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Two-Dimensional Antimony-Based Perovskite-
Inspired Materials for High-Performance Self-Powered 
Photodetectors

Jianjun Mei, Maning Liu, Paola Vivo, and Vincenzo Pecunia*

The ongoing Internet of Things revolution has led to strong demand for low-
cost, ubiquitous light sensing based on easy-to-fabricate, self-powered photo-
detectors. While solution-processable lead-halide perovskites have raised 
significant hopes in this regard, toxicity concerns have prompted the search 
for safer, lead-free perovskite-inspired materials (PIMs) with similar optoelec-
tronic potential. Antimony- and bismuth-based PIMs are found particularly 
promising; however, their self-powered photodetector performance to date has 
lagged behind the lead-based counterparts. Aiming to realize the full potential of 
antimony-based PIMs, this study examines, for the first time, the impact of their 
structural dimensionality on their self-powered photodetection capabilities, with 
a focus on 2D Cs3Sb2I9−xClx and Rb3Sb2I9 and 0D Cs3Sb2I9. The 2D absorbers 
deliver cutting-edge self-powered photodetector performance, with a more-than-
tenfold increase in external quantum efficiency (up to 55%), speed of response 
(>5 kHz), and linear dynamic range (>four orders of magnitude) compared to 
prior self-powered A3M2X9 implementations (A+: monovalent cation; M3+: Sb3+/
Bi3+; X−: halide anion). Detailed characterization reveals that such a performance 
boost originates from the superior carrier lifetimes and reduced exciton self-trap-
ping enabled by the 2D structure. By delivering cutting-edge performance and 
mechanistic insight, this study represents an important step in lead-free perov-
skite-inspired optoelectronics toward self-powered, ubiquitous light sensing.
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1. Introduction

Recent years have witnessed the exponen-
tial growth of the Internet of Things (IoT), 
which comprises an ultra-large ecosystem 
of sensor nodes that are being dissemi-
nated in everyday objects and environ-
ments to enhance our quality of life.[1–3] 
The IoT revolution has led to strong 
demand for easy-to-fabricate visible-light 
photodetectors that could be deployed ubiq-
uitously—for example, to address applica-
tions in computer vision, smart homes, 
visible light communications, biomedi-
cine, smart manufacturing, security, and 
environmental monitoring.[4–9] While sil-
icon technologies have dominated the vis-
ible-light photodetector market to date,[10] 
they involve complex, energy-intensive fab-
rication processes and a capital-intensive 
fabrication infrastructure.[11,12] Therefore, 
for ubiquitous light sensing to become 
possible, it is essential to develop photo-
detector technologies based on thin-film 
photoactive materials that can be deposited 
through facile, low-cost, solution-based 
methods.[7,8,13,14] Crucially, for the develop-

ment of the IoT ecosystem to be sustainable, its sensor nodes 
should function with ultra-low power consumption so as to 
operate autonomously and perpetually (e.g., without a connec-
tion to the grid or the need to frequently replace or recharge 
batteries).[15,16] To enable ubiquitous and energy-neutral light 
sensing for the IoT revolution, it is therefore highly desirable to 
develop photodetector technologies that are based on solution-
processed photoactive materials and that can operate with no 
power consumption (i.e., in self-powered mode).

Among the solution-processable photoactive materials being 
investigated for optoelectronic applications, halide perovskites 
have risen to prominence in recent years due to their remark-
able optoelectronic properties and facile processing.[17,18] While 
the bulk of perovskite research has focused on photovol-
taics,[19,20] halide perovskites have also garnered a considerable 
amount of attention for photodetection,[21,22] including in self-
powered mode.[23–25] However, mainstream halide perovskites 
contain lead, which is inherently toxic,[26] and have also faced 
important stability issues.[27,28] This has prompted the scientific 
community to search for lead-free perovskite-inspired materials 
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(PIMs), targeting safer compositions (conducive to reduced  
toxicity and environmental impacts) while also aiming to repli-
cate the structural and electronic properties of lead-halide perov-
skites.[29,30] In particular, PIMs based on antimony and bismuth 
have come to the fore as particularly attractive. In addition to 
the lower toxicity of Sb and Bi compared to Pb,[15] the appeal of 
antimony- and bismuth-based PIMs is due to the similarity of 
the Sb3+ and Bi3+ cations to the Pb2+ found in the lead-halide 
perovskites in terms of size, polarizability, and valence shell,[29] 
which has enabled the resultant lead-free PIMs to reproduce key 
attractive electronic features of the lead-halide perovskites.[31]

Due to the 3+ oxidation state of their cations, antimony 
and bismuth deliver halide PIMs with reduced dimension-
ality. Absorbers that have captured a considerable amount of 
attention include compounds with a general formula A3M2X9  
(A+: monovalent cation; M3+: Sb3+ or Bi3+; X−: halide anion). 
These absorbers may have 0D lattices featuring isolated [M2X9]3− 
bi-octahedra, or 2D lattices comprising sheets of staggered, 
corner-sharing [MX6]3− octahedra.[29,32] It is worth noting that 
many A3M2X9 materials absorb through the visible range,[33–36] 
which makes them potentially suitable for visible-light detec-
tion. Other antimony- and bismuth-based PIMs whose absorp-
tion range covers the visible spectrum include CsBi3I10, whose 
structural dimensionality is intermediate between 0D and 2D 
(0D/2D),[37] as well as 1D materials featuring chains of corner-
sharing [MX6]3− octahedra separated by organic cations.[38,39]

While 2D A3Sb2X9 compounds feature the highest 
dimensionality among all the antimony-based PIMs, only 
lower-dimensional (<2D) antimony-based PIMs have thus far 
been investigated for visible-light photodetection.[38,40] This 
reflects the fact that research on 2D A3M2X9 absorbers is still 
in its nascent stage, since low-temperature, solution-based 
strategies to deposit such materials have only been demon-
strated recently.[35,41] Indeed, the general focus on 0D A3M2X9 
absorbers can be traced to the fact that typical A3M2X9 com-
positions and processing conditions for visible-light photo-
detection lead to a 0D structure.[29,42,43] Moreover, while the 
adoption of X−  = Br− or Cl− allows the formation of a 2D 
structure, the corresponding bandgap is too large for visible-
light detection.[40,44–48] More generally, the external quantum 
efficiencies (EQEs) of A3M2X9 photodetectors operated in 
self-powered mode have been rather modest, typically in the 
range of ≈0.5–5% (i.e., much lower compared to lead-halide 
perovskite photodetectors).[48–50] 0D/2D bismuth-based PIMs 
have also delivered comparatively low EQEs in self-powered 
mode.[51,52] Therefore, it is not surprising that most photo-
detector studies to date featuring antimony- and bismuth-
based PIMs have resorted to operation with an applied bias  
voltage,[38–40,44–47,53–58] as that can generally mitigate the effects 
of an inefficient photoconversion process.

