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A B S T R A C T   

In thin-film photovoltaic, Sb2S3 is a leading absorber material due to its broad-band optical response and 
excellent electrical properties, with the highest reported efficiency in the planar Sb2S3 configuration being 8 %. 
By simulations, optimized parameters for each component of the n-i-p FTO/ETL/Sb2S3/HTL/Au planar hetero
junction device, as well as a photoconversion efficiency (PCE-η) of 28.64 % under an AM 1.5G spectral irradi
ance, have been predicted. In this report, we systematically optimized the electron transport layer (ETL), light 
harvesting layer (Sb2S3), and hole transport layer (HTL) separately based on theoretically predicted values in 
order to understand the effect of each component and optimize solar cell performance. The optimized results 
showed that simply optimizing the ETL, Sb2S3 layer, and HTL resulted in achieving the efficiency ~4.11 % and to 
achieve the theoretically predicted device performance, a precise control of intrinsically formed traps, the 
presence of surface defect states, and lattice dislocations in Sb2S3, are important as these factors are found to be 
the main factors that enhance charge carrier recombination, slow charge transfer across the interface, and charge 
carrier mobility.   

1. Introduction 

Cadmium sulfide (CdS), lead sulfide (PbS), Cadmium Telluride 
(CdTe), copper indium gallium selenide (CIGS), kesterite (CZTS), and 
antimony sulfide (Sb2S3) semiconductors have all been studied exten
sively as light-absorbing layers in solid-state solar cell applications. 
(Brennan et al., 2011; Lu et al., 2018; Tian et al., 2013; Xu et al., 2014; 
Lakhe et al., 2016; Wang et al., 2019; Shah et al., 2021) Despite, the fact 
that PCEs of 22.1 and 23.4 % have been achieved in the laboratory scale 
for CdTe and CIGS, respectively, the scarcity of Ga and In, as well as the 
toxicity of Cd, Se, and Te, motivate researchers to look into new light- 
harvesting materials that are less toxic and abundant. (Powalla et al., 
2017; Green et al., 2020) In this respect, Sb2S3 is advantageous due to 
the availability and nontoxicity of the constituent elements, low melting 
point (~550 ◦C), high absorption coefficient (1.8 × 105 cm− 1 at 450 
nm), suitable bandgap energy (~1.7 eV), good stability in air/moisture, 
and high charge carrier diffusion lengths. (DeAngelis et al., 2016; Een
salu et al., 2019; Eensalu et al., 2019). 

In 1993, Savadogo et al. fabricated the first planar Sb2S3 solar cell 
with a PCE of 5.19 % by depositing a ~2 μm thick Sb2S3 film using the 

CBD method on a (111) oriented p-type Si substrate and annealing it at 
350 ◦C under N2 atmosphere. (Savadogo and Mandal, 1994) The Sb2S3 
planner solar cell with a front-contact/ETL/Sb2S3/HTL/back-contact 
device structure is currently popular due to their simpler structure, and 
as a result, much research has been focused on it to improve device 
performance.[13b] Because the morphology of Sb2S3 thin film has been 
discovered to be one of the critical factors that contribute to the device 
performance, solar cells with thin Sb2S3 films with different nano
structures such as smooth and textured have been fabricated using a 
variety of methods, and a highest PCEs of 7.5, 7.1, 5.5, 3.8, 4.17, and 5.7 
% have been reported for chemical bath deposition (CBD) (Choi et al., 
2014), spin coating (Han et al., 2019), spray pyrolysis (Eensalu et al., 
2019), close space sublimation (Guo et al., 2019), thermal evaporation 
(Yuan et al., 2017), and atomic layer deposition (ALD) (Kim et al., 2014) 
of Sb2S3 films respectively. However, neither chemical nor physical 
methods of producing Sb2S3 films yielded satisfactory solar cell perfor
mance. The highest reported efficiency of ~7 % with Voc (open-circuit 
voltage), Jsc (short-circuit current), and FF (fill factor) and η (power 
conversion efficiency). of ~700 mV, ~18 mA/cm2 and ~57 %, respec
tively for FTO/ETL(TiO2)/Sb2S3/SbCl3/Spiro/Au planar configuration. 
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Surface defect states in Sb2S3, which cause slow charge transfer across 
interfaces and intrinsically formed traps that enhance charge carrier 
recombination, have been identified as a barrier to improving device 
performance. (Courel et al., 2019; Cao et al., 2020; Xiao et al., 2020; Cai 
et al., 2020) Improved solar cell performance has been reported using 
interfacial (Choi et al., 2014; Büttner et al., 2021; Xu et al., 2018; Shi 
et al., 2021) band-gap engineering (Li et al., 2020; Horoz and Sahin, 
2017), additive engineering (Zhou et al., 2021), and defect passivation 
in Sb2S3. (Han et al., 2019; Maiti et al., 2019; Dong et al., 2021). 

