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Abstract: Two-dimensional (2D) layered hybrid double metal halide perovskites have recently
gained significant attention as lead-free and environmentally benign alternatives to lead halide
perovskites. In this study, we report the photophysical properties of a 2D Dion-Jacobson (DJ) type
hybrid double perovskite (C3H,N;),AgBiBrg, which exhibits both reversible thermochromism and
promising X-ray radiation detection capabilities. This material shows transition from a low-
temperature monoclinic P2,/n phase to a high-temperature monoclinic C2/m phase at 121.83°C
along with a color change from yellow to bright orange. The phase transition is reversible and both
single crystals and bulk powder samples of (CsH;,N;),AgBiBrg remain stable for more than 30
heating-cooling cycles. Optical property characterizations show that (CsH;,N;),AgBiBr;g is a
semiconductor with an indirect band gap of 2.42 eV. The material demonstrates a semiconductor
resistivity of 2.8x101% Q-cm, lower than the other reported DJ-type hybrid double perovskites and
also shows response towards soft X-rays (8 keV) with a detector sensitivity of 188.52 uCGy-lcm-
2, These properties along with a very high signal-to-noise ratio (SNR) value (111.45) indicate the
potential of (C3H,N;),AgBiBry for direct radiation detection.

Keywords: metal halides, 2D Dion-Jacobson double perovskite, radiation detection, reversible
thermochromism.
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Introduction

Over the years, the need for X-ray detection technologies has grown in multiple fields such as
medicine, airport security, non-destructive testing and industrial inspections.! In the past decade,
conventional semiconductor materials like cadmium zinc telluride (CZT), gallium oxide (Ga,0;),
amorphous selenium (a-Se), high-purity germanium etc. have been widely used for radiation
detection. However, certain challenges such as inferior hole charge transport (e.g., in CZT
crystals), large leakage currents (e.g., in high-purity germanium), low X-ray absorption (e.g., in o-
Se), high manufacturing costs and complex synthesis limit their further commercial applications.>
4 These drawbacks of currently used materials motivate additional research to develop alternative
materials with excellent performance, high X-ray attenuation and low-cost synthesis.

Recently, hybrid organic-inorganic metal halide perovskites have been investigated as
potential candidates for radiation detection owing to their simple solution-based synthesis, tunable
bandgaps, strong X-ray attenuation, and high carrier mobilities.>®* Among the explored hybrid
metal halide perovskites, most studied materials are three-dimensional (3D) hybrid lead halide
perovskites like methylammonium lead iodide (MAPbI;) and formamidinium lead bromide
(FAPDbBr3) due to their superior detection performance.” ' Nevertheless, the risk of lead toxicity
and environmental instability of these materials hinder their commercial development.!!
Furthermore, their 3D structural arrangement results in severe ion migration which impact the
device performance causing low operational stability of X-ray detectors.'> 13 Hence, the search for
non-toxic, lead-free alternatives to APbX; halides with greater operational performance and
superior stability is significant.

One proposed solution lies in two-dimensional (2D) hybrid double metal halide perovskites
which have recently been studied as promising alternatives of lead-based materials in certain
fields. Double metal halide perovskites are produced by substituting Pb>* with a combination of
less-toxic or non-toxic monovalent and trivalent metal cations such as Ag*, Cu*, Sb3*, Bi** or In®*
etc.!% 15 Their 2D layered structures can result in low ion migration, better structural stability, and
unique anisotropic charge transport characteristics for stable X-ray detectors.!¢ In literature, two
often-discussed classes of 2D hybrid double metal halide perovskites are (i) Dion-Jacobson (DJ)
A,B'B"X; halides and (ii) Ruddlesden-Popper (RP) phases with the A;B'B!X; structure (where
A = organic cation, B! = Ag*, Cu®, K*; B!l = Sb3*, Bi3*, In*"). In RP-type perovskites, two layers
of monovalent A* organic cations reside between inorganic layers with a van der Waals gap
between them, causing a larger interlayer spacing unfavorable for charge transfer.!” In contrast,
DJ-type perovskites with a monolayer of divalent A>* cations interacting strongly with inorganic
slabs via hydrogen bonding typically have shorter interlayer distances and stronger lattice
stiffness.!® These features results in enhanced charge separation, lower quantum confinement
effects, suppressed ion migration and ultimately could give excellent X-ray detection performance
for DJ-type perovskites.'”

