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Graphic abstract 

 The Cl--doped Sb2(Se3-xClx)3 crystals and thin films were prepared using a conventional 

melt quenching method and thermal evaporation method, respectively. The photoelectric 

properties of Sb2(Se3-xClx)3 crystals and thin films have been investigated. 
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Abstract 

Antimony selenide (Sb2Se3) has been considered potential candidate material for 

the high-performance photovoltaic and photo-detecting application due to its significant 

optical absorption coefficient (~105), suitable direct band gap (1.0 ~ 1.2 eV), low 

toxicity, and natural abundance in the crust. To overcome its low electrical conductivity 

and low-charge carrier density deficiencies, we propose a one-step melting quenching 

method strategy to prepare Cl- doped Sb2Se3 semiconductors. The photocurrent density 
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of Sb2(Se0.9983Cl0.0017)3 crystal was greatly improved, with fast response speed and 

photo-response stability. The Sb2(Se0.9983Cl0.0017)3 films were then fabricated with rapid 

thermal evaporation. The beneficial effect of Sb2(Se0.9983Cl0.0017)3 films on photoelectric 

performance enhancement is confirmed by researching aspects such as heat treatment-

dependent morphology, growth orientation and photoconductivity.  

Key words: Sb2Se3, doping, n-type, optoelectronic application, DFT calculations 

 

Introduction 

Sb2Se3 has been widely used in many fields, including high-performance 

photodetectors, solar cells, thermoelectric devices, as well as for other important 

applications.[1-5] As a thin-film photovoltaic material, Sb2Se3 has many advantages, 

such as a high absorption coefficient, a direct band gap of 1.18 eV, non-toxic chemistry, 

a simple binary material nature, and low grain boundary complexation.[6-8] Despite 

the many advantages of Sb2Se3 as an absorber material, the application time of Sb2Se3-

mediated meterials is relatively short  in photovoltaics before 2009. Recently, Messina 

et al. have proposed that they achieved a power conversion efficiency (PCE) of 0.66% 

using a solution deposition process.[9] However, the field has overgrown in the recent 

years, achieving maximum efficiency of 9.2% for Sb2Se3-based photovoltaic devices in 

2019.[10] This rapid growth in efficiency implies Sb2Se3 with a vast application 

potential . In most current studies, Sb2Se3 is considered as a p-type semiconductor, and 

there are fewer reports on n-type Sb2Se3. In addition, the inherent low conductivity of 
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Sb2Se3 (10-6 Ω-1·m- 1) limits its application in high-performance optoelectronic devices, 

and doping is an effective way to improve the conductivity of the material. By 

employing doping to introduce Cl-1 ions, n-type semiconductors can be obtained, and 

the low conductivity and low carrier concentration can be effectively improved. 

In this work, we prepared Cl--doped Sb2(Se1-xClx)3 crystals using a conventional 

melt quenching method with vacuum-sealed quartz tubes, and it was shown that 

Sb2(Se1-xClx)3 is an n-type semiconductor. The effects of Cl- doping on the structure, 

morphology and photoelectric properties of Sb2Se3 were investigated, and the electrical 

and photoelectric conductivities of Sb2Se3 were significantly increased after doping. On 

this basis, Cl- doped Sb2Se3 monolayer films were prepared by a thermal evaporation 

method using Sb2(Se1-xClx)3 crystals as the target material, and the effects of different 

heat treatment temperatures on the film morphology and photoconductivity properties 

were analysed. 

Experiments 

Materials 

Sb shot (Alfa Aesar, 99.999%, 6 mm,), Se shot (Alfa Aesar, 99.999%) and SbCl3 

(Alfa Aesar, 99.9%). 

Synthesis of Sb2(Se3-xClx)3 Crystals  

First, the raw materials were weighed according to the different chemical 

compositions according to formula Sb2(Se1-xClx)3 (where x = 0, 0.0008, 0.0017, 0.0025 

and 0.0033; 6g mixture for each sample, and corresponding mole ratios of Cl are 0, 
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0.25%, 0.5%, 0.75% and 1%), and then loaded into a thoroughly cleaned silica tube 

(with an inner diameter of 10mm and an outer diameter of 14 mm). The tube was then 

evacuated to a vacuum of around 10-5 mbar and sealed. The sealed tube was heated to 

750 °C at a 1.15 ℃/min rate in a rocking furnace. Then, it was held at this temperature 

for eight hours. Subsequently, the tube was taken out and quenched in water at room 

temperature. Finally, the bulks were annealed at 350 °C for three hours to reduce the 

mechanical stress generated in the quenching process. It was cut and polished into discs 

with 2 mm thickness for subsequent characterization. 

