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A B S T R A C T   

Antimony selenide (Sb2Se3)-based thin-film solar cells have recently attracted worldwide attention as an 
abundant, low-cost, and efficient photovoltaic technology. The highest efficiencies recorded for Sb2Se3 solar cells 
have been obtained using cadmium sulfide (CdS) as a buffer layer. The Cd-included hybrid buffer layers could be 
one option to increase device efficiency through more effective usage of light. Therefore, in this work, the effect 
of single CdS and hybrid CdS/zinc sulfide (ZnS) buffer layers on the photovoltaic performance of Sb2Se3 thin-film 
solar cells has been investigated in detail. Sb2Se3 thin films have been deposited on molybdenum (Mo)-coated 
soda-lime glass (SLG) substrates by radio frequency magnetron sputtering technique followed by a post-heat 
treatment process. The morphological, and structural properties of Sb2Se3 thin films have been investigated 
by X-Ray Diffraction and Scanning Electron Microscopy. To compare the device performances of single CdS and 
hybrid CdS/ZnS buffered Sb2Se3 thin-film solar cells, SLG/Mo/Sb2Se3/CdS/ZnS/indium tin oxide (ITO) and SLG/ 
Mo/Sb2Se3/CdS/ITO structures have been fabricated. The findings of this study have revealed a reduction in 
solar cells’ performance from η=3.93% for CdS buffer to η=0.13% for CdS/ZnS hybrid buffer. The change in the 
solar cell performance using the CdS/ZnS hybrid buffer has been discussed in detail.   

1. Introduction 

Energy, which is an important component of social and economic 
development, has become a global crisis due to the decrease in fossil 
resources. Reliable and sustainable sources are required to be developed 
more to solve this energy crisis. Photovoltaic technologies have been 
identified as an applicable alternative to overcome the energy shortage 
problem. Compound thin-film solar cells have recently become a hot 
research topic due to their low material waste and low energy con-
sumption. The current popular compound thin-film solar cells are cad-
mium telluride (CdTe), copper indium gallium selenide (CIGS), and 
copper zinc tin selenide with efficiencies of 22.1%, 23.35%, and 12.6%, 
respectively [1,2]. As a recent addition to the thin-film photovoltaic 
family, antimony selenide (Sb2Se3) is one of the most promising 

absorber material choices among the inorganic semiconductors. Besides 
having nontoxic, earth-abundant, and low-cost elements, it has an op-
tical bandgap of 1.2eV, a high absorption coefficient (>105 cm− 1), 
moderate carrier mobility (10 cm2 V− 1 s− 1), long carrier lifetime (60ns) 
and a low cost [3–5]. In 2009, a Sb2Se3-based thin-film solar cell was 
fabricated by Messina et al. using a chemical bath deposition (CBD) 
technique, and 0.66% photoconversion efficiency (PCE) was achieved 
[6]. In a short period, the efficiency of Sb2Se3-based solar cells prepared 
by spin coating was increased to 2.26% [7]. In 2018, 7.6% efficiency was 
recorded by Wen et al. for the Sb2Se3-based solar cell in superstrate 
configuration deposited using the vapor deposition technique [8]. After 
intensive studies, in just 10 years, Sb2Se3 in the substrate structure has 
shown very rapid growth, reaching 9.2% PCE. [9]. Although theoretical 
calculations show that more efficient Sb2Se3 solar cells are possible, to 

* Corresponding author. 
E-mail address: abagdas@pau.edu.tr (A. Cantas).  

Contents lists available at ScienceDirect 

Thin Solid Films 

journal homepage: www.elsevier.com/locate/tsf 

https://doi.org/10.1016/j.tsf.2023.140070 
Received 16 November 2022; Received in revised form 23 September 2023; Accepted 2 October 2023   

mailto:abagdas@pau.edu.tr
www.sciencedirect.com/science/journal/00406090
https://www.elsevier.com/locate/tsf
https://doi.org/10.1016/j.tsf.2023.140070
https://doi.org/10.1016/j.tsf.2023.140070
https://doi.org/10.1016/j.tsf.2023.140070
http://crossmark.crossref.org/dialog/?doi=10.1016/j.tsf.2023.140070&domain=pdf


Thin Solid Films 784 (2023) 140070

2

date, the achievable efficiencies of antimony chalcogenides solar cells 
are largely suppressed due to the open-circuit voltage (VOC) deficiency. 
For Sb2Se3 solar cells, the large VOC loss has been generally attributed to 
bulk defects, impurities in bulk, and interfacial trap states [10,11]. It is 
very difficult to prevent the formation of these defects and interfacial 
trap states by controlling the growth parameters alone. To reduce the 
VOC loss, both optimization of material and regulation of device struc-
ture might be considered. For Sb2Se3 thin-film solar cells, the traditional 
device structure is Soda-lime glass (SLG)/Molybdenum (Mo)/Sb2Se3/-
Cadmium sulfide (CdS)/Zinc oxide (ZnO)/Indium tin oxide (ITO). 
However, the short-wavelength response of Sb2Se3 is limited by the loss 
of carrier collection due to the narrow bandgap (2.42eV) of CdS [12]. 
The structure of band alignment at the heterojunction is also another 
important factor that affects the interface recombination. Sb2Se3/CdS 
interface has a cliff-type band alignment that can increase the interface 
recombination and reduce VOC. In the literature, hybrid buffer layers 
have been developed as an alternative to single CdS buffers such as In-
dium sulfide (In2S3) /CdS, Zinc sulfide (ZnS)/CdS, and Zinc oxysulfide 
(Zn(O,S))/CdS [12–14]. 

