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Abstract 

Antimony selenide (Sb2Se3) is a potential absorber material for environment-friendly 

and cost-efficient photovoltaics and has achieved considerable progress in recent 

years. However, the severe open-circuit voltage (Voc) deficit ascribed to the interface 

and/or bulk defect states has become the main obstacle for further efficiency 

improvement. In this work, Sb2Se3 absorber layer was prepared by an effective 

combination reaction involving sputtered and selenized Sb precursor thin films. The 

self-assembled growth of Sb2Se3 thin films with large crystal grains, benign 

preferential orientation, and accurate chemical composition were successfully fulfilled 

under an appropriate thickness of Sb precursor and an optimized selenization scenario. 
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Substrate structured Sb2Se3 thin-film solar cells, a champion device with a 

power-conversion efficiency of 6.84%, were fabricated. This device is comparable to 

state-of-the-art ones and represents the highest efficiency of sputtered Sb2Se3 solar 

cells. Importantly, the high Voc of 504 mV is closely related to the reduced deep level 

defect density for the Sb2Se3 absorber layer, the passivated interfacial defects for 

Sb2Se3/CdS heterojunction interface, and the additional heterojunction heat 

treatment-induced Cd and S inter-diffusion. This significantly improved Voc 

demonstrates remarkable potential to broaden its scope of applications for Sb2Se3 

solar cells. 

1. Introduction 

Solar cells that can directly convert solar energy into electric power show attractive 

potential to partially replace non-renewable fossil fuels.1-3 Among various generations 

of photovoltaic devices, thin-film solar cells have been extensively explored due to 

their advantages of low material consumption, low energy consumption, high power 

generation, and scalable flexibility.4-7 To date, copper indium gallium selenide (CIGS), 

cadmium telluride, and perovskites play the leading role with certified 

power-conversion efficiency (PCE) higher than 22%.8-10 However, their natural 

scarcity, stability, and toxicity are the main concerns resulting in various limitations. 

Thus, alternative environment-friendly and cost-efficient photovoltaic materials are 

urgently required and actively investigated. Chalcogenide antimony selenide (Sb2Se3) 

recently emerged as a promising candidate because of its attractive optoelectronic 

properties, such as a proper bandgap (1.1–1.3 eV, approaching the ideal 



Shockey-Queisser value), high absorption coefficient (>105 cm-1), decent carrier 

mobility (∼10 cm2 V-1 s-1), and long carrier lifetime (∼60 ns).11-13 Furthermore, 

Sb2Se3 is a simple binary semiconductor with only one stable orthorhombic 

crystalline phase; the elemental compositions of Sb and Se also possess the 

advantages of low toxicity, low cost, and earth abundance. According to theoretical 

calculations, the PCE of Sb2Se3 can reach 30%, further demonstrating its potential as 

a new photovoltaic absorber layer.14 

Sb2Se3 solar cells have been extensively investigated and achieved considerable 

progress in the last decade, obtaining the current efficiency record of 3.21% for 

Sb2Se3 mesoporous sensitized-type,15 7.6% for planar heterojunction geometry-type12, 

and the highest 9.2% for core-shell structured Sb2Se3 nanorod array solar cells.11 

Despite such endeavors, the demonstrated PCE remains far from theoretical 

predications (>30%). Notably, the key parameters of fill factor (FF) up to 70% and 

near-unity internal quantum efficiency have already been achieved.16 However, the 

open-circuit voltage (Voc) of Sb2Se3 solar cell is undoubtedly low with values falling 

mostly between 0.3 and 0.5 V, implying great space to approach its theoretical 

thermodynamic limit (0.9 V for Eg equals 1.2 eV).6, 16 

The severe Voc deficit (Eg/q-Voc) in Sb2Se3 solar cells can be attributed to the 

surface/interface trap states and/or defects/impurities in bulk.3 These defect states can 

trap photogenerated carries and accelerate their recombination, leading to the low 

density of carriers and low Voc. Some experimental surface/interface engineering, 

such as surface treatment-induced grain boundary inversion,17 tunable buffer layer, 



and double buffer layer optimized band energy alignment,18,19 have been conducted as 

attempts to improve the Voc and PCE of Sb2Se3 solar cells. Regarding the 

defects/impurities belonging to Sb2Se3 light absorber layer, high concentration 

intrinsic point defects (Vse and SbSe) are easy to originate from the thin film 

preparation process.20,21 Various thin film deposition techniques, such as 

electrochemical deposition,22 solution processing,23 thermal (or rapid thermal) 

evaporation,24,25 closed-space sublimation (CSS),11 vapor transport deposition 

(VTD)12, and magnetron sputtering,26 have been applied to prepare Sb2Se3 absorber 

layer. Thus far, representative Sb2Se3 devices with top PCEs have been fabricated by 

