+)+        (1) 
 
where 𝜌𝜎 indicates the spin (𝜎) polarized on-site density matrix and U and J are the Coulomb and 

exchange energy, respectively. The Hubbard U values utilized in this calculation is Ud = 7 for Cu and 
Zn, Up = 3 for Sn, and Up = 9 eV respectively. This technique is widely used to solve the inadequacies 
of DFT in precisely representing the localized d or p electrons of materials, such as the transition 
metals in CZTS (Cu-Zn-Sn-S). The U parameter particularly corrects the on-site Coulomb interaction 
for these electrons, boosting the trustworthiness of electronic structure predictions. The chosen U 
values reflect the level of correction required to recreate known experimental bandgaps and other 
material features accurately. For CZTS, the experimentally observed bandgap is roughly 1.2-1.4 eV; 
the U value is changed to ensure the estimated bandgap aligns with this. Additionally, the optical 
properties of sodium influence on CZTS, which correlates with the thin film application, were 
explored in terms of the absorption coefficient 𝛼(𝜔). 
       
3. Results  
3.1 Structural Properties 
3.1.1 Crystal structures 
 

This section addresses the crystal structure of CZTS, which is essential in defining its material 
qualities and suitability for solar applications. Figure 1 visualizes the general crystallization of CZTS in 
a tetragonal structure, with two prevalent variants known as the kesterite structure, which belongs 
to the 𝐼42 space group, and the stannite structure, which is categorized under the 𝐼422𝑚 space group. 
The arrangement of Cu, Zn, Sn, and S atoms inside lattice characteristics, with cation distribution 
affecting the material's electrical and optical properties.  The structural parameters for kesterite and 
stannite polymorphs are tabulated in Table 1. As noted, the best agreement for volume (V) with the 
experimental values for KS CZTS was reached from GGA-PBEsol, which was underestimated by 1.90%. 
Meanwhile, ST CZTS, calculated using GGA-PBEsol as well, is overestimated by +1.81%.   Furthermore, 
the computed lattice parameters for GGA-PBEsol of KS CZTS are a = b = 5.3951 Å and c = 10.7694 Å, 
while a = b = 5.4011 Å and c = 10.7421 Å are for GGA-PBEsol ST CZTS, respectively. Since the lattice 
constants are close to the experimental data, GGA-PBEsol proceeded to the following electronic and 
optical simulations. 
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Fig.1. The crystal structures of unit cell quaternary chalcogenide semiconductor (a) KS CZTS and (b) ST 
CZTS 

 
 Table 1 
 The lattice constants, volume of both kesterite and stannite for CZTS compared to experimental data 

Structures Method a (Å) b (Å) c (Å) V (Å3) 
CZTS 
(Kesterite) 

Expt.a 

 
LDA 
 
GGA-PBE 
 
GGA-PBEsol 

5.4258 
 

5.303789 
(-2.25%) 
5.472380 
(+0.86%) 
5.395078 
(-0.57%) 

5.4258 
 

5.303789 
(-2.25%) 
5.472380 
(+0.86%) 
5.395078 
(-0.57%) 

10.8537 
 

10.586162 
(-2.46%) 

10.933479 
(+0.74%) 

10.769424 
(-0.78%) 

319.5253916 
 

297.7906188 
(-6.80%) 

327.4242709 
(+2.47%) 

313.4641880 
(-1.90%) 

CZTS 
(Stannite) 

Expt.b 

 
LDA 
 
GGA-PBE 
 
GGA-PBEsol 

5.389 
 

5.305015 
(-1.56%) 
5.472270 
(+1.55%) 
5.401107 
(+0.22%) 

5.389 
 

5.305015 
(-1.56%) 
5.472270 
(+1.55%) 
5.401107 
(+0.22%) 

10.599 
 

10.581835 
(-0.16%) 

10.927980 
(+3.10%) 

10.742142 
(+1.35%) 

307.8089613 
 

297.8065311 
(-3.25%) 

327.2464364 
(+6.31%) 

313.3693026 
(+1.81%) 

a Reference [22] 
b Reference [23] 
 
