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Effect of aliovalent bismuth substitution on
structure and optical properties of CsSnBr3
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Dundappa Mumbaraddi', Arthur Mar' & Vladimir K. Michaelis@® 1™

Aliovalent substitution of the B component in ABX3 metal halides has often been proposed to
modify the band gap and thus the photovoltaic properties, but details about the resulting
structure have remained largely unknown. Here, we examine these effects in Bi-substituted
CsSnBrs. Powder X-ray diffraction (XRD) and solid-state 19Sn, 133Cs and 299Bi nuclear
magnetic resonance (NMR) spectroscopy were carried out to infer how Bi substitution
changes the structure of these compounds. The cubic perovskite structure is preserved upon
Bi-substitution, but with disorder in the B site occurring at the atomic level. Bi atoms are
randomly distributed as they substitute for Sn atoms with no evidence of Bi segregation. The
absorption edge in the optical spectra shifts from 1.8 to 1.2 eV upon Bi-substitution, main-
taining a direct band gap according to electronic structure calculations. It is shown that Bi-
substitution improves resistance to degradation by inhibiting the oxidation of Sn.
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emerged as attractive photovoltaic materials because of

their ease of fabrication, low cost, and high power con-
version efficiencies, now exceeding 25%!>. Unresolved problems
arising from the poor thermal and moisture stability of these
hybrid compounds have led many to reconsider the all-inorganic
perovskites ABX; (A = Cs; B= Sn, Pb, and other divalent metals;
X=Cl, Br, I) as alternative candidates®~10, For example, the
phase stability is improved by partially substituting organic
cations by even low concentrations of Cs and introducing a
combination of halogens in (CH(NHS,),)0.83Cs0.17Pb(Ip 6Bro.4)s!!.
There remains a strong impetus to develop completely lead-free
alternatives, by substituting Pb with other divalent metals such as
Sn, Ge, Mn, and Sr!2-16, The Sn-containing compounds tend to
have smaller band gaps (e.g., ~1.3 eV for orthorhombic CsSnl3),
which are ideally suited for photoabsorption applications; they
are also amenable to elemental substitution, enabling control and
improved performance of light emitting diodes. Unfortunately,
they suffer from the same recurring problem of instability in
which the ease of oxidation (Sn?* to Sn**) necessitates strategies
to avoid exposure to ambient conditions, or to fabricate the
compounds under a reducing atmosphere!7-2>,

Recently, there have been many reports of aliovalent sub-
stitution of the divalent metal, whether Sn or Pb, in these halide
semiconductors with a trivalent metal such as Sb or Bi?0-33, This
substitution (sometimes inappropriately termed as “alloying”) has
been claimed to provide markedly improved stability upon
exposure to air and moisture, and to enable band gaps to be
adjusted to desired values. None of these studies offered detailed
structural characterization, because of the difficulty of distin-
guishing between Sn from Sb, or Pb from Bi, through conven-
tional X-ray diffraction (XRD) methods. It is not clear if this
substitution occurs with completely random mixing, or whether
the samples are actually more heterogeneous than assumed (e.g.,
phase segregation, secondary phases, or nanodomains). More-
over, substitution with a higher valent element such as Bi may
entail n-doping, creation of vacancies in the metal sites, or
incorporation of interstitial atoms. Some of these proposals have
been investigated by theoretical calculations, but to date, experi-
mental evidence has been scant343>.

In this study, we choose CsSnBr; as a model system to examine
the effects of Bi substitution. By combining powder XRD with
solid-state nuclear magnetic resonance (NMR) spectroscopy,
which reveals information about the local environments around
the Cs and Sn atoms, we endeavour to gain a fuller picture of the
short- and long-range structure of these compounds3¢->0, Optical
spectra were collected, and electronic structure calculations were
performed to reveal further insight on the Bi substitution.

I berid organic-inorganic halide semiconductors have

Results and discussion
Bi substitution in CsSnBr;. Samples of CsSnBr; were prepared
by reaction of CsBr and SnBr, in solution or directly at high
temperature (600°C for 5h). Substitution of up to 15% Bi,
through addition of BiBr; using a high-temperature route (450 °C
for 5h), was successful. The powder XRD patterns confirmed the
presence of the ideal cubic perovskite phase (space group Pm3m)
in all samples (Fig. 1a). All CsSnBr; samples were slightly prone
to oxidation, as evidenced by the formation of small amounts of
Cs,SnBry if no special precautions were taken to avoid exposure
to ambient conditions. In contrast, freshly prepared Bi-
substituted samples were essentially single-phase and were more
resistant to oxidation, as discussed later.

