
  

Abstract— Antimony selenide (Sb2Se3) is an emerging 

chalcogenide photovoltaic absorber material that has been the 

subject of increasing interest in recent years; demonstrating rapid 

efficiency increases with a material that is simple, abundant, and 

stable. This work examines the material from both a theoretical 

and practical standpoint. The theoretical viability of Sb2Se3 as a 

solar photovoltaic material is assessed and the maximum 

spectroscopically limited performance is estimated, with a 200 nm 

film expected to be capable of achieving a photon conversion 

efficiency of up to 28.2%. By adapting an existing CdTe close-

spaced sublimation (CSS) process, Sb2Se3 material with large 

rhubarb-like grains is produced and solar cells are fabricated. We 

show the established CdS window layer is unsuitable for use with 

CSS, due to intermixing during higher temperature processing. 

Substituting CdS with the more stable TiO2, a power conversion 

efficiency (PCE) of 5.5% and an open circuit voltage (Voc) of 0.45 

V are achieved; the voltage exceeding current champion devices. 

This work demonstrates the potential of CSS for scalable Sb2Se3 

deposition and highlights the promise of Sb2Se3 as an abundant 

and low-toxicity material for solar applications. 

 
Index Terms— Antimony selenide, Sb2Se3, CSS, TiO2, titania, 

CdS, SLME. 

I. INTRODUCTION 

IVERSIFICATION of the viable base of photovoltaic (PV) 

solar cell technologies remains of primary interest to the 

field. Silicon is still dominant, but thin film technologies with 

superior optical and material properties have begun to establish 

themselves as alternatives [1], [2]. Antimony selenide [3] 

(Sb2Se3) is an emerging material that meets a number of 
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desirable criteria; being a single phase, stable V-VI binary 

chalcogenide material [4], with a near-ideal band-gap of 1.1-1.3 

eV and a high absorption coefficient (~105 cm-1) [5], [6]. 

Interestingly, the crystal is composed of one-dimensional, 

covalently-bonded (Sb4Se6)n ribbons parallel to the c-axis 

(Pbnm space group) [7], held together by van der Waals forces 

as in Fig. 1(a) [8]. The consequential reduction in grain 

boundary dangling-bond density mitigates non-radiative 

recombination losses, often a limiting factor in polycrystalline 

photovoltaic materials [9]. Furthermore, it has been suggested 

by Brandt et al. [10] that many of the desirable properties of 

hybrid perovskites (i.e. high minority carrier lifetimes) may in 

part derive from containing 6s2 electron pairs on the cation. 

Therefore, other materials which have an ns2 electron 

configuration, such as Sb2Se3, with its partially oxidized post-

transition metal Sb3+, should be explored [11]. Although the 

material itself had previously been studied, research into Sb2Se3 

photovoltaic devices has only progressed recently, with the first 

report of a notable efficiency being 3.21% by Choi et al. in 2014 

[12]. Since then, despite the comparative paucity of cell work, 

<100 papers [13], progress has been rapid, reaching 5.6% for a 

CdS/Sb2Se3 heterojunction in 2016 [3] and more recently 5.9% 

for a ZnO/Sb2Se3 heterojunction [4], and the current record; 

7.6% for CdS/Sb2Se3 [14]. Despite its short development time, 

Sb2Se3 has already surpassed the efficiencies of long-

investigated binary inorganics such as SnS and FeS2. Given the 

nascent nature of the research field, and the limited 

understanding of the device structures and defect composition, 

there is a tremendous amount of potential for further 

development of this emerging PV material. 
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Sb2Se3 solar cells have been successfully fabricated using 

thermal evaporation [15], sputtering [16], electro-deposition 

[17], spin-coating [12], and close-spaced sublimation (CSS) 