In addition to a large photoconversion efficiency, real-world 
applications require photodetectors to deliver a photoresponse 
that is linear with optical power. Interestingly, most photodetectors 
comprising antimony- and bismuth-based PIMs have revealed 
a strongly sublinear photoresponse to date,[38–40,46,47,49–57,59]  
which suggests the presence of broad, non-uniform distribu-
tions of defect levels within the forbidden gap.[60–62] Among  
the very few implementations exhibiting a linear behavior, those 
operated in self-power mode could maintain their linearity over 

an optical power range narrower than three orders of mag-
nitude (i.e., appreciably narrower than lead-halide perovskite 
photodetectors).[25,48]

Aiming for the realization of the full potential of lead-free 
PIMs for easy-to-fabricate, self-powered, visible-light photode-
tectors, in this study we investigate, for the first time, the impact 
of the structural dimensionality of antimony-based perovskite-
inspired absorbers on their self-powered photodetection capa-
bilities. Capitalizing on the ability to deposit high-quality layers 
of 2D Rb3Sb2I9 and to control the dimensionality (0D vs 2D) of 
the Cs3Sb2X9 system via halide mixing, we carry out a compara-
tive assessment of the performance of self-powered photodetec-
tors based on 2D and 0D absorbers (i.e., 2D Rb3Sb2I9 and 2D 
Cs3Sb2I9−xClx versus 0D Cs3Sb2I9). Specifically, we examine in 
detail their photoconversion efficiencies, photocurrent-power 
relationships, and speed of response. Based on detailed struc-
tural and optoelectronic characterization, we additionally pro-
vide physical insight into the observed trends in photodetector 
performance. This study thus brings to the fore that the control 
of the structural dimensionality of lead-free antimony-based 
absorbers offers a promising perovskite-inspired route to next-
generation, self-powered photodetectors.

2. Results and Discussion

Given that the dimensionality of PIMs plays a central role in 
determining their optoelectronic properties (e.g., their charge 
transport properties[35,63–65]), we conjectured that 2D antimony-
based A3M2X9 compounds could potentially enable higher 
photodetector performance than the lower-dimensional coun-
terparts explored to date. Therefore, to investigate the impact 
of dimensionality on the performance of self-powered lead-
free PIM photodetectors, we focused on 2D Cs3Sb2I9−xClx and 
Rb3Sb2I9 as well as zero-dimensional Cs3Sb2I9. While Rb3Sb2I9 
inherently forms a 2D structure featuring sheets of corner-
sharing octahedra (Figure 1a),[36,66] Cs3Sb2I9 comes in a 0D 
structure with isolated [Sb2I9]3− bi-octahedra (Figure 1a),[35,66,67] 
unless dedicated, high-temperature (≥230  °C) processing pro-
tocols are adopted.[63,68] However, we recently found that the 
fractional substitution of iodines with chlorines in Cs3Sb2I9 
(leading to Cs3Sb2I9−xClx) enables its conversion from a 0D to 
a 2D structure (Figure  1a) within a low-temperature, solution-
based deposition process.[35] Specifically, we reported that the 
conversion of Cs3Sb2I9−xClx to its 2D phase could be achieved 
with a nominal x = 2–4 (as per precursor mixing ratios) and that 
optimal solar cell performance could be achieved for nominal 
x  = 3, which, in fact, corresponds to an actual x approaching 
2 (as determined via energy dispersive X-ray spectroscopy).[35] 
Therefore, in the present study, we used Cs3Sb2I9−xClx films 
with x approaching 2 (obtained with the precursor mixing 
ratios specified in the Experimental Section), which we shall 
refer to as Cs3Sb2I9−xClx for the sake of simplicity.

In line with the overarching goal of developing easy-to-fabri-
cate, solution-based photodetectors, we pursued the deposition  
of Cs3Sb2I9, Cs3Sb2I9−xClx, and Rb3Sb2I9 layers by spin-coating 
suitable precursors from common organic solvents (see the 
Experimental Section for details). Further, in line with our recent 
findings,[35,36] we adopted vapor-assisted annealing methods (see 

Adv. Funct. Mater. 2021, 2106295



www.afm-journal.dewww.advancedsciencenews.com

© 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH2106295 (3 of 13)

the Experimental Section for details) to enhance the crystallinity 
and overall quality of the PIM layers. Following the indications 
from our photovoltaic studies on these PIMs,[35,36] we specifi-
cally adopted FTO/c-TiO2/mp-TiO2 substrates (FTO: fluorine-
doped tin oxide; c-TiO2: compact TiO2; mp-TiO2: mesoporous 
TiO2) for the deposition of Cs3Sb2I9−xClx and Cs3Sb2I9 layers, 
while we resorted to FTO/c-TiO2 substrates for Rb3Sb2I9 (see 
below). The optimized process conditions delivered the layer 
morphologies shown in Figure  1b, as captured via scanning 
electronic microscopy (SEM). All layers appeared generally 
dense, with Cs3Sb2I9−xClx and Cs3Sb2I9, however, featuring 
sparse, minuscule pinholes. Additionally, the Rb3Sb2I9 layers 
exhibited the largest domains (average lateral size of 629 nm), 
while the Cs3Sb2I9−xClx and Cs3Sb2I9 layers had average domain 
sizes of 435 and 209 nm, respectively (see also Figure S1, Sup-
porting Information for the domain size distributions).

The structural identity and dimensionality of the different 
layers were confirmed via X-ray diffraction (XRD) (Figure  1c). 
The Cs3Sb2I9 layers manifested a diffraction pattern consistent 
with its 0D phase (hexagonal, space group P63/mmc),[69,70] as 
made evident by the presence of the characteristic peaks at 27.7° 
and 32.7°. By contrast, the XRD pattern of the Cs3Sb2I9−xClx 
samples closely followed the reference pattern of 2D Cs3Sb2I9 
(trigonal, space group P3̅m1), confirming the conversion to a 2D 
structure through halide mixing.[69,71] In regard to the Rb3Sb2I9 

samples, they gave XRD patterns consistent with the expected 
2D structure (monoclinic, space group P21/n).[66] Importantly, 
all peaks in the XRD patterns of the different PIM layers were 
consistent with the reference patterns, indicating the high purity 
of the layers. Having confirmed the structural dimensionality 
of our PIM layers, we shall now refer to the different PIMs as 
0D-Cs3Sb2I9, 2D-Cs3Sb2I9−xClx, and 2D-Rb3Sb2I9 in the text for 
the sake of clarity. Finally, it is worth noting that the strongest 
XRD peak of the 2D-Rb3Sb2I9 films was at 25.9°, which denotes 
a preferential crystalline orientation along the (006) planes, that 
is, with the sheets of corner-sharing octahedra parallel to the 
substrate surface. By contrast, the strongest XRD peaks of the 
2D-Cs3Sb2I9−xClx layers were at 25.9° and 29.9° (corresponding 
to the (201) and (022) planes, respectively) and had comparable 
intensity. Therefore, the 2D-Cs3Sb2I9−xClx layers manifested a 
random orientation of their sheets of corner-sharing octahedra 
with respect to the substrate surface, which is advantageous 
(compared to a preferential in-plane orientation) for efficient 
charge collection in sandwich-type devices.[35,71]