3.1.2 Phasestability of Kesterite and Stannite Cu2ZnSnS4 
 

Cohesive energy is an essential metric that indicates the stability and bonding strength inside a 
material's crystalline structure. It is defined as the energy necessary to deconstruct a crystal into its 
individual isolated atoms. The cohesive energy of CZTS is a crucial determinant of structural stability, 
directly influencing its suitability for photovoltaic applications. The cohesive energy of two CZTS 
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phases in tetragonal KS (I4̅) and ST (I4̅2m) was estimated as a function of their crystal volume per 
CZTS formula unit, using GGA-PBEsol XC functional to assess phase stability between these CZTS 
phases. The cohesive energy is defined as the disparity between an isolated atom's energy and that 
atom's energy in a solid state. The cohesive energy of CZTS, 𝐸𝑐𝑜ℎ(CZTS), is determined using equation 
(4.1): 

  
𝐸,-.(𝐶𝑍𝑇𝑆) =

/!"!#$(01#2)
*

− 	2𝐸03 	− 	𝐸14 	− 	𝐸24 	− 	4𝐸5                   (2) 
 

Where 𝐸𝑡𝑜𝑡𝑎𝑙(CZTS) represents the total energy of CZTS, computed by normalizing with the CZTS 
formula unit, whereas 𝐸𝐶𝑢, 𝐸Zn, 𝐸𝑆𝑛, and 𝐸𝑆 represent the total energies of Cu, Zn, Sn, and S atoms, 
respectively. Each unit cell of the KS and ST phases contains 2 formula units. Consequently, to 
determine the equilibrium volume, the volume of each CZTS is divided by its respective formula unit 
(2) in all instances. Based on Figure 2, it can be concluded that KS CZTS is more stable as it exhibits 
the lowest energy of -5860.67 eV, compared to -5860.065 eV of ST CZTS. 

 

 
Fig. 2. Calculated cohesive energy versus volume (Per CZTS Formula Unit) for KS and ST Phases for CZTS from 
GGA-PBEsol 
 
3.2 Electronic Properties 
3.2.1 Band structures 

 
The band gap of CZTS is a crucial factor affecting its efficacy in photovoltaic applications. This 

study used DFT to examine the electronic structure and band gap of CZTS, employing the GGA-PBEsol 
exchange-correlation functional. Figure 3 illustrates the preliminary application of the Hubbard 𝑈𝑑 
parameter on the 𝑑-orbitals of Cu 3d and Zn 3d, leading to a band gap estimation that is markedly 
lower than the experimental values. This difference highlights the limitations of focusing solely on 
the localized 𝑑-states in CZTS. To address this issue, the Hubbard 𝑈𝑝 parameter was implemented to 
consider the localization effects in the 𝑝-orbitals, specifically those of Sn and S, as illustrated in Figure 
4. The utilization of 𝑈𝑝 values, that range from 1 eV to 10 eV, was methodically assessed for KS CZTS.  
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Fig. 3. Dependences of band gaps for KS CZTS on Ud, Cu = 1 to 10 eV and Ud, Zn = 1 to 10 eV. The experimental 
band gap represent as dashed lines 

 

 
Fig. 4. Dependences of band gaps for KS CZTS. The experimental band gap represents dashed lines 

 
Figure 5 (a) displays the band structures of KS CZTS, respectively, within the first Brillouin zone, 

characterized by the k-point trajectory along the Z-A-M-G-Z-R-X-G symmetry points derived from a 
conventional DFT calculation. It can be inferred that this material exhibits metallic behavior, as no 
discernible gaps exist between its conduction band (CB) and valence band (VB). Nonetheless, KS CZTS 
demonstrates a minimal gap of 0.137 eV, which does not align well with the experimental data. 
However, the issue of underestimated band gap values in CZTS due to the limitations of conventional 
DFT has been effectively addressed using the DFT + U method. By applying Hubbard U parameters, 
this technique corrects the electron localization in the 𝑑- and 𝑝-orbitals, leading to more accurate 
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band gap predictions. As shown in Figure 5 (b), the band structure of KS-CZTS computed with PBEsol 
+ U indicates a direct band gap of 1.497 eV at the G point, coherence with experimental results (𝐸𝑔 = 
1.50 eV) when the Hubbard U parameters were set at Ud,	Cu	=	7	eV,	Ud,	Zn	=	7	eV,	Up,	Sn	=	3	eV	and	Up,	
S	=	9	eV. This modification underscores the necessity of simultaneously addressing localized 𝑑- and 
𝑝-orbitals to attain precise band gap predictions. 

 The direct band gap of 1.49 eV positions KS CZTS within the ideal region of 1.4–1.5 eV for 
photovoltaic applications, boosting its suitability for thin-film solar cells. The presence of a straight 
band gap is helpful as it promotes efficient absorption and carrier production, needed for obtaining 
high conversion efficiencies. These results show the efficiency of the DFT + U approach in providing 
a more accurate description of the electronic structure, further proving the potential of CZTS as a 
cost-effective and sustainable material for solar energy applications. 
 

