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In the last decade, organic—inorganic hybrid halide perovskite materials have developed into a very large
research area in photovoltaics and optoelectronics as promising light harvesters. Lead-free double
perovskites have recently been investigated as an environmentally friendly alternative to the lead-
containing compositions. However, lead-free organic—inorganic hybrid halide double perovskites have
so far rarely been produced due to a certain complexity in their synthesis. A number of small molecular
cations have been investigated, but compositions containing azetidinium, which is a 4-membered
heterocyclic molecular ring, on the A-site have hardly been considered. This study investigates the

potential of [(CH,)sNH,],AgBIiBrg as an optical absorber in photovoltaics or optoelectronics. The use of
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Accepted 21st November 2023 this alternative cation changes the crystal symmetry significantly. Columns of alternating metal cation
form which are separated by the organic ions. While crystal symmetry is rather different from the

DOI: 10.1039/d3ra05966a perovskites, the overall properties as an absorber are similar. It is thus worthwhile to further investigate
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Introduction

Organic-inorganic hybrid halide perovskites show excellent
photovoltaic properties in solar cells.*™ The power conversion
efficiency (PCE) of photovoltaic cells using halide perovskite
layers has reached 26.1% now.® At the dawn of the perovskite
solar cell research, CH3NH;Pbl; (methylammonium lead
iodide, MAPI) and CH(NH,),PbI; (formamidinium lead iodide,
FAPI) have been widely employed. However, a number of
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alternate hybrid compositions which form into other symmetries than the perovskite base structure.

fundamental problems must still be solved for successful
commercialization, in particular the instability due to exposure
to light, moisture, and oxygen.®® Moreover, conventionally used
lead halide perovskites pose a threat to human health and the
environment because of the toxicity of lead.' As perovskite
materials are versatile, the above-mentioned hurdles may be
solved by material composition design using new halide
perovskite compositions.****

The chemical formula of fundamental hybrid organic-inor-
ganic perovskite is ABX;, where A is an organic or inorganic
monovalent cation such as Rb, Cs, methylammonium (MA), or
formamidinium (FA), B is a divalent metal ion and X is a halide,
such as Cl, Br, or 1. The halide perovskites based on MA and FA
are the best-known and best performance light absorbers. Their
exploitation now mostly concerns device engineering.>'**?
Triple-cation based lead halide perovskites were suggested by
Saliba et al.* to resolve the stability issue leading to both better
stability and higher PCE compared to solar cells with only
a single organic cation, MA or FA. The A-site cation plays
a critical role in determining the position of the B-X octahedra,
dramatically influencing the bandgap value."”

Lead substitution has also been considered a significant
matter due to the toxicity of this element. Alternatively, the
divalent ions from group IV, Sn** and Ge®" could be a good
option to build an environmentally friendly halide
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perovskite.'®* However, it has been challenging to obtain
a homogeneous thin film of Sn>*-based perovskite, and the PCE
of the devices is still poor as well as their stability.'**** In the
case of Ge**-based perovskites, they tend to have an indirect and
wide bandgap which leads to inefficient light absorption.”*
We have recently focused on the halide double perovskite
structure (A,B'B"X,) where B’ is a monovalent metal ion (B") and
B” is a trivalent metal ion (B”**) in order to avoid toxic lead.?>>*
Among the halide double perovskites with Ag" and Bi** as B and
B”, Cs,AgBiBr, and Cs,AgBiCl, were the first compositions to be
synthesized.”>*® Cs,AgBiBrs has a cubic structure and decent
light absorption, as well as high photoconductivity and a rela-
tively suitable bandgap which makes it a good candidate to be
used in photovoltaic cells.***” According to the Goldschmidt
tolerance factor approach for the prediction of the perovskite
structure, which is given as ¢ = (15 + x)/(2"*[rs + rx]), the value of
average t for Cs,AgBiBrs approximates 1 which predicts a cubic
lattice structure, while a local lattice distortion can appear due
to the disposition of adjacent Ag* and Bi**.>*?* Cs,AgBiBrs has
an indirect bandgap of 1.95 e€V.>**” However, the large values of
the effective masses of the charge carriers may be a reason for
the limited PCE of 10% for a photovoltaic device. We have also
explained this limitation in the context of the much larger
screening effects in the hybrid organic counterparts.* Also, no
substantial increase of stability is expected.*® Cs,AgBil; is rarely
studied because its synthesis is difficult, and therefore there has
been no report on detailed structural characterization of it, but
it can be assumed that it has a higher likelihood to have a direct
bandgap than Cs,AgBiBrs or Cs,AgBiCls.>*** Still the photovol-
taic cells having hybrid lead halide perovskite as an absorbing
layer have significantly larger PCE than the ones with Cs-based
all-inorganic double halide perovskites.'”** Finding appropriate
organic A-site cations seems to be rather critical to design
suitable compositions with ordered structure. Several research
groups have started to investigate hybrid organic-inorganic
halide double perovskite systems considering organic A-site
cations. Nanocrystal synthesis of (MA),AgBiBrs and (MA),-
AgBilg has been performed, but the fabrication of thin films and
its application in solar cells are still in progress and experi-
mentally unclear due to the formation of the preferential phase
(MA);Bi,X,.**** Synthesis of (FA),AgBiBrs and (FA),AgBils was
attempted by Wei et al., but the reactions also lead to a prefer-
ence for the formation of each (FA);Bi,X, phase separately.*
We adopted the (CH,);NH," ion (azetidinium, Az) as one of
the candidate molecules, which can become a feasible option,
because its effective radius is computationally calculated as 250
pm, which is insignificantly smaller than FA (253 pm) but larger
than MA (217 pm)."* Pering et al. have initially shown that
(CH,)3;NH,PbI; (azetidinium lead iodide, AzPbl;) thin film and
its mixture with MAPI can be employed as a light absorber with
good stability, showing a PCE of 1.15% in a photovoltaic cell.’
Nanocrystals of AzPbI; and AzPbBr; have been synthesized by
a few groups and characterized by structural and chemical
analysis suggesting that it could be a promising light absorption
layer.>”*® Nevertheless, at present the experimental research on
this cation is insignificant. Even though AzPbl; was proven to be
a light-absorbing semiconductor with optical bandgap of
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2.15 eV,* its low absorbance is a limiting factor for the use of
this material in solar cells. Furthermore, little is known about
thin film deposition to fabricate high quality photovoltaic
devices. The Az-ion has rarely been studied as a component of
the perovskite phase. On the other side, the pioneering thin film
of AzPbI; has proven to have better moisture stability compared
to both MAPI and FAPI, and it seems to hold true for other Az
lead perovskite systems including AzPbBr; and AzPbBr,I;_,.**°
Since the improvement of stability is a very important issue, the
compositional design with the Az ion was considered worth
pursuing to obtain a new stable light harvesting material. By
substituting the Az-cation into Cs,AgBiBrs, we propose the
possibility of broadening the use of halides as light absorbers
and introduce the azetidinium Ag-Bi double metal ion system
(Az),AgBiXe. Herein, we explore (Az),AgBiBrs as a first easily
synthesized variant. The synthesis of crystalline powders, and
the deposition of textured thin films on glass were performed
and characterized using X-ray diffraction and UV-vis spectro-
photometry. (Az),AgBiCls and (Az),AgBils have also been
considered to be promising candidates to explore, however, in
the case of hypothetic (Az),AgBil, the synthesis led to a segre-
gation of Ag and Bi forming (Az);Bi,I, and a second phase
containing Ag and 1. This system is still under investigation.
(Az),AgBiCls has to be preferentially solved, a problematic
status that has shown poor solubility of its precursor in polar
solvents such as N,N-dimethylformamide (DMF) and dimethyl
sulfoxide (DMSO). So we have restricted the present work to
(Az),AgBiBr for which the synthesis is clearly feasible and data
well determined.

