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Abstract 

An exhaustive investigation of the mechanical characteristics of CuSbSe2 thin films is conducted 

in this study by combining experimental nanoindentation methods with theoretical simulations. 

The Ab-initio Molecular Dynamics (AIMD) calculations are performed with the machine learning 

(ML) force fields. By employing the Vienna Ab-initio Simulation Package (VASP) based on 

Density Functional Theory (DFT), theoretical inquiries are carried out to identify crucial 

parameters, such as bonding characteristics, elastic constants, hardness, bulk modulus, shear 

modulus, Young’s modulus, and Poisson’s ratio. Experimental validation is conducted using 

nanoindentation to investigate load-dependent hardness and Young’s modulus in a manner that 

closely matches the theorized predictions. The anomalies between experimental and theoretical 

outcomes are ascribed to anisotropic behavior and grain boundaries. Furthermore, an investigation 

is conducted into the directional dependence of sound wave velocities in the CuSbSe2 films, 

leading to the revelation of intricate elastic property details. By employing an integrated 

theoretical-experimental approach, the present attempt not only increases the knowledge 

concerning CuSbSe2 films but also fortifies the relationship between theory and experiment, 

thereby bolstering the dependability of our results. The insights provided as a result of this paper 

facilitate the development of CuSbSe2 film applications in a variety of technological fields in the 

future. 
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Introduction  

 

For long, solar cells, capable of converting sunlight into electrical power, have been considered 

among the cleanest, most reliable, and most renewable energy sources to meet the future energy 

demands of the world [1,2]. Remarkable advancements in solar cell technology, particularly in 

increasing conversion efficiency and enhancing durability, have been reported over the past few 

decades [3,4]. The shift from bulk silicon to thin-film solar cells has significantly reduced 

manufacturing costs and opened up possibilities for lightweight and flexible designs. Notably, 

materials like Cadmium Telluride (CdTe), Copper Indium Gallium Selenide (CIGS), and 

perovskites have shown great promise [4]. However, despite the advantages in cost and efficiency, 

concerns regarding the scarcity and toxicity of these materials persist. Consequently, there is a 

growing interest in developing thin-film solar cells using earth-abundant substances to ensure 

sustainability and cost-effectiveness [5–9]. 

 

Among the promising earth-abundant thin-film materials, compounds such as copper zinc tin 

sulfide (CZTS), copper zinc tin selenide (CZTSe), and copper zinc tin sulpho-selenide (CZTSSe) 

have garnered significant attention for their high absorption coefficients, favorable optoelectronic 

properties, and low toxicity [10,11] [12]. Copper antimony selenide (CuSbSe2) emerges as another 

promising candidate, offering superior thermal stability, higher absorption coefficients, and 

simpler synthesis compared to other materials [13][14][15][16]. Despite the abundance of research 

on the optical and electrical properties of CuSbSe2, studies on its mechanical properties remain 

limited [17–19]. Recent studies have highlighted the importance of mechanical properties in the 

performance and durability of solar cells. The mechanical behavior is closely related to the 

thickness and Young's modulus of the thin films and substrates involved, which are critical in 

predicting strain distribution [20]. For example, Young's modulus values have been reported for 

materials like Mo and CIGS thin films, emphasizing the need for detailed mechanical 

characterization [21]. Given the mechanical stresses photovoltaic devices endure, such as 

temperature fluctuations and bending, understanding the mechanical strength and behavior of 
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CuSbSe₂ thin films becomes crucial. This is particularly important for ensuring the reliability and 

durability of photovoltaic absorbers under operational conditions [22,23][24,25]. Therefore, this 

research aims to address this gap by investigating the mechanical properties of CuSbSe₂ thin films, 

using a combination of DFT calculations and nanoindentation experiments. The key properties, 

including elastic constants, bulk modulus, and Poisson’s ratio, under various conditions, are 

explored to provide insights into the material’s potential as a durable photovoltaic absorber. 