We additionally characterized the optical absorption proper-
ties of the PIMs, given the generally close relationship between 
the optical absorption spectrum of a photoactive material and 
the resultant spectral responsivity in photodetectors. To cor-
rect for the reflection and scattering losses inherently pre-
sent in spectrophotometry measurements on thin films, we 

Figure 1. a) Crystal structures of 0D-Cs3Sb2I9 (left), 2D-Cs3Sb2I9−xClx (middle), and 2D-Rb3Sb2I9 (right). b) Top-view SEM images of the resultant layers. 
Consistent with their optimal processing conditions for photodetector fabrication, 0D-Cs3Sb2I9 and 2D-Cs3Sb2I9−xClx were deposited on FTO/c-TiO2/
mp-TiO2 substrates, while 2D-Rb3Sb2I9 was deposited on FTO/c-TiO2 substrates. c) Measured and reference XRD patterns (ICSD collection codes 
001447 and 089695 for 0D- and 2D-Cs3Sb2I9, respectively;[69] the reference pattern for 2D-Rb3Sb2I9 was derived from ref. [66]).
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determined the absorption coefficient as α  = ln [(1 − R)/T]/t. 
Here, R and T are the reflectance and transmittance, respec-
tively, of the PIM thin films on glass, while t is their thickness. 
As shown in Figure 2a, the 2D PIMs (i.e., 2D-Cs3Sb2I9−xClx 
and 2D-Rb3Sb2I9) delivered high absorption coefficients in 
the 2–3·105 cm−1 range, with apparent onsets around 600 nm, 
pointing to their potential as thin-film absorbers for visible-light 
detection.[8,21] While having a similar onset, the absorption coef-
ficient of 0D-Cs3Sb2I9 was lower and manifested a much shal-
lower rise below the onset. These findings are consistent with 
the quasi-direct nature of the optical gap of 2D-Cs3Sb2I9−xClx, 
given that its indirect and direct transitions (at 1.99 and 2.08 eV, 
respectively) were within ≈90 meV from each other, as we deter-
mined through Tauc analysis (Figure 2b). In contrast, the Tauc 
plots of 0D-Cs3Sb2I9 revealed the indirect nature of its optical 
gap, which amounted to 2.02 eV (cf. its direct transition was at 
2.38 eV; Figure 2b), in good agreement with the literature.[35,72] 
Finally, the 2D-Rb3Sb2I9 films provided a somewhat interme-
diate case: they presented an indirect optical gap (=2.11 eV) but 
their direct transition (at 2.24 eV) was comparatively closer than 
in the 0D-Cs3Sb2I9 case (see also Table S1, Supporting Informa-
tion for a summary of the optical gaps of the PIMs).

Additional insight into the optical properties of the PIMs was 
gained from their steady-state photoluminescence (PL) spectra 
and time-resolved PL (TRPL) decays. Figure 3a–c shows the 
room-temperature (RT) PL spectra of the different PIMs (excita-
tion photon energy hν = 2.65 eV). 0D-Cs3Sb2I9 exhibited a broad 
emission band centered at ≈1.55  eV (Figure  3a), indicating a 
remarkably large Stokes shift of 0.47 eV. Such a broad PL band 
at energies <1.75  eV  was also reported for 0D-Cs3Sb2I9 at low 
temperatures (<200 K)[65] and for the analogous 0D-Cs3Bi2I9 at 
RT.[73] It is known that a strong electron-phonon coupling effect 
is responsible for the broadness of the emission bands of sim-
ilar PIMs,[74] inducing small polarons that restrain the charge 
carriers and leading to the formation of self-trapped excitons 
(STE) upon photoexcitation. Compared to the 2D counterparts, 
the 0D structure of 0D-Cs3Sb2I9 may lead to stronger self-trap-
ping, since it may facilitate the capture of charge carriers by 

the Cs+ cations and [Sb2I9]3− anions. By contrast, asymmetric 
emission bands were observed from both 2D-Cs3Sb2I9−xClx 
and 2D-Rb3Sb2I9, with maxima at 1.95 and 1.87  eV, respec-
tively (Figure  3b,c). Multiple emission peaks are expected to 
contribute to the asymmetry of the observed emission bands. 
Therefore, we deconvolved the PL spectra of 2D-Cs3Sb2I9−xClx 
and 2D-Rb3Sb2I9 into three Gaussian bands each (Figure 3b,c). 
The three emission peaks at 1.97, 1.83, and 1.56 eV associated 
with the PL spectrum of 2D-Cs3Sb2I9−xClx can be assigned 
to band edge emission (direct transition), STE emission, and 
defect-assisted emission,[75] respectively. The band edge emis-
sion (peak energy = 1.97 eV) dominates the PL spectrum, as it 
provides the main contribution to the PL peak at 1.95 eV. This 
is in good agreement with the determined quasi-direct nature 
of the optical gap of 2D-Cs3Sb2I9−xClx. On the other hand, for 
2D-Rb3Sb2I9, the Gaussian bands centered at 2.00, 1.85, and 
1.60  eV can be assigned to phonon-assisted recombination 
of indirect excitons, STE emission (dominant pathway), and 
defect-assisted emission, respectively. The proposed recombina-
tion pathways for excitons in the different PIMs are depicted in 
Figure 3d.

The excited-state dynamics were revealed by recording TRPL 
decays monitored at their respective PL peaks, as shown in 
Figure 3e. All decays could be well fitted with a bi-exponential 
function (see Table S2, Supporting Information for a summary 
of the fitting parameters). To compare the timescales of the 
different decays, we also calculated the effective lifetime τ1/e, 
defined as the time after the initial excitation at which the PL 
intensity IPL was reduced by a factor of e (i.e., IPL(τ1/e) = IPL(0)/e). 
The PL decay of 0D-Cs3Sb2I9 exhibited the shortest effective 
lifetime (τ1/e = 0.32 ns), as STE-induced non-radiative recombi-
nation is the dominant process. The 2D-Cs3Sb2I9−xClx samples 
exhibited the longest τ1/e (1.62 ns), while a τ1/e of 0.93 ns was 
achieved for 2D-Rb3Sb2I9. This suggests that the 2D structure 
favors the extension of the excited-state lifetime compared to 
the 0D structure, due to the effective generation of free exci-
tons and the reduced formation of STE. Further, while being 
comparable to that of the 2D-Cs3Sb2I9−xClx samples, the lower 

Figure 2. a) Absorption coefficients and b) Tauc plots of the PIM films deposited on glass substrates.
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effective lifetime of the 2D-Rb3Sb2I9 layers is indicative of the 
slightly higher capture rate associated with their non-radiative 
recombination centers, as per Shockley–Read–Hall recombina-
tion.[76] Therefore, the observed difference in effective lifetimes 
between the two 2D PIMs studied herein may be due to the fact 
that the defect levels involved in non-radiative recombination 
in 2D-Rb3Sb2I9 have higher volumetric densities and/or larger 
capture cross sections.