RTE, VTD, and CSS techniques, which can efficiently tune the crystal orientation and 

crystallinity of Sb2Se3 absorber layer to enhance the carrier collection and reduce 

some recombination loss. By contrast, magnetron sputtering with some advantages, 

such as full-vacuum operation, precise composition control, excellent uniformity over 

large areas, and competitive industrial scale-up, is a well-established method that has 

been extensively used in the preparation of highly efficient CIGS and CZTS solar 

cells.27-29 Therefore, magnetron sputtered Sb2Se3 thin films must be further 

investigated for photovoltaic applications. Recently, our group has reported a 

substrate structured Sb2Se3 thin-film solar cell with an interesting PCE of 6.06%, 

which was fabricated by magnetron sputtering followed by post-selenization.26 Sb2Se3 

thin film with benign preferential orientation, accurate chemical composition, and 

high-quality Sb2Se3/CdS heterojunction interface can be achieved under an optimal 

selenization scenario. The important Voc of the device is 494 mV, which is superior to 



those previously reported efficient Sb2Se3 solar cells with the same substrate 

configuration.30,31 Accordingly, further investigation of this effective post-selenization 

involves magnetron sputtering technique to enable the preparation of Sb2Se3 solar 

cells with enhanced Voc and PCE.  

In this work, a modified combination reaction of pre-sputtered and post-selenized Sb 

metallic precursors for efficient Sb2Se3 thin-film solar cells was proposed. The 

self-assembled growth of Sb2Se3 thin films with large crystal grains, benign 

orientation, and stoichiometric composition has been successfully fulfilled. The 

thickness of Sb precursor films dramatically influences the quality of Sb2Se3 absorber 

layer and device performance. As a result, the corresponding Voc of our champion 

device has increased from a value of 494 mV (in our previous work) to 504 mV (in 

this work). Importantly, a champion device with a highly interesting PCE of 6.84% is 

comparable to that of state-of-the-art devices and represents the highest efficiency of 

sputtered Sb2Se3 solar cells. 

2. Experimental detail 

2.1 Deposition of Sb2Se3 thin film 

Sb metallic precursor thin film was deposited first using radio frequency (RF) 

magnetron sputtering based on a high-purity and dense Sb sputtering target. A 

schematic of this preparation process is show in Fig. 1a. Mo-coated soda lime glass 

was selected as device substrate, which was ultrasonically cleaned in sequential 

detergent, acetone, isopropanol, and ethanol solution for 10 min prior to sputtering. 

The deposition chamber was evacuated to a residual pressure of less than 7.0×10-4 Pa 



before running the deposition procedures. High-purity argon gas (>99.999%) was 

introduced at a flow rate of 40 sccm, and the deposition was carried out with a fixed 

power of 30 W and a relatively low deposition pressure of 0.5 Pa to ensure high 

compactness. To obtain Sb precursor thin films with different thickness, we controlled 

the deposition rate (∼10 nm/min) and varied the sputtering time from 30 min to 90 

min with an increment of 15 min. Subsequently, we implemented an effective 

post-selenization heat treatment to induce the in-situ combination reaction and 

self-assembled growth of highly crystalline Sb2Se3 thin films. In detail, as shown in 

Fig. 1b, 0.2 g of high-purity Se power (99.999%) and the as-deposited Sb thin film 

were separately placed into a double-chamber vacuum tubular furnace. The chambers 

were evacuated using a mechanical pump, and argon gas was introduced to 

thoroughly purge the chambers prior to selenization. A high working pressure of 

5×104 Pa was applied to provide sufficient Se partial pressure, further passivating the 

selenium vacancy and obtaining stoichiometric composition. The Se powder side and 

the Sb precursor thin film side were synchronously heated to 400 °C with a ramping 

rate of 20 °C/min. After 15 min dwelling, the thin films were naturally cooled down to 

room temperature.  

 

 

 

 

 



 

Fig. 1. Schematic illustration of the preparation process of the substrate structured 

Sb2Se3 thin film solar cell. (a) Sb precursor thin film deposited by RF magnetron 

sputtering, (b) Sb2Se3 thin film obtained by post-selenization heat treatment, (c) CdS 

buffer layer deposited via CBD method, (d) Post-annealing of the Sb2Se3/CdS 

heterojunction, (e) ITO layer deposited by magnetron sputtering, (f) Schematic 

configuration of the final Sb2Se3 thin film solar cell. 

 

2.2 Preparation of Sb2Se3 thin film solar cell 

After the preparation of Sb2Se3 thin film, cadmium sulfide (CdS) buffer layer was 

then deposited onto the absorber layer via chemical bath deposition (Fig. 1c). 

Cadmium sulfate (3CdSO4·8H2O) powder, thiourea powder and ammonium 

hydroxide aqueous solution (28%) were purchased from Aladdin (Shanghai, China). 

CdSO4 aqueous solution (0.015 M), thiourea aqueous solution (0.75 M) and 

ammonium hydroxide aqueous solution were subsequently added to deionized water. 

The substrates were soaked into the mixed solution which was then placed in a 80 °C 

water bath under continuous stirring for 9 min. The substrates were rinsed with 

deionized water and dried in an oven. As shown in Fig. 1d, an additional Sb2Se3/CdS 



heterojunction heat treatment at 300 °C for 5 min in argon atmosphere was designed 

to induce elemental inter-diffusion and optimize the energy band alignment. Indium 

tin oxide (ITO) window layer was subsequently deposited using direct current (DC) 

magnetron sputtering under a power of 60 W, a pressure of 0.4 Pa, and a flow rate of 

30 sccm for argon and oxygen gas (Fig. 1e). Finally, the device surface was scribed 

into small squares with an identical area of 0.15 cm2 by a knife. Ag electrodes were 

thermally evaporated onto the ITO surface to form metallic contact. Fig. 1f shows an 

as-prepared representative illustration of Sb2Se3 thin-film solar cell with the substrate 

structure of Mo/Sb2Se3/CdS/ITO/Ag. 