 

Materials and Methods 

Theoretical Calculation Details 

The theoretical investigations of the CuSbSe2 thin film is performed using the Vienna Ab-initio 

Simulation Package (VASP) [26,27] based on Density Functional Theory (DFT). The electron-

electron interactions are considered using the Perdew-Burke-Ernzerhof (PBE) functional [28] 

within the generalized gradient approximation (GGA). The electron-ion interactions are studied 

with the Projector Augmented Wave (PAW) method [29,30]. The cut-off energy for the 

wavefunctions are chosen as 600 eV with the energy and force convergences as 10-9 eV and 10-6 

eV/Å, respectively. The k-point sampling is carried out using a gamma-centered scheme [31] with 

4×2×1 k-points. The valence electron configurations are 3d104s1, 5s25p3, and 4s24p4 for the Cu, 

Sb, and Se atoms, respectively. The CuSbSe2 thin films are considered for the AIMD calculations 

using a 3×2×1 supercell at zero pressure and 300 K temperature. For AIMD calculations, the 

dynamic variables are chosen as lattice parameters and atomic positions. The Langevin thermostat 

[32–34] is used with the atomic friction coefficients as 10 ps-1, 12 ps-1, and 8 ps-1 for Cu, Sb, and 

Se atoms respectively. Also, the lattice friction coefficient is taken as 12 ps-1. The time step for the 

AIMD calculations are taken as 2 fs with Verlet algorithm to solve the equations of motion of ions. 

The machine-learned force fields (MLFF) [35,36] are implemented in VASP which enables to 

speed up the AIMD calculations. The MLFF is employed for the CuSbSe2 thin film with using 

descriptors based on the Gaussian representation of atomic distributions [35,37]. The Bayesian 

linear regression [36] which enables to reliable estimations, is used to obtain the energies, forces 

and stress components. The Bader partial charges are determined using VASP and analyzed using 

the Bader partial charge program developed by Henkelman group [38] which is based on a 

suggestion by Bader [39]. The optimized structure obtained from the VASP program is employed 

in the VESTA program [40] to obtain the X ray diffraction (XRD) pattern for the CuSbSe2 thin 



film with a Cu K𝛼 source which has a wavelength of 1.541 Å. The elastic constants for the 

CuSbSe2 thin film is obtained using the stress-strain method implemented in VASP [41]. The 

hardness is obtained using the method given in [42]. The directional dependence of the elastic 

properties are visualized in 2D and 3D using the ELATE program [43]. Furthermore, the sound 

wave velocities are obtained using the Christoffel tool [44], which uses the elastic stiffness matrix 

to solve the Christoffel equation [45]. 

 

Experimental Details 

CuSbSe2 thin films are produced by co-evaporation technique using CuSe and Sb2Se3 

(commercially purchased) sources. The ambient pressure hovers around 10-5 Torr during 

deposition according to the results obtained in the optimization studies in this paper, along with 

the CuSbSe2 thin film phase diagram provided by Welch et al. [46]. During deposition, the 

substrate temperature is initially maintained at room temperature and then, gradually increased to 

300 ºC. After this temperature rise, the deposition is continued under Sb2Se3 steam. This process 

has been optimized based on our previous studies, which demonstrate that maintaining the 

substrate temperature within this range enhances the crystalline quality and electrical properties of 

the films [47,48]. The Cu-Sb-Se phase diagram further supports this approach as critical for 

achieving the desired phase formation and stoichiometry essential for high-efficiency solar cell 

performance. The XRD measurements are performed with a Rigaku Miniflex diffractometer with 

Cu Kα radiation to examine the crystal structure of the obtained films. The obtained XRD pattern 

is presented in Figure 2. As expected, it is observed that a crystalline structure is formed on the 

films. The nanoindentation measurements are performed to examine the mechanical properties of 

the films. To do this, a Diamond Berkovich tip CSM device is used. The nanoindentation 

measurements are performed using a Berkovich diamond indenter (Serial number: B-J 90) on the 

NHTTX instrument (S/N: 01-03089). The indentation process is conducted with a maximum load 

of 5.00 mN, a loading rate of 10.00 mN/min, and an acquisition rate of 10.0 Hz. The unloading 

rate is maintained at 10.00 mN/min, with a 5-second pause at maximum load. 

For calibration, the system is first calibrated using a reference material with known mechanical 

properties to ensure the accuracy of the depth and force measurements. This process involves 

adjusting the instrument’s sensor settings, including the Delta Slope Contact, which is set at 90%, 

to minimize the effects of thermal drift and tip wear. Additionally, an error analysis is performed 



by conducting multiple indentation tests on the reference material. The results are used to calculate 

the standard deviation and standard error, which provides a quantifiable measure of the uncertainty 

in the reported mechanical properties. 