Results and discussion
Synthesis

We synthesized polycrystalline powders, because single crystal
formation of (Az),AgBiBr, turned out to be difficult. The powder
of (Az),AgBiBr, used for diffraction experiments was obtained
by an evaporation method and has a bright yellow color. Bis-
muth(m) bromide (BiBr;) (97%) was purchased from Sigma-
Aldrich, silver bromide (AgBr) (99.5%) from Alfa Aesar, and
hydrobromic acid (HBr) (48%) from Sigma-Aldrich. All chem-
icals were used without further purification. The powder of AzBr
was synthesized by HBr and azetidine (98%, purchased from
Alfa Aesar). 11 g of HBr were added to 5 g of azetidine on an ice
bath (approx. 0 °C). The obtained powders and liquid solution
were dried in a rotary evaporator until leaving a bright yellow
powder. The powder was washed using diethyl ether to remove
excess of bromine and then recrystallized using isopropanol. 'H
NMR spectra of the obtained product are shown in Fig. S1.T
The polycrystalline powders of (Az),AgBiBrs were produced
by the solvent evaporation method. First, AzBr, BiBr; and AgBr
were dissolved in HBr via magnetic stirring at 60 °C at 400 rpm.
The precursor solution was filtered with a PTFE (polytetra-
fluorethylene) membrane filter of 0.7 pm pore size and poured
into Petri dishes, which were covered with glass covers to enable
slow evaporation. Then the solution was heated to 100 °C and
left on the hot plate for two to three days at a constant

© 2023 The Author(s). Published by the Royal Society of Chemistry
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temperature of 100 °C until the crystalline powder was formed.
In the last step, it was ground to obtain a homogeneous powder.

The thin films were prepared by the sol-gel method. The
precursor solution was acquired by stirring 1 mmol of AzBr,
0.5 mmol of AgBr, and 0.5 mmol of BiBr; in 0.5 ml of DMSO for
90 minutes. The dissolved precursor was filtered with a PTFE
membrane filter of 0.45 pm pore size. The glass substrate was
cleaned via ultra-sonicating in acetone for 15 minutes, distilled
water for 15 minutes, and ethanol for 15 minutes. The cleaned
glass was exposed to a UV-ozone treatment for 30 minutes for
better diffusion of the precursors. The (Az),AgBiBrs thin film
was deposited from the filtered precursor via one step spin-
coating at 2000 rpm during 30 s onto the glass substrate.
Then it was annealed at 125 °C for 30 minutes on a hot plate in
a N,-filled glove box.

