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ABSTRACT: Hybrid halide perovskites (HHPs) have revolu-
tionized the field of solar cells due to their low cost, solution-
processable synthesis, and exceptional device performance.
Although lead (Pb)-based perovskites are currently the most
efficient, their application in indoor photovoltaics and wearable
electronics is limited by lead’s toxicity. This has intensified the
search for Pb-free alternatives, particularly for use in portable
electronic devices. In this study, we utilized a vapor-assisted
solution process to systematically engineer the composition of
bismuth-based perovskite-inspired materials (PIMs) through
indium doping, forming homogeneous and pinhole-free (CH3NH3)3Bi2−xInxI9 (Bi−In) films. These bimetallic Bi−In perovskites
exhibit enhanced properties, including high recombination resistance, reduced low-frequency capacitance, lower defect density, and
minimal microstrain. Electrochemical impedance spectroscopy (EIS) shows significantly reduced ion migration in Bi−In
compositions compared with pure bismuth-based counterparts. The optimized Bi−In-based solar cells achieved a power conversion
efficiency (PCE) of 2.5% under outdoor illumination and 5.9% under indoor lighting, showcasing their potential as promising lead-
free alternatives for photovoltaic applications.
KEYWORDS: lead-free perovskites, nontoxicity, environmentally friendly, portable electronics, solar cells

1. INTRODUCTION
Hybrid halide perovskites have attracted great attention from
the scientific community due to their exceptional optoelec-
tronic properties,1−5 low-cost solution-processed fabrication
method,6−10 and, most importantly, flexibility to fine-tune the
band gap that enables them to use over a wide range of
applications.11−13 In the past decade, the power conversion
efficiency of lead halide perovskite solar cells has sky-
rocketed.14−16 However, the toxicity and intrinsic instability
of lead halide perovskite solar cells are still a bottleneck for
their commercialization and eco-friendly environment. In this
context, the scientific community recently started looking for
lead-free materials for photovoltaic devices for indoor light
harvesting.17−21 For instance, the power conversion efficiency
(PCE) of tin (Sn)-based perovskite photovoltaics has already
reached 15%.22,23 However, Sn2+ rapidly oxidizes to Sn4+ when
subjected to an ambient environment that results in poor
stability during device operation.24

Therefore, the exploration of less toxic yet stable perovskite-
inspired materials for indoor photovoltaics (IPVs) emerges as a
crucial and highly challenging research endeavor. Recently,
there has been a search for alternative antimony(III) Sb3+ and
bismuth(III) Bi3+-based materials to be employed in perovskite
photovoltaics.25−29 To date, the highest efficiency reported
using Bi-based solar cells reached around 3.5%.8,30,31 Despite

their poor performance, they possess the future potential for
improvement in indoor energy applications because of their
suitable optoelectronic properties and high chemical stability.32

The A3Bi2X9 [A = CH3NH3
+ (MA), CH(NH2)2+ (FA) or Cs;

X = I, Br, Cl] class of low-dimensional perovskite materials has
been much investigated as an absorber layer for solar cell
applications.33 There have been very few reports on this class
of materials for PV applications; however, they still depict
much inferior certified PCE at the current stage. It mainly
accounts for the poor-quality film morphology, low electronic
conductivity, and high optical band gap. In this direction, we
have reported a vapor-assisted solution process method by
exposing BiI3 films to CH3NH3I (MAI) vapors and forming
good-quality Bi-based perovskite films.8 However, residual
unreacted MAI was observed in the thin films. To further
improve the film quality, it is crucial to reduce the formation of
excess MAI in the vapor-assisted method. Another approach to
enhancing the efficiency of A3B2X9-based solar cells is

Received: September 4, 2024
Revised: October 9, 2024
Accepted: October 10, 2024
Published: October 17, 2024

