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Abstract 
Lead-based perovskites have reached prominence in optoelectronic and photovoltaic 
research, yet their toxicity has prompted the search for alternative lead-free compounds. 
All-inorganic antimony-/bismuth-halide perovskite derivatives have been identified as a 
promising class of materials. Despite attractive bulk optoelectronic properties, their 
optoelectronic device performance has been lagging behind. Here we examine one of their 
most promising embodiments, the all-inorganic cesium-antimony-halide system. Through 
solution-based halide mixing, we achieve its structural conversion from a zero-dimensional 
to a layered phase at processing temperatures <150 °C, i.e., much lower than those relied 
upon in the prior literature (≥ 230 °C) of all-inorganic cesium-antimony halides. In order 
to evaluate the technological significance of such finding, we integrate our layered films 
into a sandwich-type device structure, and characterize their external quantum efficiency 
and photovoltaic behavior. We find that the structural conversion leads to a considerable 
enhancement of the optoelectronic device performance. Additionally, photocurrent-power 
characterization and Hall effect measurements reveal that this performance enhancement 
is brought about by an improvement in charge carrier transport, which can be exploited due 
to the unoriented nature of our low-temperature-processed layered films. Such performance 
boost and mechanistic insight constitute an important step in realizing the full potential of 
these (and related) compounds for their application in lead-free optoelectronic and 
photovoltaic devices, e.g., for top-cell in tandem photovoltaics, indoor photovoltaics, and 
photodetection. 
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1. Introduction 
In recent years, lead-halide perovskites have emerged as particularly promising 

semiconductors for optoelectronic applications [1–10]. For instance, in photovoltaics, 

power conversion efficiencies (PCEs) now surpassing the 25% threshold have been 

achieved [11]. However, toxicity concerns associated with the lead content [12] of lead-

halide perovskites have hindered their large-scale commercialization. Consequently, 

considerable efforts have been put forward in developing perovskites and derivatives with 

similarly favorable optoelectronic properties but with lead being replaced with less toxic 

elements [13–16].  

A promising approach to lead-free-perovskite optoelectronics has been identified in the 

substitution of lead with group-VA elements. Their 3+ cations are isoelectronic with Pb2+ 

and have similar ionic radii, thus enabling the formation of perovskite derivatives (in this 

work we refer to these compounds as perovskites for conciseness, but we stress that they 

do not necessarily have the perovskite crystal structure) [14,17]. Consequently, antimony-

/bismuth-halide perovskites (compounds with formula A3M2X9, where A+ is a monovalent 

organic or alkali metal cation, M3+ is either Sb3+ or Bi3+, and X- is a halide anion) have 

attracted considerable attention [14,18–24]. This is especially because of their large 

absorption coefficient (> 1·105 cm-1) and the similarity of their electronic structures to those 

of lead-halide perovskites [14,21–23]. In particular, antimony-based compounds of this 

class (A-Sb-Xs in short form) have been found especially appealing in view of their 

appreciably smaller exciton binding energy (~ 100 meV range) [24] compared to the 
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bismuth-based counterparts (~ 300–400 meV range) [20,23,25], which suggests greater 

promise for photoconversion purposes [24]. Antimony-based perovskite derivatives 

typically come in a zero-dimensional (0D) crystal structure, featuring isolated bioctahedral 

face-sharing [Sb2X9]3- clusters (dimer form) [23,24,26] Nonetheless, some of these 

compounds may form a two-dimensional (2D) structure, consisting of sheets of corner-

sharing [SbX6]3- octahedra (layered form) [23,26,27]. The latter is the case for all-inorganic 

A-Sb-Xs (i.e., A-Sb-Xs in which A+ is an inorganic cation) [24,26,28–31]. Indeed, a 2D 

structure is inherently obtained with A+ = Rb+ and A+ = K+, whereas Cs+ delivers the same 

through specialized processing (thermal evaporation [26] or treatments at temperatures ≥ 

230 °C [29,30]).  

A 2D structure has been linked to superior charge transport properties, since charges are 

expected to be more mobile within the octahedral sheets than in a system of isolated dimers 

[26]. In addition, all-inorganic A-Sb-Xs with a 2D structure have been shown to lead to a 

lower and quasi-direct optical gap compared to the 0D case [26]. While this all points to 

their significant photoconversion potential, 2D all-inorganic A-Sb-Xs have yet to match 

this expectation. For instance, after some initial progress in photovoltaics, their power 

conversion efficiencies have seemingly reached a saturation point at 1.49% (as achieved in 

one champion device of layered Cs3Sb2I9 grown at a temperature as high as 250 °C) [29]. 

In fact, this has been the case for a wide range of all-inorganic layered A-Sb-Xs: not only 

Cs3Sb2I9, but also K3Sb2I9, Rb3Sb2I9, and Rb3Sb2BrxI9-x [24,26,28–31]. Importantly, within 

the family of two-dimensional all-inorganic A-Sb-Xs, the cesium-based system (A+ = Cs+) 

is particularly promising. In fact, it has delivered the highest photovoltaic performance [29] 
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and also possesses a smaller direct bandgap than the two-dimensional all-inorganic A-Sb-

X second-best in performance (i.e., Rb3Sb2I9) [26,28–30].  

In the broader area of low-dimensional-perovskite optoelectronics, it has been generally 

established that the crystalline orientation is a key determinant of device performance. For 

instance, 2D lead-based perovskites give their best photovoltaic efficiency in sandwich-

type devices when their octahedral sheets are orthogonal to the substrate [32–34]. Indeed, 

it is only then that the high charge carrier mobility direction is parallel to the direction of 

charge extraction in sandwich-type devices. Interestingly, most all-inorganic A-Sb-X 

photovoltaic studies use oriented films with the octahedral sheets predominantly parallel 

to the substrate [24,26,28–31]. In addition, within the realm of solution processing, it has 

been found that the deposition temperatures of low-dimensional perovskites play an 

important role in conditioning their crystalline orientation [32,35]. With regard to Cs3Sb2I9, 

it is worth noting that solution-based deposition methods have relied on temperatures above 

230 °C in order to form a 2D structure rather than a 0D structure [29,30].  

Based on these indications and with a focus on the cesium-antimony-halide system (a 

prominent all-inorganic A-Sb-X), this study aims to further assess and realize the potential 

of lead-free all-inorganic antimony-based perovskites. This is pursued through the 

compositional manipulation of Cs3Sb2I9 in order to realize its robust and reproducible 0D-

to-2D structural conversion while preventing a preferential in-plane orientation. We 

demonstrate that this can be achieved through a solution-based low-temperature route, 

which involves the replacement of a fraction of iodine with chlorine, leading to the 

formation of unoriented films of 2D Cs3Sb2ClxI9-x. To evaluate the significance of this 
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approach, we also characterize the photoconversion efficiency of devices comprising our 

compounds. These devices show that the structural conversion leads to a significant 

performance enhancement, which can be explained in terms of the corresponding charge 

transport properties. 