In this work, we report synthesis, crystal structure, reversible thermochromic behavior and
radiation detection properties of a DJ-type 2D hybrid double metal halide perovskite
(C3H2N;),AgBiBrg. This compound has been discussed in a previous report as an efficient
photocatalyst for oxidation of toluene,?® however, the optoelectronic properties and its potential
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radiation detection applications are still unexplored. The use of propane-1,3-diammonium cation
results in shortest interlayer (~3.86 A) distance for 2D perovskite structure as other materials with
nearest aliphatic diammonium cations have larger interlayer distances. For example,
(ED)4AgBiBr;, (ED = ethylenediammonium cation) (~6.65 A) and (BDA),AgBiBrg (BDA is 1,4-
butanediammonium cation) (~4.5 A) have larger interlayer distances due to their distinct structural
arrangement and longer ammonium-to-ammonium distance, respectively.?% 2! This motivated us
to investigate the potential advantages of a DJ perovskite with the shortest interlayer distance for
optoelectronic applications.

Beyond its interesting crystal structure, we find that (C3H,N;),AgBiBrg exhibits reversible
thermochromism due to a structural transition at 121.83°C, confirmed by Differential Scanning
Calorimetry (DSC) and Single Crystal X-ray Diffraction (SCXRD) measurements at low and high
temperatures. Hybrid metal halide perovskites with thermochromism are exciting due to their
potential in smart temperature coatings, temperature sensors and next-generation
anticounterfeiting technologies.??2* So far, thermochromism have been reported for single metal
halide perovskites such as 2D RP-type (MBA),CuCl,; (MBA is 4-methoxybenzylaminium),?’
(BA),CuCly (BA is benzylaminium),?® (C¢HsC,H4NH3),PbBrs?¢ and 2D DJ-type (3AMP)Pbly
(BAMP is 3-(aminomethyl)pyridinium)?’ etc., with very few studies focused on reversible
thermochromism of a 2D DJ-type hybrid double metal halide perovskite. Based on our knowledge,
only one example of thermochromic DJ-type hybrid double metal halide perovskite i.e.,
(H,MPP),[BiAglg] (where H,MPP is 1-methylpiperidinium-4-amine) is reported to date.”® The
photophysical properties of (CsH;,N,),AgBiBrg, and its potential for direct radiation detection, are
discussed together with the results of Density Functional Theory (DFT) calculations.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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All chemicals were used as purchased without purifying further including silver(I) oxide
(99.99% metals basis, Alfa Aesar), bismuth(III) oxide (99.999%, Alfa Aesar), 1,3-diaminopropane
(98%, Thermo Scientific), hydrobromic acid (HBr) (48 wt% in water, Sigma Aldrich), and
hypophosphorous acid (H;PO,) (50%, Sigma Aldrich).

(cc)

Synthesis of (C3;H;;N;),AgBiBryg

(C3H2N;),AgBiBrg was synthesized under ambient conditions in a standard fume hood.
Stoichiometric amounts of Ag,O (0.058g) and Bi,05 (0.1165 g) were dissolved in 1 mL of HBr
and 0.15 mL of H3PO, to make a clear solution. Then, 0.083 mL of 1,3-diaminopropane was added
dropwise with continuous stirring in an ice-bath. After the addition of 1,3-diaminopropane, the
solution was stirred and heated at approximately 120°C to completely dissolve the reactants.
Thereafter, the precursor solution was left on a hot plate at 40°C for 24 hours resulting in plate-
like, yellow-colored crystals of (C3H,N;),AgBiBrg with a yield of 97%. The obtained crystals up
to (4x2x1) mm? size were stored under nitrogen-filled glovebox for further characterizations.
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Powder X-ray Diffraction (PXRD)

Powder X-ray Diffraction (PXRD) measurements were conducted on powder samples of
(C3H2N;),AgBiBrg by using a Rigaku MiniFlex600 system equipped with Cu Ka radiation source.
The powder sample was prepared by grounding as-synthesized crystals of (C3H;,N;),AgBiBrg in
ambient air. PXRD scans in the range of 3-90° (20) were taken with a step value of 0.02°; the
obtained data were analyzed using the PDXL2 software.

