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ARTICLE INFO ABSTRACT

Keywords: In this report, we explored the substitution of triple cations at B-site of ABX3 perovskite architecture in inorganic-
Halide perovskite organic hybrid perovskite materials in order to improve its stability over moisture and heat, which is considered
Bismuth as the paramount obstacles for commercialization of perovskite solar cell. In the current investigation we syn-
Fluorescence decay kinetics . . . . . . c
Stabilit thesized two novel perovskite materials, Methylammonium potassium bismuth lead iodide
Y [CH3NH3K( 25Big 25Pbg 5131 (MKBPI) and Methylammonium sodium  bismuth lead iodide

[CH3NH3Nag 25Big.25Pbg 5I3] (MNBPI). XRD studies confirmed hexagonal crystal structure with P6s/mmc space
group for both the perovskites. Antisolvent treatment improved the surface coverage and morphology of the thin
films, observed in FESEM. UV-Vis spectra demonstrated high absorption coefficient. Band gap was estimated as
2.09 eV for MKBPI. Fluorescence decay kinetics study revealed charge carrier lifetime on the order of nano
second. DSC and TGA measurements confirmed thermal stability of these perovskites up to 280 °C. Further, we
carried out detailed degradation study using XRD and UV-Vis spectroscopy of these perovskite thin films kept at
ambient atmosphere for two weeks. Remarkably thin films of these perovskites exhibited good absorption even

after 14 days.

1. Introduction

Remarkable increase in power conversion efficiency (PCE) of
organic-inorganic hybrid halide based perovskite solar cells (PSC) in the
last few years made perovskite materials a primary focus in the field of
photovoltaic research [1]. Although the first report on halide based
hybrid perovskite compound was made by Dieter Weber in 1978 [2,3],
its application to photovoltaics did not uncover until 2009 when Kojima
et al. reported first organometallic halide perovskite solar cells, where
methylammonium lead halide, MAPbX; (X = I, Br) solutions were
loaded on the top of titanium dioxide mesoporous layer by spin cast [4].
Recently, the energy conversion efficiency surpassed 24% barrier [5]. It
was believed that its strong optical absorption owing to s-p anti-bonding
coupling, high charge carrier mobility, large carrier diffusion length
(>1 pm) and high structural tolerance were the potential reasons for
high PCE [6,7]. Furthermore, comparatively good crystallization and
easy film formation ability from low temperature solution processing
made them highly competitive and promising low cost photovoltaic
materials [8]. However, lead based PSCs suffered from environmentally
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hazardous constituent lead and poor stability over moisture and heat
[9-13]. These issues prevented the commercialization of lead based
PSCs. Recently, two-dimensional Ruddlesden-Popper (2DRP) lead based
perovskites reported to be promising candidate for solar cell applica-
tions due to their long-term moisture resistance, and thermal stability
[14-16]. To avoid the toxicity of lead-based perovskites, some research
works were also initiated towards the development of lead-free PSCs
[17,18].

Tin was the first element that was investigated as a potential
replacement of lead in the pursuit of lead-free perovskite solar cell
[19-23]. However, the fast oxidation of divalent tin cation to its most
stable oxidation state of Sn** reduces the stability of these tin based
perovskite structures in air. Bi (6p-block) has outer lone pair 652 elec-
trons similar to lead (Pb), which plays a significant role to have high
Born effective charges. It enhances the screening to charged defects
within the material [24]. Reasonable band gap with high relativistic
effect makes bismuth halide perovskites a promising alternative
[25-27]. In the last couple of years, few reports were made on meth-
ylammonium bismuth iodide (MBI) and its derivatives for solar cell
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applications [28-35]. Wei et al. investigated a different compound
MAKBiClg with different starting materials by hydrothermal process
[36]. However, no such reports are available, where, Group 1 elements
like Sodium, Potassium were used to compensate the trivalent charge of
bismuth occupied the mixed B-site along with lead in ABX3 perovskite.

