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Bi-based halide perovskites have been considered as alternatives to Pb-based perovskites with the

intention of avoiding the use of lead in the field of photovoltaics. Over the last few years, novel Bi-based

halide perovskites have shown potential in reaching good photovoltaic performance, as suggested by
their similar electronic structure to Pb-based perovskites. Nevertheless, their lower dimensionality entails
poor charge carrier transport. It has been consistently stated that the role of the A-site should be further
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studied. To explore this proposition, we have synthesized three different Bi-based halides with
substitution on the A-site by azetidinium cations. In this contribution we report fundamental observations
of azetidinium bismuth halides, [(CH)sNH.]3Bizlg, [(CH2)sNH,I3BioBro, and [(CH,)sNH,I3Bi>Clg with prospects

in optoelectronics and photovoltaics. These new materials exhibit 0D and 2D crystal structures at a molecular

rsc.li/frontiers-materials

Introduction

The halide perovskite system has given rise to new developments
in optoelectronics, especially in photovoltaics.'™ In ABX; halides,
research has concentrated on Pb-based iodide or halide mixtures
due to their radical rise in power conversion efficiency (PCE). This
is due to a large absorption coefficient, low exciton binding
energy, and long charge carrier diffusion length compared to
other divalent metal-based halides.*® Despite this, these mate-
rials are not environmentally friendly as they contain Pb as a
pollutant. Thus, there has been an effort to find alternatives for
the B-site. Bi*" has been considered a reasonable and less toxic B-
site alternative. It has a similar atomic number, ionic radius, and
electronic structure to Pb>".°™"> In general, it cannot be directly
used to construct a conventional ABX; perovskite stoichiome-
try because of imbalanced charge neutrality. Therefore, Bi-based
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level and the optical feature of an excitonic band state.

metal halides are considered perovskite-derivatives, where the
chemical composition is A;Bi,Xo, which is ordered with one vacant
Bi site in its unit cell."*'* A;Bi,X, can typically take two types of
dimensionality: 0-dimensional (0D) or 2-dimensional (2D).*>™*8
The 0D type forms [BiyXo|-dimers that share the face of an
octahedron and are isolated by an A-site, unlike the [BX,] single
octahedron in the normal 3D perovskite structure. This induces
a large difference in electronic properties compared to 3D
perovskites, such as charge carrier mobility, effective mass, and
recombination channels."”*® Inorganic Cs;Bi,ls and organic-
inorganic hybrid (MA);Bi,ly (Where MA is methylammonium,
CH;NH;") are 0D type. They have been applied in photovoltaics
in single-junction cells. However, the PCE did not exceed 5%,
due to the strong charge localisation in the dimers, the indirect
nature of the bandgap, and deep defect states.">"'*>' Nevertheless,
the great stability and suitable bandgap can still prove potentially
useful in photovoltaics. The 2D layered type forms octahedral
networks with corner-sharing [BiX] sites with low density, espe-
cially in the case of the small radius of the A-site cation or a large
halide anion: K3Bi,ly, Rb3Bilg and (NH,);Bi,ly adopt 2D layered
systems.?””* These systems commonly exhibit higher conductivity
than 0D-systems and a direct bandgap. Therefore, the 2D type
might be more suitable than the 0D type in terms of light
absorbtion.>*** Although the 2D-systems exhibit better precondi-
tions for performance in solar cells, the values of the PCEs have
not been reported to be as high as those for the 0D type due to
deep trap states.'>*” In addition, they have not been employed in
the fabrication of a photovoltaic device to date.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2025
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Fig. 1 Structure of the azetidinium molecular cation and chemical reac-
tions for the synthesis of (Az)3BiXo.