[6], [18]–[20], and in superstrate and substrate configuration 

[21]–[23]. The scalability of CSS, its propensity for large 

grained material, and rapidity of deposition [24], are crucial to 

the commercial success of CdTe solar cells. Given the 

similarity in the previously reported device structures between 

the two technologies SnO2:F/CdS/CdTe and 

SnO2:F/CdS/Sb2Se3, transfer of the premier CdTe deposition 

technique was a logical progression. Previous work by Zhou et 

al. [3] used a rapid thermal evaporation (RTE) deposition 

technique similar to CSS. However, their process is performed 

under vacuum, whereas one of the key characteristics of CSS 

deposition is the use of an inert [25], or reactive gas ambient 

[26]. This modification is key, and the reason that films 

deposited by Zhou et al. [3] have the smaller grain size 

characteristic of thermally evaporated material. In this work, we 

demonstrate that CSS, a proven industrially scalable process, is 

highly suited for Sb2Se3 deposition. We show that CSS 

produces material with a very different structure to other 

techniques resulting in exceptionally large grains, but that its 

use precludes the use of a CdS partner layer. However, due to 

the different material quality produced by CSS a TiO2/Sb2Se3 

heterojunction is shown to be effective. It can produce devices 

with efficiencies of 5.5%, comparable to the highest reported 

for devices with TiO2 [23], and having Voc values exceeding 

recent record devices with any partner layer [14], [27]. 

II. EXPERIMENTAL DETAILS 

Calculations were performed using Density Functional Theory 

(DFT) within periodic boundary conditions using the Vienna 

Ab Initio Simulation Package (VASP) [28]–[31]. The screened 

hybrid exchange correlation functional HSE06 was used [32], 

for electronic structure and optical calculations, and geometry 

optimization of both bulk and defect supercells of Sb2Se3. Due 

to the layered nature of the Sb2Se3 structure, the D3 dispersion 

correction from Grimme et al. was also included in all 

calculations [33], while spin-orbit coupling (SOC) was 

included for all bulk electronic calculations. For the 

comparative optical study with CdTe and Cu2ZnSnS4 (CZTS), 

HSE06 alone was used for all calculations. HSE06 includes 

75% exchange and full correlation from the Generalized 

Gradient Approximation (GGA) functional PBE [34], and 25% 

exchange from Hartree-Fock, which is range-screened using a 

parameter of ω = 0.11a0
-1. Scalar relativistic pseudopotentials 

were used, with the projector-augmented wave method used to 

describe valence-core electron interaction, which allows 

accuracy on par with all-electron methods [35]. Optical 

properties were obtained using the method of Furthmüller et al. 

to obtain the high frequency dielectric function, while the ionic 

contribution to the dielectric function was calculated with 

Density Functional Perturbation Theory (DFPT) at the PBEsol 

level [36]. A plane wave energy cut-off 350 eV was used for all 

calculations, with a Γ-centered k-point mesh of 2×6×2 used for 

bulk calculations of Sb2Se3, which was doubled for optical 

calculations (k-point meshes of equivalent density were used 

for optical calculations of CZTS and CdTe). These values were 

obtained through convergence testing on the total energy, using 

criteria of 1 meV per atom and 10 meV per atom for k-mesh 

and energy cut-off respectively. Spectroscopic limited 

maximum efficiency (SLME) utilizes an absorption spectrum 

𝑎(𝐸) =  1 −  𝑒−2𝛼(𝐸)𝐿, where α(E) is the ab initio calculated 

absorption coefficient and L the film thickness, in place of the 

stepwise function used by Shockley and Queisser. It also 

includes the fraction of current from radiative electron-hole 

recombination as 𝑓𝑟 =  𝑒−∆ 𝑘𝐵𝑇⁄  (kB is the Boltzmann constant, 

T the temperature, and ∆ is the difference between the lowest 

direct allowed transition and the fundamental band gap, Eg) 

reflecting the greater influence of non-radiative recombination 

on highly indirect gap materials [37]. 

