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A B S T R A C T   

Quasi-1D chalcogenides have shown great promises in the development of emerging photovoltaic technologies. 
However, most quasi-1D semiconductors other than Sb2Se3 and Sb2S3 have been seldom investigated for energy 
generation applications. Indeed, cationic or anionic alloying strategies allow changing the bandgap of these 
materials, opening the door to the development of an extended range of chalcogenides with tuneable optical and 
electrical properties. In this work, Bi incorporation into the Sb2Se3 structure has been proved as an effective 
approach to modulate the bandgap between <1.0 eV and 1.3 eV, demonstrating conversion efficiencies between 
3 and 5% for 0.01 < x ≤ 0.10. However, there is a noticeable deterioration in optoelectronic parameters for x >
0.1. In order to better understand the underlying mechanisms leading to the formation of (Sb1-xBix)2Se3, and thus 
design specific strategies to enhance its properties, thin films with different annealing time and temperature have 
been synthesized and characterized. Interestingly, it has been observed that Sb2Se3 and Bi2Se3 are formed first, 
with Bi melting at 300 ◦C and diffusing rapidly towards the surface of the film. At higher temperature, the binary 
compounds combine to form the solid solution, however as the dwell time increases, (Sb1-xBix)2Se3 decomposes 
again into Bi2Se3 and Sb. This study has shown that the material is essentially limited by compositional disorder 
and recombination via defects. Likewise, routes have been proposed to improve morphology and uniformity of 
the layer, achieving efficiencies higher than 1% for x > 0.2.   

1. Introduction 

An escalating interest in the integrative implementation of PV de
vices into building elements (requiring transparency, such as windows 
or glass-based façades), as well as into flexible and lightweight appli
cations (such as for textiles, flexible IoT devices or roof tiles), has raised 
awareness of the need to develop disruptive materials and technologies 
suitable for high-efficiency and optically tuneable (transparent, semi- 
transparent) solar harvesters [1]. These novel technologies could open 
new market opportunities, broadening the fields of PV applications, 
along with allowing their integration into multi-junction configurations, 
moving forward towards targeting efficiency values beyond the single 

junction Shockley-Queisser limit at about 33% [2]. 
In the light of all this, quasi-1D chalcogenides have shown great 

potential to become a breakthrough, offering an innovative and revo
lutionary approach to boost up the photovoltaic performance of thin- 
film-based devices, owing to their unique capacity to exhibit enhanced 
anisotropic electrical properties in extremely thin materials when they 
are correctly oriented, as well as their unusually large absorption co
efficients [3]. The structure of quasi-1D materials consists of covalently 
bonded ribbons along one crystallographic direction, while stacked 
together by weak van der Waals interactions in the other two directions, 
hence conferring strong anisotropic optoelectronic properties along the 
covalently-bonded ribbons (such as preferential carrier transport). Thus, 
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by tuning the crystalline orientation of quasi-1D thin films it is possible 
to increase their minority carrier mobility and collection, therefore 
improving the photovoltaic (PV) performance of the device [4]. Among 
these semiconductors, Sb2Se3 has shown great promise, achieving an 
auspicious 9.2% power conversion efficiency (PCE) in substrate 
configuration. Also, it is constituted by simple earth-abundant compo
nents, leading to nontoxic and stable solar cells. Sb2S3 and Sb2(S,Se)3 
have also been studied to some extent, achieving efficiencies beyond 7% 
and 10.5% respectively [5–7]. However, despite the very attractive 
properties and steady improvements in PCE, the performance of 
Sb2Se3-based devices is limited by a high Voc deficit, suggesting that 
recombination processes involving deep defects may be a limiting factor 
[8–10]. 

Furthermore, 1D semiconductors beyond Sb2Se3 have been barely 
investigated for energy generation applications, hence the limits to their 
potential have not yet been reached. In fact, a number of quasi-1D 
semiconductors for solar harvesting applications can be available. As a 
rule, in order to ensure the crucial covalent bonding leading to ribbon- 
like structure, the difference between electronegativities of cations and 
anions needs to be lower than 1.7 eV. Based on that, several chalco
genides, halides and mixed chalcogenide/halide compounds can be 
devised comprising a broad bandgap range and the potential to develop 
attractive optoelectronic properties for PV, including Sb2(S,Se)4, (Sb,Bi) 
SI or BiSBr [11,12]. However, most of these materials have relatively 
wide bandgaps above 1.5 eV, see Fig. 1, which could be certainly useful 
for specific applications (such as manufacturing tandem solar cells with 
Si or semi-transparent devices) [13–15]. Notwithstanding, it is also 
interesting to investigate narrow-bandgap materials. Indeed, ideal tan
dem efficiencies can be achieved by combinations of Eg1 = 0.9 eV and 
Eg2 > 1.5 eV [16]. Also, narrow bandgaps are highly interesting for 
architectures combining three or more cells. Therefore, obtaining 
quasi-1D semiconductors with bandgap in the range 0.9–1.1 eV could 
further expand their potential applications, moving forward the devel
opment of innovative materials with tuneable optical and electrical 
properties. 

Fig. 1 shows the bandgaps of different chalcogenide and mixed 
chalcogenide/halide technologies, including the successful Sb2Se3 sys
tem (see Table 1). Note that most mixed halides and sulphides have 
bandgaps above 1.5 eV (up to 3 eV). Hence, they have the potential to 
develop relatively wide bandgap devices. On the other hand, Bi2Se3 
possesses a very narrow bandgap of 0.3–0.6 eV, which makes it 

especially suitable for thermoelectricity [41]. However, Bi2Se3 is stable 
in a treadymite (rhombohedral Bravais lattice, and R3m space group) 
two-dimensional structure, whereas the alternative orthorhombic phase 
is metastable and difficult to obtain [39,42,43]. In fact, vacuum-based 
techniques have mostly led to pure rhombohedral Bi2Se3 [44,45], 
while electrodeposition methods result in a mixture of rhombohedral 
and orthorhombic phases [43,46,47]. Significantly, it has been reported 
that Sb-alloying causes an spontaneous structural transition from 
rhombohedral to orthorhombic. Accordingly, a pure rhombohedral 
(Sb1-xBix)2Se3 phase appears for large Bi amounts (x > 0.8), which has 
aroused interest as a topological insulator [48,49]. Instead, when x <
0.6, the material holds a single-phase orthorhombic structure similar to 
Sb2Se3. Finally, for 0.6< x < 0.8, coexistence of both structures is 
detected [36–38,50,51]. Interestingly, in the x < 0.6 range, a decrease in 
the bandgap is observed upon Bi incorporation, reaching values as low 
as 0.9 eV, see Fig. 1 (red bar), placing the (Sb1-xBix)2Se3 alloy as an 
optimum quasi-1D alternative to develop high efficiency tandem devices 
assembled with any Eg > 1.5 eV absorber [16]. 

Despite its clear potential as a narrow-bandgap photoabsorber, (Sb1- 

xBix)2Se3 has been barely studied for photovoltaics. So far, a device with 
0.93 eV bandgap and x = 0.43 was reported to yield 132.5 mV Voc and 
18.4 mAcm− 2 Jsc, resulting in a 0.7% power conversion efficiency (PCE); 
the low Voc attributed to either a back contact barrier blocking the 
extraction of photocurrent or due to poor carrier transport within the 
bulk [36]. However, a comprehensive study on the evolution of opto
electronic properties upon increasing Bi incorporation could shed 
further light on the challenges to develop (Sb1-xBix)2Se3-based solar 
cells, the effect of Bi on the material growth and properties, as well as 
point towards the optimum composition to achieve devices with 0.9–1.0 
bandgap and good PV performance. 