Crystal structure

The crystal structure of (Az),AgBiBrs was determined by X-ray
powder diffraction (Fig. 1). For a successful refinement of the
initial structure model, it was necessary to use anisotropic
displacement parameters for the heaviest atom (Bi). Isotropic
displacement parameters were assigned to all other atoms.
The crystals are trigonal with space group P3m1land contain
a one-dimensional (1D) structure as shown in Fig. 2. The inor-
ganic part of the structure consists of rods of interconnected
[AgBre] and [BiBre] octahedra which run parallel to the c-axis.
Each octahedron shares common faces with two neighboring
octahedra in a rod. The [AgBrs] and [BiBre] octahedra alternate
but considerable disorder concerning a strict Ag-Bi-Ag-Bi
sequence is observed. According to the structure refinement,
the B1 site is occupied by 59% Ag and 41% Bi while the B2 site is
occupied by 41% Ag and 59% Bi. It can be assumed that some
rods are shifted by 0.5¢, relative to others along the ¢ axis.
Although Ag® and Bi*" possess similar ionic radii (1.17 A and
1.03 A, respectively), it is unlikely that Ag* and Bi*" partly
replace each other in a given rod due to the high charge of the
Bi** cations making a direct neighborhood among them very

Experimental (Az),AgBiBry

(100)

—— Simulated XRD

Intensity (arb. units)

2-Theta (°)
Fig. 1 XRD patterns from experiment (black line) and Rietveld

refinement (red line) with pictures of azetidinium [(CH,)sNH,l™
molecular cation and (Az),AgBiBrg polycrystalline powder.

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

Fig. 2 Refined crystal structure of (Az),AgBiBre, crystal symmetry
P3m1. The disordered heterocyclic molecules used to simulate the
azetidinium cation are arranged in a specific occupied position. (3
carbons — small brown spheres, one nitrogen — small blue spheres, 8
hydrogens — small bright red spheres) big brown spheres indicate
bromide ions, grey spheres — Ag atoms, and purple spheres — Bi atom.

unlikely. The octahedra are slightly distorted with Br-B1(Ag
dominated)-Br angles of 82.3° and 97.7° and Br-B2(Bi domi-
nated)-Br angles of 87.8° and 92.2°. This means, the octahedra
are elongated along the ¢ axis. The bond lengths are d(B1-Br) =
2.97 A and d(B2-Br) = 2.82 A.

RSC Adv, 2023, 13, 36079-36087 | 36081
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The Az cations take specific sites in the crystal lattice
intercalated between the rods of octahedra; the individual Az*
cations are, however, disordered. They probably rotate at room
temperature about their center points. It was, therefore,
impossible to distinguish between the carbon and nitrogen
atoms of the ring. Hydrogen atoms could not be located.

AgBr was detected as a secondary phase which might have
been left in the sample caused by the imperfect solubility of its
powder. Depending on different solvents and growth tempera-
tures, it has shown either complex phases or a AgBr residue.
This question is still open to further research. The solid solu-
tion method was also attempted by mixing each reactant
powder, however, it was difficult to obtain a high purity
compound due to the appearance of several phases and a large
amount of AgBr residue.

Thin films

Thin film growth on purified glass was done via spin-coating in
a N, filled glove box. In the case of (Az),AgBiBrg, the diffraction
pattern of the film presents predominantly the (00/) reflections
at 12.36°, 24.69°, 50.43° and 64.30° (weak) corresponding to the

(a)
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(001), (002), (004) and (005) reflections, respectively. All other
peaks are very weak. This is consistent with a parallel growth of
the thin film with the c-axis of all crystals being nearly perfectly
oriented perpendicular to the glass plane. In contrast, the (100)
reflection is predominant in the XRD pattern of the powder
which was recorded from a sample with statistically arranged
crystals (Fig. 3a). According to the lattice diagram presented
above, the preferred growth in the thin film should correspond
to the orientation of stacking of [AgBrs] and [BiBr,] octahedra.

Additional weak intensities around 26.7°, 51.8° and 54.9°
can either be assigned to the (201), (104) and (114) reflections of
(Az),AgBiBrg, in accordance with the XRD pattern of the (Az),-
AgBiBr powder or might represent the (111), (311) and (222)
reflections of AgBr residues. Even though the thin film was
optimized, in some samples a tiny additional peak appeared on
the left side of the strong (001) peak which is indexed as the
(100) reflection of (Az),AgBiBre (Fig. S3, leftf) indicating
a slightly reduced preferred orientation of the crystals. The (100)
reflection was somewhat prominent in incomplete thin films.
The rotational speed of the spin coating process higher than
2000 rpm and the lower temperature than 125 °C tend to
influence the appearance of the (100) reflection. This shows

(100)

(001)
(002)

(001

/ )(002)
..._....Jt:ﬁﬁ\:;

Intensity (arb. units)

—— Thin film on glass
—— Powder

f
f—‘
(004) v004)  (005)

LY \(005)

15 20 25

30 35 40 45 50 55 60 65 70

2-Theta (°)

Fig. 3

(001) of (Az),AgBiBr;
0

Intensity

3130

(a) XRD patterns and pictures of optimized (Az),AgBiBrg thin film on glass, (b) morphology characteristics through top-view SEM image,

and (c) pole figure diagram of (001) reflection of (Az),AgBiBre thin film, which is a predominant reflection in its pattern.
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incomplete growth on the glass substrate (Fig. S3, right}). We
identified that the compositional ratio of N : Ag : Bi : Br presents
2:1:1:8 through EDX. This is not the exact expected 2:1:1:6
ratio (Fig. S4). The columnar growth of the films appears to
drive some of excess Br onto the surface where the electron
microscope is highly sensitive. With the morphology observa-
tion, the optimized thin film is macroscopically opaque and
completely compact on the microscale. The grain of the layer
seems to be close to flower-like shape on SEM images (Fig. 3b).
One densified grain has a mean diameter of several microme-
ters until the formation of grain boundaries. We additionally
confirmed that grains may have inhomogeneous Bi distribution
through linear EDX spectra (Fig. S57).