The evaporated Sb2Se3 layers for characterization were 

deposited using a Moorfields™ multi-source evaporation 

chamber with a separation distance of 20 cm between source 

and substrate. The substrate was heated to a range of 

 
Fig. 1.  Theoretical calculations of the properties of Sb2Se3 (a) Structure of Sb2Se3 viewed down the [001] axis. (b) Electronic band structure of Sb2Se3. The valence 

band is in blue, with the conduction band in orange. The valence band maximum is normalized to E=0. K-points of notable symmetry in the P-orthorhombic 
Brillouin Zone are defined with Γ = (0, 0, 0), Z = (0.5, 0, 0), U = (0.5, 0, 0.5), X = (0, 0, 0.5), S = (0, -0.5, 0.5), R = (0.5, -0.5, 0.5), T = (0.5, -0.5, 0) and Y = (0, -

0.5, 0) [51]. (c) Plot of spectroscopic limited maximum efficiency (SLME) against film thickness, for Sb2Se3 and other champion solar absorbers. 

  



temperatures between room temperature (RT) and 500ºC, and 

rotated during deposition. This material had no post-growth 

treatment or annealing. CSS growth of Sb2Se3 was conducted 

in a custom-built close space sublimation apparatus with 

controlled variable pressure built by Electro-Gas Systems Ltd. 

CSS material was carried out by first evacuating the system 

while the source was heated to 350ºC via an infra-red heater. 10 

Torr of N2 was then introduced into the chamber and the 

temperature increased to 475ºC. Deposition time began when 

the temperature reached 475ºC and continued for 15 mins after 

which the pressure was abruptly increased to 300 Torr to halt 

deposition and the heater was switched off. The substrate was 

not intentionally heated during the deposition, but due to being 

very close to the source, reached ca. 425ºC. The substrate was 

positioned ~5 mm above the source tray and material travelled 

down the temperature gradient between the source and 

substrate, condensing on the marginally cooler substrate 

positioned above. 

 

Devices were fabricated using TEC10 (FTO) coated glass from 

NSG Ltd., coated with two different window layers; CdS and 

TiO2. A ZnO buffer layer was also used for the CdS window to 

enable a thinner CdS layer. The ZnO layer was sputtered at 

150W for 50 minutes at RT. The CdS was then sputtered on top 

without breaking vacuum at 60W for 15 minutes, with the 

substrate heated to 200ºC. The TiO2 window layer was 

fabricated using spin-coating. Two solutions of titanium-

isopropoxide in ethanol were made up at concentrations of 0.15 

M and 0.3 M with stirring at room temperature. These were 

spun sequentially onto the TEC10 substrate at 3000 rpm, with 

each layer dried at 120ºC for 10 mins. The completed substrate 

was then sintered at 450ºC for 30 mins in air. The Sb2Se3 

absorber was deposited in the same way as described for the 

characterization layers. The devices were completed by 

evaporating 0.25 cm2 gold contacts through a shadow mask. 

SEM measurements were taken using a JEOL 7001F and the 

(S)TEM measurements used a JEOL 2100F. EQE 

measurements were taken with a Bentham PVE300, 

Illuminated J-V curves were taken using a TS Space Systems 

Class A "AAA100" solar simulator operating at AM1.5 

conditions (calibrated using a certified PV Measurements GaAs 

cell), current and voltage measurements taken with a Keithley 

2400 scanning from -1 V to 1 V in 20 mV steps at a rate of 271 

mV/s. C-V measurements were taken with a Solartron 1260A 

impedance analyzer with a 1296A dielectric interface. J-V and 

C-V measurements were all performed in air at room 

temperature, without preconditioning. Differential Scanning 

Calorimetry (DSC) was carried out using a TA instruments 

SDT Q600 with an argon purge gas, alumina crucibles with lids, 

and a heating rate of 5ºC/min. TOF-SIMS was performed using 

an ION-TOF TOF-SIMS V instrument using 25 KeV Bi3+ as 

the analysis beam and 1 KeV Cs+ as the sputtering beam. 