Hybrid buffer can reduce the recombination paths at the hetero-
junction interface and lead to an increase in the VOC [15]. However, 
although there are many theoretical studies on hybrid buffered thin-film 
solar cells in the literature [12–14,16], experimental studies on this 
subject are limited. Among to proposed hybrid buffers, exploring 
ZnS/CdS to improve device performance may be an option, since ZnS 
having a band gap of 3.5–3.8eV allows more high-energy photons to 
penetrate the buffer and hereby the junction between absorber and 
buffer [16]. The effect of the ZnS/CdS hybrid buffer layer on the per-
formance of Sb2Se3-based solar cells was studied theoretically by 
Maurya et al. They claimed that using a ZnS/CdS hybrid buffer layer can 
improve the Sb2Se3-based solar cell performance by up to 22.22% which 
is higher than the efficiency of a cell with a single buffer layer of CdS or 
ZnS [17]. Mohamed et al. reported a theoretical study on ZnS/CdS 
hybrid for CdTe thin-film solar cells having ITO/ZnS/CdS/CdTe struc-
ture. In this work, the total thickness of the ZnS/CdS hybrid buffer was 
kept constant at 60nm and the thickness of ZnS was varied from 0 to 
60nm. They found that the increase in the ZnS thickness up to 30nm 
resulted in the reduction of absorption losses and an increment in the 
photoconversion efficiency of CdTe solar cells [18]. The other numerical 
study investigating the effect of a hybrid buffer layer on copper zinc tin 
sulfide (CZTS) solar cells was reported by Tripathi et al. [19]. The 
thickness of CdS was kept constant in CZTS/CdS/ZnS/Aluminum-doped 
Zinc Oxide solar cell structure, and the variation of efficiency with 
respect to ZnS thickness was investigated. It was observed that the ef-
ficiency decreased as the ZnS thickness increased for each fixed thick-
ness of the CdS buffer layer. So far, the mentioned hybrid buffer layer 
modifications have been studied experimentally for only CIGS [12,16, 
20], and CZTS-based solar cells [21]. Garris et al. investigated the 
photovoltaic performance of CIGS solar cells with CdS, Zn(O,S), and 
CdS/Zn(O,S) buffers. The solar cell with a single Zn(O,S) buffer 
exhibited poor device properties when compared with the cells with CdS 
and CdS/Zn(O,S) buffers. They claimed that, when CdS was involved in 
the cell structure, in either CdS or CdS/Zn(O,S) buffer layers, the devices 
were better than Zn(O,S) alone, which suggests that CdS makes the 
device better. Solar cells with thin CdS following Zn(O,S) deposition 
exhibited equal or better device performance than CdS alone [20]. Rana 
et al. fabricated CIGS solar cells with various buffers including CdS, 
CdS-treated, Zn(O,S), CdS/Zn(O,S), and CdS-treated/Zn(O,S). They ob-
tained their best results for the cell with CdS buffer. However, the solar 
cell with CdS-treated/Zn(O,S) showed comparable performance to the 
best cell. This cell also exhibited better performance than the cells with 
Zn(O,S) and CdS/Zn(O,S) [12]. CdS and double buffer layer (ZnS/CdS) 
CIGS solar cells with and without a single i-ZnO layer were prepared by 
Ho et al. 

In this work, the deposition time of CdS was kept constant at 5min, 
whereas ZnS was varied from 5min to 15min. The results demonstrated 

that ZnS/CdS double buffer layer can omit the i-ZnO and the best 
photovoltaic performance was achieved for the cell with double buffer 
(ZnS-10min/CdS-5min) [16]. Yan et al. investigated the photovoltaic 
performance of CZTS solar cells using In2S3, CdS, In2S3/CdS, and 
CdS/In2S3 buffer layers. When compared to a single CdS buffered CZTS 
cell, they achieved a substantial boost in the Voc using single In2S3 and 
In2S3/CdS hybrid buffers. In the case of a CZTS device with a hybrid 
buffer of CdS/In2S3, although VOC improved, both the fill factor (FF) and 
short circuit current density (Jsc) dropped, leading to a decreased effi-
ciency [21]. 

The main intention of this study is to investigate the variation of the 
photovoltaic response of Sb2Se3 thin-film solar cells in the case of a CdS/ 
ZnS hybrid buffer layer experimentally. In this study, SLG/Mo/Sb2Se3/ 
CdS/ZnS/ITO and SLG/Mo/Sb2Se3/CdS/ITO structures were fabricated 
and performances of single CdS and hybrid CdS/ZnS buffered Sb2Se3 
thin-film solar cells were compared. Morphological and structural 
properties of Sb2Se3 thin-film fabricated by magnetron sputtering 
technique were also investigated. The findings of this work provide 
relevant information on how single CdS and hybrid CdS/ZnS buffer 
layers affect the overall performance of the Sb2Se3 thin-film solar cells. 

2. Experimental 

2.1. Absorber layer deposition 

Sb2Se3 absorber films were deposited using a two-step process on 
SLG and 1μm thick Mo-coated SLG substrates. The commercially pur-
chased rectangular shape SLGs (Thermo Scientific) with 1.1mm thick 
and 25×10 mm2 surface area were used as substrates. Before the 
deposition, all substrates were cleaned by ultrasonication in acetone, 
ethanol, and distilled water for 5 min in each process, and then exposed 
to nitrogen plasma for 15 min at 100W RF bias. Coating of films was 
performed by radio frequency (RF) magnetron sputtering technique at 
room temperature. A disk-shaped antimony selenide target (Testbourne) 
having 99.999% purity with a 5.1mm diameter and 0.64mm thickness 
was used as a sputtering target. The distance between the target and 
substrate was fixed at 8cm. Prior to the deposition process, the sput-
tering chamber was evacuated below 1.99 × 10− 4Pa vacuum level 
using a turbo molecular pump and rough pump. 