In this study, a scalable sequential procedure based on the seleni
zation of thermally evaporated Bi/Sb stack has been designed to syn
thesize Mo/(Sb1-xBix)2Se3 thin films with an extended compositional 
span, from x = 0.01 to x = 0.3 – within the range which allows to tune 
the bandgap between 0.9 and 1.2 eV. These samples have been thor
oughly characterized by current density-voltage (JV) measurements 
(illuminated and dark), internal quantum efficiency (IQE), X-ray 
diffraction (XRD) and Raman spectroscopy. Accordingly, the material 
has been shown to undergo a steep decline in the optoelectronic prop
erties when x > 0.1, which is likely due to greater recombination via 
defects within the bulk upon Bi incorporation. In particular, the two- 
diode model has been used to study in detail the optoelectronic pa
rameters, demonstrating that there is a correlation between higher dis
order, compositional inhomogeneity, and an increasing ideality factor 
(free from all constraints from the model). Additionally, Raman spec
troscopy and XRD have shown that Bi is effectively incorporated into the Fig. 1. Bandgap (eV) of chalcogenides and mixed chalcogenide/halide 

semiconductors. 

Table 1 
Summary of the bandgaps of chalcogenide/halides semiconductors (literature 
values).  

Compound Bandgap (eV) References 

BiOBr 2.7–3.0 [17,18] 
SbSI 2.2–2.4 [19–22] 
SbSBr 2.0–2.2 [19,23] 
BiSBr 1.95–2.0 [18,19,24] 
BiOI 1.75–1.8 [17] 
SbSeI 1.7–1.75 [23,25] 
Sb2S3 1.7–1.75 [6,19] 
Sb2(S,Se)3 1.1–1.75 [7,19,26] 
Bi2S3 1.3–1.7 [19,27,28] 
Sb0.67Bi0.33SI 1.6–1.65 [29] 
BiSI 1.55–1.6 [19,25,30,31] 
BiSeBr 1.5–1.55 [18,24] 
BiSeI 1.25–1.3 [18,25,32] 
Sb2Se3 1.1–1.3 [5,33–35] 
(Sb,Bi)2Se3 0.9–1.2 [36–38] 
Bi2Se3 0.3–0.6 [39,40]  
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solid solution, but there is a compositional gradient in depth due to Bi 
distribution, which tends to diffuse towards the surface of the layer. 

In order to understand the underlying mechanisms that lead to the 
formation of the (Sb1-xBix)2Se3 solid solution, and thus design specific 
strategies to enhance the properties of the material and improve its PV 
performance, thin films with different annealing times and temperature 
have been synthesized, offering an overview of the phases that are 
formed in each synthesis step, their crystalline quality and their 
morphology. As a result, it has been observed that the binary compounds 
Sb2Se3 and Bi2Se3 are formed first, with Bi2Se3 appearing at lower 
temperatures. As temperature increases, the formation of the solid so
lution takes place, with Bi fully incorporated into the Sb2Se3 ortho
rhombic structure. Finally, if the annealing dwell time and/or 
temperature continue increasing, the (Sb1-xBix)2Se3 compound will 
decompose, resulting in Se sublimation and the appearance of Bi2Se3 
and α-Sb2O3 phases. 

Hence, here we present clear evidence on how the (Sb1-xBix)2Se3 
forms, and how it decomposes over time. With this knowledge, optimal 
synthesis conditions have been proposed, and changes have been 
implemented to improve the material’s morphology, with which we 
have achieved for the first time (to the best of our knowledge), an (Sb1- 

xBix)2Se3 photovoltaic devices with PCE between 3 and 5% for 0.01 < x 
≤ 0.10, and greater than 1% for x≥ 0.2. These results, and the extensive 
study of materials properties, point the way to further improve (Sb1- 

xBix)2Se3-based thin films for narrow-band photovoltaic, showing that 
the potential of quasi-1D chalcogenides is still far from being reached. 

2. Experimental procedure 

2.1. Materials and devices preparation 

(Sb1-xBix)2Se3 polycrystalline thin films were manufactured on Mo 
sputtered SLG substrates (SLG/Mo), using a scalable sequential process 
consisting in the following steps. First, Bi was deposited by thermal 
evaporation (Oerlikon Univex 250), using Bi powder (Aldrich, 100 mesh 
99%), a base vacuum of 10− 5 mbar and evaporation rate of 0.3 Å/s. 
Then, Sb was also deposited by thermal evaporation onto the Mo/Bi 
metal stack from Sb shots (Alfa Aesar, 1–3 mm diameter), with a base 
vacuum of 10− 5 mbar and evaporation rate of 1 Å/s [52,53]. The 
multilayer Mo/Bi/Sb system thus constitutes the metallic precursor for 
the synthesis of (Sb1-xBix)2Se3. The nominal composition of the layer is 
established by deposition of different Bi and Sb thicknesses, so that 
variable x indicates the overall Bi content. For example, for the 
(Sb0.8Bi0.2)2Se3 sample, the density of the sample was determined as 0.4 
ρBi2Se3 

+ 1.6 ρSb2Se3
, with which the necessary molar amount of each 

element was calculated for a total thickness of 800 nm; the stoichiom
etry of the film was used to compute the content by weight of Bi and Sb, 
and their densities allowed to determine that the evaporated thickness 
should be 80 nm and 272 nm respectively. The same procedure was 
followed for the samples with different composition, considering the 
appropriate x for each case. See Table S1 for the thicknesses of the 
metallic stack in all cases. Next, the SLG/Mo/Bi/Sb precursors were cut 
into pieces of 2 × 1.5 cm2 and subjected to Se reactive annealing in a 
tubular furnace, using a glass Petri dish (15 cm3 volume) containing 8 
mg Se powder (Alfa Aesar, 99.9995%), homogeneously distributed 
around the sample in the centre of the dish. Additionally, the tube was 
filled with argon to provide an inert atmosphere and to control the 
system pressure. Samples were heated up to 340 ◦C with a 20 ◦C/min 
heating ramp at 500 mbar, annealed during 30min at this temperature, 
and then cooled down naturally (60 min approximately). For the for
mation mechanism study, the thermal process conditions were modified 
according to the criteria discussed further in the main text. 

Photovoltaic devices are fabricated with the device stack adapted 
from Sb2Se3 solar cells [52], which is SLG/Mo/(Sb1-xBix)2Se3/CdS/i-Z
nO/ITO. n-type CdS buffer was deposited by chemical bath deposition, 

followed by i-ZnO + ITO deposition by DC-pulsed magnetron sputtering 
(Alliance Concept CT100). Individual solar cells were defined by me
chanical scribing (Micro Diamond MR200 OEG), with a scribe line width 
of 20 nm. 

2.2. Materials and devices characterization 

Nominal composition and thickness of the as-synthesized (Sb1- 

xBix)2Se3 absorbers were determined by X-ray fluorescence spectroscopy 
(XRF) with a Fischerscope XVD equipment, which was previously cali
brated by ICP-MS. Phase content characterization by Raman spectros
copy was performed with an optical probe developed at IREC, coupled to 
a FHR640 Horiba Jobin Yvon spectrometer, where the signal was 
collected by a liquid nitrogen cooled CCD detector. The measurements 
were performed in back scattering configuration using HeNe gas laser 
(632.8 nm) as excitation source, focused on a macro spot (~50 μm), and 
with optical penetration depth of 50 nm (being the absorption coeffi
cient of Sb2Se3 films around 105 cm− 1) [53]. Laser power density was 
kept under 25mWcm− 2 to avoid degradation of the films. The X-ray 
diffraction (XRD) patterns were acquired with a Bruker D8 Advance 
equipment in Bragg–Brentano configuration, using CuKα radiation and 
2θ range from 10◦ to 80◦, with step size of 0.02◦. Diffractograms were 
analysed with X’Pert HighScore software. SEM micrographs were ob
tained in cross-section configuration (by mechanical cleavage of the full 
device) using a Zeiss Series Auriga field-emission microscope, with an 
acceleration voltage of 5 kV and working distances ranging between 3 
and 5 mm. 