Fabrication of Sb2(Se0.9983Cl0.0017)3Thin Film 

 The Sb2(Se0.9983Cl0.0017)3 sample was used as the evaporation source, and the 

evaporation vessel was a graphite crucible. The substrates were commercial FTO (2.5 

cm×2.5 cm), ultrasonically cleaned with detergent, acetone, ethanol, and deionized 

water for 30 minutes before the deposition. Afterwards, the cleaned substrates were 

blown with dry nitrogen, fixed in the mould and placed on a rotary evaporation plate. 

After placing the crucible and the substrate, close the hatch, evacuate to below 10-6m 

bar, turn on the evaporation power supply, control the evaporation speed at two nm/s 

by adjusting the current and control the film thickness by controlling the deposition 

time. All film thicknesses were controlled around 350 nm. After evaporation, turn off 

the evaporation power and vacuum pump and take out the sample.  Finally, the samples 

were heat-treated in a tube furnace, vented with argon, and heat-treated at different 

temperatures for 15 min. 
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Characterization 

The crystal structure of as-prepared samples was obtained by X-ray diffraction 

(XRD) using a Bruker AXS D8 Advance X-ray diffractometer (Karlsruhe, Germany) 

with Cu-Kα radiation at a scan rate of 0.02° s-1. The morphology and composition were 

observed by a JEOL JSM-7100 F thermal field emission electron microscopy equipped 

with energy-dispersive X-ray spectroscopy (EDXS) operating at 20 kV. Transmission 

electron microscopy (TEM) and corresponding selected area electron diffraction 

(SAED) were examined by an FEI Tecnai G2F20 field-emission transmission electron 

microscope operating at an acceleration voltage of 200 kV. The actual concentration of 

Cl was determined with the Eschka method [11].The electrical properties were 

measured by a Hall test (Bio-Rad HL5500PC) at room temperature. A slide wafer was 

cut from the as-synthesized bulk sample, and the gold contacts were deposited using 

thermal evaporation. The optical properties were measured using a UV–vis 

spectrometer (SHIMADZU UV-3150). The element composition was analysed using 

X-ray photoelectron spectroscopy (XPS, ESCALAB). The photoelectric performance 

was evaluated by photo-electro-chemical (PEC) measurements using the typical 3-

electrode method where Ag/AgCl, Pt-wire, and our bulk samples were treated as the 

reference electrode counter electrode and the working electrode, respectively. 

Moreover, to fabricate the working electrode, well-polished samples with a 

diameter of 10 mm and a thickness of about 2 mm were homogeneously painted with 

silver paste on the surface and connected with a copper wire as the back contact. 
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Afterwards, the back contact was covered with a layer of epoxy resin to avoid a short 

circuit. A 0.5M LiClO4 solution was used as an electrolyte, and a white light tungsten 

halogen lamp was applied as the light source. The current-voltage characteristics were 

recorded with an Autolab Metrohm potentiostat, and a mechanical chopper made the 

chopped light. All the calculations are performed within the density functional theory 

(DFT) as implemented in the Vienna Ab initio Simulation Package (VASP) code. 

Results and Discussions 

 

Figure 1 (a) XRD patterns of the bulk Sb2(Se1-xClx)3 crystals x=0.00,0.0008,0.0017,0.0025 and 

0.0033), (b) Lattice constants a, b and c plotted as a function of Cl- doping concentration, (c) SEM 

image of the Sb2(Se0.9983Cl0.0017)3 crystal, (d) backscattered electron image of the 

Sb2(Se0.9983Cl0.0017)3 crystal. 

The XRD patterns of Sb2Se3 crystals with different Cl- doping concentrations and 

pure Sb2Se3 crystals are shown in Figure 1a. All samples are well matched with the 

Sb2Se3 crystalline phase with standard JCPDS card No. 15-0861, which is an 

orthorhombic phase with Pbnm space group[12]. No other crystalline XRD peaks are 
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observed in the samples. It indicats that there are neither second phases nor oriented 

growth for any of the Cl- doped samples. Figure 1b shows the lattice constants a, b, and 

c obtained for different doping concentrations by Rietveld refinement using the FULL-

PROF program. It could be seen that a and b do not change significantly with increasing 

doping content. The lattice constant c tends to decrease and then grow with the increase 

of Cl- content, which is consistent with the trend of cell volume change (Figure S1). 