To assess the capability of the PIMs for self-powered photo-
detection, we embedded them in devices featuring the n-i-p 
sandwich-type device architecture shown in Figure 4a. Specifi-
cally, we used FTO/TiO2 as the cathode assembly and Au/poly-
TPD as the anode assembly. This particular choice of electrodes 
and charge transport layers was based on energy level consid-
erations. On the one hand, given the limited (built-in) electric 
field available in self-powered operation, it is crucial to ensure 
a sufficiently large driving force for photocarrier extraction in 
the form of favorable energy steps at the interfaces between 
the photoactive material and the charge transport layers.[77,78] 
On the other hand, the charge transport layers should have suf-
ficiently large bandgaps in order to provide a barrier to dark 
carrier injection, which would negatively impact the noise 
performance of the photodetectors. TiO2 and poly-TPD would 

meet these requirements, in consideration of their energy levels 
as well as those of the PIMs considered herein (Figure 4b).[35,36] 
In regard to the electron transport layer, we adopted a compact 
TiO2 (c-TiO2) layer in the Rb3Sb2I9 devices due to the optimal 
morphology of the 2D-Rb3Sb2I9 films on such a layer.[36] In 
contrast, we resorted to a mesoporous TiO2 (mp-TiO2) layer 
atop a c-TiO2 layer for the fabrication of 2D-Cs3Sb2I9−xClx 
and 0D-Cs3Sb2I9 devices as a means of boosting their photo-
conversion efficiency, given the smaller domain size of the 
2D-Cs3Sb2I9−xClx and 0D-Cs3Sb2I9 layers.

To assess the capability of the aforementioned devices for 
self-powered photodetection, we first characterized their EQE 
spectra (Figure 4c) while the devices were biased with 0 V across. 
The EQE was determined as EQE(λ) = (Jph(λ)/q)/(Popt(λ)/hν), 
where Jph is the photocurrent density, Popt is the incident optical 
power per unit area, q is the elementary charge, h is Planck’s 
constant, and ν is the photon frequency. All the devices 
gave a broadband photoresponse in line with their absorp-
tion spectra, spanning the visible range up to wavelengths 
of ≈600  nm (Figure  4c). Specifically, the 2D-Cs3Sb2I9−xClx  
devices covered the widest spectral range, consistent with the 
smaller and quasi-direct gap of 2D-Cs3Sb2I9−xClx. In particular, 
if we define the EQE onset wavelength, ( )

onset
EQEλ , as the longest 

Figure 3. Steady-state room-temperature PL spectra of a) 0D-Cs3Sb2I9, b) 2D-Cs3Sb2I9−xClx, and c) 2D-Rb3Sb2I9. Deconvolved band representations 
of the emission from 2D-Cs3Sb2I9−xClx and 2D-Rb3Sb2I9 are also displayed in (b) and (c), respectively. d) Proposed recombination pathways. FE: free 
exciton; GS: ground state; IBE: impurity-bound exciton; STE: self-trapped exciton; ①: photo-excitation; ②: direct transition; ③: phonon-assisted indi-
rect transition; ④: STE emission; ⑤: defect-assisted emission. Recombination pathways assignment: 1) 0D-Cs3Sb2I9: ④; 2) 2D-Cs3Sb2I9−xClx: ②,④,⑤;  
3) 2D-Rb3Sb2I9: ③,④,⑤. e) TRPL decays of 0D-Cs3Sb2I9, 2D-Cs3Sb2I9−xClx, and 2D-Rb3Sb2I9, excited at 483 nm (excitation intensity ≈ 15 nJ cm−2). The 
solid lines represent the fits to a bi-exponential function of the type IPL (t) = A1 exp(− t/τ1) + A2 exp(− t/τ2). IRF represents the instrument response file.
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wavelength at which a photodetector achieves an EQE of 0.5%, 
we obtain ( )

onset
EQEλ   = 628  nm for the 2D-Cs3Sb2I9−xClx devices, 

which reveals their suitability for near-infrared-blind visible-
light detection.[62] Consistent with the trend associated with 
their optical gaps, the 2D-Rb3Sb2I9 and 0D-Cs3Sb2I9 photode-
tectors gave smaller ( )

onset
EQEλ  values (593 and 591  nm, respec-

tively). The EQE spectra of the 2D-Cs3Sb2I9−xClx photodetectors 
also exhibited a considerably steeper EQE slope in the vicinity 
of the onset, adding to the benefits of the quasi-direct optical 
gap of 2D-Cs3Sb2I9−xClx.

Crucially, the EQE spectra revealed that the PIM photode-
tectors could function in self-powered mode. In particular, 
the devices based on 2D PIMs (i.e., 2D-Cs3Sb2I9−xClx and 
2D-Rb3Sb2I9) exhibited considerably higher EQE values, with 
the 2D-Cs3Sb2I9−xClx and 2D-Rb3Sb2I9 devices reaching 55% 
and 50%, respectively. By contrast, the 0D-Cs3Sb2I9 devices 
had appreciably lower EQE (up to 21%). This trend in the 
EQE values of the different PIMs was reproducibly observed  
(see Figure S2, Supporting Information). Importantly, the EQE 
values of our 2D-Cs3Sb2I9−xClx and 2D-Rb3Sb2I9 devices are 

the highest reported to date for self-powered photodetectors 
based on solution-processed antimony- and bismuth-based 
absorbers,[48–52] with an improvement by more than a factor of 
ten compared to prior self-powered A3M2X9 implementations 
(Table S3, Supporting Information).[48–50]

To gain insight into the intrinsic ability of the different PIMs 
to deliver efficient photoconversion in self-powered mode, we 
determined the internal quantum efficiency (IQE) of their 
photodetectors. Indeed, the IQE quantifies the number of 
photogenerated electron–hole pairs collected per absorbed 
photon (hence aggregating the photogeneration efficiency, 
ηgen; the efficiency of photocarrier transport through the photo-
active material, ηtr; and the efficiency of photocarrier collection 
at the interface with the electrode assemblies, ηc).[7,80] Specifi-
cally, we determined the IQE as IQE = EQE/(1 − R − T), where 
R and T are the reflectance and transmittance, respectively, 
of the corresponding device stacks.[66,81,82] The resultant IQE 
spectra (Figure 4c) first revealed that the efficiency losses (i.e., 
IQE − EQE) associated with light in-coupling amounted to 
3–15% for all photodetectors. This implies that improved light  

Figure 4. a) Schematic of the device stack of the PIM photodetectors. b) Corresponding energy-level diagram, based on the energy level values in  
refs. [35,36,79]. c) EQE and IQE spectra in self-powered mode. d) Corresponding spectral responsivities.
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management (e.g., antireflective coatings at the input interface 
and nanophotonic structures at the anode) could be pursued 
in the future to further increase the EQE. Moreover, the IQE 
spectra confirmed the superior intrinsic photoconversion effi-
ciency of the 2D PIMs in comparison to the 0D counterpart: 
while the 2D-Cs3Sb2I9−xClx and 2D-Rb3Sb2I9 devices delivered 
peak IQE values in the range of 55–61%, the 0D-Cs3Sb2I9 
devices were at below 25%.