2. Material and methods 
2.1 Materials 

All chemicals were used as received and without further purification. CsI (99.999% Alfa 

Aesar), CsCl (99.9%, Alfa Aesar), SbI3 (99.999%, Sigma-Aldrich), SbCl3 (99.999%, Alfa 

Aesar), DMSO (dimethylsulfoxide, analytical grade, Beijing Chemical Reagent Co.), DMF 

(N,N-dimethylfomamide, analytical grade, Beijing Chemical Reagent Co.), toluene (super-

dry, Beijing Chemical Reagent Co.), hydriodic acid (HI(aq)) (57 wt.% in H2O, 99.95%, 

Sinopharm), chlorobenzene (CB) (> 99%, J&K), chloroform (anhydrous, J&K), 

Titanium(IV) Isopropoxide (Sigma-Aldrich), titania paste (18NR-T, Greatcell Solar), 

poly[N,N’-bis(4-butylphenyl)-N,N’-bisphenylbenzidine] (poly-TPD) (Lumtec), LZ-HTL-

1-1 (Linkzill), CYTOP CTL-809M (Asahi Glass AGC Group), n-butyl acetate (anhydrous, 

Sigma Aldrich), Poly(methyl methacrylate) (PMMA) (MW ≈ 120 000) (Sigma Aldrich). 

2.2 Cs3Sb2ClxI9-x film deposition 

Precursor solutions were prepared by dissolving CsI, SbI3, CsCl, and SbCl3 in different 

molar ratios (depending on the target compound) in DMSO:DMF (3:1 volume ratio) within 

a nitrogen-filled glove box. The solutions were stirred overnight at 70°C. After the 

solutions were cooled down to room temperature, HI(aq) (30 μL mL-1) was added 60 min 

before the solutions were spin-coated. After the solutions were filtered (using 

polytetrafluoroethylene filters with 0.22 Pm pore size), they were spin-coated at 4000 rpm 
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for 30 s. Approximately 20 s into the spin-coating cycle, toluene (100 PL) was dispensed 

onto the substrate. Finally, an annealing step was carried out on a hotplate set to the 

specified annealing temperature (100 – 150 °C, with the best performance being achieved 

at 135 °C) for 30 min. In particular, three different annealing arrangements were employed. 

In one case, which we refer to as direct annealing, the as-coated sample was placed directly 

on the hotplate. Another arrangement, referred to as capped annealing, involved having 

the as-coated sample turned over onto a glass slide placed on the hotplate. A final 

arrangement, referred to as solvent vapor annealing, involved placing the as-coated sample 

on the hotplate and within a Petri dish containing 5 μL of DMSO. 

2.3 Device fabrication  

Glass substrates coated with patterned fluorine-doped tin-oxide (FTO) electrodes (Ying 

Kou You Xuan Trade Co. Ltd) were sequentially sonicated in a water-based detergent, 

deionized water, acetone, and isopropanol (5 min each). After they were dried under N2 

flow, the substrates were treated with UV-ozone for 30 min. A compact TiO2 film (c-TiO2) 

was deposited from a precursor solution based on Titanium(IV) Isopropoxide (as per 

procedure reported in Ref. [36]) and annealed at 450 °C for 45 min. Subsequently, titania 

paste was spin-coated (at 7000 rpm for 60 s) and annealed at 450 °C for 45 min in order to 

form a mesoporous TiO2 (m-TiO2) layer. The substrates were then transferred to a nitrogen-

filled glove box, where the intended perovskite layer was deposited from a 0.3 M precursor 

solution (see Section 2.2). This was followed by the spin coating of a poly-TPD solution 

(10 mg mL-1 in chloroform) or a LZ-HTL-1-1 solution (10 mg mL-1 in chlorobenzene) (at 

4000 rpm for 30 s). Finally, 40-nm-thick gold anodes were thermally evaporated in high 

vacuum, defining a device active area of 7.25 mm2.  
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2.4 General characterization 

X-ray diffraction (XRD) measurements were carried out using a Panalytical Empyrean X-

ray diffractometer. Optical transmission measurements were conducted using a 

PerkinElmer LAMBDA 750 UV/Vis/NIR spectrophotometer. Scanning Electron 

Microscopy (SEM) and Energy-Dispersive X-ray Spectroscopy (EDS) were conducted 

using a Zeiss GeminiSEM 500 (10 kV) and an Oxford Xmax 20. Ultraviolet Photoemission 

Spectroscopy (UPS) measurements were conducted using a Kratos Ultra DLD X-

ray/ultraviolet photoelectron spectrometer, which featured a monochromatic He I (21.2 eV) 

excitation source. Thermal stability was characterized using a Mettler Toledo TGA1 

thermogravimetric analysis system. 

2.5 Optoelectronic device characterization 

External quantum efficiency (EQE) measurements were conducted (in air) using a custom-

built setup comprising a monochromated light source (Zolix, Omni-λ2005i), a calibrated 

power meter assembly (Thorlabs PM200 and Thorlabs S120VC), and a source meter 

(Keithley 6420). Photovoltaic performance was assessed using a simulated AM 1.5G 

source (100 mW cm-2, Xenon lamp, Newport). Current-voltage characteristics under 

illumination were acquired with a Keithley 2400 source meter. 

2.6 Stability characterization 

Stability characterization was conducted on devices and films comprising Cs3Sb2Cl3I6 lay-

ers. In addition to non-encapsulated devices and films fabricated as specified in Sections 

2.2 and 2.3, films capped with a 400-nm-thick PMMA film were also considered (PMMA 

was dissolved in n-butyl acetate at a concentration of 80 mg mL-1, spin coated at 2000rpm 

for 30s and annealed at 90 °C, with all such steps conducted within an N2-filled glove box). 
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All samples were kept at a temperature in the range of 20 – 25 °C for the entire duration of 

the experiment. Some of the samples were stored in an N2-filled glove box throughout the 

experiment, except for the time intervals (each approximately 1 hour long) required for 

testing. Samples stored in air were subjected to a relative humidity in the range of 40 – 100 

%. Testing was carried out at discrete times, and involved J-V characterization under sim-

ulated AM1.5G illumination (for devices), or XRD and UV-Vis spectrophotometry (for 

films).  

2.7 Hall effect characterization  

Glass substrates coated with films of the target compounds (deposited through the same 

procedure detailed in Section 2.2) were cut to a square size of 1·1 cm2. Silver paste 

electrodes with an area of 1·1 mm2 were deposited at the four corners of the sample in 

order to realize a van der Pauw device. Hall effect measurements were conducted using an 

electromagnet-based system (Lakeshore 8404) at room temperature, in air, and in the dark. 

van der Pauw samples were subjected to a sinusoidally-modulated magnetic field (root-

mean-square amplitude of 0.42291 T and modulation frequency of 100 mHz) and to an 

excitation current in the range of 50 – 500 pA. 

2.8 HTL mobility characterization through field-effect charge modulation 

Top-gate bottom-contact transistors were fabricated on glass substrates using 

photolithographically-patterned channel contacts (made of a 2-nm-thick Cr layer and a 20-

nm-thick Au layer, and defining a channel width of 1000 μm and channel length of 20 μm) 

following a standard procedure reported in the literature [37]. Subsequently, poly-TPD was 

dissolved in chloroform (10 mg mL-1) and LZ-HTL-1-1 in chlorobenzene (20 mg mL-1). 

Hole transport layers (HTLs) were deposited by spin coating and subsequently annealed at 
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100 °C for 5 min (in a nitrogen-filled glove box). A 620-nm-thick CYTOP film was then 

spin-coated on the HTL film and annealed at 90 °C for 20 min. Finally, 50-nm-thick Al 

gate electrodes were defined by thermal evaporation through a shadow mask. 

