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ABSTRACT: Antimony sulphide (Sb2S3) as an environment-friendly and 

cost-efficiently photovoltaic material has drawn tremendous research attentions. To 

broaden its scope of applications as flexible or tandem devices, Sb2S3 solar cells with 

substrate structure that are rarely reported and really need further exploration. In this 

work, an efficient method of magnetron sputtering using Sb2S3 target followed with 

post-sulfurization or post-selenization heat treatment process has been used to prepare 

S-Sb2S3 and Se-Sb2S3 thin films, then substrate structured Sb2S3 solar cells with 

configuration of Mo/Sb2S3/CdS/ITO/Ag were fabricated. The solar cell based on 

crystalline S-Sb2S3 thin film can achieve power conversion efficiency (PCE) of 0.49%. 

mailto:chensh@szu.edu.cn


In contrast, a post-selenization treatment can induce the formation of Sb2(S,Se)3 

ternary phase and obtain high-quality thin film with uniform granular crystals. The 

corresponding substrate structured thin film solar cell shows a significant two times 

improvement of PCE to 0.95%, also with an increased external quantum efficiency 

(EQE) value and an extended response region, which can be attributed to the Se-Sb2S3 

thin films with lower band gap, better crystallinity and less recombination loss. The 

combined features of advantageous vacuum preparation process and efficient 

substrate device structure further demonstrated its attractive application potential in 

thin film photovoltaic scenarios. 
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1. Introduction 

With the increasing demand of sustainable and effective sources of energy to partially 

compensate the non-renewable fossil fuels, the solar energy has drawn tremendous 

research attentions thanks to its great application potential.1-3 Among the widely 

application fields, solar cells can directly absorb the incident sunlight to generate 

electric power, and the continuous exploring effective photovoltaic materials to 

improve the power conversion efficiency (PCE) is one of the main concern.4,5 

Recently, the inorganic compound thin film solar cells have achieved a rapid 

development due to their advantages of low material consumption, low energy 

consumption, high temperature power generation performance and the flexibility.6-10 



Among them, cadmium telluride (CdTe) and copper indium gallium selenide (CIGS) 

solar cells with impressive PCEs higher than 22% are two of the most representative 

thin film solar cells.11 However, the intrinsic toxicity of Cd, the natural scarcity of Te, 

In and Ga still limit their broader scope of applications. Thus some alternative 

environment-friendly and cost-efficiently photovoltaic materials are actively 

investigated. Antimony sulfide (Sb2S3) with non-toxic, low-cost and earth-abundant 

constitutes has emerged as a promising candidate. Additionally, Sb2S3 shows excellent 

optoelectronic properties, such as an appropriate band gap (∼1.7 eV), large absorption 

coefficient (>105 cm-1) and an ideal match in highly efficient Si-based tandem 

dual-junction solar cells with theoretical PCE exceeding 40%.2,8,12-14  

State-of-the-art Sb2S3 solar cells have achieved record PCEs of 7.50% and 6.56% 

for mesoporous sensitized and planar geometries, respectively.13,15 The planar device 

structure is considered as a more appropriate design for Sb2S3 thin film solar cells to 

gain expected efficiency, and a significant progress can be observed in the last 

decade.2,4 As for the Sb2S3 planar heterojunction solar cells, there are also two 

different scenarios, including superstrate and substrate cell structures. Up to now, 

almost all the works are focused on the superstrate structure due to its simple 

preparation process and an ohmic contact for Sb2S3 absorber layer.8,16-18 Only a few 

studies to fabricate substrate structured Sb2S3 thin film solar cells have been reported. 

For example, Zhang et al. prepared Sb2S3 thin film by evaporating metallic Sb 

particles followed with annealing in N2/H2S environment, a Sb2S3 solar cell with 

substrate structure of Mo/Sb2S3/CdS/i-ZO/AZO/Ni:Al has achieved a PCE of 



0.65%.19 Pan et al. used rapid thermal evaporation method to deposit Sb2S3 thin film 

on Mo substrate and then fabricated a similar substrate structured Sb2S3 thin film solar 

cell with an interesting efficiency of 1.75%, which is the best PCE belonging to this 

substrate configuration by now.20 Therefore, it needs further exploration of the 

substrate structured Sb2S3 thin film solar cells in order to broaden its applications on 

flexible or tandem solar cells. 

