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Bismuth-based perovskites are an important class of materials in the fabrication of lead-free perovskite
solar cells. Bi-based Cs3Bi,lg and CsBislig perovskites are getting much attention due to their appropriate
bandgap values of 2.05 eV and 1.77 eV, respectively. However, the device optimisation process plays
a key role in controlling the film quality and the performance of perovskite solar cells. Hence, a new
strategy to improve crystallization as well as the thin film quality is equally important to develop efficient
perovskite solar cells. Herein, an attempt was made to prepare the Bi-based CszBixlg and CsBislig
perovskites via the ligand-assisted re-precipitation approach (LARP). The physical, structural, and optical
properties were investigated on perovskite films deposited by the solution process for solar cell
applications. CszBislg and CsBislip-based perovskite-based solar cells were fabricated using the device
architecture of ITO/NiO,/perovskite layer/PCgBM/BCP/Ag. The device fabricated with CsBizl;q showed
the best power conversion efficiency (PCE) of 2.3% with an improved fill factor (FF) of 69%, Voc of
0.79 V, and Jsc of 4.2 mA cm™2 compared to the Cs3Biylg-based device which showed a PCE of 0.7%
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Introduction

The development of Pb-free perovskite solar cells is highly
demanded owing to the limitations of the practical application
of Pb-based perovskite solar cells.* Therefore, lead-free perov-
skite materials are getting much attention as an alternative to
the APbX; system because of the toxicity and bioaccumulation
of lead in the ecosystem.? Metal cations such as Sn**, Sb**, and
Bi*" with ns? valence electron configuration are explored as the
most suitable candidates to replace Pb in lead halide perov-
skites.> Among these, Sn** can be easily oxidized to Sn** which
seriously affects the crystal structure, stability, and device
performance. Therefore, it is worth searching for an alternative
that can show similar performance to Pb-based perovskite and
is stable under ambient conditions.* In recent years, air-stable
bismuth halide perovskites are getting much attention.
However, they lag behind lead halide perovskites in terms of
device performance. For example, the first reported 0-D Cs;Bi, I
showed a PCE of 1.09%.° The layered bismuth halide perovskite
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with a FF of 47%, Voc of 0.62 V and Jsc of 2.4 mA cm™2.

solar cells were successfully fabricated®>® and proved to be one
of the promising candidates to replace lead in the lead halide
perovskite solar cells. In this regard, Khadka et al.* fabricated
Cs;3Bizlo-based solar cells and achieved a power conversion
efficiency (PCE) of 1.26% with tailored interface and
morphology. Furthermore, Shin et al.® demonstrated carbon-
based bismuth halide perovskite solar cells (without using
a hole transport layer) by solution route with PCE of 1.51%
which opens up the way to design new solar cells. Compared to
Cs;3Bi,lo, the CsBizly, exhibited a broader light absorption
spectrum which is advantageous for solar cell applications. The
absorption coefficient of CsBisl,, is found to be 1.4 x 10°> cm™*
with a large carrier lifetime and enhanced stability under
ambient conditions.* Moreover, CsBisl;, exhibits a narrow
bandgap of 1.77 eV, which is highly demanded in the field of
photovoltaics." It would therefore be a good choice to consider
CsBi;1;o as a promising alternative to Pb-based devices. Chen
et al.’® employed a one-step spin coating process to achieve
a high-quality film of CsBi;l;,, and the device exhibited a power
conversion efficiency (PCE) of 0.32%. The film exhibited high
crystallinity with few pinholes. A gas quenching-assisted anti-
solvent (GQAS) technique as well as an additive strategy have
been introduced to improve the crystallization and stability of
CsBi31. The resulting device delivered PCE% of >1% which is
one of the highest efficiencies demonstrated in the earlier
reports." Karim et al.™ developed a CsBizl;, device by intro-
ducing a bathocuproine (BCP) interfacial layer to eliminate the
crystal/interfacial defects as well as to improve the interfacial

© 2023 The Author(s). Published by the Royal Society of Chemistry
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contact at the perovskite/electron transport layer. The device
showed an efficiency of 0.80% which is higher than the control
device (0.38%). Further, the device retained its initial efficiency
of 90% after 528 h. According to Kang et al., the gas-assisted
spin coating process of CsBizl;, thin film can be efficient in
eliminating the poor surface morphology since the process
helped to achieve high-quality CsBizl;, film with large grain
size. The device assembled with the [6,6]-phenyl-C61-butyric
acid methyl ester (PCBM) as an electron acceptor delivered
a high PCE of 1.18%.?

