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Bismuth-based perovskites could be a viable and efficient alternative to lead-based perovskite materials.
To widen possible applications, it is necessary to be able to alter the band gap of the absorber material
(i.e. for water splitting or multijunction cells). In this work we show the possibility of colour-
management in methylammonium bismuth halide perovskites. When synthesised using DMSO,
methylammonium bismuth bromide is characterised and identified as possessing a zero-dimensional
perovskite type structure with a formula of MAzBiBrg DMSO solvate, and a band gap of 2.51 eV. An
increasing mole fraction of iodide ions into methylammonium bismuth bromide is shown to produce a
single-phase with a decreasing band gap, with an associated colour change from yellow (2.51 eV) for
methylammonium bismuth bromide to red (1.88 eV) for methylammonium bismuth iodide. The
methylammonium bismuth iodide structure is tolerant to high degrees of bromide substitution, up to
40%, before significant effects in band gap or morphology are observed. Halide substitution was also
found to aid thin-film stability over 10 weeks in air. The insights obtained from this study could provide
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Introduction

Renewable, low-carbon energy sources are vital for reducing
societal dependence on fossil fuels and mitigating the effects of
carbon emissions. Reducing both start-up and implementation
costs is key to the uptake of new technologies to decrease our
environmental impact. With increasingly reducing energy-
payback times, solar power has become an attractive alternative
energy source. Its flexibility, finding use in both >100 MW
solar farms and smaller rooftop arrays means that it is acces-
sible to a range of applications. New materials can widen these
possibilities further for building-integration, such as photovol-
taic windows."?

In the past 10 years, perovskite-structured photovoltaic
materials have established themselves as an exciting new
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additional stability at a reduced cost to lead-free bismuth halide perovskite materials.

opportunity for solar technologies.> Abundant starting materi-
als and simple processing methods are significant advantages
of these materials; the latter enabling the fabrication of flexible
perovskite solar cells (PSC).*”® From a 3% efficient cell reported
for the original material, methylammonium lead iodide (MAPI)
in 2009, the record efficiency for perovskite solar cells now lies
at over 25%, competitive with commercially established solar
cell technologies such as silicon.>® A major part of improving
device performance was tailoring the constituents of the per-
ovskite by the inclusion of additives at the A or X-site (from an
ABX; general structure).'® ™ This could involve small ions such
as Br™, with halide mixing proving to improve stability and aid
in the control of the material band-gap.”*™® An easily con-
trolled band gap has opened the possibility of implementing
perovskite materials in multijunction cells, as complementary
band gaps to those of other materials for maximum absorption
can be designed.'®'” Additionally the incorporation of larger
cations can improve material stability, for example the most
stable cells use longer chain organic compounds that form a
more stable 2D perovskite structure.'572°

However, the long-term stability of perovskite solar cell
devices has been significantly less than commercially estab-
lished technologies, which is further complicated by the
potential release into the environment of the toxic element
lead.**** The exploration of lead-free materials is therefore
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important to further development of perovskite solar cell
technology. Recently lead-free perovskite solar cells have seen
significant progress, albeit with lower efficiencies than lead-
based analogues.>®*” The next element up in group 14, tin, is
the most widely analysed alternative, but its toxicity, efficiency,
and stability have not shown improvements over lead.”®>°

Recently, bismuth has been employed as a lead replacement
in the B-site; its most common oxidation state of +3 has led to a
variance in structures, for example double perovskites are
formed when used in conjunction with a +1 ion such as
30732 gilver-bismuth double perovskite solar cells have
reached efficiencies of over 2% in thin-film solar cells, and over
4% when the perovskite is converted into quantum dot
form.**** Functioning solar cells can also be produced when
bismuth is used as the solitary B-site cation, although efficien-
cies remain mostly below 1%, with the highest of these
obtained with caesium as the A-site cation.>*™*® Improving the
performance of A;Bi,X, materials is therefore paramount to
establish bismuth as a potential competitor to lead. For exam-
ple, by using a two-step deposition method, cells exhibiting
3.17% efficiency for a methylammonium bismuth iodide cell
have been produced.®®

Band gap engineering has been used throughout perovskite
solar cell research to improve device performance, and can also
be used to form an ideal material for certain applications, e.g.
in tandem cells or for building integrated photovoltaics, and
halide mixing has been demonstrated to be an effective way of
altering the band-gap/colour of a material."”**"** In this article
we introduce a previously unreported structure of the material
methylammonium bismuth bromide, including single crystal
data. The effect of halide mixing on bismuth perovskites is then
examined, using various ratios of iodide to bromide from
MA;Bi,I to MA;Bi,Bro, analysing the structural, optical and
morphological effects to both assess any improvements in
material performance, and observe any similarities to band-
gap engineering in lead-based perovskites.

silver.