Single Crystal X-ray Diffraction (SCXRD)

X-ray intensity data from a yellow crystal were collected at 100 K using a Bruker D8 QUEST
diffractometer equipped with a PHOTON-II area detector and an Incoatec microfocus source (Mo
Ko radiation, A= 0.71073 A). The raw area detector data frames were reduced, scaled and corrected
for absorption effects using the Bruker APEX3, SAINT+ and SADABS programs.?®- 3° The
structure was solved with SHELXT.3! Subsequent difference Fourier calculations and full-matrix
least-squares refinement against F? were performed with SHELXL-2019/33? using OLEX2.3?

For high temperature SCXRD measurements, a yellow crystal was heated from room
temperature to 400 K at a rate of 100 K/hr prior to the measurements. Measurements were
performed on a Bruker D8 QUEST diffractometer equipped with an Incoatec Ius 2.0 microfocus
Mo Ka X-ray source and a PHOTON-II area detector. The frames were integrated with the SAINT
V8.41 package using a narrow-frame algorithm.3* Data were corrected for absorption effects using
the Multi-Scan method in SADABS 2016/2. The calculated minimum and maximum transmission
coefficients (based on crystal size) are 0.027 and 0.082.35 The structure was solved with intrinsic-
methods and refined with full-matrix-least squares using the SHELX suite of programs in the
Olex2.3¢38 Table S1 consists of detailed information about the data collection and crystallographic
parameters for (C3H;,N;),AgBiBrg at both 100 K and 400 K. The atomic coordinates, equivalent
isotropic displacement parameters, bond angles and selected interatomic distances for
(C3H5N;),AgBiBrg at 100 K and 400 K are given in Tables S2-S5. The Crystallographic
Information File (CIF) for (CsH;,N,),AgBiBrg has been submitted to Cambridge Crystallographic
Data Centre (CCDC) database under deposition numbers 2532216 and 2532217.

Thermogravimetric Analysis (TGA) and Differential Scanning Calorimetry (DSC)

Simultaneous TGA and DSC measurements were performed on approximately 10 mg
polycrystalline samples of (CsH,N,),AgBiBrg using a TA instrument SDT 650 thermal analyzer
system. The measurements were performed in the 25°C to 475°C range at a heating rate of 5°C/min
under a continuous flow of nitrogen gas at a flow rate of 100 mL/min.

The melting transition obtained from the DSC plot was further confirmed via a Mel-Temp
melting point apparatus (200 W, 110-120 V, 50/60 Hz; Laboratory devices, Cambridge, MA,
USA). The measurement was performed on a powder sample (~2 mg) of (C3H{,N;),AgBiBrg in a
temperature range of 25°C to 320°C.
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UV-vis Spectroscopy

UV-vis diffuse reflectance measurements were performed on a finely ground powder sample
of (CsH;;N,),AgBiBrg using a PerkinElmer Lambda 750 UV-vis-NIR spectrometer equipped with
a 100 mm Spectralon InGaAs integrating sphere, covering a range of 250-1100 nm. The collected
diffuse reflectance data were converted into pseudo-absorption spectra using the Kubelka-Munk

. 1-R)? . . . .
function F(R) = %/ g = ( ) / 2R. Where a is absorption coefficient, S denotes scattering
coefficient and R represents reflectance.

Density Functional Theory (DFT) calculations

Periodic spin-polarized density functional theory (DFT) structure optimizations were
performed using the Perdew—Burke—Ernzerhof (PBE)?*° exchange correlational functional with D3
dispersion corrections, a plane-wave basis set with a cut-off kinetic energy of 500 eV for all the
bulk structures, and the projector-augmented wave (PAW) method as implemented in the Vienna
Ab-initio Simulation Package (VASP version 6.4.3).4%-41 The electronic convergence criterion was
1076 eV, while the force criterion for geometry relaxation was 0.01 eV A~!. To obtain numerically
converged results, the Brillouin zone of the unit cell was sampled with 2 x 2 x 1 I'-centered k-
point grid. The band structure analysis was carried out using the Python Materials Genomics
(Pymatgen) package.*

