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Abstract

This paper presents the preparation synthesis of p-type Sb2Ses films on to various substrates (microscope glass,
molybdenum coated glass, fluorine-doped tin oxide glass, and mica) via chemical deposition methods and physical
deposition techniques. The properties of the obtained films have been studied by using different tools (x-ray photo
electron spectroscopy, x-ray diffraction, atomic force microscopy, high-resolution transmission electron microscopy,
Rutherford back scattering, scanning electron microscopy, Raman spectroscopy, energy dispersive x-ray analysis). Thin
films showed unique physical, optical, and electoral properties, and have found application in the solar cells (power
conversion efficiency in the range of 1.9%-10.57%). X-ray diffraction studies confirmed polycrystalline with
orthorhombic phase. Optical studies indicated the band gap in the range of 1.03 eV to 1.85 eV.
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1 Introduction

Thin film technology has been applied everywhere in the modern world. Thin film (nanometer to several micrometers)
is a layer deposited onto substrate’ surface by using different deposition methods [1,2]. The prepared thin films have
been used in solar cells [3-5], light-emitting diodes, photodetector [6], biodevices, optoelectronic devices [7], electro
luminescence, infrared windows [8,9], flat panel displays, laser devices [10] and sensor devices [11].

Solar energy resources have been used to replace fossil fuels due to renewability. The power conversion efficiency could
be improved by controlling the band gap and film thickness [12-14]. Currently, a leading competitor in solar cell
technologies is silicon based solar cells. Silicon showed a narrow band gap (about 1.12 eV), and power conversion
efficiency was 26.8%. However, this type of solar cell has several disadvantages such as high production cost and
relatively high thickness of silicon wafers [15, 16]. Thin film based solar cells have been recognized as second generation
photovoltaic technology. They have many advantages including low temperature processes [17], low material cost, low
production cost [18], flexibility, and compatibility with mass production [19, 20].

Antimony triselenide (SbzSes) thin films have orthorhombic phase, showed V-VI type compounds. These materials are
low-cost, environment friendly, excellent absorption coefficient (more than 105cm1) at room temperature, long carrier
lifetime (60 ns) and appropriate band gap value. These binary compounds get rid of complex composition control if
compared to CIGS and CZTS films. Also, avoid forming unwanted impurity phases (during the crystallization and
deposition process). The SbzSes films have been developed in tandem devices due to superior stability and relatively
high carrier mobility. Power conversion efficiency of 10.57% was observed when the films were prepared using additive
assisted chemical bath deposition method [21]. The Sb2S3 (band gap=1.74 eV) and Sb2Ses (band gap=1.22 eV) films were
used as top and bottom cell absorber materials in the tandem solar cells, respectively [22]. Experimental results
confirmed that this device was able to make up voltage loss in the sub cells, and the power conversion efficiency was
7.93%. To date, researchers have described that single junction solar cells (antimony sulfide or antimony selenide) are
dominant and highlighted very limited photo electric conversion efficiency. Therefore, triple-junction antimony based
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solar cells were developed. An Sb2S3/Sbz(S1-xSex)3/Sbz2Ses solar cell was designed, and the power conversion efficacy
reached 33% [23]. Tarek and co-workers [24] have reported numerical studies of organic/Sb2Ses tandem solar cells.
The low band gap (1.23 eV) Sb:Se3 and wide band gap organic solar cells (1.72 eV) could be used as bottom
(FTO/CdS/Sb2Se3/spiro-OMeTAD/Au) and top sub cells (ITO/PEDOT:PSS/DR3TSBDT:PC7:BM/PFN/AI) in tandem
solar cells. The obtained power conversion efficiency of these individual cells was found to be 7.89% and 9.45%,
respectively. PEDOT:PSS (conducting polymer) served as hole transport layer, while PFN (semiconducting polymer) as
electron transport layer.