In-depth chemical composition profiles of the thin films were 
investigated by Glow Discharge Optical Emission Spectroscopy 
(GDOES), using a Horiba Jobin Yvon GD Profiler 2 spectrometer 
equipped with an anode diameter of 4 mm, 19 channels for fixed ele
ments and an additional channel for an arbitrary element; and cross- 
sectional analysis by energy dispersive X-ray spectroscopy (EDX), 
using an INCAPentaFETx3 detector. Micrographs have been prepared by 
focused ion beam (FIB), by means of a CANION31 Ga FIB column. 

Current-voltage characteristics (JV curves) were characterized under 
dark and illumination conditions using simulated AM1.5G spectrum 
from a Sun 3000 AAA-class Abet solar simulator, showing uniform 
illumination area of 15 × 15 cm2 (previously calibrated with Si refer
ence cell). Dark JV curves were fitted according to the two-diode model 
of a solar cell. Quantum efficiency measurements were performed using 
a Bentham PVE300 system calibrated with Si and Ge photodiodes. In
ternal quantum efficiency (IQE) curves were derived from external 
quantum efficiency (EQE) and optical reflectivity measurements (in 
accordance with Equation S1), which were performed with integrated 
sphere and transmittance UV–Vis spectroscopy equipment. 

Finally, the modelling of (Sb1-xBix)2Se3 solar cells was performed 
using SCAPS 3.308 software and a set of material parameters from 
various literature sources, considering a 1000 nm thick absorber with a 
material stack similar to that of experimental devices, with the aim to 
obtain a qualitative verification of the hypotheses made from laboratory 
data [54]. The nature of the defects was specifically modelled after the 
work reported by Chen et al. [55], while the bulk defect concentration 
was varied within a range of 1013cm− 3 to 1018cm− 3. As the model does 
not claim to be a quantitative representation of the experimental de
vices, optical properties and bandgap variations are ignored, which al
lows to limit the number of interplaying parameters and streamlines the 
conclusions regarding the shape of the IQE curves. 

3. Study of (Sb1-xBix)2Se3 thin films optoelectronic and 
structural properties as a function of the Bi amount (x) 

3.1. Optoelectronic characterization and simulations 

A complete study has been carried out on the optoelectronic prop
erties of (Sb1-xBix)2Se3 as a function of the Bi amount (ranging from x =
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0 to x = 0.30). Accordingly, Mo/(Sb1-xBix)2Se3/CdS/i-ZnO/ITO devices 
were prepared following the previously described experimental pro
cedure. Results from this study are shown in Fig. 2a–d, where the PCE, 
Jsc, Voc and fill factor (FF) have been plotted as a function of Bi content 
(x). It is observed that between x = 0 and x = 0.1 the Jsc increases 
sequentially, while the Voc decreases, which is consistent with the ex
pected decline in the bandgap by incorporating Bi to the Sb2Se3 struc
ture [56,57]. Also, PCE between 3 and 5% have been demonstrated for 
0.01 < x ≤ 0.10. Nevertheless, for x > 0.1, there is a noticeable dete
rioration of the optoelectronic parameters, with Jsc and Voc decreasing 
abruptly, and PCE declining to values slightly above 0 (0.3%). In order 
to further investigate the performance of (Sb1-xBix)2Se3 devices, IQE 
measurements were performed, see Fig. 2e and f. In Fig. 2e, it is observed 
that devices with x = 0 and x = 0.01 present similar IQE curves, indi
cating that a very low Bi amount has been effectively incorporated into 
Sb2Se3, without significantly modifying the bandgap or the electronic 
structure of the material. Increasing x to 0.05 and 0.1, the IQE intensity 
decreases slightly and extends to higher λ values, denoting a smaller 
bandgap. Also, the fact that the IQE maximum appears at 700 nm sug
gests that there is recombination at the interface, causing the efficiency 
to decrease for the high photon energy range, as discussed in more detail 
below [58]. Finally, for x = 0.2 and x = 0.3, the overall IQE decreases 
dramatically, in line with the aforementioned PCE sharp decline. 
Interestingly, when applying a negative bias voltage, the IQE intensity 
escalates to higher values, see Fig. 2f, and with − 0.5V bias, they virtu
ally recover the performance of pure Sb2Se3. This demonstrates that the 
deterioration in the PCE of (Sb1-xBix)2Se3 solar cells is not caused by a 
loss of the intrinsic PV effect. Instead, a possible explanation is that the 
device becomes progressively limited by a diminishing carrier diffusion 
length. The fact that the IQE intensity increases drastically when a 
negative bias voltage is applied supports this hypothesis, since 
increasing the space charge region may allow photogenerated carriers to 
reach their respective transport layers despite the smaller diffusion 
length [59]. Therefore, it is possible that (Sb1-xBix)2Se3 with x > 0.1 are 
essentially limited by bulk recombination, leading to shorter carrier 
lifetime and diffusion length, hence dramatically reducing the PV per
formance of devices. 

From the IQE, the electronic bandgap was obtained as a function of 
the Bi amount (x), see Fig. 2g. As expected, the bandgap decreases 
sequentially as x increases, confirming that it can be modulated between 
1.0 and 1.23 eV by incorporating Bi into the Sb2Se3 structure, and thus 

proving the potential of (Sb1-xBix)2Se3 to develop chalcogenide-based 
narrow bandgap devices. Also, the decreasing trend is not linear, but 
rather follows a polynomial curve (Eg = 1.23 – 1.03x + 1.16x2), which 
concurs with previous results reported by P. Weiss et al. [36]. 

Additionally, a deeper analysis of (Sb1-xBix)2Se3 optoelectronic 
properties was performed by fitting dark JV curves using the two-diode 
model (Fig. S1). Accordingly, series resistance (Rs), ideality factors and 
dark saturation currents (n1 and I0,1 for diode 1, n2 and I0,2 for diode 2 
respectively) were estimated, see Fig. 3. Dark JV curves fitting was 
performed using two methodologies. First, the ideality factors were 
assumed to be n1 = 1 and n2 = 2 (fixed values), hence the experimental 
dark JV curves were fitted under these restrictions, albeit releasing all 
other parameters (thus far only considering recombination via single 
recombination centres) [60]. As a result, the series resistance and 
saturation currents were determined. Regarding the series resistance, 
note that it remains at relatively small values when the Bi amount stays 
below x < 0.01 (1.8 Ωcm2 and 1.9 Ωcm2 for x = 0 and x = 0.01 
respectively), but increases linearly with a 17 Ωcm2 slope as a larger Bi 
content is incorporated, reaching Rs = 5.1 Ωcm2 for x = 0.2, see Fig. 3a. 
The larger series resistance might result from nonoptimal contact 
alignment or to a poor carrier transport within the bulk of the absorber, 
which in turn could result from reduced electron and hole mobility due 
to an increased concentration of bulk defects [36,61]. Similarly, from 
the calculated saturation currents it has been confirmed that Bi incor
poration leads to increased bulk recombination. Indeed, it is observed 
that the saturation current I0,2 is significantly higher than I0,1 (3–4 or
ders of magnitude), and increases continuously, presenting a linear 
trend between x = 0.1 and x = 0.3, see Fig. 3b. The two-diode model 
allows to account for the contribution of Shockley-Read-Hall (SRH) 
recombination mechanisms via defects into the bandgap, by means of 
which the recombination rate slope and subsequently also the recom
bination current slope have a factor of 2 (ideality factor n = 2), see 
Equation S2 [60,62]. In turn, the saturation current I0 can be interpreted 
as a recombination parameter, since when multiplied by an excitation 
factor (the normalized pn product), it allows to determine the cumula
tive recombination expressed as a current [63]. Therefore, the fact that 
I0,2 is larger than I0,1 (where n2 = 2) suggests that the principal 
recombination mechanism limiting the performance of the device is 
SRH-based (defect assisted), demonstrating that higher Bi amounts lead 
to greater recombination via defects within the absorber’s space charge 
region (n2 ideality factor originates from a situation where n ≈ p, thus it 