Despite the fact that all of these changes were reported to improve 
device performance, the highest reported efficiency of 7 % is much 
inferior to the theoretically predicted PCE of ~28.64 %, (with JSC =

22.46 mA/cm2, VOC = 1.402 V, FF = 91 %) under an AM 1.5G spectral 
irradiance for single p-n junction with an absorber of 1.7 eV. (Rühle, 
2016) Based on the simulation work, significant roles of ETL, Sb2S3 and 
HTL have been demonstrated, i.e in the full-inorganic FTO/ZnS/Sb2S3/ 
HTLs/Au device structure, the optimized parameters of each component 
have been predicated. (Xiao et al., 2020; Islam and Thakur, 2020) In a 
different simulation study, it has been reported that the buffer layer 
depended on the thickness of Sb2S3 film, with the optimal thickness of 
Sb2S3 being 1.5–1.8 μm for ZnS while it was found to be 2–4 μm for CdS 
and TiO2.. (Islam and Thakur, 2020) Similarly, the best PCE of the Sb2S3 
cell with the CBMETL and VBMHTL at − 3.5 eV and − 6.1 eV, respectively, 
has been suggested by investigating the effect of the relative positions of 
the CBMETL vs the work function of the front electrode and VBMHTL vs 
the work function of the back contact. (Cao et al., 2020) Furthermore, an 
ETL with a conduction band minimum of − 4.4 eV < CBM < -3.2 eV and 
a HTL with a valence band maximum of –5.2 eV > VBM > − 6.4 eV have 
been predicted for an efficient carrier transfer process for the Sb2S3 
absorber layer. 

Overall, by the simulation results, the importance of having a proper 
and lower Sb2S3 film thickness (~0.8 – 1.5 μm) than the carrier diffusion 
length (LD ~ 1.6 μm) to facilitate the conversion of photo-generated 
electron-hole pairs to photo-generated current, has been identified. 
Furthermore, defects in Sb2S3 have been identified as a significant 
limiting factor for device performance. (Courel et al., 2019; Xiao et al., 
2020) Similarly, up-to-date simulation results strongly suggest factors 
that should be considered when selecting the ETL and HTL are the non- 
ideal band alignment, the formation of Schottky contacts, element 
diffusion, and the formation of defects at the semiconductor/metal 
contact. Despite the fact that simulation investigations of various device 
parameters of Sb2S3 solar cells pave the way for improved solar cell 
performance, to the best of our knowledge, no concerted effort has been 
made to exploit theoretical predictions of Sb2S3 solar cell performance. 
As a result, in this study, we systematically investigated the solar cell 
performance of Sb2S3 solar cells by optimizing the ETL, light harvesting 
Sb2S3 layer, and HTL thicknesses as the thickness of these layers are 
highly related to device performance factors such as carrier diffusion 
length, band alignment, the formation of Schottky contacts, element 
diffusion, and the formation of defects at the semiconductor/metal 
contact. As CdS and TiO2 are the most common ETLs and P3HT and 
SpiroOMeTAD are the most common HTLs (Eensalu et al., 2019; Zeng 
et al., 2018), we used the FTO/ETL(TiO2)/Sb2S3/HTL(P3HT)/Ag device 
structure in our study for systematic optimization based on simulation 
predictions. 

2. Experimental section 

2.1. Preparation of electron transport layer (ETL) 

The 0.25 mM of TiO2 precursor was prepared by mixing 75 of tita
nium(IV) isopropoxide(TTIP, Fluka, 97 %) in a mixture of 50 μl of di- 
ethanolamine (C4H11NO2, Research Lab, 99 %) and 910 μl of butan-1- 
ol (C₄H1₀O, BDH, 99 %). The prepared solution was spun coated on a 
cleaned fluorine doped tin oxide (FTO, 7 Ωcm− 2, Solaronix)(1 × 2.5 cm) 
at 3000 rpm for 30 s and the thickness of the TiO2 layer was varied by 

using different number of spinning cycles (i.e 1–5 spinning cycles). After 
each spinning, the coated layers were heated for 5 mins at 180 ◦C on a 
hot plate. Finally, the cells with TiO2 layers were heated in the furnace 
for 1 h at 500 ◦C in air. Once the optimum TiO2 thickness is decided by 
selecting the number of spinning cycles, the optimized spinning cycles of 
TiO2 layer were used for further study on Sb2S3 solar cells. All the so
lutions were prepared in air unless specified. 

2.2. Fabrication of Sb2S3 layer 

The light-harvesting Sb2S3 precursor was prepared by dissolving 228 
mg (1 mmol) of antimony chloride (SbCl3, MACKLIN, 99 %) and 114 mg 
(1.5 mmol) of thiourea (TU, ACROS Organics, 99+%) in 1 ml of 2- 
methoxyethanol (2-ME, ACROS Organics, 99 %). The prepared solu
tion was spin coated on TiO2 layer for 30 s at various spinning speeds 
(2000–6000 rpm) in air. The coated Sb2S3 layers were pre-heated on the 
hot plate at 150 ◦C for 1 min just after the spinning, followed by 
annealing inside the tube furnace at 280 ◦C for 10 mins with a N2 
flowing rate of 5 ml/min. The thickness of the Sb2S3 layer was changed 
by spinning the 20 μl of Sb2S3 precursor solution by varying the spinning 
speed from 2000 to 6000 rpm. 

2.2.1. Preparation of hole-transport layer (HTL) 
Three hole-transport layers were employed and these hole transport 

layers were prepared as follows; (a) P3HT- 2 mg of poly(3- 
hexylthiophene-2,5-diyl (P3HT, Luminescence Technology, 94 %) was 
dissolved in 100 μl of chlorobenzene (ACROS Organics, 99+%) and 20 μl 
of prepared hole transport solution was spin coated on FTO/TiO2/Sb2S3 
for 30 s at 3000 rpm. The coated layers were heated on the hot plate at 
100 ◦C for 20 min in air, (b) SpiroOMeTAD- 3.6 mg of SpiroOMeTAD 
was dissolved in 100 μl of chlorobenzene, and 0.8 μl of Li+ solution and 
1.4 μl of 4-tert-Butylpyridine (TBP, Sigma-Aldrich, 98 %) were added. 
The Li+ solution was prepared by adding 520 mg of Bis(trifluoro
methane)sulfonimide (LiTFSI, Sigma-Aldrich, 99.95 %) in 1 ml of 
acetonitrile (Sigma-Aldrich, 99 %). The prepared 20 μl of Spiro solution 
was spin coated on Sb2S3 for 30 s at 3000 rpm. The coated cells were 
heated on hotplate at 100 ◦C for 20 min in air, (c) CuSCN- 20 mg of 
CuSCN was dissolved in 1 ml of 2-Ethylsulfide (Sigma-Aldrich, 98 %) 
and 20 μl of prepared CuSCN solution was spin coated for 30 s at 2500 
rpm with two spinning cycles. After every spinning, the cells were 
heated on the hotplate at 100 ◦C for 20 min in air. 