The four (00/) peaks in the XRD pattern of the thin film are
sharp indicating high crystallinity. This was not expected for
epitaxial growth when the layers were deposited on glass. The
pole figure diagram was collected using the (001) reflection in
the thin film XRD pattern (Fig. 3c). The pole figure with a single
spot of high intensity in the center again confirms that the layer
is highly textured on glass, and it may indicate that the film can
potentially be grown on a flat surface of various amorphous
substrates.

Optical properties

Optical bandgap approximation was assessed by the absor-
bance of thin films as shown in Fig. 4a, in comparison to the
absorbance of a Cs,AgBiBr, thin film.

The absorbance spectrum of (Az),AgBiBrs depicts a domi-
nant peak at 389 nm and two additional local maxima below
300 nm. The dominant absorption peak at 389 nm or 3.188 eV,
respectively, can be described with a Gaussian function with
a full-width-at-half-maximum (FWHM) of 301 meV (Fig. S67).
The shape and distinctiveness of the peak indicate that it may
be of excitonic origin. Based on our conclusions about the
structure of the (Az),AgBiBrg, we expect the charge carriers to
exhibit an 1D confinement within the rod-like pillars of inor-
ganic [AgBr,] and [BiBre] octahedra and thus the appearance of
excitonic peaks in the absorbance spectrum is likely. However,
a similar absorption peak occurring in Cs,AgBiBrg has recently
been identified as non-excitonic, as it neither shifts with
temperature nor with carrier confinement in quantum
dots.*** Instead, the absorption peak in Cs,AgBiBrs is
attributed to either an internal Bi-Bi transition or to a Ag-Bi
charge transfer transition.** Note that Cs,AgBiBre crystallizes
in a 3D double-perovskite structure consisting of the same
inorganic component as our low-dimensional perovskite-like
material.

To clarify whether the peak observed at around 3.2 eV is
excitonic, we performed temperature-dependent absorbance
measurements shown in Fig. 4b for temperatures between 5.5 K
and 300 K. With increasing temperature, the absorption peak at
3.2 eV broadens and shifts towards lower energies, indicating
that the transition originates from electronic bands rather than
from elemental orbitals. This confirms that the peak is indeed
an excitonic transition. Fig. 4c depicts the energetic positions
and FWHM of the main peak between 5.5 K and 300 K with

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Absorbance spectra of (Az),AgBiBrg thin film in comparison
with analogous double perovskite Cs,AgBiBrg, (b) temperature
dependent absorbance spectra of (Az),AgBiBre. (c) Peak position and
FWHM of the excitonic peak at temperatures between 5.5 Kand 300 K.
The peak position is fit according to E = Eg + (aT9)/(8 + T) with Eo =
3230, =234 x 10" eV K and § = 246 K.

a total shift of 42 meV. As common for the bandgap of a semi-
conductor, the temperature-dependent shift can be well
described with the Varshni formula. Assuming a layer thickness
between 100 nm and 1 um, the absorption coefficient can be
estimated as 10* cm™" to 10° cm ™!, which indicates a direct
semiconductor. Note that Cs,AgBiBre is considered to exhibit
an indirect bandgap.>*?** However, Connor et al. previously re-
ported that dimensional reduction of the [AgBre] and [BiBre]
octahedra network in Cs,AgBiBr¢ and its structural distortion
drive indirect-to-direct bandgap transition by dimensional
confinement.* (Az),AgBiBrs adopts a 1D network, therefore it

can be immensely influenced by the effects through

RSC Adv, 2023, 13, 36079-36087 | 36083
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dimensional reduction. Accordingly, we assume the absorption
peak at 3.2 eV to be a direct bandgap excitonic transition.

DFT simulations

In addition to measuring the various physical properties of
(Az),AgBiBrg, we have also performed the corresponding first-
principles calculations based on density functional theory
(DFT). The calculations were carried out within the projector
augmented-wave (PAW) formalism using the CP-PAW
program.***® The exchange-correlational energy functional is
approximated within the generalized-gradient approximation
(GGA) framework in the form of the well-known Perdew-Burke-
Ernzerhof (PBE) functional.*” For sufficiently accurate calcula-
tions, we choose a plane wave cut-off of 60 Ry for the wave
functions and 240 Ry for the charge density. For the generation
of the k-point mesh, we choose the plane wave cut-off for the
Fourier interpolation to be R = 40 in the physical length scale,
with the distance between successive k-points being 27/R. The
k-point grid includes the I'-point, which is the standard choice.
The Brillouin-zone integration was performed with the linear-
tetrahedron method, with the Blochl corrections.**->°

As mentioned in the section “Crystal structure”, the space
group of (Az),AgBiBr, is P3m1, which consists of the hexagonal
unit cell. The coordination number of Ag and Bi atoms is 6,
forming an octahedral structure with 6 nearest Br neighbours.
We used the obtained experimental lattice parameters taken
from Table 1 and performed our calculation within the single
unit cell. The exact coordinates of all the 32 atoms embedded
in the unit cell are provided in the “.strc” section (along with
a pictorial representation) of the ESI note (Fig. S7).T The reader
should note that we choose the orientation of the Az" cations
such that the nitrogen ion, suspected of being electron-
deficient, is the closest to the electron-rich bromide
neighbours.