It is interesting that the XRD patterns for the CsSnBr;-
HTS (high temperature synthesis) and CsSnBr;-SS (solvent
synthesis) samples are slightly shifted relative to each other

(Fig. 1b). As discussed later, we speculate that this difference is
connected to the effect of a stereochemically active lone pair on
Sn atoms®!, which may be suppressed in the solution-prepared
sample. The cubic cell parameter (5.7848(6) A) for the CsSnBrs-
HTS sample is consistent with literature values of similarly
prepared samples (5.79-5.80 A), whereas that for the CsSnBr;-SS
sample is shorter (5.7546(2) A)31. Starting from either case, the
peaks in the XRD patterns shift to higher angles with increasing
content of Bi (Fig. 1b). Although no reliable value of the ionic
radius of Sn?* has been reported, inspection of structurally
characterized compounds containing formally trivalent Bi or
divalent Sn surrounded octahedrally by Br atoms shows that
average Bi-Br distances tend to be slightly shorter (2.82-2.88 A in
BiBr;, Rb;BiBrs, Cs3;Bi,Bry, and Cs,AgBiBrs) than Sn-Br
distances (2.90-2.92 A in CsSnBr;)%2. Accordingly, the cubic cell
parameter refined from the XRD patterns gradually shortens with
greater Bi substitution (Fig. 1c and Table 1). The samples consist
of crystallites on the order of 10-100 um dimensions (Fig. S1),
and energy-dispersive X-ray spectroscopy (EDX) analyses showed
the presence of the expected elements in the samples (Table 1 and
Table S1, Figs. S2-S6). In particular, the relative amounts of Sn
and Bi are close to the nominally loaded compositions.

Influence of Bi substitution on local structure. Many competing
hypotheses can be invoked for the structural effects of aliovalent
substitution in halide semiconductors, ABX;. The most parsi-
monious model is that Bi atoms occupy the B site in a random
fashion, but more exotic mechanisms such as placing Bi atoms
within interstitial sites or forming Bi-Bi dimers have also been
proposed®3-56, When trivalent Bi replaces divalent Sn in CsSnBrs,
a charge compensation mechanism could involve formation of
cation vacancies () in the B site, in a formulation such as
CsSnI%XBiXD «/2Br3, or perhaps in the A site. Alternatively,

additional Br atoms in the form of anion interstitials could be
proposed. NMR spectroscopy involving the accessible nuclei
133Cs and 119Sn may help shed light on which of these proposals
is supported.

In CsSnBr;, the Cs atoms are surrounded in the first
coordination sphere by twelve Br atoms in a cuboctahedral
geometry and in the second coordination sphere by eight Sn
atoms in cubic geometry. Substitution of Bi for Sn is expected to
disrupt this highly symmetric environment, which can be probed
by 133Cs NMR spectroscopy (Fig. 2a). CsSnBr; shows a single
isotropic resonance which is sharper for the sample prepared in
solution (80 =65.8 ppm; full width at half-maximum,
FWHM =47 Hz) than the one prepared at high temperature
(8iso = 65.6 ppm; FWHM = 82 Hz). This distinction has been
noted previously>’. It can be hypothesized that the sharper
resonance in the solution-synthesized sample arises from fewer
defects in the Br sites because of the Br-rich environment offered
by the aqueous HBr medium.

At the levels of Bi substitution, up to 15%, two types of
environments in the second coordination sphere around Cs may
now be anticipated: Cs@Sng and Cs@Sn;Bi. Two peaks appear to
be resolved in the 133Cs NMR spectra for the 5% Bi sample, but
they merge as a broadened manifold for the 10% and 15% Bi
samples. The lower frequency resonance can be assigned to the
Cs@Sng environment; it shifts gradually to higher frequency
(67 ppm for 5% Bi, 70 ppm for 10% Bi, and 72 ppm for 15% Bi),
similar to observations made on other Cs-containing
halides!38-60, The higher frequency resonance can be assigned
to the Cs@Sn;Bi environment, identified as a shoulder at 73 ppm
for 5% Bi and at 76 ppm for 10% Bi samples, but not resolvable
for the 15% Bi sample. The relative peak area of this resonance
also becomes larger, consistent with greater Bi substitution. The
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Fig. 1 Long-range structure of CsSnBr3 and derivatives. a Powder XRD patterns for CsSnBrs and Bi-substituted compounds. Trace secondary phases
(*, Cs,SnBrg). b Comparison of 200 peaks showing shift to higher angles with greater Bi substitution (inset displays the colour of as synthesized