Fig. 2. Optoelectronic parameters of Mo/(Sb1-xBix)2Se3/CdS/i-ZnO/ITO solar cells as a function of Bi amount (x): a) PCE, b) Jsc, and c) Voc d) FF. e) IQE curves of 
Mo/(Sb1-xBix)2Se3/CdS/i-ZnO/ITO solar cells as a function of Bi amount (x). f) IQE curves of Mo/(Sb0.8Bi0.2)2Se3/CdS/i-ZnO/ITO solar cells with applied bias voltage 
(0 V, − 0.1 V, − 0.5 V). g) Bandgap as a function of Bi amount (x). 
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accounts mostly for the effect of recombination in the depletion zone) 
[60]. The nature of these defects will be discussed further. 

Secondly, dark JV curves were fitted reducing the model restrictions 
to n1 = 1, thus freeing n2 from any constraint. With this, it is possible to 
evaluate the degree of adjustment with the two-diode model, and the 
contribution of phenomena resulting in nid>2. For instance, it is noted 
that the JV curves of (Sb1-xBix)2Se3 films with x = 0 to x = 0.1 can be 
fitted successfully with n2 = 1.5 to 2, indicating good agreement with 
the two-diode model and prevalence of recombination processes via 
single recombination centres. Nonetheless, for x = 0.2 and x = 0.3, n2 
increases to 4.2 and 6.5 respectively, see Fig. 3c. Such large ideality 
factors can occur as a result of multistep recombination channels via a 
series of trap states distributed along the bandgap. These non-ideal 
recombination current contributions are due to an increased number 
of defects, such as edge currents or non-linear shunts anywhere in the 
cell. If the density of these defects is sufficiently high, carriers can 
recombine through more than one defect, leading to multistep recom
bination and currents with n > 2 [64–66]. In the case of (Sb1-xBix)2Se3, it 
has been shown that the higher Bi content leads to increased defect 
concentration, which in turn possibly results in increased multistep 
recombination processes. Also, a higher n2 factor might provide an 
indication of disorder originating from a heterogeneous distribution of 
cations (Bi and Sb), causing the appearance of band tails, and hence 
deteriorating the overall device performance. The suggested effect of 
substitutional disorder is furtherly discussed in the structural charac
terization section. 

The previous hypotheses have been evaluated by SCAPS software 
simulations, modelling a baseline (Sb0.8Bi0.2)2Se3 device by using state 
of the art parameters and a defect profile inspired by Y. Chen et al. [67] 
and A. Gon Medaille et al. [68], where the bulk defect density is the only 
floating parameter. The primary goal of this study is to examine how the 
shape and intensity of IQE curves are changed as a function of the 
concentration of defects at the interface and bulk of the absorber. It is 
not a quantitative analysis. Instead, we focus on the critical parameter (i. 
e., defect density), and demonstrate that this parameter yields the 

changes that are observed experimentally. For that purpose, bandgap 
variations, band alignment and other features of the device are assumed 
irrelevant and thus ignored in the model, establishing a baseline such 
that these factors do not interfere with the conclusions of the study. 

Fig. 4a and b displays a situation where the bulk defect density is 
increased from a value of 5⋅1013 cm− 3 up to 5⋅1018 cm− 3, Indeed, the 
evolution of the modelled IQE curves displays a behaviour similar to that 
observed in the experiments. When the bulk defect density is low enough 
to be irrelevant compared to the interface defects and those dominate, 
the IQE value is lower in the high photon energy range than it is in the 
low photon energy range. This particular shape tackles a common 
misconception in the field that interface defects are a loss mechanism 
affecting all carriers equally in the IQE analyses [69]. Such statement is 
demonstrably untrue from the fact that indeed, under monochromatic 
illumination, electron-hole (e-h) pairs are statistically generated at 
different absorber depths as a function of the incident wavelength. For 
high photon energy, the e-h pairs will be primarily generated in the 
space charge region, at the vicinity of the pn junction. These pairs are 
thus subjected to interface recombination, as both carrier types are 
present in a small absorber volume. Otherwise, for a lower photon en
ergy, e-h carriers are generated deeper in the absorber, well beyond the 
space charge region. As the illumination is monochromatic and few 
holes are present in the space charge region, this imbalance leads to 
photoelectrons reaching the pn junction not recombining through 
interface defects and, therefore, the low energy part of the IQE (800 
nm–1000nm) reaches higher values than the high energy part (500 
nm–700nm) –, see Fig. S2 for the modelled photocarrier density as a 
function of position within the film, illustrating that carriers are 
generated deeper in the absorber when using a low energy excitation, 
while a high energy excitation leads to increased carrier generation at 
the vicinity of the pn junction (1 μm). In line with this principle, it is 
confirmed that (Sb1-xBix)2Se3 films with low Bi amounts (x = 0 to x =
0.1) are essentially limited by interface recombination, see Fig. 2d. 

On the other hand, it should be noted that under a white light bias of 
enough intensity, which generates a continuous depth-distribution of 

Fig. 3. a) Series resistance of Mo/(Sb1-xBix)2Se3/CdS/i-ZnO/ITO solar cells as a function of Bi amount (x). b) Saturation currents I0,1 and I0,2 Bi amount (x). c) Ideality 
factor n2 as a function of Bi amount (x), computed assuming that n1 = 1. Values obtained using a two-diode model software. 

Fig. 4. a) Modelled IQE curves without applied bias for a (Sb,Bi)2Se3 solar cell with fixed interface defects and variable density of bulk defects. b) Normalized IQE 
curves. c) Modelled EQE curves with a − 1.0 V external bias for a (Sb,Bi)2Se3 solar cell with fixed interface defects and variable density of bulk defects. d) Normalized 
IQE curves. 
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photocarriers in the absorber, the aforementioned statement that 
interface defects affect all carriers equally becomes true, but this is 
beyond the scope of the current discussion. 

When increasing the bulk defect density, the minority carrier diffu
sion length in the absorber becomes reduced, therefore significantly 
affecting the overall IQE values and giving the curve a bell-like shape, 
clearly visible in the normalized curves, see Fig. 4b. The previous 
statement regarding interface defects and e-h pairs generated at the 
vicinity of the pn junction remains true, and interface defects are the 
predominant recombination pathway in the high photon energy range. 
Alternatively, in the low photon energy range (850 nm–1050nm), a 
decreasing number of photocarriers are able to reach the interface due to 
the smaller diffusion length, resulting in the characteristic decrease of 
the IQE curve. The maximum IQE value is thus obtained in the 750 
nm–800nm range, where photoelectrons can still diffuse to the pn 
junction without being affected by interface defects in the absence of 
holes. 