Sb2S3 thin films can be prepared by various methods such as chemical bath 

deposition,21 solution processing,22 fast chemical approach,23 atomic layer 

deposition,24 hydrothermal,25 thermal (or rapid thermal) evaporation8,26 and the 

magnetron sputtering.27 Among these methods, the widely used ones for preparing 

planar Sb2S3 solar cells are the chemical bath deposition and the thermal evaporation. 

However, the attached shortcomings, e.g., time consuming and inevitable introduction 

of impurities for the former method, source wasting and easy deviation of the 

stoichiometric ratio for the other method, which might affect its practical applications. 

In contrast, magnetron sputtering is a promising full-vacuum technique with some 

advantages like accurate composition transfer from targets to films, good uniformity 

over large areas and competitive industrial scale-up.27,28 In this work, the amorphous 

Sb2S3 thin film was firstly deposited by Radio Frequency (RF) magnetron sputtering, 

and then an additional post-sulfurization or post-selenization heat treatment was 

applied to obtain high-quality crystalline Sb2S3 thin film. Sb2S3 solar cells with 

substrate structure of Mo/Sb2S3/CdS/ITO/Ag have achieved interesting PCEs of 

0.49% and 0.95% for post-sulfurization and post-selenization involved process, 



respectively. The combined features of effective device structure and advantageous 

preparation process further demonstrated its attractive potential for thin film 

photovoltaic applications. 

2. Experimental details 

2.1. Preparation of Sb2S3 thin film solar cells 

An effective RF magnetron sputtering using a high-purity Sb2S3 target followed with 

post-sulfurization or post-selenization treatment was applied to prepare Sb2S3 thin 

films. A schematic illustration of the preparation process is shown in Fig. 1. 

Mo-coated soda lime glass was chosen as device substrate, prior to sputtering, it was 

ultrasonically cleaned in sequential detergent, acetone, isopropanol and ethanol 

solution for 10 min, respectively. The sputtering system has 2-in magnetron sputtering 

guns and a rotatable substrate holder. The deposition chamber was evacuated to a 

residual pressure of less than 7.6×10-4 Pa before each deposition. Argon gas was 

introduced at a rate of 20 sccm and the deposition was carried out with a fixed power 

of 35 W also with a relatively low deposition pressure of 0.5 Pa to ensure a high 

compactness. The deposition time of the Sb2S3 thin film was 90 min and the obtained 

thickness was about 900 nm. After that, an additional post-sulfurization or 

post-selenization heat treatment was applied in order to release the internal stress of 

the as-deposited thin film, to eliminate the possible detrimental sulfur vacancies and 

to obtain highly crystalline Sb2S3 thin films. In detail, high purity S powder (99.999%) 

or Se power (99.999%) and the as-deposited thin film were placed into a 

double-chamber vacuum tubular furnace, respectively. The post-sulfurization was 



carried out at different temperatures (200 ℃, 300 ℃, 400 ℃, 425 ℃, 450 ℃ and 

475 ℃) for 20 min, and the samples were denoted as S-Sb2S3 thin films. Differently, 

the post-selenization process was last for 5 min at temperatures of 350 ℃, 375 ℃, 

400 ℃ and 425 ℃, these samples were denoted as Se-Sb2S3 thin films. 

After the deposition of Sb2S3 thin film with p-type conductivity as confirmed by a 

Semilab PN-100 tester, the n-type CdS buffer layer was then deposited onto the 

absorber layer via chemical bath deposition method (Fig. 1c). An additional heat 

treatment at 300 ℃ for 10 min was used to induce elemental inter-diffusion and 

optimize the band alignment. Indium tin oxide (ITO) window layer was subsequently 

deposited using magnetron sputtering at room temperature. Finally, the device surface 

was scribed into small squares with identical area and then Ag colloids were painted 

onto the surface to form metallic contact, the effective device area was fixed to 0.135 

cm2 (Fig. 1d). Sb2S3 thin film solar cell with substrate structure of 

Mo/Sb2S3/CdS/ITO/Ag was prepared and used for the subsequent performance 

measurements. 