The superior IQE of the 2D PIMs can be rationalized in 
terms of their reduced recombination losses compared to the 
0D counterpart. On the one hand, the lower exciton-trapping 
energies of the 2D absorbers (see the steady-state PL data 
above) would be conducive to a higher photogeneration effi-
ciency (i.e., number of photogenerated carriers per absorbed 
photon). Similarly, the improved IQE of the 2D-Cs3Sb2I9−xClx 
devices compared to the 2D-Rb3Sb2I9 counterparts may also 
originate from the smaller impact of STE in 2D-Cs3Sb2I9−xClx 
compared to 2D-Rb3Sb2I9 (see the steady-state PL data above). 
On the other hand, drawing from Crandall’s photocurrent 
model,[83–85] the superior IQE of the 2D-Cs3Sb2I9−xClx devices 
would also benefit from their reduced non-geminate recombi-
nation losses (i.e., higher ηtr), as suggested by the longer car-
rier lifetime (see above) and larger mobility (as detailed in our 
recent report[35]) of 2D-Cs3Sb2I9−xClx compared to 0D-Cs3Sb2I9. 
Along similar lines, the relative magnitude of the IQE of the 
2D-Rb3Sb2I9 devices compared to the 2D-Cs3Sb2I9−xClx and 
0D-Cs3Sb2I9 counterparts may also be contributed by the dif-
ferences in carrier lifetimes, consistent with our TRPL findings 
(see above). Overall, the considerably higher photoconversion 
efficiencies of the 2D-Cs3Sb2I9−xClx and 2D-Rb3Sb2I9 photo-
detectors derive from the superior optoelectronic properties of 
the respective PIMs enabled by their higher dimensionality.

Interestingly, the IQE spectra of the 2D-Cs3Sb2I9−xClx  
devices manifested a broad plateau region extending nearly 
over the entire absorption range, which is attractive for photo-
detector applications because it is conducive to an equalized 
spectral photoresponse. By contrast, the other PIMs exhib-
ited a shallower rise to their IQE peaks as the wavelength 
was reduced below the absorption onset (see also Figure S3, 
Supporting Information). This suggests that photogenera-
tion in 2D-Cs3Sb2I9−xClx required lower excess energy than 
in 0D-Cs3Sb2I9, which could reflect the reduced weight of 
dissipative processes during photogeneration (e.g., reduced 
self-trapping energy, as suggested by our PL findings). Similar 
considerations hold for the steeper IQE rise of the 2D-Rb3Sb2I9 
devices compared to the 0D-Cs3Sb2I9 counterparts (Figure  4c; 
see also Figure S3, Supporting Information). Interestingly, 
2D-Cs3Sb2I9−xClx devices also present a steeper IQE rise com-
pared to the 2D-Rb3Sb2I9 counterparts, which may relate to the 
smaller role played by STE in 2D-Cs3Sb2I9−xClx and its photo-
conversion efficiency. All of the above points to the significant 
impact of the photogeneration process on the IQE of the PIMs 
studied herein.

While the quantum efficiencies provide insight into the photo-
conversion process, photodetector applications critically depend 
on the magnitude of the photocurrent response per unit power, 
that is, the spectral responsivity  = Jph(λ)/Popt(λ). As shown in 
Figure 4d, the spectral responsivities of all PIM photodetectors 
follow the same trends as their EQE spectra, with only 

minor red-shifts in their peak wavelengths. 2D-Cs3Sb2I9−xClx 
and 2D-Rb3Sb2I9 devices delivered peak responsivities 
of 205 and 174  mA W−1, respectively, that is, 3–4 times  
larger than that of the 0D-Cs3Sb2I9 devices (62 mA W−1).

To gain further insight into the photoconversion process, we 
characterized the relationship between the photocurrent of the 
different self-powered photodetectors and the incident optical 
power. The significance of this relationship is due to the fact 
that, as a photodetector is subjected to increasing illumination 
levels, the hole and electron quasi-Fermi levels are swept closer 
to the valence and conduction bands, respectively. This allows 
the corresponding photocurrent to provide a probe into the 
dominant recombination mechanism and the energy landscape 
within the forbidden gap.[86,87] We thus illuminated the self-
powered PIM photodetectors at λ  = 505  nm (i.e., well within 
their responsivity range) with variable optical power densities 
within the range 10−3–102  mW cm−2. We found that the 2D 
PIMs delivered a photocurrent proportional to the incident 
optical power across the entire range probed (Figure 5). Specifi-
cally, when we fitted the corresponding datasets with the power 
law J Pph opt∝ θ , the resultant values of the exponent θ amounted 
to 0.98 and 0.99 for 2D-Cs3Sb2I9−xClx and 2D-Rb3Sb2I9, respec-
tively, which are practically indistinguishable from unity, given 
the uncertainty limits of the experiment and the fitting routine. 
By contrast, the photocurrent-power traces associated with the 
0D-Cs3Sb2I9 devices only allowed piecewise power-law fits: on 
the one hand, for optical power densities below ≈20 µW cm−2 
and above ≈100 µW cm−2, the photocurrent was proportional to 
Popt (θ = 1); on the other hand, for intermediate power values, 
the photocurrent increased sublinearly (θ < 1).

The observed Jph–Popt trends from all of the self-powered PIM 
devices can be rationalized in terms of the one-center model of 
the Rose–Bube theory, which involves non-radiative recombi-
nation through one single type of recombination centers (i.e., 
recombination centers with a given set of electron and hole 
capture cross sections) within the bandgap.[86,87] Specifically, the 
linear Jph–Popt relationship observed from the 2D PIM photo-
detectors (Figure  5) would arise from a discrete recombina-
tion center that lies deep within the forbidden gap, thereby 
remaining within the quasi-Fermi levels throughout the Popt 
range probed. In other words, in the 2D PIM photodetectors, 
the quasi-Fermi levels would not cross such a recombination 
center, thus allowing the photosensitivity to remain constant 
(θ = 1). By contrast, the behavior observed from the 0D-Cs3Sb2I9 
devices suggests the presence of recombination centers at two 
distinct energies within the forbidden gap. Specifically, while 
some centers would be located deep in the forbidden gap and 
would thus remain embraced within the quasi-Fermi levels 
throughout the Popt range probed (as in the 2D PIM devices), 
a set of recombination centers lying closer to the band edges 
would be crossed by the quasi-Fermi levels as the optical power 
is raised, leading to a photosensitivity reduction. Indeed, 
Figure  5 reveals that the EQE of the 0D-Cs3Sb2I9 devices at  
λ = 505 nm changes from ≈9% at low optical power (corresponding 
to the lower-lying segment with θ  = 1) to ≈3.5% at high optical 
power (corresponding to the higher-lying segments with θ = 1).