 

Results and Discussions 

Figure 1 represents the structural properties of the CuSbSe2 thin film as investigated in the stable 

orthorhombic crystal structure with space group Pnma (#62). The optimized lattice 

parameters a=6.46 Å, b=4.04 Å, and c=15.01 Å agree with the previously reported results (a=6.38 

Å, b=4.00 Å, and c=15.11 Å [49], a=6.2988 Å, b=3.981 Å, and c=15.003 Å [50]) . The bond 

lengths between Cu--Se and Se--Sb are 2.43 and 3.21 Å, respectively, and these values are also 

consistent with literature reports [51,52]. The thermal stability of the CuSbSe2 thin film at 300 K 

are investigated through the evaluation of ab initio molecular dynamics (AIMD) trajectories with 

the implementation of the machine learning force fields (MLFF) in VASP. In this respect, the force 

fields are generated on the fly during the AIMD calculations and the Bayesian errors are predicted 

at each step to decide whether a first-principles calculation is performed or not. Therefore, the 

AIMD with MLFF simulations are performed to accelerate the MD simulations. Figure 2 illustrates 

the AIMD simulations of the CuSbSe2 thin film at a temperature of 300 K. An examination of the 

AIMD trajectories demonstrates that the structure remained undamaged at 300 K with extremely 

stable energy and temperature. This finding will definitely stimulate efforts in experimental 

synthesis of CuSbSe2 thin films. The calculated X-ray diffraction pattern and Miller indices given 

on the peaks are presented in Figure 3, showing a good match with the experimental results. The 

maximum peak is at the (0 1 3) direction for the CuSbSe2 thin film. 

 

Figure 1: The crystal structure of the CuSbSe2 thin film 



 

 

Figure 2: (a) Total energy and (b) temperature for the CuSbSe2 thin film as a function of time 

during AIMD calculations. The blue curves show the total energy fluctuation and the 

temperature fluctuation while the red ones show the average total energy and average 

temperature. 



 

 

Figure 3: The X-ray diffraction pattern for the CuSbSe2 thin film. The red and blue curves show 

the experimental and theoretical results, respectively.  

 

Examining the mechanical properties of materials is essential for technological applications, 

enabling the obtaining of anisotropic elastic properties. For this purpose, the elastic constants for 

the CuSbSe2 thin film are calculated by the stress-strain method using VASP. Table 1 lists these 

constants, which amount to eight due to the orthorhombic crystal structure. The calculated 

constants satisfy the Born stability criteria [53] given in Equation 1, indicating the mechanical 

stability of the CuSbSe2 thin film. 

𝐶!! > 0 

𝐶!!𝐶"" > 𝐶!""  

𝐶!!𝐶""𝐶## + 2𝐶!"𝐶!#𝐶"# − 𝐶!!𝐶"#" − 𝐶""𝐶!#" − 𝐶##𝐶!"" > 0   (1) 

𝐶$$ > 0, 𝐶%% > 0, 𝐶&& > 0 

 

 

 

 

 



Table 1: Elastic constants (Cij – GPa), bulk modulus (B – GPa), shear modulus (G – GPa), Young’s 

modulus (E – GPa), Poisson’s ratio (n), G/B, ratio, B/G ratio,, hardness (H – GPa), average mass 

per atom (Ma – 10-26 kg/mol ), density of number of atoms per volume (n – 1028), density (r – 

g.cm-3), minimum thermal conductivity obtained with Clarke and Cahill models (lClarke  and lCahill 

– W. m-1.K-1) for CuSbSe2 thin film 

C11 C12 C13 C22 C33 

97.30 35.00 53.93 97.45 95.37 

C44 C55 C66 B G 

26.18 30.78 28.23 61.14 27.32 

E n G/B B/G H 

71.34 0.31 0.45 2.24 3.92 

Ma n r lClarke lCahill 

14.25 4.00 5.82 0.50 0.56 

 

The bulk modulus (B, measure of the volume change under a hydrostatically applied pressure), 

shear modulus (G, the measure of the deformation as a result of shear stress applied to a surface), 

Young’s modulus (E, the ratio of the stress to the strain), Poisson’s ratio (n), and the G/B and B/G 

ratios of this thin film are calculated using the obtained elastic constants, and the results are 

consistent with the reported study [54]. Among the listed moduli in Table 1, Young's modulus is 

the highest, which implies that the CuSbSe2 thin film is more resistant to stress. A measure of 

contraction or expansion in other directions of the material when tension or compression is applied, 

the Poisson’s ratio is used to identify the dominant bonding type in the compound. The Poisson’s 

ratio around 0.25 (0.10) indicates that the compound has dominantly ionic (covalent) bonding [55]. 