The RF power was set to 30W, 30 standard cubic centimeters per 
minute (sccm) Ar was used as sputtering gas and the operating pressure 
was approximately 0.16Pa during the deposition. Before the deposition 
process, the shutter was set in a closed position for the pre-sputtering 
process to clean the target surface from possible contaminations. After 
opening the shutter, deposition occurred for 30min. Through several 
calibration runs, the thickness of the films deposited for 30min on SLG 
substrates was determined as 500nm using a Dektak profilometer. After 
the deposition process, the prepared samples were annealed in a 70cm 
long quartz tube integrated into a tubular furnace under 100 sccm Ar 
flow. The temperature ramping rate, the annealing temperature, and the 
annealing duration parameters were set as 20◦C/min, 350 ◦C, and 
30min, respectively. After the annealing process, films were left natu-
rally cooling. The crystal structure of SLG/Mo/Sb2Se3 layer stacks was 
characterized by X-ray diffraction (Marvel Panalytical Empyrean XRD) 
operated in the Bragg–Brentano focusing geometry from 10◦ to 55◦ with 
Cu Kα radiation source (λ = 1.5406Å) using a step size of 0.03◦ and a 
step time of 1.1s. The surface morphology and composition of the SLG/ 
Sb2Se3 layer were investigated by FEI-QuantaFEG 250 Scanning Elec-
tron Microscopy (SEM) and Oxford X-act Energy Dispersive X-Ray 
Spectroscopy (EDS) integrated into FEI-QuantaFEG 250 SEM, respec-
tively. Surface topography was imaged with 7kV acceleration voltage at 
10000X magnification under high vacuum with the Everhart-Thornley 
detector and 3.0 spot size. The EDS analysis was carried out at 1000X 
magnification using a backscattered electron detector, HV resolution 
(20kV), and 5.0 spot size in a high vacuum. For the microstructural 
characterization, a high-resolution confocal micro-Raman spectroscopy 
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(S&I, MonoVista, employing Princeton Instruments, Acton SP2750 
0.750m Imaging Triple Grating Monochrometer) was used in the back- 
scattering geometry with a spectral resolution of about 1 cm− 1 at 
room temperature. To analyze the compositional structure of the SLG/ 
Mo/Sb2Se3 layer stack, an argon ion laser operating at 514nm (100mW) 
was used as the Raman excitation source. 100X objective giving spot size 
near 3μm in diameter was used and the spectral data were collected with 
a CCD detector at about 0.5 cm− 1 max resolution in the visible. A rough 
scan was carried out using a 150 gr/mm grating first then a high- 
resolution measurement followed by a 600 gr/mm grating. X-ray 
photoelectron spectroscopy (XPS; SPECS Phoibos 150 3D-DLD) was used 
to identify the core electronic states and hence, the number of constit-
uent elements. XPS measurement of the Sb2Se3 film was performed with 
a non-monochromatic Mg Kα radiation source (hν = 1254eV) with a 
power of 150W and a take-off angle of 45◦ The analyzer pass energy, 
step size, dwell time, and spot size were set to 30eV, 0.05eV, 2s, and 
2mm, respectively, for high-resolution spectra of Sb 3d, Sb 4d, and Se 3d 
valence regions. A PerkinElmer Lambda 950 UV/VIS/NIR spectrometer 
was used for transmission measurement. The electrical properties of the 
film were studied by Hall-effect Measurement System (NanoMagnetic 
instruments ezHEMS system) using the Van der Pauw technique at room 
temperature. 

2.2. Buffer layer deposition 

An n-type semiconductor CdS was used as a buffer layer. 50nm thick 
CdS layer was deposited using the CBD technique. Since it is difficult to 
deposit a uniform and pinhole-free CdS layer less than 50nm thick by a 
CBD technique, the thickness of CdS was kept constant at 50nm for both 
device structures. 

In order to determine the elemental composition and vibration 
modes and to characterize the optical and electrical properties of CdS 
film, it was deposited on an SLG substrate by the chemical bath depo-
sition technique. The SLG substrate was cleaned by ultrasonication in 
acetone, ethanol, and distilled water, respectively, and then dried under 
a nitrogen stream. For the preparation of bath solution, 1.2ml of 0.5M 
cadmium acetate (Cd(CH3CO2)2), 6ml of 2M ammonium acetate 
(NH4CH3CO2), 7ml of 0.5M thiourea SC(NH2)2, and 12ml of 14.4M 
(25% of NH3 solution) ammonium hydroxide (NH4OH) were added to 
the 270ml de-ionized water. In this bath solution, cadmium acetate and 
thiourea were used as the cadmium and sulfur sources, respectively 
while NH3 had a role as a complexing agent to prevent metal hydroxide 
precipitation. During the deposition, the bath solution was stirred at a 
constant speed with the aid of a magnetic stirrer, and the pH value of the 
solution was changed from 9 to 11. The CdS thin film was deposited at 
85◦C for 20min. After the deposition process, the substrate was first 
rinsed with deionized water at a temperature of 60◦C in order to remove 
CdS precipitation or un-reacted sulfide ions and then rinsed again with 
deionized water at room temperature and dried in air. The grown film 
was light yellow in color and displayed well adherence to the SLG 
surface. 

The other n-type semiconductor that is used as a second buffer layer 
is ZnS. 50nm thick ZnS was deposited on SLG/Mo/Sb2Se3/CdS layer 
stack by RF magnetron sputtering method using a disk-shaped ZnS 
sputtering target (Kurt J. Lesker) having 99.99% purity with a 5.1mm 
diameter and 0.64mm thickness. Before the deposition, the sputtering 
system was evacuated up to 2.66 × 10− 4Pa base pressure, and during 
the deposition, 40W RF power, 50 sccm Ar gas, and 8cm target to sub-
strate distance were used. 