compounds). ¢ Evolution of cubic cell parameter a with Bi substitution.

Table 1 Nominal compositions, EDX analyses, and refined cubic cell parameters for all compounds.

Sample Nominal compositions Sn:Bi ratio (%) from EDX analysis Cell parameter, a (A)
CsSnBr3-SS CsSnBr3 - 5.7546(2)
CsSnBr3-HTS CsSnBr3 - 5.7848(6)

5% Bi CSSnolggBi0.05Br3'05 94.9:5.1 57478(6)

10% Bi CSSno_goBio_1oBr3_1o 90.1:.9.9 57409(5)

15% Bi CSSno_gsBio_‘\_r,Bl’3_15 85.7:14.3 5.7322(8)

occurrence of B site vacancies would also give rise to additional
environments such as Cs@Sn;[], entailing local structural
distortions that contribute to the line broadening. In any event,
these resonances can be confidently attributed to the cubic
perovskite phase, because the !33Cs peaks belonging to the
potential secondary phases present occur at very different
frequencies (261 ppm for CsBr, 227 ppm for CsSn,Brs, and 115
ppm for Cs,SnBr) (Fig. $7)13:3757,61,

The 11°Sn NMR chemical shift range spans 1000’s of ppm
(—5000 to 8000 ppm) when considering various oxidation states
of tin compounds#462-65_ As such, 119Sn NMR lineshape, width
and chemical shifts can be heavily influenced by local structural
(dis)order and dynamics!3-36:4401,6266-68 The Sn atoms are
surrounded by six Br atoms in an ideal octahedral geometry in
CsSnBr;. Upon Bi substitution, the environment around the Sn
atoms changes in the third coordination sphere, consisting of six
B sites also in an octahedral geometry at a distance equal to the
unit cell length. These environments were probed by 11°Sn NMR
spectroscopy (Fig. 2b). For the parent CsSnBr; compounds, a

single asymmetric resonance is observed whose chemical shift
and lineshape are highly sensitive to the synthetic method. This
resonance broadens considerably on proceeding from the sample
prepared in solution (8.4 = —386 ppm, FWHM = 12.4 kHz) to
the one prepared at high temperature (8.5 =—179 ppm,
FWHM =34.7kHz). For the solution-synthesized sample, a
portion of the broadening is associated with 119Sn-79/81Br
J-coupling, similar to related interactions in CsPbCl; and
MAPbBCL;#1:4>69, For the high-temperature-synthesized samples,
the enhanced broadening could be due to formation of vacancies
in the structure resulting from oxidation of Sn?>* to Sn**. A more
probable explanation is that this high-temperature synthetic route
permits local distortions to develop around Sn atoms, which
deviate from their ideal octahedral sites to energetically more
favourable off-centre positions, as suggested recently by others in
relation to the activity of the stereochemical lone pair, whereas
the solution route does not lead to such distortions because it is
performed at room temperature!:70, Resonances for potential
Sn-containing impurity phases occur at much lower frequencies
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Fig. 2 Multinuclear magnetic resonance of CsSnBr; and Bi-substituted materials. a '33Cs and b 119Sn MAS NMR spectra (Bo =11.75 T, o,/2r = 14 kHz)
for CsSnBrs and Bi-substituted compounds. ¢ Non-spinning 29°Bi NMR spectrum for the 15% Bi-substituted compound (Bg =11.75 T).