Electrical characterizations and X-ray response measurements

A freshly prepared single crystal of (C3H;,N,),AgBiBrg was selected for performing electrical
characterizations and X-ray response measurements. Two opposite sides of the selected crystal
were brushed with a high-quality silver paste purchased from Ted Pella, Inc. A Keithley 6487 pico-
ammeter was used for performing electrical measurements including current-voltage (I-V) and
space-charge-limited-current (SCLC) measurements. For both I-V and SCLC measurements, the
voltage scan was carried out with a step size of 2 V. The X-ray response measurements were
conducted by exposing a fabricated prototype single crystal-based detector to 8 keV soft X-rays
produced from a Rigaku Micromax 007HF microfocus X-ray generator equipped with a Cu target.
For careful calibration of X-ray radiation dose rate, a commercial dosimeter was used.
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Results and Discussion

High-quality single crystals of (C;H;,N,),AgBiBrg were synthesized by using facile slow
evaporation method [Fig. S1]. Well-matched room temperature powder X-ray diffraction (PXRD)
patterns of as-synthesized crystals and single crystal X-ray diffraction (SCXRD) data confirmed
the phase purity and crystallinity of the sample [Fig. S2(a) and (b)]. The ease of synthesizing good
quality and large crystals are important advantages of optoelectronic metal halides for their
prospective practical applications.

Fig. 1 Crystal structure of (C3H,N,),AgBiBrg viewed down the (a) a- and (b) c-axes. Silver,
bismuth, bromine, nitrogen, carbon and hydrogen are shown by pink, bluish-green, green, blue,
black and peach spheres, respectively.

SCXRD data acquired at 100 K confirms that (C3H;,N,),AgBiBrg crystallizes in a monoclinic
crystal system with a space group of P2,/n. Fig. 1(a) and S3 depict a two-dimensional (2D) DJ-
type layered structure of (C;H,N,),AgBiBrg with alternating organic and inorganic layers stacked
along the c-axis. The inorganic layer consists of alternating [AgBrs]>- and [BiBrs]3- octahedra that
share common corners along the ab-plane to form the [AgBiBrg]* layers; the inorganic anionic
layers are separated by a monolayer of [C3H{,N,]*" cations maintaining the overall charge
neutrality [Fig. 1(a) and (b)]. A strong and extensive network of NH--Br hydrogen bonds between
[C3H 5N, ]?" organic cations and inorganic layers stabilize the overall structure [see Fig. S4].
Within the [AgBry]* and [BiBrg]*- polyhedra, the Ag-Br bond distances range from 2.619(6) A to
3.037(5) A whereas the Bi-Br bond distances lie in the range of 2.832(5) A to 2.856(6) A [Fig.
2(a), (b) and S5], evidence of the distortions in the [AgBiBrg]* layers. This is further evidenced
by the bridging angles as low as Bil-Br4-Agl = 151.29(2)° [Table S4]. Such distortions are
expected due to difference in the sizes of the monovalent and trivalent metal cations in double
metal halide perovskites. Indeed, distortions of inorganic halide octahedra and octahedral tilting
within the in-plane direction of inorganic layers is commonly found in other reported DJ-type
double metal halide perovskites such as (4-AP),AgBiBrg (4-AP is 4-aminopyridine),
(HA),AgBiBrg (HA is histammonium) and (4N4),AgBiBrg (4N4 is NH;C4HgNHj3).!7- 19.43
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Fig. 2 Interatomic distances in the coordination environments of (a) silver and (b) bismuth, and (c)
in the organic C3H,N,>" cation. Silver, bismuth, bromine, nitrogen, carbon and hydrogen are
represented by pink, bluish-green, green, blue, black and peach spheres, respectively.