In recent years, researchers have focused on improving the
device performance by tuning the bandgap, improving the film
quality, morphological tuning, etc.® Khadka et al* explored
different annealing approaches such as conventional annealing
(CA), antisolvent (AS), and subsequent ambient solvent vapor
annealing (AS + SA) to tailor the CsBi;1;, film morphology. They
found that the conventional annealing process of CsBi;1;, film
resulted in poor morphology, which significantly affects the
device's performance. Also found that the precursor solution
supersaturation plays a key role to determine the film
morphology. Further, they observed that the antisolvent drip-
ping process produced small grains due to the rapid nucleation
process. Pandiyarajan et al.**> found notably improved CsBizl;o
perovskite film surface morphology in a one-step solution
process using an anti-solvent quenching strategy. Device
process condition plays a key role in controlling film quality.
New strategies to improve the crystallization, as well as the thin
film quality are equally important to develop efficient perovskite
solar cells. Among the reported methods, the anti-solvent
approach has been considered effective in facilitating crystalli-
zation.” Further, solution-phase methods provide good control
over the morphology of the Cs;Bi,X, (ref. 13) which significantly
affects the device performance.* According to the literature,
achieving a high-quality thin film of CsBizl;, is still a chal-
lenging task.?

In this research work, we have investigated the solar cell
device performances of Cs;BiIly and CsBizly, perovskites
synthesized via the LARP (ligand-assisted re-precipitation)
method in which DMF has been used as a ‘good’ solvent and
toluene as a ‘poor’ solvent. This method has been considered
one of the cost-effective and simple methods to synthesize high-
quality perovskite materials under ambient conditions.* The
prepared perovskites were fabricated into solar cell devices with
the device structure of ITO/NiO,/perovskite layer/PCs;BM/BCP/
Ag. The enhanced overall performance of the device-based
CsBi;1;, compared to Cs;Bi,Is has been observed.

Experimental

Materials

Cesium iodide (CsI), bismuth iodide (Bil3), and solvents like
DMF (dimethylformamide), 2-methoxy ethanol, nickel nitrate
(Ni(NO3),-6H,0), bathocuproine (BCP), isopropanol, chloro-
benzene and toluene were purchased from Sigma-Aldrich and
used as received. [6,6]-Phenyl C61 butyric acid methyl ester
(PCs1BM), nano-c 99% purity solutions (2 wt%) were prepared
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by dissolving in anhydrous chlorobenzene (CB) at 50 °C for 7
hours.

Synthesis of Cs;Bi,lo/CsBisl;q

The synthesis of Cs;Bi,lo/CsBizl;, was performed by the LARP
approach. The precursor materials are highly soluble in DMF
while at the same time the products Cs;Bi,Io/CsBis];, are not
soluble in toluene (since toluene is a bad solvent for Cs;Bi,lo/
CsBisly,). Due to good solubility, the precursors were dissolved
in DMF then this solution mixture was transferred into the
‘poor’ solvent (toluene) to obtain the desired product. Briefly, to
synthesize Cs;Bi,lg, 3 mmol of CsI and 2 mmol of Bil; were
dissolved in DMF. Then this solution mixture was transferred
into toluene which is taken in a beaker (under stirring). An
immediate colour change from vermilion to orange was
observed confirming the suspension of Cs;Bi,ls. The stirring
was continued for 30 min at room temperature. Then, the
precipitate was collected by centrifugation and washed with
toluene till the supernatant becomes clear. Finally, the product
was dried at 80 °C in a hot-air oven overnight to evaporate the
solvent. To prepare CsBizl;, the same procedure was followed
except that the stoichiometric ratio of 1:3 of CsI and Bil;
precursors were used. The schematic representation of the
LARP process to synthesize Cs;Bi,Ig and CsBisl;, have shown in
the following Fig. 1.