3. Results and discussion 
The Cs3Sb2I9 dimer phase has been rationalized as resulting from the rotation of adjacent 

[SbI6]3- octahedra around their bridge iodine and into [Sb2I9]3- bioctahedra, which allows 

Cs+ cations to be accommodated [38]. Building on this insight and encouraged by recent 

results on related bismuth-based and organic-inorganic antimony-based compounds [39–

42], we hypothesized that the formation of the dimer phase of Cs3Sb2I9 could be prevented 

by replacing some of the bulky iodine (𝑟𝐼− = 220 𝑝𝑚) with smaller halides. This was in 

consideration that shorter Sb-X bonds (where X is a halide) may leave more space for 

cesium cations ( 𝑟𝐶𝑠+ = 167 𝑝𝑚 ) to fit between neighboring corner-sharing [SbX6]3- 

octahedra (as per layered phase). Following this lead, we explored the possibility of 

converting Cs3Sb2I9 to its layered phase through the solution-based fractional substitution 

of iodine with chlorine (𝑟𝐶𝑙− = 181 𝑝𝑚), thus targeting the synthesis of compounds with 

the formula Cs3Sb2ClxI9-x. We reasoned that such a compositional engineering approach to 

the structural conversion of Cs3Sb2I9 would not require the high-processing temperatures 

of the approaches explored to date, thus potentially allowing more flexibility in terms of 

crystalline orientation of the resulting compounds. Incidentally, we note that the concept 

outlined here does not relate to a recent work in which layered Cs3Sb2I9 was prepared at 

high temperature (230 °C) with HCl as an additive in the precursor solution, but with no 

chlorine left in the final films [30]. The synthesis of Cs3Sb2ClxI9-x (Cs3Sb2I9 serving as the 

reference) was pursued by mixing powders of SbI3, SbCl3, CsI, and CsCl with the 
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appropriate molar ratios and by dissolving them in suitable solvents. In order to overcome 

the poor solubility of CsI and CsCl in common organic solvents (which had previously 

been reported to prevent the synthesis of Cs3Sb2ClxI9-x altogether [42]), we employed a 

DMSO:DMF solvent mixture in which we introduced a small amount of hydroiodic acid 

(HI(aq)) (30 μL per mL of precursor solution). This led to a considerable solubility 

improvement, which enabled the synthesis and deposition of Cs3Sb2ClxI9-x films. However, 

a solution could not be obtained for high chlorine content (x > 4). Consequently, we focused 

our synthetic efforts on target compounds Cs3Sb2ClxI9-x with x ≤ 4. A standard one-step 

antisolvent spin-coating procedure was used to deposit thin films of the target compounds 

(Fig. 1a). This was followed by annealing at a temperature Tanneal in the range of 100 – 150 

°C.  

In order to enhance the film quality, we carried out an extensive optimization of the 

annealing step. This was necessary because of the poor morphology that was obtained 

when antisolvent spin-coating was followed by hotplate annealing (direct annealing; DA 

in short form) (Fig. 1a; see Section 2.2 for details). Indeed, such Cs3Sb2ClxI9-x films had an 

amorphous-like appearance (Fig. 1b), suggesting an incomplete crystallization of the 

precursors (we note that, when imaging DA samples with SEM, it was necessary to limit 

the magnification in order to prevent significant damage from the electron beam). Based 

on these indications, we considered reducing the solvent evaporation rate by carrying out 

the hotplate annealing step with the sample turned over onto a glass slide (capped 

annealing; CA in short form) (Fig. 1a; see Section 2.2 for details). This was with the aim 

of having residual solvent in the film for longer, potentially aiding crystallization. Indeed, 

this resulted in a significant improvement in microstructure, with apparent grain size 
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around 100 nm (Fig. 1b). Hypothesizing that a larger amount of solvent vapor could 

enhance crystallization and microstructure further, we then attempted a solvent vapor 

annealing (SVA) approach. This was carried out with the same arrangement as direct 

annealing, except that the sample was enclosed in a glass container and had a few droplets  

 

Fig. 1. Synthesis and deposition of Cs3Sb2ClxI9-x thin films. (a) Process flow. (b) Representative SEM images 
of films of Cs3Sb2Cl3I6 (on compact TiO2) obtained through direct annealing (left), capped annealing 
(middle), and solvent vapor annealing (right). 
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Fig. 2. (a) Measured XRD patterns from Cs3Sb2ClxI9-x thin films (x = 0 – 4), along with reference patterns for 
0D and 2D Cs3Sb2I9 (ICSD collection codes 001447 and 084990) [38,43]. (b) Tauc plots of Cs3Sb2I9 (0D) 
and Cs3Sb2Cl3I6 (2D). (c) UPS intensity (valence band states (left) and He I secondary electron cutoff (right)) 
from Cs3Sb2I9 (0D) and Cs3Sb2Cl3I6 (2D) films. Inset: energy levels combining the findings from UPS and 
UV-Vis measurements, assuming negligible excitonic effects. 
 

of DMSO in its vicinity (Fig. 1a; see Section 2.2 for details). We found that this enabled 

further microstructural improvement, allowing the formation of large (> 600 nm) grain-

like domains interspersed within an otherwise similar domain matrix (Fig. 1b). A similar 

microstructural improvement was also achieved on a mesoporous substrate (mesoporous 

titanium oxide; m-TiO2 in short form), yet with smaller grain size and lower coverage (Fig. 

S1). We note that the microstructural improvement obtained with CA and SVA was asso-

ciated with an increase in the amount of solvent present during the annealing step. This can 

be rationalized in terms of an enhancement of the grain growth rate mediated by a reduction 

in the supersaturation level during the annealing step [44,45]. Based on the aforementioned 
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trend in grain size, the brighter regions in the images in Fig. 1b can be traced to the edge 

effect customarily observed with SEM, which is often associated with raised crystalline 

domains of particular tilt angles and/or particular crystalline orientations [46,47]. In view 

of their generally superior morphology, we considered solvent-vapor-annealed 

Cs3Sb2ClxI9-x films for all subsequent characterization. 

To evaluate the structural impact of Cl incorporation, we conducted a systematic X-ray 

diffraction (XRD) study on thin films with the target formula Cs3Sb2ClxI9-x (x = 0 – 4 as 

per precursor mixing ratios). The resulting XRD patterns are shown in Fig. 2a, along with 

reference patterns of Cs3Sb2I9 in its dimer and layered phases [38,43] (see also Fig. S2 for 

reference patterns in semilogarithmic scale). Patterns from ternary Cs3Sb2I9 films were 

consistent with the literature on dimer-phase Cs3Sb2I9 [38,43], as most obvious from the 

pronounced signature peak at 27.7°. As chlorine was introduced, a clear structural 

transition occurred: the dimer-phase signature peak at 27.7° first decreased (x = 1) and then 

fully disappeared (x ≥ 2). In particular, films of Cs3Sb2Cl2I7 and Cs3Sb2Cl3I6 (x = 2, 3 as 

per precursor mixing ratios) exhibited only two peaks in the region between 25° and 30° 

(specifically at 25.9° and 29.9°), closely matching the standard XRD pattern of layered 

Cs3Sb2I9 [38]. In fact, this consistency extended to the entire pattern. This indicates that 

Cs3Sb2Cl2I7 and Cs3Sb2Cl3I6 films (as per precursor mixing ratios) were consistent with the 

layered phase. Such conversion to a layered phase was robust with respect to chlorine 

addition and was also reproducible, as confirmed by the absence of the dimer-phase 

signature peak at 27.7° in the many instances in which we characterized the XRD patterns 

of our Cs3Sb2Cl3I6 films. At higher chlorine content (x = 4), the same peaks appeared over 

the 25° – 30° range that are consistent with the layered phase. In addition to the peaks also 
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observed from the x = 2, 3 samples, other peaks also became visible (e.g., over 21° – 23°, 

and at around 32.5° and 53.5°), which nonetheless are consistent with the layered phase 

(see Fig. S2) and thus simply reflect a different texture in the x = 4 sample. In summary, 

while our Cs3Sb2I9 films manifested a zero-dimensional structure, Cl incorporation enabled 

a robust and reproducible conversion to a two-dimensional structure for x = 2 – 4, with 

some of the iodine being replaced with chlorine. 