A-site compositional engineering for A;Bi,Xo hybrid halides
can be key to realizing optoelectronic performance, because the
dipole of the organic cation at the A-site can greatly influence
the electronic structure via a transformation in dimensio-
nality.”® Unlii et al. made devices with replacement not only
by alkali-metal cations but also by some small organic cations
on the A-site. They reported photovoltaic performance with a
good match to the thin-film properties of A;Bilo.>”

We have used the azetidinium cation (Az") on the cationic
sublattice of A;Bi,X, (X = I, Br, Cl). Azetidinium, [(CH,);NH,]",
has a suitable effective ionic radius to replace MA and FA
(formamidinium, CH(NH,),").***° The molecular structure of
Az" is heterocyclic with one nitrogen and three carbons. The
carbon-nitrogen ring structure is not flat, and it is polar
(Fig. 1). Az" has been investigated for its phase transition
properties, especially in formate-based and cyanide-bridged
perovskite systems.’°? (Az)Pbl; has been synthesized and
yields a PCE of 1.15% in a photovoltaic device.>*** Recently,
our group confirmed the applicability of Az" incorporation into
a lead-free metal halide system with the synthesis of (Az),Ag-
BiBry, displaying 1D chains of octahedra in the crystal lattice.>

In this paper, we chose (Az);Bi,X, (X = I, Br, Cl) for a detailed
analysis, attempting to expand the range of potential absorber
materials.

Experimental
Synthesis

Single crystals of (Az);Bi,Xo can be grown, but this is a time-
intensive process, and we have not been able in all cases to
produce single crystals which were large enough, not twinned,
and not intergrown with other crystals. We thus chose to use
polycrystalline samples for structural studies.

Polycrystalline (Az);Bi,X, powders were synthesized by an
evaporation method. A brief depiction of the chemical reaction
for the synthesis of azetidinium bismuth halide is presented in
Fig. 1. We used bismuth(u) iodide (99%) (Bil;), bismuth(m)
bromide (>98%) (BiBr;) from Sigma-Aldrich, and bismuth(m)
chloride (99.999%) (BiCl;) from ACROS Organics. Azetidinium
chloride (97%) (AzCl) was purchased from Sigma-Aldrich.
Azetidinium bromide (AzBr) was synthesized in our laboratory
by the reaction of hydrobromic acid (48%) (HBr) and azetidine

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2025
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(98%, Thermo Fisher Scientific). Azetidinium iodide (AzI) was
synthesized by the reaction of hydroiodic acid (55-58%) (HI)
and azetidine (98%). Powdered (Az);Bi I, was synthesized by
the evaporation of a 0.2 M precursor at 65 °C, which consisted
of Azl and Bil; dissolved in N,N-dimethylformamide. The
polycrystalline powder of (Az);Bi,Bro was synthesized by eva-
poration of a precursor made from AzBr and BiBr; dissolved in
acetonitrile at 80 °C in a vacuum oven. The polycrystalline
powder of (Az);Bi,Cl, was synthesized by evaporation of a
0.3 M precursor containing AzCl and BiCl; dissolved in
v-butyrolactone. The precursor solution was filtered through a
PTFE (polytetrafluorethylene) membrane filter of 0.45 pm pore
size. The acquired crystals of (Az);Bi,Cly were crushed, and
then cleaned in isopropanol.

Crystal structure

The crystal structures of the (Az);Bi,X, materials were deter-
mined from powder X-ray diffraction (PXRD) data by the direct
method using the program EXPO 2014.>® It was an intricate
matter to obtain the underlying crystal structure model from
the powder diffraction data. The results are given in Fig. 2.
Subsequently, the structural models were refined using the
Rietveld method. The refinements converged to convincing
chi® and R-values (see Table 1) confirming the correctness of
the structural models. All materials could be obtained as single
phases in specific synthesis runs and always as polycrystalline
powders. In the case of (Az);Bi,lo, the structure was refined
from the dataset of a sample that contained an additional,
silver-containing, impurity phase (approx. 10%). The structure
of (Az);Bi,Cly was refined from the dataset of a sample that
contained a small amount of BiOCl (refined: 1.4%). The crystals
in the latter two samples showed a much higher degree of
structural order than the crystals of the corresponding mono-
phasic samples.
For further details, please see the ESL