 

III. RESULTS 

A. Evaluation of Sb2Se3 as a photovoltaic material 

 

The optical properties of Sb2Se3 are crucial to its potential as a 

photovoltaic absorber. The electronic band structure of Sb2Se3, 

calculated with HSE06+D3+SOC, is shown in Fig. 1(b). The 

indirect fundamental band gap is 1.299 eV, which is consistent 

with both low temperature photo-reflectance and previous 

quasiparticle GW calculations [6], [38]. The direct band-gap is 

only 0.025 eV higher at 1.324 eV meaning Sb2Se3 can be 

characterized as a near-direct bandgap material. The theoretical 

absorption coefficient, was found to be >1×104 cm-1 for 

energies above 1.5 eV, increasing to 1×105 cm-1 at 1.8 eV, 

indicating a sharp and strong absorption edge. The high 

frequency response and the static response, calculated using 

Density Functional Perturbation Theory (DFPT), are given in 

Table 1, separated into the individual diagonal contributions to 

the overall tensor. For both high frequency and static responses, 

the response is weakest along x, the direction broadly 

corresponding to the ‘thin’ face of the 1D ribbon, but while the 

 
 
Fig. 2. The properties of evaporated Sb2Se3 a) Differential Scanning Calorimetry of Sb2Se3 and Se. Taken using a ramp rate of 5ºC/min, showing the relative 

stability of Sb2Se3 compared to Se in the working experimental range (400 – 475ºC). b) and c) SEM images of evaporated Sb2Se3 layers deposited with substrate 

temperatures of 350ºC and 500ºC respectively. The inset is a 2×2µm magnification of the 500ºC sample. Evaporated Sb2Se3 shows no grain structure until ca. 
450ºC. However, unlike the CSS material, the grains at these temperatures are very small, with the apparent larger grains in the 500ºC sample consisting of 

agglomerations of distinct smaller sub-grains. 

  
TABLE I 

DIELECTRIC CONSTANTS FOR Sb2Se3. 

 ǪXX ǪYY ǪZZ ǪAV 

High frequency 13.67 18.68 19.35 17.23 

Lattice response 3.46 55.61 68.17 42.41 

Total response 17.13 74.29 87.52 59.65 

 

Calculated using DFT, given along cell directions and as an isotropic average 

(Qav). 



high frequency response is relatively isotropic, the lattice 

response is an order of magnitude stronger along y and z. The 

strength of the combined dielectric constant in these two 

directions is above that for methylammonium lead iodide, and 

is notable, considering that high dielectric constants have been 

highlighted as a potentially crucial property in defect tolerant 

semiconductors due to screening charge carriers from defects 

[10], [11], [39]. Combining the theoretical optical absorption 

with the band gap allows the calculation of the SLME, a 

screening metric for thin film photovoltaics [37]. SLME was 

calculated as a function of film thickness for both Sb2Se3 and 

Sb2S3, as well as the direct-gap absorbers CdTe and Cu2ZnSnS4 

(CZTS) for comparison in Fig. 1(c). SLME assumes a perfect 

bulk system, but it appears that Sb2Se3 is not disadvantaged by 

its indirect gap, with its SLME being 28.2% for a film thickness 

of 200 nm, far outperforming CdTe and CZTS with 20.3% and 

21.5% respectively. 

 

B. Microstructure of Sb2Se3 deposited via CSS 

 

Many selenides, including Sb2Se3, undergo partial dissolution 

by decomposition when they sublime [40]. These endothermic 

reactions produce volatile selenium-poor moieties, in addition 

to selenium. However, analysis using differential scanning 

calorimetry (DSC), shown in Fig. 2(a), reveals that Sb2Se3 

remains stable until above 600C. In this work, the Sb2Se3 

deposition was carried out at <500C via CSS, therefore we do 

not expect the Sb2Se3 to lose selenium and become non-

stoichiometric during deposition. The DSC also shows that any 

excess selenium in the source material should be lost at 400C, 

so the source will become more stoichiometric during 

preconditioning and repeated use. For comparison, the sulfur 

analogue, Sb2S3, undergoes decomposition with sulfur loss at 

around 250ºC, a much lower temperature than for Sb2Se3, 

meaning it will require post-growth sulfurization and is 

therefore less suitable for CSS deposition. 