(—640 ppm for SnBr,, —659 ppm for SnBr,, and —1964 ppm for
Cs,SnBr) 37446162,

When Bi is substituted within CsSnBrs, these Sn resonances
become sharp again, perhaps by suppressing the Sn oxidation
pathway or by favouring the centred octahedral positions (i.e.,
reducing lone-pair activity). Two peaks can be resolved, which
can be assigned to the differing environments in the third
coordination sphere: Sn@Sng at lower frequency and Sn@SnsBi at
higher frequency. Both peaks shift slightly with greater Bi
substitution, at O., of —391 and —360 ppm for 5% Bi, —393
and —366 ppm for 10% Bi, and —396 and —372 ppm for 15% Bi.
This is consistent with increased covalent character in Sn-Br
bonds as the unit cell decreases. The relative intensity of the
Sn@Sn;sBi peak also increases as more Bi is introduced. A very
broad 119Sn resonance with low intensity centred near —200 ppm
appears reproducibly for all these Bi-substituted samples and
cannot be assigned to any secondary phases374461:62 They could
be due to B site vacancies, as discussed above, resulting in
additional environments Sn@Sns[]. Nevertheless, this feature is
not prominent, and does not support more exotic structural
models, such as Bi clustering, which would give rise to much
more drastic changes in the local environment.

Although challenging, 20°Bi NMR is gaining attention as a
sensitive method to probe solids’!72. For example, in double
perovskites, it has been used to examine ion substitution in Mn-
Cs,NaBiClg’3, Cs,(Bi;_,In,)AgCls’4, and Cs,AgBiBre’>; in these
cases, the [BiXs]3~ octahedra are rather symmetrical, which limits
the broadening induced by quadrupolar coupling. The 15% Bi-
substituted sample was chosen for study because it offers the
highest sensitivity. Figure 2c displays a resonance that is clearly
dominated by second-order quadrupolar broadening. The com-
plex lineshape could not be simulated by a single environment
around Bi atoms. Instead, the Bi atoms are likely experiencing
multiple chemical environments, each distinct, involving different
numbers of neighbouring Sn atoms or B-site vacancies. The
electric field gradient about Bi is non-spherical, which is expected
due to the potential occurrence of lone-pair effects, vacancies, and

strain. Unfortunately, the long acquisition times (7 days) inhibit
further exploration at multiple field strengths.

Stability to moisture. Powder XRD patterns and !33Cs/119Sn
NMR spectra were collected for the solution-synthesized CsSnBr;
and 10% Bi-substituted samples after they were exposed to a
relative humidity of 65% for 7 days (Fig. 3)7°. The powder XRD
patterns (Fig. 3a) show that the CsSnBr; sample degraded to form
considerable amounts of Cs,SnBrg, as well as small amounts of
CsBr and CsSn,Brs, whereas the 10% Bi-substituted sample suf-
fered less degradation. The 133Cs NMR spectra corroborate these
results, showing increased peak intensities for these degradation
by-products (115 ppm for Cs,SnBr, 261 ppm for CsBr, 227 ppm
for CsSn,Brs) and a broadened peak width for the main reso-
nance at 65.8 ppm (FWHM of 66 Hz) for the CsSnBr; sample
(Fig. 3b). As estimated from relative peak areas (acquired using
10 min recycle delays), the amount of Cs,SnBrg increased more
than threefold, from 10% on day 1 to 36% on day 7, but the
amounts of CsBr and CsSn,Brs remain small (<1%). In contrast,
for the 10% Bi-substituted sample, the amount of Cs,SnBrg
increased only to 8%, while the amount of CsSn,Brs (<0.5%)
present before exposure to moisture was unchanged. Finally, the
133Cs NMR resonances recorded are virtually identical before and
after exposure to humidity for the 10% Bi-substituted compound.
Figure 3c shows the 119Sn NMR for the CsSnBr;-SS sample before
and after exposure to humidity. The 1°Sn resonances have the
same §.qs = —386 ppm, but some broadening is observed (12.4 to
12.6 kHz). The colour of the CsSnBr;-SS sample also changes
from black to yellow after exposure. In contrast, the 119Sn reso-
nances (Fig. 3d) and colour (inset) remains nearly identical for
the 10% Bi-substituted sample after being exposed to a 65%
relative humidity for 7 days. Scanning electron microscope (SEM)
images and elemental maps are provided in Figs. S11-S13.