The radius of Cl- is 0.181 nm is smaller than that of Se2-(0.198 nm)[13], matching the 

theoretical criterion for solid substitution solution proposed by Hume-Rothery that the 

difference in radii between the solid solution atom and the substituted atom should be 

less than 15%. Therefore, with the increasing of  Cl- doping concentration, the lattice 

constant will become smaller in theoretically. However, the effect of Cl substitution on 

lattice expansion/shrinking is redundant, which can be contributed to the following 

reasons. The mole ratio of Cl in the raw materials is small, meanwhile the radius of Cl- 

is similar with that of Se2-. Besides, when the chloride ion replaces the selenium ion, 

the gravitational force between Cl- and Sb3+ becomes weaker because the charge of Cl- 

is lower than that of Se2-, and the doping of Cl- with a smaller radius will cause the 

lattice expansion instead[14]. So the c lattice parameter and cell volume is fluctuating.  
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Figure 2 (a) HRTEM image of the Sb2(Se0.9983Cl0.0017)3 crystal (the insets are the electron 

diffraction patterns by fast Fourier transforming of the selected area corresponding to (a), where 

the scale bars stand for 2 1/nm), (b) A plot of [F(R)hυ]2 vs. energy for different Cl concentration 

samples (the inset is the corresponding optical absorption spectra), (c) XPS spectra of the samples 

with different Cl- concentrations, (d) electrical resistivity and carrier concentration plotted as a 

function of Cl- doping concentration (x value). 

Here, we take the polished Sb2(Se0.9983Cl0.0017)3 sample as an example (the SEM 

images and backscattered electron images of other samples can be found in Figure S2 

and Figure S3, respectively); the SEM image and corresponding backscattered electron 

image of the Sb2(Se0.9983Cl0.0017)3 sample is shown in Figures1c and 1d, respectively. 

The surface of Sb2(Se0.9983Cl0.0017)3 is smooth and crack-free, and the surface scratches 

are polishing traces. The backscattering analysis can be used to analyse the bulk 

samples’ weave organisation, elemental enrichment, etc. From the backscattered images, 

there are neither second phases nor elemental enrichment in all the samples, in 

agreement with the XRD results. The EDXS elemental mapping (see Figure S4) shows 

the elemental distribution, where Sb, Se, and Cl elements are uniformly distributed in 
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all the samples. Although all the Cl concentration, except x = 0.0033, are under the 

detection limit of the EDXS measurements, the molar ratio of Sb/Se could be obtained 

from the EDXS results, as listed in Table S1. In order to further quantitively determine 

the actual concentration of Cl, we further tested the samples to determine the Cl 

concentration according to the Eschka method [11]. In results, the Cl concentrations 

were determined as 0.015 wt %, 0.110 wt %, 0.128 wt % and 0.599 wt, as list in Table 

S2. Then, the actual formula of, as list in Table S3, were determined as Sb2Se3.133Cl0.002, 

Sb2Se3.056Cl0.015, Sb2Se3.187Cl0.018 and Sb2Se3.153Cl0.084, as x = 0.0008, 0.0017, 0.0025 

and 0.0033, respectively. To keep the consistence of the context, we still name all the 

sample with the norminal Sb2Se3(1-x)Cl3x sample names, such as Sb2(Se0.9983Cl0.0017)3. 

Figure 2a shows a high-resolution transmission electron microscopy photo of 

Sb2(Se0.9983Cl0.0017)3, where clear lattice stripes can be observed, indicating the excellent 

crystallinity of the sample. The lattice spacing revealed in the HRTEM image is 0.612 

nm, corresponding to the [020] crystal plane of the orthorhombic Sb2Se3 phase. The 

inset of the HRTEM image is the corresponding selected electron diffraction pattern, 

which shows a series of diffraction rings. Such a characteristic diffraction pattern of a 

the crystalline phase region reflects the high crystallinity of the sample. The three 

diffractions are attributed to the [120], [311], and [310] crystallographic plane.  

The optical reflectance spectra of pure Sb2Se3 and Sb2(Se1-xClx)3 crystals are 

shown in Figure 2b. The reflectance R obtained from the test can be converted by F(R)= 

(1-R)2/(2R) to obtain the inset absorption spectra. All samples have strong absorption 
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in the visible to the near-infrared range, and the doped samples have a slight red-shift 

in the absorption range compared with pure Sb2Se3, which broadens the spectral 

response range of the samples. Since Sb2Se3 has a direct band gap, according to the 

Tauc formula, we plotted the energy hν as the horizontal coordinate and [F(R)hν]2 as 

the vertical coordinate to obtain the band gap (forbidden bandwidth) value of the 

material after linear extrapolation. The Figure shows that the band gap value of pure 

Sb2Se3 is 1.16 eV, and all samples’ band gaps produced a different degree of reduction 

after doping. This result may be due to the synergistic effect of Burstein-Moss 

displacements and reformation effects [15, 16]. Figure 2c shows the XPS spectra of the 

bulk samples at different Cl- doping concentrations, and after fitting all samples, there 

are two peaks around the 198.7 eV and 200.6 eV positions, which correspond to the Cl- 

2p1/2 and Cl-  2p3/2 characteristic peaks of Cl-, respectively[17]. Furthermore, with the 

change in doping concentration, the position of the peaks does not change much, and 

the intensity does not change significantly. The XPS spectra of Sb-3d and Se-3d are 

shown in the Figure S5. 