Results & discussion
Methylammonium bismuth bromide

Single crystal analysis determined that the structure obtained
was a DMSO solvate crystal structure. Large, single, crystals of
methylammonium bismuth bromide dimethyl sulfoxide sol-
vate, 1, were grown using a 2:1 ratio of methylammonium
bromide:bismuth bromide in a mixed solvent of y-butyro-
lactone and dimethyl sulfoxide, using a solvent evaporation
method. An image of the crystal fragment used for the data
collection is shown in Fig. 1a. Fig. 1b and c¢ show the formula
unit and packing motifs in the crystal structure of 1. Fig. S1 and
S2 (ESIt) show packing plots in different orientations. All
crystal data is in Table S2 (ESI{).
[(BiBrs®)(H3CNH;");]-2((CH;),SO) (1) is the moiety formula
for the crystallised material, and one quarter of this represents the
asymmetric unit. The DMSO and methylammonium cations were
substantially disordered. In the case of the methylammonium
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Fig. 1 (a) Photograph of the crystal fragment used for the single crystal
X-ray diffraction study, (b) The formula unit in the crystal structure of 1,
with minor DMSO and methyl ammonium disorder components omitted
for clarity and (c) Packing plot for 1 showing the extensive H-bonded
network of interactions between cations, anions and the DMSO of crystal-
lisation. Structure viewed parallel to b.

cations the two ends were positionally disordered i.e. C/N swap
places. Layers of cations and anions are linked via an extensive
network of H-bonds involving all structural components. The
BiBrs®~ anions are almost perfectly octahedral and do not connect
with each other (0D).

The monoclinic, C2/m structure characterised from these
experiments is not a typically observed perovskite structure, nor
is it the same as previous characterisations of methylammonium
bismuth bromide. A study by Djokic et al. produced a more
expected MA;Bi,Bro material, with 2D layered structure belonging
to the space group P3m1, similar to previous studies on bismuth
and antimony halide perovskites.*>** It is also unlike the crystal
structure of methylammonium bismuth iodide, which usually
possesses a structure in which two face-sharing octahedra form
the main part of the repeating unit.** This difference is likely due
to the synthesis method of the single crystals, a slow, solvent
evaporation-based method that allows plenty of time for the
crystallisation of the material to include the DMSO solvent.

Halide mixing in bismuth halide perovskites

To investigate the effect of halide mixing, powders of methy-
lammonium bismuth halide with different ratios of iodide to
bromide were prepared for powder X-ray diffraction (PXRD)
analysis. These were prepared with an increasing molar ratio of
bromide by 0.2 in each solution, to provide a broad picture of
the potential band-gap engineering available in bismuth-based

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Powder X-ray diffractograms (normalised) for methylammonium bismuth halide with varying iodide:bromide ratio: (a) full diffractogram, and (b)

zoomed-in image of shaded area, tracking the (1,0,2)*® peak.
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Fig. 3 (a) Photograph of methylammonium bismuth halide films with
varying iodide:bromide ratio, from left: 100% I, 80% I, 60% I, 40% |, 20% |,
100% Br and (b) Kubelka—Munk Analysis from Diffuse Reflectance Spectro-
scopy of methylammonium bismuth halide films data of materials (dashed lines
show extrapolation for band gap calculation).

perovskite materials. An immediate colour difference in the
powders was observed, from a deep red for MA;Bi,I,, through
shades of orange to yellow in MA;BiBr, (Fig. 3a displays this
colour difference in the thin-films). This echoes the trends
shown by lead halide perovskites, in which increasing the
proportion of bromide in the material increases the band
gap."® The PXRD results obtained from the powders are shown
in Fig. 2 and a comparison with the starting materials for the
100% iodide and 100% bromide material are included in Fig.
S3 (ESIt). These show distinct peaks, separate from those of the
starting materials, however a lack of complete conversion is
observed. The diffractograms show no obvious peak separation,
so a single phase of mixed halide methylammonium bismuth
perovskite is produced in each case. An enhanced image
tracking the (1,0,2) peak®® of MA;Bi,l, shows a gradual shift
to higher 260 values as the proportion of bromide increases,
suggesting that the inclusion of the smaller bromide ion is
reducing the overall size of the unit cell (see Fig. 2b).