Thin film deposition techniques have been categorized into physical methods and chemical deposition techniques.
Examples of physical methods such as magnetron sputtering, vacuum evaporation, ion beam evaporation, electron
beam evaporation [25], thermal evaporation [26]. Examples of chemical techniques include chemical bath deposition
[27,28], successive ionic layer adsorption and reaction [29,30], electro deposition, chemical vapor deposition, sol gel
[31, 32], spray pyrolysis and hydrothermal method [33, 34]. Selection of the deposition method is very important during
the formation of thin films. There are several criteria (uniformity, film thickness, band gap, composition, and
crystallinity) should be focused on in the selection process [35,36].

In the current work, preparation, and properties of SbzSes films have been analyzed. Photovoltaic parameters (fill factor,
power conversion efficiency, open circuit voltage and short circuit current density) were reported as well.

2  Antimony triselenide films

Antimony is lustrous gray metalloid with chemical symbol “Sb”. The properties of antimony as highlighted in Table 1.
Antimony could be employed in flame retardants, lead-acid batteries, and plastics. Antimony compounds have been
used as medicines and cosmetics. According to the Table 2, China is the largest producer of antimony (almost 60000
metric tons) in 2022, followed by Russia and Tajikistan [37]. Selenium is a non-metal element with the chemical symbol
“Se”. The properties of selenium have been described in Table 1. Selenium could be observed in metal sulfide ores. It
produced some allotropes that interconvert with temperature changes. Application of selenium including fertilizers,
glass production, alloy, solar cells, photoconductors, and lithium -selenium batteries. According to the Table 3, China is
the largest producer of selenium (1120 metric tons) in 2022, followed by Japan and Germany [38].

Table 1 Properties of antimony and selenium

Antimony Selenium
Atomic number 51 34
Atomic mass 121.76 amu 78.96 amu
Melting point 903.78 K 44K
Boiling point 1860 K 958 K
Number of protons/electrons | 51 34
Number of neutrons 71 45
Density 6.691 g/cm3 4.28 g/cm3
Heat of fusion 19.79 kJ/mol 6.69 kJ/mol
Heat of vaporization 193.43 kJ/mol | 95.48 kJ/mol
Molar heat capacity 25.23]/(mol.K) | 25.363 ]/(mol.K)
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Table 2 Worldwide antimony mine production from 2015 to 2022 [37]

2015 2020 2021 2022
(in metric tons) | (in metric tons) | (in metric tons) | (in metric tons)
China 115000 61000 61000 60000
Russia 9000 25000 20000 20000
Tajikistan | 4700 13000 16800 17000
Burma 3500 2200 4600 4000
Australia | 5500 3900 4000 4000
Bolivia 5000 2600 2600 2500
Turkey 4500 1330 1300 1300

Table 3 Production volume of selenium globally in 2020 [38]

Country Production volume (in metric tons)
China 1120
Japan 740
Germany 300
Belgium 200
Russia 195
United States 150
Mexico 106
Canada 102
Philippines 100
Finland 84
Poland 74
Peru 53
Sweden 50
Uzbekistan 40
India 10
Serbia 10

3 Literature survey

3.1 Synthesis of thin films using chemical deposition method

Chemical bath deposition method is a very simple deposition method, requiring container and substrate [39]. Several
examples of substrates such as fluorine-doped tin oxide (FTO), microscope glass slide, indium tin oxide coated glass
slide (ITO), silicon, and soda lime glass have been employed to produce thin films. The chemical bath deposition has
been used to produce thin films [40] in highlighted conditions (Sb3* ion = antimony potassium tartrate, Se?- ion = sodium
selenosulfite, substrate=glass, duration=10 hours). It is clearly seen that the prepared films were consisted of small
particle (4-5 nm) and showed some orientations of nanocrystallines as highlighted in atomic force microscopy (AFM)

51



Open Access Research Journal of Chemistry and Pharmacy, 2023, 03(02), 049-060

and high-resolution transmission electron microscopy (HRTEM) studies, respectively. Rutherford back scattering
analysis confirmed stoichiometry of films with some inclusion of oxygen atom.