Results and discussion

(Az);3Bi,], exhibits hexagonal symmetry, with space group P6;mc
(No. 186). The crystal structure contains 4 trivalent Bi** cations
and 18 I anions per unit cell, forming four [Bils] octahedra.
Two of these octahedra always share common faces, thereby
generating two [Bi,lo] dimers (Fig. 2). The Az" cations occupy
specific positions surrounding the [Bi,Io] dimers per unit cell.
As the octahedra are isolated within the unit cell, they form an
effectively 0D octahedral structure. The space group for
(Az);Bi,l, is the same as those for (MA);Bily and (GA);Bi,l,.
Methylammonium (MA) and guanidinium (GA) have similar
effective ionic radii to Az*.>"® It is expected that its structural
and electrical properties will be close. In the crystal lattice, Az"
cations have a largely random orientation with no specific
location for the N atom. We assume that Az" is dynamically
disordered at room temperature. This is the result of XRD.
However, it should be considered that it is quite difficult to

Mater. Chem. Front., 2025, 9,1002-1012 | 1003
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(Az);Bi,l, : OD dimers

(Az),Bi,Br, : OD dimers (Az),Bi,Cl, : 2D corrugated layers

Fig. 2 Refined crystal structure diagrams of (Az)sBi>Xg (X = I, Br, Cl). The azetidinium cations have specific sites in the crystal lattice of (Az)3Bi>Xg but a
random orientation of the ring. The orientations of the azetidinium ring do not coincide with Rietveld refinement results but represent a snapshot of the
disordered cation. (Edited by VESTA software.).

Table 1 Crystallographic parameters for the structural refinements of (Az)3Bi>Xq

Unit cell content C1gHagNeBi,l; g C36HogN;,BigBr36 C1H4gNgBi,Clig

Diffractometer STOE STADI MP with Mythen 1 K position PANalytical X’pert PRO with PIXcel3D-Medipix3 1D scanning line
sensitive detector _ detector
Wavelength 1.54059 A (Cu Ko, Radiation) 1.5418 A (Cu Ko, Radiation)

Sample holder Flat zero scattering foil Flat Si circular plate

20 range of data used [°]  6.0-86.9 7.0-94.9 7. 0-95.0

Step size [°20] 0.01500 0.01313 0.01313

No. contributing reflections 301 929 944

No. geometric restraints 6 26 20

No. structural parameters 23 54 39

No. profile parameters 8 15 16

FWHM at ca. 25°26 [°20] 0.08-0.09 0.12-0.13 0.06-0.07

Ry 0.034 0.046 0.048

Ryp 0.110 0.130 0.136

2’2 1.83 2.19 2.31

Space group P6;mc (No. 186) Cmc2, (No. 36) P31¢ (No. 159)
Crystal lattice Hexagonal Orthorhombic Trigonal

a[A] 9.1537(1) 8.4576(3) 8.4764(1)

b [A] 9.1537(1) 16.2886(6) 8.4764(1)

c [A] 22.2111(4) 20.8689(5) 20.5819(5)
Ve [A%] 1611.73(4) 2874.94(8) 1280.69(4)
Density (calc.) [g em ) 3.574 3.035 2.363

locate C and N atoms in the vicinity of heavy scatterers like I was confirmed by its PXRD pattern. The largest

and Bi, from XRD powder diffraction data.

(Az);Bi,Bry adopts an orthorhombic lattice with the space
group, Cmc2, (No. 36), which also contains 0D isolated [Bi,Bry)]
dimers surrounded by Az" cations that are highly disordered
with respect to the carbon and nitrogen positions. The struc-
ture of (Az);Bi,Bry is pseudo-hexagonal and very similar to that
of (Az);Biylo, but the actual symmetry is lower than that of
(Az);Bi,L,.

(Az);Bi,Cly is distinctive, as it has a low-density 2D structure
with corner-sharing [BiClg] interconnecting octahedra. Az" is
also highly disordered and intercalated between [Bi,Clo] layers.
It assumes space group P31c¢ (No. 159) with trigonal symmetry.
The corner-sharing only corresponds to 3 C1™ anions in a one-
octahedron framework, in which the vacant site between the
[BiCle] octahedra is occupied by disordered Az" cations.