In the current investigation, we reduced 50% lead content by doping
Group 1 (K/Na) and Group 15 (Bi) elements in these perovskites in order
to attain better moisture stability. In single perovskite architecture
replacement of Pb%" with Bi®* is difficult, since B site of ABX3 perovskite
has formal valence of (+2). Hence the simple substitution of Bi®" in
place of Pb?" in MAPbI; was reported to result the formation of non-
regular perovskite structure to maintain overall charge neutrality con-
dition leading towards the increase in defect sites [37]. To troubleshoot
all these issues, we explored triple cation B-site perovskites architecture
by designing A™(B’§,sB”’355)B" "2 E15 structure, where B = Na or K,
B” =Biand B~ = Pb based on tolerance factor (t) and octahedral factor
(1) calculation as shown in Fig. 1(a). Tolerance factor of MKBPI is
similar to MAPbI3. Whereas, the value of tolerance factor of MNBPI is
closer to 1 compared to that of MKBPI. In general, perovskite com-
pounds generate stable cubic structure, when t ~ 1 and p ~ 0.6 [38]. We
synthesized MAK0A25Bi0_25Pb0A5[3 (MKBPD and MANaoAszio_zspboAslg
(MNBPI) perovskite architecture (Fig. 1(b)) by solution processed crys-
tallization method. To the best of our knowledge, it is the first report on
synthesis and characterization of MKBPI and MNBPI perovskites.

Furthermore, we performed antisolvent treatment on the thin films
of these perovskites as schematically shown in Fig. 2. Deposition of
antisolvent drop on top of the wet perovskite film immediately after
spin-coating promotes fast crystallization [39-42]. Ordered triangular
and star shaped crystals were obtained for MKBPI and MNBPI, respec-
tively due to antisolvent treatment. Both the perovskites exhibited very
good thermal and moisture stability as evident by good optical absorp-
tion obtained in the UV-Vis spectroscopy even after keeping these
thin-films at ambient atmosphere for 14 days.

2. Experimental section
2.1. Materials

Methyl amine (CH3NH;, aqueous, 40%, Acros Organic), Hydroiodic
acid (HI, 57 wt% in H,O, distilled, stabilized, 99.95%), Lead nitrate
(Pb(NO3),, 99%), Sodium iodide (NaI, > 99.5%), Potassium iodide (KI,
99%) Bismuth iodide (Bil3, 99.999%), Fluorine doped tin oxide (FTO)
(~13Q, TEC15) coated glasses (~13Q, TEC15), anhydrous y-butyr-
olactone (GBL), absolute ethanol, toluene (AR) and diethyl ether (Dry,
AR), gold wire (99.99%), Titanium(IV) isopropoxide, (99.999%),
2,2',7,7'-tetrakis(N,N-di-p-methoxyphenyl-amine)-9,99-spirobifluorene
(spiro-MeOTAD, Merck), bis(trifluoromethane)sulfonimide lithium salt
(Li-TFSI, 99.95%), 4-tert-butylpyridine (TBP, 96%), Titanium(IV) iso-
propoxide, (99.999%) were purchased from Sigma Aldrich. All the re-
agents except toluene were used without any further purification;
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Toluene was distilled before use.

2.2. Methylammonium iodide (MAI, CH3NH3I)

CH;NH, + HI = CH;NH;1 (@)

MAI was synthesized by reacting HI (28 mL, dropwise) and CH3NH,
(18 mL) in a 150 mL round bottom flask (RBF) on an ice-water bath with
continuous Argon purging and stirring. Temperature was carefully
controlled between 0 and 5 °C. After 2 h, it was rotary evaporated.
Yellowish product was dissolved in warm ethanol and kept for recrys-
tallization. The product was washed with diethyl ether and dried over-
night under vacuum at 60 °C.

2.3. Lead iodide (Pbl,)

Pb(NO;), + 2KI = Pbl, + 2KNO, @)

Lead iodide was synthesized by reacting Lead nitrate and Potassium
iodide in 1:2 M ratios in a 250 mL RBF (aqueous medium). Filtered
product was dried in vacuum oven at 80 °C for 6 h.