The thickness of the CdS and ZnS films was determined as approxi-
mately 50nm using a Veeco DEKTAK 150 profilometer. The surface 
morphology of grown CdS film was investigated using a Scanning 
Electron Microscope (FEI-QuantaFEG 250) by using 5kV acceleration 
voltage, at 100000X magnification under high vacuum with the 
Everhart-Thornley detector and 3.0 spot size. To obtain information 
about the stoichiometry of the CdS and ZnS films, the Energy Dispersive 

Spectroscopy (Oxford X-act) analysis was carried out at 1000X magni-
fication using a backscattered electron detector, HV resolution (10kV), 
and 3.0 spot size in a high vacuum. Raman analysis of CdS and ZnS thin 
films was investigated using a high-resolution confocal micro-Raman 
spectroscopy (S&I, MonoVista, employing Princeton Instruments, 
Acton SP2750 0.750m Imaging Triple Grating Monochrometer) in the 
back-scattering geometry with a spectral resolution of about 1 cm− 1 at 
room temperature. The measurements were performed using an exci-
tation source operating at 488nm wavelength. 100X objective giving 
spot size near 3μm in diameter was used and the spectral data were 
collected with a CCD detector at about 0.5 cm− 1 max resolution in the 
visible. A high-resolution scan was carried out using a 600 gr/mm 
grating. Optical transmission measurement which was used for optical 
bandgap calculation was employed in the range of 200–2600nm at room 
temperature using a PerkinElmer Lambda 950 UV/VIS/NIR spectrom-
eter. Electrical characteristics of CdS and ZnS thin films were deter-
mined by Hall measurements taken at room temperature using ezHEMS 
(NanoMagnetic) instrument. 

2.3. Solar cell device fabrication 

200nm thick ITO window layer was coated on deposited buffer layers 
by direct current (DC) magnetron sputtering technique using a disk 
shape indium doped tin oxide target (Testbourne) having 99.99% purity 
with a 5.1mm diameter and 0.64mm thickness, 15-Watt DC power, and 
40 sccm argon flow under 0.13Pa operation pressure. Sb2Se3-based solar 
cells were fabricated in two device structures as given in Fig. 1 (a,b). The 
solar cells grown in the SLG/Mo/Sb2Se3/CdS/ZnS/ITO and SLG/Mo/ 
Sb2Se3/CdS/ITO configurations were named with cell-1 and cell-2, 
respectively. After the deposition of the ITO layer, the cell active area 
was defined out of a large area of the Sb2Se3 solar cell stack by removing 
the layers on top of Mo outside the cell area. Finally, the cells were 
directly contacted with silver epoxy via the window layer for photo-
voltaic characterization. The cross-section view of the solar cells was 

Fig. 1. The device structure of Sb2Se3-based thin-film solar cells (a) with a 
hybrid CdS/ZnS buffer layer, and (b) with a single CdS buffer layer. 
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monitored by Thermo Fisher Scientific Apreo S LoVac Scanning Electron 
Microscope using 10kV acceleration voltage at 50000X magnification 
under high vacuum with the Everhart-Thornley detector and 8.0 spot 
size. The device performance of the Sb2Se3-based solar cells was inves-
tigated using a current-voltage (I-V) measurement system under dark 
and illuminated conditions. Since the solar cells have been fabricated in 
the substrate configuration, the top of the cell (ITO side) was illumi-
nated. I-V curves were measured using a multimeter (Keithley, 2000 
Series) under AM 1.5G light illumination from a solar simulator (Abet 
Technologies’ model 11,002 SunLite) with intensity calibrated to 
100mW/cm2 through a Si reference cell. The voltage was forwardly and 
backwardly scanned from − 1V to 1V with a scan rate of 0.01V/s. 

3. Results and discussions 

3.1. Analysis of Sb2Se3 thin film 

3.1.1. Crystal structure of Sb2Se3 thin film 
Fig. 2 represents the X-ray diffraction pattern of the Sb2Se3 thin film. 

The film showed the polycrystalline structure and exhibited character-
istic peaks of the Sb2Se3. The XRD pattern of the film matched well with 
the orthorhombic structure of Sb2Se3 (JCPDS 15–0861). The (020), 
(120), and (130) diffraction peaks were observed stronger than other 
peaks in the XRD pattern, hinting that the sample had a [hk0] preferred 
orientation. Moreover, a signal from Mo back contact was observed at 
40.5◦ (110) [22]. The XRD pattern also exhibited the main diffraction 
peak of Se at 43.18◦ through the (101) plane (JCPDS 96–901–3132). The 
interplanar spacing (dhkl) of the diffraction plane was calculated from 
Bragg’s law as given by Eq. (1) [23]. It is well known that the rela-
tionship between lattice constants (a,b,c) and dhkl is given by Eq. (2) for 
an orthorhombic crystal structure [24,25]. 

nλ = 2dsinθ (1)  

1
d2

hkl
=

h2

a2 +
k2

b2 +
l2

c2 (2)  

Here, h, k, and l are the Miller indices of the diffraction plane, λ is the 
wavelength of the Cu-Kα line (λ = 0.15406nm), n is an integer that refers 
to the "order" of reflection, and θ is the Bragg angle in degrees. The 
lattice parameters were calculated using the first-order reflection on the 
(020), (120), and (221) planes. The lattice parameters a, b, and c were 
obtained as 11.68 ̊A, 11.82 ̊A, and 3.98 ̊A, respectively. These values are 
close to the standard cell parameters a=11.63 ̊A, b=11.78 ̊A, and c=3.99 
Å as given in the Joint Committee on Powder Diffraction Standards 
(JCPDS) 15–0861 document. 

3.1.2. SEM and EDS analysis of Sb2Se3 
The two-dimensional topographical image obtained from the Sb2Se3 

film on the SLG substrate was shown in Fig. 3 (a). The Sb2Se3 film was 
nearly featureless which indicates that the film was amorphous. It was 
seen that the sputtered Sb2Se3 film covers the substrate surface very 
well. The chemical composition result of the Sb2Se3 thin film was 
analyzed by energy-dispersive X-Ray spectroscopy, which is given in 
Fig. 3 (b). Based on the inset table in Fig. 3 (b), the Sb2Se3 film was 
nearly stoichiometric with Sb/Se ratio is 0.64. EDS measurements were 
performed for approximately 20 fabricated Sb2Se3 thin films. Since the 
single target of Sb2Se3 was used during sputtering, all EDS results had 
very close values. 