The above Jph–Popt characterization additionally allowed us to 
assess the suitability of the self-powered PIM photodetectors for 
real-world applications in terms of photoresponse linearity. As 
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noted earlier, both the 2D-Cs3Sb2I9−xClx and 2D-Rb3Sb2I9 photo-
detectors delivered a linear photoresponse over the entire optical 
power range probed (more than four orders of magnitude 
wide). Therefore, a lower bound on their linear dynamic range 
(LDR) could be determined as =LDR : 20 g ( / )U 10 ,max

( )
,min

( )lo J Jph
meas

ph
meas ,  

where ,min
( )Jph
meas  and ,max

( )Jph
meas  are the minimum and maximum 

measured photocurrents, respectively, over the probed Popt 
range. We thus found that the LDRU of both 2D-Cs3Sb2I9−xClx 
and 2D-Rb3Sb2I9 devices amounted to 83.3  dB. Importantly, 
given that the values of ,min

( )Jph
meas  and ,max

( )Jph
meas  used to calculate 

LDRU were solely determined by the experimental limitations 
of our light sources and acquisition electronics, the resultant 
LDRU values underestimate the actual LDR, which is defined 
as LDR: = 20 log10 (Jph,max/Jph,min), where Jph,max and Jph,min 
are the ultimate upper and lower bounds, respectively, of the 
linear region of operation. Nonetheless, the above LDRU value 
is already well beyond (by more than 20  dB) the LDR of all 
reported self-powered photodetectors based on solution-based 
antimony- and bismuth-based PIMs (Table S3, Figure S4, Sup-
porting Information).[48–52] Further, if one takes into account 
that the ultimate lower limit of the linear range of a photo-
detector is determined by its noise floor,[88] a more realistic esti-
mate of the LDR of our photodetectors can be obtained by taking 
Jph,min as their noise currents (see below). In light of this, the  
LDR of the 2D-Cs3Sb2I9−xClx and 2D-Rb3Sb2I9 photo detectors 
would amount to at least 190 and 175  dB, respectively (see 
Figure S5, Supporting Information), which is competitive with 
benchmark photodetector technologies for the visible range.[7,89] 
Finally, given that the 0D-Cs3Sb2I9 photodetectors were non-
linear over the entire optical power range probed, their LDR 
is not defined. This confirms the superior photodetector  
performance enabled by the higher dimensionality of the 2D 
A3Sb2X9 PIMs.

Real-world applications also require photodetectors to be able 
to sense weak optical signals. To quantify such ability in our 
self-powered PIM photodetectors, we determined the specific 
detectivity D*, which constitutes a normalized measure of the 
reciprocal of the minimum optical signal that can be detected. 
Specifically, we calculated the specific detectivity of our PIM 
photodetectors as D*(λ) = (λ)/(2 q Jd,0)1/2, taking into account 
the commonly adopted assumption of shot-noise-limited photo-
detection,[22,25,90] which therefore allows a direct comparison to 
the relevant literature. Here, (λ) is the spectral responsivity, q 
is the elementary charge, and Jd,0 is the dark current density at 
0 V (see Figure S6, Supporting Information). The resultant spe-
cific detectivity spectra are displayed in Figure S7, Supporting  
Information. All photodetectors gave maximum D* values 
in the range of 1012 Jones. Importantly, the highest D*  
(6.1 × 1012 Jones) was obtained from the 2D-Cs3Sb2I9−xClx 
devices, while 0D-Cs3Sb2I9 and 2D-Rb3Sb2I9 gave D* values 
of 3.5 × 1012 and 4.3 × 1012 Jones, respectively. The higher D* 
of the 2D-Cs3Sb2I9−xClx devices resulted from their having 
the highest responsivity (see above) as well as the lowest dark  
current density (256 pA cm−2; see Figure S6, Supporting Infor-
mation) among all of the PIM photodetectors considered herein. 
Importantly, the specific detectivity of the 2D-Cs3Sb2I9−xClx 
devices is among the highest for self-powered antimony- 
and bismuth-based PIM photodetector[48–50,52] (see Table S3,  
Supporting Information) and is also competitive with self-pow-
ered photodetectors comprising lead-based perovskites.[25]

Given that real-world applications involve time-varying 
optical signals, self-powered photodetectors must respond suf-
ficiently fast to acquire such signals.[7,76,91] Therefore, we char-
acterized the speed of response of our photodetectors first by 
illuminating them with rectangular light pulses of variable 
optical power. In response, the self-powered PIM photodetec-
tors delivered reproducible, quasi-rectangular photocurrent 
transients, in all cases reaching the steady state within the 
duration of the light pulses (Figures S8,S9, Supporting Infor-
mation). We could thus quantify the speed of response of the 
photodetectors in terms of the rise time, trise, and the fall time, 
tfall, required for their photocurrent transients to cover 50% of 
the full range on their rising and falling edges, respectively. 
As shown in Figure 6a, the 2D-Cs3Sb2I9−xClx devices gave the 
highest speed of response, with an average response time, tr = 
(trise  + tfall)/2, down to 15 µs. Such a response time is more 
than six times shorter than that observed from the 0D-Cs3Sb2I9 
devices (tr down to 94 µs), in line with the superior charge 
transport properties of 2D-Cs3Sb2I9−xClx.[35] In regard to the 
2D-Rb3Sb2I9 devices, they gave response times down to 101 µs,  
that is, comparable to the 0D-Cs3Sb2I9 counterparts. This 
behavior can be linked to the planar device architecture of the 
2D-Rb3Sb2I9 devices, which results in carriers having to aver-
agely travel a longer distance before reaching the electrodes 
compared to the mesoporous case. Regardless of the PIM and 
device architecture used, we observed a marginal reduction of 
the response times with the incident optical power, as well as 
a slight asymmetry between the fall and rise times. Both find-
ings can be traced to trap-related effects. Indeed, on the one 
hand, trap-filling would have a reduced impact at higher carrier 
densities, thereby leading to a reduction of the response time 
with incident optical power. On the other hand, the different 

Figure 5. Photocurrent density, Jph, of the PIM photodetectors meas-
ured at 0 V as a function of the incident optical power per unit area, 
Popt (illumination at λ = 505 nm). The symbols represent the measured 
data points, while the overlaid segments denote the power-law fits of 
the type J c Pph opt= θ , where c and θ are fit parameters. The θ values 
associated with the fits are also provided (in the case of the 0D-Cs3Sb2I9 
devices, the θ value refers only to the linear segments of the corre-
sponding curve).
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balance between trap filling and emptying during the rising 
and falling edges of the photocurrent waveforms, as well as 
any spatial dependence thereof, would lead to asymmetric  
rise and fall times.[60,61,92] In particular, the 0D-Cs3Sb2I9 and 
2D-Cs3Sb2I9−xClx gave fall times consistently shorter than the 
corresponding rise times (Figure  6a). This behavior may be 
traced to the greater impact of defect-level filling on the kinetics 
of the rising edges of the photocurrent response of such devices 
compared to that of defect-level emptying on their falling edges, 
given that the latter transients benefit from the fast decay rate 
of the free carrier population.[75] By contrast, the 2D-Rb3Sb2I9 
devices manifested rising edges that were faster compared to 
their falling edges. This behavior came along with a slight over-
shoot after light turn-on (Figure S8, Supporting Information), 
which has also been observed in other thin-film sandwich-type 
devices over the years.[93–95] Such an overshoot can be traced to a 
time-varying carrier trapping kinetics after light turn-on within 
the device stack, which involves a faster component leading 
to the initial overshoot prior to the slower component leading 
to the steady-state photocurrent.[93–95] By contrast, the falling 
edges of the photocurrent response of the 2D-Rb3Sb2I9 devices 
take the form of monotonic decays, which can be thus traced 
solely to the emptying of defect levels,[93–95] thereby leading to 
longer fall times.