2.4. Preparation of MKBPI and MNBPI thin films

4CH3NH;1 + 2Pbl, + Bil; + KI = 2(CH;NH;3), (Ko 5Big 5)Pbl, 3)

4CH;NH;1 + 2Pbl, + Bil; 4+ Nal =2(CH3NH3), (Nag sBig s )Pbls 4

Equivalent amount of CH3NH3l, KI, Bil3 and Pbl, were taken into a
double necked RBF and dissolved in y-butyrolactone (GBL) for MKBPI
synthesis. The RBF was heated at 110 °C on silicone oil bath with con-
stant stirring under argon atmosphere. Further dried under vacuum at
60 °C. Similar procedure was followed for MNBPI.

All the studied thin films were prepared on FTO coated glass sub-
strates. The substrates were cleaned by sonication with soap (Hellmanex
III) in deionized water (v/v = 2:100) followed by isopropanol and
acetone/water mixture (v/v = 1:1). Before the deposition of perovskites,
substrates were treated in a UV—03 chamber for 10 min.

For depositing perovskite layers, 0.88 M solution was prepared in
GBL and kept overnight at 55 °C. The solution was spin coated on pre-
heated FTO coated glass substrates at 3500 rpm for 30 s. Toluene drops
were added just after 10 s of spin, followed by annealing at 100 °C for 10
min. Fig. 2 represented the schematic of thin film deposition process.

2.5. Preparation of solar cell devices

The FTO glass was used as a substrate for solar cell fabrication. For
electron transport layer (ETL), TiOy sol was prepared using titanium
tetra isopropoxide (TTIP) and ethanol (as solvent). A solution consisting
of TTIP and ethanol was kept under the continuous vigorous stirring at

Fig. 1. Schematic representation of (a) tolerance and octahedral factor of different perovskites (b) MKBPI or MNBPI perovskite architecture with hexago-

nal symmetry.
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Fig. 2. Schematic representation of single step spin coating process with antisolvent treatment.

room temperature. After 30 min of continuous stirring transparent sol
was obtained. The as-prepared TiO, sol was then spin coated on sub-
strate at 4000 rpm for 30 s and subsequently sintered for 500 °C for 1 h
with heating rate of 5 °C per minute to form a compact layer. Perovskite
thin films (MKBPI and MNBPI) were then deposited by spin-coating. A
hole-transporting layer (HTL) was deposited onto the perovskite film by
spin coating at 3000 rpm for 30 s. The HTL solution contained 17.5 pL of
bis(trifluoromethane)sulfonimide lithium salt solution (520 mg em 3 Li-
TFSI in 1 mL acetonitrile), 28.5 pL of 4-tert-butylpyridine (TBP), 72.3
mg of spiro-OMeTAD and 1 mL of chlorobenzene. We have finally used
50-nm thick gold as the counter electrode that was thermally evaporated
on the top of the HTL.

2.6. Characterization

Fluorescence transients were recorded by using a commercial time
correlated single photon counting (TCSPC) setup (LifeSpec-II, Edinburgh
Instruments, UK). All samples were excited at 442 nm and the full width
at half maxima of the instrument response function (IRF) is about 120
ps. The time-resolved fluorescences were fitted with sum of three ex-
ponentials along with the deconvolution with the IRF. UV-Vis spec-
troscopy was carried out in the visible region of sunlight using Cary
7000 model of Agilent Technologies’ UV-Visible spectrophotometer.
PerkinElmer “Spectrum Two” spectrometer was used to carry out FT-IR
experiments from 1000 cm ™! to 3500 cm ! of IR radiation. X-ray
diffraction patterns were recorded by PANalytical X'Pert Powder
diffractometer with Cu-Ka as incident radiation (A = 0.154 nm) in the 20
range between 5° and 60° with the step size of 0.020. Differential
scanning calorimetry (DSC) and thermogravimetric analysis (TGA) was
performed using a STA 8000 Perkin Elmer TGA/DSC system. All the
Field emission scanning electron microscopy (FESEM) images of
perovskite thin films were collected by NOVA NANOSEM 450 in sec-
ondary electron mode with accelerating voltage of 20 KV. Photo-
luminescence (PL) spectra of the perovskite active layer films were
collected in Horiba Triax 320. The photocurrent voltage curves of the
photovoltaic devices were performed using a Keithley 2420 source unit
under simulated AM 1.5G spectrum at 100 mW/cm?, irradiated by an
Oriel 9600 solar simulator and the intensity was calibrated by Si refer-
ence cell.