2.2 Characterizations 

The crystal structure of Sb2S3 thin films were characterized by X-ray diffraction 

(XRD, Ultima-iv) with CuKα radiation under operation conditions of 40 kV and 40 

mA. Morphologies of the Sb2S3 thin films were obtained from a Zeiss SUPRA 55 

thermal field emission scanning electron microscope (SEM). The chemical 

compositions and the corresponding elemental mappings were analyzed by 

SEM-coupled Energy Dispersive X-ray Spectroscope (EDS, BRUKER QUANTAX 



200). A Shimadzu UV-3600 UV/Vis/NIR spectrophotometer equipped with 

monochromator was used for the optical reflectance and transmittance investigation, 

herein, pure soda-lime glass was chosen as the substrate for the Sb2S3 thin film 

deposition and the post-sulfurization was carried out at 200 ℃, 300 ℃ and 400 ℃. 

Current density-voltage (J-V) curves were measured by using a multi-meter (Keithley, 

2000 Series) under AM 1.5G light illumination from a 3A solar simulator with 

intensity calibrated to 100 mW/cm2 through a Si reference cell. The voltage was 

forwardly and backwardly scanned from -0.1 V to 0.6 V with a scan rate of 0.02 V/s. 

The external quantum efficiency (EQE) spectra were obtained using a Zolix SCS101 

system with a monochromator and a Keithley 2400 source meter.  

3. Results and discussion 

3.1 S-Sb2S3 thin films and the device performances 

Fig. 2a shows the XRD patterns of the as-deposited and post-sulfurized S-Sb2S3 thin 

films at different temperatures. No diffraction peaks correspond to the crystalline 

phase can be observed except a single peak originated from Mo substrate (2θ=41°), 

implying the amorphous nature of the as-deposited thin film. Afterwards, the thin film 

was annealed under sulfur atmosphere (post-sulfurization) at six temperatures of 

200 °C, 300 °C, 400 °C, 425 °C, 450 °C and 475 °C, respectively. No crystalline 

Sb2S3 phase can be detected when the post-sulfurization temperature below 200 °C. 

Then undergo post-sulfurization higher than 300 °C, all the emerging peaks of the thin 

films are in good agreement with the JCPDS card (No. 42-1393) of the orthorhombic 

phase of Sb2S3 without a second phase. The sharp diffraction peaks also indicate the 



highly crystalline nature of these S-Sb2S3 thin films. In order to study the thin film 

orientation, texture coefficients (TC) of the diffraction peaks were calculated based on 

the following equation: 
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where I(hkl) and I0(hkl) are the diffraction peak intensities of (hkl) planes obtained from 

the measured and standard XRD pattern of Sb2S3, respectively.29 Larger TC value of a 

diffraction peak indicates a preferential orientation along this particular direction. As 

shown in Fig. 2b, further increasing the post-sulfurization temperature to 425 °C, an 

obvious increase of TC(211) value can be observed, suggesting the crystal grains start 

to grow in vertical direction on the substrate, which is beneficial for reducing 

interface recombination and absorber transport loss.30 The elemental composition and 

the corresponding atomic ratio of Sb/S for the S-Sb2S3 thin films are also shown in Fig. 

2b. As the post-sulfurization temperature was increased, the ratio of Sb/S is found to 

first decrease and then increase, implying the as-deposited amorphous thin film is S 

poor and it is reasonable to occur due to its high vapor pressure. An additional 

post-sulfurization heat treatment at appropriate temperature can effectively 

compensate the S loss originated from magnetron sputtering process. Thus the 

S-Sb2S3 thin films post-sulfurized at 425 °C and 450 °C have more precise ratios that 

close to the standard stoichiometric ratio of 0.67 for Sb2S3. However, if the 

temperature is too high, e.g., 475 °C, a severe stoichiometric deviation can be 

attributed to the break of compact Sb2S3 thin film. Fig. 2c-h present the SEM images 



of the as-deposited thin film and the S-Sb2S3 thin films post-sulfurized at different 

temperatures. For the as-deposited amorphous thin film and the 200 °C 

post-sulfurized thin film, no obvious crystal grains can be observed, which are 

consistent with the XRD results. After post-sulfurization at 300 °C, large crystal 

clusters accompanied by boundaries begin to appear, indicating the start of crystal 

growth, these phenomena become more obvious at 400 °C. When the 

post-sulfurization temperature is increased to 425 °C, well-shaped Sb2S3 crystal grains 

with clear grain boundaries can be obtained, a preferential growth orientation is also 

consistent with the XRD results. Further increasing the temperature to 450 °C, it leads 

to a more dense thin film with more micro-sized crystals, which are Sb2S3 crystals 

fulfill its stoichiometric ratio according to the EDS analysis. However, if the 

temperature is too high (475 °C), as shown in Fig. 2h, the compact and continuous 

thin film will be broken, resulting in obvious holes on the surface, therefore, it is 

crucial to control the post-sulfurization temperature to obtain high-quality Sb2S3 

absorber layer.  