3.1.3. Raman analysis of Sb2Se3 
The vibration modes in the Sb2Se3 film and its impurity phases were 

described using Raman spectroscopy. It is known that Sb2Se3 has 60 
zone center phonons of symmetry Γ=10Ag + 5B1g + 10B2g + 5B3g + 5Au 
+ 10B1u + 5B2u + 10B3u. Modes of A exhibit symmetric behavior, 
whereas modes of B are anti-symmetric. Since the Au modes are silent 
and the Bu modes are IR-active, the Raman active modes of the Sb2Se3 
are Ag, B1g, B2g, and B3g [26]. In our case, the Raman spectra in Fig. 4 
display peaks at about 100, 117, 134, 162, 210, 240, and 254 cm− 1. The 
main band detected at 210 cm− 1 is commonly reported for A1g mode of 
Sb-Se-Sb bending vibration in Sb2Se3 [27]. Since the broad nature and 
low intensity of the features in the region from 90 to 180 cm− 1, it was 
difficult to identify the vibration modes exactly. In this region, the broad 
bands at around 100, 117, and 134 cm− 1 were attributed to the Ag vi-
bration modes of orthorhombic Sb2Se3 [26]. The second intense vibra-
tion peak that appeared at 254 cm− 1 was commonly reported to be 
related to the Se6 rings or the Sb2O3 phase [27]. For our film, this vi-
bration mode might be assigned to both phases. The unresolved peak 
detected at approximately 240 cm− 1 could be also considered a trigonal 
Se8 ring [25,28–30]. Trigonal selenium is the most stable phase of 

Fig. 2. XRD pattern of Sb2Se3 thin film deposited on Mo-coated SLG substrate.  Fig. 3. Sb2Se3 film on SLG substrate a) surface topography and b) EDS analysis.  
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selenium. The existence of this peak is consistent with the slightly 
selenium-rich composition of the film which was given in the XRD and 
EDS analysis of Sb2Se3. Since selenium can condensate at the sample’s 
surface, the detection of this phase is very common in the preparation of 
Sb2Se3 films [25]. The extra Raman peak detected at 295 cm− 1 

confirmed the existence of the Sb2O3 phase [25,27]. Raman measure-
ment results revealed the existence of the Sb2O3 phase, although this 
phase was not detected by XRD, SEM, and EDS. There might be two 
reasons for this discrepancy. In Sb2Se3, the oxidation state of Sb is III 
which is the same as that in Sb2O3. In the present case, the oxygen can 
oxidize selenide to elemental selenium, which sublimes, while the ox-
ygen itself is reduced to oxide, O2− ions. This combines with the Sb (III) 
ions from Sb2Se3 and form Sb2O3. As a result, the air exposure after the 
annealing of the films converted traces of antimony selenide to anti-
mony oxide. If Sb2O3 has an amorphous structure, it may not be seen in 
XRD analysis. Sb2O3 appears as small irregular shapes in white color on 
the film surface [4]. Since the Sb2O3 phase was not clearly seen in the 
surface image of the film taken by SEM (Fig. 3 (a)), the EDS analysis also 
gave a result that supports this situation. This can be ascribed to the 
presence of a partial oxygen-containing region on the surface of the film. 

The other reason might be the laser heating effect of the Raman 
setup. When the high laser power density is used or the laser is dropped 
on the same point for a long time during the Raman measurement taken 
under air ambiance, the oxidation of antimony has been reported due to 
the laser-induced degradation of Sb2Se3 [25,27]. The findings of the 
Raman analysis allowed us to conclude that the Sb-Se-Sb vibrations were 
dominant in the Sb2Se3 thin film. 

3.1.4. X-Ray photoelectron spectroscopy analysis of Sb2Se3 thin film 
XPS measurement of the Sb2Se3 absorber on Mo-coated SLG sub-

strate was performed to assist in the investigation of the composition 
and chemical bonding state of surface species. The instrumental binding 
energy calibration was carried out with respect to Ag 3d5/2 peak at 
368.26eV [31]. Before the high-resolution XPS measurement of the 
absorber film, any sputtering process of the Sb2Se3 film surface by ion 
beam species was not applied. High-resolution spectra of C 1s, Sb 3d, O 
1s, Sb 4d, and Se 3d valence regions were measured in detail. CasaXPS 
software (Casa Software Ltd, UK) was used for the deconvolution process 
of these high-resolution spectra. 

For possible charging effects, the binding energy scale of the spectra 
was calibrated using the C 1s peak arising from adventitious carbon. For 
this purpose, the C–C component of the C 1s spectrum which is present 
on all surfaces exposed to the ambient air with a binding energy of 
284.6eV was used [31,32]. During the deconvolution process of the C 1s 