Upon closer examination, it was observed that the organic cation penetration depth in the
inorganic layers is about 1.493 A, which reduces the interlayer spacing (i.e., Br-Br distances on
the adjacent layers) to 3.86 A [Fig. S6]. This interlayer Br-Br distances are comparatively shorter
than other reported DJ-type halide perovskites such as (mPDA)MA,,-Pb,l3,+; (n= 2 and 3) (m-
PDA is m-phenylenediammonium and MA is methylammonium) (4.00 to 4.04 A) and
(HIS),AgSbBrg (HIS is histammonium) (~4.00 A).4 45 A shorter interlayer spacing results in
reduced quantum confinement effect and energy barrier for charge transfer between the inorganic
layers. This results in better charge separation and carrier transfer, beneficial for superior radiation
response.!”
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Fig. 3 Thermogravimetric Analysis (TGA, in blue) and Differential Scanning Calorimetry (DSC,
in red) curves for (CsH,N,),AgBiBrs.
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To examine the thermal stability of (C;H,N,),AgBiBrg, parallel thermogravimetric analysis
(TGA) and differential scanning calorimetry (DSC) measurements were performed on a
polycrystalline sample [Fig. 3]. The TGA results reveal high thermal stability of
(C3H2N;),AgBiBrg as no noticeable weight loss was observed up to 300°C. Above 300°C, the
sample starts evaporating and decomposes with continuous weight loss up to 450°C. DSC curves,
recorded from room temperature to 450°C, showed three different endothermic features at
temperatures 121.83°C, 233.90°C and 327.81°C. The endothermic feature observed at 233.90°C
corresponds to the melting point of (C;H;,N;),AgBiBrg as confirmed by observing the crystals
melt on the melting point checking apparatus near this temperature. The feature at 327.81°C relates
to the thermal decomposition of (C3H;,N;),AgBiBrg, which is accompanied by the significant
weight loss of 75.86%.

The DSC feature at 121.83°C coincides with the reversible thermochromism observed for
(C3H,N,),AgBiBrg [see Video S1]. Upon heating, (C3H,N,),AgBiBrg single crystals show a
dynamic color change from yellow to orange [see Fig. S7(a)] which intensifies with further heating
up to ~240°C where the crystals start melting. Notably, the crystal color reverts back to its original
appearance within few seconds when cooled to room temperature [Video S2]. The temperature
dependent color change was also observed in case of bulk powders of (C3H;,N;),AgBiBrg [as
shown in Fig. S7(b)]. This reversibility was further confirmed through multiple heating-cooling
cycles and the (C3H,N;),AgBiBrg single crystals exhibit excellent stability during thermal cycling
up to more than 30 cycles. This remarkable reversible thermochromism and excellent material
stability make (C;H;,N,),AgBiBrg a candidate material for temperature sensing application.

In hybrid metal halide perovskites, thermochromic behavior is usually attributed to either
complete structural phase transitions or local structural changes like modulation of interatomic
distances.*¢ To investigate the origin of thermochromic behavior displayed by (C3H;,N;),AgBiBrg,
DSC curves were recorded from 30°C to 200°C [Fig. S7(c)]. The reversible
endothermic/exothermic features at 121.83°C and 116.29°C suggest a high-temperature reversible
structural phase transition for (C3H;,N,),AgBiBrg. This observation was confirmed by SCXRD
measurements performed below (100 K) and above (400 K) the transition temperature. At 100 K,
(C3H,N,),AgBiBrg crystallizes in the monoclinic space group of P2,/n with the unit cell
dimensions of a = 8.3736(3) A, b = 7.6960(3) A, ¢ = 18.2768(7) A and B = 99.008(1)°. Upon
heating above the transition temperature, the structure changes to the monoclinic space group of
C2/m with the lattice parameters of @ = 18.999(15) A, b = 7.8787(7) A, ¢ = 8.3765(8) A and B =
107.287(3)° [see Fig. S8 and Table S1].

In hybrid metal halide perovskites the motion of organic cations is greatly dependent on
temperature which often result in phase transitions.*’ These phase transitions are usually associated
with the organic cations’ rotation, hydrogen bonding interactions, and the subsequent distortions
of the inorganic framework.*® In (C3H,N;),AgBiBrg, above the transition temperature (400 K),
the [C3H,N,]?" organic cations exhibit a dual orientation that result in the formation of mirror-
symmetry in the high-temperature phase (HT phase, monoclinic, C2/m) [see Fig. S8]. The [BiBrs]*
and [AgBr¢]>- octahedra show bond distances ranging from 2.8204(5) A to 2.8502(8) A and
2.6101(8) A to 3.008(6) A, respectively at 400 K [Fig. S9(a) and (b)]. The organic cation also
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displays visible changes in its bond lengths and ammonium-to-ammonium distance at higher
temperature [Fig. S9(c)]. Interestingly, both [BiBrg]*- and [AgBrs]>- show less octahedral tilting
with bridging Bil-Br4-Agl inclination angle of 161.20(3)° (closer to 180°) at higher temperature
[Table S5 and Fig. S10]. Before the phase transition, the inorganic framework of
(C3H2N,),AgBiBrg displays more distortion and deformation, whereas, after the phase transition,
octahedra become more regular with reduced tilting and distortion in the monoclinic C2/m phase.*
This reduced octahedral tilting and deformation in inorganic layers may arise from hydrogen-
bonding rearrangement between organic cations and inorganic layers caused by dynamic motion
of organic cations at higher temperature.’® The observed increases in the interatomic distances
result in the thermal expansion of the unit cell volume from 1163.29(8) A3 to 1197.27(18) A3 for
(C3H2N;),AgBiBrg, in line with the temperature-dependent structural changes observed for other
hybrid metal halides.>!