To investigate the optical properties as well as the band gap of the Sb2S3 thin films, 

UV/Vis/NIR spectrophotometer was performed to obtain the reflection and 

transmission spectra of the as-prepared thin films using glass as substrate and 

covering a range from 300 nm to 1100 nm. As shown in Fig. 3a, the reflectance of the 

amorphous thin film is obviously lower than that of the crystalline thin films in the 

short wavelength absorption region, which is closely related to its density-dependent 

lower refractive index as well as a different chemical composition under amorphous 



state. The transmission spectra (Fig. 3b) also shows a significant red-shift of the short 

wavelength cut-off edge from 580 nm for the amorphous thin film to about 650 nm 

for the crystalline thin film. To further understand and engineer its band structure, the 

band gap of the S-Sb2S3 thin films has been calculated according to the following 

formulas: 

     α =
1

𝑑
ln (

1−𝑅(𝜆)

𝑇(𝜆)
)                                                  (2) 

αhv=C(hv-Eg)
n                                                     (3) 

Where α is the absorption coefficient, d is thickness, R and T are the reflectance and 

transmittance, respectively.31 The latter is a typical Tauc formula, where C is a 

constant, h is the Planck's constant, v is the photon frequency, n is an index defined by 

0.5 for direct and 2.0 for indirect bandgap semiconductor.27 As shown in Fig. 3c, the 

as-deposited amorphous thin film has a direct band gap Eg of 1.88 eV, then the value 

decreases to about 1.73 eV for the highly crystalline thin film due to composition and 

structure evolution. The obtained Eg of 1.73 eV agrees well with the value given in 

prior publications for crystalline Sb2S3.
27 Importantly, this band gap is also 

appropriate for applications as absorbers in the thin film or Si-based tandem solar 

cells.  

The solar cells with substrate configuration have many advantages, such as 

tailoring the absorber layer independently, engineering the interface efficiently, and 

fabricating flexible or tandem solar cells possibly.20 Herein, Sb2S3 thin film solar cell 

with substrate structure of Mo/Sb2S3/CdS/ITO/Ag was prepared and a schematic 

illustration of this device is shown in Fig. 4a. The representative cross-sectional SEM 



image of the device (Fig. 4b) displays obvious layered structure with approximate 

thickness of 1040 nm, 80 nm and 580 nm for Sb2S3, CdS and ITO layer, respectively. 

The interface between Sb2S3 and CdS also shows uniform, compact, well-adherent 

and pinhole-free characteristics, which is beneficial for reducing charge carrier 

recombination and current leakage. In addition, compositional spatial distribution was 

determined by EDS elemental mappings marked with Sb, S, Cd and In, corresponding 

to the dashed rectangle area in Fig. 4b. Elements of Sb and S with good uniformity 

throughout the Sb2S3 absorber layer can be observed, implying the high quality of this 

S-Sb2S3 thin film post-sulfurized at 450 °C. The elemental mapping results also show 

observable elemental inter-diffusion, especially for Cd, which can be explained by the 

additional post-annealing of the device, such manipulation has been reported to be 

essential for obtaining favorable band alignment and reducing the recombination at 

the heterojunction interfaces.7  

Fig. 5 shows the device performances based on the S-Sb2S3 thin film 

post-sulfurized at 450 °C. According the current density-voltage (J-V) curve (Fig. 5a), 

under the simulated AM1.5G solar irradiation, the device offers a short-circuit current 

density (JSC) of 3.58 mA/cm2, an open circuit voltage (VOC) of 442 mV, and a fill 

factor (FF) of 30.89%, thus achieving a power conversion efficiency of 0.49%. In 

addition, no obvious hysteresis between forward (JSC to VOC) and backward (VOC to 

JSC) scans can be observed in our device, suggesting the high-quality S-Sb2S3 thin film 

materials and the reasonable substrate device structure. External quantum efficiency 

(EQE) spectrum reveals the photoresponse covering the whole visible range, the 



maximum value is lower than 30%, indicating the existence of severe interface 

defects, which still needs defects passivation and junction optimization.32 The 

integrated JSC calculated from EQE data is also drawn in Fig. 5b, a value of 3.10 

mA/cm2 is comparable to the J-V measurement result.  