We additionally assessed the speed of response under 
sinusoidally modulated illumination of variable frequency 
(Figure  6b). In such a case, a useful metric to quantify the 
speed of response is the 3dB frequency f3dB, at which the photo-
current amplitude is reduced by a factor of 2  compared to 
the amplitude under continuous illumination. The f3dB values 
obtained from the self-powered 0D-Cs3Sb2I9, 2D-Cs3Sb2I9−xClx,  
and 2D-Rb3Sb2I9 photodetectors amounted to 970, 5580, and 
890  Hz, respectively (Figure  6b). These f3dB values reproduce 

the same trend in the speed of response observed from the 
pulsed measurements, with the 2D-Cs3Sb2I9−xClx devices 
being the fastest, followed by the 0D-Cs3Sb2I9 and 2D-Rb3Sb2I9 
counterparts. Further, these f3dB values are in good quantita-
tive agreement with the response times tr determined under 
pulsed illumination, as the first-order approximation of the 
3dB frequency 3

(0)f dB  = ln(2)/(2πtr) as a function of the response 
time[7,96] delivers values within 20% of those experimentally 
determined. This confirms that the 2D-Cs3Sb2I9−xClx photo-
detectors were superior to the 0D counterpart also in terms of 
speed of response. In fact, in spite of their operation in self-
powered mode, the 3dB  frequency of the 2D-Cs3Sb2I9−xClx 
photodetectors was not only superior to that of all other photo-
detectors featuring solution-processed antimony- and bismuth-
based A3M2X9 PIMs in the literature,[40,44–50,53,56–58] but also at 
least an order of magnitude higher than all prior self-powered 
implementations.[48–50]

Finally, we assessed the stability of the different types of photo-
detectors by studying their photoresponse over a period of 600 h.  
Specifically, the devices were stored in an N2-filled glove box 
during most of the stability experiment and were transferred 
to ambient air only at discrete intervals for characterization. 
During their characterization, the strength of the self-powered 
photocurrent response was measured while subjecting the pho-
todetectors to pulsed illumination at λ  = 505  nm. Importantly, 
the aforementioned storage conditions of the photodetectors 
in an N2-filled glove box are comparable to those that would be 
obtained for encapsulated devices stored in ambient air.[97] In 
fact, the direct exposure of the non-encapsulated PIM devices 
to ambient air for several 1 h-long intervals during their char-
acterization resulted in additional environmental stress. As can 
be seen from the dataset presented in Figure S10, Supporting 
Information, both types of photodetectors based on the 2D PIMs 

Figure 6. a) Fall and rise times versus optical power density of the PIM photodetectors, as determined from their response to rectangular light pulses 
(Figure S8, Supporting Information). b) Normalized photocurrent amplitude acquired from the PIM photodetectors while they were subjected to a 
sinusoidally varying optical signal superimposed on a constant optical signal of 0.66 mW cm−2. The resulting f3dB values are also indicated in the plot. 
In both (a) and (b), a light-emitting diode (LED; λ = 505 nm) was used as the source.
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studied herein manifested considerably higher stability than the 
0D-Cs3Sb2I9 photodetectors. On the one hand, the photocurrent 
response of the 2D-Cs3Sb2I9−xClx devices was reduced by only 
13% over 600 h, with the 2D-Rb3Sb2I9 devices manifesting a sim-
ilar trend (Figure S10, Supporting Information). On the other 
hand, the photocurrent response of the 0D-Cs3Sb2I9 devices was 
reduced by 53% over the same amount of time (Figure S10, Sup-
porting Information). The considerably higher stability of the 
photodetectors comprising the 2D antimony-based PIMs studied 
herein confirms their superiority over their 0D counterpart.

3. Conclusion

With the aim of advancing environmentally-friendly solutions for 
easy-to-fabricate self-powered photodetectors, herein we investi-
gated, for the first time, the critical impact of the structural dimen-
sionality of lead-free antimony-based PIMs on their self-powered 
photodetection capabilities. To provide a comparative assess-
ment, we examined solution-processed photoactive layers made 
of 0D Cs3Sb2I9 (0D-Cs3Sb2I9) and 2D Cs3Sb2I9−xClx and Rb3Sb2I9 
(2D-Cs3Sb2I9−xClx and 2D-Rb3Sb2I9). We thus revealed that photo-
detectors based on 2D A3Sb2X9 absorbers—which had never been 
considered for self-powered photodetection to date—gave con-
siderably higher self-powered photodetector performance com-
pared to the 0D counterpart. In particular, the top performance  
was achieved with 2D-Cs3Sb2I9−xClx photodetectors, which deliv-
ered record-high photoconversion efficiency, LDR, and speed of 
response compared to prior implementations of self-powered 
A3M2X9 photodetectors: their EQE was up to 55%, that is, nearly 
three times higher than the corresponding 0D-Cs3Sb2I9 devices 
and more than ten times higher than all prior self-powered 
A3M2X9 implementations; their cutting-edge LDR extended over 
more than four orders of magnitude and potentially up to 190 dB; 
their 3dB  frequency was >5  kHz, making our 2D-Cs3Sb2I9−xClx 
photodetectors at least an order of magnitude faster than all prior 
implementations of self-powered A3M2X9 photodetectors. Impor-
tantly, such performance levels are already sufficient to address 
self-powered photodetector applications such as in smart homes, 
smart manufacturing, wearables, and biomedicine.[62]

Furthermore, our study provided insight into the structure-
property relations relevant to self-powered A3Sb2X9 photode-
tectors based on detailed optoelectronic and device characteri-
zation. Specifically, we could trace the superiority of these 2D 
PIMs to their enhanced optoelectronic properties (e.g., longer 
carrier lifetimes and reduced impact of STE), as enabled by 
their higher dimensionality.

By delivering cutting-edge perovksite-inspired photodetector 
performance as well as insight into the relevant structure-
property relations, our study provides both a technological 
opportunity and an essential material design rule for the future 
exploration of environmentally-friendly PIMs for high-perfor-
mance self-powered photodetection.

4. Experimental Section
Materials: All commercially-sourced chemicals were employed as 

received and without additional purification: SbI3 (99.999%, Sigma 

Aldrich), CsI (99.999%, Alfa Aesar), SbCl3 (99.999%, Alfa Aesar), 
RbI (99.999%, Sigma Aldrich), dimethylsulfoxide (DMSO; analytical 
grade, Beijing Chemical Reagent Co.), N,N-dimethylfomamide (DMF; 
analytical grade, Beijing Chemical Reagent Co.), toluene (99.5%, 
Yonghua Chemistry), chlorobenzene (CB; > 99%, J&K), isopropyl 
alcohol (IPA; 99.5%, J&K), poly(4-butyl-N,N-diphenylaniline) (Poly-TPD;  
Mw  = 6 000–20 000, Lumtec), titanium(IV) isopropoxide (97%, Sigma 
Aldrich), titania paste (18NR-T, Greatcell solar), acetone (> 99.5%, Jiangsu 
Qiangsheng functional Chemistry Co.), and ethanol (> 99.5%, Jiangsu 
Qiangsheng functional Chemistry Co.).