In addition to clarifying the structural identity of our films, XRD patterns also provided 

insight into their orientation and morphology. The large peaks at 25.9° and 29.9° were very 

close in intensity (Fig. 2a), indicating that all our layered Cs3Sb2ClxI9-x films did not 

manifest a preferential crystalline orientation with the octahedral sheets parallel to the 

substrate surface. Importantly, this is in contrast to other layered cesium-antimony halides 

(and also other all-inorganic A-Sb-Xs) in the literature, which reports oriented films with 

the perovskite sheets predominantly parallel to the substrate [26,29,30]. If we consider the 

potential of our  perovskite films within a sandwich-type device architecture, their 

unoriented character is expected to offer more efficient charge collection than it would be 

possible with an in-plane orientation.  

For the purpose of evaluating how the target composition (as per precursor molar ratios) 

compared to the actual composition, we also analyzed our Cs3Sb2ClxI9-x films through 

Energy-Dispersive X-ray Spectroscopy (EDS). We found that those films contained less 

chlorine than the target amount (Table S1), with good uniformity across different 

topographical features (see Fig. S3). This was independent of the temperature Tanneal of the 

annealing step for Tanneal ≤ 150 °C, and consistent with Thermogravimetric Analysis (TGA) 
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data (Fig. S4). For instance, x was approximately equal to 2 in films of target composition 

Cs3Sb2Cl3I6 (as per precursor mixing ratios). Based on these indications, all additional 

experiments reported in the following were carried out with an annealing temperature of 

135 °C. This confirms that the structural conversion revealed by XRD data was achieved 

through the substitution of some of the iodine with chlorine. While keeping in mind the 

lower-than-nominal chlorine content of our compounds, for the sake of simplicity in the 

following we nonetheless refer to them through their target formulas (as per precursor 

mixing ratios), unless the difference with the actual composition is relevant to the 

discussion.  

The structural conversion ensuing I-to-Cl substitution had a considerable impact on the 

optical absorption of Cs3Sb2ClxI9-x films compared to the reference Cs3Sb2I9 case. While 

all films delivered an in-band absorption coefficient of > 1·105 cm-1, their absorbance 

spectra showed a clear red shift upon Cl incorporation (Fig. S5). Indeed, while Cs3Sb2I9 

manifested an apparent absorption onset at a wavelength of around 500 nm, the apparent 

onset of other Cl-substituted films (1 ≤ x ≤ 3) was located at a wavelength of around 600 

nm. In this respect, Tauc analysis (shown in Fig. 2b for Cs3Sb2I9 and Cs3Sb2Cl3I6) was 

particularly revealing. (Tauc analysis of other Cl-containing compounds for 1 ≤ x ≤ 3 

showed significant overlap with the Cs3Sb2Cl3I6 case, as per Fig. S6.) Tauc plots firstly 

revealed that Cs3Sb2I9 and Cs3Sb2Cl3I6 had an indirect transition at lower energy than the 

direct one, specifically at 1.95 eV (636 nm) for both. At the same time, while the direct 

transition of Cs3Sb2I9 was at 2.37 eV (523 nm), the one of Cs3Sb2Cl3I6 was at 2.05 eV (605 

nm). Incidentally, we note that a semiconductor with a direct gap of 2.05 eV is close to the 

optimal range for the top-cell in four-terminal tandem photovoltaics. For the sake of 
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illustration, the Shockley Queisser limit points to an ultimate power conversion efficiency 

(PCE) approaching 40% in combination with crystalline silicon [23,48]. In addition, such 

a bandgap value also offers a good match with light sources relevant to indoor 

photovoltaics [49], and is also compatible with photodetection in the green and blue regions 

of the visible range [50]. 

Based on the Tauc analysis, we found that the difference in apparent absorption onsets of 

Cs3Sb2I9 and Cs3Sb2Cl3I6 related to their direct optical gaps, with the one of Cs3Sb2Cl3I6 

being significantly smaller. In addition, while the indirect transitions occurred at lower 

energies than the direct ones in both compounds, the energy difference between the two 

transitions was particularly small for x = 3. Considering the higher strength of direct optical 

transitions, this finding implies that, to practical effects, the x = 3 compound behaved 

similarly to a direct-gap semiconductor, contrary to the case of its 0D parent compound 

(i.e., Cs3Sb2I9).  Finally, it is useful to compare our findings with the direct and indirect 

optical gaps of Cs3Sb2I9 reported in the literature. The optical gaps of our Cs3Sb2I9 films 

are consistent with the literature values of dimer-phase Cs3Sb2I9, while the Cs3Sb2Cl3I6 

ones conform to those of layered-phase Cs3Sb2I9 [26,30]. This gives further evidence of 

the 0D-to-2D structural conversion achieved via I-to-Cl substitution, and additionally 

points to the electronic similarity of Cs3Sb2ClxI9-x with layered Cs3Sb2I9.  

Considering their relevance to optoelectronic device operation, we additionally 

characterized the key energy levels of the various Cs3Sb2ClxI9-x thin films via Ultraviolet 

Photoelectron Spectroscopy (UPS) (see Fig. 2c). As extracted from the secondary electron 

cutoff values, the work functions of Cs3Sb2Cl3I6 and Cs3Sb2I9 amounted to 4.56 eV and 
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4.67 eV, respectively. In addition, from the valence band onsets we derived that the valence 

band maxima of Cs3Sb2Cl3I6 and Cs3Sb2I9 were at 5.36 eV and 5.27 eV (respectively) 

below the vacuum level. Consequently, under the assumption of negligible excitonic 

effects, UPS and UV-Vis absorption data indicated that the conduction band minima of 

Cs3Sb2Cl3I6 and Cs3Sb2I9 were at 3.41 eV and 3.32 eV (respectively) below the vacuum 

level. It is worth noting that the energy band edges extracted for Cs3Sb2Cl3I6 are in good 

agreement with the literature values of 2D Cs3Sb2I9 [26,29], confirming once more the 

electronic similarity between the two layered compounds.  

For the purpose of assessing their photoconversion potential, Cs3Sb2ClxI9-x films were 

embedded within a sandwich-type device stack. The structure we originally considered was 

as follows: glass|FTO|c-TiO2|m-TiO2|Cs3Sb2ClxI9-x|poly-TPD|Au (FTO, fluorine-doped 

tin-oxide; c-TiO2, compact titania; m-TiO2, mesoporous titania; poly-TPD, poly(N,N'-bis-

4-butylphenyl-N,N'-bisphenyl)benzidine) (Fig. 3a). The choice of the FTO|TiO2 assembly 

as the cathode plus electron transport layer and of Au|poly-TPD as the anode plus hole 

transport layer was based on energetic considerations (Fig. 3a).  