region, it was considered a minor peak that corresponds to the inevitable 
formation of carbon-oxygen (C–O) bonds at the surface of samples that 
have been exposed to the atmosphere. Therefore, the C 1s valence region 
was fitted (Fig. 5 (a)) using the Shirley-type background for two 
sub-peaks with identical full width at half maximum (FWHM) values and 
the product of Gaussian and Lorentzian (GL) functions with around a 
30% Gaussian ratio was used as a peak profile. Since the C–O peak is 
commonly detected at between 1.2 and 1.5eV higher binding energy 
position than the C–C peak, 1.2eV peak separation was applied between 
these peaks [33]. The Sb 3d, Sb 4d, and Se 3d valence regions were 
deconvoluted using the sum of Gaussian and Lorentzian (SGL) functions 
with around a 30% Gaussian ratio while the product of Gaussian and 
Lorentzian (GL) functions with around a 30% Gaussian ratio was used 
for O 1s peaks. Due to the spin-orbit coupling, Sb and Se 3d peaks and Sb 
4d peaks form as hybrids of d5⁄2, and d3⁄2. During the peak fitting anal-
ysis, the area of the d5/2 components was constrained to be 1.5 times the 
area of the d3/2 components. Also, the energy separation between the 
two peaks within a doublet and their FWHM values were fixed. Fig. 5 
(b–d) shows a series of high-resolution XPS spectra for the constituent 
elements of Sb2Se3. The peak fitting results were listed in Table 1. Fig. 5 
(b) shows the overlapping valence regions of Sb 3d and O 1s. This region 
was fitted using two Sb 3d doublets and two O 1s signals. The binding 
energy positions of Sb 3d5⁄2 (1) and Sb 3d3⁄2 (1) peaks agree well with the 
expected binding energies of Sb in the Sb2Se3 phase [24]. Furthermore, 
the separation of these sub-levels was 9.3eV which is in perfect agree-
ment with that Sb is in oxidation state (III) in Sb2Se3. The doublet at 
higher binding energy (Sb 3d5⁄2 (2) and Sb 3d3⁄2 (2)) was attributed to 
Sb2O3. O 1s emission was fitted with two peaks. The peak observed at 
531.84eV was attributed to O 1s in the Sb2O3 phase [34]. The second O 
1s peak at the higher binding energy was attributed to an adventitious 
species related to carbon [35]. 

The Sb 4d core level spectrum was deconvoluted best using two Sb 4d 
doublets as given in Fig. 5 (c). The binding energy positions of Sb 4d5⁄2 
(1) and Sb 4d3⁄2 (1) peaks were detected at 32.70eV and 33.90eV, 
respectively which was close to the reported binding energy value of Sb 
in the Sb2Se3 phase [36]. The second contribution of the Sb 4d region 
was observed at 34.20eV and 35.40eV for Sb 4d5⁄2 (2) and Sb 4d3⁄2 (2), 
respectively, which was indicative of Sb in Sb2O3 [37–39]. 

For the Se 3d region in Fig. 5 (d), two chemical species were iden-
tified. The peaks at 54.12 and 53.32eV corresponded to the Se 3d3/2 (1) 
and Se 3d5/2 (1) with the spin-orbit splitting of 0.8eV respectively, 
which demonstrates the Se2− in the Sb2Se3 structure. In this valence 
region, to obtain a good fitting, it is necessary to consider a second 
contribution at the higher binding energy side. The position of the sec-
ond contribution of Se 3d3/2 (2) and Se 3d5/2 (2) with the spin-orbit 
splitting of 0.8eV can be attributed to residual selenium [27,36]. XPS 
surface analysis exhibited the native oxide form of antimony as well as 
the Sb2Se3 phase. 

3.1.5. Optical analysis of Sb2Se3 thin film 
Fig. 6 shows the transmission of the Sb2Se3 thin film in the wave-

length range from 200nm to 2600nm. Sb2Se3 absorber films are trans-
parent materials in the infrared region. Therefore, their optical 
transmittance is observed higher in the near-infrared than in the visible 
region. However, from the transmission spectrum of Sb2Se3 film inter-
ference peaks were observed and the transmittance was only 50% at 
higher wavelengths. This means there is loss due to either scattering or 
reflection of light from the film. The optical band gap energy of Sb2Se3 
thin film is determined from the formula (αhν)n

= K(hν − Eg) [5] where 
α is the absorption coefficient, K is a constant, ℎv is the photon energy 
and Eg is the band gap energy. Here n assumes the values of 2 or 2/3 for 
allowed and forbidden direct transitions, respectively, and 1/2 and 1/3 
for allowed and forbidden indirect transitions, respectively. Sb2Se3 can 
have allowed direct and indirect transitions. The optical band gap en-
ergy of Sb2Se3 thin film was extracted from (αhϑ)n vs. hϑ curve by 
drawing an extrapolation of the data point to the photon energy axis 

Fig. 4. Raman analysis of Sb2Se3 thin film deposited on Mo coated 
SLG substrate. 
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where (αhϑ)n=0. Since the Tauc plot for allowed direct transition 
((αhν)2

= 0) presented the linear behavior, the best straight line fit was 
found with allowed direct transition which was given as an inset of 
Fig. 6. For the n values of 1/2, 1/3, and 2/3 we did not observe a linear 
behavior, so band gap energy could not be extracted from the Tauch plot 

fitting of absorption. The best straight-line fit of Tauch plot for allowed 
direct transition gave the band gap of 1.33eV in agreement with liter-
ature values [40]. 

3.1.6. Electrical analysis of Sb2Se3 thin film 
The electrical property of the Sb2Se3 thin film was obtained from 

Hall measurements that occurred at room temperature. Van der Pauw 
method was used to determine the resistivity, carrier concentration, and 
mobility parameters of Sb2Se3 thin film and the results were listed in 
Table 2. Sb2Se3 thin film exhibited p-type conductivity behavior with 
5.6 ˟10− 4 (Ω cm)− 1 conductivity value. Although the voids on the film 
surface, impurities, grain size, and grain boundaries change the 

Fig. 5. High-resolution XPS peak fitting results of Sb2Se3 film on Mo-coated SLG substrate (a) C 1s, (b) Sb 3d-O 1s, (c) Sb 4d and (d) Se 3d valence regions.  

Table 1 
XPS peak fitting parameters of Sb 3d and 4d, O 1s, and Se 3d core levels.  