3. Results and discussion
3.1. Morphological and structural study

In order to attain a comprehensive understanding of the effect of
antisolvent on crystallization, the surface morphology of perovskite
films was investigated by field emission scanning electron microscopy
(FESEM). 1t is reported that the use of an antisolvent on top of the wet
perovskite layer during spin coating induces fast crystallization, which
assists large crystal formation as well as better surface coverage. In the
present study, both MKBPI and MNBPI thin films were treated with
chlorobenzene. Chlorobenzene was chosen as an anti-solvent since it did
not dissolve the active perovskite constituents but miscible with GBL,
which was chosen as solvent for spin coating the perovskite films. It is
evident from Fig. 3(a) that compact, dense thin film was obtained from
the chlorobenzene treated MKBPI. It is hypothesized that anti-solvent
deposition over the perovskite films by spin coating followed by
annealing at 100 °C, removed excess solvent swiftly, resulting super
saturation promoted heterogeneous nucleation leading towards precip-
itation. Fig. 3(b) depicts dendritic crystal growth in MNBPI thin film
surface. Star shaped large dendritic crystals (~ 8.2 pm) were observed
on the surface of the MNBPI film after the antisolvent treatment. It is to
be noted here that MKBPI films, treated by chlorobenzene were almost
pin-hole free with dense microstructure. The large size crystals obtained
in these perovskite films can be helpful in reducing defects and trapped
charges, leading towards enhanced intrinsic stability of the perovskites.

Furthermore, elemental color mappings of MKBPI and MNBPI com-
positions were carried out by the Energy Dispersive X-ray Spectroscopy
to examine distributions of the constituents in thin films. Fig. 3(c) and
(d) depicts that all the constituents (C, N, K/Na, Pb, Bi and I) are ho-
mogeneously distributed all over the thin films.

Room temperature XRD patterns of MKBPI and MNBPI thin films
shown in Fig. 4 suggest the formation of single-phase solid solution of
these halide perovskites as no such extra peaks corresponding to any
secondary phase other than the FTO glass substrate, were found. The
XRD proﬁles of both MAKOv25Bi0.25Pb0,513 and MANao_sziolzspbo,sl;;
were similar. Crystal structure of these perovskites determined by
CELREF software was found to be hexagonal symmetry with P63/mmc
(194) space group as schematically shown in Fig. 1(b) for both materials.
Lattice parameter of MKBPI was determined to be, a = b = 14.48 ;\, c=
18.219 A, whereas the lattice parameter of MNBPI was, found to be a =
b =14.344 /o\, c=18.926 A. However, no difference was found in the
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Fig. 3. FESEM images of (a) MKBPI and (b) MNBPI perovskite thin film after anti-solvent (chlorobenzene) treatment; Energy Dispersive X-ray Spectroscopy of (c)
MKBPI and (c) MNBPI perovskite films showing elemental mappings.
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Fig. 4. Room temperature x-ray diffraction (XRD) profiles of (a) MKBPI and (b) MNBPI perovskite films.