As a prototypical approach to characterizing their photoconversion potential, we evaluated 

the current density-voltage (J-V) characteristics of the aforementioned Cs3Sb2ClxI9-x 

devices under AM1.5G illumination (Fig. 3b). We emphasize that this specific 

characterization was considered because it allows a straightforward comparison with the 

prior literature on relevant compounds. In fact, based on their optical absorption properties, 

the photovoltaic applications most promising for Cs3Sb2ClxI9-x are multi-junction cells and 

indoor light harvesting. The key performance parameters obtained under AM1.5G 
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illumination are summarized in Table 1, while their experimental distribution is shown in 

Fig. S7. In all cases, minor hysteresis was observed (Fig. S8), as revealed by the calculated 

hysteresis index ((PCEReverse - PCEForward)/PCEReverse [51]) (Fig. 3c). Devices based on 

Cs3Sb2I9 (dimer phase) gave a PCE of 0.24%, with a short circuit current density (Jsc) of 

1.37 mA cm-2, an open-circuit voltage (Voc) of 0.51 V, and a fill factor (FF) of 34% (Fig. 

3b). In contrast, all Cl-containing photoactive layers delivered significantly higher 

performance (Fig. 3b). The maximum PCE (1.56%) was achieved with Cs3Sb2Cl3I6 (x = 

3), which delivered a threefold enhancement in Jsc (4.94 mA cm-2), an improved Voc (0.70 

V), and a 60% increase in FF (54%) compared to the dimer case. While the performance 

dramatically improved for x going from 0 to 3, in fact, a further increase in chlorine content 

was counterproductive, with Cs3Sb2Cl4I5 delivering a PCE of only 0.59% (Table S2). In 

passing, we note that the highest PCE was obtained with SVA layers (see Fig. S9), in line 

with their superior microstructure. Furthermore, we observed that the aforementioned non-

encapsulated Cs3Sb2Cl3I6 devices exhibited good stability when stored in an N2-filled glove 

box (their PCE remains at 90% of the initial value over a period of 33 days, see Fig. S10). 

Their stability in air was reduced to some extent (their PCE remains at 69% of the initial 

value after 33 days, see Fig. S10), likely resulting from the appearance of a fractional 

amount of phase impurities (see Fig. S11)—the occurrence of which, however, could be 

suppressed by simply coating the Cs3Sb2Cl3I6 layer with a 400-nm-thick PMMA film (see 

Fig. S11). 

As a further optimization effort, we additionally investigated a number of alternative 

organic HTLs. We found that another commercial compound, LZ-HTL-1-1, could lead to 

higher efficiency under AM1.5G illumination. Indeed, with the same device stack 
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considered earlier but with poly-TPD replaced with LZ-HTL-1-1, the PCE of Cs3Sb2Cl3I6 

devices reached up to 2.15% (Fig. 3b). By contrast, this resulted in lower performance with 

dimer-phase Cs3Sb2I9 (Fig. S8). The photovoltaic performance improvement of 

Cs3Sb2Cl3I6 with this different hole transport layer was associated with a considerable 

boost in Jsc (6.46 mA cm-2) and FF (55.7%), slightly offset by a Voc reduction (0.6 V) (Fig. 

3b). While LZ-HTL-1-1 possesses the same energy levels as poly-TPD (Fig. S12), it 

provides a threefold higher hole mobility (Fig. S12), which explains the observed 

performance improvement. A PCE of 2.15% constitutes nearly a 50% improvement over 

the highest reported efficiencies of all-inorganic layered antimony-halide perovskites in 

the literature (1.49%), and also nearly twice the PCE of closely-related bismuth-based 

homologs (1.15%) (Table 2) [24,26,28–31,39]. Along with their absorption onset of ≈ 600 

nm, such performance figures indicate that Cs3Sb2ClxI9-x compounds have considerable 

potential for multi-junction and indoor photovoltaics [52]. 

 

 

Fig. 3. Cs3Sb2ClxI9-x device performance under AM1.5G illumination. (a) Energy levels of representative 
component layers. (b) J-V characteristics. (c) Hysteresis index for x = 0 and x = 3. The x = 3* device had LZ-
HTL-1-1 as HTL, while all other devices had poly-TPD. 
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Table 1  
Performance parameters (under simulated AM1.5G illumination) of as-fabricated devices based on Cs3Sb2I9 
and Cs3Sb2Cl3I6. Both average and best values (as per PCE) are listed. Average values and standard deviations 
(listed within brackets) were calculated from 12 devices of each type. 

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

x = 0 0.51 
(0.50 r 0.01) 

1.37 
(1.33 r 0.08) 

34 
(35 r 1.17) 

0.24 
(0.22 r 0.02) 

x = 3a) 0.60 
(0.61 r 0.05) 

6.46 
(5.77r0.47) 

56 
(50 r 2.93) 

2.15 
(1.76r 0.15) 

   a) With LZ-HTL-1-1 as HTL. 
 
Table 2  
Photovoltaic performance parameters from the literature on all-inorganic 2D antimony-/bismuth-halide 
perovskites (i.e., A3M2X9, A+: inorganic cation, M: Sb3+/Bi3+, X-: halide anion(s)). If available, average and 
standard deviation values are reported within brackets, while all other values are from champion or 
representative devices. 

Ref. Active Layer Voc [V] Jsc [mA cm-2] FF [%] PCE [%] EQEmax 
[%] 

[26] Cs3Sb2I9 ≈ 0.30 
 

≈ 0.05 ≈ 34 ≈ 0.005 - 

[29] Cs3Sb2I9 0.72 
(0.68r0.04) 

5.31 
(4.62r0.71) 

38.97 
(37.14r2.75) 

1.49 
(1.26r0.18) 

40 

[30] Cs3Sb2I9 0.61 
 

3.55 55.85 1.21 32 

[28] Rb3Sb2I9 0.55 
(0.52r0.02) 

2.11 
(1.66r0.28) 

56.97 
(56.56r2.29) 

0.66 
(0.66r0.09) 

32.8 

[31] Rb3Sb2Br9–xIx 0.55 
(0.51r0.03) 

4.25 
(3.80r0.44) 

59.56 
(55.1r3.8) 

1.37 
(1.06r0.12) 

26.7 

[24] Rb3Sb2I9 0.66 
 

1.84 63 0.76 - 

[24] K3Sb2I9 0.34 
 

0.41 50 0.07 - 

[39] Cs3Bi2BrxI9-x 0.64 
 

3.15 57 1.15 32 

 

Insight into the impact of I-to-Cl substitution on the photoconversion process could be 

gained by considering the external quantum efficiency (EQE) of Cs3Sb2Cl3I6 (2D) and 

Cs3Sb2I9 (0D) devices (Fig. 4a). The EQE spectra of both devices matched well with the 

absorption spectra of their photoactive layers. Indeed, Cs3Sb2I9 (0D) devices manifested an 

EQE onset slightly below 550 nm, while the same was at around 600 nm for Cs3Sb2Cl3I6 

(2D) devices (compare with the direct optical gaps of the two materials shown in Fig. 2b). 
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In addition, the corresponding integrated photocurrents (Fig. 4a) closely matched the 

photovoltaic measurements (Fig. 3b). Most importantly, the peak EQE of Cs3Sb2I9 (0D) 

devices was at 30.7%, while Cs3Sb2Cl3I6 (2D) devices gave 62.5%. This highlights the 

substantial improvement in photoconversion efficiency enabled by the 0D-to-2D 

conversion. It is worth noting that an EQE of 62.5% marks a considerable improvement 

over all the prior literature on layered inorganic antimony-halide perovskites (Table 2) 

[24,26,28–31].  In fact, a peak EQE of 62.5% is at the state of the art for all antimony-

/bismuth-halide perovskites (i.e., compounds with formula A3M2X9, where A+ is an 

organic/inorganic cation, M3+ is Sb3+/Bi3+, and X- is a halide anion) (Table S3). 