In Fig. 4c and d, a similar analysis is carried out with IQE curves 
calculated under a constant -1V external bias, which slightly expands the 
space charge region width while significantly increasing the electric 
field, and thus the selectivity of the contact. The conditions in which 
bulk defect density is high benefit the most from such configuration, 
with the IQE spectrum remarkably increasing and its shape being much 
more triangular, as photoelectrons able to reach the depletion region are 
more efficiently collected. Otherwise, the IQE curves calculated for 
conditions in which interface defects dominate and bulk defects are 
irrelevant are only marginally affected by the application of an external 
bias, as expected from the previous discussion. Significantly, these re
sults show a clear correspondence with the experimental IQE spectra 
from Fig. 2e. 

Note that while the ideas developed in this simple model do not 
unequivocally demonstrate our hypotheses regarding the increasing 
prevalence of bulk defects in the presence of Bi, they represent a strong 
argument in that direction, and are consistent with the previously dis
cussed fitting results of experimental dark JV curves. 

3.2. Structural characterization 

Complementing the previous study, SLG/Mo/(Sb1-xBix)2Se3 samples 
(similar to the ones used for optoelectronic characterization before) 
were manufactured to perform structural characterization by Raman 
spectroscopy analysis and XRD, see Fig. 5. The average Raman spectra of 
bare (Sb1-xBix)2Se3 thin films (0 < x < 0.3) are shown in Fig. 5a, where 
the peaks with an asterisk correspond to the orthorhombic Sb2Se3 phase 

[70–72], and the blue dotted lines indicate the rhombohedral Bi2Se3 
phase (orthorhombic Bi2Se3 is metastable) [46,73]. The estimated op
tical penetration depth of the applied excitation wavelength is around 
50 nm, which allows to conclude that interface and close to interface 
structural changes have the main impact on the analysed Raman spectra. 
The comparison of Raman spectra of samples with x = 0 and x = 0.01 
shows no significant differences between them, with only a slight in
crease of the width of the peaks, most probably related with small dis
tortions of the lattice due to partial substitution of Sb cations by Bi, 
which is, however, not enough to produce detectable changes in the 
spectrum related to the solid solution formation. The later starts to be 
well pronounced for the sample with x = 0.05, where a shoulder at the 
red side of the main Sb2Se3 peak has appeared. The appearance of this 
shoulder and its further red shift was previously correlated with the 
appearance of the (Sb1-xBix)2Se3 solid solution [37]. Taking into account 
the expected structural similarity of the Sb2Se3 and Bi2Se3 (metastable) 
orthorhombic phases, the observed shoulder can be tentatively assigned 
to the Ag-like mode, which is the second mode (peak at 192 cm− 1 is the 
first one) in a two mode behaviour system of the (Sb1-xBix)2Se3 solid 
solution with orthorhombic structure [74]. Also, the position of the peak 
related to the discussed shoulder allows to estimate the Sb/Bi ratio [37], 
which was found to be close to the nominal compositions. Together with 
the shoulder evolution, new peaks have appeared in the samples with x 
≥ 0.05 (72 and 138 cm− 1), which also exhibit a clear increase of in
tensity with increasing Bi content. These peaks can be assigned to the 
A1g and Eg modes of pure rhombohedral Bi2Se3, which is likely present at 
the surface of all samples with x ≥ 0.05 [73]. Note that the third peak, 
usually observed in rhombohedral Bi2Se3 close to 175 cm− 1, is not so 
pronounced owing to a strong overlap with other peaks. Considering the 
presence of the pure Bi2Se3 phase, and that estimated Sb/Bi ratios were 
close to nominal values, it is logical to assume the presence of pure 
Sb2Se3. However, no other secondary phases, such as elemental Sb, Se, 
or SbO3, have been detected. 

In order to further characterize the structural properties of the (Sb1- 

xBix)2Se3 phase, XRD analysis was carried out on bare Mo/(Sb1-xBix)2Se3 
samples, see Fig. 5b (complete diffractogram in Fig. S3). Diffraction 
peaks can be either indexed either to the orthorhombic Sb2Se3 (ICDD 04- 
003-0715) or the rhombohedral Bi2Se3 (ICDD 01-077-1715) structures, 
in addition to Mo from the back contact. Significantly, by incorporating 
Bi, no phase transition is observed. Indeed, all peaks correspond to the 
orthorhombic crystal structure and no rhombohedral Bi2Se3 peaks have 
been detected, indicating that for Bi amounts which x ≤ 0.3, the (Sb1- 

xBix)2Se3 solid solution retains the original orthorhombic structure of 
Sb2Se3 – the fact that the Raman analysis revealed the presence of Bi2Se3 

Fig. 5. a) Normalized Raman spectra of the surface of (Sb1-xBix)2Se3 thin films as a function of Bi amount (x). b) X-ray diffractograms of selected Mo/(Sb1-xBix)2Se3 
samples as a function of Bi amount (x). 
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indicates that in a small amount this phase may be present on the sur
face. However, as the Bi content increases, the orthorhombic crystal 
lattice experiences deformations (which is expected due to the larger 
ionic radius of Bi occupying Sb positions), resulting in the following 
diffractogram variations:  

- (hkl), (h0l), (0 kl) and (00l) peaks [with h,k,l∕=0] shift towards 
smaller 2θ values. E.g., see the Bragg reflection at 28.2◦ in Fig. 5b, 
successively shifting towards lower 2θ as the Bi amount increases.  

- (hk0) peaks shifts towards higher 2θ values (e.g., see peaks at 23.9◦

and 24.1◦ in Fig. 5b). 

Moreover, as Bi incorporation increases, the (Sb1-xBix)2Se3 XRD 
peaks widen and a shoulder appears systematically to their left – which 
can be observed in all (hkl), (h0l), (0 kl) and (00l) reflections –, being 
especially noticeable in the samples with large Bi amounts (x = 0.3, x =
0.2). For example, the red circle in Fig. 5b indicates a shoulder, or peak 
overlapping feature, appearing to the left of the 28.2◦ Bragg reflection. 
The fact that this feature appears repeatedly throughout the whole dif
fractogram, and that it is not accompanied by any additional peaks, 
suggests that it is neither the result of a phase transition (which would 
lead to different crystalline structure), nor secondary phases. However, 
it might point to an inhomogeneous distribution of Bi, resulting in a solid 
solution gradient. By GDOES measurements it has been indeed shown 
that Bi content is higher near the surface, decreasing progressively to
wards the back contact, see Fig. S4. In addition, a FIB cross-section of the 
(Sb0.8Bi0.2)2Se3 film was analysed by EDX linescan mapping, confirming 
the results of GDOES, i.e., shows a decreasing profile in the Bi amount 
from the sample, see Fig. S5. This observation leads to two principal 
conclusions. First, that the Bi initially deposited on Mo tends to diffuse 
towards the surface during the annealing process. Second, the existence 
of a compositional gradient in depth implicates variations to the lattice 
parameters of (Sb1-xBix)2Se3 (which depend on the amount of Bi 
replacing Sb), causing the widening and peak overlapping detected by 
XRD. 

Finally, incorporation of Bi also causes a deterioration of the crys
talline orientation. Owing to their van der Waals structure, quasi-1D 
semiconductors present anisotropic optoelectronic properties, result
ing in increased carrier mobility along the c-axis (ribbon-assisted 
transport) [4]. Hence, favoured orientation in the [00l] direction (along 
the c-axis according to Pbnm #62) is desirable to develop enhanced 
carrier transport properties. Here, the texture coefficient (TC, see 
Equation S3) has been used to study the evolution of preferred orien
tation by increasing the Bi amount [75,76]. Texture coefficient along the 
[002] direction is higher in samples with lower Bi amount, while high Bi 
amount samples have lower TC002, indicating loss of crystalline growth 
in the desired orientation (3.9 for x = 0.01, 1.4 for x = 0.3), see 
Table S2a. On the other hand, as x increases, so does TC230 (0.1 for x =
0.01, 0.7 for x = 0.3). Note that in the case of (230)-oriented materials, 
the sum of h and k Miller indices is larger than 3, suggesting lateral 
growth (angles between covalent ribbons and the substrate are small). It 
is shown that Bi incorporation (x < 0.3) leads to a deterioration of the 
optimum crystalline orientation for enhanced c-axis conductivity [75, 
76]. 