—
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Fig. 4 (a) Diffuse reflectance data for (C3H;,N,),AgBiBrg plotted as the Kubelka-Munk function,
denoted as F(R). Tauc plots assuming (b) direct and (c) indirect band gaps, respectively.

To gain better understanding of the optical properties, diffuse reflectance measurements were
performed on polycrystalline powder samples of (C3H,N;),AgBiBrs. The measurements suggest
a sharply defined absorption onset at 2.5 eV [Fig. 4(a)]. The Tauc plots obtained from the diffuse
reflectance data, assuming direct and indirect optical transitions for (C3H;,N;),AgBiBrg, give band
gap values of 2.62 eV and 2.42 eV, respectively [Fig. 4(b) and (c)]. These values match well with
the band gap values of other reported DJ-type hybrid double metal halide perovskites.!® 2!
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Fig. 5 (a) Electronic band structure plot with a side panel illustrating the projected contributions
of organic (C, H and N elements) and inorganic (Ag, Bi and Br elements) states. (b) Projected
density of states (PDOS) plot showing the orbital contributions of the inorganic elements in
(CsH12N3)2AgBiBr.

To evaluate the band edge positions relative to the Fermi level, electronic band structure of
(C3H,N,),AgBiBrg was calculated using the DFT methods. The Valence Band Maximum (VBM)
is located at the gamma (I") point, whereas the Conduction Band Minimum (CBM) is at the center
point of X and H1, yielding an indirect bandgap value of 2.45 eV. This agrees well with the
experimentally determined value of 2.42 eV for (C3H;,N,),AgBiBrg [Fig. 5(a)].

The CBM for (C5H;;N,),AgBiBrg lies at 2.22 eV whereas the VBM lies at -0.23 eV relative to
the Fermi level of the material. The calculated projected density of states (PDOS) plot [Fig. 5(b)]
shows that the DOS of the organic part is weak near both VBM and CBM, unlike the DOS from
the inorganic component. Therefore, the primary contributions to the frontier states originate from
the inorganic component of (C3H;,N,),AgBiBrg. A detailed analysis of the orbital contributions to
the PDOS reveals that the VBM of (C5H;,N;),AgBiBr; is primarily composed of Ag-d and Br-p
orbitals whereas the band structure near the CBM contains both Bi-p and Br-p orbitals in
(C3H2N,),AgBiBrg [Fig. 5(b)]. This observation suggests that the VBM is localized on [AgBrs]>
anions while CBM lies in [BiBrg]*> anions which further supports the observed indirect bandgap
for (C3H12N2)2AgBiBrg.52
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Fig. 6 (a) Current-Voltage (I-V) measurement results for (CsH;,N;),AgBiBrg. (b) Space-charge-
limited-current (SCLC) curve to measure defect trap levels (ny.p) in (C3Hi2N,),AgBiBrg single
crystals. (¢) X-ray on/off current response measurements and (d) X-ray detection sensitivity plot
for (C3H12N2)2AgBiBrg.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Layered 2D DJ hybrid double metal halide perovskites are promising candidates for direct X-
ray detection. In literature, it is suggested that their shorter interlayer distances and higher lattice
rigidity make them better at radiation detection compared to the more common RP-type hybrid
double metal halide perovskites.!- 33 Despite their advantages, these materials are less explored
than the RP phase for ionizing radiation detection applications. Therefore, we investigated the
potential of (C3H;,N;),AgBiBrg semiconductor for direct X-ray detection by using a fabricated
prototype detector based on single crystal of (C3H;,N;),AgBiBrg [shown in Fig. S11]. The photon
attenuation capability of (CsH;,N,),AgBiBrg was compared with the commercial X-ray detector
material cadmium telluride (CdTe), elemental semiconductor silicon (Si) and its RP-type analog
(PA)4AgBiBrg (PA is n-propylammonium cation) for soft low-energy X-rays and high-energy
gamma-rays. The comparison shows better photon attenuation ability of (C3H,N;),AgBiBrg than
(PA),AgBiBrg [Fig. S12] due to the increased average Z.

