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Low toxicity and highly stable methylammonium bismuth iodide (MBI) ((CHsNH=)sBizlg) as a solution-
processable photovoltaic absorber produces hexagonal non-uniform morphology leading to poor
interfacial contacts with the electron and hole transporting layers. Herein, we tuned the morphology of
MBI perovskite by bringing in a small amount of N-methyl-2-pyrrolidone (NMP) as a morphology
controller into the MBI-DMF solution. The incorporation of various concentrations of NMP into the
precursor solution was found to control the rate of crystallization. An optimal low concentration of 2.5%
NMP added to the MBI-DMF precursor solution showed a 50% enhancement in short-circuit current
(Jse). The device showed power conversion efficiencies up to 0.31% with high reproducibility. Moreover,
the devices were quite stable when exposed to an ambient atmosphere (relative humidity of 50-60%)
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Ever since our pioneering work on perovskite solar cells in
a liquid junction that achieved 3.8% power conversion effi-
ciency (PCE)" the perovskite photovoltaic research has gained
enormous attention worldwide>® with a certified efficiency
climb up to 22.1% in just 7 years.* Such high efficiency in these
devices is attributed to long diffusion length® and high mobility®
of charge carriers. Simple solution processes adopted for
perovskite preparation offer wider choices to control various
parameters to engineer the devices.” However, the toxicity of
lead (Pb) and device instability stand as major obstacles for
industrialization of this rising material. To improve stability
various attempts like replacing methylammonium iodide (MAI)
with formamidinium iodide (FAI),® using insulating Al,O;
instead of UV-sensitive TiO,,° developing novel hole trans-
porting material (HTM)," interfacial engineering,'* and devel-
oping 2-D based perovskites'” have been made. While some
work on stability of Pb based perovskite has shown promising
results, replacement of the toxic Pb with other non-toxic metals
still remains a big challenge. Although tin (Sn) based perovskite
cells have been reported to show PCE up to 10% the problem
associated with it is the instability of Sn(u), which gets readily
oxidized to Sn(iv) when exposed to air.**** Moreover, commer-
cialization of Sn(u) based perovskite can be acutely more toxic
than lead(n) because the oxidation of Sn(u) to Sn(iv) can cause
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reaction with the organism, releasing HI as byproduct, leading
to serious damage.'® Recently, copper (Cu) has also been used to
replace lead in perovskite structure ((CH3NHj3),CuClBr, ,).
But, its low absorption coefficient and heavy mass of holes limit
the device efficiency to low value (0.02%).*®

Bismuth (Bi) is the only non-toxic 6p-block element having
outer lone pair of 6s® electron same as lead.” Recently,
researchers have reported promising optoelectronic and photo-
voltaic properties of methylammonium bismuth iodide (MBI)
((CH3NHj;);Bi,lo) achieving 0.1% efficiency, both in normal and
inverted structure, with long term stability."”" In previous report,
we demonstrated the effect of under layer on the growth of
bismuth perovskite and found that growth on anatase TiO,
mesoporous under layer, compared to brookite mesoporous and
compact TiO, (planar architecture) under layer, facilitates better
interfacial contacts of MBI with their adjacent connecting layers.
As a result, an efficiency of ~0.2% was achieved with TiO,
anatase porous layer.* In all reports, MBI films processed by
simple solution methods formed hexagonal flakes of MBI,
leading to its non-uniform dendritic morphology on porous
TiO,."”** The key challenges encountered in one-step MBI
perovskite spin coating process is to control rapid crystallization
of MBI perovskite leading to non homogenous MBI flakes. This is
readily evidenced for MBI by the spontaneous formation of an
orange perovskite layer, after spin-coating process, whereas in
case of lead perovskite complete crystallization of CH;NH;Pbl; is
much slower and is achieved on thermal treatment. This differ-
ence indicates faster reaction of Bil;, in comparison to PbI, or
PbCl,, with MAI (CH3NH;I ) to form perovskite. As a result,
rough surface of MBI perovskite with many pinholes leads to

This journal is © The Royal Society of Chemistry 2017
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poor device performance. Thus, tuning of morphology is an
essential to improve the device performance of MBI perov-
skite."*?® Recently, Hoye et al. showed uniform morphology and
superior carrier transport property in vapour-processed MBI film
although its photovoltaic property was not clarified.** However, it
is of critical importance to develop low cost and rapid solution
process in order to obtain smooth and uniform layer of MBI
perovskite.

In this article we have investigated the morphological
evolution of MBI perovskite via NMP incorporation into MBI
and DMF solution and its effect on device performance. NMP
which forms complex with lead perovskite, has been used
earlier to tune the morphology and obtain highly reproducible
device performance in lead based perovskite.?*** Also, Travis
et al. reported the coordination of NMP with bismuth iodide
complex** and from the UV-vis absorption spectra of MBI dis-
solved in pure NMP, the absorption band at ~360 nm can be
seen (Fig. S1af) and is different from the absorption spectra of
MBI film (Fig. S1bt) which evidently signifies the formation of
some complex similar to that of MAPbI;- NMP* and/or Bi(dppn)
I;-NMP.** Because of high boiling point and low vapour pres-
sure, NMP slowed down the evaporation of solvent mixture
during the spin-coating process and facilitated slow crystalli-
zation with uniform film formation of MBI perovskite.