3.3. Interpretation of results 

So far, optoelectronic and structural analyses have shown that 
increasing the Bi amount leads to (Sb1-xBix)2Se3 films being increasingly 
limited by bulk recombination, increased disorder (due to inhomoge
neous distribution of cations), and loss of the 00l-preferred crystalline 
orientation. Regarding the effect of bulk recombination, the results here 
presented are consistent with DFT calculations developed by Cai Z. and 
Chen S., according to which Bi in Sb2S3 (due to chemical similarities, an 
akin behaviour is expected for Sb2Se3) occupies antisite positions (BiSb) 
and interstices (Bii). The formation energy of BiSb is extremely low, 

indicating a high solubility of Bi; however, it is a neutral defect and thus 
not expected to affect the electrical properties of the absorber such as 
doping (still, the bandgap is expected to change). On the other hand, Bii 
have a higher formation energy, acting as donor defects and producing a 
deep carrier recombination centre in the bandgap [77]. Therefore, by 
incorporating a very small Bi amount into the Sb2(S,Se)3 system, we 
expect that mainly BiSb antisites will appear due to their low formation 
energy, without significantly interfering with device performance. 
Nevertheless, by increasing the Bi content, Bi will begin to occupy Bii 
positions, resulting in increased defect-assisted recombination and 
reduced photoconductivity (Bii is donor and can act as a trap for elec
trons), which in turn will decrease the carrier diffusion length and cause 
an increase of saturation current and ideality factor, agreeing with the 
experimental results and optoelectronic characterization above. Indeed, 
we deem essential to continue studying the nature of Bi-related defects 
in chalcogenides, moving towards a larger understanding of their for
mation and impact, and thus design specific strategies to overcome their 
detrimental effect on devices. 

Furthermore, structural characterization has shown that Bi tends to 
diffuse towards the surface during annealing, resulting in an inhomo
geneous compositional distribution, which in turn involves a bandgap 
gradient (lower near the surface, higher in the back). Also, a decrease in 
the texture coefficient along the (00l) direction has been observed by 
increasing Bi content, which can negatively affect the mobility of car
riers. In order to understand the underlying mechanisms that lead to the 
formation of the solid solution, and therefore devise methodologies to 
improve its properties and performance, a synthesis study has been 
carried out by means of interrupted growth, i.e., (Sb0.8Bi0.2)2Se3 thin 
films have been prepared with different annealing time and tempera
tures, following a specific sequence destined to procure an overview of 
the phases that are formed in each stage of the synthesis process, their 
crystalline quality and their morphology, see Fig. 6. 

4. Study of (Sb0.8Bi0.2)2Se3 formation via interrupted growth 

The interrupted growth experiment has been performed with a single 
composition of x = 0.2, which was selected because it belongs to the 
range showing a noticeable compositional gradient (see XRD results in 
Fig. 5), while exhibiting bandgap in the spectrum of interest (1.05 eV) 
for the development of narrow-bandgap devices. XRF analysis of the 
films revealed that for treatments with no dwell time, it is likely that the 
material is not completely selenized, resulting in thinner samples and x 
> 0.2, see Table S3. Otherwise, as temperature and dwell time increase, 
we obtain samples with ~700 nm thickness and stable composition 
around x = 0.20; apart from very long times (6 h), when the Bi amount x 
increases notably and thickness sinks to ~380 nm, indicating possible 
decomposition. 

Raman analysis provides valuable information on the development 
of the phases during the material’s synthesis process. For example, at 
stage 1 (Fig. 6, t1), only peaks of Sb2Se3 with preferentially horizontal 
ribbon alignment – [hk0] orientation – are detected [78]. The ribbons 
preferred orientation at low synthesis temperature is in accordance with 
previous Sb2Se3 results [79]. Absence of Bi or Bi2Se3 signals might be 
related with not sufficient temperature to react the subjacent Bi layer, or 
to allow Bi to diffuse towards the surface (heed that Raman spectroscopy 
is a surface sensitive technique). Therefore, only Sb selenization is 
occurring at 250 ◦C. At 300 ◦C (Fig. 5, t2), peaks of rhombohedral Bi2Se3 
(strong signals at 72, 130 and 175 cm− 1) are seen in the Raman spectrum 
along with the peaks from the orthorhombic phases of pure Sb2Se3 and 
maybe of (Sb1-xBix)2Se3 solid solution with small amount of Bi. It is 
likely that at this temperature there is enough Se partial pressure to react 
throughout the thickness of metal precursor, but only part of Bi effec
tively incorporates into the (Sb1-xBix)2Se3 structure, while the rest still 
remains as the pure Bi2Se3 phase or as non-reacted metallic Bi. Even
tually, at 340 ◦C (Fig. 5, t3), the formation of (Sb0.8Bi0.2)2Se3 solid so
lution is denoted by a shift of the ~175 cm− 1 band towards lower 
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wavenumber (172.6 cm− 1), together with a significant decrease of in
tensity of other Bi2Se3 peaks. With increasing the annealing dwell time 
(30 min and 2h – Fig. 5, t4 and t5), samples become highly uniform in 
terms of lateral homogeneity, and no changes in phase content can be 
detected. However, the amount of Bi incorporated in the solid solution at 

the samples’ surface seems to decrease – the 172.6 cm− 1 peak shifts back 
to a higher wavenumber. Additionally, the peak related to amorphous Se 
(a-Se), presented in the previous steps (t2 and t3), disappears with 
increasing of dwell time. Finally, with 6h dwell time (Fig. 5, t6), the 
material appears to be completely decomposed into rhombohedral 

Fig. 6. Normalized Raman spectra of the surface of (Sb0.8Bi0.2)2Se3 thin films for different temperatures and annealing times. For these samples, the reactive 
annealing was interrupted after different times t1 to t9 (see Temperature vs. time plot for a description of each process). 

Fig. 7. X-ray diffractograms of selected Mo/(Sb0.8Bi0.2)2Se3 thin films for different annealing conditions: a) Temperature from 250 ◦C to 340 ◦C with different dwell 
time; b) Temperature from 340 ◦C to 500 ◦C at t = 30min. c) Cross-sectional SEM micrographs of Mo/(Sb0.8Bi0.2)2Se3/CdS/ITO devices prepared with different 
annealing conditions (see the main text for a detailed nomenclature description). 
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Bi2Se3 (peaks at 72, 130 and 175 cm− 1) and α-Sb2O3. Also, traces of 
(Sb1-xBix)2Se3 and/or Sb2Se3 phases cannot be discarded. Therefore, it 
seems feasible that with long annealing treatments (>2h), the solid so
lution decomposes into Bi2Se3 and Sb, which forms the oxide, and Se 
sublimation. On the other hand, increase of the annealing temperature 
to 400 and 450 ◦C (Fig. 5, t7 and t8) has a less pronounced effect on the 
Raman spectra, with only some changes in the peak assigned to the 
(Sb1-xBix)2Se3 solid solution (insignificant changes in the spectra of t4 
and t7 steps, and slight redshift down to 172.7 cm− 1 in the t8 spectrum, 
denoting a slight increase of Bi in the solid solution at 450 ◦C). Further 
increased temperature to 500 ◦C (Fig. 5, t9) results in a more pro
nounced redshift of the (Sb1-xBix)2Se3 peak (close to 168 cm− 1), indi
cating an increase of Bi content due to the appearance of α-Sb2O3 and 
trigonal Se phase (t-Se), also indicating decomposition of the solid so
lution, or at least a decrease of Sb and Se contents. 