The polycrystalline powder of (Az);Bi,Io has a red colour (Fig. 3).
The most intensive reflection is the (101) plane at 26 = 11.77° that

1004 | Mater. Chem. Front., 2025, 9, 1002-1012

d-spacing in the lattice is in the (002) plane at 260 = 7.97°, followed
by (100), (101) and (102). Every reflection has a relatively large full-
width-at-half-maximum (FWHM) in its PXRD pattern; thus, com-
paratively large strains exist in the crystal lattice. The refined
polycrystalline powder of (Az);Bi,Bry is yellow. The PXRD of
(Az);Bi,Bry has a main reflection of the (111) plane at 260 = 12.56°,
which is not identical to (Az);Bi,l, owing to its different crystal
symmetry. (Az);Bi,Cly is an almost white powder. It generally
appeared in quite highly crystalline form for every sample we
synthesized, with much higher intensity values than (Az);Bi,lo.
The (102) reflection at 20 = 14.76° has the highest peak intensity.
Its better degree of crystallinity may be due to the 2D [BiClg]
octahedral network being more rigid than isolated dimers.

Thin films

To investigate the thin-film properties, we deposited (Az);Bi,Xo
thin-film layers with one-step spin coating as an initial step.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2025
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Fig. 3 Powder X-ray diffraction patterns (PXRD) of (Az)3Bi>Xg phases with approximately randomly oriented crystals and photographs of the powdered
materials. Simulated patterns based on the refined structures are shown for comparison.

According to their XRD patterns all (Az);Bi,X, strongly exhibit
specific grain growth. To determine the features of substrate-
dependent growth, we prepared three different (transparent)
substrates and coated the thin films onto those: purified
normal glass, fluorine-doped tin oxide (FTO), and indium tin
oxide (ITO). On a glass substrate, the thin films of (Az);Bi,l,
and (Az);Bi,Bry show a preference for (00/) growth orientation
with large intensities of (002), (004), and (006). (Az);Bi,Cly
presented growth with (002) and (004) reflections (Fig. 4a).
In the case of (Az);Bi,ly, the greatest intensity is the (006)
reflection at 20 = 24.39°, well exceeding the intensities of the
(002) and (004) reflections at 20 = 8.15° and 16.24°, respectively.
(0010), and (0012) reflections with relatively small intensity at
20 = 41.12° and 49.84°, respectively, were also detected. The
diffraction pattern of (Az);Bi,Bry on glass had the greatest
intensity for the (002) reflection at 20 = 8.60° followed by
(004) at 20 = 17.12° and then (006) at 20 = 25.75°. There were
lower but distinctive reflections of (0010) at 20 = 43.51° and
(0012) at 26 = 52.81°. At (006), (0010), and (0012) reflections
peak splitting was detected. In the diffraction pattern of
(Az);Bi,Cly on glass, we confirmed that the intensities of the
reflections of (002) at 20 = 8.65° and (004) at 20 = 17.30° are
extremely high compared to the corresponding peaks of
(Az);Bi,I, and (Az);Bi,Bro. Remarkable peak splitting happens
for the (004) reflection.

Compared to the film coated on glass, the XRD pattern of
(Az)3Bi,I, thin film on FTO shows no growth preference, so the
pattern is close to its PXRD (Fig. S3, ESIT). The FTO substrate
has a tetragonal structure (rutile), inducing a significant