Photocurrent measurements at variable optical power enable insight into the 

photoconversion mechanism, as they probe the (sub-bandgap) energetic landscape swept 

by the quasi-Fermi levels [53–55] and/or effects arising from space-charge build up within 

the photoactive layer [56]. Therefore, we experimentally assessed the photocurrent-optical 

power characteristics of Cs3Sb2Cl3I6 (2D) and Cs3Sb2I9 (0D) devices over an optical power 

range of ≈ 1–100 mW cm-2. We did so by illuminating the devices with light pulses of 

wavelength λ = 505 nm while the devices were kept in short circuit conditions. Pulsed 

illumination was adopted in order to avoid heating effects and also as a further probe into 

the photoconversion process. We found that both 0D and 2D compounds delivered 

photocurrent transients exhibiting a monotonic rise to their steady state (Fig. S13). 

Therefore, it is possible to rule out the occurrence of a space-charge build-up (due to 

trapped [56] or free carriers [57]) in the photoactive layers. The steady-state photocurrent 

values at variable power (𝐼𝑝ℎ − 𝑃𝑜𝑝𝑡 characteristics) are plotted on a double-logarithmic  
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Fig. 4. (a) External quantum efficiency of Cs3Sb2Cl3I6 (2D) and Cs3Sb2I9 (0D) devices (at 0 V applied bias). 
(b) Photocurrent-optical power characteristics of Cs3Sb2Cl3I6 (2D) and Cs3Sb2I9 (0D) devices (at 0 V applied 
bias). (c) Hall mobility of Cs3Sb2Cl3I6 (2D) and Cs3Sb2I9 (0D) films (inset: Hall sample structure).  
 



 

 

23 

scale in Fig. 4b. Datasets from both Cs3Sb2Cl3I6 (2D) and Cs3Sb2I9 (0D) devices conform 

to a straight-line fit with slope indistinguishable from unity, implying that they both follow 

a dependence of the type 𝐼𝑝ℎ ∝ 𝑃𝑜𝑝𝑡
𝛾  with 𝛾 = 1. In reference to the one- and two-center 

recombination models of the Rose-Bube theory [53–55,58], having 𝛾 = 1 allows us to rule 

out band-to-band recombination as the photoconversion-limiting mechanism. Therefore, 

we conclude that the photocurrent in both Cs3Sb2Cl3I6 (2D) and Cs3Sb2I9 (0D) was limited 

by one-center recombination (i.e., recombination through one type of deep levels). 

We additionally assessed the charge transport properties of both Cs3Sb2Cl3I6 (2D) and 

Cs3Sb2I9 (0D) in order to clarify the observed photoconversion behavior. We thus 

conducted Hall effect characterization with modulated magnetic field on thin-films of 

Cs3Sb2Cl3I6 (2D) and Cs3Sb2I9 (0D) (processed according to the same deposition procedure 

adopted for device fabrication). In particular, these films were embedded within van der 

Pauw devices (see the inset of Fig. 4c and Section 2.7 for details). We note that 

conventional constant-magnetic-field Hall characterization on high-resistivity perovskites 

is generally challenging, since it is limited by artifacts due to geometric non-idealities and 

thermo-galvanomagnetic effects. Therefore, in order to overcome this limitation, we 

resorted to AC-magnetic-field Hall effect characterization. This choice was motivated by 

the fact that a modulated (i.e., AC) magnetic field allows the measured Hall voltage 

(detected via a lock-in amplifier) to be desensitized from the aforementioned artifacts [59]. 

Indeed, the AC-magnetic-field methodology has been demonstrated to allow the reliable 

characterization of the Hall effect in materials with mobilities reaching down to well below 

1 cm2  V-1 s-1 [59–62]. In our Hall experiments, we specifically applied an AC magnetic 

field with root-mean-square amplitude of 0.42291 T and modulation frequency of 100 
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mHz. These measurements were conducted at variable excitation current, from which near-

constant Hall mobility values were obtained, consistently with basic Hall effect 

phenomenology (Fig. S14). In particular, we found that the average Hall mobility of our 

Cs3Sb2Cl3I6 (2D) films was 5.7 cm2 V-1 s-1, while Cs3Sb2I9 (0D) films gave a Hall mobility 

of 0.5 cm2 V-1 s-1 (Fig. 4c and Table S4). Due to the unoriented character of our films (as 

per XRD), these Hall mobility values measured in the in-plane direction would be 

representative of the charge carrier transport in the out-of-plane direction that is relevant 

to our device operation. The association of a higher photoconversion efficiency with a 

dramatic improvement in charge carrier mobility points to the following working 

mechanism of our Cs3Sb2ClxI9-x devices under illumination: a) some of the mobile carriers 

photogenerated in the active layer (i.e., Cs3Sb2ClxI9-x) may undergo non-geminate 

recombination prior to being collected at the electrodes; b) a higher carrier mobility ensures 

a faster transit time of the photocarriers to the electrodes, hence it allows a higher fraction 

of photocarriers to escape recombination and contribute to the photocurrent [63] (for 

instance, leading to a higher EQE). We therefore attribute the observed improvement in 

photoconversion and photovoltaic efficiencies to the significantly higher mobility of 

Cs3Sb2Cl3I6 compared to the 0D counterpart. 

Apart from clarifying our photoconversion data, our charge transport characterization 

offers insight in regard to the capabilities and potential of 2D antimony-halide perovskites 

and related materials (e.g., bismuth-based). In this respect, it is firstly useful to refer to the 

computational studies on Cs3Sb2I9 by Correa-Baena et al. and Saparov et al. [24,26]. These 

studies highlighted the transport anisotropy of the 2D phase of Cs3Sb2I9 (with superior 

transport being achieved within the octahedral sheets) and also jointly showed that the 0D 
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phase features much larger carrier effective masses. In addition to their general agreement 

with our transport experiments, these computational findings enable us to put in context 

the substantial boost in photoconversion efficiency achieved with our layered Cs3Sb2Cl3I6 

films. Indeed, our layered films possess an unoriented character, thus our devices could 

benefit to a good extent from the facile charge transport within the octahedral sheets. In 

contrast, all photovoltaic studies on layered Cs3Sb2I9 to date relied on oriented films with 

the octahedral sheets predominantly parallel to the substrate [26,29,30]. In fact, this was 

also the case for other layered all-inorganic antimony-halide-perovskite studies [24,28,31]. 

Consequently, considering the electronic similarity between 2D Cs3Sb2I9 and Cs3Sb2Cl3I6, 

the photoconversion efficiency enhancement attained with our layered films can be related 

to their unoriented character, which provides them with a charge transport edge. It is also 

interesting that closely-related Cs3Bi2BrxI9-x, a 2D all-inorganic bismuth-halide homolog, 

delivered an EQE of 32% (approximately half the EQE of Cs3Sb2Cl3I6) while relying on 

oriented films with in-plane perovskite sheets [39]. All this indicates that layered all-

inorganic antimony halides (and their bismuth-halide homologs) could potentially deliver 

higher photovoltaic performance by aligning their perovskite sheets in the out-of-plane 

direction, in fact, as seen in layered lead-based-perovskite studies [32,33]. 

4. Conclusion 
This work established a solution-based low-temperature (100 – 150 °C) route to the 

conversion of zero-dimensional Cs3Sb2I9 into a layered structure. This was achieved by the 

substitution of some of the iodine with chlorine and was accompanied by a reduction of 

the direct optical gap to 2.05 eV. This approach thus provided a route to the structural 

conversion of the cesium-antimony-halide system alternative to the high-temperature (≥ 
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230 °C) treatments reported in the prior literature on the cesium-antimony-halide system. 