The conclusions extracted from the Raman analysis were furtherly 
investigated by XRD, see Fig. 7 (complete diffractograms in Fig. S6). 
When the sample is subjected to 250 ◦C (Fig. 7a), mainly the Bragg re
flections corresponding to metallic Sb (23.7◦ and 44.4◦) and Bi (22.6◦

and 27.6◦) are detected, plus weak reflections compatible with pure 
Sb2Se3 (e.g. 211 peak at ~28◦). It is therefore confirmed that under these 
conditions, only partial Sb selenization occurs, while large amounts of 
Sb and Bi precursor remain unreacted. Increasing temperature to 300 ◦C 
leads to almost disappearance of Bi reflections, but metallic Sb is still 
clearly detected (note peaks at 23.7 and 44.4◦). Interestingly, for this 
sample, the Sb2Se3 peaks are still weak and difficult to identify un
equivocally, while the rhombohedral Bi2Se3 is clearly detected, showing 
sharp and intense reflections. At 340 ◦C, the Bi2Se3 reflections disappear 
almost completely, replaced by stronger ones related to the 
(Sb0.8Bi0.2)2Se3 solid solution (metallic Bi and Sb not detected anymore). 
Overall, these results indicate that the solid solution of (Sb0.8Bi0.2)2Se3 is 
formed in two phases. First, the binary compounds –orthorhombic 
Sb2Se3 and rhombohedral Bi2Se3 – start appearing at annealing tem
peratures higher than 250 ◦C, with the Bi2Se3 phase crystallizing earlier. 
Second, with temperature increasing, the Bi2Se3 and Sb2Se3 phases 
combine to form the (Sb0.8Bi0.2)2Se3 solid solution, almost free of any 
secondary phase at 340 ◦C. The fact that Bi2Se3 is formed prior to Sb2Se3 
is consistent with our hypothesis that Bi tends to diffuse towards the 
surface, which gives rise to the above-mentioned Bi compositional 
gradient. Indeed, the melting point of Bi (271.40 ◦C) is significantly 
lower than that of Sb (630.63 ◦C) [80]. Hence, it is likely that when the 
sample reaches 270 ◦C, Bi starts to melt, resulting in an inhomogeneous 
matrix of liquid Bi and solid Sb, with Bi tending to out-diffuse towards 
the surface, where it reacts with Se vapours. Moreover, the formation 
enthalpy of Bi2Se3 (− a146 kJ/mol) is negative and smaller than that of 
Sb2Se3 (− a128 kJ/mol), thus the Bi2Se3 formation is thermodynamically 
favoured under these manufacturing conditions [81,82]. Using SEM 
imaging, it has been observed that a Bi/Sb sample subjected to alloying 
at 300 ◦C gives rise to inhomogeneous surface, with the Sb layer frag
mented into islands interspersed by plateaus of Bi-rich material, whose 
smooth appearance suggests solidification after melting, see Fig. S7. 
Therefore, it seems reasonable to conclude that the movement of molten 
Bi during the synthesis of the material plays a relevant role in its 
morphology and compositional distribution. 

Increasing the dwell time to 2h, crystallinity improves notably, 
reaching optimal conditions at T = 340 ◦C and t = 30 min. However, 
with the longer 6h annealing, (Sb0.8Bi0.2)2Se3 peaks decrease drastically, 
and very intense Sb2O3 signals appear, in line with the previous Raman 
results indicating that long thermal treatments lead to complete 
decomposition of the solid solution. On the other hand, maintaining the 
optimal time of 30 min, but increasing the temperature to 450 ◦C, the 
main difference is noticed in the position of reflections, which slightly 
tend towards lower 2θ values, related to increasing the Bi content in the 
solid solution, in accordance with previous results. Nonetheless, when 
temperature reaches 500 ◦C, an ostensible deterioration in the crystal
line orientation is detected. Note in Table S2b that the TC002 decreases 

notably between the standard annealing treatment (340 ◦C, 30 min) and 
the 500 ◦C treatment (1.24 for t4, 0.89 for t9), whereas TC230 increases 
considerably (0.45 for t4, and 1.03 for t9), indicating loss of the (00l)- 
preferred crystalline orientation. Also, the XRD diffractogram of the 
sample subjected to 500 ◦C shows additional peaks assigned to un
identified secondary phases that were not observed in any other layers, 
and that could be compatible with elemental Se and Sb oxides, sug
gesting possible decomposition of the solid solution and Se sublimation, 
as discussed earlier from the Raman analysis. Due to the complexity of 
the diffractograms, the presence of small amounts of binary phases 
cannot be ruled out either. 

SEM imaging analysis of some of these samples also provides rele
vant information on the growth of the material, and the effect of time 
and temperature, see Fig. 7c (Fig. S9 for lower magnification micro
graphs). Images of complete devices – Mo/(Sb1-xBix)2Se3/CdS/i-ZnO/ 
ITO – were acquired. When the sample is subjected to 250 ◦C (Fig. 7c I), 
the absorber shows unevenly shaped and disoriented grains, indicating 
incomplete selenization, however the precursor Bi and Sb layers are not 
clearly distinguished. As temperature increases, the thickness of 
(Sb0.8Bi0.2)2Se3 phase also increases, along with the size of grains 
(300 ◦C in Fig. 7c II), showing columnar growth and orientation in the 
direction perpendicular to the substrate, similar to standard Sb2Se3 thin 
films (especially for samples annealed at 340 ◦C; Fig. 7c III – 0 min, and 
IV – 30 min) [83]. Nonetheless, increasing time and temperature, 
several voids have appeared at the Mo/(Sb0.8Bi0.2)2Se3 interface (see red 
circled voids in Fig. 7c III to V – 340 ◦C, 2h), which might result in shunt 
problems and carrier collection deficiency, damaging the device per
formance [84–86]. At this point it seems natural to consider that the 
suggested Bi diffusion during the thermal treatment, resulting in inho
mogeneous Bi distribution (see GDOES and SEM-EDX images in Figs. S4 
and S5), together with the fact that Bi melts at ~300 ◦C, are the origin of 
the voids at the back region. Hence, in order to improve the properties of 
the material, specific synthesis strategies need to be devised to prevent 
the rapid diffusion of Bi towards the surface. Furthermore, note that the 
surface morphology is very rough (especially in the sample subjected to 
a 2h treatment, see Fig. 7c V), which could be the cause of increased 
carrier recombination [87]. Finally, with longer dwell times (6h – see 
Fig. 7c VI), the absorber appears completely degraded; the layer loses its 
integrity and grains change their appearance from columns to parallel 
stripes, suggesting decomposition of (Sb1-xBix)2Se3 into Sb2O3 and 
Bi2Se3, as shown in the XRD study (Fig. 7a). 