Uniform, adherent, and reflective films have been deposited on glass slides [41] by using antimony chloride, and sodium
selenosulphate (room temperature, 60 minutes). The prepared films indicated polycrystalline phase, several peaks
attributed to (220), (330), (430), (060) and (061) planes according to the x-ray diffraction (XRD) patterns. In the x-ray
photo electron spectroscopy (XPS) analysis, 54.11 eV and 160.58 eV correspond to Se 3ds,2 and Se 3P3/2, respectively.
While 766.4 eV and 529.57eV contributed to Sb3ps,2 and Sb3ds/2, respectively. Optical investigations showed band gap
of 1.85 eV, 1.14 eV and 1.3 eV for as-deposited films, annealed sample (100 °C) and annealed sample (200 °C).

A low symmetric crystal structure has been prepared using additive assisted chemical bath deposition method [42] in
the presence of sodium selenosulfate and antimony potassium tartrate. Selenourea and thiourea were served as
additives to improve the films properties (to reduce Sb-O peak). In the XPS studies, indicated the production of Sb2Ses
films and additional peak (Sb-0) in all samples (for Sb 3d region). It is noticeable that different morphologies could be
seen in scanning electron microscopy (SEM) images for pure SbzSes films (film thickness of 90nm, small grains and
several pinholes), Selenourea-SbzSes (grain size=435 nm, film thickness of 260 nm) and thiourea-Sb2Ses (film thickness
of 170 nm, uniformly covered on the substrate, grain size=290 nm). In terms of the photovoltaic properties, Selenourea-
SbzSes films showed the highest power conversion efficiency (10.57%), fill factor (67.64%), open circuit voltage (0.467
V), and short circuit current density (33.52 mA/cm?) if compared to thiourea-Sb2Ses films (open circuit voltage=0.454V,
power conversion efficiency=9.17%, fill factor=64.73% and short circuit current density=31.23 mA/cm?).

The polyol process was a unique soft chemical deposition method for the synthesis of inorganic compounds. This
method has many advantages such as ease of use [43], low cost and it is suitable for industrial applications. According
to the X-ray diffraction (XRD) results, orthorhombic structure with space group (Pbnm (62) could be observed in the
obtained samples [44]. Tiny nanorods showed stronger diffractions {(110) and (040)} if compared to thick nanorods.
Raman spectroscopy confirmed that no impurity structures were observed. Several peaks could be seen (figure 1) at 83
cm?, 118 cm, 189 cmt, 252 cm'?, 356 cm?t, 373 cmland 450 cm. In addition, higher peak intensities were found,
showing enhancement of crystallinity in tiny nanorods. XPS analysis highlighted strong intensity Sb peaks
(3d3/2=537.87 eV, 3ds/2=528.47eV), indicating charge state of Sb3+. While valence state of Se?- could be described from
3ds/2 (53.81 eV) and 3ds/2(53.01 eV). In the scanning electron microscopy (SEM) analysis, average diameter was about
6-8 nm with smooth surface in tiny nanorods, while average diameter was more than 90 nm with relatively disordered
structure in thick nanorods. Experimental findings revealed that more stable cycling performance (lithium-ion
batteries) in tiny nanorod anode materials. The obtained materials displayed excellent discharge capacity (702 mAh/g)
at 0.1 C, and successfully maintained the capacity (230 mAh/g, after 100 cycles).

Intensity (a.u.)
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—— Tiny Sb,Se; nanorods

Thick Sb,Se; nanorods

Figure 1 Raman spectrums of the tiny and thick Sb2Ses. [44]
High quality films have been synthesized using electro deposition method [45]. During the experiment, silver-silver

chloride and platinum sheet were used as reference electrode and counter electrode, respectively. The energy
dispersive x-ray analysis (EDX) studies indicated that films prepared (current density of 2-3 A/dm?) on nickel electrode
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(substrate) were close to the stoichiometric composition (atomic percentage of antimony=61.91%, selenium=38.09%).
Crystalline, black, and uniform films were deposited on platinum electrode in specific conditions (temperature=338-
348K, pH=1.85, annealing temperature=703K). The formation of thin films using chemical deposition method has been
reported by many researchers. The physical, optical, and electrical properties of the obtained Sb2Ses thin films have
been investigated by using different tools as highlighted in Table 4.