Device fabrication

Perovskite solar cells were fabricated on ITO-coated glass
substrates with a sheet resistance of 15 Q per square. The pre-
patterned ITO/glass substrates were cleaned using ultra-
sonication in acetone, and isopropanol each for 15 min. The
wet-cleaned ITO/glass substrates were then dried using N,
stream and exposed to the UV ozone treatment for 15 min
before the film deposition. A 30 nm thick NiO, HTL (hole
transporting layer) was formed on the ITO surface by spin-
coating at a rotation speed of 4000 rpm using NiO, precursor
solution.* The NiO, HTL was then annealed at 230 °C in air for
45 min. The NiO,-coated ITO/glass substrates were transferred
into a nitrogen-purged glovebox, with oxygen and moisture
levels below 0.1 ppm. The perovskite semiconductor films were
formed by spin coating a precursor perovskite solution, dis-
solved in N,N-dimethylformamide at a concentration of 400 mg

Mixing

Cs;Bi,I,
CsBijly,

Toluene Under stirring

Fig. 1 Schematic representation of LARP process to synthesize
Cs3Bislg/CsBislig perovskite.
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mL ", on top of the NiO, layer at 4000 rpm for the 30 s. Then the
spin-coated films were then annealed at 100 °C for 10 min.
Then, PCgBM layer (20 mg mL ™" in chlorobenzene) was
deposited by spin coating at 2000 rpm for the 30 s. Next, the
bathocuproine (BCP) interlayer was deposited using 80 uL of
solution (0.05 wt% in isopropanol) by spin coating at 4000 rpm.
Subsequently, a 100 nm thick Ag top electrode was deposited
using thermal evaporation, with a deposition rate of 0.2 As™, in
a vacuum chamber. The perovskite solar cells have an active
area of 5.0 x 2.0 mm”.

Characterization and measurements

The crystal structures of Cs3;Bi,ls and CsBi;l;, were acquired by
employing a Bruker D8 diffractometer using Cu Ko radiation (2
= 1.54 A) at a scan rate of 0.02° min—'. The morphological
studies were analyzed by JEOL 7401F scanning electron micro-
scope. A Specord S 600 diode array UV-visible spectrometer was
employed to record diffuse reflectance spectroscopy. The
current density-voltage measurements of the perovskite devices
were carried out using a 1 kW Oriel solar simulator with an AM
1.5G filter as the light source in conjunction with a Keithley
2400 source measurement unit. Solar measurements were
carried out under 1000 W m > AM 1.5G illumination condi-
tions. For accurate measurement, the light intensity was cali-
brated using a reference silicon solar cell (PV Measurements
Inc.) certified by the National Renewable Energy Laboratory.
Device fabrication and characterizations were performed in
a glove box without any encapsulation. The photovoltaic
parameters are derived from J-V plot, and FF was calculated
using the following equation, FF = Jnpp X Vinppllsc X Voc.
where, Jmpp and Vyp, and current density and voltage at
maximum power point condition.

Results and discussions

The XRD pattern of both Cs;BiIy and CsBizl;, are shown in
Fig. 2. The formation of Cs;Bi,Iy has been compared with the
available JCPDS card no. 01-089-1846, whereas the crystal
system of the CsBizl;, has been compared with the previously

——— CsBijl,,
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Fig. 2 XRD pattern of CszBi>lo/CsBisl;g compared with the JCPDS
card no. 01-089-1846 (* denote most significant peaks).
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reported literature,' since JCPDS card no. for reference pattern
of CsBi;l,, is not available.

The XRD pattern of Cs;Bi,I; shown in Fig. 3, reveals that the
crystal structure belongs to a hexagonal geometry (space group
P63/mmc) with the lattice constants of @ = 8.40, b = 8.40, ¢ =
21.24 A (JCPDS card no. 01-089-1846) having two Bi*" ions in the
unit cell. The face sharing of two [Bilg]>~ octahedra forms and
[Bi,Io]>~ bi-octahedra eventually ended with the 0-D crystal
structure. The Cs" ions fill the voids present in those bi-octa-
hedra.'® The peaks observed at 12.8°, 21.1°, 24.3°, 25.1°, 25.8°,
27.5°, 29.7°, 32.3°, 36.9°, 38.5°, 42.1°, 42.9°, 45.8°, 50.4°, 51.7°,
53.0°, 54.8°, 69.4° are corresponding to the planes of (10 1), (11
0),(105),(006),(202),(203),(204),(205),(214),(207),(2
08),(220),(2009),(226),(403),(404),(405),(334),
respectively. The observed XRD pattern of the Cs;Bi,lo well
matches with the reference pattern (JCPDS card no. 01-089-
1846), which confirms the formation of the same. The XRD
pattern of CsBizl;, reveals the most significant peaks (asterisk
symbol shown in Fig. 2) at 12.8, 25.1, 25.8, 41.6 which corre-
spond to the (0 0 3), (0 0 6), (1 1 5), (3 0 0) planes respectively.
Further, many peaks corresponding to Cs;Bi,I, have been found
in the XRD pattern of CsBizl;o. It should be noted that the
crystal structure of CsBizl;o is comparable to the crystal struc-
ture of Bil; and Cs;Bi,l, which are stable secondary and ternary
phases.”” In addition to this, the XRD pattern of CsBizl;,
deposited on the glass also confirms the presence of (0 0 3), (0
06), (1 15), (3 01) planes in the crystal lattice (Fig. S17).