2.3 Characterizations 

The crystal structure of Sb and Sb2Se3 thin films were characterized by X-ray 

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

kV and 40 mA. Surface and cross-sectional morphologies of the thin films were 

observed using a thermal field emission scanning electron microscope (SEM, Zeiss 

SUPRA 55). A SEM-coupled energy dispersive X-ray spectroscope (EDS, BRUKER 

QUANTAX 200) was also used to analyze the chemical compositions and elemental 

distribution. Transmission electron microscopy (TEM) measurements were performed 

on a FEI Titan Cubed Themis G2 300 microscope. The sample was prepared by 

ablating a single thin film device by using focused ion beam (FIB, FEI Scios). A 

Shimadzu UV-3600 UV/Vis/NIR spectrophotometer equipped with monochromator 

was used for the optical reflectance investigation. Pure soda-lime glass was used as 

substrate for thin film deposition. Current density-voltage (J-V) curves were measured 



by using a multi-meter (Keithley, 2400 Series) under AM 1.5G light illumination from 

a 3A solar simulator with intensity calibrated to 100 mW/cm2 through a Si reference 

cell. The voltage was forwardly and backwardly scanned from -0.1 V to 0.6 V with a 

scan rate of 0.02 V/s. The external quantum efficiency (EQE) spectra were obtained 

using a Zolix SCS101 system with a monochromator and a Keithley 2400 source 

meter. Electron beam-induced current (EBIC) measurements of the thin film devices 

were carried out using a Quanta 400 FEG FEI microscope equipped with a Smart 

EBIC (Gatan, Inc.), the electron-beam voltage and working distance were set as 20 

kV and 10 mm, respectively. Capacitance-voltage (C-V) measurements were applied 

at an AC amplitude of 30 mV and a frequency of 10 kHz under the dark at room 

temperature. The DC bias voltage during the C-V measurements was applied from -1 

V to 0.3 V. Drive level capacitance profiling (DLCP) measurements were performed 

with an AC amplitude from 20 mV to 140 mV and a DC bias voltage from -0.2 V to 

0.2 V. Temperature-dependent capacitance-frequency measurements were conducted 

within the frequency range of 1 kHz to 10 MHz. The devices were mounted inside a 

Janis VPF-100 cryostat and cooled with liquid nitrogen. 

 

 

 

 

 

 



3. Results and discussion 

 

Fig. 2. (a) XRD patterns and (b-f) SEM top-view images of the Sb2Se3 thin films with 

different thickness, labeled as SS1, SS2, SS3, SS4 and SS5, respectively. The blue 

scale bar at the left bottom corner of each image represents 1 µm. 

 

An appropriate thickness is essential for Sb2Se3 solar cells with superior photovoltaic 

performance. Herein, the Sb2Se3 absorber layer with different thicknesses has been 

obtained by modifying its pristine Sb precursor thin film thickness. Fig. S1 

(Supporting Information) shows the XRD patterns and SEM images of the Sb thin 

films with sputtering times of 30, 45, 60, 75, and 90 min, which are labeled as S1, S2, 

S3, S4, and S5, respectively. All of the diffraction peaks matched well with the 

JCPDS standard (No. 35-0732) of the hexagonal phase of metallic Sb. Surface 

morphologies demonstrated that the Sb thin films consisted of uniform fine grains. 

The non-compact and blurry boundaries between the grains also imply their 

non-highly crystalline nature, which can be attributed to the limited mobility and 

diffusion of Sb atoms under the action of their own energy during the sputtering 



process. Afterward, highly crystalline Sb2Se3 thin films could be obtained by an 

additional post-selenization heat treatment. Fig. 2a shows the XRD patterns of the 

corresponding post-selenized thin films labeled as SS1, SS2, SS3, SS4, and SS5. All 

of the thin films exhibited prominent peaks in good agreement with the JCPDS 

standard card (No. 15-0861) of the orthorhombic phase of Sb2Se3 without any 

detectable impurities. Two major diffraction peaks of (211) and (221) show sharp 

characteristics, indicating its highly crystalline nature, with a preferential 

crystallographic orientation along (hk1). The obtained Sb2Se3 crystal grains growing 

in vertical direction on the substrate is highly beneficial for reducing interface 

recombination and absorber transport loss.25,32 The top-view SEM images and the 

Sb/Se ratios of the Sb2Se3 thin films with different thickness are also shown in 

Fig. 2b-f. For SS1 thin film, prominent Sb2Se3 crystal grains with clear grain 

boundaries could be observed, along with distinct pinholes on the sample surface. 

Since the SS1 sample was quite thin, the selenization time required to fully crystallize 

the Sb2Se3 thin film would be relatively short accordingly. And also because Se has 

high vapor pressures under elevated temperatures, the pinhole formation could 

possibly be the result of partial decomposition of the Sb2Se3 thin film due to the 

auxo-action of Se evaporation when an excessive annealing duration was applied to 

the sample. With increased thickness of Sb thin films, the as-selenized Sb2Se3 thin 

films showed more compact and uniform characteristics, accompanied by the overall 

growth of the grains with increased average grain size from approximately 450 nm 

(SS1 thin film) to 850 nm (SS3 thin film). The detailed frequency histograms versus 



Sb2Se3 grain size distribution are depicted in Fig. S2 (Supporting Information). 