Table 4 Preparation (using chemical deposition methods) and properties of SbzSes films

Deposition Highlighted results

method

Chemical bath | XRD: orthorhombic phase [46]
deposition Band gap: 1.16 eV

Electro deposition | Band gap: 2 eV
XRD: Mainly Sbh2Ses phase [47]
Presence of selenium, antimony and SbzSes structure in annealed samples (at 300 °C).

Electro deposition | p-type Sb2Sesfilms have been deposited on SnO2 coated glass substrate in acidic conditions [48].
Band gap:1.04 eV
Absorption coefficient: more than 105 cm-!

XRD: orthorhombic phase could be observed in the annealed films (300 °C and argon
atmosphere)

Electro deposition | Thin films were deposited onto fluorine doped tin oxide glass substrate (temperature=25 °C,
deposition potential=-0.55V).

Band gap and crystalline size reduced when the ultrasound waves were employed [49].
Electrical resistance reduced when the temperature was increased.

Electro deposition | Se-rich films indicated rod-like morphology and showed better stability to photo corrosion [50].

The best conditions are described (deposition potential=-0.6V versus Ag/AgCl,
precursors=2.5mmol/L SbO and 2 mmol/L H2SeOs, total charge density=600 mC/cm?).

Electro deposition | FESEM: spherical particles
XRD: polycrystalline with orthorhombic phase [51]

SILAR Thin films were prepared onto glass substrate, at temperature of 300 K.
XRD: nanocrystalline nature [52]

Resistive value: 104 to 105 Qcm.

SILAR Thin films have been synthesized onto different substrates (glass slide, fluorine doped tin oxide
glass substrate) at 27 °C.

XRD: orthorhombic phase [53]
Low power conversion efficiency due to the presence of recombination centre at the interface.

Spray pyrolysis XRD: amorphous phase (Se0:), polycrystalline (CSe(NHz)z).
Band gap [54]: 1.28 eV (Se0z), 1.26 eV (CSe(NHz)2).
Resistivity value: 105 to 106 Qcm (Se02), 107 Qcm (CSe(NHz)z).

Spray pyrolysis Film thickness: 0.5 pm
Seebeck coefficient: 46.2 uV/°C in polycrystalline phase, 18.3 uV/°C in amorphous phase [55].

3.2 Deposition of thin films using physical deposition technique

In the close spaced sublimation method, material was heated and then sublimated into gas phase conditions [56].
Following that, transported to the low temperature substrate (surface area) and finally condensed into a nucleus [57].
Absorber layers (p-type SbzSes) with 4-5 um thick were prepared via close spaced sublimation technique [58]. XRD
patterns of the prepared films were studied using VESTA tool, showed Pbnm space group (figure 2). Several diffraction
peaks (221), (301), (211), (002), (310), (212), (041) and (141)) could be detected and matched with the reference card
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(JCPDS 15-0861). Raman spectroscopy analysis confirmed three peaks (155 cm, 192 cm, and 212 cm?) in the
obtained samples. Resistivity, shunt resistance and series resistance values were 5x103 Q.cm (dark conditions), 86-139
Q.cm? and 8-49 Q.cm?, respectively. Photovoltaic parameters such as fill factor (0.34 - 0.46), power conversion

efficiency (1.3% - 4.5%), open circuit voltage (433 mV - 593 mV) and short circuit current density (5.2 mA/cm?- 22.4
mA/cm?) were investigated.