The diffuse reflectance spectroscopy (DRS) of Cs;Bi,Iy shows
(Fig. 3a) a bandgap of 2.05 eV which is in good agreement with
the theoretically calculated bandgap value.™ The characteristic
absorption peak at 488 nm has been observed in the UV-vis
spectrum of Cs;Bi,Iy (Fig. 3b). The range of visible light
absorption has been found to extend up to 623 nm. Compared
to Cs;Bi,lo, the bandgap of CsBisl;, has been reduced to 1.72 eV
(shown in Fig. 3c), which causes extended light absorption. The
absorption spectra of CsBizl;, film recorded before (at room

(a) (b)

(ahv)?
Absorbance (a.u)

. 623 nm
2.05eV

12 15 18 21 24 27 30 40 450 50 550 600 650 700
Energy hv (eV) Wavelength (nm)

(c)

1L72eV

v

22 400 500 600 700 800 900

|'E 20
Energy (eV) Wavelength (nm)

Fig. 3 (a, c) DRS and (b, d) absorption spectra of CszBi,lg and CsBisliq
respectively, (inset photograph shows the respective perovskite
samples).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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temperature) and after annealing (100 °C) are shown in
Fig. S2a.t The dark colour of the CsBi;I;, layer can be visibly
seen in the images shown in Fig. S2b and c (ESIt).

Morphological study

The FE-SEM images of Cs;Bi,Iy power with different magnifi-
cations are shown in Fig. 4a and b. The images show the
morphology of the Cs;Bi,l, appears to be hexagonal flakes-like
shapes with low-dimension. The thickness of the flakes is found
to be around 30 nm which is perpendicular to the surface.
Further, the elemental presence of Cs, Bi, and I in Cs;Bi,I, has
been confirmed from the EDX image shown in Fig. S3.7 The
surface morphology of the CsBi;1;, films after annealing show
the well-defined perovskite crystal with enhanced morphology
(Fig. 5a-d). The EDX image of both Cs;Bily (powder) and
CsBi;l, perovskite film layer (after annealing at 100 °C) shown
in Fig. S31 confirm the elemental presence of the components
Cs, Bi, and I, respectively. The difference in the stoichiometry
ratio (Fig. S3at) might be due to the presence of secondary and
ternary phase in the sample. The presence of indium and
silicon (Fig. S3bt) element along with Cs, Bi, and I comes
from the ITO/glass substrate (since EDX has been recorded
for CsBi;1, film coated on glass/ITO substrate after annealing
100 °C).

J-V characterization

The schematic representation of the device structure is shown
in Fig. 6a. J-V measurements of the perovskite solar cell devices
fabricated with Cs;Bi,ls, and CsBizl;, (before and after
annealing) have been depicted in Fig. 6b and the J-V parameters
are shown in Table 1. The device structure adopted in this work
is ITO/NiO,/perovskite layer/PCq;BM/BCP/Ag. As shown in
Fig. 6b, the device fabricated with Cs;Bi,l, delivered a power
conversion efficiency (PCE) of 0.7% with a FF of 47, V¢ of
0.62 V, and Jsc of 2.4 mA cm 2. The poor performance of the
device might be due to the discrete nature of the [Bi,lo]’~ bio-
ctahedra as well as bulk recombination even though Cs;Bi,l,
has a long charge carrier lifetime.'® The device fabricated with
CsBi;1;o before annealing delivered the PCE of 0.15% with FF of
34%, Voc of 0.40 V, and Jsc of 1.1 mA em 2. The poor perfor-
mance of the device is due to the absence of perovskite structure
formation. Finally, the device fabricated with annealed CsBizI;,
showed the best performance efficiency of 2.3% with improved
FF of 69%, Voc of 0.79 V, and Jsc of 4.2 mA cm 2. Upon