From this formation mechanism study by interrupted growth, it has 
been possible to work out how the (Sb1-xBix)2Se3 system evolves as a 
function of annealing time and temperature. It has been shown that at 
250 ◦C the Bi and Sb precursors remain mostly unreacted, with only 
small surface selenization, see Fig. 8b. Then, at 300 ◦C, the binary 
compounds Sb2Se3 and Bi2Se3 are formed first, with Bi2Se3 appearing at 
lower temperatures. This could be due to the melting of Bi at 270 ◦C, 
giving rise to a Sb–Bi solid-liquid system in which molten Bi diffuses 
towards the surface and becomes selenized in the first place, see Fig. 8c 
and d. Subsequently, when temperature reaches 340 ◦C, the binary 
compounds combine to form the (Sb1-xBix)2Se3 solid solution, presenting 
a single orthorhombic crystalline structure under Sb-rich conditions (up 
to x = 0.3 no phase transition has been detected), see Fig. 8e. Finally, it 
has been shown that the system is unstable at extended annealing times, 
completely decomposing into Bi2Se3 and Sb, which in turn reacts with 
oxygen from air to form Sb2O3, see Fig. 8f. Overall, we show that the 
optimal synthesis conditions for (Sb1-xBix)2Se3 are 340 ◦C during 30 min. 
Accordingly, we propose the following formation and decomposition 
mechanism of (Sb1-xBix)2Se3 thin films: 

Bi+ Sb →
Se x Bi2Se3 +(1 − x)Sb2Se3→(Sb1− xBix)2Se3  

(Sb1− xBix)2Se3 ⇔ x Bi2Se3 + Sb + Se  
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5. Improvement pathways 

In this section, a new synthesis pathway has been proposed and 
tested in order to avoid the diffusion of Bi from the rear interface to the 
surface, which is likely to be the cause of its rough morphology and voids 
formation, see SEM images in Fig. 7c. To have more controlled layer 
growth, a methodology has been suggested to develop the solid solution 
and selenization in absence of liquid phases (melted Bi). In the first 
place, (Sb0.8Bi0.2)2Se3 thin films were synthesized from Mo/Sb/Bi – 
inverting the order of metal evaporation, Sb was deposited first onto the 
Mo, and then Bi was evaporated over Mo/Sb stack. Next, the Mo/Sb/Bi 
precursor was subjected to the optimum annealing conditions in 
accordance with the previous synthesis study (340 ◦C during 30 min). 

Accordingly, significant improvements in the optoelectronic prop
erties have been observed, with PCE increasing to a record cell efficiency 

of 1.4% (0.3% with the previous Mo/Bi/Sb stack), see Fig. 9a. Likewise, 
all other optoelectronic parameters undergo notable improvements; e. 
g., Voc goes from 130 to 170 mV, roughly approaching the expected 
values if the Voc decreases linearly when reducing the bandgap from 
1.25 to 1.0 eV, see Fig. S8. Also, Jsc increases up to values close to those 
of usual Sb2Se3 (up to 20 mA) and FF rises by 6% points, see Fig. 9a and 
b. These improvements in the PV performance may arise from enhanced 
contact with the hole transport layer in the back of the cell and improved 
material quality; note that SEM images demonstrate enhanced 
morphology and larger grains by using the Sb/Bi precursor, see Fig. 9c. 
Nonetheless, XRD analysis shows that the Sb/Bi diffractogram has 
broader peaks and bigger shoulders than Bi/Sb’s, suggesting that the 
new precursor gives rise to a less homogeneous composition than the 
former, see Fig. 9d. This result was confirmed by GDOES measurements, 
showing that Sb/Bi precursors lead to a more pronounced compositional 

Fig. 8. Scheme of the formation and decomposition mechanism of (Sb0.8Bi0.2)2Se3 thin films: a) Bi and Sb precursors. b) Unreacted Bi and Sb at 250 ◦C. c) Melting 
and diffusion of Bi towards the surface at 300 ◦C. d) Formation of binary compounds at 300 ◦C (Bi-rich at the surface). e) Formation of (Sb0.8Bi0.2)2Se3 solid solution 
at 340 ◦C. f) Decomposition into Bi2Se3 and Sb2Se3 after extended heating times (6h). 

Fig. 9. Optoelectronic and structural characterization of (Sb0.8Bi0.2)2Se3 prepared from Mo/Bi/Sb and Mo/Sb/Bi precursors. a) PCE and Voc. b) Jsc, and FF. c) Cross- 
sectional SEM micrographs d) X-ray diffractograms (23◦-35◦ range). e) Sb and Bi distribution in depth by GDOES measurements. 
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gradient than Bi/Sb – exhibiting a higher Bi content near the surface, 
while decreasing to nearly negligible amounts towards the back, see 
Fig. 9e. Also, IQE curves have a very peculiar shape and extremely low 
values, the integral of which does not match the JSC measured with a 
calibrated solar simulator. This deviation may be due to the different 
carrier injection conditions between AM 1.5 solar simulator and IQE 
measurements. Indeed, by measuring the IQE under an uncalibrated 
whitelight bias, a significant increase in its values can be observed; and 
applying both white light and electric bias, high performance and 
standard rectangular-shaped IQE curve can be recovered, see Fig. S10. 
These results indicate that despite improvements in morphology and 
back contact, the material is likely still limited by low carrier diffusion 
length and high recombination, which severely limits carrier extraction 
in low injection conditions. The influence of light bias suggests the ex
istence of a high defect density in the Bi-richer (narrower gap) region, 
leading to screening of carrier collection in low injection conditions. 
Further physical and electronic analysis is required to thoroughly study 
the correlation between defects and IQE, and seek ways to thus improve 
the material. 

6. Conclusions 

Here it is shown that the bandgap of (Sb1-xBix)2Se3 thin films can be 
effectively tuned from 1.25 to 1.0 eV by increasing Bi incorporation up 
to x = 0.3, demonstrating PCE between 3 and 5% for 0.01 < x ≤ 0.10. 
However, a significant deterioration in the optoelectronic parameters 
has been observed for larger Bi amounts. From dark JV curves analysis, 
it has been suggested that the material is essentially limited by defect- 
assisted bulk recombination. Furthermore, SCAPS simulations suggest 
that increasing the Bi amount may lead to increased bulk recombination 
(resulting in the reported abrupt decrease of IQE intensity) possibly due 
to the increasing concentration of Bii deep recombination centres; 
whereas low Bi content and Sb2Se3 thin films are mostly limited by 
interface recombination. On the other hand, Raman and XRD analyses 
have shown that the solid solution possesses orthorhombic structure, 
with small amount of pure Bi2Se3 phase. However, its inhomogeneous Bi 
distribution leads to an in-depth compositional gradient. Secondly, we 
have performed a formation mechanism study by interrupted growth 
synthesis. Accordingly, it has been possible to determine how the (Sb1- 

xBix)2Se3 solid solution evolves as a function of annealing time and 
temperature: i.e. the binary compounds Sb2Se3 and Bi2Se3 are formed 
first, with Bi2Se3 appearing at lower temperatures due to the lower 
melting temperature of Bi, which is also the cause of rapid diffusion of Bi 
towards the surface, resulting in the formation of voids at the rear 
interface, and coarse morphology. When temperature increases to 
340 ◦C, the binary compounds combine to form the (Sb1-xBix)2Se3 so
lution, which decomposes into Bi2Se3 and Sb2O3 upon prolonged heat
ing. Considering the conclusions of this study, it has been proven that 
avoiding Bi diffusion during growth allows to improve morphology and 
optoelectronic properties, achieving a record cell efficiency higher than 
1% for x > 0.2. 

Overall, this work demonstrates the potential of (Sb1-xBix)2Se3 as a 
chalcogenide-based absorber for narrow bandgap devices, with possible 
applications in PV and beyond (such as thermoelectrics and infrared 
sensing); pointing towards its current shortcomings and suggesting 
strategies to enhance its quality and performance. The analysis of dark 
JV curves by the two-diode model proved that there is a correlation 
between ideality factor and the disorder within the material. Finally, the 
synthesis study has allowed to establish a clear image of the formation 
mechanism, opening the door to implementing innovative routes to
wards developing novel quasi-1D chalcogenides with tuneable optical 
properties. 
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