In the samples made from solution without NMP additive, we
observed no change in colour of the perovskite layer before and
after heating at 110 °C for 90 min due to fast crystallization. In
contrast, colour of the NMP treated (all concentrations) MBI layer
changed from transparent to orange during heating process at
the same temperature. The transparent colour of the coated film
(before heating) of NMP-DMF MBI might be an intermediate
solvated phase formed during perovskite deposition process,
similar to lead based perovskite forming complexes with DMSO
and NMP.* This intermediate assisted crystallization is expected
to change the morphology of final film which has been evidently
observed in scanning electron micrographs (SEM). From Fig. 1a,
it is evident that the MBI perovskite without additive has grown
into hexagonal flake structure (non-uniform morphology)
exposing large area of porous TiO, through large number of
micro-pores, which is in good agreement with the previous
reports.'””***° In case of NMP guided MBI perovskite (Fig. 1b-d)
the change in the morphology has been observed with increasing
the concentration of NMP additive. In lower concentration of
NMP (1.25% or 12.5 pL mL " of precursor solution), MBI
perovskite grows into large crystals (Fig. 1b), however this
morphology has not observed uniformly over the substrate as
shown in Fig. S2.7 This indicates that the amount of NMP
additive is not sufficiently enough to tune the morphology
effectively. Further increasing the concentration of NMP (2.5% or
25 uL mL~ ' of precursor solution), the morphology changed
drastically (Fig. 1c). In this case the perovskite grain growth is
different in comparison to previous 2 cases (non-additive and
lower concentration of NMP); the perovskite covered the meso-
porous TiO, layer uniformly. The grain size increased with
further increase in the concentration of NMP additive (50 pL
mL~" of precursor solution) as shown in Fig. 1d. The change in
the grain growth with NMP concentration is attributed to the
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Fig.1 Top surface SEM images of MBI perovskites without (a) and with
different concentration of NMP additives (b—d).

change in solubility/interaction of precursor material with the
solvent molecule as evident from UV-vis spectra (Fig. S1at). It has
been observed that the colour of precursor solution (MBI-DMF)
changes from transparent red to intense red colour with the
addition of NMP. Further the rate of evaporation of NMP is
slower than the DMF which causes the change in the morphology
of MBI films. Although a detail investigation is required and is
under progress.

The XRD pattern of MBI films, deposited on mesoporous
TiO, under layer, under different processing conditions are
shown in Fig. 2. From the diffraction pattern of non-additive
based MBI films we can see a doublet peak at 20 = ~12°,
which is assigned to MBI perovskite,'®?*** and its intensity
increases with the addition of higher concentration of NMP as
shown in zoomed inset figure. In addition to it, intensity of
small peak at 26 = ~24° also increases with the addition of NMP
indicating slight change in the orientation of MBI crystals.
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Fig. 2 XRD diffraction pattern of MBI layer without and with different
concentration of NMP on mesoporous TiO, coated FTO substrates (#
corresponds to FTO peaks and * corresponds to TiO5).
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From this it is significantly evident that NMP-free MBI films
showed poor crystallinity on mesoporous TiO, layer and with
the addition of NMP its crystallinity improved which is sus-
pected due to proper dissolution/interaction of precursor
material with addition of NMP, into the main solvent DMF as
the colour of the solution changes from red to intense red upon
addition of NMP, although detail investigation is required and
will be reported separately. The optical absorption spectra
showed absorption band around 500 nm for both treated and
untreated MBI films, however, a slight increase in absorption is
observed for NMP treated (25 pL mL~ ") MBI films probably due
to the uniform and dense films formation (Fig. S1b¥).

In order to check the influence of tuned morphology and
improved crystallization, devices were fabricated by spin
coating the MBI solution (with and without additives) on mes-
ostructured substrates and were compared. Detail experimental
conditions for device fabrication are given in ESI.{ Fig. 3a and
b compares the average current density-voltage (/-V) charac-
teristics (Table 1) and external quantum conversion efficiency
(EQE) spectra of best performing devices, measured under
simulated sunlight intensity of AM1.5 (100 mW cm>). In all
cases studied device showed small hysteresis in j-V character-
istic curve which can be due to unbalanced electron and hole
flux at the interface of electron- and hole transporting layers>®
originating from the energy level mismatch between MBI and
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Fig.3
concentration of NMP.
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its neighboring charge transporting layers."”** As can be seen
from the histogram plot (Fig. 3c) short circuit photocurrent
density (Js.) of the NMP-free device varied from 0.58 mA cm ™ to
0.68 mA cm > with majority of samples showing J,. of ~0.62 mA
cm 2, With the addition of 1.25% NMP (12.5 uL mL ') there has
been a slight increment in J. ranging from 0.6 mA cm > to 0.74
mA cm % In contrast, addition of 2.5% of NMP drastically
improved J. to a range from 0.88 mA cm™ > to 1 mA cm ™. Based
on the fact of crystallinity and morphology improvement, this
increment in Jg. is attributed to better coverage and crystallinity
of MBI layer formed on TiO, scaffold. With further increasing
the NMP concentration to 5.0% (50 pL mL™ ") the J,. decreased
probably due to the non-smooth region of MBI perovskite layer
over the substrate as evidenced in SEM image (Fig. S3t). The
EQE spectra of pristine and additive based MBI perovskite have
same EQE edge up to ~650 nm which indicated similar spectral
response, however, the EQE increased in visible region for 2.5%
NMP-based MBI perovskite. From PCE histogram plot (Fig. 3d),
non-additive based MBI perovskite device showed PCE ranging
from 0.13% to 0.2% and the PCE of device with 12.5 puL and 50
uL of NMP in 1 mL precursor solution also showed PCE in the
same range. Interestingly, device containing MBI perovskite
treated with 25 uL of NMP showed PCE ranging from 0.28% to
0.31% with majority of samples showing 0.3% PCE.