® s»

Figure 2 Spatial representation of atoms in the orthorhombic Sb2Ses phase (Pbnm space group) [58]

Preparation of thin films using magnetron sputtering method [59] in the specific conditions (substrates=molybdenum
coated glass, sputtering power=35W, sputtering time=90 minutes, working pressure=0.1Pa to 2 Pa). This method
offered some advantages including high deposition rate, high purity of films, highly adhesive samples, and uniformity
on large area substrates. A stylus profilometer was used to measure film thickness (260 nm to 810 nm). Crack formation
occurred when the working pressure is low (0.5 Pa), collision between the sputtered Sb2Sez molecules and argon atoms
reduced, resulting in an excessive deposition rate. Also, thin films surface seemed to be irregular and rougher when the
working pressure is very low (0.1 Pa). On the other hand, grain size increased with reducing the working pressure (2
Pa to 1 Pa) in the annealed samples, due to facilitate the crystallization of the nanostructured films. Photovoltaic
performance was studied in the specific solar cells (glass/Mo/Sb2Ses3/CdS/ITO/Ag). Fill factor, power conversion
efficiency, open circuit voltage and short circuit current density were found to be 53.2%, 5.52%, 448 mV and 24.95
mA/cm?, respectively. Based on the EQE spectra, higher value could be seen in the highlighted wavelength regions (500
nm to 850 nm), indicating less recombination losses (carriers) in the Sb2Ses/CdS heterojunction solar cells. Thin films
with micro-size crystal grains were prepared onto molybdenum coated soda lime glass (substrate). Power conversion
efficiency was 6.84% (open circuit voltage=504 mV, short circuit current density=24.91 mA/cm?, fill factor=54.47%) in

fabricated solar cell (ITO/CdS/SbzSe3/Mo/glass).
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Figure 3 Energy dispersive X-ray analysis for Sb2Ses thin films [60]

Thermal evaporation was used to prepare thin films [60]. Some advantages of this method such as can produce higher
purity films, can control the deposition process and little residual gas impurity incorporation. Experimental results
confirmed that light absorption (UV-visible regions) could be improved when the films thickness was increased. In the
field emission scanning electron microscopy (FESEM) investigations, uniform grains (grain size=15 nm) with pinhole
free could be observed. Based on the energy dispersive X-ray analysis (EDX) studies (figure 3), the atomic percentage
was 48.2% for antimony and 51.8% for selenium. The band gap reduced when film thickness was increased from 372
nm (1.61 eV) to 640 nm (1.47 eV). Experimental findings indicated that some photons pass through the films if the band
gap was too broad. In contrast, more energy will be wasted (as heat) if there is a small band gap. On the other hand, low
series resistance (4-20 QQcm?) and high shunt resistance (100-500 Qcm?) are required to improve high efficiency of the
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solar cell devices. Liu and co-workers [61] have prepared thin films onto fluorine-doped tin oxide (FTO) glass.
Photovoltaic properties (fill factor=33.5%, power conversion efficiency=2.1%, open circuit voltage=354 mV, short
circuit current density=17.84 mA/cm?) were reported based on solar cell device (FTO/Sb2Ses/CdS/Zn0/Zn0:Al/Au).
Optical behaviors of polycrystalline (290 °C) and amorphous films (deposited on quartz substrate at room temperature)
have been reported by Weiqi and co-workers [62]. In the SEM analysis, film thickness of 635 nm and numerous small
clusters could be seen in amorphous phase, while film thickness of 473 nm and larger size (over 2 um) in polycrystalline
phase. A higher band gap could be found in amorphous structure (1.39 eV) if compared to polycrystalline phase (1.03
eV to 1.17 eV). The synthesis of thin films via physical deposition technique has been studied by many scientists. The
electrical, physical, and optical properties of the prepared Sb2Ses thin films have been reported using different tools as

highlighted in Table 5.

Table 5 Preparation (using physical deposition methods) and properties of SbzSes films

Deposition method

Highlighted results

Magnetron sputtering

Annealed films (350 °C) indicated power conversion efficiency of 2.1% in specific solar cells
(Mo/Sb2Ses3/CdS/ITO/Ag).

SEM: small grains [63] with amorphous phase (as-deposited films), crystalline phase with
larger grains (annealed films).

Magnetron sputtering

Highly crystalline with bigger grains could be observed [64].

Power conversion efficlency reached 5.08% in  specific solar cells

(Mo/Sb2Se3/CdS/ITO/Ag).