Table 1 Experimental and crystallographic parameters for the struc-
ture refinements of (Az),AgBiBrg

Diffractometer STOE StadiMP with Mythen 1K detector
Wavelength 1.54059 A
Sample holder 0.3 mm glass capillary
26 range of data used [°] 5.0-90.00

Step size [°26] 0.0150

No. contributing reflections 163

No. geometric restraints 3

No. structural parameters 13

No. profile parameters 14

FWHM at ca. 24°26 [°26] 0.07-0.34

R, 0.048

R 0.045

Rup 0.123

¥ 2.35

Space group P3m1 (no. 164)
a[A] 8.6190 (1)

b [A] 8.6190 (1)

c[A] 7.2416 (1)

Vuc [A%] 465.89 (1)
Density (cale.) [g em™] 3.25

Unit cell content (Az),AgBiBr,

36084 | RSC Adv, 2023, 13, 36079-36087
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A set of projector functions for each atom is given for the
augmentation. For our simulation, we have used (i) two
projector functions per angular momentum up to / = 2 for the
bromide, silver, nitrogen and carbon species, (ii) two projector
functions per angular momentum up to / = 3 for the bismuth
species (to account for the presence of the f-states), and (iii) two
projector functions per angular momentum up to / = 1 for the
hydrogen species. We allow all the atoms in our simulated
(Az),AgBiBr, to be electronically relaxed but only allow the Az"
cations to be rotated about their center point in the subsequent
atomic relaxation step. Within this limited atomic relaxation,
the total energy converges to a particular value, after which no
significant deviation occurs when we remove all friction
parameters to the atom and electrons.

The calculations have revealed that the nature of the
bandgap of (Az),AgBiBrs (with the above-mentioned orienta-
tion of the Az" cations) is direct, with a value of 3.0550 eV. This
value is slightly lower than the empirical bandgap of thin film
at 5.5 K, which is roughly 3.08 eV. We have plotted out the
density of states (and the partial density of states contributing
to the total density of states) of the (Az),AgBiBrs system
(Fig. 5). We can infer from Fig. 5 that the p-orbitals of the
bromine and the d-orbitals of silver predominantly contribute
to the valence band of (Az),AgBiBrs, while t,, d-orbitals and
the p-orbitals of the bismuth and bromine contribute to the
conduction band.

According to the plot of the partial density of states, we
assume that there can be a sub-bandgap state since the ones of
bromine and silver are closely calculated to the value of the total
density of states. It can be conflicting with the estimation of an
excitonic state existence as mentioned above.

Stability

Stability tests were performed to examine the accessibility for
optoelectronic or photovoltaic device. Only thin films on glass
were tested. The samples have been located immediately next to
a window, where the sunlight exposure has been coming from
the south (location: 51° 28’ 32.664” N, 7° 2/ 17.16” E, Germany)
during spring season. It is presumed that the exposure was for 8
hours with strong light incidence for 3 hours in the middle of
the day apart from several rainy days, while the dark condition
has been maintained during the remaining hours of each day
periodically. The record of humidity and temperature was per-
formed daily.

The resulting (Az),AgBiBrs has no evident change in absor-
bance spectra until 57 days of exposure to the ambient while it
became darker when examined with naked eye (Fig. S8%).
According to the XRD pattern comparison, no changes in the
XRD diffractogram is observed within 62 days. Within this
timeframe there is no distinctive chemical reaction. In addition,
there is an increase of absorbance at the intermediate peak
between pristine and after 9 days. This can be probably origi-
nated by the formation of intermediate structures. These
changes cannot be detected by XRD due to its very low
concentration. We also did not see any change in the color of
the film at this time.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 The total density of states of (Az),AgBiBrg is plotted on the top graph (black-filled and gray-empty), with the partial density of states for
each species of hydrogen, carbon, nitrogen, bromine, silver and bismuth plotted in succession. In the x-axis, the Fermi level is chosen as the zero
of the energy axis, which could also be called the "mid-gap energy”. In the partial density of states, we have denoted in colour, the nature of each
orbital contributing to each value of energy in the x-axis. They are: red — s orbitals, blue — p orbitals, dark green — d-eg4 orbitals, brown — d-tyq4
orbitals and orange: f orbitals. The y-axis is taken to be in arbitrary units but note that the scale of the partial density of states for each species is 1/

3 of the total density of states.

For comparison in detail, we measured the XRD pattern of
the same film which was kept in ambient conditions during 16
months after the stability test. The pattern (Fig. S8ct) presents
an increase in AgBr peak intensity, which means that the
material is decomposing. Also unknown reflections are detected
that do not correspond to any reactants, however their inten-
sities are too low for further specific structure determination.