Open Access Article. Published on 26 May 2026. Downloaded on 5/27/2026 7:43:16 AM.

(cc)

Current-voltage (I-V) measurements were performed on the (C;H;N;),AgBiBrg single
crystals. The measured resistivity value is 2.8x10'° Q-cm along the c-axis (i.e., perpendicular to
the layer propagation direction) [see Fig. 6(a) and S13(a)]. This value is close to the resistivity
values of some other reported 2D DJ-type hybrid double metal halide perovskites such as (4-
AP),AgBiBrg (4-AP is 4-amidinopyridine) (1.7x10'' Q-cm),!” (HA),AgBiBry (HA?' is
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histammonium) (8.03x10'° Q-cm),' and (HIS),AgSbBrg (HIS?** is histammonium) (2.2 x 10!! Q
cm)* which are explored for X-ray detection.

To determine the defect trap levels (ny,p) of (C3H2N,),AgBiBrg, we performed space-charge-
limited-current (SCLC) measurements. As it can be seen in Fig. 6(b), the SCLC curve shows three
different current transition regimes i.e., Ohmic (where 1exV), Child (where IecV?) and trap-filled
limited (TFL) (where I<V®, n>2). Here, TFL regime is attributed to the completely filled defect
trap levels with charge carriers inserted through the metal contacts, and therefore, the following
formula using the onset voltage of TFL regime (i.e., V. = 112 V) can be utilized to estimate the
density of trap levels (nygp):>*

2€€
Nrap = el.2 TFL

Here, ¢ is the dielectric constant (=20.32), g, is the vacuum permittivity, e and L are the
electronic charge and crystal thickness (i.e., 1 mm), respectively. The estimated n,, value is 2.5%
10! cm3 which is much lower than that of the inorganic semiconductors commercially utilized for
radiation detection, e.g., CdTe (~4.0 x 10* cm™),% silicon (1013 to 104 cm™),%¢ and the RP-type
hybrid double metal halide perovskite (PA)sAgBiBrg (7.90 x 10'' cm™) all have higher ny,,
values.?!

To further test the potential of (C3H,N,),AgBiBrg for X-ray detection, a prototype X-ray
detector was fabricated and exposed to soft 8 keV X-rays. The X-ray on/off measurements were
performed for (CsH;N;),AgBiBrg single crystals, suggesting a remarkably high signal-to-noise
ratio (SNR) of 111.45 (here SNR= I, — log/ logr) and its excellent response towards soft X-rays.
To the best of our knowledge, this SNR value is the highest among all the reported 2D DJ type
hybrid double metal halide perovskites so far, indicating an outstanding capability of
(CsH2N;),AgBiBrg at generating high-resolution and high-quality X-ray images beneficial for
practical applications [Fig. 6(c)].>”-°® These promising performance metrics are attributed to the
very short interlayer distances in (CsH;,N;),AgBiBrg. Furthermore, the X-ray induced current rise
time (75, ~1.54 s) and decay time (Zjecqy, ~1.42 s) were calculated using the 10% to 90% of
current amplitude. Following this, we determined detector sensitivity for (C3H;,N;),AgBiBrg,
which is another important performance measure for X-ray detection applications. The sensitivity
value is measured to be 188.52 uCGy'em? (E=100 V/mm) which is far superior to the RP-type
(PA);AgBiBrg ((6.89 uCGy-'cm= (at 40 V bias)) [Fig. 6(d)].>° In order to investigate the long-term
detector operational stability under continuous X-ray irradiation, the prototype detector was
continuously exposed to the 8 keV X-rays generated from the X-ray generator equipped with a Cu
target. Expectedly, an initial drift was observed in the X-ray induced current within the 9 minutes
of measurement time attributed to the ion migration as normally observed for perovskite-based
semiconductors [Fig. S13(b)].* %061 With extended exposure, the material showed unstable current
response with a visible drop in the X-ray generated current, similar to other reported perovskite-
based X-ray detectors.5?
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Conclusions