Optical spectra and electronic structure. CsSnBr; exhibits a
strong absorption edge in its optical spectrum (Fig. 4a),
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Fig. 3 Exploration of degradation resistance via XRD and NMR. a Powder XRD patterns and b 133Cs MAS NMR spectra (Bo = 11.75 T, w,/2xn = 14 kHz) for

solution-synthesized CsSnBrs and high temperature synthesized 10% Bi-substituted samples, before and after exposure to 65% relative humidity.

Secondary phases include Cs,SnBrg (*), CsBr (#), and CsSn,Brs (1). Spinning side bands are marked by carets (*). ¢, d 19Sn MAS NMR spectra

-100

(Bo=11.75T, w,/2r = 14 kHz) for solution-synthesized CsSnBr3 and high temperature synthesized 10% Bi-substituted samples, respectively. Day 1
(before) and Day 7 (after) exposure to a 65% relative humidity. Photo insets are of powdered samples before and after exposure to humidity.
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Fig. 4 Optical properties for CsSnBr; and Bi-substituted materials. Optical diffuse reflectance spectra for a CsSnBrs (synthesized at high temperature)
and Bi-substituted samples, b CsSnBrs (synthesized in solvent), and ¢ 10% Bi-substituted compound (synthesized at high temperature) before and after

exposure to a 65% relative humidity.

corresponding to a direct band gap of 1.8eV, consistent with
literature values (which range from 1.7 to 1.9 eV, depending on
the form of the sample, although these are often reported with
more precision than warranted)’”-7%. The spectrum shown is for
the CsSnBr;-HTS sample, but the same result is obtained for the
CsSnBr;-SS sample (Fig. 4b). The absorption edge shifts to 1.2 eV
upon substitution with 5% Bi and does not change with higher
amounts of Bi. This observation is similar to the cases of CsSnl;,
CsPbBr3;, and MAPDbBr3, in which substitution of as little as 0.1%
Bi abruptly shifts the absorption edge to lower energy by
0.2-0.4 eV31:3280-82_ The claims that this aliovalent substitution

leads to a band gap narrowing have been criticized as a mis-
interpretation, and instead localized defect states appear in the
midgap region below the conduction band, which leads to a
broadening of the absorption edge in the optical spectra®3-87. The
absorption edge shifts to higher energy for the CsSnBr;-SS sample
upon exposure to humidity, presumably because of degradation
(Fig. 4b), whereas it is little affected for the 10% Bi-substituted
sample (Fig. 4c).

Various superstructure models of Bi-substituted CsSnBr; were
considered for electronic structure calculations. With the
standard PBE functionals used in these calculations, the intrinsic
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Fig. 5 Electronic property calculations. DOS curves for CsSnBrs and Bi-substituted models, from calculations using HSEO6 functionals.

band gap of 0.64 eV in CsSnBr; is significantly underestimated
compared to the experimentally observed value of 1.8 eV (Fig. S8).
However, the main goal here was to examine the effect of Bi
substitution. Accordingly, Bi-based impurity levels appear in the
density of states (DOS), and the important observation is that
they remain pinned below the conduction band with increasing
Bi substitution, in agreement with the optical spectra. Although
there are small changes in the cubic cell parameter, they are
insufficient to cause any narrowing of the intrinsic gap between
the valence band maximum and the conduction band minimum,
both of which remain at the Brillouin zone centre (Fig. S9). The
rest of the features are consistent with previous calculations on
CsSnBr;, with the valence band dominated by anion states (Br),
and the conduction band dominated by cation states (Sn, and at
much higher energies, Cs). When the calculations are repeated
using more accurate hybrid HSE06 functionals (Fig. 5), the
calculated band gap of 1.8eV in CsSnBr; agrees well with
experiment, and the Bi-based impurity levels are found at 0.6 eV
below the conduction band, in agreement with the absorption
edges of 1.2 eV in the optical spectra.

As depicted in ELF plots, strong covalent bonding interactions
are evident between Sn and Br atoms in CsSnBr; (Fig. S10), and
the Bader charges are 0.9+ for Cs, 1.1+ for Sn, and 0.7— for Br.
For the Bi-substituted models, there is a slight increase in electron
density around the Bi atoms, but the Bader charges are not
significantly changed, 0.9+ for Cs, 1.0+ to 1.1+ for Sn, 1.4 for Bi,
and 0.6— to 0.7— for Br.