Thermal stability has been tested on a hot plate in an N, filled
glove box. The tests were performed with several samples heated
for 5 minutes at specified temperatures, ranging from 130 °C to
200 °C with 10 °C intervals. XRD measurements for the samples
were performed at room temperature right after heating. The
result shows that the thin film retained a stable state, but peak
segregation of (100) occurred at 150 °C. The emergence of
reflections estimated as (Az);Bi,Br, at 8.36° with its preferred
orientation at 16.81° and 25.42° starting from 160 °C. They
coexist in the range between 160 °C and 190 °C. All reflections
mostly vanish at 200 °C as a degradation. No reflections were
observed for AzBr or BiBr; between 160 °C and 190 °C, and AgBr
reflections tend to be the result of decomposition.

Conclusions

It was demonstrated that azetidinium (Az"), a heterocyclic
ammonium cation can be an alternative as an organic A-site of
an organic-inorganic hybrid bromide double perovskite system.
(Az),AgBiBr, adopts a 1D system with high disorder of Az". The

© 2023 The Author(s). Published by the Royal Society of Chemistry

thin film on glass appears to have highly oriented crystallinity
with only a few predominant reflections. In our experimental
dataset, the most remarkable aspect is that this material indi-
cates a direct bandgap semiconductor with an excitonic state at
around 3.2 eV. Meanwhile, our DFT simulation can imply that
the intermediate band is even a sub-bandgap state. This should
be revealed with further research. The successful synthesis of
(Az),AgBiBr, can be considered as an important factor to widely
exploring a reasonable novel organic-inorganic hybrid halide
double perovskite system. This route also makes an extension to
explore mixed halide for a possibility of bandgap tunability,
such as (Az),AgBiBrs_,I, or (Az),AgBiBrs ,Cl,. It may not be
applicable to better photovoltaic performance, but it can be
applied to a photodetector field due to its peculiar optical
property. Moreover, it may become an essential opportunity
helping to progress further research for optoelectronics and
photovoltaics.

Author contributions

Y. U. J. developed this line of research and synthesized the
powders as well as the films. B. M. and A. N. S. did the structure
refinement, B. M. finally resolved it. I. C. J. Y. performed DFT
simulations. A. D. helped with optical analysis. K. W. helped
with morphological analysis. A. D. K. and M. E. C. helped with
synthesis, analytic characterization, and revision. L. S. and F. M.
performed temperature dependent UV-vis absorbance

RSC Adv, 2023, 13, 36079-36087 | 36085


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ra05966a

Open Access Article. Published on 12 December 2023. Downloaded on 2/14/2026 6:28:45 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

measurement and helped with its analysis. N. B. and D. C. L.
helped with data interpretation and text.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

A. N. S. acknowledges the support of the project CICECO-Aveiro
Institute of Materials, UIDB/50011/2020, UIDP/50011/2020 &
LA/P/0006/2020, financed by national funds through the FCT/
MEC (PID-DAC). Fruitful discussions with Vladimir V. Shvarts-
man and Peter Blochl are highly acknowledged. D. C. L., N. B,,
A. K. and Y. U. J. acknowledge funding through the German
Science Foundation (Deutsche Forschungsgemeinschaft, DFG)
under project number 424708448.

Notes and references

1 A. Kojima, K. Teshima, Y. Shirai and T. Miyasaka, J. Am.
Chem. Soc., 2009, 131(17), 6050-6051.

2 J. H. Im, C. R. Lee, J. W. Lee, S. W. Park and N. G. Park,
Nanoscale, 2011, 3, 4088-4093.

3 H. S. Kim, C. R. Lee, J. H. Im, K. B. Lee, T. Moehl,
A. Marchioro, S. J. Moon, R. Humphry-Baker, J. H. Yum
and J. E. Moser, Sci. Rep., 2012, 2, 591.

4 M. M. Lee, J. Teuscher, T. Miyasaka, T. N. Murakami and
H. J. Snaith, Science, 2012, 338, 643-647.

5 National Renewable Energy Laboratory, Best research-cell
efficiency chart, accessed, 07, 2022, https://www.nrel.gov/pv/
assets/images/efficiency-chart.png.

6 T. Leijtens, G. E. Eperon, S. Pathak, A. Abate, M. M. Lee and
H. J. Snaith, Nat. Commun., 2013, 4, 2885.

7 N. Aristidou, I. Sanchez-Molina, T. Chotchuangchutchaval,
M. Brown, L. Martinez, T. Rath and S. A. Haque, Angew.
Chem., 2015, 127, 8326-8330.

8 W. Li, W. Zhang, S. V. Reenen, R. ]J. Sutton, J. Fan,
A. A. Haghighirad, M. B. Johnston, L. Wang and
H. J. Snaith, Energy Environ. Sci., 2016, 9, 490-498.

9'Y. Sun, X. Fang, Z. Ma, L. Xu, Y. Lu, Q. Yu, N. Yuan and
J. Ding, J. Mater. Chem. C, 2017, 5, 8682-8687.

10 A. Abate, Joule, 2017, 1, 659-664.

11 G. Kieslich, S. Sun and A. K. Cheetham, Chem. Sci., 2014, 5,
4712-4715.

12 W. Li, Z. Wang, F. Deschler, S. Gao, R. H. Friend and
A. K. Cheetham, Nat. Rev. Mater., 2017, 2(3), 16099.

13 X. Zhao, D. Yang, J. Ren, Y. Sun, Z. Xiao and L. Zhang, Joule,
2018, 2, 1662-1673.

14 L. Etgar, P. Gao, Z. Xue, Q. Peng, A. K. Chandiran, B. Liu,
M. K. Nazeeruddin and M. Gritzel, J. Am. Chem. Soc., 2012,
134(42), 17396-17399.