2.3. Device fabrication 

The planar configuration of Sb2S3 solar cells (FTO/TiO2/Sb2S3/ 
P3HT/Ag) was fabricated for this study. A 70 nm Silver (Ag, Sigma- 
Aldrich, 99.9 %) layer was deposited as a counter electrode by the 
thermal evaporation technique under 1 × 10-5 Torr. 

2.4. Characterization 

The absorption spectra of the films were recorded by a UV–vis 
spectrophotometer (Shimadzu 2450) in a wavelength range of 300 to 
800 nm. Cyclic voltammetry (CV) and Mott-Schottky experiments were 
carried out in a one-compartment three-electrode cell by using the 
ZahnerZannium universal electrochemical work station equipped with a 
frequency response analyzer (Thalas) at 10 mV amplitude AC signal and 
at the frequency 1 KHz in dark. Photocurrent and voltage measurements 
and electrochemical impedance spectroscopy (EIS) were obtained using 
Metrohm Autolab under the illumination of 100 mW cm− 2 with AM 1.5 
spectral filter. The IV curves External quantum efficiency (EQE) curves 
were measured as a function of wavelength from 300 to 800 nm using 
the Bentham PVE300 photovoltaic measurement setup. For IV and IPCE 
measurements, five solar cell devises were tested and average values 
were taken. Morphology measurements of the prepared Sb2S3 films were 
performed using ZEISS EVO scanning electron microscope. 
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3. Results and discussions 

We used the FTO/ETL/Sb2S3/HTL/Ag the device structure in our 
study for systematic optimization based on simulation predictions. 
Based on theoretical simulations, the best PCE of the Sb2S3 cell has been 
predicted with the CBMETL and VBMHTL at − 3.5 eV and − 6.1 eV 
respectively, and thus TiO2 and P3HT were chosen as ETL and HTL as 

their CBMETL and VBMHTL are within the theoretically predicted energy 
positions. The optimized TiO2 (ETL), Sb2S3 (light harvesting layer) and 
P3HT (HTL) thicknesses of full-inorganic FTO/TiO2/Sb2S3/P3HT/Ag 
device structure by simulations were 0.05–0.1 μm, ~0.8 μm and ~0.1 
μm, respectively. (Xiao et al., 2020; Islam and Thakur, 2020; Zhou et al., 
2018; Yaghoobi Nia et al., 2019) The schematic diagram of the designed 
structure and their energy levels are shown in Fig. 1 (a) and (b). 

Fig. 1. (a) Device structure of heterojunction solar cells with ETL, Sb2S3 and HTL and (b) The corresponding energy level diagram (under illumination) of the Sb2S3 
solar cell device. 

Fig. 2. The variation of (a) Voc, (b) Jsc, (c) FF and (d) η with the variation of the thickness of the TiO2 layer.  
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During the optimization process, we first prepared the cells with 
varying the TiO2 thicknesses from ~30 to ~130 nm by varying the 
number of TiO2 spinning cycles (1–5) to optimize the ETL thickness 
while keeping the Sb2S3 and P3HT layer thicknesses at ~380 nm and 
~80 nm respectively for each cell. The TiO2 layer thickness was deter
mined using cross-sectional SEM images of TiO2 deposited on the FTO 
substrate (Figure S1), and the effect of the ETL layer thickness on the 
Voc, Jsc, FF, and of the FTO/TiO2/Sb2S3/P3HT/Ag device is illustrated 
in Fig. 2 and summarized in Table 1. The photovoltaic parameters shown 
in Fig. 2 show that Voc, Jsc, FF, and efficiency increase with the increase 
of ETL layer thickness up to ~105 nm, and increasing the ETL layer 
further results in a decrease in overall solar cell performance, and these 
results are consistent with the theoretically predicted thickness depen
dence ETL behavior. 

The significant role of the TiO2 ETL for charge carrier transport and 
recombination was assessed by analyzing the cyclic voltammetry (CV) of 
different thicknesses of TiO2/FTO working electrode in the aqueous 
Fe(CN)6

3-/4- electrolyte, where the voltammogram represents the redox 
(oxidation–reduction) reaction between Fe(CN)6

3- and Fe(CN)6
4- is used as 

an index to explain the blocking effect of TiO2 layer. As the redox po
tential of Fe(CN)6

3-/4- is sufficiently positive to the flat band potential of 
TiO2 (rutile and anatase) in all the practically accessible pH values in 
aqueous solutions, the peak to peak voltage and current density differ
ence of the CV is the indication of the electron recombination at a given 
pH value. As shown in Fig. 3a, in the CV of bare FTO, the peak to peak 
voltage and current density differences are 0.1 V and 0.75 mAcm− 2 

respectively. However, the decrease in peak to peak current density and 
increase in the voltage difference with the increase of the thickness of 
TiO2 layer up to ~108 nm is an indication of the enhancement of charge 
blocking properties of TiO2 resulting in reduced charge recombination 

and an improvement in open circuit voltage (Voc) and device perfor
mance. However, further increase in TiO2 layer thickness resulting in the 
rapid decrease in Voc and Jsc while FF remains nearly the same, which 
could be assigned to the increase in series resistance of a thicker TiO2 
layer which is supported by the calculated higher series resistance of the 
thicker TiO2 layer (215 Ωcm2) compared to that of thinner TiO2 layer 
(43 Ωcm2) for the IV shown in Fig. 3b. Hence, at thicker TiO2 layer, 
charge trapping may result in increasing the charge recombination and 
consequently the observed lower solar cell performance can be justified. 