Hall tests were performed at room temperature to evaluate the various electrical 

properties of the samples. The carrier concentration and resistivity data for pure Sb2Se3 

crystals and Sb2(Se3-xClx)3 crystals are shown in Figure 2d. It can be seen that the 

resistivity of pure Sb2Se3 crystals is very high, about 2×106 Ω·cm. When x is equal to 

0.0017, the resistivity of the samples is improved somewhat, decreasing to 105 orders 

of magnitude. When the doping concentration was further increased, the resistivity of 
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the samples was significantly reduced to 102, which is four orders of magnitude lower 

than in pure Sb2Se3. Meanwhile, the electrical conductivity was found to be 

significantly improved after doping. In addition, the carrier concentration also shows a 

similar trend to the resistivity properties before and after doping. At lower doping 

concentrations, the x=0.0017 sample (7.144×1012 cm-3) has a slight increase in carrier 

concentration relative to the Sb2Se3 crystal (1.44×1011 cm-3), and the carrier 

concentration reaches the order of 1018 cm-3 after the doping concentration continues to 

increase. 

The increased carrier concentration can be attributed to Cl- doping. The functional 

relation between the defect formation energy and Fermi level of Cl- induced defects in 

Se-poor and Se-rich conditions and the defect transition energy level of Cl- doped 

defects are calculated, and the results are shown in Figure 3. ClSe is the desired sender 

defect for forming p-type semiconductors, and calculations show that the primary 

newly introduced defects in Sb2(Se1-xClx)3 because Cl doping are ClSe, Cli and ClSb. The 

defect formation energy of ClSe is 0.05 eV at CBM 0.05 eV, ClSe is a shallow energy 

level sender defect with low defect formation energy, and, thus it becomes the primary 

source of electron carrier formation. Cli and ClSb are both deep energy level host defects, 

which will produce harmful defect complex centers in the whole system; however, they 

both have higher formation energy, 1.9 eV for Cli and 1.7 eV for ClSb under rich 

selenium conditions, so these two defects are not easy to form. So ClSe is the primary 

defect type after Cl doping, and Cl replaces Se2- in Sb2Se3 with an extra electron, which 
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can be written as: 

                                                              𝐶𝑙𝑆𝑒
× → 𝐶𝑙𝑆𝑒

 + 𝑒 ′                                                (1) 

Whereas, the electron is weakly bound to the 𝐶𝑙𝑆𝑒
  the energy  lower than the bandgap 

of Sb2Se3 is required to allow this electron to become a drifting carrier in the crystal[18]. 

Due to the increase in electron carriers, the carrier concentration in Sb2(Se1-xClx)3 

crystal is increased substantially. The equation (2) can express the relationship between 

the resistivity and the carrier concentration of materials:18 

1/ρ=neμ                                                            (2) 

where ρ is the resistivity, n is the charge carrier concentration, e is the amount of charge 

per unit, and μ is the mobility. Therefore, when the carrier concentration is substantially 

increased after Cl doping, the high resistivity of Sb2Se3 crystals is observed to be 

reduced by about four orders of magnitude. In addition, Cl doping leads to an upward 

shift of the valence band and a reduction of the band gap of Sb2(Se1-xClx)3 crystals due 

to the Coulomb interaction between Cl ions and holes. This phenomenon is also 

reflected in the UV-Vis diffuse reflectance spectra, where the reduction of the band gap 

leads to a red shift of the absorption band. Those permit Sb2(Se1-xClx)3 crystals to be an 

optically active materials in the near-infrared spectral region. More importantly, both 

resistivity and carrier concentration are also significantly improved after doping, and 

these performance enhancements are ultimately beneficial to obtain high-performance 

optoelectronic and photovoltaic devices, thus further confirming the successful doping 

of Cl ions. 
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Figure  3 Cl- doped Sb2Se3 defect formation energy as a function of Fermi level under (a) Se-

deficient and (b) Se-rich conditions. (c) Defect transition level diagram. 

 The conduction type and mobility of Sb2(Se1-xClx)3 crystals are listed in Table.1, 

where the undoped Sb2Se3 crystals exhibit intrinsic p-type conductivity, and the Cl- 

doped samples eventually exhibit n-type conductivity. The samples eventually exhibit 

n-type conductivity because Cl- replaces Se2- in Sb2Se3 and thus brings an extra electron, 

so that the Cl- doped bulk Sb2(Se1-xClx)3 crystals eventually behaves as an n-type 

semiconductor [19]. The presence of Cl- is also demonstrated in the XPS results. 