Moreover, the SS3 thin film had precise Sb/Se ratio close to the standard 

stoichiometric ratio of 0.67 for Sb2Se3. However, if the Sb precursor thin film was too 

thick, the same post-selenization heat treatment could induce an insufficient 

selenization or crystallization of Sb2Se3, leaving some pristine Sb particles or small 

Sb2Se3 initiative particles on the surface. Notably, a severe stoichiometric deviation 

belonging to Se-poor further confirmed this observation.  

To further investigate the crystalline nature of the as-prepared Sb2Se3 thin films, we 

carried out Raman analysis by using a 514.5 nm laser in the range of 100-300 cm-1. As 

shown in Fig. 3a, for all of the post-selenized thin films, two major peaks appearing at 

190 and 253 cm-1 matched well with the orthorhombic phase of Sb2Se3, which could 

be assigned to the Sb-Se vibration in the Sb2Se3 pyramidal unit and the stretching 

vibrations of Se-Se bond in Se chains, respectively.33 The reflection spectra of the 

Sb2Se3 thin films were also obtained by UV/Vis/NIR spectrophotometer by using 

glass as substrate and covering a range of 300–1500 nm. All of the Sb2Se3 thin films 

showed a quite similar short wavelength cut-off edge of approximately 1000 nm 

(Fig. 3b). A slight variation of reflection value in the absorption region could be 

attributed to the difference of Sb2Se3 grain size and thin film surface roughness. The 

important information of bandgap (Eg) was calculated using the following formulas:  

 2αd=ln[(Rmax-Rmin)/(R-Rmin)] (1) 

 αhv=C(hv-Eg)
n  (2) 

where α is the absorption coefficient, and d is thickness; the reflectance falls from 



Rmax to Rmin due to the intrinsic absorption of light by the material.34 The latter is a 

typical Tauc formula, where C is a constant, h is the Planck’s constant, v is the photon 

frequency, and n is an index defined by 0.5 for direct and 2.0 for indirect bandgap 

semiconductor.35 The as-selenized Sb2Se3 thin films have direct band gaps of 1.174, 

1.161, 1.155, 1.148, and 1.144 eV for SS1, SS2, SS3, SS4, and SS5, respectively. 

Notably, the calculated values agreed well with that given in prior publications for 

crystalline Sb2Se3 thin films.31 Moreover, such an optimal bandgap is close to the best 

value for absorbing efficiently the solar spectrum, making it an attractive candidate 

for thin film photovoltaic applications. 

 

 

Fig. 3. Optical characterizations of the Sb2Se3 thin films with different thickness. (a) 

Raman spectra, (b) Reflection spectra and (c) Plot of ln[(Rmax-Rmin)/(R-Rmin)]
2 versus 

Energy, used to obtain direct band gap. 



 

Fig. 4. Performance characterizations of the Sb2Se3 thin film solar cells. Statistical 

distribution of the performance parameters including (a) open-circuit voltage (Voc), (b) 

short-circuit current density (Jsc), (c) fill factor (FF), and (d) power conversion 

efficiency (PCE). (e) Current density-voltage (J-V) curves of the representative SS2 

and SS3 device under forward scan and reverse scan. (f) External quantum efficiency 

(EQE) and integrated Jsc of the devices. 

 

Fig. 4a-d show the statistical distribution of the key device performance parameters, 

including Voc, short-circuit current density (Jsc), FF, and PCE. Thirty-two devices for 

each sample category (from SS1 to SS5) were fabricated on the basis of their 

corresponding SS-labeled absorber layer. The acceptable performance variation 

between the single group devices indicates the good reproducibility of this thin film 

and device preparation process. The thickness-dependent photovoltaic performance 

demonstrates the necessity and importance for the Sb2Se3 absorber layer with 

appropriate thickness. XRD and SEM results show that SS3 device with the most 

superior Voc, Jsc, and PCE was closely related to its highly crystalline thin film with 



benign preferential orientation, large crystal grains, and standard stoichiometric ratio. 

These features could effectively reduce the concentration of bulk and interfacial 

defects, minimize dangling bonds, and suppress recombination loss. The detailed 

champion device performance parameters of each category are summarized in Table 

1. 