In the optimization of ETL, the highest solar cell efficiency of 3.53 % 
was observed for 105 nm thick ETL together with the with the Sb2S3 
(~380 nm) light harvesting material and the P3HT (~100 nm) HTL with 
Voc, Jsc and FF of 592 mV, 13.82 mA/cm2 and 43 % respectively. Having 
optimized the ETL thickness, as charge carrier generation and dissoci
ation are important processes for photocurrent generation, the proper
ties of the light harvesting Sb2S3 layer were investigated.. In the 
optimization of Sb2S3 layer thickness on the solar cell performance, the 
layer thickness of ETL was kept at 105 nm and the HTL thickness at 
~100 nm and Sb2S3 layer thickness was varied from 175 to 650 nm. The 
formation of crystalline stibnite Sb2S3 was confirmed by XRD analysis 
and as shown in Figure S2, the XRD peaks at 10.0◦, 15.7◦, 17.6◦, 22.4◦, 
25.0◦, 28.6◦, 32.1◦ and 35.6◦ of Sb2S3 film which was annealed at 280◦C 
can be indexed to orthorhombic stibnite Sb2S3 (JCPDS PCPDFWIN 
#42–1393) (110), (020/200), (120), (220), (130), (230/320), (021) 
and (240/420) respectively. Fig. 4 depicts the variation of Voc, Jsc, FF, 
and η of devices fabricated with varying thicknesses of Sb2S3 layers, and 
Table 2 summarizes the measured performance. 

As shown in Fig. 4, the efficiency increases as the thickness of Sb2S3 
increases from ~175 to ~270 nm and then decreases as the Sb2S3 
thickness increases further. The photovoltaic parameters shown in Fig. 4 
indicates that Voc, Jsc, FF, and η increase with increasing Sb2S3 layer 
thickness up to 270 nm, and at the maximum thickness, a 4.01 % PCE 
with 619.2 mV of VOC, 14.05 mA/cm2 of JSC and 46.1 % of FF has been 
observed. Further increasing the thickness of the Sb2S3 layer reduces the 
overall solar cell performance, which is consistent with the theoretically 
predicted thickness dependence Sb2S3 behavior and can be explained as 
follows. As shown in Fig. 5a, Sb2S3 layers exhibit a significant amount of 
absortion in the visible region (400–800 nm) and the change in Sb2S3 
thickness and morphology (Figure S3) could absorb more photons which 
could enhance the photocurrent. The estimated energy gap of crystalline 
Sb2S3 film by the plot of (αhν)2Vs hν (Fig. 5c) was 1.69 eV, which was 
very close to the literature reported Eg value of Sb2S3. Additionally, the 
absorption of the FTO/TiO2/Sb2S3/P3HT/Ag device was further im
proves due to the contribution of P3HT HTL (Fig. 5b). 

Table 1 
TiO2 thickness-dependent photovoltaic performance of the devices FTO/TiO2/ 
Sb2S3/P3HT/Ag measured under one Sun AM 1.5G illumination. Voc, Jsc, FF 
and η stand, respectively, for the open-circuit voltage, short-circuit current, fill 
factor and power conversion efficiency. The layer thickness of Sb2S3 and P3HT 
kept at ~380 nm and ~80 nm respectively.  

Thickness of the  
TiO2 ETL layer (nm) 

JSC 

(mA/cm2) 
VOC 

(mV) 
FF 
(%) 

η 
(%) 

32  9.52  299.5  25.8  0.73 
62  10.18  348.1  29.2  1.03 
91  13.60  486.2  38.0  2.51 
108  13.82  592.0  43.0  3.52 
130  10.7  355.1  43.8  1.66  

Fig. 3. (a) Cyclic voltammograms for the bare FTO and TiO2 coated on FTO with various TiO2 layer thicknesses; scan rate: 50 mV/s, electrolyte solution: 0.5 mM 
Fe(CN)

3− /4−
6 in aqueous 0.5 M KCl, pH 1.5 (b) J-V characteristics of FTO/TiO2/Sb2S3/HTL with TiO2 layer thickness. 
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Fig. 5d and e show the variations of JV and EQE respectively with 
Sb2S3 thickness variation. When the changes in Voc, Jsc, and FF are 
compared to the variation in Sb2S3 film thickness, it can be seen that the 
device performance is significantly dependent on Jsc compared to Voc or 
FF, which in turn is highly dependent on the light harvesting efficiency 
and the thickness of Sb2S3 film. The light harvesting efficiencies of Sb2S3 
films can be estimated according to the Beer-Lambert law I(x) = I0 e-ax, 
in which the I0 is the incident photon flux and the I(x) is the photon flux 
in Sb2S3 and taking the absorption coefficient α of Sb2S3 as 105 cm− 1 in 
the visible region. (Wu et al., 2019) Accordingly, with Shockley- 
Queisser balance limit for a single p-n junction with a compact Sb2S3 
absorber and a 1.7 eV bandgap, 175, 270, 380, 650, and 825 nm thick 
Sb2S3 layers could absorb 82, 93, 96, 98 and 100 % of incoming light 
respectively and Jsc is expected to increase linearly with the increase of 
Sb2S3 thickness generating 18.5, 20.9, 21.7, 22.3, and 22.4 mA/cm2 

respectively under an AM 1.5G spectral irradiance. Contrary, when the 
thickness increases from 175 nm to 270–380 nm, Jsc increases from to 