PIM Thin-Film Deposition: The PIM films were prepared in a glove 
box filled with ultra-high-purity nitrogen gas. 2D-Cs3Sb2I9−xClx and 
0D-Cs3Sb2I9 films were prepared according to the procedure detailed in 
ref. [35]. Mixtures of the precursor powders (CsI:SbI3 in a 3:2 mole ratio 
for 0D-Cs3Sb2I9; CsI:SbI3:SbCl3 in a 3:1:1 mole ratio for 2D-Cs3Sb2I9−xClx)  
were dissolved in DMSO:DMF (3:1 volume ratio), targeting a solution 
concentration of 0.3 m. After being stirred and heated at 75  °C 
overnight, the solutions were filtered using PTFE filters with a 0.22 µm 
pore size. Thin films were then deposited by spin-coating 40 µL of the 
resulting solutions at 4000 rpm for 30 s. After fixed delays (15 and 20 s  
for 0D-Cs3Sb2I9 and 2D-Cs3Sb2I9−xClx, respectively) from the start of the 
spin-coating cycles, 150  µL toluene was dispensed onto the spinning 
substrates. Finally, the resulting films were subjected to vapor-assisted 
annealing (on a hotplate at 105 and 150  °C for 0D-Cs3Sb2I9 and 
2D-Cs3Sb2I9−xClx, respectively) for 30 min, with the substrates and a 5 µL 
DMSO droplet in their vicinity placed within a Petri dish.

Rb3Sb2I9 films were prepared as detailed in ref. [36]. A mixture of the 
precursor powders (RbI:SbI3 in a mole ratio of 3:2) was dissolved in 
DMF, targeting a solution concentration of 0.25 m. After being stirred 
and heated at 75  °C overnight, the solutions were filtered using PTFE 
filters with a 0.22 μm pore size. Thin films were then deposited by spin-
coating 40  µL of the resulting solution at 4000  rpm for 30 s. After 5 s 
from the start of the spin-coating cycle, 100  µL of an SbI3 solution in 
toluene (10 g L−1) was dispensed onto the spinning substrates. Finally, 
the samples were subjected to high-temperature vapor annealing in dry 
SbI3 vapor, with the samples and 50 mg of SbI3 powder placed inside a 
closed contained onto a hotplate. The annealing process consisted of 
the following sequence of steps: a) heating from room temperature to 
225 °C for 10 min; 2) cooling down to 150 °C for 10 min; 3) heating at 
150 °C for 10 min. Finally, the samples were taken out of the container 
and allowed to spontaneously cool down.

Device Fabrication: Glass substrates with pre-patterned FTO 
electrodes (Liaoning Youxuan New Energy Technology Co. Ltd.) were 
sequentially sonicated in an ultrasonic bath with deionized water, 
acetone, and ethanol (10 min each), after which they were blown dry with 
N2 gas. The substrates to be used for the fabrication of 0D-Cs3Sb2I9 and 
2D-Cs3Sb2I9−xClx devices were treated with UV-ozone (for 30 min), while 
those to be used for Rb3Sb2I9 were treated with O2 plasma (for 15 min). 
A compact TiO2 (c-TiO2) film was obtained by spin-coating a precursor 
solution of 5.06 mL 2-propanol, 380 µL titanium(IV) isopropoxide, and 
35 µL dilute HCl (as reported in ref. [98]) at 4000 rpm for 30 s, followed 
by sintering at 450  °C for 40  min in air. Samples later used for the 
fabrication of 0D-Cs3Sb2I9 and 2D-Cs3Sb2I9−xClx devices were then coated 
with a layer of mesoporous TiO2 (mp-TiO2), which was obtained by spin-
coating 18NR-T titania paste (0.2 g mL−1 in ethanol) at 7000 rpm for 30 s,  
followed by sintering at 450  °C for 40  min in air. Subsequently, the 
desired PIM layer was deposited as detailed in PIM Thin-Film Deposition 
section, followed by the spin coating of 40 µL poly-TPD solution (10 g L−1  
in CB) at 4000  rpm for 30 s. Finally, 40-nm-thick Au electrodes were 
thermally evaporated through a shadow mask, defining a device active 
area of 7.25 mm2.

Materials Characterization: XRD patterns were acquired using a 
Panalytical Emyrean X-ray diffractometer in air (λ = 1.5406 Å, tube current 
= 40 mA, generator voltage = 40 kV). Top-view SEM images of PIM films 
deposited on glass/TiO2 were acquired using a Zeiss GeminiSEM 500 
(accelerating voltage = 10  kV, pressure = 2 × 10−5 mbar). Reflectance 
and transmittance spectra were measured within an integrating sphere 
employing a PerkinElmer Lambda 950 UV–vis–NIR spectrophotometer. 

Adv. Funct. Mater. 2021, 2106295
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The thickness of compact PIM films was measured with a profilometer 
(D-100 Stylus, KLA-Tencor). Steady-state PL spectra were collected with 
a FLS1000 spectrofluorometer (Edinburgh Instruments, UK). The TRPL 
decays were measured with a time-correlated single photon counting 
apparatus equipped with a Picoharp 300 controller and a PDL 800-B 
driver for excitation and a Hamamatsu R3809U-50 microchannel plate 
photomultiplier for detection in a 90° configuration.

Optoelectronic Characterization: EQE measurements were carried 
out in air using a customized setup comprising a source meter 
(Keithley 6420), a monochromated light source (Zolix, Omni-
λ2005i), and a calibrated power meter assembly (Thorlabs PM200 
and Thorlabs S120VC). Transient photocurrent measurements under 
variable-power illumination were carried out with an LED emitting at 
λ  = 505  nm (LV CK7P-JYKZ-25, OSRAM Opto Semiconductors). The 
LED was driven with a pulsed current of variable magnitude supplied 
by a custom-built electronic module. The resultant photocurrent 
pulses from the PIM photodetectors were amplified with a DHPCA-
100 signal amplifier (FEMTO). Sinusoidally-modulated photocurrent 
measurements were carried out in the same fashion but using a 
signal generator (PicoScope 5444B, Pico Technology) and a different 
custom-built electronic module to drive the LED source with a 
sinusoidally modulated current.

Stability Characterization: The stability of the non-encapsulated PIM 
photodetectors was studied over a period of 600 h. During most of this 
time, the devices were stored in an N2-filled glove box. At discrete times 
(as indicated in Figure S10, Supporting Information), the devices were 
transferred to ambient air and their self-powered photocurrent response 
was measured while the photodetectors were subjected to pulsed 
illumination at λ = 505 nm (see Optoelectronic Characterization above) 
and with Popt = 1.21 mW cm−2. The non-encapsulated devices were kept 
in air during their characterization (requiring ≈1 h each time).

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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