Table 1. Device performance parameters of the Sb2Se3 devices with different 

thickness 

Samples Voc (mV) Jsc (mA/cm2) FF (%) Eff (%) 

SS1 436 11.95 50.37 2.54 

SS2 440 18.84 55.25 4.58 

SS3 504 24.91 54.47 6.84 

SS4 445 13.20 55.35 3.17 

SS5 450 10.89 54.30 2.56 

 

The current J-V curves and EQE spectra of the representative SS2 and SS3 thin-film 

solar cells are shown in Fig. 4e and 4f, respectively. According to the J-V curves, 

under the simulated AM1.5G solar irradiation, the SS2 device offered a JSC of 18.84 

mA/cm2, a Voc of 440 mV, and an FF of 55.25%, thus achieving a PCE of 4.58%. In 

comparison, an obvious improvement of PCE to 6.84% could be observed with the 

simultaneous improvement of Jsc to 24.91 mA/cm2 and Voc to 504 mV. Such 

interesting Voc with a maximum value as high as 504 mV is surpassing the current 

PCE record of Sb2Se3 devices with 400 mV for substrate configuration and 420 mV 

for superstrate configuration,11,12 representing the highest value to that of efficient 

Sb2Se3 thin-film solar cells (Table 2). Moreover, the PCE of 6.84% was also 



comparable to that of state-of-the-art devices and represents the highest efficiency of 

sputtered Sb2Se3 solar cells.12,26  

Table 2. Comparison of planar heterojunction Sb2Se3 solar cells with different 

fabrication methods 

Method Device configuration Eff (%) Voc (mV) Jac (mA/cm2) FF (%) Ref. 

CSSa) Mo/Sb2Se3/CdxZn1-xS/ZnO/AZO 6.71 403 25.69 64.78 Mai [30] 

VTDb) ITO/CdS/ Sb2Se3/Au 7.60 420 29.90 60.4 Tang [12] 

RTEc) ITO/CdS/Sb2Se3/PbS QDs/Au 6.50 427 25.50 59.3 Tang [36] 

Co-evad) Mo/Sb2Se3/CdS/ZnO/AZO/Ag 4.25 427 17.11 58.15 Mai [33] 

Sput-See) Mo/Sb2Se3/CdS/ITO/Ag 6.06 494 25.91 47.7 Liang [26] 

Sput-Sb-Sef) Mo/Sb2Se3/CdS/ITO/Ag 6.84 504 24.91 54.47 This work 

a) Closed space sublimation. b) Vapor transport deposition. c) Rapid thermal evaporation. d) Co-evaporation. e) 

Sputtering Sb2Se3 and post-selenization. f) Sputtering Sb precursor and post-selenization. 

 

No obvious hysteresis between forward (Jsc to Voc) and reverse (Voc to Jsc) scans could 

be observed in our devices (Fig. 4e). This result confirms the high-quality Sb2Se3 

absorber layer and the reasonable substrate device configuration of 

Mo/Sb2Se3/CdS/ITO/Ag. As shown in Fig. 4f, the EQE spectra of the SS2 and SS3 

devices exhibited similar broad photo response range from UV to NIR, which 

overlapped well with the narrow bandgap of Sb2Se3. Importantly, the SS3 device had 

high quantum response with maximum EQE values higher than 80%. This feature is 

an important reason accounting for the increase of device, suggesting a less 

recombination losses at the high-quality Sb2Se3/CdS interface and the passivated bulk 

absorber layer. The integrated values calculated from EQE data were 18.43 and 23.07 

mA/cm2 for SS2 and SS3 device, respectively. These values were in close agreement 



with the obtained J-V measurement results (Fig. 4e). Importantly, EQE-dependent 

bandgap values extracted from the inflection point of the EQE spectra in the 

long-wavelength range were 1.35 and 1.30 eV for SS2 and SS3 absorber layer, 

respectively.37 An improvement of approximately 0.2 eV relative to its pristine thin 

film bandgap is reasonable to occur due to the additional Sb2Se3/CdS heterojunction 

heat treatment. The detailed mechanism will be discussed later. Finally, the champion 

SS3 device was placed in ambient air without any special treatment/encapsulation to 

investigate its stability. The PCE of the device was measured every 5 days. Only 

slight performance degradation from the initial 6.84% to the final 6.60% after 60 days 

storage could be observed (Fig. S3, Supporting Information). 

The junction-dependent electrical behaviors of the representative SS2 and SS3 

devices were systematically estimated. Dark J-V curves with obvious rectifying 

characteristics are shown in Fig. 5a. Afterward, device performances, including shunt 

conductance (G), series resistance (R), diode ideality factor (A), and reverse saturation 

current density (J0), were calculated according to the general single exponential diode 

equation:38  

 exp ( )O L

q
J J V RJ GV J

AkT
=

 
− + − 

 
  (3) 

The direct plot of dJ/dV against V is presented in Fig. 5b, where the G values obtained 

were 5.2 and 1.3 mS/cm2 for the SS2 and SS3 devices, respectively, by reading from 

the flat regions under reverse bias. The series resistance R and the diode ideality factor 

A were obtained by plotting dV/dJ against (J+JSC)-1 to find the intercept of Y-axis and 

a slope of AkT/q, respectively (Fig. 5c). For the SS2 device, the linear fitting yielded 



an RSS2 of 10.76 Ω cm2, which then decreased to 2.62 Ω cm 2 (RSS3) for the SS3 

device. The result values of A, the quality factor, were 2.57 and 1.82, implying the 

more severe interface recombination for SS2 device, whereas the existence of 

nonuniformity of trap levels in the depletion region at the heterojunction interface for 

SS3 device. By plotting the ln(J+Jsc-GV) against V-RJ (Fig. 5d), the obtained 

intercept gave J0 values of 7.5×10-3 and 1.3×10-3 mA/cm2 for SS2 and SS3 device, 

respectively. Notably, the SS3 device with larger shunt resistance, smaller series 

resistance and better ideality factor than those of SS2 overall confirmed an improved 

Sb2Se3/CdS heterojunction quality of the device.  