30
(b) —— Without NMP
25 —— With 12.5 pL/mL NMP
——With 25 pL/mL NMP
20 —— With 50 pL/mL NMP
s
o 151
<]
w
10
54
o L] L) Ll Ll L]
350 400 450 500 550 600 650
Wavelength (nm)
14 (d) I Without NMP
I With 12.5 L NMP
12 I With 25 pL NMP
I With 50 uL NMP
10
2
S
o 81
o
8 6
S
[
o 44
24
R ]l
0.10 0.15 0.20 0.25 0.30 0.35
PCE (%)

(a) Average J-V curves, (b) IPCE spectra, (c) Jsc and (d) PCE histogram plot of devices containing MBI perovskite without and with different
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Table 1 Device parameters of best performing device with and
without additives

Case studied Jse (MA em™?) Voe (V) FF PCE (%)
Without additive 0.68 0.53 0.53  0.19
With 12.5 uL NMP 0.7 0.51 0.51  0.18
With 25 pL NMP 0.94 0.51 0.61 031
With 50 pL. NMP 0.65 0.51 0.52  0.18

Long term stability of MBI based devices are investigated by
exposing (without encapsulation) to relative 50-60% humidity
for 30 days. Device PCE are quite stable (Fig. 4) and NMP treated
samples showed improved stability (88% sustained) compared
to pristine (66% sustained) which is attributed to high crystal-
linity of MBI crystals as evidenced from XRD measurement as
well as high stable oxidation state of bismuth."”"**

We could develop a solvent engineering process to prepare
uniform MBI absorber for fabrication of non-toxic, highly stable
perovskite solar cells. However, device performance is largely
behind those of lead perovskite solar cells. Even though MBI
perovskite absorbs up to 650 nm it encompasses high carrier
density of around ~10"® cm™?, which are 7 orders of magnitude
higher than lead based perovskite."” Presence of such high
density of background charge carriers are mainly responsible
for such low Ji. and performance, resulting from bulk recom-
bination within the MBI perovskite, also leading to lower V..
Hao et al showed that by tuning and controlling the
morphology of tin based perovskite, its background charge
carrier density are reduced” and it is also reported that
improving the morphology of MBI can help to reduce the
background carrier density'® and our finding reveals that these
background charge carriers are slightly reduced to some extent
with the addition of NMP indicating that the background
charge carrier densities are not highly affected by tuning the
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Fig. 4 Long term stability of non-encapsulated MBI devices exposed
to 50-60% humidity atmosphere without and with NMP additives.
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morphology unlike tin based perovskite. The exact reason for
the slight reduction of background carrier charges, with the
addition of NMP, is still unknown but herein we suspect it due
to the uniformity and slight change in orientation of MBI film,
as revealed by SEM and XRD pattern (Fig. 1 and 2). This further
directs the research towards addition of additives and dopants
which can reduce the background charge carrier densities
similar to the addition of SnF, in tin based perovskite." In
addition to the intrinsic property of MBI, the device perfor-
mance also depends on the charge collecting materials
surrounding the MBI in aspects of interfacial contacts and
energy level matching."”** Non-additive MBI samples, on mes-
oporous TiO, layer, showed poor crystallinity as evidenced from
XRD plot (Fig. 2). This also suggests choice of suitable electron
transporting layer (ETL) and also hole transporting layer (HTL)
due to the energy level mismatch between MBI and spiro-
OMeTAD, leading to lower V..

To summarize, addition of different concentration of NMP
into the precursor solution of MBI perovskite, facilitated slow
and uniform crystallization resulting in improved morphology
and crystallinity of MBI perovskite. The improved morphology
of MBI at a particular concentration of 25 pL NMP in 1 mL of
precursor solution resulted in enhancement in J,. and its
concomitant enhancement in PCE to 0.31%. Additionally,
devices with NMP treated MBI perovskite are highly stable up to
30 days with exposure to relative 50-60% humidity atmosphere.
This study opens up the possibilities of tuning the morphology
and stability of MBI perovskite. It also directs research towards
minimization of the background carrier density and selection of
suitable charge collecting materials for further enhancement of
efficiency of MBI perovskite solar cells.
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