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2025

mismatch with the crystal growth of (Az);Bi,lo. The (Az);Bi,lo
thin film on ITO is similar to that on glass, but the (002)
reflection is as dominant as the (006) reflection. The XRD
pattern of (Az);Bi,Brs on FTO presents only some very low
peaks at around 20 = 12.5° and 17.5°, corresponding to a
secondary, nearly amorphous phase and some reflections of
FTO, but no reflection that indicates the occurrence of
(Az);Bi,Br, crystals. We assume that the orthorhombic struc-
ture of (Az);Bi,Br, yields an intermediate mismatch, generating
increased disorder in the thin film, seen as an amorphous
phase. The XRD pattern of (Az);Bi,Bro on ITO presents the same
pattern as on glass. Although the intensities of the reflections
are much lower than those on glass. Similarly, in the XRD
patterns of (Az);Bi,Cly on FTO and ITO, it was confirmed that
the intensities of the (002) and (004) reflections are much lower
than those on glass, although those peaks are sharp. Unlike the
(Az);Bi,1, and (Az);Bi,Bry thin films on FTO, (Az);Bi,Cly on FTO
resulted in highly textured growth because there is a lattice
match with the substrate. The identification of other peaks of
(Az);Bi,Cl, was not simple due to the relatively high and sharp
intensity of its (002) and (004) reflections. We focused on the
very low-intensity region of the XRD pattern of (Az);Bi,Cly on
every substrate (Fig. S3d, ESIf). The resulting patterns see-
mingly presented not only (00/) reflections but also small broad
peaks, coinciding with (100), (200), and (300) orientations in all
patterns.

The morphology of the (Az);Bi,X, thin film was visualized in
SEM images for comparison with the XRD results (Fig. 4b). The
grains of (Az);Bi,], on glass are mostly platelets, which are not

Mater. Chem. Front., 2025, 9,1002-1012 | 1005
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Fig. 4 (a) X-ray diffraction patterns of (Az)3Bi>Xg thin films on glass substrate with pictures of the samples (the green dotted line represents the powder
X-ray diffraction), (b) SEM morphological images of (Az)3Bi Xy on different transparent substrates.

coplanar with the substrate. This generates a very rough film. ITO has nearly the same morphology as on glass. As with its
The morphology of (Az);Bi,ly on FTO is different from that of XRD pattern, the preferred (000/) orientation is dominant.
the film on glass. A homogenous distribution of needle-like (Az);Bi,Bry on glass is less rough. The crystallites seem to have
grains is displayed, but no hexagonal platelets. (Az);Bi,Io on grown in star-like patterns, which have merged to form a film.

1006 | Mater. Chem. Front., 2025, 9,1002-1012
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The morphological state of (Az);Bi,Bry on ITO is nearly iden-
tical to that of (Az);Bi,Bry coated on glass. (Az);Bi,Bry on FTO
has smaller grains. It seems that the crystals hardly grow, with
only a low density of coverage. In addition, the shape of the
grains is completely different from those on glass or ITO. The
XRD pattern differs for the reflections with low intensity in
Fig S3 (ESIT). (Az);Bi,Cl, on glass has large hexagonal grains
with small lumps that seem to be in an intermediate stage of
crystal growth (Fig. 4b). However, the crystal layer does not
completely cover the glass surface. This phenomenon is also
shown in the films coated on FTO and ITO. The size of the
grains of (Az);Bi,Cl, is usually larger than those of (Az);Bi,ly or
(Az);Bi,Bro. The XRD pattern shows that the texture of the large
grains corresponds to the (00/) reflection.

Chemical characterization

Azetidinium cations were characterized using Fourier trans-
form infrared (FT-IR) transmittance spectra of powder sam-
ples at room temperature (Fig. 5a). The results exhibit the

View Article Online

Materials Chemistry Frontiers

assignment of transmission peaks of the azetidinium cation
in the crystal lattice.®**°*" The broad band at around
3359 cm ™' is considered to be the N-H stretching vibrational
mode of the Az".*° This band is clear in the spectrum of
(Az);Bi,1,, but the intensity is lower in the spectra of (Az);Bi,Brq
and (Az);Bi,Cly. This might be due to weak hydrogen bonds in
these two compounds. C,-N'-H, stretching can be assigned to
3190-3150 cm ™' and C,-N'-H, deformations can be assigned
to 1570-1530 cm ™" and 1445-1430 cm ™ .*! The two transmission
peaks of all materials at 3090-3080 cm™ ' and 2990-2960 cm ™' can
indicate ~CH, asymmetric/symmetric stretching.’>*" An obvious
peak at 690-670 cm™ " is detected in all materials, which indicates
azetidine ring deformation, according to the calculations and data
of H. Nielsen and N. Gajhede [1989].*