Articlepubs.acs.org/acsaelm

© 2024 The Authors. Published by
American Chemical Society

8360
https://doi.org/10.1021/acsaelm.4c01576

ACS Appl. Electron. Mater. 2024, 6, 8360−8368

This article is licensed under CC-BY 4.0

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ramesh+Kumar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hairui+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Seyed+Ali+Nabavi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Moses+S.+Anyebe"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Suhas+Mahesh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Henry+Snaith"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Monojit+Bag"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Monojit+Bag"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sagar+M.+Jain"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsaelm.4c01576&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.4c01576?ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.4c01576?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.4c01576?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.4c01576?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.4c01576?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/aaembp/6/11?ref=pdf
https://pubs.acs.org/toc/aaembp/6/11?ref=pdf
https://pubs.acs.org/toc/aaembp/6/11?ref=pdf
https://pubs.acs.org/toc/aaembp/6/11?ref=pdf
pubs.acs.org/acsaelm?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsaelm.4c01576?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/acsaelm?ref=pdf
https://pubs.acs.org/acsaelm?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


compositional engineering. Recently, Paola et al. reported the
development of triple-cation-based Sb perovskites (CsMAFA-
Sb) for indoor photovoltaic applications. Through effective
compositional engineering strategies, they achieved a PCE of
2.47% under standard illumination (1 Sun) and 6.4% under
1000 lx lighting conditions.34

Herein, we employed InI3 in BiI3 films to fabricate high-
quality Bi−In-based perovskite-inspired materials (PIMs). This
approach results in smooth, compact films with larger grain
sizes, enhancing the efficiency of the Pb-free perovskite solar
cells. The incorporation of InI3 into BiI3 resulted in the
formation of good quality thin films of PIMs. InI3 helps to
control the crystallization process and growth rate of the
perovskite crystals, leading to smoother, more uniform films. It
also aids in managing the reaction with MAI vapor, reducing
the presence of excess MAI, contributing to the formation of
high-quality PIMs, and playing a role in repairing interstitial
iodide vacancies. The In3+ incorporation at the B site also acts
as a passivating agent for surface sites and improves the

ambient and operational stability.35 Also, in the vapor-assisted
method, the reaction time between BiI3 and MAI plays a very
crucial role in yielding a homogeneous nucleation process,
allowing one to fine-tune the crystallization process. We have
performed several characterization techniques such as X-ray
diffraction (XRD), scanning electron microscopy (SEM),
Fourier transform infrared spectroscopy (FTIR), Raman
spectroscopy, and absorption spectroscopy to probe the
structural, top-view surface morphological, and chemical
constituents of pristine and In3+-incorporated (CH3NH3)3Bi2I9
films prepared by reaction of MAI vapor at different reaction
times. We further fabricated an n−i−p mesoporous device
structure of glass/fluorine-doped tin oxide (FTO)/mesoscopic
TiO2/(CH3NH3)3Bi2I9/Spiro-OMeTAD/Ag, and (FTO)/m-
TiO2/(CH3NH3)3Bi2−xInxI9/Spiro-OMeTAD/Ag. The maxi-
mum PCE of 2.55% was obtained for the solar cells made from
the Bi−In absorber layer with a reaction time of 45 min. We
further performed electrical measurements to get insight into
trap density, recombination, and ion dynamics. Overall, this

Figure 1. (a) Schematic illustration of preparation of compact and uniform perovskite thin films via a vapor-assisted solution process method. X-ray
diffraction patterns of (b) spin-coated BiI3 and BiI3:InI3 thin films and (c) vapor-assisted BiI3:InI3 + MAI thin films at different reaction times. (d)
Variation of the (003) peak intensity with different reaction times for pristine and (CH3NH3)3Bi2−xInxI9 perovskite thin films. (e) XRD diffraction
patterns of both pristine and doped (CH3NH3)3Bi2I9 perovskite thin films at 45 min.
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research emphasizes the critical role of reaction time
management in the vapor-assisted method and the strategic
engineering of B-site composition.