 

Thermally evaporated Sb2Se3 films were deposited with 

substrate temperatures from room temperature to 500ºC, with 

350ºC and 500C, shown in scanning electron microscope 

(SEM) images Fig. 2(b) and 2(c). Only a small amount of grain 

structure is visible, and only then at temperatures higher than 

ca. 450ºC, with small sub-domains clear from the inset in Fig. 

2(c). In contrast, Fig. 3(a) shows an SEM image of the back 

surface for a Sb2Se3 film deposited using CSS at 450C under a 

nitrogen pressure of 10 Torr. A focused ion beam (FIB) milled 

cross section of the same device, showing the 

SnO2:F/ZnO/CdS/Sb2Se3 layers, is depicted in Fig. 3(b). From 

these images, it is clear that  CSS growth produces significantly 

larger grains with distinctively columnar, rhubarb-like, 

individual domains larger than 1 μm. This is significant as the 

layer itself is of a similar order of thickness (~3 m) and 

 
 

Fig. 3.  The structure of Sb2Se3 grown by CSS and evaporation at various conditions. a) SEM image of the surface of Sb2Se3 showing the large grains produced 

by CSS grown at Tsource of 475ºC and pressure of 10 Torr N2. b) SEM cross-section of CSS deposited Sb2Se3 on CdS, showing the continuous grains spanning the 

entire layer (growth conditions as 2a). c) Nanowire formation for a CSS deposition at a lower Tsource of 400ºC and 10 Torr of N2. d) Optical microscope image of 
large crystals of Sb2Se3 grown at a high pressure of 200 Torr of N2 e) HRTEM of evaporated Sb2Se3 showing (Sb4Se6)n nanoribbons projected onto the Pbnm (120) 

plane with crystal schematic inset. f) XRD of evaporated and CSS deposited Sb2Se3 highlighting the reflections at 15.0º, 16.8º, 28.1º, 31.1º, and 34.4º corresponding 

to Pbnm planes (020), (120), (211), (221) and (420) respectively. 
  



therefore it is very likely that most grains span the entire layer, 

thus presenting no lateral barriers to charge extraction and 

minimizing potential recombination sites. The FIB cross-

section of the layer shown in Fig. 3(b) provides further evidence 

for this as the layer has no visible grain boundaries between the 

CdS and the platinum coating on the top surface. It is possible 

to further increase the grain size using higher temperatures or 

increased nitrogen pressure [41], but this can induce the 

formation of pinholes which cause deleterious shunting at lower 

film thicknesses. However, while the top-down SEM appears to 

show grains separated by voids, the cross-section shows that 

some grains coalesce below the surface, as in Fig. 3(b), while 

in others the grain boundary is still visible. This suggests that 

the material is soft and relatively tolerant, presumably due to 

the lack of rigidity in the ribbons, leading to better coverage and 

correspondingly fewer shorting pathways. A reduced substrate 

deposition temperature of 400C alters the growth of Sb2Se3 

into self-catalyzed dense nanowire arrays, as shown in Fig. 3(c). 

These nanowire arrays are noticeably different, appearing 

blacker than films deposited at higher temperatures. Despite 

improved optical absorption, these nanowire arrays are 

unsuitable for device fabrication as their adhesion to the 

substrate is poor, being removed from the surface by the 

slightest contact. Due to this problem, these films were not used 

for devices. This is in stark contrast to device-quality films 

grown at 475ºC in Fig. 3(a), where strong adhesion is observed. 