Conclusions

The structure and optical properties of CsSnBr; are influenced by
synthetic approach and aliovalent Bi substitution, which can be
achieved up to 15% with minimal side products. The long-range
cubic perovskite structure is retained, but Bi substitution into the
octahedral Sn site tends to suppress distortions arising from
stereochemically active lone pairs in samples synthesized at high
temperature. No evidence is seen to support proposals of Bi
atoms entering interstitial sites or forming Bi-Bi dimers, sug-
gesting that the perovskite structure can tolerate loadings up to
15%. The Bi-substituted compounds are significantly more

resistant to oxidation of Sn?* to Sn#* when exposed to moisture.
The absorption edge shifts from 1.8 eV in CsSnBr; to 1.2V in
the Bi-substituted compounds because defect states appear at
0.6 eV below the conduction band, as supported by quantum
chemical calculations. These results suggest that aliovalent sub-
stitution is a promising approach to develop pathways for inex-
pensive and stable lead-free perovskites for photovoltaic
applications.

Methods

Synthesis. The starting materials CsBr (Alfa Aesar, 99.9%), SnBr, (Alfa Aesar,
99.2%), and BiBr; (Alfa Aesar, 99%) were handled in an argon-filled glovebox with
levels of <1 ppm H,0 and O, levels being maintained.

CsSnBr; was prepared from 0.5 g equimolar mixtures of CsBr and SnBr, which
were ground using an agate mortar and pestle within the glovebox, and then reacted
either in solution or directly at high temperature. In the first route, the mixture was
dissolved in an aqueous solution consisting of 4.5 mL of HBr (Thermo Scientific, 48%
wt/wt aq. soln.) and 0.5 mL H;PO, (Sigma-Aldrich, 50% wt/wt aq. soln.),
accompanied by a continuous flow of nitrogen gas. The solution was stirred for
20 min. The resulting precipitate was filtered, washed with isopropanol (Fisher,
99.5%), and dried under reduced pressure for 30 min. This solution-synthesized
sample was labelled as “CsSnBr;-SS.” In the second route, the mixture was cold-
pressed into a pellet and placed within a fused-silica tube, which was evacuated
(<1073 Torr) and sealed. The tube was placed in a furnace where it was heated to
600 °C in 12 h, held at this temperature for 5 h, and then cooled to room temperature
over 12 h. This high-temperature-synthesized sample was labelled as “CsSnBr;-HTS.”

Bi substitution in CsSnBr; was attempted by combining CsBr, SnBr,, and BiBr;
in molar ratios of 1:(1 — x):x, where x = 0.05, 0.10, and 0.15. The mixtures were
ground within the glovebox, sealed within evacuated fused-silica tubes, and heated
to 450 °C in 9 h, held at this temperature for 5h, and then cooled to room
temperature over 9 h. They are labelled as 5%, 10%, and 15% Bi-substituted samples,
with the understanding that these refer to the nominally loaded compositions.
Higher level of Bi substitutions, above 15%, led to multiphase products.

Powder XRD. Powder XRD patterns of ground samples were collected on a Bruker
D8 Advance diffractometer equipped with a Cu radiation source (Ko, wavelength
of 1.54056 A) operated at 40 kV and 40 mA. Pawley refinements were performed,
with the background modelled by a twelve-term polynomial function, using the
TOPAS Academic software packageSs.

FESEM and EDX analysis. Powdered samples were examined on a Zeiss Sigma
300 VP field-emission scanning electron microscope (FESEM) equipped with dual
silicon drift detectors operated with an accelerating voltage of 15kV. Elemental
compositions were determined by EDX area analyses with acquisition times