12.5 to 14.5–13.9 mA/cm2 but when the thickness increases to 650 nm, 
Jsc decreased to 11.9 mA/cm2 and when the thickness increases further 
to 800 nm in which the light absorption efficiency is 100 %, the device 
Jsc is sharply decreased to 9.5 mA/cm2 (Fig. 5d). These findings support 
that Jscs do not increase linearly with increasing the Sb2S3 film thick
nesses, implying that absorption could not be the only factor influencing 
the Jsc. According to Wu et al., absorption plays a significant role in 
thinner Sb2S3 films where the thickness is less than the hole transport 
length and absorption and the internal electric field are the primary 
factors influencing the photocurrent, whereas transport is the primary 
cause of photocurrent decrement when the thickness is greater than the 
hole transport length. (Wu et al., 2019). 

As shown in Fig. 5e, the overall EQE response increase with the in
crease of Sb2S3 thickness from 170 nm to 270 nm and further increase in 
Sb2S3 thickness results in decrease in the EQE response. The decrease in 
EQE response of thicker Sb2S3 films i.e. 380–850 nm cannot be under
stood purely considering the hole diffusion lengths as the hole diffusion 
length of Sb2S3 is 1.6 μm. Hence, the presence of defects and interfacial 
contacts may significantly reduce the hole-diffusion length and conse
quently hole collecting efficiency resulting in a reduced EQE response 
for Sb2S3 films thicker than ~300 nm, as illustrated in Fig. 5c. Conse
quently, the balance between the electron and hole diffusion lengths 
determines the maximum Sb2S3 thickness of 270 nm. Interestingly, the 
EQE spectra shown in Fig. 5(e), shows that increasing the Sb2S3 thick
ness above 650 nm results in a drastic decrease in response for wave
lengths greater than 600 nm, resulting in a decrease in Jsc, whereas the 
change in Jsc is comparatively less pronounced below 600 nm because 
more light is already absorbed in the Sb2S3. The behavior of thick Sb2S3 
films in response to short and long wavelengths can be explained using 
light diffusion lengths. Long waves can diffuse to the far end of a 650 nm 

Fig. 4. The variation of (a) Voc, (b) Jsc, (c) FF and (d) η with the variation of the thickness of the Sb2S3 layer.  

Table 2 
Sb2S3 layer thickness dependent photovoltaic performance of the devices FTO/ 
TiO2/Sb2S3/P3HT/Ag measured under one Sun AM 1.5G illumination. The layer 
thickness of ETL and P3HT kept at ~105 nm and ~80 nm respectively.  

Thickness of the Sb2S3Layer  
(nm) 

JSC 

(mA/cm2) 
VOC 

(mV) 
FF 
(%) 

η 
(%) 

825  9.56  505.1  33.0  1.59 
650  11.92  525.9  33.1  2.07 
380  13.9  597.8  42.9  3.56 
270  14.05  619.2  46.1  4.01 
175  12.56  585.3  40.2  2.96  
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Sb2S3 thick film because their illumination depths are greater than that 
of short wavelengths due to their lower absorption coefficient, and thus 
holes generated in close proximity of the cathode by long wavelength 
excitation are efficiently collected. (Wu et al., 2019) As a result, the 
observed EQE response increase in the long wavelength region is justi
fiable. The observed increase in EQE in the long wave region in this 
investigation cannot be mainly attributed to the parasite light effect of 
P3HT as explained in several research groups for thin Sb2S3 films. For a 
400–600 nm thick Sb2S3 film, as P3HT does not receive light due to most 
photons are absorbed by Sb2S3 and it only serves as a hole transport 
layer to collect holes. 

The observed Voc, Jsc, FF and η for the optimized ETL and Sb2S3 are 
significantly lower than the theoretically predicted solar cell perfor
mance for a single p-n junction, which may be attributed to recombi
nation mechanisms at both the bulk and interface of the Sb2S3, a non- 
ideal band alignment, or the formation of defects at the semi
conductor/metal contact. Impedance spectroscopy measurements were 
performed to better understand the differences in solar cell performance 
observed as Sb2S3 thickness varied. The Nyquist plots for the FTO/TiO2/ 
Sb2S3/P3HT solar cells measured under one-sun illumination are shown 
in Fig. 5f, and the EIS data is fitted with a simplified equivalent circuit 
shown in the inset in Fig. 5f and the fitting results summarized in 