2. EXPERIMENTAL METHODS
Materials Used. Bismuth(III) iodide (BiI3: 99.99%), N,N-

dimethylformamide (DMF), dimethyl sulfoxide (DMSO: super
dehydrated), indium(III) iodide (BiI3: 99.99%), Spiro-OMeTAD,
and methylammonium iodide (CH3NH3I: MAI: 99.99%) were
purchased from Sigma-Aldrich.
Preparation of Bi-Based Perovskite Thin Films. We have used

our previously reported vapor-assisted solution process to prepare
bismuth-based perovskite thin films for photovoltaic devices.8 In this
method, first, BiI3 was dissolved in a cosolvent of DMF and DMSO
(DMF:DMSO = 3:2) at room temperature (RT) in a vial with
constant stirring for 2 h (see Figure S1). This precursor solution of
BiI3 was spin-coated at 4000 rpm on a TiO2-coated FTO substrate
according to our previously reported method. For In3+-doped
perovskites, we have incorporated the InI3 precursor solutions (1 v/
v %) into the BiI3 solution (10.1 μL of InI3 into 1 mL of BiI3). The
BiI3 and BiI3:InI3 spin-coated samples were annealed at 100 °C for 20
and 40 min, respectively. After cooling down, the annealed spin-
coated films were placed in a glass Petri dish with MAI powder placed
surrounding the films for vapor treatment, as shown in Figures S2 and
S3. The Petri dish was heated at 150° C for different reaction times of
15, 25, 35, 45, and 55 min.
Fabrication of Devices. FTO glass substrates were etched with 2

M HCl, and zinc powder was washed with IPA, acetone, and clean
water and dried before use. We have spin-coated TiO2 solution on the
etched FTO substrate at 3000 rpm for 30 s and then sintered it for
450 °C for 1 h to form a compact morphology. The mesoporous TiO2
layer for electron transport was prepared according to the previously
reported method (spin coating a diluted TiO2 paste at 4000 rpm for
30 s, followed by annealing at 550 C for 30 min on a hot plate). After
cooling down the sintered TiO2 substrates, we coated bismuth
perovskite thin films by VASP, as discussed above. For the hole
transport layer (HTL), we spin-coated Spiro-OMeTAD solution at
2000 rpm for 30 s and annealed it at 50 °C for 60 s. Finally, the Ag
metal electrode was thermally deposited as an anode in 2 × 10−6 mbar
vacuum pressure to complete the device configuration.

3. RESULTS AND DISCUSSION
The surface morphology of the bismuth-based perovskite-
inspired material (PIM) films is crucial for the fabrication of
efficient, lead-free PV devices. Therefore, pristine or reference
(CH 3NH 3 ) 3 B i 2 I 9 ( B i ) a n d I n I 3 - i n c o r p o r a t e d
(CH3NH3)3Bi2−xInxI9 (Bi−In) perovskite thin films were
fabricated using the vapor-assisted solution process method.
In this method, crystal growth can be controlled via in situ
reaction time between the as-deposited film of BiI3 and
CH3NH3I (MAI) vapor treatment, as shown in Figure 1a. The
underlying crystallization kinetics of Bi-based perovskite thin-
film fabrication were monitored as a function of reaction time
by using a series of characterizations such as XRD, FESEM,
FTIR, and Raman spectroscopy. In this method, we first spin-
coated BiI3 and annealed it for a few minutes, following our
previous work.8 For the Bi−In perovskites, InI3 was added to
the BiI3 precursor solution. The incorporation of InI3 could
help to control the crystallization process and the growth rate
of the perovskite crystals, resulting in a more uniform film.
Subsequently, the BiI3- and BiI3:IniI3-coated films were
exposed to MAI vapor for different time scales to form
(CH3NH3)3Bi2I9 and (CH3NH3)3Bi2−xInxI9, as shown in
Figure 1.
Figure 1b depicts the XRD patterns of BiI3 and BiI3:InI3