Increasing the pressure of the deposition also has a dramatic 

effect on the film with very large dendritic-like structures 

forming. Fig. 3(d) shows an optical image of a deposition with 

grains larger than 100 μm, which were formed by maintaining 

the same substrate temperature as for cell quality layers but 

setting the initial deposition pressure to 200 Torr for the first 10 

seconds of growth. A high gas pressure allows conditions of 

high temperature but slow material flux favoring island growth 

[41]. While interesting, the large voids mean that this is 

unsuitable for PV applications. This highlights that careful 

selection of the growth conditions are required. The 1D nature 

of the material can be confirmed using high resolution TEM 

analysis. Fig. 3(e) is a TEM image of a Sb2Se3 film showing the 

distinct ribbon-like structure of the material, with a labelled 

atomistic diagram inset. The resultant micro-wire, rhubarb-like, 

appearance is therefore understandably different from the more 

typical grain structure of 3D lattice materials such as CdTe and 

does not follow the standard structure zone growth model [42]. 

 

Optimal photovoltaic performance and charge separation have 

been reported for crystal grains orientated with ribbon axes 

inclined from the substrate: due to improved conduction along 

the ribbon axes [3]. The XRD patterns in Fig. 3(f) reveal a key 

difference between films deposited at 450°C by CSS and typical 

thermal evaporation. Evaporated material has prominent 

reflections at 15.0° and 16.8° corresponding respectively to 

(020)- and (120)-orientated grains (Pbnm setting); the ribbons 

in such grains lie parallel to the substrate, giving poor 

orthogonal conductivity as excited carriers must hop between 

neighboring ribbons. Conversely, while CSS material has no 

significant reflections below 25°, major reflections are seen at 

28.1° and 31.1° corresponding to the (211) and (221) planes 

respectively, indicating ribbons inclined at 37° and 44° relative 

to the substrate normal. Hence CSS-deposited grains are 

quantifiably different and offer enhanced photovoltaic charge 

extraction. We note that it is possible to describe the crystal 

planes and axes using either the Pbnm or Pnma settings of space 

group 62, which are equivalent; rotating the Pbnm coordinate 

system (a,b,c) (and Miller indices) gives the Pnma (b,c,a) 

system [43]. For these results, we have used the Pbnm setting 

for which the covalently bonded ribbons lie along [001]. 

 

C. Device studies 

 

Initial studies were made to fabricate Sb2Se3-based cells by 

simply replacing the CdTe absorber from our standard CdTe 

device stack to give a structure of FTO/ZnO/CdS/Sb2Se3/Au as 

shown in Fig. 4(a). This incorporates the typical high resistance 

transparent (HRT) oxide plus CdS buffer layer structure that 

allows thinner CdS to be utilized and minimizes performance 

loss [44]. It is worth noting here that the optimized Sb2Se3 film 

thickness for our devices (2-3 m) is significantly greater than 

the <500 nm generally reported elsewhere. The best J-V curve 

from this cell architecture is shown in Fig. 4(b), with associated 

EQE, normalized EQE, and C-V curves in Fig. 4(c), 4d, and 4e 

respectively, and device performance parameters listed in Table 

2. While the Voc values compare favourably to the best in 

literature, the Jsc and fill factor are low for the CdS sample, 

compared to both TiO2 and literature [14], [27]. This is partly 

explained by parasitic absorption, given the relatively small 

(2.42 eV) bandgap of CdS, but the EQE measurements also 

suggested the formation of an intermediate CdSe layer due to 

intermixing between CdS and Sb2Se3. CdS cells show low 

quantum efficiency in the region between the 1.18 and 1.74 eV 

band gaps of Sb2Se3 and CdSe (710 nm to 1050 nm) but 

improves at higher photon energies. Such out-diffusion from 

the CdS layer is a well-established phenomenon in CdTe solar 

cells and indeed is known to be more pronounced with CSS than 

with lower temperature growth methods [45]. Carrier extraction 

from photons below the CdSe bandgap, collected in the Sb2Se3 

layer, is lower and implies a limiting conduction-band offset 

between Sb2Se3 and CdSe. As shown in Fig. 5(a,i), CdSe 

introduces a potential barrier, preventing charge transfer 

between Sb2Se3 and FTO. Thermally evaporated devices 

deposited on CdS do not show the same evidence of intermixing 

between the Sb2Se3 and CdS layers from EQE measurements, 

shown in Fig. 4(d). Although CdS/Sb2Se3 intermixing has been 

previously reported [46], it has never been observed as a 

performance limiting factor. Indeed, work has been published 

showing CdS/Sb2Se3 devices with good efficiency using a CSS-

like process.[47] However, the technique employed by Li et al. 

uses a rapid thermal deposition, without the extended high 

temperature exposure to allow intermixing as used in this work. 