The G/B ratio, which is around 0.60 (1.10), is also used to determine the bonding type of a material 

as a dominantly ionic (covalent) bond [55]. According to Table 1, CuSbSe2 thin film has 

dominantly ionic bonding. Furthermore, the electron density distribution is obtained for the 

CuSbSe2 thin film for the (1 0 0) plane and is shown in Figure 4. According to this figure, the ionic 

bonding is the dominantly bonding type for the CuSbSe2 thin film. In addition to the bonding type, 

the Bader charges are obtained for the CuSbSe2 thin film where the Cu, Sb and Se atoms have -

1.14 e, 2.72 e, and -1.58 e Bader net partial charges, respectively where the total Bader charge is 



zero. The charge is transferred away from the Sb atoms due having positive Bader partial charge 

while it is transferred to the Cu and Se atoms due having negative Bader partial charges [56]. In 

case of the CuSbSe2 thin film, the B/G ratio stands greater than 1.75, hence classifying it as brittle. 

Moreover, as listed in Table 1, the hardness for the CuSbSe2 thin film is obtained as 3.92 GPa, 

which is consistent with the nanoindentation results presented in the next section. In addition to 

these mechanical characteristics, Table 1 lists the minimum thermal conductivity (l) of CuSbSe2 

thin film obtained from the Clarke [57] and Cahill [58] models. For these models, average mass 

per atom (Ma), density of the number of atoms per volume (n), and density of the material (r) are 

required, and they are listed in Table 1. The minimum thermal conductivities determined using the 

Clarke and Cahill models are 0.50 W.m-1.K-1 and 0.56  W.m-1.K-1 for CuSbSe2 thin film, 

respectively. These thermal conductivities are low, which reveals the potential of this material for 

solar cell applications.  

 
Figure 4: Electron density distribution of the CuSbSe2 thin film for (1 0 0) plane 

 

Figure 5 presents the anisotropic elastic properties [59] that are crucial to provide information 

related to the microcracks, dislocations, plastic deformations, etc., of CuSbSe2 thin film in 2D and 

3D obtained with the ELATE software [43]. The distorted shapes in Figure 4 indicate anisotropy. 



It can be seen that the anisotropy for Young’s modulus is higher in the y and z directions than 

in the x direction. Furthermore, the linear compressibility of the film has higher anisotropy in the 

x and y directions than in z, while the shear modulus has similar anisotropy in all directions. The 

Poisson’s ratio has higher anisotropy in the x and z directions than in the y direction. 

 



 
Figure 5: 2D and 3D representation for (a) Young’s modulus, (b) linear compressibility, (c) 

shear modulus, and (d) Poisson’s ratio of the CuSbSe2 thin film 

 

The calculation of sound wave velocities can provide valuable insights into the mechanical 

behavior of a material. Sound wave velocity refers to the speed of sound waves traveling through 

a solid material, and it is influenced by characteristics such as density, elastic modulus, and 

Poisson's ratio. Concerning CuSbSe2 thin film, one can use such analysis in order to shed light on 

stiffness, strength, and ductility; high velocities are indicative of high stiffness and strength, while 

low velocities suggest greater ductility and deformability. Sound wave velocity analysis, in this 

way, can aid in the design and optimization of photovoltaic devices using CuSbSe2 thin film with 

improved mechanical properties. 