Compound core 
level 

center 
(ev) 

FWHM 
(eV) 

Spin-Orbit 
Splitting (eV) 

Line 
Shape 

Sb-Se Sb 3d5/ 

2 

529.09 1.16 9.3 SLG (30)  

Sb 3d3/ 

2 

538.39 1.16  SLG (30) 

Sb-O Sb 3d5/ 

2 

530.19 1.20 9.3 SLG (30)  

Sb 3d3/ 

2 

539.49 1.20  SLG (30) 

O-Sb O 1s 531.84 2.10  GL (30) 
O–C O 1s 532.07 2.10  GL (30) 
Sb-Se Sb 4d5/ 

2 

32.70 0.95 1.2 SLG (30)  

Sb 4d3/ 

2 

33.90 0.95  SLG (30) 

Sb-O Sb 4d5/ 

2 

34.20 1.80 1.2 SLG (30)  

Sb 4d3/ 

2 

35.40 1.80  SLG (30) 

Sb-Se Se 3d5/ 

2 

53.32 1.01 0.8 SLG (30)  

Se 3d3/ 

2 

54.12 1.01  SLG (30) 

Se Se 3d5/ 

2 

54.96 1.35 0.8 SLG (30)  

Se 3d3/ 

2 

55.76 1.35  SLG (30)  

Fig. 6. Transmission spectra and optical bandgap of Sb2Se3 thin film.  
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resistivity value of the semiconductor, the resistivity value found was 
compatible with the literature [41]. The Sb2Se3 film exhibited a carrier 
concentration of 1013 cm− 3 and 4.06 cm2 V− 1 s− 1 mobility value close to 
the reported values [42]. 

3.2. Characterizations of CdS and ZnS thin films 

3.2.1. Surface morphology and EDS analysis 
The surface morphology of grown CdS thin film (in Fig. 7 (a)) had 

high coverage and few pinholes which have a direct influence on the 
film’s optical and electrical properties. Since the ZnS thin film was 
deposited by the magnetron sputtering technique, it had a highly smooth 
surface. Therefore, a high-resolution surface image of ZnS could not be 
monitored by using SEM. Fig. 7 (b) demonstrates the surface image of 
the ZnS thin film that was taken during the EDS measurement. To obtain 
information about the stoichiometry of the films, the EDS analysis was 
carried out and the results were listed in Table 3 below. EDS result of the 
CdS thin film showed that the composition ratio of Cd and S elements 
(Cd/S) was 1.22 indicating the Cd-rich composition. Zn-Lα emission was 
used for determining the atomic percent of Zn. As the film was deposited 
on a soda lime glass substrate, there was interference with the Na-Kα 

(1.041keV) and Zn-Lα (1.012keV) emissions. The Na and Zn concen-
trations were determined by Aztec software integrated with Oxford In-
strument which was used for EDS measurement of ZnS thin film. The 
program deconvolutes the matched elements using standardless quan-
titative analysis. We noticed that the presence of Na, Si, and O originated 
from the soda lime glass substrate. The ZnS thin film exhibited that the 
composition ratio of Zn and S elements (Zn/S) was 1.28 indicating the 
Zn-rich composition. 

3.2.2. Raman analysis 
Figs. 8 (a) and (b) show the Raman spectra performed at 488nm 

excitation wavelengths of CdS and ZnS films, respectively. The Raman 
measurement of CdS exhibited three peaks which are the multi- 
overtones of longitudinal optical phonons (LO). The 1LO was the 
dominant Raman mode detected at 300 cm− 1. The first and second 
overtone modes (2LO and 3LO) were observed at approximately 600 
cm− 1 and 900 cm− 1 [43]. 

The ZnS spectrum (Fig 8 (b)) shows peaks located around 212, 262, 
and 348 cm− 1. A peak at 560 cm− 1 was from the underlying SLG 

Table 2 
The hall measurement results of Sb2Se3, CdS, and ZnS thin films.  

Thin 
Film 

Resistivity (Ω 
cm) 

Carrier 
Concentration (cm 
− 3) 

Mobility (μ) 
(cm2V− 1s− 1) 

Carrier 
Type 

Sb2Se3 1794.9 85.6 ˟1013 4.06 p 
CdS 0.39 4.51 ˟1016 352.33 n 
ZnS 311 1.25 ˟1015 16.08 n  

Fig. 7. Surface morphology of (a) CdS and (b) ZnS thin films.  

Table 3 
EDS result of CdS and ZnS thin films deposited on SLG substrate.  

Thin Film CdS ZnS 

Element Cd S Zn S Na Si O 

Atomic% 54.9 45.1 25.8 20.1 10.4 13.1 30.6  

Fig. 8. Raman measurement of (a) CdS and (b) ZnS thin films.  
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substrate which is due to the high penetration depth of scattered photons 
in the samples (typically higher than one micrometer for 488nm exci-
tation). Since the deposition was performed at a low temperature, the 
peak located at 348 cm− 1 was assigned to the T2 (LO) mode of zinc-
blende (ZB) ZnS. The vibration line at 212 and 262 cm− 1 were the 
second-order Raman modes of ZB ZnS and can be attributed to the two 
acoustic phonon combinations at W [44]. The broad band at 262 cm− 1 

mentioned above can also include the T2 (TO) mode of ZB ZnS at 278 
cm− 1. 

3.2.3. Optical analysis 
Optical properties of CdS and ZnS films were obtained by trans-

mission measurements in the range of 200–2600nm at room tempera-
ture. In this study, ZnS, CdS, and Sb2Se3 films have been deposited on 
the same soda lime glass substrates. Therefore, readers should take the 
optical data with caution. The optical band gaps of the films for the 
allowed direct transition were derived by using the Tauc relation given 
in Section 3.1.5 above. The optical bandgap of the films was obtained 
from the extrapolation of the linear portion of the (αℎv)2 curve to the 
axis of (ℎv). The plot of (αhν)2 versus (hν) was given as an inset of Fig. 9 
(a) for the CdS and Fig. 9 (b) for the ZnS. As can be seen from Fig. 9 (a), 
the band gap energy of the CdS thin film was 2.43eV which is in har-
mony with the result that is given for CdS deposited by the CBD tech-
nique in the literature [45]. The band gap obtained for the ZnS as given 
in the inset of Fig. 9 (b) showed a close (Eg=3.62eV) to the reported 
value of magnetron sputtered ZnS thin film [46]. 