3.2 Se-Sb2S3 thin films and the device performances 

It has been reported that a post-selenization treatment can greatly improve the 

crystallinity of Sb2S3 thin film and pull down its band gap value by partially 

substituting S with Se.33 The formation of Sb2(S,Se)3 alloy can passivate the interface 

and bulk defects simultaneously, improve the Sb2S3/CdS heterojunction quality and 

enhance the long-wavelength photon quantum yield.34 Herein, a short time 

post-selenization heat treatment of the as-deposited Sb2S3 thin film is expected to 

suppress the recombination loss and improve the device performance. Fig. 6a shows 

the XRD patterns of the as-deposited and post-selenized Se-Sb2S3 thin films. The 

as-deposited thin film still presents amorphous nature. After post-selenization at 

temperatures of 350 ℃, 375 ℃, 400 ℃ and 425 ℃ for 5 min, all the thin films 

exhibit prominent peaks correspond to the orthorhombic phase of Sb2S3 (JCPDS, No. 

42-1393) or Sb2Se3 (JCPDS, No. 15-0861), an observable peak shift to the 

intermediate position suggesting the formation of ternary Sb2(S,Se)3 crystalline phase 

after post-selenization. Fig. 6b shows the atomic ratio of Sb/(S+Se) and S/Se. As 

expected to passivate the sulfur vacancy, all the Sb/(S+Se) ratios are lower than that 

of the as-deposited Sb2S3 amorphous thin film with a value of 0.76. 

Temperature-induced Sb/(S+Se) ratio variation further confirms an appropriate 



temperature is essential to obtain stoichiometric thin film. An obvious increase and 

then decrease of the S/Se ratio with increasing the post-selenization temperature can 

also be observed in Fig. 6b. It can be explained by the combined action of Se vapor 

diffusion in the tube and substitution of S atoms by Se atoms in the precursor Sb2S3 

thin film. When the post-selenization temperature increased to 400 ℃, equals to the 

fixed temperature of Se source, a relative equilibrium of thermodynamic and kinetic 

processes can be achieved, resulting in a maximum value of S/Se ratio. However, if 

the temperature is too high, e.g., 425 °C, the break of compact Se-Sb2S3 thin film will 

also cause a severe stoichiometric deviation and a sharp decline of pristine S content. 

SEM images of the Se-Sb2S3 thin films with different post-selenization 

temperatures are shown in Fig. 7. All the thin films show granular crystals with clear 

grain boundaries, implying a more superior crystal growth compared to the S-Sb2S3 

thin films, which is also beneficial for the device performance improvement. After 

post-selenization at 350 °C for 5 min, some pinholes can be observed on the surface 

due to an insufficient temperature and time for crystal growth. When the temperature 

is increased to 375 ℃, as shown in Fig. 7b, the thin film becomes compact with no 

obvious pinholes. Further increasing the post-selenization temperature, it leads to a 

more dense and uniform crystalline thin film with an enlarged average grain size of 

about 400 nm, which is advantageous for suppress the recombination loss at the grain 

boundaries. As shown in Fig. 7d, the thin film post-selenized at 425 °C has severe 

break with isolate large crystal grains and is consistent with the XRD analysis.  

Accordingly, Mo/Se-Sb2S3/CdS/ITO/Ag substrate structured thin film solar cell has 



been fabricated, the optimal device performance based on the Se-Sb2S3 thin film 

post-selenized at 400 °C is shown in Fig. 8. The J-V curve under forward scan (Fig. 