 
(a)                                                                                     (b) 

Fig. 5. Band structure of KS CZTS at (a) U = 0 eV and (b) Ud, Cu, Zn = 7 eV, Up, Sn = 3 eV and Up, S = 9eV. The dashed 
lines represent fermi level at 0 eV 

 
3.2.1 Density of states 
 

The density of states (DOS) is an essential instrument for comprehending the electronic 
properties of CZTS and its applicability in solar applications. It refers to the number of electronic 
states accessible at each energy level for electron occupancy. Analyzing the total and partial density 
of states allows for identifying the contribution of individual atoms and orbitals to the electronic 
structure of CZTS, offering insights into its optoelectronic properties. Figures 6 and 7 illustrate the 
DOS of CZTS computed using the DFT and DFT+U methodologies. The valence band (VB) beneath the 
Fermi level (0 eV) predominantly comprises Cu 3d, Zn 3d, Sn 5p, and S 3p states. Identical orbital 
states were detected at the conduction band above the Fermi level. The unsaturated bonding of 
atoms allows these states to be viewed clearly and vividly around the Fermi level. The lowest 
conduction band (CB) for both DFT and DFT + U of KS CZTS is comparatively high and is attributed to 
the S-3p state. Simultaneously, the predominant contribution to the highest VB is primarily from the 
Cu-3d state, as illustrated in Figures 6 and 7, respectively. Notably, numerous minor peaks exist in 
the valence band of all CZTS structures, signifying an abundance of localized states, while most of 
these minor peaks coalesce at the Fermi level.  
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Fig. 6. Density of States (DOS) of KS CZTS within GGA-PBEsol 

 

 
Fig. 7. Density of States (DOS) of KS CZTS within GGA-PBEsol+U 

 
3.2 Optical Properties 
 

Significant attention is directed towards examining optical qualities, including the absorption 
coefficient, which are essential for enhancing solar energy conversion. The absorption coefficient 
quantifies a material's capacity to absorb sunlight and convert it into electrical energy effectively, 
which is crucial for the advancement of high-performance solar cells. They function as transparent 
conductors, selective absorbers, and the primary element of photovoltaic solar cells. This study 
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computed the optical characteristics of KS CZTS using DFT and DFT+U approaches. The optical 
computations were conducted from the first principles, utilizing an electronic transition 
characterized by a time-dependent perturbation of the lowest electronic state (ground state). The 
absorption coefficient, 𝛼(𝜔), can ascertain the optimal power conversion efficiency (PCE) and the 
extent of light penetration into a material before absorption. The absorption coefficient can elucidate 
the linear optical response from the uppermost valence band to the lowest conduction band. Figure 
8 demonstrates that KS CZTS+U possesses the highest optical absorption coefficient in the visible 
spectrum (~400 nm–700 nm), rendering it a promising contender for photovoltaic (PV) applications. 
 

 
Fig. 8. Absorption coefficient against wavelength (nm) of KS CZTS and CZTS +U 

 
4. Conclusions 
 

In summary, this study thoroughly analyzed the structural, electronic, and optical characteristics 
of CZTS in its kesterite and stannite phases utilizing first-principles DFT. Significant findings reveal 
that KS CZTS is the more structurally stable phase, demonstrating enhanced potential for 
photovoltaic applications. The implementation of the Hubbard U correction successfully mitigated 
the shortcomings of conventional DFT methods, improving the precision of electronic structure 
predictions and reconciling the computed bandgap (1.50 eV) with the data from experiments. The 
optimal bandgap, along with a high absorption coefficient in the visible spectrum, highlights the 
promise of CZTS as a sustainable and efficient absorber material for thin-film solar cells. 

The DOS study indicated substantial contributions from Cu 3d, Sn 5s, and S 3p orbitals to the 
valence and conduction bands, elucidating the material's electronic transitions and light absorption 
properties. Assessments of optical properties verified the material's significant absorption in the 
visible spectrum, hence affirming its photovoltaic potential. 

These findings underscore the significance of sophisticated computational techniques in 
enhancing CZTS for solar energy applications. The results establish a basis for subsequent 
experimental and theoretical endeavours focused on enhancing the material's efficiency and 
performance, facilitating the advancement of economical, eco-friendly solar solutions. 
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