Table 3. The simplified equivalent circuit was employed as the FTO/ 
TiO2/Sb2S3/P3HT device structure is similar to a planar heterojunction 
solar cell and the equivalent circuit consists of series resistance (Rs), a 
hole transport and extraction resistance (Rt) at selective electrode, a 
recombination resistance (Rrec), and two constant phase angle elements 
(CPE). The small arc at high frequency on the Nyquist plots represents 
hole transport and extraction resistance (Rt) at the cathode, whereas the 
main arc at low frequency represents recombination resistance (Rrec) in 
the devices. As given in Table 3, when the Sb2S3 film thickness increases, 
the gradual increase in Rt can be noted. i.e. when the Sb2S3 thickness 
increased from 175 to 650 nm, the Rt increased from 5 to 9.5 Ω cm2, 
indicating the ease of transport and extraction of holes at the Ag cathode 
with thinner Sb2S3 films than with thicker Sb2S3 films. Furthermore, the 
higher Rrec value of a 175 nm thin Sb2S3 film (140.8 Ωcm2) than the 
650 nm thick Sb2S3 film (77.9 Ωcm2) indicating a higher charge re
combinations in thicker Sb2S3 films than the thinner Sb2S3 films. 
Furthermore, as shown in surface SEM images of different Sb2S3 films 
(Figure S3), thinner Sb2S3 films are less compact than thicker Sb2S3 
films, and thus thinner Sb2S3 films may have better penetration of hole- 
transport material and full coverage of HTL on Sb2S3 nanostructures, 
which may improve charge collection efficiency. As a result, while 
increasing Sb2S3 thickness may absorb more photons and thus deliver 
more photocurrent, the optimum Sb2S3 thickness for a device with an 
FTO/TiO2/Sb2S3/P3HT structure is 270 nm because the thickness of the 
Sb2S3 layer is determined by the balance between charge collection 
(RHTM) and charge recombination (Rrec). On the other hand, the life- 
time (τ) calculated by the Bode plot for different Sb2S3 thicknesses 
indicated a shorter life-time of 4.69 μs for a 175 nm thick Sb2S3 film 
while with the increase of the Sb2S3 thickness to 270 nm, the life-time 
increases to 6.82 and further increase of the thickness to 380–650 nm, 
the life-time decreases. The observation supports that the charge 
recombination in thicker Sb2S3 films are higher than the thinner Sb2S3 
films which could be due to incomplete penetration of HTM in thicker 

Fig. 5. (a) UV–vis absorption spectra of Sb2S3 film with the variation of Sb2S3 thickness, (b) UV–vis absorption spectra for the TiO2//P3HT, TiO2/Sb2S3 and TiO2/ 
Sb2S3/P3HT, (c) Tauc plot of the optical absorption spectra of the crystalline Sb2S3, (d) J-V characteristics of FTO/TiO2/Sb2S3/HTL with the variation of Sb2S3 layer 
thickness at AM 1.5 (1000 W/m2), (e) corresponding IPCE with the variation of Sb2S3 layer thickness and (f) EIS plot (inset shows the equivalent circuit) of the 
devices with the variation of Sb2S3 thicknesses. 

Table 3 
Fitting results of the EIS spectra of the devices with different thickness of Sb2S3 
layer.  

Thickness of Sb2S3 layer (nm) Rs 
(Ωcm2) 

Rt 
(Ωcm2) 

RRec 

(Ωcm2) 
τ 
(μs) 

650  27.5  9.43  77.9  4.72 
380  28.5  8.93  100.4  4.86 
270  29.2  7.56  138.8  6.82 
175  30.3  5.01  140.8  4.69  
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Sb2S3 films that would resulting in inferior charge separation in 
excitons. 

The observed 4.01 % efficiency for the optimised ETL and Sb2S3 
layerswith a Voc of 619.2 mV, Jsc of 14.05 mA/cm2 and FF of 46.1 %, 
indicate that the observed photovoltacis performances are significantly 
lower than the theoretically predicted solar cell performance for a single 
p-n junction FTO/TiO2/Sb2S3/P3HT solar cells. Hence, by using and 
optimizing the best HTL, one can improve charge transport and collec
tion because the HTL acts as an energy barrier to prevent electron 
transfer to the cathode and, the efficiency of holes extraction in the 
active layer to the electrode is dependent on the properties of the HTL. 
Furthermore, a well-matched highest occupied molecular orbital 
(HOMO) energy level in HTL that matches the energy levels of Sb2S3 
layer can aid in improving the open circuit voltage (Voc). Because the 
best PCE of the Sb2S3 cell was theoretically predicted with the VBMHTL at 
− 6.1 eV, the most common HTL, such as P3HT, SpiroOMTAD, and 
CuCNS, were chosen for HTL optimization because their electronic 
properties, as shown in Table 4, matched the theoretical predictions. The 
variation of Voc, Jsc, FF, and η with varying the thicknesses of Spi
roOMTAD layer of the device FTO/TiO2/Sb2S3/SpiroOMTAD structure 
and having ETL and Sb2S3 layers thicknesses of 105 and 270 nm 
respectively is given in Table 5 and the highest solar cell efficiency of 
4.11 % was observed for ~100 nm thick HTL. 

The observed variation of solar cell performance with the variation 
on SpiroOMTAD layer thickness indicate a thicker HTL resulting in the 
rapid decrease in Jsc and FF which could be assigned to the increase in 
series resistance of a thicker SpiroOMTAD layer leading to rapid charge 
recombination and consequently the observed lower solar cell perfor
mance can be justified. On the other hand, as shown in Fig. 6 and the 

device performance summarized in the Table 6 for devices which was 
fabricated with different HTLs indicate the photovoltaic performance of 
Sb2S3 solar cell is highly depend on the HTL type, indicating that the 
hole transfer across the Sb2S3–HTL interface, hole-conductivity, and 
diffusion (mobility) of holes plays a significant role in optimizing the 
performance of Sb2S3 solar cells. With SpiroOMeTAD as a hole 
conductor, Sb2S3 thin film demonstrated the best solar cell performance, 
while P3HT demonstrated comparable solar cell performance and 
CuSCN demonstrated dismissal solar cell performance. The champion 
cell with SpiroOMeTAD reached a 4.11 % efficiency, with a Voc of 603.1 
mV, Jsc of 15.6 mA/cm2 and FF of 43.6 %. 