Fig. 4

(@ and b) SEM images of Cs3zBizlg.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a, c) SEM images of CsBislio film before annealing (b, d) after
annealing.

annealing 100 °C, the CsBi;l;, film changes color from orange-
red to blackish (Fig. S2-c}) with compact and large grain
morphology. Compared to Cs;Bi,l,, the enhanced performance
of CsBizl; perovskite-based device due to improved surface
morphology, reduced interface energy barrier, and efficient
interfacial charge extraction.'® In addition to this, the broader
light absorption of CsBi;zl;, compared to Cs3Bi,Iy which is evi-
denced by the UV-vis absorption spectra shown in Fig. 3d,
enhances the generation of photocurrent of the CsBizl;o-based
perovskite solar cell device. Furthermore, the usage of the BCP
layer in the device architecture facilitates hole blocking with
enhanced electron extraction at the cathode (PCBM/BCP/Ag)
interface.”

Modifying the surface morphology and the film quality are
most common way to improve the device performance.® In this
regard, researchers attempted to fabricate the CsBi;l;, film via
spin coating and thermal annealing process to improve the
surface morphology. In this work, the CsBisl;, perovskite
prepared from LARP assisted synthesis shows well-defined
perovskite crystal with hexagonal flakes-like morphology
which is desirable for the device performance. The results from
this work reveal that LARP assisted synthesis can improve the
film quality and morphology. Further, the utilization of hole
extraction layer (NiO, nanoparticle) and hole blocking layer
(BCP) facilitate the extraction of electron at the electrode

interface which simultaneously enhances the overall
Ag 100nm) | (b} (c) “1
Bce (10nm) [ e 0 aof A
PGi6M E @ 4.3
Perovskite Layer %’ 5 _—
-3 [ — 1TO g Ag
&
54 % —4{0 5.4
E ] eccnnnnansananssenss® e
3 Zt w590
g L7 -7.00
FrR ot

04 08
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Fig. 6 (a) Schematic of perovskite solar cell (b) J-V measurements of
perovskite devices fabricated with CsBisl;o (before and after annealing)
and (c) energy level diagram of device components of perovskite solar
cell.
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Table1 Device characteristics of perovskite solar cells fabricated with
CSgBizlg and CSBi3|10

Perovskite layer Jsc (mAem™2) Voc (V) FF (%) PCE%
Cs;Bi,lg (before annealing) 2.2 0.60 45 0.60
Cs;3Biylo (after annealing) 2.4 0.62 47 0.70
CsBi;1,, (before annealing) 1.1 0.40 34 0.15
CsBiz1, (after annealing) 4.2 0.79 69 2.30

performance of the device. The Cs;Bi,ls and CsBi;l;, perovskite-
based solar cell performances of the previously reported liter-
ature have been compared and shown in Table S1 (ESIt). It is
evidenced that the CsBi;1;, perovskite synthesized via the LARP
approach delivered the best overall performance along with
improved FF among all the previous reports.

Conclusions

Herein, we demonstrated the LARP approach to the synthesis
of highly efficient CsBi;1;, perovskite for solar cell applica-
tion. The XRD pattern of CsBizl;, showed the presence of
secondary and ternary phases within it. The SEM images of
CsBizl;, showed improved morphology and crystallinity
compared to Cs;Bi,ls. The device based on CsBi;l;, showed
the best overall performance efficiency of 2.3%. The device
fabricated with Cs3;Bi,l showed a PCE of only 0.7%. The
presence of excess Bil; in the CsBi;l;, improved the perfor-
mance efficiency by suppressing the intrinsic defects of the
device. The higher absorption of CsBi;l;, in the extended UV-
vis region compared to Cs;Bi,Is helped to improve the Jsc
value of the device. Further, the device architecture ITO/NiO,/
perovskite layer/PCq;BM/BCP/Ag in which the BCP helps to
block the unwanted hole leakage at the CsBis1;,/PCBM inter-
face by improving the charge transport process in the device.
This work paves the way to achieving high-performance
CsBi;l;, perovskite solar cells.
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