Besides the conductivity type changing, the increase of electron carriers also raises the 

carrier concentration of the material, where the results are shown in Figure 2d. The 

mobility of the carriers is up to 7.63 cm2/v·s at x = 0.0025 after doping, which is nearly 

16 times higher than that of pure Sb2Se3 crystals (0.481 cm2/v·s). All these results 

indicate that the electrical properties of the crystals are improved after Cl- doping, and 

it is favorite to various photoelectric applications. 

Table 1 Electrical properties of the Sb2(Se1-xClx)3 polycrystals. 

 x=0.0 x=0.0008 x=0.0017 x=0.0025 x=0.0033 

Conduction 

type 
p n n n n 

Mobility 

(cm2/v·s) 
0.481 1.31 0.951 7.63 2.03 
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The photoconductivity of Sb2(Se1-xClx)3 crystals are tested using a three-electrode 

photoelectrochemical (PEC) system [20], where the schematic diagram of the three-

electrode system and the physical diagram of the working electrode are shown in Figure 

4a and 4b. The light source intensity for the test was 22.51 mW/cm2, and Sb2Se3 crystals 

with different Cl- doping contents are tested as the working electrode.  When the Cl- 

doping content is low (x=0.0008), its photocurrent density at -1.5V bias voltage is as 

small as about 55 μA/cm2. The improved photocurrent density, compared with pure 

Sb2Se3, can be observed from Figure 4c. And with the increase of doping content, the 

photocurrent density of the Sb2(Se0.9983Cl0.0017)3 sample obtained a significant 

improvement of about 360 μA/cm2, which is about 360 times than that of pure Sb2Se3. 

This excellent performance also corresponds to the more considerable carrier mobility 

and carrier concentration in the previous section, the free electrons introduced in Sb2Se3 

after Cl doping enable Sb2(Se1-xClx)3 crystals to generate more photogenerated carriers 

under the same light irradiation compared to pure Sb2Se3 crystals. The enhanced 

conductivity and mobility allow the photogenerated carriers to be better transported 

from the inside of the materials to the external circuit, avoiding the compounding of 

electron-hole pairs, thus allowing a significant increase in photocurrent. It evidences 

that the Cl doping can substantially improve the photoelectric response of the Sb2(Se1-

xClx)3 polycrystals. Nevertheless, when the doping concentration is varying from x = 

0.0025 to 0.0033, the photocurrent density decreases significantly, maybe becasue the 

excess introduction of Cl brings high defect concentration, and ultimately give a negtive 
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influece on the photoelectric performance of the samples.21 In addition, the 

photocurrents of all the samples have a negative bias, so we can conclude that the Cl- 

doped Sb2Se3 crystals are n-type semiconductors. This result is also consistent with the 

previous Hall test results. Figure 4d shows the photocurrent densities of pure Sb2Se3 

and Sb2(Se0.9983Cl0.0017)3 samples, where it is more clearly and intuitively that the 

photocurrents of the doped samples are greatly enhanced. At the same time, the low 

photocurrent density of pure Sb2Se3 crystal samples also corresponds to its inherent low 

conductivity and carrier density. 

 

Figure 4 (a) schematic illustration of the 3-electrode photo-electro-chemical (PEC) measurement 

(b); and image of the fabricated working electrode, (c) Current-voltage characteristics of doped 

Sb2Se3 crystals as working electrodes with different Cl- doping concentrations,  (d) Current-

voltage characteristics of pure Sb2Se3 crystal and Sb2(Se0.9983Cl0.0017)3 crystal,(e) magnified plot of 

response cycle in Sb2(Se0.9983Cl0.0017)3 and (f) response and recovery time of Sb2(Se0.9983Cl0.0017)3.  

Besides the photocurrent density, the photocurrent stability and the response speed 
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are of importance to evaluate the device's performance. Figure 4e shows the cyclic 

photoresponse results of the Sb2(Se0.9983Cl0.0017)3 sample, where the photocurrent does 

not change significantly after nearly ten cycles. This finding indicates that the doped 

sample has excellent repeatability and stability performance. To calculate the response 

and recovery rate of the sample, we scaled up one response cycle, as shown in Fig.4f. 

The response and recovery times of the sample are 0.047 s and 0.027 s, respectively. It 

thus shows the photoresponse with the quick response and recovery. This result is 

similar to those reported for some high-performance photodetectors[21, 22], 

demonstrating the potential of Cl- doped Sb2Se3 crystals for high-performance 

photodetector applications. 