As shown in Fig. 6a, and Table 6, the photovoltaic performance of 
Sb2S3 solar cell is highly depend on the HTL type, indicating that the 
hole transfer across the Sb2S3–HTL interface, hole-conductivity, and 
diffusion (mobility) of holes plays a significant role in optimizing the 
performance of Sb2S3 solar cells. With SpiroOMeTAD as a hole 
conductor, Sb2S3 thin film demonstrated the best solar cell performance, 
while P3HT demonstrated comparable solar cell performance and 
CuSCN demonstrated dismissal solar cell performance. The champion 
cell with SpiroOMeTAD reached a 4.11 % efficiency, with a Voc of 603.1 
mV, Jsc of 15.6 mA/cm2 and FF of 43.6 %. 

The optimized device was obtained with TiO2 (108 μm), Sb2S3 (270 
nm) and SpiroOMeTAD (100 nm). The EQE measurements of Sb2S3 with 
different HTL shown in Fig. 6b confirm the observed JV variations 
shown in Fig. 6a. The observed higher Jsc with SpiroOMeTAD and P3HT 
than CuSCN cannot be explained solely by thermodynamic factors 
because the free energy difference in each case is thermodynamically 
equal, taking into account the VBMHTL positions of CuSCN (-5.3 eV), 
P3HT (-5.2 eV) and SpiroOMeTAD (-5.2 eV). Similarly, the observed 
differences in Voc of the cells could not be simply attributed to 

Table 4 
The electronic properties of P3HT, SpiroOMeTAD, and CuSCN (Jain et al., 2019; Deng et al., 2020; Lv et al., 2020).  

HTM Energygap 
(eV) 

Conductivity 
(S cm− 1) 

Hole Mobility 
(cm2 V− 1 S-1) 

Hole Diffusion 
Co-efficient 
(cm2 s− 1)  

VBMHTL 

(eV) 
CBMHTL 

(eV) 

P3HT  1.7 1 × 10-5 1 × 10-4 1.8 × 10-3  − 5.2  − 3.5 
SpiroOMeTAD  3.1 5.92 × 10-4 2 × 10-5 2.3  − 5.2  − 2.1 
CuSCN  3.5 10-2 1 × 10-1 5.2 × 10-6  − 5.3  − 1.8  

Table 5 
SpiroOMTAD layer thickness dependent photovoltaic performance of the de
vices FTO/TiO2/Sb2S3/P3HT/Ag measured under one Sun AM 1.5G 
illumination.  

HTM layer Thickness 
(nm) 

Voc 
(V) 

Jsc 
(mA/cm2) 

FF 
(%) 

η 
(%) 

80  600.2  14.1  43.8  3.70 
100  603.1  15.6  43.6  4.11 
120  613.4  12.5  40.7  3.12  

Fig. 6. (a) J-V characteristic curves, (b) IPCE spectra (b), and (c) EIS plot for the devices with different HTM.  

Table 6 
Various HTLs dependent photovoltaic performance of the devices FTO/TiO2/ 
Sb2S3/P3HT/Ag measured under one Sun AM 1.5G illumination.  

HTM Voc 
(V) 

Jsc 
(mA/cm2) 

FF 
(%) 

η 
(%) 

CuSCN  295.2  6.01  30.7  0.55 
P3HT  619.2  14.05  46.1  4.01 
Spiro  603.1  15.6  43.6  4.11  

M. Aliyar Farhana and J. Bandara                                                                                                                                                                                                         



Solar Energy 247 (2022) 32–40

39

differences in the HOMO energy level of the HTM since they are alike. 
According to Christian et al., the efficiency of hole collection is highly 
dependent on the Sb2S3–HTL interfacial properties, as demonstrated 
further by modeling results in which interfacial hole transfer, rather 
than diffusion in Sb2S3, is found to be the dominant factor dictating the 
magnitude of the hole transfer rate for equal thick Sb2S3 films. (Chris
tians and Kamat, 2013; Christians et al., 2014). 

According to the hole conductor properties shown in Table 4, 
CuSCNS has superior conductivity when compared to P3HT and Spi
roOMeTAD, and thus the overall poor CuSCN solar cell performance 
could be attributed to the Sb2S3–HTL interfacial properties, which may 
hinder facile hole transfer due to the formation of large CuCNS crystals. 
It could have originated from CuCNS’s high series resistance and short 
hole diffusion length, which is consistent with the findings of Boix et al., 
(Boix et al., 2012) who identified CuSCN as the source of high series 
resistance and low FF. The large crystal may reduce the interface area 
while still providing a high series resistance. 

The absence of parasite absorption by SpiroOMeTAD, on the other 
hand, improves the solar cell performance of thin Sb2S3 films (~270 nm) 
with SpiroOMeTAD over P3HT. Fig. 6b shows that the higher band gap 
P3HT absorbs parasitically in the 500–650 nm region more than the 
SpiroOMeTAD. Hence, the increased EQE and thus increased Jsc for the 
Sb2S3/SpiroOMeTAD device in the 500–650 nm range could be attrib
uted to the absence of parasite effect; however, at longer wavelengths, 
the enhancement is less pronounced because more light has already 
been absorbed by the Sb2S3 film. Furthermore, due to relatively low 
conductivity and low hole mobility, devices using P3HT as HTMs typi
cally exhibit low conversion efficiency, resulting in significant ohmic 
losses across the HTM, lowering solar cell performance. Hence, the 
improved solar cell performance of SpiroOMeTAD with Sb2S3 can be 
attributed to an increase in SpiroOMeTAD/Sb2S3 conductivity due to 
strong interaction of SpiroOMeTAD-Sb2S3 via S bonds. According to Du 
et al., the spiroMeTAD:Sb2S3 HTL exhibits enhanced conductivity due to 
strong electric interactions between S atoms of Sb2S3 and CH3 group of 
spiroOMeTAD resulting in enhancement in the density of states (DOS) in 
the spiroOMeTAD bandgap, that would significantly enhance the con
ductivity of spiroOMeTAD. (Du et al., 2021). 