© 2024 The Author(s). Published by the Royal Society of Chemistry

There is little change in the overall diffractogram from
MA;Bi,Iy to MA,Bi,(Iy gBrg)e suggesting that the structure is
potentially tolerant to high levels of substitution. As BiBr; can
be significantly cheaper than Bil; (at lower purities, BiBrs: £175/
100 g (> 98%) Bil;: £270/100 g (99%) (Merck) in May 2023),
these findings could greatly reduce the cost of bismuth-based
perovskite solar cells, if the other major properties such as
band gap and device efficiency can be maintained at these
substitution levels. At 40% bromide substitution and above,
there is a more significant shift in peak positions, this more
pronounced change matching the change in the colour of the
powders.

A single-step spin-coating method was employed to produce
thin-films for analysis to reduce procedural complexity and to
ensure observed morphology differences are due to the material
composition as opposed to deposition method. An image of the
thin films is shown in Fig. 3a. UV/Vis analysis of these films
shows that the band gap has been successfully altered through
varying the halide composition (Fig. 3b).

Analysis of the band-gap extracted from linear fitting of the
first visible transition in the diffuse reflectance spectroscopy
echoes the trends obtained from PXRD measurements; ie. the
material is tolerant to high levels of bromide substitution
without significant change (Fig. S4, ESIt). Table 1 below shows
the band gaps extracted from UV/Vis analysis.

For MA;Bi,Iy a band gap of 1.88 eV is obtained, which is
consistent with previously reported results.*®™*® A slight shift is

Table 1 Values for band gap extracted from Kubelka Munk analysis of
reflectance spectroscopy

Material Band gap (eV)
MA;Bi,I, 1.88
MAgBiz(IO'gBrO‘Z)g 1.91
MA3Bi2(IO_6Br0,4)9 1.93
MA;Bi,(Io.4Bro.6)o 1.98
MA;Bi;(Io.sBro.2)o 2.08
MA;BiBr, 2.51

Mater. Adv., 2024, 5, 625-631 | 627
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seen at low percentages of bromide substitution, however as
the percentage of bromide in the lattice increases further, there
is a starker change in band gap. MA;Bi,(I, 4Bry¢)o possesses a
band gap of 1.98 eV, increasing to 2.08 eV for MA;Bi, (I, gBro5)o-
Finally, the 100% Br-containing material has a measured band
gap of 2.51 eV. The UV/Vis data establishes that the band-gap of
methylammonium bismuth halide perovskites can be con-
trolled through halide substitution, a property that could prove
useful for their deployment as a top cell in multijunction solar
cells. Compared with methylammonium lead iodide perovs-
kites, methylammonium bismuth iodide requires greater bro-
mide substitution to enact similar degrees of band gap shift."?
A plot of bromide mole fraction against band gap
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(Fig. S4b, ESIt) produces a curve which appears to show an
exponential trend. To test this trend an additional sample was
made and measured with 90% bromide (Fig. S4c and d, ESIf).
The band gap for MA;Bi,(I,1Bry ) was measured at 2.18 eV,
which fits with the observed trend, and this is likely due to the
significant shifts in crystalline structure at higher mole frac-
tions of bromide as seen in the PXRD measurements.

The stability of the thin-films when left in atmospheric
conditions was observed over 10 weeks using both XRD
(Fig. 4) and UV/Vis (Fig. S6, ESIt). Firstly, the thin-film XRD
shows significantly less disorder than the powder, and for all
ratios of iodide/bromide appears to be relatively stable through-
out the 10 week period, with little change in the major peaks.
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Fig. 4 10 week stability study of thin-films through X-ray diffraction. Graph headings correspond to the proportion of iodide or bromide in the sample.
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Fig. 5 SEM Images at 5000x magnification of methylammonium bismuth
halide films: (a) MA3Bizlg, (b) MA3Bix(lpgBro2)e, (€) MAsBix(lpeBro.4le, (d)
MAzBi(lp.4Bro 6o, (€) MA3Bix(lg 2Broge, and (f) MAsBiBre.