Magnetron sputtering

Nano rod morphology with well-crystallized phase could be seen in the obtained films [65].
Band gap=1.32 eV

Absorption coefficient=10% cm-!

Power conversion efficiency=2.11%

Magnetron sputtering

Photovoltaic properties (fill factor=37.88 %, power conversion efficiency=2.65%, open
circuit voltage=0.32 V, short circuit current density=18.82 mA/cm?2) of the films were
reported [66].

Thermal evaporation

XRD: preferred (211) and (221) planes could be observed under argon atmosphere [67].
Preferred (020) and (120) planes under H2S and H:Se atmospheres.

Thermal evaporation

Photovoltaic parameters (fill factor=48%, power conversion efficiency=1.9%, open circuit
voltage=300 mV, short circuit current density=13.2 mA/cm?) were reported in CdS/Sb2Ses3
solar cells [68].

Thermal evaporation

Oxygen addition can enhance power conversion efficiency (4.8%) of the CdS/Sb:Ses
heterojunction solar cells. Also, improve open circuit voltage and short circuit current
density [69].

Thermal evaporation

Thermogravimetric analysis: decomposition occurred in specific temperature (303 K to
673 K).

Raman spectra: two peaks (189 and 210 cm!) contributed to Ag mode [70].

Ultra-high vacuum | XRD: average crystallite size increased when the evaporation temperature was increased.

molecular beam | Raman analysis: blue shift happened when the evaporation temperature increased [71].

evaporation

Low temperature | The best chemical composition [72] with highly crystalline could be prepared at a specific

pulsed electron | temperature (200 C to 350 C).

deposition Similar morphological for the films prepared synthesized onto various substrates
(molybdenum, glass, and fluorine doped tin oxide glass).

Incongruent The behaviors dimensions of the islands and surface density were strongly depending on

evaporation evaporation time and evaporation temperature [73].
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Injection vapor | Prepared films showed fewer trap states, low non-radiative recombination loss and
deposition minimal deep level defect density [74].

Power conversion efficiency was 10.12%.

Close spaced | Well-oriented and bigger grains could be observed [75].

sublimation Photovoltaic properties (power conversion efficiency=4.32%, fill factor=43.38%, open
circuit voltage=0.33 V, short circuit current density=30.19 mA/cm?) of the films in the solar
cells (FTO/TiOz/Sb2Ses/P3HT/Au) were highlighted.

Close spaced | Power conversion efficiency reached 4.86% in solar cells (glass/Mo/Sb2Se3/CdS/ITO/Ag).

sublimation The highest open circuit voltage was 509 mV due to quasi-vertically oriented structure,
with reduced deep level defect density in the solar cells [76].

Molecular beam | The streaky lines accompanied by some ordered spots as highlighted in reflection high
epitaxy energy electron diffraction patterns [77].
The Fermi level was found at 0.95 eV as indicated in ultraviolet photo electron
spectroscopy.
Vapor transport | XPS: several peaks (528.5 eV and 538.5 eV) contributed to Sb-Se bond in Sb3a.
deposition some peaks (53.5 eV and 54.5 eV) contributed to Se?- ion in the Se3a.

Photodiode detector [78] was designed (ITO/Sn0Oz/Sb2Ses/Au). High responsivity could be
seen in 300-1000 nm, and the highest value of 312 mA/W (at 750 nm)

vapor transport | High quality epitaxial films [79] have been synthesized onto mica substrate (growth
deposition rate=0.7 um/min, 380 °C).

AFM: anisotropic morphological with 1D surface rod
TEM: zone axes was [210] direction.

4 Conclusion

The p-type SbzSes films have been deposited onto different substrates through chemical deposition methods and
physical deposition techniques. The properties of the prepared films have been investigated using different tools. Band
gap values are in the range of 1.03 eV to 1.85 eV. XRD patterns exhibited amorphous and polycrystalline phase.
Photovoltaic parameters were studied, and power conversion efficiency in the range of 1.9%-10.57%.
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