spin-coated films before and after annealing. The diffraction

angles at 12.5, 14.6, 17.0, 25.3, 26.9, and 29° correspond to
(003), (102), (103), (006), (203), (204), and (205) reflection
planes, respectively, which indicates the formation of a good-
quality hexagonal phase of both thin films. For BiI3:InI3 thin
films, two additional peaks appeared corresponding to (103)
and (203) reflection planes at 16 and 32°, respectively,
indicating the formation of bimetallic Bi−In perovskite. As
expected, the intensity of the (003) and (006) planes increased
from preannealed to postannealed samples of BiI3 and BiI3:InI3
thin films, indicating increased crystallization of respective
metal halides. On MAI vapor treatment on both thin films at
different reaction times such as 15, 25, 35, 45, and 55 min,
there is a color change from dark brown to light red, suggesting
conversion of the BiI3 phase to the (CH3NH3)3Bi2I9-based
perovskite phase, as shown in the Supporting Information (see
Figures S2 and S3). The XRD pattern of both Bi and Bi−In
thin films shows a hexagonal phase with a (P63/mmc) space
group. The lattice constants of the corresponding hexagonal
phase of the pristine and In3+-doped Bi-based perovskites are
5.89 and 5.82 Å, respectively.1 The reduction in the lattice
constant of the hexagonal system of In3+-doped perovskite
films reveals a stronger interaction between the MA-site cation
and the I-site halide. We have also observed a prominent
reflection peak at 9.18° in the pristine thin films,26 indicating
the presence of excess MAI. This peak is expected as a result of
the reaction between BiI3 and nonstoichiometric excess MAI.
However, we did not observe any reflection peaks associated
with excess MAI in (CH3NH3)3Bi2−xInxI9, suggesting that the
precursor materials (BiI3:InI3+MAI) have been fully converted
into the pure (CH3NH3)3InxBix−1I9 phase. It is evident that
In3+ helps to manage excess MAI during the vapor treatment,
facilitating precise composition control. This results in the
formation of homogeneous and good-quality Bi−In-based thin
films. Therefore, the incorporation of InI3 into BiI3 could
accelerate the nucleation process during the reaction with
MAI, leading to the more efficient formation of thin films. The
XRD patterns of Bi and Bi−In thin films at different reaction
times are given in Figure 1d and Figure S4. Furthermore, to
investigate the structural changes due to excess MAI, we
quantified the lattice strain from the XRD patterns of both
samples using the Williamson−Hall (W−H) plot.36

= +
D

4 sin cos
0.9

(1)

where ϵ is an induced microstrain in the sample, β is the full-
width at half-maximum (FWHM) of diffraction plane peaks, θ
is the diffraction angle, D is the crystallite size, λ (1.546 Å) is
the incident X-ray wavelength for Cu Kα radiation, and θ is the
position of the diffraction peak. The W−H plots of pure Bi-
and Bi−In-based perovskites are given in the Supporting
Information (Figure S5a,c). The lattice microstrains were
calculated to be 0.0165 and 0.0137 for the Bi and Bi−In
perovskites, respectively. Remarkably, the microstrain in the
pure Bi lattice was observed to be higher, which can be
attributed to the lattice deformation caused by the excess,
unreacted MAI.37 Lead-based perovskites typically exhibit
microstrain values in the range of 0.002 to 0.019 ± 0.001.38

Therefore, the microstrain values of 0.0165 and 0.0137 for the
Bi and Bi−In perovskites are within a comparable range. The
Urbach energy is calculated from the UV absorption spectrum
(see Figure S5b,c) to check the energetic disorder in the band
edges of both semiconductor materials according to the
following equation:
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= +
h E

E
ln( ) ln( )0

g

u (2)

Here, α is the absorption coefficient, hν is the energy of the
incident photon, Eg is the optical band gap, and EU is known as
the Urbach energy. The Urbach energies for the pristine and
In3+-doped thin films are 0.580 and 0.476 eV, respectively.
This indicates that the excess unreacted MAI in pristine
structures introduces significantly more defects and deforma-
tions than that in In3+-incorporated structures. However, the
Urbach energy is very low in Pb-based perovskite thin films.2