We performed Raman spectroscopy for both powder and
thin films (on glass) using a 532 nm laser from 4000 cm™ " to
100 cm™ " at room temperature (Fig. 5b). A common charac-
teristic is observed where there are obvious Raman peaks
only below 400 cm ™. These Raman bands clearly indicate the
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(a) FT-IR spectra of (Az)3Bi,Xg powders and (b) Raman spectra of (Az)3Bi>Xg powders and thin films on glass (laser used: 532 nm).
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vibrational mode of the [BiXq]>~ octahedra, in good agreement
with compounds reported in the literature.*>

The Raman spectrum of (Az);Bi,I, powder can be explained
with 2 peaks: a low-intensity one at ~118 cm™* caused by the
vibrational mode of a [Bils]>~ singular octahedron in the
[Bi,Io]>~ dimers, and a high-intensity one at ~137 cm™ " caused
by the Bi-I bonds of the internal [Bils]’~ octahedron.*>** The
spectrum of the (Az);Bi,lo thin film has the same characteris-
tics as that of the powder. The Raman spectrum of (Az);Bi,Bry
powder presents 3 peaks. There is a strong peak at ~187 cm ™"
and a weaker one at ~160 cm ' assigned to the Bi-Br stretch-
ing vibrational mode of the [BiBrg]’~ octahedron.** The other
separate band at ~114 cm ' can be assigned to the axial
stretching vibrational mode of the Br-Bi-Br bridge in the
[BiBre]>~ octahedron.** The spectrum of the thin film has a
weaker and unclear band compared to that of the powder. This
might be because the optimized film is quite thin, leading to
less Raman scattering.

In the case of the Raman spectrum of (Az);Bi,Cly, the two
large bands at ~293 cm ™" and at ~253 cm ™ can be assigned
to Bi-Cl stretching, and the other small band at ~149 cm ™" can
be assigned to ¢ (Cl-Bi-Cl) bending vibrational modes in the
anionic crystal sub-lattice [BiClg]>~.*>*® A slight shift is
observed in the Bi-Cl stretching bands (around 2 cm™ ') in
the spectrum of the thin film, but the ¢ (CI-Bi-Cl) bending
band is shifted a long way to ~126 cm™'. As we suggested
above, our thin film of (Az);Bi,Cl, is in an unusual state, which
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does not give complete coverage, while its crystallinity is very
high. This factor might have a great influence on the Raman
shift of the thin-film state.

Optical properties

The Tauc plot method with Kubelka-Munk transformation of
diffuse optical reflectance spectra was used, extending up to
4 ev.*”*® (Fig. 6a and b). (F(R)hv)"* is plotted against photon
energy hv, reflecting a potential indirect band transition; see
Fig. 6a. By linear extrapolation, an indirect bandgap transition
of (Az);Bi,l, is approximately assessed as 1.97 eV; however,
it seems that sub-band transitions occur at 2.52, 2.99, and
3.32 eV, although these band states are not clear in the graph.
In the case of (Az);Bi,Bry, the dominant band transition is
estimated as 2.58 eV and that of (Az);Bi,Cly is estimated as
3.12 eV in the indirect band transition plot. Noteworthy is the
weak broad-band state at (Az);Bi,Cly below its dominant band
transition. For comparison, (F(R)hv) is also plotted against
photon energy hv, where it presents a direct band transition in
Fig. 6b. A direct band transition value of (Az);Bi,], is assessed
as 2.09 eV, and it presents a sub-band transition at 2.51 eV
followed by 2.99, and 3.35 eV, similar to its indirect band
transition plot. Absorption edges in the direct band transition
plots of (Az);Bi,Br, and (Az);Bi,Cly are extracted as 2.67, and
3.17 eV, respectively. Additionally, (Az);Bi,Br, presents a second
band transition at 3.65 eV in the higher region of the band edge,
which is not estimated in its indirect band transition plot.
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Fig. 6 Tauc plots of the polycrystalline powders of (Az)3BiXg through Kubelka—Munk transformation and bandgap estimation with (a) an indirect
transition that describes photon energy vs. (FIR)h)*? and (b) a direct transition that describes photon energy vs. (F(R)h1)?, and absorbance spectra of (c)
(Az)3Bislg, (d) (AZ)3Bi>Bro, and (e) (Az)3Bi>Cly in accordance with different substrates (glass, FTO, and ITO).