 
 Figure 5 (a) XRD patterns of the Sb2(Se0.99833Cl0.00167)3 films under different annealed 

temperatures. (b) Lattice constants a, b and c plotted as a function of annealed temperature, (c) 

texture coefficients of XRD diffraction peaks based on Sb2(Se0.9983Cl0.0017)3 films under different 

annealing temperatures, (d) A plot of [F(R)hυ]2 vs. energy. 

The Sb2(Se0.9983Cl0.0017)3 thin films were prepared with the rapid thermal 

evaporation method by using Sb2(Se0.9983Cl0.0017)3 crystals as the evaporation source. 

The XRD patterns of the Sb2(Se0.9983Cl0.0017)3 thin film samples heat-treated at different 
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temperatures for 15 min are shown in Figure 5a. No impurity peaks were detected in 

all the samples, which proved that no second phase was generated. All samples could 

correspond to the orthorhombic Sb2Se3 crystalline phase (Standard JCPDS Card No. 

15-0861). The film samples without heat treatment also have sharp diffraction peaks, 

indicating that the films prepared by rapid thermal evaporation have crystallised and 

have good crystallisation properties. The intensity of the diffraction peaks did not 

change significantly with the heat treatment temperature below 350 °C. When the heat 

treatment temperature was increased to 360 °C, the intensity of the diffraction peaks 

greatly decreased, and the width of the diffraction peaks increased. That is because the 

very high vapour pressure of Sb2Se3 at 360 °C results in the poor quality of the films[23]. 

Similarly, the lattice constants of the film samples were obtained after Rietveld 

refinement using the FULL-PROF program, as displayed in Figure 5b. No significant 

changes are found for the lattice parameters a and b at different heat treatment 

temperatures. In contrast, the lattice constant c increased more considerably after the 

heat treatment, probably due to the redistribution of Cl- on the surface and in the body 

with the increase of the heat treatment temperature leading to the lattice expansion[24]. 

In order to quantify the crystal orientation of the film, we characterize the 

orientation by the texture coefficient of the diffraction peak, which is calculated as 

follows [25]: 

𝑇𝐶ℎ𝑘𝑙 =
𝐼(ℎ𝑘𝑙)

𝐼0(ℎ𝑘𝑙)
(
1

𝑁
∑

𝐼(ℎ𝑘𝑙)

𝐼0(ℎ𝑘𝑙)
)𝑁                                        (3) 

where I(hkl) is the measured diffraction peak intensity of the (hkl) crystal plane, I0(hkl) is 
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the diffraction peak intensity of the (hkl) crystal plane in Standard JCPDS Card 15-

0861, and N is the total number of crystal planes. Large texture coefficients imply a 

selective orientation growth in the film [26, 27]. Figure 4c shows the texture 

coefficients of some crystalline planes at different heat treatment temperatures, where 

the (101) and (310) crystalline planes have higher TC values. Due to the unique 

structure of antimony selenide, the (hk1) orientation (“1” stands for one) is more 

favorable for device efficiency, while the sample heat-treated at 340 °C has the strongest 

(hk1) orientation texture coefficient among all. With the heat treatment temperature 

increases to 360 °C, the texture coefficient of (310) crystal planes (other than (hk1)) 

rises substantially, which is not favorable to the transportion of photogenerated carriers. 

The diffuse reflectance of the films at different heat treatment temperatures was 

tested using UV-Vis diffuse reflectance spectroscopy, and the absorption spectra (400-

1500 nm) and the forbidden bandwidths in Figure 5d were obtained by conversion of 

the equations. The films have strong absorption from the visible range to the near-

infrared range, with a clear absorption peak of around 1000 nm, which can extend the 

absorption range of the films and utilise the near-infrared light. After the heat treatment, 

the forbidden bandwidths of the samples decreased compared with those of pure Sb2Se3, 

which is consistent with the change in the forbidden band of the bulk samples, and the 

effect of temperature change on the forbidden bandwidths was not significant. 

The SEM images, with the related cross-section images, of the Sb2(Se0.9983Cl0.0017)3 

films heat treated at different temperatures are shown in Figure 6. At the low 
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temperature, the grain size in the film is about 300 nm, and there are some voids at the 

grain boundaries and some small grains on the surface. When the temperature is up to 

350 °C, the grain size becomes as large as about 1 μm, where all the voids disappear 

and the film becomes denser. The deposition thickness of the films can be evaluated 

from the cross-sectional images, where all the films is around 350 nm thick. In addition,  

 

Figure 6 Top views and cross-section SEM images of Sb2(Se0.9983Cl0.0017)3 films on FTO 

substrates with different annealing temperatures: (a, b) 330 ºC, (c, d) 340 ºC, (e, f) 350 °C and (g, 

h) 360 ºC.  

no defects perpendicular to the substrate were found in cross-sections, indicating that 

the deposited films were dense.  The EDXS of the Sb2(Se0.9983Cl0.0017)3 films heat-

treated at 350 °C for 15 min are shown in Figure S6. The Sb, Se, and Cl elements are 
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uniformly distributed in the films without enriched regions. The energy spectra of the 

samples at different heat treatment temperatures were similarly distributed. 