The defect states of Sb2Se3 were further investigated under dark condition and 

estimated following the standard space charge limited current model.39 Fig. 5e and 5f 

show the logarithmic J-V curves of the SS2 and SS3 devices, respectively. In general, 

the curves can be divided into three regions associated to the exponent n values: the 

Ohmic region (at low voltages, n=1), the trap-filled limit (TFL) region (at 

intermediate voltages, n>3) and the Child region (at high voltages, n=2). In the TFL 

region, the current abruptly increases when the bias voltage exceeds the kink point, 

demonstrating that the trap states are fully filled by the injected carriers. The obtained 

onset voltages of TFL region (VTFL) were 0.27 and 0.21 eV for SS2 and SS3, 

respectively. The trap state density Ntrap can be calculated by the following relation:40 

 𝑁𝑡𝑟𝑎𝑝 =
2𝜀𝜀0𝑉𝑇𝐹𝐿

𝑞𝐿2
  (4) 

where q is the elementary charge, L is the Sb2Se3 thin film thickness, ɛ0 is the vacuum 

permittivity, and ɛ is the relative dielectric constant (typically 15.1 for Sb2Se3). 



Compared with the SS2 device, the SS3 device showed a relative lower Ntrap of 

1.29×1015 cm-3, which may be attributed to its more superior Sb2Se3 thin film quality 

with less trap sites and reduced defect centers, as corroborated by the SEM images in 

Fig. 2. 

 

Fig. 5. Electrical behaviors of the representative SS2 and SS3 devices: (a) Dark J-V 

curves, (b) shunt conductance G characterizations, (c) series resistance R and ideality 

factor A characterizations, (d) reverse saturation current density Jo characterizations, 

(e) and (f) are dark J-V curves of the SS2 and SS3 devices, respectively, showing 

Ohmic, TFL and Child region. 

 

As mentioned, the obtained Voc (504 mV) is one of the highest values for the 

state-of-the-art Sb2Se3 solar cells. To investigate its improvement mechanism, we first 

obtained the heterojunction-dependent built-in voltage (Vbi) of the representative SS2 

and SS3 devices through C-V measurements. Fig. 6a shows the 1/C2-V curves, from 

which the value of Vbi could be determined by linear fitting and extrapolating to 

x-axis. Vbi of the SS3 device (680 mV) was larger than that of the SS2 device 



(637 mV), implying an improved Sb2Se3/CdS heterojunction interface for SS3, which 

was consistent with the above electrical analysis results. Such an interesting Vbi 

belonging to our champion device was also higher than that of many previously 

reported highly efficient Sb2Se3 devices, contributing to an improved Voc in this 

work.14,26 C-V profiling and deep-level capacitance profiling (DLCP) 

characterizations were further carried out to investigate the interfacial defects of the 

devices (Fig. 6b). In general, the C-V measured doping density (NC-V) includes free 

carriers, bulk defects, and interfacial defects, whereas the DLCP measured doping 

density (NDLCP) only represents responses from free carriers and bulk defects.26 

Therefore, the interfacial defect density of the device can be calculated by subtracting 

NDLCP from NC-V. The plots of NC-V and NDLCP against the profiling depth x can be 

expressed according to the following equations:41 
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where ND is the doping density of CdS; A is the device area; and ε0, εr,n, and εr,p 

represent the permittivity of free space and the relative permittivity of CdS and Sb2Se3, 

respectively; C0 and C1 are two quadratic fitting parameters derived from the C-V 

curves. The SS2 device showed an evident gap between NC-V and NDLCP curves. By 

contrast, a small gap between those two curves indicates a low defect density and less 

recombination loss at the Sb2Se3/CdS heterojunction interface for the SS3 device. 



This result is closely related to an optimal Sb precursor thin film deposition and 

post-selenization that produced Sb2Se3 thin film with favorable orientation and 

crystallinity, which can effectively passivate the interfacial defects originated from 

dangling-bond-rich grain boundaries. In addition, the SS3 device possesses a large 

depletion width, which is beneficial for the light absorption and carrier extraction 

ability of the device, corresponding to its much superior device performance. 

 

 

Fig. 6. (a) 1/C2-V plots, (b) CV and DLCP profiles, (c) Cross-sectional EBIC images 

and (d) EBIC signal intensity profiles of the representative SS2 and SS3 devices. 

 

To further study the depth-dependent carrier collection efficiency of Sb2Se3 devices, 

EBIC measurements were performed, as illustrated in Fig. 6c. The light areas with 



high EBIC intensity around the Sb2Se3/CdS interface can be observed for both devices, 

indicating high carrier collection efficiency. In comparison, enhanced EBIC signals 

for the SS3 device also indicates less carrier recombination due to effectively reduce 

of interfacial defects, which is consistent with the C-V and DLCP analysis results.  

According to the cross-section distance-dependent normalized electron intensity (zero 

position corresponds to ITO layer) profile (Fig. 6d), a wide response region matches 

well with a slightly longer depletion region for the SS3 device, which could be 

attributed to the lower donor defect density of the sample. The maximum EBIC value 

also showed a right-shift and slow decay rate toward the Sb2Se3 absorber layer. Thus, 

the carrier collection at the deep absorber reveals distinct improvement due to the 

reduction of the deep defect levels. 