1008

Mater. Chem. Front., 2025, 9, 1002-1012

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4qm00878b

Open Access Article. Published on 21 January 2025. Downloaded on 12/7/2025 5:52:06 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Research Article

For (Az);Bi,Cly, the sub-band states are unclear, but the broad-
band state is not observed below its band edge.

For clarification of the bandgap study, absorption spectra of
thin films of (Az);Bi, X, on variable substrates (glass, FTO, and
ITO) were measured using UV-vis spectroscopy as a subsequent
step (Fig. 6¢c-e). Overall, the absorption spectra of the thin films
present a slightly wider bandgap compared to those of the
powders. There are a variety of factors for the band-shift
between powders and thin films. This sort of deviation was
often observed in Bi-based halides.*® For example, for thin-film
deposition of the analogue (MA);Bi,l,, large deviations of the
bandgap appear for different fabrication methods, where the
bandgap ranges from 1.8 eV to 2.2 eV.”*>*

The absorption spectrum of the (Az);Bi,I, thin film presents
a steep dominant peak centered at 2.49 eV, a wide absorption
band, and sub-band transitions at 3.11 eV, and 3.61 eV (Fig. 6¢).
This spectral structure shows similarities to those of Cs;Bi,lo
and (MA);Bi,ls.>*** As those analogues have the same dimen-
sionality as our (Az);Bi,l,, the dominant peak at 2.49 €V is
assumed to be an excitonic band state. In the case of the
electronic structure of (MA);Bi,lo, it is considered to consist
of electron transitions from the ground 'S, state to the triplet
excited states *P,, *P;, and *P, of Bi*' in the [Bi,ly] dimers.>*
Therefore, it can be assumed that the sub-band transitions of
(Az);Bily are induced in the [BiIy] electron transitions.
Recently, Klein et al. suggested that the shape of the absorption
edge changes when the Tauc plot is used if the absorption edge
is dominated by an excitonic transition, so the Tauc plot cannot
be fitted.>® To clarify the excitonic region, we fitted the absor-
bance of its thin film on glass with a Gaussian function, giving
an FWHM of 285 meV and an absorption peak at 2.502 eV
(Fig. S4, ESIY). The fitting of the graph shows that the dominant
absorption at the band edge is an excitonic band state. It is
considered that this excitonic band is caused by the localization
of exciton transitions due to the electronic structure of isolated
[Bi,Io] dimers. Depending on substrates, no evident shifts of
the absorption band edge were detected; only the increase in
absolute absorption was presented. Compared to the thin film
on glass, the excitonic absorption peaks for the thin films on
ITO and on FTO are intense. The crystallinity of the thin film
on ITO might tend to be lower according to our XRD dataset,
but this would not be the sole factor determining an increase in
the absolute value of absorption. There is no observation of
preferred growth for the thin film on FTO, as shown in Fig S3
(ESIf). This indicates that the texture of the thin film decreases
the dominant excitonic absorption peak of (Az);Bi,l,.