 

Table 2 Electrical Properties of the Synthesized Cl- doped films heat treated at different 

temperatures. 

Temperature Mob(cm2/V·s) Carrier concentration(/cm3) Conductive type 

330 °C 26.8 1.382*1020 n 

340 °C 20.1 1.772*1020 n 

350 °C 18.8 2.243*1020 n 

360 °C 100 3.659*1019 n 

The electrical properties of the film samples at different heat treatment 

temperatures are obtained from Hall tests at room temperature and are summarized in 

Table 2. All the films exhibit n-type semiconductors at different heat treatment 

temperatures, consistent with the block conductivity type. The mobility is basically 

around 20 cm2/V·s below 350 °C and increases to 100 cm2/V·s when the heat treatment 

temperature is increased to 360 °C. This may be due to the higher heat treatment 

temperature, the more prominent grains, the less grain boundaries, and ultimately 

increased mobility. The carrier concentration of the films is also higher at around 1020, 

and these excellent electrical properties indicate that the Sb2(Se0.9983Cl0.0017)3 films have 

great potential for subsequent applications in photovoltaics. 

The photoconductive properties of the films were tested at a light intensity of 7 

mW/cm2 using the films at different heat treatment temperatures as working electrodes. 

Figure 7 shows the photoconductive properties of heat treatment at 340 and 360 °C, 

while  Figure S7 shows the photoconductive properties of heat-treated at 330 and 

350 °C. The photocurrents of the two samples have a positive bias (Figures 7a-b), 

indicating that the samples are n-type semiconductors, which is also well agreement 
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with the Hall test results in the Table 2. The photocurrent densities of the films were 

956 and 851 μA/cm2. After heat treatment at 340 °C and 360 °C at a bias voltage of 1.2 

V, the films showed the maximum photocurrent density at 340 °C because the films had 

the maximum (hk1) at this temperature, and this crystal growth direction was favorable 

for the carrier transport. The photocurrent density is also significant at 360 °C since the 

films have the most carrier mobility under heat treatment at 360 °C, thus allowing better 

transport of the generated photoelectrons.  

To evaluate the stability of the thin film photoresponse, the cyclic photoresponse 

performance of the samples are tested and the results are shown in Figure 7c and 7d. 

The photocurrent repetition performance is poor at lower heat treatment temperatures 

(340 °C), and it gradually decreases with cyclic photocurrent due to some holes on the 

surface of the films. These defects hinder the compounding and separation of electron-

hole pairs. When the temperature increased to 360 °C, the photocurrent did not change 

significantly even after ten cycles, showing good photocurrent repetition performance. 

Figure 6e and 6f show a magnified view of one response cycle of the thin film sample. 

At the heat treatment temperature of 360 °C, it has the fastest response and recovery 

speed of 0.017 s and 0.016 s, respectively. This result is faster than the most rapid 

response among the bulk materials (0.047 s and 0.027 s), indicating that the Cl- doped 

films have the same potential for application in high-performance photodetector 

devices. The combined photovoltaic performance shows that the films heat-treated at 

360 °C have excellent and stable performance. The newly grown Sb2(Se0.9983Cl0.0017)3 
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crystals are potential candidate materials with application in high-performance 

photodetectors and photovoltaic devices. 

 

Figure 7 Photoelectrochemical response of post-annealed films on FTO with different annealing 

temperatures illuminated via a chopped light power density of 7 mW/cm2: (a) 340 °C, (b) 360 °C; 

Time-resolved photoresponse of post annealed films on FTO with different annealing temperatures 

illuminated via a light power density of 7 mW/cm2: (c) 340 °C, (d) 360 °C; the Magnified plot of 

one response cycle post annealed films on FTO with different annealing temperatures: (e) 340 °C, 

(f) 360 °C. 

 

Conclusions 

Sb2Se3 crystals doped with different degrees of Cl- content were prepared by the 

high-temperature melting method. The band gaps of the Sb2(Se1-xClx)3 crystals were 

around 1.10 eV and matched with the solar spectrum. Compared with the pure Sb2Se3, 

the electrical properties of the Sb2(Se1-xClx)3 crystals were substantially improved 

according to the Hall tests, and the electrical conductivity of Sb2(Se1-xClx)3 crystals 
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showed the increment orders of magnitude and reached the minimum at x = 0.0017. 