For surface morphology, FESEM images of the spin-coated
BiI3 and BiI3:InI3 thin films and these thin films after MAI
vapor treatment (MAI+BiI3, MAI+BiI3:InI3) are reported
(Figure 2). It is observed that the introduction of MAI vapors

significantly affected the surface morphology of both films.
Also, the top-view surface morphology of the Bi−In films
shows the formation of a compact pinhole-free and larger
grain-sized morphology throughout the film as compared to
pristine Bi thin films. Therefore, incorporating In3+ into BiI3
thin films plays a crucial role in controlling the crystallization
process of Bi-based perovskite thin films. The top-view surface
morphology and EDX elemental mapping of annealed and
non-annealed BiI3 and BiI3:InI3 thin films and films after
exposure to MAI(v) for 15, 25, 35, 45, and 55 min of reaction
time are given in the Supporting Information (see Figures S6
and S7). In addition, the XPS spectra of the Bi−In
composition is given in the Supporting Information (Figure
S8) showing Bi3+, 4d and In3+, 3d core levels, confirming the
formation of the Bi−In metallic phase.
To provide insight into the chemical constituents as well as

crystalline and X-ray amorphous bismuth perovskite-like
phases of both films, we performed resonance Raman
spectroscopy and FTIR on pristine and In3+-doped films.
Figure 3a,b presents the FTIR spectra with the characteristic
vibrational modes of Bi and Bi−In thin films deposited on glass
substrates. The high-frequency vibrational modes between
3250 and 2950 cm−1 are associated with the N−H stretching
vibrations due to the NH3

+ group of the MA+ cation. The
doublet modes of N−H vibrations (υ1, υ2) have been attributed
to asymmetric and symmetric N−H stretching. The character-
istic peak at υ3 = 2950 cm−1 exhibits C−H stretching
vibrations in both films. In addition, vibrational peaks at
lower wavenumbers between 800 and 1800 cm−1 correspond
to the bending and rocking modes of C−H. FTIR character-
ization of both thin films was performed in an ambient
environment to study the moisture stability of the Bi and Bi−
In perovskite films. The distinct peak at around 3600 cm−1 in
pristine thin films is related to the O−H stretching vibrations.

Figure 2. Surface morphology of spin-coated BiI3 and BiI3:InI3 thin
films and these thin films after MAI vapor treatment (MAI+BiI3, MAI
+BiI3:InI3) at reaction times of 35 and 45 min.

Figure 3. FTIR spectra of MAI+BiI3 and MAI+BiI3:InI3 absorber layers at (a) low frequency and (b) high frequency. (c, d) Raman spectra of the
MAI+BiI3:InI3 absorber layer at different reaction times at low and high vibrational frequencies.
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However, this peak almost disappeared in the In3+-incorpo-
rated thin films. This indicates that the In3+-doped Bi-based
perovskite thin films are more hydrophobic than pristine thin
films. Therefore, In3+ incorporation can protect against
environmental moisture degradation. The FTIR spectra of
BiI3 and BiI3:InI3 spin-coated thin films are given in the
Supporting Information (see Figure S9). We also performed
contact angle measurements to investigate the hydrophobicity
of both absorber layers (Figure S10). Interestingly, the contact
angle with water of (CH3NH3)3Bi2−xInxI9 was increased
significantly by 84° compared to (CH3NH3)3Bi2I9 (61°),
proving the moisture resistance of the doped bismuth-based
perovskite layers. The Raman spectra of both films exhibited
characteristic peaks at the low-wavenumber (50−500 cm−1)
and high-wavenumber (500−2200 cm−1) regimes, which are
related to the Raman active Bi−I modes of the inorganic
framework and the organic MA+ cation, respectively (see
Figure S11). No additional peaks are observed in In3+-doped

(CH3NH3)3Bi2I9 perovskite thin films, suggesting similar
crystal structures of both doped and pristine bismuth-based
perovskites. Figure 3c,d presents the Raman spectra of BiI3:InI3
absorber layers on exposure to MAI(v) for different reaction
times. A prominent trend observed from the Raman spectra is
the gradual disappearance of the low wavenumber peak with
increasing reaction time between MAI(v) and BiI3:InI,
resulting in the weakened Bi−I stretching mode.39 Since
there is no major change in the higher wave peaks, this
indicates that the incorporation of In3+ with (CH3NH3)3Bi2I9
has a higher impact on the Bi−I modes of the inorganic
framework than on the organic MA+ cation.
Photovoltaic Performance and Electrical Measure-

ments of Bi-Based PSCs.We have fabricated PSCs with InI3-
doped and pristine MBI perovskite absorber layers using a
regular n−i−p structure (FTO/m-TiO2/perovskite/Spiro-
OMeTAD) (Figure S12). The photovoltaic performance of
all devices was evaluated by current density−voltage (J−V)