The absorption spectrum of (Az);Bi,Br, thin film presents a
strong and broad absorption centered at around 3.20 eV
(Fig. 6d). This strong band can be estimated as an exciton
transition, as our structural determination of (Az);Bi,Br
adopts an 0D face-sharing octahedral structure like (Az);Bi,lo,
predicting that it will have a similar electronic structure.
However, it features a sub-gap observed at 2.90 eV that is
partially overlapped at the exciton transition. This sub-gap is
weakly distinctive; therefore, it is difficult to estimate whether it
is due to an excitonic transition or a deep trap-state. Due to this

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2025
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sub-gap, it was difficult to ascertain the fitting of the plot for
the excitonic peak with either Lorentzian or Gaussian func-
tions. In addition, this sub-gap is not observed in the Tauc plot
of the powder reflectance. The sequential band is detected at
around 3.59 eV. The thin film on ITO appears to show relatively
weak excitonic absorption compared to those on glass or FTO,
but not that critical shift. We confirmed that the excitonic peak
at around 3.19 eV of the thin film on FTO is slightly different
from the others.

In the case of the thin film of (Az);Bi,Cl,, the absorption
spectrum presents a dominant band edge at 3.35 eV followed by
a sequential band at 3.52 eV (Fig. 6e). The excitonic peak near
the band edge is not as obvious as those of (Az);Bi,I, or
(Az);Bi,Bro. This is considered to be due to an expansion of
dimensionality in comparison with (Az);Bi,ls and (Az);Bi,Br,,
resulting in weakened excitonic confinement.>* The thin films
of (Az);Bi,Cly on glass and FTO show characteristics of linearly
increasing absorption up to 3.30 eV, but that on ITO has a weak
and broad absorption band up to 3.28 eV. As mentioned above,
the thin film of (Az);Bi,Cl, does not completely cover the
substrates, regardless of the kind of substrate; therefore, it
should be normal to have different defect states from (Az);Bi,Io
and (Az);Bi,Bro. In other words, this weak and broad absorp-
tion is expected to come from a deep defect state induced by the
very low density of the thin-film layer. Therefore, further
research into trap states or emission spectroscopy should be
conducted. Meanwhile, weakening of the excitonic peak is
observed with a thin film of (Az);Bi,Cl, on glass compared with
that on FTO. Observing that the grain size of the thin film on
glass is larger than that on FTO, we assume that this is a typical
phenomenon caused by its high crystallinity, resulting in a
large distribution of 2-dimensional grains. The absorption
spectrum of the thin film on ITO largely presents a weakened
excitonic peak. Moreover, the sub-band at 3.52 eV is not
distinctive. This should be re-assessed after optimization with
completely filled layers.

The remarkable thing is that the excitonic peak does not
exist in the powder reflectance spectra, while it is clearly visible
in the thin-film absorbance spectra. There could be multiple
reasons for this. One obvious option is that surface defects
act as quenching sites for the excitons on the large powder
surface.’®® Crystallite formation in powders may also include
more point defects than films, but the underlying mechanisms
are too complex to be resolved here.

Conclusions

It has been proven that (Az);Bi,X,, where the Az" cation is
incorporated into the A-site of Bi-based halides, represent
specific low-dimensional perovskite-derivatives. (Az);Bi,l, and
(Az);Bi,Bry adopt an OD-isolated octahedral structure, while
(Az);Bi,Cly adopts a 2D corrugated layered octahedral structure
at the molecular level with randomly oriented Az" cations in
the crystal lattice. (Az);Biyly is in a different space group
to (Az);Bi,Bro. Due to the peculiar molecular structure and
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random orientation of the Az" cation, there is further interest in
studying these systems at low temperature to determine their
molecular dynamics.

The success of the synthesis of the polycrystalline powders
and thin films implies that they are potential materials for
optoelectronics and photovoltaics as new light absorbers.
In particular, it will be worth trying to do deep research on
their optical features in relation to their electronic structure.
The excitonic peak that was detected in the absorbance of the
thin films is not clear in the Tauc plot from the reflectance
spectra of the powders. We did not identify whether they have
an obviously direct or indirect transition at the forbidden band.
This should be further characterized through various theore-
tical and experimental methods. Accordingly, we believe that
this study can provide insight into developing the scientific
scope for light absorbing materials in the future.
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