Electrochemical impedance spectrum under light condition is 
measured to further investigate the interface charge transfer processes of 

different HTLs and Sb2S3. The measured EIS results are shown in Fig. 6c, 
and the fitting parameters are listed in Table 7. The equivalent electronic 
circuit used to fit the impedance spectra is shown in the inset of Fig. 6c. 
The data show two arcs, one at high frequency representing the 
contribution of HTM (Rt hole transport and extraction resistance at the 
cathode and the other reflecting the charge transfer resistance of the 
charge recombination process at the photoelectrode-HTL interface 
(Rrec), the double layer capacitance at the electrode–electrolyte inter
face, and the Warburg function, respectively. Among the devices tested, 
the high Rs and charge transfer resistances are the main reason for the 
poor performance of the device with CuSCN. The low Rs, Rt, and Rrec 
values of P3HT and SpiroOMeTAD make them more suitable HTMs in 
Sb2S3 based solar cells than CuSCN. By comparing the devices with 
P3HT and SpiroOMeTAD as HTMs, a slight variations were noted in the 
Rs and Rrec values while Rt shows significant variation, which implies 
that a good extraction of holes at Sb2S3/SpiroOMeTAD phase compared 
to Sb2S3/P3HT. As shown in surface images of bare and spiro coated 
Sb2S3 films in Fig. 7a and b respectively, the bare Sb2S3 has character
istic coarse grain morphology while in the case of SpiroOMeTAD coated 
Sb2S3 film, the SpiroOMeTAD is completely covered with the Sb2S3 layer 
enabling effective transfer of photo-generated electron-hole pairs to the 
electrodes which could increase the device performance. 

4. Conclusion 

The ETL, light harvesting Sb2S3 layer as well as the HTL of the planar 
device structure FTO/TiO2(ETL)/Sb2S3/P3HT(HTL) were systematically 
investigated to realize the performance predicted by the theoretical 
simulations of Sb2S3 based solar cells. The 4.11 % efficiency (with JSC =
15.6 mA/cm2, VOC = 0.603 V, FF = 43.6 %) achieved in this investi
gation via the optimization of ETL (108 nm), Sb2S3 (270 nm) and HTL 
(100 nm) is much inferior to the theoretical and simulated efficiency of 
~28.64 %, (with JSC = 22.46 mA/cm2, VOC = 1.402 V, FF = 91 %) 
under an AM 1.5G and 1000 W/m2 spectral irradiance. Among the 
simulated and experimental PEC performances, the highest discrep
ancies were noted with Voc (56.9 %) and FF (52.7 %) while the 
discrepancy was minimal (30.5 %) with the observed Jsc. Although, the 
thickness of light harvesting Sb2S3 layer is a critical factor, the absorp
tion is not the only factor influencing Jsc as the Jsc is determined by the 
balance between the thickness of Sb2S3 and the electron/hole diffusion 
lengths. On the other hand, the recombination mechanisms at both 
Sb2S3 bulk and interface, a non-ideal band alignment, the formation of 
defects at semiconductor/metal contact could be the reason for lower 
Voc and FF and hence investigation should be concentrated on these 
factors in order to achieve the theoretically predicated PEC 
performance. 

Table 7 
Fitting results of the EIS spectra of the devices with different HTLs.  

HTM Rs 
(Ω) 

Rt 

(Ω) 
Rrec 

(Ω) 

CuSCN  43.1  26.9 216 
P3HT  29.2  7.56 139 
SpiroOMeTAD  27.6  5.16 110  

Fig. 7. Surface SEM images of (a) Sb2S3 film and (b) SpiroOMeTAD coated Sb2S3 films.  
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Büttner, P., Scheler, F., Pointer, C., Döhler, D., Yokosawa, T., Spiecker, E., Boix, P.P., 
Young, E.R., Mínguez-Bacho, I., Bachmann, J., 2021. ZnS Ultrathin Interfacial Layers 
for Optimizing Carrier Management in Sb2S3-based Photovoltaics. ACS Appl. Mater. 
Interfaces 13, 11861–11868. 

Cai, Z., Dai, C.-M., Chen, S., 2020. Intrinsic defect limit to the electrical conductivity and 
a two-step p-type doping strategy for overcoming the efficiency bottleneck of Sb2S3- 
based solar cells. Solar RRL 4, 1900503. 

Cao, Y., Zhu, X., Jiang, J., Liu, C., Zhou, J., Ni, J., Zhang, J., Pang, J., 2020. Rotational 
design of charge carrier transport layers for optimal antimony trisulfide solar cells 
and its integration in tandem devices. Sol. Energy Mater. Sol. Cells 206, 110279. 

Choi, Y.C., Lee, D.U., Noh, J.H., Kim, E.K., Seok, S.I., 2014. Highly improved Sb2S3 
sensitized-inorganic–organic heterojunction solar cells and quantification of traps by 
deep-level transient spectroscopy. Adv. Funct. Mater. 24, 3587–3592. 

Christians, J.A., Kamat, P.V., 2013. Trap and transfer. Two-step hole injection across the 
Sb2S3/CuSCN interface in solid-state solar cells. ACS Nano 7, 7967–7974. 

Christians, J.A., Leighton, D.T., Kamat, P.V., 2014. Rate limiting interfacial hole transfer 
in Sb 2 S 3 solid-state solar cells. Energy Environ. Sci. 7, 1148–1158. 

Courel, M., Jiménez, T., Arce-Plaza, A., Seuret-Jiménez, D., Morán-Lázaro, J., Sánchez- 
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