 



 

Fig. 7. Temperature-dependent admittance analyses of the champion SS3 device. (a) 

Capacitance-frequency-temperature (C-f-T) spectra and (b) defect activation energies. 

Two type defect distributions of D1 (c) and D2 (d) derived from the admittance 

spectra. 

 

Admittance spectroscopy was implemented to further understand the distribution and 

density of defects and defect-induced carrier recombination mechanisms for our 

Sb2Se3 devices. Fig. 7a shows the capacitance-frequency (C-f) spectra of SS3 device 

measured at various temperatures from 180 K to 330 K with an increment of 5 K. Two 

capacitance steps were distinguishable with varying frequency, which can be ascribed 

to two different defect levels denoted as D1 and D2. The inflection point 

corresponding to admittance spectrum is determined by the Arrhenius plot. Its 

frequency value, ω0, is derived from the angular frequency point ω at the maximum 



of the ωdC/dω plot. The defect activation energies (Ea) were derived from the slopes 

of the Arrhenius plots that were linearly fitted based on the equation:42 
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where ν0 is the attempt-to-escape frequency, ω0 is the inflection point frequency, and 

Ea is the defect activation energy that represents the average energetic depth of the 

defect relative to the valence band maximum or conduction band minimum. The 

distribution of each defect type was Gaussian fitted using the Kimerling model based 

on the following equations:43 
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where Vd is the built-in potential of the p-n junction, ω is the angular frequency, and 

Nt(E(ω)) is the defect density. Table 3 presents a summary of defect properties, 

including the thermal activation energy Ea and the defect density Nt based on 

temperature-dependent admittance analysis of the representative SS2 (Fig. S4, 

Supporting Information) and SS3 (Fig. 7) devices. SEM-coupled EDS results (Fig. 2) 

revealed that the as-prepared Sb2Se3 thin films were quite Se deficit. Therefore, donor 

defects, such as VSe and SbSe, are prone to form under this scenario. Combined with 

previously reported first-principle calculation results about the intrinsic defects 

belonging to Sb2Se3,
20 D1 with a low Ea of 386 meV can be ascribed to Vse vacancy 

defects, whereas D2 with Ea of 426 meV can be assigned to SbSe antisite defects 

(Fig. 7b). Moreover, for each type of defect, the activation energy difference between 



SS2 and SS3 devices is acceptable and follows the Meyer-Nedel rule, which illustrates 

that it should obey the same exponential relationship in different Sb2Se3 solar cells.44  

 

Table 3. Defect parameters of the SS2 and SS3 devices characterized by admittance 

spectroscopy 

 D1 D2 

 Ea (meV) Nt (cm-3) Ea (meV) Nt (cm-3) 

SS2 310 1.32×1016 407 1.38×1016 

SS3 386 1.62×1015 426 1.55×1015 

 

As shown in Table 3, the defect densities of SS3 device are 1.62×1015 and 

1.55×1015 cm-3, respectively, which is almost one order of magnitude less than that of 

the SS2 device. A large number of deep defects will act as recombination centers, 

yielding recombination losses both in the Sb2Se3 layer and the heterojunction 

interface, which could significantly deteriorate the device performance. Thus, we can 

deduce that the SS3 device with high efficiency possesses a low population of donor 

defects. The deep defects can be effectively passivated under an appropriate thickness 

of Sb precursor thin film and an optimized selenization scenario during Sb2Se3 thin 

film preparation.  

Fig. 8a shows the representative cross-sectional SEM image of the champion SS3 

device, which displays an obvious layered structure with approximate thickness of 

1280, 80, and 500 nm for Sb2Se3, CdS, and ITO layers, respectively. The Sb2Se3 thin 

film has a significant thickness swelling compared to its initial Sb precursor thin film 

(∼600 nm) and is consisted of large crystal grains across the whole layer. It is closely 



related to a self-assembled growth mechanism involved with sufficient combination 

reaction between Sb metallic precursor and Se vapor to form highly crystalline thin 

film composed of large grains. The interface between Sb2Se3 and CdS also shows 

compact, well-adherent, and pinhole-free characteristics, which is beneficial for 

reducing charge carrier recombination and current leakage. By contrast, the SS2 

device with a Sb2Se3 absorber layer thickness of 1050 nm is consistent with its thin Sb 

precursor thin film. An observable fracture zone between Sb2Se3/CdS heterojunction 

interface could result an unsatisfactory device performance (Fig. S5, Supporting 

Information). Furthermore, the corresponding EDS elemental mappings marked with 

Mo, Se, Sb, Cd, In, Sn, O, and S were also conducted to investigate the compositional 

distribution. Sb and Se present good compactness and uniformity throughout the 

entire Sb2Se3 absorber layer, confirming the high quality of this as-prepared Sb2Se3 

thin film. Notably, an observable Cd and S inter-diffusion is reasonable to occur 

because of the additional post-annealing of the Sb2Se3/CdS. Such an important 

heterojunction heat treatment yields a champion Cu2ZnSnS4 photovoltaic device by 

constructing additional favorable band alignments and reducing non-radiative 

recombination loss.29 Accordingly, the Cd and S inter-diffusion to absorber layer 

could modify the bandgap of Sb2Se3, increase its doping concentration, reduce the 

corresponding bulk recombination, and therefore improve the Voc and PCE of the 

device.  