8a) gives a JSC of 10.33 mA/cm2, VOC of 301 mV and FF of 30.84%, thus achieving 

an interesting PCE of 0.95%, which is almost two times higher than the PCE of 

S-Sb2S3 device. Such significant improvement mainly thanks to a near three times 

enhancement of JSC from 3.58 mA/cm2 to 10.33 mA/cm2, and it can be really 

attributed to the formation of high-quality Sb2(S,Se)3 absorber thin film with better 

crystallinity, passivated surface and less recombination loss. Moreover, no obvious 

hysteresis between forward and backward scans can be observed in this Se-Sb2S3 

device, further confirming the superior absorber thin film. EQE spectrum (Fig. 8b) 

shows an increased EQE value and an extended response region (up to ~1000 nm) 

compared to that of S-Sb2S3 device, demonstrating the band gap of Sb2S3 has been 

pulled down after post-selenization treatment. The observable sharp drop of EQE 

value at long wavelength range is partially because of the incomplete absorption of 

infrared photons and the incomplete collection of carriers generated far from the 

heterojunction, which could be further improved by interfacial defects passivation and 

internal junction optimization.28 The integrated JSC calculated from EQE data is about 

8.12 mA/cm2 and is also comparable to the J-V measurement result. 

4. Conclusions 

In summary, Sb2S3-based thin films have been successfully prepared by magnetron 

sputtering combined with post-sulfurization or post-selenization heat treatment at 

different temperatures. The as-deposited thin film showed amorphous nature and then 



the highly crystalline thin film composed of large crystal grains can be obtained after 

post heat treatment. Temperature-induced crystallization, preferential orientation, 

stoichiometric ratio variation and surface morphologies evolution also suggest it is 

crucial to control the post-sulfurization or post-selenization temperature to obtain 

high-quality thin film. Then Sb2S3 thin film solar cells with substrate structure of 

Mo/Sb2S3/CdS/ITO/Ag were fabricated. The device based on crystalline S-Sb2S3 thin 

film post-sulfurized at 450 °C can achieve a PCE of 0.49%. In contrast, an optimal 

device based on compact and uniform Se-Sb2S3 thin film post-selenized at 400 °C can 

achieve an interesting PCE of 0.95%, which is about two times higher. The 

corresponding EQE also showed an increased value and an extended region. Future 

work will be aimed at further investigating the thin film preparation process, 

improving the device performances through efficient interfacial defects passivation 

and internal junction optimization, and finally to obtain high efficiency substrate 

structured Sb2S3 thin film solar cells. 
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Fig. 1. Schematic illustration of the preparation process of the substrate structured 

Sb2S3 thin film solar cells. (a) Sb2S3 thin film deposition by RF magnetron sputtering, 

(b) Post-sulfurization or post-selenization heat treatment, (c) CdS buffer layer 

deposition via CBD method, (d) Representative photographs of the device. 



 

Fig. 2. Characterizations of the S-Sb2S3 thin films post-sulfurized at different 

temperatures: (a) XRD patterns, (b) Texture coefficients (TC) of (221) diffraction 

peaks based on XRD data and atomic ratio of Sb/S derived from EDS analysis. (c-h) 

Top-view morphologies of the thin films post-sulfurized at temperatures of (c) 200 ℃, 

the inset graph in (c) represents the as-deposited thin film, (d) 300 ℃, (e) 400 ℃, (f) 

425 ℃, (g) 450 ℃ and (h) 475 ℃.  

 

 

Fig. 3. Optical characterizations of the S-Sb2S3 thin films as a function of wavelength 

and with different post-sulfurization temperatures. (a) Reflection spectra, (b) 

Transmission spectra, (c) Plot of (αhν)2 versus hν, corresponding to direct band gap. 



 

Fig. 4. (a) Schematic configuration of the substrate structured Sb2S3 thin film solar 

cell. (b) Cross-sectional SEM image of the device and (c) EDS elemental mappings 

derived from the dashed rectangle in (b) used to determine the compositional 

distribution. 

 

 

 

Fig. 5. J-V curves of the S-Sb2S3 thin film solar cell under forward scan and backward 

scan. (b) EQE and integrated Jsc of the device. 



 

Fig. 6. (a) XRD patterns, (b) Atomic ratios of Sb/(S+Se) and S/Se derived from EDS 

analysis of the Se-Sb2S3 thin films with post-selenization at different temperatures. 

 

 

 

Fig. 7. Top-view morphologies of the Se-Sb2S3 thin films with post-selenization at 

temperatures of (a) 350 ℃, (b) 375 ℃, (c) 400 ℃ and (d) 425 ℃, the inset graphs are 

the corresponding magnified SEM images. 



 

Fig. 8. J-V curves of the Se-Sb2S3 thin film solar cell under forward scan and 

backward scan. (b) EQE and integrated Jsc of the device. 

 