Interestingly in the first few weeks for MA;Bi,I, (100% iodide
on Fig. 4), there is a split peak at ~12.5° highlighted in Fig. S6
(ESIT). This suggests that there are two competing phases
within the material, which also appears as two separate absor-
bance changes in the UV/Vis spectra (Fig. S6, ESIt{). This
apparent phase separation disappears after 4 weeks in both
the XRD and UV/Vis suggesting that a single, dominant phase is
present. However, in the UV/Vis this is manifested as an
increase in the initial band-gap, meaning that less overall light
is absorbed. This will likely have implications for device per-
formance, and therefore these phases should be explored in
more detail to determine the origin and if it is possible to
isolate and maintain the lower band gap phase. This splitting
does not occur in any of the mixed iodide:bromide samples.
Additionally, there is the appearance over time of a peak at
~10°, attributed to the methylammonium halide starting
material, suggesting material degradation. This is significantly
more pronounced in the pure bromide and iodide samples
than the mixed halides. An increase in phase stability from
halide mixing has also been observed in lead-based
perovskites.”>'* These results suggest that halide-mixing could
also be a useful tool for bismuth-based perovskites to improve
both phase stability and long-term stability. An additional
factor is that at low bromide loading the impact on band gap
is minimal for a potential increase in long-term stability.
Thin-film morphology was analysed in closer detail using
both SEM (Fig. 5 and Fig. S7, ESIf) and AFM (Fig. S8, ESI)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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analysis. All films show high surface roughness and a film
thickness of between 700 nm to 1 um, with low surface cover-
age. For MA;Bi,], (Fig. 5a and Fig. S7a, ESIY) flat grains of 1 pm
length populate the surface. Films containing 20% and 40%
bromide show similar morphologies, and as the proportion of
bromide increases further the grains become more rod-like and
increase in size (Fig. 5d, e and Fig. S7c-e, ESIt) towards the
large, >2 pum size grains that form MA;Bi,Bre. Improving the
film morphology of these less-toxic perovskite materials is vital
for performance, and should be the subject of further study.

Methylammonium bismuth halide solar cells were fabri-
cated, using polyethylenedioxythiophene:polystyrene sulfonate
(PEDOT:PSS) as the hole-transport material and phenyl-C61-
butyric acid methyl ester (PCBM) as the electron transport
material (Fig. S9 and S10, ESIt). These materials were chosen
as they had the simplest fabrication procedures and lowest
cost, to maintain the key advantage of simple processing that
makes perovskite solar cells attractive. Previous studies looking
at MA;Bi, ], solar cells produced devices with efficiencies of up
to 3.17%.3639649 6 devices were fabricated for each material,
with few showing measurable efficiency. The new material
MA;BiBr, exhibited some, albeit minimal photovoltaic activity,
in the range of pA cm™? Jsc and <0.05 V Vo displayed in Fig.
Sof (ESIT). Similar performance was observed across the halide
substitution range (Fig. S10, shown alongside dark measure-
ments, ESIt), therefore direct comparisons of the effects of
halide mixing on methylammonium bismuth halide solar cells
are not possible in this case. This likely has multiple causes: the
poor film coverage, uneven film morphology, and zero-
dimensional crystal structure, particularly of the MA;BiBrg
materials leading to inefficient charge transport. Improving
the morphology of MA;Bi,(I; ,Br,)s could lead to improved
performance at a reduced cost compared with MA;Bi,lo. Other
solvents to DMSO should be explored, as the formation of the
DMSO solvate crystal into a zero-dimensional structure, as
opposed to the previously reported 3-D crystal structures, likely
hampers performance.*®**

Conclusions

The crystal structure of the new material methylammonium
bismuth bromide dimethylsulfoxide solvate is reported, which
shows a zero-dimensional, monoclinic C2/m structure. Methy-
lammonium bismuth halide perovskites are then studied
through halide mixing to explore the effects on band-gap and
structure. MA;Bi,I, displays a high tolerance to halide mixing
on structure and band gap, which show small changes at
bromide substitutions of <40%. Halide substitution has been
shown to improve the stability of the materials over 10 weeks in
air, suggesting that, this could be a method to increase material
lifetime whilst not compromising on band gap. This report
contains the first attempted synthesis of a methylammonium
bismuth bromide solar cell, which recorded minimal photo-
voltaic activity; this is attributed to film morphology and the
zero-dimensional crystal structure obtained through the

Mater. Adv,, 2024, 5, 625-631 | 629
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fabrication route chosen. Further refinement of the synthesis
procedure including analysis of other solvent systems to
improve the film morphology of the mixed halide materials
and allow solvate-free crystallisation, could lead to cheaper,
more sustainable, lead-free perovskite materials.
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