 

Fig. 8. Morphological and structural characterizations of the champion SS3 device. (a) 

Cross-sectional SEM image of the device and the corresponding EDS elemental 

mappings of Mo, Se, Sb, Cd, S, O, Sn and In, used to reveal the compositional 

distribution. (b) Cross-sectional TEM image of the device, HRTEM image and the 

selected area Fast Fourier Transform (FFT) patterns as well as the corresponding EDS 

elemental mappings of Sb2Se3/CdS heterojunction interface. 

 

To further investigate the Sb2Se3/CdS heterojunction interface as well as the diffusion 

mechanism, we performed morphological and structural characterizations of the 

champion SS3 device by TEM, as shown in Fig. 8b. The existence of layered structure 

with specific thickness was consistent with SEM results (Fig. 8a). High-resolution 

TEM analysis was implemented at the Sb2Se3/CdS interface. The CdS (111) plane 

shows clear lattice fringe with 0.321 nm interplanar d-spacing, whereas the lattice 



fringe with interplanar d-spacing of approximately 0.286 nm matches well with the 

distance of the (221) lattice plane of the orthorhombic phase Sb2Se3. Though it is not 

exactly epitaxial growth of CdS on the Sb2Se3 layer due to lattice mismatch, an 

obvious interface with smooth and adherent contact could be observed. The absence 

of crystal lattice distortion, dislocation, or amorphous layer at the interface region 

further demonstrates its efficient generation and separation of photocarriers. The 

electron diffraction patterns of Sb2Se3/CdS interface (green area), Sb2Se3 side (purple 

area), and CdS side (yellow area) by Fourier transform are also shown in Fig. 8b. The 

diffraction spots of the CdS (111) and Sb2Se3 (221) planes showed close nature, 

implying its favorable carrier extraction and suppressible interface recombination for 

obtaining efficient solar cells. The TEM-coupled EDS mapping results (Fig. 8b) 

demonstrated the positive MoSe2 interfacial layer with less than 50 nm was much 

thinner than that of the Sb2Se3 solar cells with ~200 nm in our previous work26, which 

may due to the Se vapor would preferentially react with the Sb precursor than with 

Mo substrate, thus limiting the MoSe2 thickness in the selenization process. Notably, 

an evident inter-diffusion of Cd and S to the Sb2Se3 absorber layer was further 

confirmed.  

A schematic of the Sb2Se3/CdS heterojunction heat treatment-induced elemental 

inter-diffusion is shown in Fig. 9a. As mentioned, the Cd and S were assured to 

diffuse into the Sb2Se3 absorber layer, resulting in increased doping concentration to 

partially improve the Voc of the device. In addition, such an interesting elemental 

diffusion could also modify the energy-level alignment of the device (Fig. 9b). Cd 



possesses fewer valence electron than Sb, thus replacing Sb with Cd constitutes hole 

doping (P-type). Moreover, the Se atoms partially replaced by S atoms could also 

result in a slightly enlarged bandgap from the initial Eg1 to the final Eg2, which was 

also consistent with the absorption spectrum and EQE spectrum determined bandgap 

results. In summary, the obtained built-in voltage Vbi of the Sb2Se3/CdS heterojunction 

markedly increased. The above C-V measurement determined Vbi with a maximum 

value of 680 mV is higher than that of some state-of-the-art devices, which 

undoubtedly accounts for the highly interesting Voc in this work. 

 

Fig. 9. (a) A schematic diagram of the post-annealing induced elemental 

inter-diffusion of Cd and S. (b) The modified energy-level alignment of the device.  

 

3. Conclusion 

In this work, Sb2Se3 absorbing thin films with different thickness were prepared via 

an effective combination reaction of selenizing pre-sputtered Sb metallic precursors 

under Se vapor. Sb2Se3 thin films with micro-size crystal grains, (hk1) preferential 

orientation, and standard stoichiometric composition could be obtained under an 



appropriate thickness of Sb precursor and an optimized selenization scenario. Sb2Se3 

thin-film solar cells with a substrate structure of Mo/Sb2Se3/CdS/ITO/Ag were 

fabricated, and the absorber layer thickness-dependent photovoltaic performance 

demonstrated its necessity and importance. A champion device with a PCE of 6.84% 

is comparable to state-of-the-art devices and represents the highest efficiency of 

sputtered Sb2Se3 solar cells. Importantly, a highly interesting Voc of 504 mV greatly 

surpasses that of Sb2Se3 solar cells with top PCEs. A systematic investigation of 

junction-dependent electrical behaviors, depth-dependent carrier collection, and 

distribution/density of defects and a detailed morphological and structural 

characterization of Sb2Se3/CdS heterojunction interface revealed the improvement 

mechanism of Voc. Specifically, the mechanism includes passivated interfacial defects, 

reduced bulk defect density, increased elemental inter-diffusion induced doping 

concentration, and energy-level alignment modification. These interesting results can 

pave the way for further enhancing the Voc and PCE of Sb2Se3 solar cells. 
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