Figure 4. Device performance of all devices. (a) J−V characteristics of different reaction times-based Bi−In devices, and (b) J−V characteristics of
both devices under AM 1.5 sunlight. (c) Log−log I−V characteristics of Bi- and Bi−In-based PSCs showing three different regimes. (d) EQE
spectra of optimized, champion solar cell devices employing Bi and Bi−In devices. (e) Complex Nyquist plot of Bi and Bi−In devices at 0.2 V in
dark conditions. (f) Capacitance-frequency spectra of the devices demonstrate that the low-frequency capacitance (surface polarization) in the Bi−
In composition is significantly lower, attributable to the reduced ion migration within the Bi−In lattice.
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characteristics under 1 Sun (AM 1.5 G, 100 mW cm−2) (see
Figure 4a,b). To demonstrate the importance of mixing
bismuth and indium metals at the B-site for maximizing
performance, we fabricated a reference cell with pure bismuth
at the B-metallic site. Additionally, to illustrate the critical role
of reaction time when exposing the BiI3:InI3 film to MAI
vapor, we fabricated (CH3NH3)3Bi2−xInxI9 absorbers with
varying reaction times, as discussed in previous sections. The
device fabrication information is provided in Section 2. The
maximum PCE of the reference device without In3+ doping is
1.80% with an open-circuit voltage of Voc = 0.83 V, current
density Jsc = 3.35 mA cm2, and fill factor FF = 65% for the
reaction time of 35 min. However, the bimetallic B-site
absorber-based champion device increases Voc to 0.88 V, Jsc to
3.92 mA cm−2, FF to 74%, and the overall PCE to 2.55% for 45
min reaction time. The significant enhancement in FF is
attributed to the improved surface morphology, leading to
reduced nonradiative recombination at interfaces. With
increasing reaction time during the exposure of the BiI3:InI3
film to MAI vapors, Jsc increases and reaches its maximum at
45 min; thereafter, it decreases. This indicates that the
crystallization process with the reaction time plays a significant
role in charge carrier generation. The device performance
parameters of different devices are given in Table S1. The EQE
spectrum of BiI3 + MAI(v) devices prepared with and without
In3+ shows absorption in the visible spectrum around 625 nm,
which is a close match with previously reported Bi-based solar
cells (Figure 4d).8 Interestingly, it is found that the devices
prepared with the In3+-doped absorber layer show 10% more
absorption as compared to nondoped devices. The highest
PCE (2.55%) of (CH3NH3)3Bi2−xInxI9 is comparable with the

previously reported maximum PCE (2.48%) of triple cation-
based antimony (CsMAFA-Sb) devices.34

Furthermore, we have performed dark current−voltage and
electrochemical impedance spectroscopy (EIS) on reference
(CH3NH3)3Bi2I9 (Bi) and bimetallic (CH3NH3)3Bi2−xInxI9
(Bi−In)-based PSCs to get insight into recombination and
ionic kinetics. Figure 4c illustrates the I−V characteristics of
both PSCs, showcasing three distinct regimes: a low-voltage
regime characterized by current density linearly dependent on
applied voltage, dominated by shunt resistance (Rsh), termed
the Ohmic regime, a mid-voltage regime extending until the
built-in voltage (Vbi), during which injected charge carriers
begin to occupy trap states, referred to as the trap-filled limited
(TFL) injection regime. The voltage at which the ohmic and
TFL regimes are separated is termed the TFL voltage (VTFL),
linearly proportional to trap density.1 The VTFL of
(CH3NH3)3Bi2I9 is higher than that of (CH3NH3)3Bi2−xInxI9,
revealing the presence of lower trap density in
(CH3NH3)3Bi2−xInxI9-based PSCs.