of 120s.
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Solid-state NMR spectroscopy. The 133Cs, 119Sn, and 209Bi NMR experiments
were performed on a Bruker Avance NEO 500 (B; = 11.75 T) NMR spectrometer,
equipped with a 4 mm double resonance H-X magic-angle spinning (MAS) Bruker
NMR probe. Powdered samples were packed into 4 mm o.d. ZrO, ceramic rotors
which were sealed with Kel-F drive caps. The 133Cs MAS NMR spectra for all
samples were acquired using a 1.5 ps (liquid, yB,/2m = 41.6 kHz) Bloch pulse, 16
co-added transients, w,/2m = 14 kHz, and a recycle delay of 500s. These spectra
were referenced to 0 ppm using a CsNOs (0.1 M) aqueous solution. For the
CsSnBr;-SS sample, 119Sn MAS NMR spectra were acquired using a 7/4 Bloch
decay pulse (2 ps) with a recycle delay of 0.1s for 10,240 co-added transients. For
the CsSnBr;-HTS sample, 11°Sn MAS NMR spectra were acquired using a rotor-
synchronized Hahn echo pulse (n/2-1-mt-acq.) with 4 and 8 ps pulse widths (yB,/2n
= 62.5kHz), 0.1 s recycle delay, and 51,200 co-added transients. For the Bi-
substituted samples, 1°Sn MAS NMR spectra were acquired using a rotor-
synchronized Hahn echo pulse (n/2-1-mt-acq.) with 4 and 8 ps pulse widths (yB,/2n
= 62.5kHz), 1.5s recycle delay, and 20,480 co-added transients. All spectra
employing a Hahn echo were acquired with the variable offset cumulative spectrum
(VOCS) approach using 30-50 kHz offsets in 2-3 steps. These spectra were
referenced to Me,Si (8;5, = 0 ppm) by setting the isotropic peak of tetra-
cyclohexyltin to —97.35 ppm. The 20°Bi NMR experiments were acquired using a
Hahn echo pulse sequence with 1.2 and 2.4 ps pulse widths employing the VOCS
method. Each offset step was set to 50 kHz and employing 0.01 s recycle delay with
300,000 co-added transients. The 209Bi NMR data were referenced to 0 ppm using
a saturated solution of Bi(NO3); in HNO; and D,O.

Phase stability tests. The solution-synthesized CsSnBr; and 10% Bi-substituted
samples were exposed to a relative humidity of 65 + 5% within a home-built
humidity chamber for 7 days’®. Powder XRD patterns, 133Cs/!1Sn NMR spectra
and optical measurements were recollected after this treatment.

Optical spectroscopy. Optical diffuse reflectance spectra of ground samples were
collected on a Cary 5000 UV-vis-NIR spectrophotometer. An optical polytetra-
fluoroethylene disc (>98% reflectivity between 250 and 2200 nm) was used as a
reflectance standard. The reflectance spectra were converted to optical absorption
spectra using the Kubelka-Munk function, F(R) = a/S= (1 — R)%/2R, where a is
the Kubelka-Munk absorption coefficient, S is the scattering coefficient, and R is
the reflectance®.

Electronic structure calculations. Various superstructure models were generated
using the program Supercell (version 2.0) to accommodate Bi substitution within
CsSnBrs3, involving different distributions of Sn and Bi atoms, creation of vacancies
at Cs or Sn sites, and permutations of atoms and vacancies??. The models with the
lowest Coulomb energies were then chosen to calculate the electronic structure,
using the projected augmented wave (PAW) method as implemented in the Vienna
ab initio simulation package (VASP version 5.4.4)°1-%3. The generalized gradient
approximation, as parameterized by Perdew, Burke, and Ernzerhof (PBE), was used
to treat exchange and correlation?*-%. The recommended standard PAW poten-
tials Cs_sv, Sn_d, Br, and Bi_d were used, with the plane-wave basis cutoff energy
set to 500 eV. An 8 x 8 X 3 gamma-centred k-point grid was used to sample the first
Brillouin zone. The convergence criteria were set to |—2 x 10~2 | eV for ionic
relaxation and 108 for electronic optimization. To correct the significant under-
estimation of the PBE band gap, additional calculations were performed in which
an HSEO06 functional (with a PBE:Hartree-Fock ratio of 42:58 for CsSnBr; and
45:55 for Bi-substituted CsSnBr;) was applied. The first Brillouin zone was sampled
using a 4 x 4 x 2 gamma-centred k-point grid, with the plane wave basis set cut-off
energy set to 350 eV, and convergence criteria for electronic optimization set to
107% eV and |—2 x 1072| eV for ionic relaxation. Spin-orbit interactions were not
considered to reduce computational cost. Electron localization functions (ELF) and
Bader charges were evaluated using the program LOBSTER (version 3.2.0)%7.

Data availability

Additional data (SEM, Elemental mapping, NMR, ELF and PBE DOS plots) supporting
the findings of this study are available within the Supplementary Information. Other data
are available from the corresponding authors upon reasonable request.
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