Furthermore, the carrier concentration showed a similar trend with Cl-. With Cl- doping, 

the Sb2(Se1-xClx)3 crystals shifted from p-type to n-type semiconductors. The PEC 

results showed that the Sb2(Se0.9983Cl0.0017)3 crystal manifested its maximum 

photocurrent density as about 360 μA/cm2), which was about 360 times higher than the 

pure Sb2Se3 crystal. Furthermore, the Sb2(Se0.9983Cl0.0017)3 crystal exhibited short 

responses (0.047 s) and recovery time (0.027 s), as well as a stable photoresponse. The 

Sb2(Se0.9983Cl0.0017)3 thin films were fabricated through the rapid thermal evaporation 

method. The subsequent heat treatment at 360 °C was evidenced as the optimal heat 

treatment temperature to get the preferred (hk1) texture coefficient, the films ’surface 

with significantly reduced defects, the larger crystal grains, as well as the improved 

photocurrent density (851 μA/cm2) and the better repetitive photocurrent stability along 

with the fast response and recovery time. Therefore, the Sb2(Se0.9983Cl0.0017)3 thin films 

can be applied to develop high-performance thin-film optoelectronic devices. 
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Caption of Figures 

Figure 1 (a) XRD patterns of the bulk Sb2(Se3-xClx)3 crystals 

x=0.00,0.0008,0.0017,0.0025 and 0.0033), (b) Lattice constants a, b and c plotted as a 

function of Cl- doping concentration, (c) SEM image of the Sb2(Se0.9983Cl0.0017)3 

crystal, (d) backscattered electron image of the Sb2(Se0.9983Cl0.0017)3 crystal. 

Figure 2 (a) HRTEM image of the Sb2(Se0.9983Cl0.0017)3 crystal (the insets are the 

electron diffraction patterns by fast Fourier transforming of the selected area 

corresponding to (a), where the scale bars stand for two 1/nm), (b) XPS spectrums of 

different Cl-  concentration samples, (c) A plot of [F(R)hυ]2 vs energy for different Cl 

concentration samples (the inset is the corresponding optical absorption spectra), (d) 

electrical resistivity and carrier concentration plotted as a function of Cl- doping 

concentration (x value). 

Figure 3 Cl- doped Sb2Se3 defect formation energy as a function of Fermi level under 

(a) Se-deficient and (b) Se-rich conditions. (c) Defect transition level diagram.

Figure 4 (a) schematic illustration of the 3-electrode photo-electro-chemical (PEC) 

measurement (b); and image of the fabricated working electrode, (c) Current-voltage 

characteristics of doped Sb2Se3 crystals as working electrodes with different Cl- doping 

concentrations,  (d) Current-voltage characteristics of pure Sb2Se3 crystal and 

Sb2(Se0.9983Cl0.0017)3 crystal,(e) magnified plot of response cycle in Sb2(Se0.9983Cl0.0017)3 

and (f) response and recovery time of Sb2(Se0.9983Cl0.0017)3. 

Figure 5 (a) XRD patterns of the Sb2(Se0.99833Cl0.00167)3 films under different annealed 
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temperatures. (b) Lattice constants a, b and c plotted as a function of annealed 

temperature, (c) texture coefficients of XRD diffraction peaks based on 

Sb2(Se0.9983Cl0.0017)3 films under different annealing temperatures, (d) A plot of 

[F(R)hυ]2 vs energy. 

Figure 6 Top views and cross-section SEM images of Sb2(Se0.9983Cl0.0017)3 films on 

FTO substrates with different annealing temperatures: (a, b) 330 ºC, (c, d) 340 ºC, (e, f) 

350 °C and (g, h) 360 ºC.  

Figure 7 Photoelectrochemical response of post-annealed films on FTO with different 

annealing temperatures illuminated via a chopped light power density of 7 mW/cm2 : 

(a) 340 °C, (b) 360 °C; Time-resolved photoresponse of post annealed films on FTO

with different annealing temperatures illuminated via a light power density of 7 

mW/cm2 : (c) 340 °C, (d) 360 °C; the Magnified plot of one response cycle post 

annealed films on FTO with different annealing temperatures : (e) 340 °C, (f) 360 °C. 
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Highlights 

1. The carrier concentration and electrical conductivity were raised of orders of magnitude.  

2. The crystals owned a band gap around 1.10 eV, and changed from p-type to n-type.  

3. The Sb2(Se0.9983Cl0.0017)3 thin films showed preferred (hk1) texture coefficient. 
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