40,41

We performed EIS measurements on Bi and Bi−In PSCs at
0.2 V under dark conditions. There are two types of
representations, i.e., Nyquist and Bode plots, to analyze the
EIS data. Figure 4e shows the complex Nyquist plots of EIS
data at 500 mHz to 0.5 MHz at RT. The Nyquist plot exhibits
two distinct behaviors: a high-frequency (HF) process and a
low-frequency (LF) process. The HF part corresponds to
electronic charge transport and bulk recombination, while the
LF part is associated with ionic kinetics and interfacial
recombinations. The total recombination resistance is
determined by combining the high- and low-frequency
resistances. Importantly, it should be acknowledged that the

Figure 5. (a) J−V characteristics of champion Bi- and Bi−In-based PSCs under low light intensity of 10 mW/cm2. (b) Statistical distribution of
PCE of both devices at low intensity. The summary of device performance of A3B2X9-type Pb-free perovskite solar cells in (c) low light intensity
1000 lx and (d) 1 Sun light intensity.8,26,34,42
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total recombination resistance can also include a contribution
from resistance of the selective contacts; therefore, this is valid
only for a qualitative study. It can be noted that the
recombination resistance of Bi−In bimetallic PSCs is
considerably higher compared to pure Bi-based PSCs, which
results in significantly lower recombination in the bimetallic
composition and could be attributed to a reduction in bulk
defects facilitated by the addition of indium. Additionally, the
capacitance-frequency spectra also indicate that bimetallic Bi−
In-based PSCs have much lower capacitance at low frequencies
(surface polarization) due to reduced ion migration in the
bimetallic lattice. This study underscores the significance of
incorporating mixed B-site metal cations in lead-free perov-
skites for the fabrication of efficient Pb-free solar cells tailored
for indoor light applications.
We have tested the device performance of Bi- and Bi−In-

based PSCs in low light intensity of 10 mW/cm2. The
maximum efficiencies of Bi and Bi−In champion devices are
4.47% and 5.95%, respectively. The statistical distribution of
PCE of both devices is shown in Figure 5b. A summary of the
device performance of A3B2X9-type Pb-free perovskite solar
cells in low light intensity and 1 Sun light intensity is reported
in Figure 5c,d. It can be noted that the performance of our
devices is the highest in bismuth-based PSCs and comparable
to antimony-based PSCs.

4. CONCLUSIONS
In conclusion, we incorporated indium iodide into bismuth
triiodide for the first time, forming homogeneous precursor
films. Subsequent exposure to MAI vapors for varying
durations resulted in high-quality lead-free perovskite absorber
films for toxic free solar cells. The quality of the films is
confirmed by morphological, structural vibrational, optoelec-
tronic characterizations, and EIS. Moreover, the reaction time
between BiI3:InI3 and MAI vapor plays a crucial role in the
vapor-assisted method to fine-tune the optoelectronic proper-
ties and morphology of the absorber layer. In3+ acts as a
passivating agent not only on surface sites but also in bulk
absorber material. Furthermore, due to its smaller size relative
to Bi3+, In3+ does not disrupt the original crystal lattice of the
lead-free perovskites. The champion BiI3:InI3 + MAI devices
with an optimized reaction time of 45 min show a remarkable
PCE of 2.55% in 1 Sun and 5.95% in 0.1 Sun. However, the
pristine BiI3+ MAI devices give a maximum PCE of only 1.80%
in 1 Sun and 4.47% in 1000 lx illumination. Furthermore, EIS
indicates that ion migration is significantly reduced in the
bimetallic Bi−In composition compared to the pure Bi-based
Pb-free perovskite composition. Overall, this work underscores
the significance of reaction time control in the vapor-assisted
method and the strategic engineering of B-site metal cations.
These approaches are crucial for designing effective Pb-free
perovskite photovoltaics for indoor lighting applications.
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