In conclusion, this work focusses on characterization of a 2D Dion-Jacobson (DJ) type hybrid
double metal halide perovskite (C;H;,N;),AgBiBrg with promising semiconductor properties for
X-ray detection applications. The material undergoes a reversible structural phase transition from
its low-temperature phase (monoclinic, P2,/n) to high-temperature phase (monoclinic, C2/m) at
121.83°C. This phase transition is accompanied by a change of color from yellow (LT phase) to
bright-orange (HT phase). The material remains stable when temperature is cycled through this
reversible thermochromic transition. Diffuse reflectance measurements and Tauc plot analysis
suggest an indirect bandgap of 2.42 eV for (C3H,N,),AgBiBrg, further confirmed by DFT
calculations.

(C3H12N,),AgBiBrg shows a semiconductor resistivity of 2.8x10'% Q-cm, lower than values
reported for other reported DIJ-type hybrid double metal halide perovskites such as (4-
AP),AgBiBrg (1.7x10'"! Q-cm), (HIS),AgSbBrg (2.2 x 10'! Q c¢cm), and (HA),AgBiBrg (8.03x1010
Q-cm), maintaining a better balance between charge carrier transport and leakage current.
Measurements done by using a fabricated prototype X-ray detector displayed excellent X-ray
response and detector sensitivity of 188.52 uCGy'lem (100 V/mm) which is better than the
closest Ruddlesden-Popper (RP) type analog (PA);AgBiBrg (6.89 uCGylem?2 (at 40 V bias)),>
and comparable to other DJ-type hybrid double metal halide perovskites i.e., (HIS),AgSbBrg (223
uCGy'ecm?), and (HA),AgBiBrg (252.38 uCGy''cm?). This observation is supportive of the
judgment that DJ-type perovskites with reduced interlayer distances may be more promising for
radiation detection compared to their RP counterparts. Furthermore, the signal-to-noise (SNR)
ratio value of 111.45 for (C5H,N;),AgBiBrg surpasses SNRs of prior reported DJ-type double
metal halide perovskites suggesting the material’s superior ability of generating high-quality
images for real-time X-ray detection applications. Overall, this study highlights the promising X-
ray radiation detection properties of 2D DJ-type hybrid double perovskites with stability issues
remaining a challenge.
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Data Availability

The data supporting this article have been provided as Supporting Information (SI). Supporting
information: Selected single crystal data, structure refinement parameters, atomic coordinates,
equivalent isotropic displacement parameters, bond angles and selected interatomic distances for
(C3H2N;),AgBiBrg at 100 K and 400 K, photographs of single crystals of (C3H;,N;),AgBiBrsg,
simulated diffraction data comparison with room-temperature PXRD for (C3H;,N;),AgBiBrsg,
single crystal structure of (C3H;,N,),AgBiBrg, H-bonding network of [AgBiBrg]* inorganic layers
with surrounding [C3H;N,]>" organic cations, distortions in inorganic layers of
(C3H,N,),AgBiBrg at 100 K and 400 K, interlayer spacing and penetration depth of organic
cations, photographs of single crystals, bulk powders and TGA/DSC curves of (C3H;,N;),AgBiBrg
under heating-cooling cycles, crystal structures of (C;H;,N,),AgBiBrg at 100 K and 400 K,
coordination environments of silver, bismuth, and [C3H;,N,]?>* organic cations at 100 K and 400
K, set-up used for electrical measurements and schematic diagram of fabricated prototype detector
used for X-ray response measurements, photon attenuation comparison plot, an indexed room-
temperature PXRD pattern of (C3H;,N,),AgBiBrg single crystal and videos S1 and S2 showing
reversible thermochromic behavior of (C;H;,N,),AgBiBrg single crystals (mp4). Crystallographic
data for (C3H,N;),AgBiBrgat 100 K and 400 K has been deposited at CCDC under 2532216 and
2532217.
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