XRD patterns of bulk and thin film of both materials. Our findings for

MKBPI and MNBPI space groups are similar to the that of MBI reported 08| —— MKBPI
in the literature [33,35]. - L —— MNBPI
s 06
3.2. Spectroscopic study § \ .5 | a0
. . © 04F 2707 t
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formed Fourier-transform infrared absorption (FTIR) of as-synthesized 5 I 2022
crystalline powder of MKBPI and MNBPI samples. Fig. 5 shows the (5 0.2 teee” o
FTIR transmittance spectrum of MKBPI and MNBPI recorded in the = sne
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respectively. Spectral absorption of the film is one of the key factors that 3000 2500 2000 1500 1000
effects the performance of thin film solar cells [43]. Wavenumber (cm™")
The UV-Visible spectral absorption of the MKBPI and MNBPI thin
films were investigated at 400-800 nm. It can be observed from Fig. 6(a) Fig. 5. FTIR transmittance spectra of (MKBPI) and (MNBPI).

that MKBPI sample exhibits decreasing trend in the absorption with
increase in wavelength of light contrary to the MNBPI film which shows
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Fig. 6. UV-Vis spectra of as synthesized annealed thin film samples of (a)
MKBPI and MNBPI (b) Tauc plot of MKBPI.

almost flat curve. A broad peak can be visualized in the graph for MKBPI
sample, slope of which was used to determine its optical band gap (E)
using Tauc formula, which is expressed by the following Equation (5)
[44,45].

(othv)* o (hv — Ey ) )

In the above equation, a represents absorption coefficient, and the
value of k depicts the nature of the band gap. Perovskites, being direct
band gap material, the value of k was taken as 2 [46]. The estimated
optical direct band gap of MKPBI was found to be 2.09 eV as shown in
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Fig. 6(b). Interestingly, Bi-based similar hybrid perovskite materials
showed higher bandgap compared to the current materials. Wei et al.
reported methylammonium based perovskite MA,KBiClg with indirect
bandgap of 3.04 Ev [36]. McClure et al. reported bandgap of 2.26 eV and
3.0 eV for cesium based perovskite materials such as Cs,AgBiBry and
Cs,AgBiCl; respectively [47,48]. In case of MNBPI film, we have not
observed any sharp absorption peak, so it was difficult to estimate the
band gap precisely from the Tauc plot.

To further elucidate the optical properties of the MKBPI and MNBPI,
photoluminescence (PL) measurements were performed. It can be seen
from the PL spectra shown in Fig. 7 that both MKBPI and MNBPI films
demonstrated intense broad peak around 665 nm suggesting similar
kind of electronic band gap for these two perovskites.

Time correlated single photon counting (TCSPC) technique was
performed to understand the kinetics of photo-induced -carriers,
happening in its excited states. In this technique, molecules were excited
by a very short pulse at t = 0, and decay of fluorescence in terms of
photoluminescence counts was measured. 442 nm laser was used to
excite the molecules, and the decays were probed at 530 nm. Fig. 8
depicts the fluorescence decays of both perovskites. This is the very first
investigation on photo-induced fluorescence decay kinetics of triple
cation based organic-inorganic hybrid perovskite. The MKBPI fluores-
cence decay was fitted to a bi-exponential decay model, and MNBPI
fluorescence decay was fitted to a tri-exponential decay model to
determine the relative concentrations of the extracted and the recom-
bined charge-carriers and their respective charge-carrier lifetimes. We
followed the following equations for determining the mean life time of
decays.

1(1) :I(O)ZAi exp (—z/rl)

[P di S AT

= Jo I de YA

(6)

)

Where, A; and 7; are the amplitude and lifetime of the different decay
processes respectively.

The computed amplitude for each component was converted to ex-
press the percentage contribution of each component to the total fluo-
rescence as:

AT
Aj=="-%100%
YA
As depicted in Table 1, 52% carriers in MKBPI experienced annihi-
lation after 1 ns (ns), whereas 92% excitons in MNBPI, as shown in
Table 2, had charge carrier lifetime of 36 ps (ps). Majority carriers in
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Photoluminescence spectra of (a) MKBPI and (b) MNBPI at room temperature.
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Fig. 8. Normalized TCSPC measurements for (a) MKBPI and (b) MNBPI perovskite layers on FTO coated glass.
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Table 1
Bi-exponential decay model for MKBPI.
Composition 71/18 (A1) % To/NS (A2) % Tm/NS
MKBPI 1.003 52 33.035 48 32.02
Table 2
Tri-exponential decay model for MNBPI.
Composition 71/PS (A1) % To/PS (A2) % T3/ns (A3) % Tm/NS
MNBPI 36 92 933 5 19.43 3 17.03