15 G. E. Eperon, S. D. Stranks, C. Menelaou, M. B. Johnston,
L. M. Herz and H. J. Snaith, Energy Environ. Sci., 2014, 7,
982-988.

16 M. Saliba, T. Matsui, J. Seo, K. Domanski, J. Correa-Baena,
M. K. Nazeeruddin, S. M. Zakeeruddin, W. Tress, A. Abate,

36086 | RSC Adv, 2023, 13, 36079-36087

View Article Online

Paper

A. Hagfeldt and M. Gratzel, Energy Environ. Sci., 2016, 9,
1989-1997.

17 J. W. Lee, S. Tan, S. L. Seok, Y. Yang and N. G. Park, Science,
2022, 375, 6583.

18 F. Hao, C. C. Stoumpos, D. H. Cao, R. P. H. Chang and
M. G. Kanatzidis, Nat. Photonics, 2014, 8, 489-494.

19 T. Krishnamoorthy, H. Ding, C. Yan, W. L. Leong, T. Baikie,
Z. Zhang, M. Sherburne, S. Li, M. Asta, N. Mathews and
S. G. Mhaisalkar, J. Mater. Chem. A, 2015, 3, 23829-23832.

20 K. Nishimura, D. Hirotani, M. A. Kamarudin, Q. Shen,
T. Toyoda, S. Iikubo, T. Minemoto, K. Yoshino and
S. Hayase, ACS Appl. Mater. Interfaces, 2019, 11(34), 31105-
31110.

21 C. C. Stoumpos, L. Frazer, D. J. Clark, Y. S. Kim, S. H. Rhim,
A.]. Freeman, J. B. Ketterson, J. I. Jang and M. G. Kanatzidis,
J. Am. Chem. Soc., 2015, 137(21), 6804-6819.

22 M. Khazaee, K. Sardashti, J. P. Sun, H. Zhou, C. Clegg, I. Hill,
J. Jones, D. C. Lupascu and D. Mitzi, Chem. Mater., 2018,
30(10), 3538-3544.

23 M. Pantaler, K. T. Cho, V. I. E. Queloz, I. G. Benito,
C. Fettkenhauer, I. Anusca, M. K. Nazeeruddin, D. C. Lupascu
and G. Grancini, ACS Energy Lett., 2018, 3(8), 1781-1786.

24 M. Pantaler, V. Diez-Cabanes, V. Queloz, A. Sutanto,
P. Schouwink, M. Pastore, L Garcia-Benito,
M. Nazeeruddin, D. Beljonne, D. C. Lupascu, C. Quarti and
G. Grancini, JACS Au, 2022, 2(1), 136-149.

25 E. T. McClure, M. R. Ball, W. Windl and P. M. Woodward,
Chem. Mater., 2016, 28(5), 1348-1354.

26 G. Volonakis, M. R. Filip, A. A. Haghighirad, N. Sakai,
B. Wenger, H. ]J. Snaith and F. Giustino, J. Phys. Chem.
Lett., 2016, 7(7), 1254-1259.

27 A.H. Slavney, T. Hu, A. M. Lindenberg and H. I. Karunadasa,
J. Am. Chem. Soc., 2016, 138(7), 2138-2141.

28 V. M. Goldschmidt, Ber. Dtsch. Chem. Ges. A and B Ser., 1927,
60, 1263-1296.

29 I. Anusca, S. Balciunas, P. Gemeiner, M. Sanalialp,
G. Lackner, C. Fettkenhauer, J. Belovickis, V. Samulionis,
M. Ivanov, B. Dkhil, J. Banys, V. V. Shvartsman and
D. C. Lupascu, Adv. Energy Mater., 2017, 7, 1700600.

30 C. N. Savory, A. Walsh and D. O. Scanlon, ACS Energy Lett.,
2016, 1(5), 949-955.

31 S. E. Creutz, E. N. Crites, M. C. De Siena and D. R. Gamelin,
Nano Lett., 2018, 18(2), 1118-1123.

32 P. Vishnoi, R. Seshadri and A. K. Cheetham, J. Phys. Chem. C,
2021, 125(21), 11756-11764.

33 F. Wei, Z. Deng, S. Sun, F. Zhang, D. M. Evans, G. Kieslich,
S. Tominaka, M. A. Carpenter, J. Zhang, P. D. Bristowe and
A. K. Cheetham, Chem. Mater., 2017, 29(3), 1089-1094.

34 P. Cheng, T. Wy, Y. Li, L. Jiang, W. Deng and K. Han, New J.
Chem., 2017, 41, 9598-9601.

35 M. S. Shadabroo, H. Abdizadeh and M. R. Golobostanfard,
Mater. Sci. Semicond. Process., 2021, 125, 105639.

36 S. R. Pering, W. Deng, J. R. Troughton, P. S. Kubiak,
D. Ghosh, R. G. Niemann, F. Brivio, F. E. Jeffrey,
A. B. Walker, M. S. Islam, T. M. Watson, P. R. Raithby,
A. L. Johnson, S. E. Lewis and P. J. Cameron, J. Mater.
Chem. A, 2017, 5, 20658-20665.