 

The sound wave velocities for the CuSbSe2 thin film are obtained using the Christoffel tool, which 

employs an elastic stiffness matrix to perform the procedure. Figure 6 shows the group wave 

velocity, phase wave velocity, phase polarization, enhancement factor, and power flow sphere for 

the CuSbSe2 thin film. Accordingly, the sound wave velocities are grouped into two transverse 

wave velocities along two directions and longitudinal wave velocities shown as slow secondary, 



fast secondary, and primary modes, respectively. Figure 6a and Figure 6b show the group wave 

velocity and phase wave velocity with maximum values along the x, y, and z directions for slow 

secondary and fast secondary modes and minimum values along these directions for the primary 

mode. As seen in Figure 6c, the enhancement factor, which is calculated as the ratio of the group 

wave velocity to the phase wave velocity, has lower values in the x, y, and z directions in the 

primary and slow secondary modes and higher values in these directions for the fast secondary 

mode. The angle formed by the group wave velocity and the phase velocity is known as the ‘power 

flow angle’, depicted in Figure 6d as having low values in the x, y, and z directions for both 

secondary and primary modes. 

 

 

 
 



Figure 6: Direction dependence of (a) group velocity, (b) phase velocity, (c) enhancement 

factor, and (d) power flow angle for slow secondary, fast secondary, and primary modes of the 

CuSbSe2 thin film 

 

Understanding the mechanical properties of CuSbSe2 thin films requires linking the theoretical 

insights gained from Density Functional Theory (DFT) simulations with the experimental results 

obtained through nanoindentation measurements. The nanoindentation measurements perform a 

critical role in validating theoretical predictions. Through nanoindentation, the mechanical 

properties of the material are carefully probed, and its nanoscale hardness, elasticity, and 

deformation behavior are analyzed. The accuracy of the computational models is validated by 

correlating theoretical predictions with experimental outcomes, thereby establishing a strong 

connection between theory and experimentation. This synergy between theoretical and 

experimental approaches not only increases the reliability of the findings here, but also provides a 

thorough understanding of the mechanical behavior of the CuSbSe2 thin films. Apart from this, the 

combination of these methodologies allows for a nuanced investigation of the mechanical 

properties of the material, bridging the gap between theoretical predictions and real-world 

observations and significantly contributing to the advancement of knowledge in this field. 

 

The hardness and Young’s Modulus of the CuSbSe2 thin film are determined by nanoindentation 

experiments at different loads between 0.25 and 5 mN and applied to the crystal surface. Graphs 

of the measured load (F) and penetration depth (h) are shown in Figure 7.  Each graph shows the 

loading (plastic) and unloading (elastic) zones.The hardness (H) and Young's modulus (E) for the 

CuSbSe2 thin film are obtained from the software included in the tester experiment. Briefly, the 

calculations made by the software are as follows: 

Hardness is related to the cutter maximum load (Fmax) and the projected contact area (A) [60] as: 

𝐻 = '!"#
(

             (2) 

For the perfect Berkovich recess A = 24.56hc2 ,the actual contact depth (hC) is determined from 

the first part of the discharge curve. The slope (dF/dh) of this part and the point of intersection of 

the linearly placed line on the indentation depth axis are equal to the stiffness (S) and hc, 

respectively. The Oliver-Pharr analyses offer the following statements [61]: 
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Er = 1141 GPa in Eq. 3 and Eq 4 and is the elastic modulus of the diamond used as the tip in 

indentation. β= 1.034 for the Berkovich indentation, and the Poisson’s ratios for the crystal and 

indentation used are vf= 0.31 and vi= 0.07, respectively.  

 
Figure 7: Penetration depth graphs for the CuSbSe2 thin film against loads between 0.25 mN and 

5 mN 

The load-dependent hardness graph is shown in Figure 8. As can be seen from the figure, the 

hardness decreases as the load increases.  

 
Figure 8: Load-dependent graph of nanoindentation hardness 

 



The mean hardness of the CuSbSe2 thin film was found to be 2.73 GPa, with a standard deviation 

of 0.33 GPa and a standard error of 0.17 GPa across different loads. The actual hardness value of 

the compound can be determined from the proportional specimen resistance (PSR) model, which 

was previously applied to other materials, such as Ho3+:BaY2F8  [17], Sn  [18], AlMgB14 [64] and 

LiTaO3 [20]. In this model, Fmax and hc are restated as follows: 
'!"#
.(

= 𝛿! + 𝛿"ℎ/    (5) 

Here 𝛿! and 𝛿" are constants determined from the linear fit analyses of the graph Fmax/ hc dependent 

on hc, shown in Figure 9. Using the slope and intersection point of the line on the vertical axis, 

these constants are found to be 𝛿!= 0.0032 mN/nm and 𝛿"= 4.48 × 10-5 mN/nm2.  