To establish the degree of intermixing, TOF-SIMS analysis was 

performed on both evaporation and CSS deposited cells for   

comparison, with etching via cesium ions from the back face 

(i.e. Sb2Se3 side). Fig. 5(b) and 5(c) shows that in evaporated 

Sb2Se3 devices the Sb and Se contents evolve identically, yet 

these are offset in CSS devices; revealing a Se excess beyond 

the junction. The evaporated sample also shows overlaid Cd 

and S profiles, suggesting a well-defined CdS layer. In the CSS 



sample, Cd and S peaks are again offset: suggesting excess Cd 

towards the back-surface relative to the S. From these profiles, 

we can infer the presence of a detrimental CdSe interlayer in 

the CSS device that is absent in the evaporated sample. Again, 

we may draw commonalities with CdTe work, as it has been 

established that the degree of CdS intermixing for thermally 

evaporated deposition is below that of CSS deposited films. 

Sulfur has been shown to move via a grain-boundary assisted 

process that is enhanced by higher temperatures whereby the 

grain-boundary width is large compared to the diffusion 

coefficient in a Type-C mechanism [9], [45], [48]. This 

enhanced diffusion demonstrates the fundamental change for 

CSS deposition of Sb2Se3 and shows that, unlike for evaporated 

material, CdS is an unsuitable partner layer. 

 

To mitigate the intermixing related issues and reduce parasitic 

absorption from the window layer, several metal oxides were 

considered to replace the CdS due to their typically wide 

bandgaps and high stability. Zinc oxide and tin oxide were two 

obvious choices, given the previous success observed in the 

literature [4], [49], and compatibility with FTO. However, 

unlike other deposition routes, both these materials yielded very 

low device efficiencies of <1% and therefore were abandoned 

in favor of TiO2, a common and well characterized electron 

extraction layer frequently utilized in dye-sensitized and hybrid 

perovskite solar cells, as in Fig. 5(a,ii) [50]. There was also 

prior work on TiO2 using solution processed Sb2Se3, which 

although giving an efficiency of only 2.26%, did produce a Voc 

value over 0.5 V implying high suitability as a partner layer [8]. 

Other work on TiO2 has been limited, but Chen et al. [23] have 

produced high efficiency devices on TiO2. Using RTE, their Voc 

of 0.358 V was significantly lower than CSS cells produced in 

this work, highlighting the importance of deposition method. 

Cells fabricated using a structure of FTO/TiO2/Sb2Se3/Au, as in 

Fig. 4(b), were produced and found to generate consistently 

high performance of >4%. Following further optimization of 

the CSS deposition process to account for variations in growth 

between CdS and TiO2 substrates, device quality layers were 

deposited. Fig. 4(c) shows J-V curves for the best devices from 

cells with CdS and TiO2 partner layers, whilst associated EQE 

and C-V data is given in Fig. 4(d) and 4(e) respectively. The 

improvement in overall performance is clear from the J-V 

curves, with a marked improvement in series resistance and 

dramatically higher current values. The EQE spectra reveal no 

intermixing problems at longer wavelengths, while the higher 

 
Fig. 4.  CdS and TiO2 window layer champion device architectures and electrical properties. a) Schematics showing the different window layers in each thin-film 
device, configured in the superstrate orientation. b) J-V curves of the devices. c) EQE spectra of the devices. Integrated Jsc for TiO2 was 23.2 mA cm-2, while the 

CdS was 6.42 mA cm-2, showing a small difference compared to Jsc values extracted from J-V plots, which include a small amount of contact spreading. d) 

Normalized EQE spectra to highlight the regions of loss for the CSS devices. An evaporated device is included for comparison showing significantly fewer losses 
at wavelengths greater than 710 nm. e) Doping density depth profiles from C-V measurements, circle denotes 0V. 