3.2.4. Electrical analysis 
The electrical properties of the deposited CdS and ZnS thin films 

were inspected by the Hall Effect measurement at room temperature. 
The measured values of electrical resistivity, carrier concentration, and 
Hall mobility were listed in Table 2. Hall measurements of CdS and ZnS 
showed that both films had a negative Hall coefficient indicating n-type 
conductivity. The conductivity of CdS was calculated as 2.56 (Ω cm)− 1 

where the Cd/S ratio is important for the conductivity of CdS. The excess 
of cadmium plays a donor role and causes the n-type conductivity [45, 
47]. Such a high conductivity value was supported by the EDS result of 
CdS which showed excess Cd concentration. Due to the 
self-compensation effect created by sulfur vacancies, obtaining p-type 
CdS is very hard. The carrier concentration and the mobility parameters 
of CdS were compatible with the literature [48,49]. 

The conductivity value of ZnS thin film was calculated as 3.22 ˟10− 3 

(Ω cm)− 1. Since zinc excess is a donor-type defect, it contributes to the n- 
type conductivity [50]. The EDS result of the ZnS thin film supported 
such conductivity by showing a Zn-rich composition. The other elec-
trical parameters such as resistivity, carrier concentration, and mobility 
were obtained in harmony with the reported values [51]. The charac-
terizations of CdS and ZnS thin films displayed the required optoelec-
tronic properties for photovoltaic applications. 

3.3. Device characterization of Sb2Se3 solar cells 

The representative cross-sectional SEM images of the devices were 
given in Fig. 10 (a) and (b). High-quality layer stacks with uniform, 
compact, well-adherent, and crack-free properties, which are useful for 
decreasing the recombination of charge carriers and eliminating the 
leakage current, were observed. Device performance of SLG/Mo/ 
Sb2Se3/CdS/ZnS/ITO and SLG/Mo/Sb2Se3/CdS/ITO, which were 

Fig. 9. Transmission measurement of (a) CdS and (b) ZnS thin films.  
Fig. 10. Cross-sectional SEM image of (a) SLG/Mo/Sb2Se3/CdS/ZnS/ITO and 
(b) SLG/Mo/Sb2Se3/CdS/ITO solar cell. 
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named with cell 1 and cell 2 respectively, were tested under simulated 
AM1.5G solar irradiation. Fig. 11 (a,b) shows the current density- 
voltage (J-V) curves of Sb2Se3-based solar cells. Cell 1 with a hybrid 
buffer layer offered a JSC of 2.1mA/cm2, a VOC of 253mV, and a FF of 
23.48% which resulted in a PCE of 0.13%. Cell 2 with a single buffer 
layer achieved better device performance with 3.93% PCE, VOC of 
305mV, JSC of 29.6mA/cm2, and FF of 43.04%. Sharp decrements in 
efficiency and JSC and a slight decrement in VOC of the device with the 
hybrid buffer layer may be attributed to an increment in the total 
thickness of the buffer layer with the hybrid form. This enhances the 
absorption of photons by the n-type buffer and reduces the generation of 
electron-hole pairs. 

The other possible reason for the low performance of the Cell 1 might 
be due to the large lattice mismatch between the layers [52]. The lattice 
mismatch between CdS and ZnS layers is about 7% [53]. This large 
lattice mismatch may induce interfacial strain and may reduce the op-
tical properties. Moreover, the valence band offset between ZnS and CdS 
interface is small and affected by strain state variation which results in 
the changing the transition from type I to type II [54]. The conduction 
band offset value between ZnS and CdS interface has quite strong strain 
dependence [54]. It might be considered that the strain dependency of 
interfacial properties of ZnS/CdS has a strong effect on cell performance. 
As a result, it seems that the hybrid buffer layer may limit the current 
flow through the device. 

4. Conclusion 

While the characteristics of Sb2Se3 thin films have been examined 
well so far, far less work has been done to explore the effects of CdS and 
the combination of CdS and ZnS buffer layers into a single solar cell. 
Therefore, in this study, we introduce a new device structure that has the 
potential to affect the Sb2Se3 solar cell device performance. Sb2Se3 thin 
film solar cells were studied with CdS/ZnS hybrid and a single CdS 
buffer layer. Firstly, the material properties of the Sb2Se3 absorber layer 
deposited on Mo-coated SLG substrate were examined. The Sb2Se3 layer 
showed good crystallinity, compact morphology, and nearly stoichio-
metric composition. XPS high-resolution spectra demonstrated the 
presence of Sb2Se3 film and also the Sb2O3 impurity phase, which was a 
result of exposure to air. Cross-section images of the fabricated devices 
showed a high-quality heterojunction interface with uniform, compact, 
well-adherent, and crack-free properties. Photoconversion efficiencies 
of 0.13% for SLG/Mo/Sb2Se3/CdS/ZnS/ITO and 3.93% for SLG/Mo/ 
Sb2Se3/CdS/ITO cells were achieved. A sharp decrement in JSC value 
was observed for the cell with hybrid buffer. The higher thickness of the 
hybrid buffer layer, inconvenient band alignment, and large lattice 
mismatch between the CdS/ZnS interface were considered possible 
reasons for this reduction. 

This study confirms that the design of the device structure is essential 
in terms of band offset optimization at the interface to reduce the loss of 
photogenerated carriers in Sb2Se3 thin-film solar cells. Despite extensive 
theoretical investigations, still, there is no experimental result with 
satisfactory accuracy to determine the valence band and conduction 
band offset values of the CdS/ZnS interface value and the effect of hybrid 
buffer layer thickness on the performance of Sb2Se3 solar cells. Future 
work on this hybrid buffer layer should include the more in-depth per-
formance of solar cells with a different thickness CdS/ZnS hybrid buffer 
layer. 
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