 
Figure 9: Fmax/hc plot based on hc. The dashed line shows the linear fit. 

 

The ln(hc) versus ln(Fmax) plot is shown in Figure 10, and it can help to determine whether this 

material exhibits ISE (Intendation Size Effect) behavior at the slope of this graph. The ISE 

behavior is also illustrated by Meyer's [66] law, which states: 

 

𝐹012 = 𝐴ℎ/3 (6) 

where A is a constant and n symbolizes the Meyer index. The load-independent stiffness behavior 

is observed at n = 2, with n < 2 indicating the presence of ISE behavior. From the slope of the 

graph in Figure 10, the value of n is obtained as 0.63. This value shows that CuSbSe2 thin film has 

ISE behavior. 



 
Figure 10: The ln(hc) versus ln(Fmax/hc) plot. The dashed line shows the linear fit. 

 

The Young's modulus of CuSbSe2 thin film is found using Eq. (3). Table 2 lists the load-dependent 

Young's modulus values. The theoretical Modulus of Young listed in Table 1 is 71.34 GPa, and 

the experimental Modulus values in Table 2 are close to this value. The difference is due to the 

DFT calculations and experimental measurements, and the reasons for this difference are attributed 

to the following factors [67–69]: (i) The DFT calculations were performed on a theoretically 

perfect crystal structure. (ii) For CuSbSe2 thin film, it may contain grain boundaries that affect 

experimental nanoindentation measurements. In this attempt, the grain boundaries were ignored in 

DFT calculations. (iii) The anisotropic behavior of CuSbSe2 thin film can lead to significant 

differences between the calculated and experimentally determined values. (iv) Excessive binding 

issues, binding energy, and bond length differences considered in the theoretical calculations and 

nanoindentation experiments may have affected the results of the proceeding analyses. 

Table 2: Load-dependent Young's modulus values for CuSbSe2 thin film 

Load (mN) Young modulus 

(GPa) 

0.25 66.690 

0.50 66.852 

1.00 52.627 



5.00 61.955 

 

Conclusion 

The present research examines in detail the mechanical characteristics of CuSbSe2 thin films by 

means of integrating experimental nanoindentation methods and theoretical calculations. The 

theoretical investigations are carried out utilizing the Vienna Ab-initio Simulation Package 

(VASP), and the machine-learning force fields (MLFF) is employed to obtain the ab-initio 

molecular dynamics (AIMD) calculations at 300K. The AIMD results show that CuSbSe2 thin film 

has small fluctuations in total energy and temperature that reveal the thermal equilibrium. Density 

Functional Theory (DFT) yields significant findings pertaining to the bonding properties, hardness, 

bulk modulus, shear modulus, Young’s modulus, and Poisson’s ratio of CuSbSe2 thin films. Our 

results reveal that ionic bonding dominates – a finding which is confirmed by the Poisson’s ratio 

and G/B ratio calculations. The brittle characteristics of the material are further corroborated by 

the experimental hardness value of 3.92 GPa, as indicated by the calculated B/G ratio.  

The results obtained from the experimental validation of nanoindentation measurements 

substantiate our theoretical forecasts. The load-dependent hardness and Young's modulus values 

observed in the nanoindentation experiments are found to be in close agreement with the 

theoretical calculations. The inconsistencies between theoretical and experimental outcomes could 

be ascribed to variables including fluctuations in binding energy, grain boundaries, and anisotropic 

behavior. The integration of experimental validation and theoretical modeling effectively closes 

the disparity that exists between theoretical predictions and empirical observations, further 

strengthening the dependability of our results. 

The present work additionally investigates the impact of sound wave velocity directionality on 

CuSbSe2 thin films, uncovering intricate details related to the elastic characteristics of the material. 

The power flow angle, enhancement factor, group wave velocity, and phase wave velocity analyses 

all help in furthering our understanding of the anisotropic characteristics exhibited by sound waves 

within CuSbSe2 thin films. 

The integration of theoretical and experimental methodologies in this study not only enhance our 

comprehension of the mechanical characteristics of CuSbSe2 thin films, but also establish a strong 

correlation between theoretical forecasts and empirical results. The amalgamation of experimental 

methods and computational simulations makes a substantial scholarly contribution to the domain 



of material science, facilitating additional investigations and practical implementations of 

CuSbSe2 thin films across diverse technology sectors. 
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