In addition, we found that our synthetic approach resulted in layered films that do not 

exhibit preferential orientation of the octahedral planes. This is in contrast to the high-

temperature-processed cesium-antimony halides from the literature, which showed 

preferential out-of-plane orientation (non-ideal for charge transport within a sandwich-type 

device structure). 

To assess the optoelectronic significance of our structural conversion route, we evaluated 

the photoconversion properties of devices comprising our layered compounds. The attained 

EQE was up to 62.5%, marking a considerable improvement over all the prior literature on 

layered all-inorganic antimony-halide perovskites [24,26,28–31,39]. In addition, under 

AM1.5G illumination, Cs3Sb2Cl3I6 devices delivered a PCE setting the new state of the art 

for two-dimensional all-inorganic antimony-halide perovskites and bismuth-based 

homologs [24,26,28–31,39].  

Detailed optoelectronic characterization was carried out to identify the origin of the 

observed photoconversion efficiency improvement. Through Hall effect characterization, 

we found a dramatic charge transport improvement, leading to a Hall mobility value of 5.7 

cm2 V-1 s-1 in two-dimensional Cs3Sb2Cl3I6. We were thus able to reveal the close 

relationship between the observed photoconversion efficiency boost and the improvement 

in charge transport properties, which enabled a larger fraction of photocarriers to reach the 

collecting electrodes, in accordance with general photoconversion models that apply to 

perovskites and derivatives [63,64].  
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The attained device performance levels point to the considerable potential of our all-

inorganic layered compounds for multi-junction photovoltaics, indoor photovoltaics, and 

photodetection. Indeed, in a tandem configuration with crystalline silicon, an efficient 

photoactive material with bandgap in the region of 2.0 eV—as our 2D Cs3Sb2Cl3I6—could 

ultimately lead to a power conversion of ~ 40% under solar illumination [23,48]. 

Additionally, considering the large photoconversion efficiency of Cs3Sb2Cl3I6 as well as 

the excellent match of its bandgap with the emission of indoor light sources [49], it can be 

envisaged that Cs3Sb2Cl3I6 could offer an appealing solution for high-efficiency indoor 

photovoltaics. Lastly, the highly efficient photoconversion of Cs3Sb2Cl3I6 in the blue and 

green regions paves the way for its exploration for solution-processed low-cost 

photodetectors aiming to address emerging application domains such as the Internet of 

things, computer vision, and visible light communications [65]. 

On the basis of our findings, valuable indications can be extrapolated on future directions 

that could deliver further improvements in the photoconversion efficiency of 2D 

Cs3Sb2Cl3I6. Firstly, considering the role of microstructure in determining charge transport 

and photoconversion efficiency, it can be anticipated that further efforts aiming to improve 

the grain size of solution-deposited Cs3Sb2Cl3I6 films could further boost their EQE. 

Additionally, considering the random orientation of the octahedral sheets in our films and 

the correlation of charge transport and photoconversion efficiency, it can be envisaged that 

higher photoconversion efficiency could be achieved in sandwich-type devices by 

developing strategies for the preferential out-of-plane alignment of the octahedral sheets. 

In fact, our findings suggest that this a general priority for layered all-inorganic antimony-

/bismuth-halide perovskites. Lastly, at a device level, it can be expected that further 
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optimization of other functional layers or materials used in Cs3Sb2Cl3I6 devices could also 

deliver a photoconversion efficiency boost—e.g., doping of TiO2 [66], use of alternative 

nanostructured transport layers [67,68], and incorporation of up- and down-conversion 

materials [69,70]. 

The low-temperature route to the structural conversion of Cs3Sb2I9, the ensuing 

enhancement in photoconversion efficiency, and the resulting insight into the current and 

perspective capabilities of all-inorganic antimony-halide perovskites constitute an 

important step in realizing the full potential of these all-inorganic compounds for lead-free 

optoelectronic applications. 
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Fig. S1. SEM image of solvent-vapor-annealed Cs3Sb2Cl3I6 film on m-TiO2. 

 
 
 
 
 
 
 
 
 
 



 

 
 
Fig. S2. Reference XRD patterns for a) 0D and b) 2D Cs3Sb2I9 [1,2] plotted on a 
semilogarithmic scale. 
 
 
 
 

 
Fig. S3. Elemental mapping of a Cs3Sb2Cl3I6 layer using EDS. 

 
 
 
 

 
Fig. S4. Thermogravimetric analysis (TGA) of Cs3Sb2Cl3I6. 

 



 

 
Fig. S5. Optical absorption of Cs3Sb2ClxI9-x films. a) Absorbance of Cs3Sb2ClxI9-x films (x = 0 
– 4, as per precursor mixing ratios) processed via solvent vapor annealing (135 °C) derived 
from optical transmission experiments. b) Absorption coefficient for x = 0 and x = 3, calculated 
from the absorption data as 𝛼 = 𝐴 (𝑡 log10(𝑒))⁄ , where 𝐴 is the absorbance and 𝑡 is the film 
thickness. 
 
 
 
 
 

 
Fig. S6. Tauc analysis of Cs3Sb2ClxI9-x films. a) Indirect transitions. b) Direct transitions. 
 
 
 
 
 
 



 

 
Fig. S7. Spread in photovoltaic parameters of Cs3Sb2I9 and Cs3Sb2Cl3I6 devices. a) Short-circuit 
current Jsc. b) Open-circuit voltage Voc. c) Fill factor FF.d) Power conversion efficiency PCE. 
The plots shown in (a-d) refer to Cs3Sb2I9 (x = 0, poly-TPD), Cs3Sb2Cl3I6 (x = 3, poly-TPD), 
and Cs3Sb2Cl3I6 (x = 3*, LZ-HTL-1-1) devices. 
 
 
 

 
Fig. S8. Representative double-sweep current density-voltage characteristics of  Cs3Sb2ClxI9-

x devices. a) and b) Double-sweep characteristics under AM 1.5G illumination of Cs3Sb2ClxI9-x 
devices on m-TiO2 (x = 0 and 3, as per precursor mixing ratios). Characteristics from devices 
comprising both poly-TPD and LZ-HTL-1-1 as hole transport layers are shown. 
 



 

 
Fig. S9. J-V characteristics of devices comprising Cs3Sb2Cl3I6 layers annealed through the 
different protocols presented in the main text. 
 
 

 
 

 
 

Fig. S10. Stability of non-encapsulated Cs3Sb2Cl3I6 devices stored either in air or in an N2-filled 
glove box. 

 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

 
 

Fig. S11. XRD of Cs3Sb2Cl3I6 films over time: a) sample stored in air; b) sample stored in air 
and capped with a 400-nm-thick PMMA film; c) sample stored in an N2-filled glove box. 
Corresponding UV-Vis absorption spectra are shown in d)-f). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

 
 
Fig. S12. Energy levels and mobility of LZ-HTL-1-1 hole transport layer. a) Optical absorption 
spectrum (inset: Tauc plot). b) UPS data (valence band states (left) and He I secondary electron 
cutoff (right)) (inset: energy diagram under the assumption of negligible excitonic effects). c) 
Mobility characterization via transistor measurements of the LZ-HTL-1-1 employed as hole 
transport layer in this study: transfer characteristics (left) (inset: device structure), extracted 
mobility versus gate voltage (right). d) Mobility characterization via transistor measurements 
of the poly-TPD employed as hole transport layer in this study: transfer characteristics (left) 
(inset: device structure), extracted mobility versus voltage (right). 
 