  
TABLE II 

DEVICE PARAMETERS FOR DIFFERENT WINDOW LAYERS 

Window 
Layer 

 (%) Voc (V) Jsc (mA cm-2) FF (%) 

CdS 
1.44 0.42 7.57 45.48 

0.74 ± 0.45 0.27 ± 0.09 7.18 ± 2.15 35.30 ± 5.64 

TiO2 
5.48 0.45 25.44 48.96 

4.68 ± 0.66 0.44 ± 0.01 24.83 ± 1.05 42.96 ± 4.65 

 
Peak (bold) and average ± standard deviation (italicized) cell performance 

parameters for the different cell structures with Sb2Se3 deposited by CSS. 
Average taken from the 9 contacts on each sample plate. 



TiO2 bandgap also leads to greatly improved short wavelength 

collection (<520 nm). Voc values are improved on switching to 

TiO2, typically in excess of 0.45 V, higher than some recent 

record devices [4], [14]. CSS produces material with a 

relatively high doping density of >1016cm-3, however, the TiO2 

sample shows only marginal improvement over CdS and the 

bulk of the enhancement is likely due to reduced interfacial 

recombination. The primary loss compared to current champion 

devices is due to a low FF value which we believe may be due 

to Se-rich phases at the surface which add additional resistance 

to the device, and from some shunting pathways which may be 

improved through additional modification of the CSS process 

to improve the coverage. Eliminating CdS from the device 

architecture has been shown to significantly improve device 

longevity [4], [23]. Improved device stability is a key factor in 

scaling up PV technologies, thus using alternative windows 

layers, such as TiO2, are a pivotal step in enabling a complete 

stack of scalable materials. 

 

IV. CONCLUSIONS 

This work demonstrates an industrially scalable close spaced 

sublimation (CSS) route to the fabrication of high efficiency 

Sb2Se3 solar cells with a particularly high Voc. CSS films were 

shown to be markedly different to thermally evaporated 

material, with changes in grain structure, film orientation, 

optical properties and level of intermixing. The intermixing 

with the CdS n-type layer for CSS deposited films necessitated 

the re-design of the cell structure, owing to the formation of 

CdSe at the front interface. These devices had high Voc values 

but were current limited and thus demonstrated lower 

performance. Several oxide alternatives were evaluated, such as 

ZnO and SnO2, however replacing the CdS film with a TiO2 

partner layer led to a dramatic improvement in the Jsc while 

slightly improving the Voc to 0.45 V, which exceeds the current 

champion device [14]. An efficiency of 5.48% was achieved, 

amongst the highest efficiency reported for TiO2/Sb2Se3 

devices, and there would appear to be a tremendous scope to 

improve on this given the nascent nature of the work. SLME 

calculations predict an upper limit of 30% to be achievable for 

this technology and there are many fundamental questions 

which can be addressed to push the development of this 

technology. From our work and that of others, there are already 

three defined partner layers which have been demonstrated 

capable of producing devices of >5% PCE; namely CdS, ZnO, 

and TiO2. As this work demonstrates, all layers are not suitable 

for all deposition routes and there are liable to be other, possibly 

more suitable, partner layers available. Our initial DFT 

calculations also suggest the likely presence of significant deep 

defect levels within the device structure such as VSe. 

Development of effective post-growth treatment or passivation 

routines such as selenization or identifying an equivalent to the 

CdTe chloride treatment could limit the influence of these 

defects. The influence of extrinsic doping is also to be explored 

as is the concept of a substrate configuration device, which thus 

far has received negligible interest. Sb2Se3 is an emerging 

inorganic thin film technology of immense interest with the 

potential to develop rapidly by addressing these key challenges. 

There is a huge amount of scope to increase the performance of 

this technology by adopting knowledge and production process 

from other thin-film technologies, as this work demonstrates. 
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