MKBPI experienced annihilation after 32.02 ns (ns), whereas excitons in
MNBPI had charge carrier lifetime of 17.03 ns. It suggests that in our
case, K incorporation in triple cations at B-site of perovskite exhibited a
higher carrier lifetime than Na. Superior charge carrier lifetime of
MKBPI can be attributed to the dense microstructure with better
morphology, in which the triangular crystals obtained by equiaxed
growth were connected to each other, unlike star-shaped MNBPI crystals
formation due to dendritic crystal growth. In comparison, Ran et al. [26]
demonstrated a carrier lifetime of 0.78 ns of MBI with better surface
coverage in the thin film. Hoye et al. [24] achieved a charge carrier
lifetime of 120 ps in solution-processed methylammonium bismuth io-
dide. Whereas their vapor assisted MBI exhibited a higher recombina-
tion time of 5.6 ns. Thus, we have increased, by order of magnitude, the
charge-carrier-lifetime in MKBPI and MNBPI perovskites, as compared
to any other Bi-based organometallic perovskites, as reported in the
literature. It can be concluded that the triple cation at B-site with pre-
vailing charge neutrality can be a good strategy to improve the charge
carrier lifetime of in organometallic halide perovskites.
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3.3. Thermal stability study

Thermal stability of MKBPI and MNBPI was investigated by ther-
mogravimetric analysis (TGA) and differential scanning calorimetry
(DSC) measurements in the temp range from room temperature to 830
°C. Change in slope of the temperature dependent weight loss curve
derived from the TGA measurement suggest that the weight loss
occurred at several steps from 293 °C to 743 °C in MKBPI and from 284
°Cto 711 °C in MNBPI. All these weight losses corresponding to melting
of methylammonium iodide, bismuth iodide and lead iodide are
consistent with the DSC report of these compounds [49,50]. In DSC
curve, both MKBPI and MNBPI perovskite exhibited a large exothermic
peak at around 350 °C, similar to what was reported earlier for the
melting of MAI [49]. Most importantly DSC curve implies no signature
of any exothermic or endothermic reaction below 280 °C. Also, the slope
of the TGA curve was found to be constant below 280 °C as evident from
the flat curve of TGA shown in Fig. 9. DSC and TGA results validate the
thermal stability of these perovskite materials up to 280 °C.

3.4. Degradation study

Furthermore, we carried out degradation studies of the perovskite
films kept in ambient air by measuring their UV-visible absorption
spectrum and XRD. During two weeks of exposure to ambient atmo-
sphere in India, the temperature varied from 30 °C to 42 °C and relative
humidity changed from 40% to 80% respectively. Moreover, these thin
film samples were not coated with any metal or passivation layer on top
of it, giving complete exposure of the perovskite layer to the atmo-
sphere. It was observed in XRD that MNBPI and MKBPI compounds were
not degraded in 7 days as shown in Fig. 10. However, few extra peaks
corresponding with Pbl, observed in the X-ray diffraction patterns after
14 days suggesting the beginning of degradation of sample. It was to be
noted that MAPbI; perovskites degrades much faster, actually in few
minutes to hours’ time. It suggests that current samples are lot more
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Fig. 9. Thermogravimetric heating curve and differential scanning calorimetry curve of (a) MKBPI and (b) MNBPL
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Fig. 10. X-ray diffraction (XRD) patterns of (a) MKBPI and (b) MNBPI perovskite films.

stable than MAPbI3.

The UV-visible spectroscopy was also performed at different time
intervals to check the stability of the perovskite films as shown in
Fig. 11. Both these perovskites exhibited strong optical absorption even
after two weeks implying much better stability than that of MAPbI3
perovskite [12], which further validates our XRD results. Since these
thin-film samples were kept bare to the open atmosphere, it is antici-
pated that the use of an HTM layer and a layer of metal electrode in
practical solar cell architecture will prevent these films from direct
exposure to moisture and heat. So, it is expected that these perovskites
will provide significant operational time, which is the requirement of
commercialization of these solar cell materials.