© 2023 The Author(s). Published by the Royal Society of Chemistry


https://www.nrel.gov/pv/assets/images/efficiency-chart.png
https://www.nrel.gov/pv/assets/images/efficiency-chart.png
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ra05966a

Open Access Article. Published on 12 December 2023. Downloaded on 2/14/2026 6:28:45 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

37 R. Panetta, G. Righini, M. Colapietro, L. Barba, D. Tedeschi,
A. Polimeni, A. Ciccioli and A. Latini, J. Mater. Chem. A, 2018,
6, 10135-10148.

38 J. Tian, D. B. Cordes, C. Quarti, D. Beljonne, A. M. Z. Slawin,
E. Zysman-Colman and F. D. Morrison, ACS Appl. Energy
Mater., 2019, 2(8), 5427-5437.

39 J. Tian, D. B. Cordes, A. M. Z. Slawin, E. Zysman-Colman and
F. D. Morrison, Inorg. Chem., 2021, 60(16), 12247-12254.

40 F. Hao, C. C. Stoumpos, R. P. H. Chang and M. G. Kanatzidis,
J. Am. Chem. Soc., 2014, 136(22), 8094-8099.

41 H. Lei, D. Hardy and F. Gao, Adv. Funct. Mater., 2021, 31,
2105898.

42 A. Schmitz, L. L. Schaberg, S. Sirotinskaya, M. Pantaler,
D. C. Lupascu, N. Benson and G. Bacher, ACS Energy Lett.,
2020, 5(2), 559-565.

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

43 Y. Bekenstein, J. C. Dahl, J. Huang, W. T. Osowiecki,
J. K. Swabeck, E. M. Chan, P. Yang and A. P. Alivisatos,
Nano Lett., 2018, 18(6), 3502-3508.

44 B. A. Connor, L. Leppert, M. D. Smith, J. B. Neaton and
H. I. Karunadasa, J. Am. Chem. Soc., 2018, 140(15), 5235-
5240.

45 P. E. Blochl, Phys. Rev. B: Condens. Matter Mater. Phys., 1994,
50, 17953.

46 CP-PAW, https://www2.pt.tu-clausthal.de/paw/.

47 J. P. Perdew, K. Burke and M. Ernzerhof, Phys. Rev. Lett.,
1996, 77, 3865.

48 0. Jepson and O. K. Anderson, Solid State Commun., 1971,
9(20), 1763-1767.

49 G. Lehmann and M. Taut, Phys. Status Solidi B, 1972, 54(2),
469-477.

50 P. E. Blochl, O. Jepsen and O. K. Andersen, Phys. Rev. B:
Condens. Matter Mater. Phys., 1994, 49, 16223.

RSC Adv, 2023, 13, 36079-36087 | 36087


https://www2.pt.tu-clausthal.de/paw/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ra05966a

	Lead-free organictnqh_x2013inorganic azetidinium alternating metal cation bromide: [(CH2)3NH2]2AgBiBr6, a perovskite-related absorberElectronic...
	Lead-free organictnqh_x2013inorganic azetidinium alternating metal cation bromide: [(CH2)3NH2]2AgBiBr6, a perovskite-related absorberElectronic...
	Lead-free organictnqh_x2013inorganic azetidinium alternating metal cation bromide: [(CH2)3NH2]2AgBiBr6, a perovskite-related absorberElectronic...
	Lead-free organictnqh_x2013inorganic azetidinium alternating metal cation bromide: [(CH2)3NH2]2AgBiBr6, a perovskite-related absorberElectronic...
	Lead-free organictnqh_x2013inorganic azetidinium alternating metal cation bromide: [(CH2)3NH2]2AgBiBr6, a perovskite-related absorberElectronic...
	Lead-free organictnqh_x2013inorganic azetidinium alternating metal cation bromide: [(CH2)3NH2]2AgBiBr6, a perovskite-related absorberElectronic...
	Lead-free organictnqh_x2013inorganic azetidinium alternating metal cation bromide: [(CH2)3NH2]2AgBiBr6, a perovskite-related absorberElectronic...
	Lead-free organictnqh_x2013inorganic azetidinium alternating metal cation bromide: [(CH2)3NH2]2AgBiBr6, a perovskite-related absorberElectronic...
	Lead-free organictnqh_x2013inorganic azetidinium alternating metal cation bromide: [(CH2)3NH2]2AgBiBr6, a perovskite-related absorberElectronic...

	Lead-free organictnqh_x2013inorganic azetidinium alternating metal cation bromide: [(CH2)3NH2]2AgBiBr6, a perovskite-related absorberElectronic...
	Lead-free organictnqh_x2013inorganic azetidinium alternating metal cation bromide: [(CH2)3NH2]2AgBiBr6, a perovskite-related absorberElectronic...
	Lead-free organictnqh_x2013inorganic azetidinium alternating metal cation bromide: [(CH2)3NH2]2AgBiBr6, a perovskite-related absorberElectronic...
	Lead-free organictnqh_x2013inorganic azetidinium alternating metal cation bromide: [(CH2)3NH2]2AgBiBr6, a perovskite-related absorberElectronic...