 



 

 
Fig. S13. Representative photocurrent transients of Cs3Sb2Cl3I6 and Cs3Sb2I9 devices. 
Photocurrent transients from Cs3Sb2Cl3I6 and Cs3Sb2I9 devices under pulsed illumination (λ = 
505 nm) with optical power density equal to a) 1.17 mW cm-2 and b) 75.3 mW cm-2. 
 
 
 
 
 
 

 
Fig. S14. Hall mobility versus excitation current in Cs3Sb2Cl3I6 and Cs3Sb2I9 films. These plots 
show the Hall mobility values extracted from Hall measurements on Cs3Sb2Cl3I6 and Cs3Sb2I9 
films in the Van der Pauw configuration. The samples were subjected to an a.c. magnetic field 
of 0.42291 T modulated at 100 mHz. The resulting Hall mobility values are approximately an 
invariant of the excitation current, consistently with basic Hall effect theory. 
 
 
 
 
 
 



 

Table S1. EDS compositional analysis of Cs3Sb2Cl3I6 films annealed at different temperatures 
Tanneal (100 °C, 125 °C, and 150 °C). 
 

Tanneal = 100 °C Tanneal = 125 °C Tanneal = 150 °C 

No. Cs Sb Cl I No. Cs Sb Cl I No. Cs Sb Cl I 

Expect. 1.5 1 1.5 3 Expect. 1.5 1 1.5 3 Expect. 1.5 1 1.5 3 

1 1.67 1 0.88 3.29 1 1.60 1 0.88 3.02 1 1.67 1 0.78 2.79 

2 1.69 1 1.05 3.16 2 1.67 1 0.98 3.32 2 1.71 1 0.95 3.42 

3 1.64 1 1 3.27 3 1.67 1 0.96 3.36 3 1.69 1 1.04 3.33 
No.: sample number. Expect.: expected. 
 
 
 
 
 
 
 
 
 
 
 
Table S2. Photovoltaic parameters (best and average) from Cs3Sb2ClxI9-x, x = 1, 2, and 4 (as per 
precursor mixing ratios) devices employing a poly-TPD HTL. The average values and standard 
deviations are calculated based on 12 devices of each type. 
 

  Voc 
(V) 

Jsc 
(mA cm-2) 

  FF 
(%) 

PCE 
(%) 

x = 1 Best 
Average 

0.56 
0.53 r 0.05 

3.87 
3.40 r 0.39 

38 
39 r 1.93 

0.82 
0.71 r 0.12 

x = 2 Best 
Average 

0.60 
0.59 r 0.01 

5.46 
4.79 r 0.38 

45 
43 r 2.57 

1.48 
1.22 r 0.13 

x = 4 Best 
Average 

0.59 
0.60 r 0.01 

3.82 
3.20 r 0.49 

49 
48 r 2.35 

1.12 
0.92 r 0.15 

 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 



 

Table S3. Photovoltaic parameters of literature implementations of Sb- and Bi-halide 
perovskite derivatives. 

Ref. Active layer Voc  [V] 
Jsc [mA cm-2] 

FF 
[%] 

PCE 
[%] 

EQEmax 
[%] 

Hebig et al.[3] MA3Sb2I9 0.90 1.00 55 0.49 13 

Boopathi et al.[4]  MA3Sb2I9 0.62 5.41 61 2.04 21 

Karuppuswamy et 
al.[5]  

MA3Sb2I9 0.70 6.64 60 2.77 26 

Jiang et al.[6]  MA3Sb2ClxI9-x 0.69 5.04 0.63 2.19 65 

Saparov et al.[7] Cs3Sb2I9 ≈ 0.30 ≈ 0.05 ≈ 34 ≈ 0.005 - 

Boopathi et al.[4]  Cs3Sb2I9 0.60 2.91 48 0.84 18 

Singh et al.[8] Cs3Sb2I9 0.68 5.31 39 1.49 39 

Umar et al.[9] Cs3Sb2I9 0.61 3.55 55.85 1.21 32 

Harikesh et al.[10] Rb3Sb2I9 0.55 2.11 56.97 0.66 32.8 

Correa-Baena et 
al.[11]  

Rb3Sb2I9 0.66 1.84 63 0.76 - 

Weber et al.[12] Rb3Sb2Br9–xIx 0.55 4.25 59.56 1.37 26.7 

Correa-Baena et 
al.[11]  

K3Sb2I9 0.34 0.41 50 0.07 - 

Ran et al.[13]  MA3Bi2I9 0.83 1.39 34 0.39 23 

Jain et al.[14]  MA3Bi2I9 1.01 4.02 78 3.17 48 

Zhang et al.[15]  MA3Bi2I9 0.67 1.00 60 0.42 25 

Mali et al.[16]  MA3Bi2I9 0.65 1.1 50 0.36 - 

Kulkarni et al.[17]  MA3Bi2I9 0.51 0.94 61 0.31 28 

Singh et al.[18]  MA3Bi2I9 0.56 0.83 49 0.26 4.6 

Park et al.[19]  MA3Bi2I9 0.68 0.52 33 0.12 12 

Abulikemu et al.[20]  MA3Bi2I9 0.72 0.49 32 0.11 17 

Lyu et al.[21]  MA3Bi2I9 0.35 1.16 0.46 0.19 22 

Öz et al.[22]  MA3Bi2I9 0.66 0.22 0.49 0.07 - 

Li et al.[23]  MA3Bi2I9 0.84 0.17 35 0.05 4.0 

Zhang et al.[24]  MA3Bi2I9 0.83 3.00 79 1.64 60 

Jain et al.[25]  MA3Bi2I9 0.87 2.7 69 1.62 25 

Park et al.[19]  MA3Bi2I9Clx 0.04 0.18 0.38 0.003 - 

Johansson et al.[26]  Cs3Bi2I9 0.31 3.4 38 0.4 25 

Park et al.[19]  Cs3Bi2I9 0.85 2.15 60 1.09 - 

Bai et al.[27]  Cs3Bi2I9 0.86 5.78 64 3.2 56 

Yu et al.[28]  Cs3Bi2BrxI9-x 0.64 3.15 57 1.15 32 

Li et al.[29]  C5H6NBiI4 0.62 2.71 54 0.9 - 

Li et al.[30]  (C6H5NH3)BiI4 0.58 6.03 22 0.78 - 

 
 



 

Table S4. Parameters derived from Hall effect experiments on Cs3Sb2Cl3I6 and Cs3Sb2I9 films 
in the Van der Pauw configuration. Samples were subjected to an a.c. magnetic field of 0.42291 
T modulated at 100 mHz. 
 

Cs3Sb2I9 Cs3Sb2Cl3I6 
Current 

(pA) 
Resistivity 
[MΩ∙cm] 

𝝁𝑯 
[10-1 cm²V-1s-1] 

Carrier Conc. 
[1012/cm³] 

Hall Voltage 
[µV] 

Current 
(pA) 

Resistivity 
[MΩ∙cm] 

𝝁𝑯 
[cm²V-1s-1] 

Carrier Conc. 
 [1011/cm³] 

Hall Voltage 
[mV] 

40 7.16 3.14 2.77 71 200 1.64 6.07 6.26 2.41 
60 7.58 5.91 1.39 214 250 1.58 7.74 5.10 3.77 
80 8.12 3.97 1.93 203 300 1.51 5.22 8.07 2.94 
100 8.54 4.29 1.69 274 350 1.45 5.32 7.88 3.34 
120 8.78 5.26 1.35 398 400 1.35 4.02 9.62 3.20 
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