3.5. Solar cell device performance

Fig. 12 shows the J-V curve of as-fabricated solar cells using MKBPI
and MNBPI. MKBPI and MNBPI based perovskite solar cells demon-
strated the efficiency of 0.14% and 0.031%, respectively. It can be seen
from Table 3 that the fill factors of these cells are as low as 27% and 38%
for MNBPI and MKBPI respectively, which is one of the main factors for
the less performance of the bismuth-based perovskite solar cell. It is to
be noted that Senol et al. and Chunfeng et al. also reported the solar cell
efficiency of 0.1% and 0.076% respectively [51,52]. By using Vacuum
vapor deposition of MA3Bislg perovskite active layer, Jiachi et al. have
also tried to improve the morphology of the perovskite active layers and
reported the efficiency of 0.063% [53]. In our present work, the less
compact structure of MNBPI as compared to MKBPI based active layer
film might be the reason of less solar cell efficiency. Also, the further
optimization is needed in selection, processing and thickness monitoring
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Table 3
Photovoltaic performance of MNBPI & MKBPI perovskite materials Material.
Materials Voc (mV) Jsc (mA/cm?) Fill factor Efficiency (%)
MNBPI 128.8 1.04 0.27 0.031
MKBPI 327.6 1.46 0.38 0.14
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of ETM and HTM to increase the efficiency of these devices. Neverthe-
less, its advantages of less toxicity and ambient stability are still prom-
ising for the fabrication of perovskite solar cell devices.

4. Conclusion

In summary, we synthesized partially lead free organic-inorganic
hybrid perovskite photo absorber materials viz. MAKg 25Big 25Pbg 513
and MANay 25Big 25Pbg 513 with low band gap, for application in perov-
skite solar cell. We showed that replacing 50% lead content in the B site
of ABX; perovskite by bismuth and potassium or sodium, superior
moisture resistant, stable perovskite could be made. These new com-
pounds crystallized in hexagonal structure with P63/mmc space group.
Both the perovskite thin films demonstrated good absorption coefficient
in the visible spectrum. Moreover, these materials showed order of
magnitude higher charge carrier lifetime compared to Bi-based halide
perovskites previously reported in the literature. We also found that
both materials were thermally stable up to 280 °C with no detectable
signature of exothermic or endothermic reaction correspond to mate-
rials decomposition determined from the TGA and DSC measurement.
Moreover, our synthesized perovskites showed remarkable stability in
the hot and humid climate. Current work on MKBPI and MNBPI com-
pounds suggests that using multiple cations in B-site with satisfying
charge neutrality condition can be potential way of engineering stable
lead-free organometallic halide photovoltaic materials for the future
design of solar cell devices.

Novelty statement

In this work, we have synthesized two novel, organometallic halide-
based tetra-cation perovskite photo-absorbers CH3NH3Kj /4Bi; /4Pb; /413
(MKBPI) and CH3NH3Najy /4Bi1,4Pb; /413 (MNBPI) for solar cell applica-
tions. We reduced 50% lead content by incorporating Group 1 (Na/K)
and Group 15 (Bi) elements in perovskite lattices in order to attain better
moisture stability without compromising energy conversion capability
by designing triple cations B-site perovskite architecture.

To the best of our knowledge, this is the first report on synthesis and
characterization of MKBPI and MNBPI perovskites. We studied their
optical absorption, fluorescence decay kinetics and thermal stability.
Moreover, we studied their degradation behavior. Both of these new
compounds exhibited very good optical absorption in the UV-Vis spec-
troscopy even after keeping the samples at ambient atmosphere for 14
days without any top layer.

Currently, almost all the efficient organometallic halides-based
perovskite solar cells are lead based i.e. methylammonium lead iodide
(CH3NH3PbI3). However, considering the toxic and environmentally
hazardous nature of lead, it is of paramount concern to develop stable
lead-free PSC. We believe that our new findings present a recipe of
designing novel lead-free, stable tetra-cation perovskite solar cell
materials.
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