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Solution-processed hybrid organic—inorganic lead halide perovskites have potential for next generation
X-ray imaging applications. Here, we discuss the effect of Pb replacement by Cu or Sn on the optical
and scintillation properties of the high-light-yield and fast crystal scintillators of BA,PbBr,4. By replacing
Pb with Cu or Sn, the measured bandgap shifts from 3.59 to 3.90 and 3.44 eV, while the
photoluminescence decay time slows down from 3.0 ns to 1.3 and 8.5 us, respectively. The bandgaps
and the structures are also validated by density functional theory calculations. Although BA,CuBr4 and
BA,SnBr, have large Stokes shifts of 2.06 and 113 eV, respectively, both crystals show no
radioluminescence (RL) at room temperature (RT). Temperature-dependent RL measurements
demonstrate that BA,PbBr, has negative thermal quenching, while Pb replacement by Cu or Sn results
in strong thermal quenching, affecting the light yields at RT. Despite slow decay times and low light
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yields for BA,CuBr4 and BA,SnBr,, this study opens new understanding for lead-free perovskite crystals
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Introduction

Lead halide perovskites have attracted great interest as scintil-
lating materials."™ Due to their large effective atomic mass and
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and the trends in their scintillation properties.

mass density, all-inorganic perovskites are favored for the
application of stopping high-energy radiation. Nevertheless,
the radiation absorption lengths for their quantum dots** and
nanosheets® are much smaller than those in bulk due to the
presence of the ligands and/or adhesives, which make the
packing fractions much lower than those in bulk. The small
Stokes shift also creates some issues with reabsorption.” On the
other hand, hybrid organic-inorganic perovskite (HOIP) lead
halide crystals have been considered for the application of low-
energy radiation scintillators, e.g. X-ray, though recently they
were also reported to be effective for gamma-ray and neutron
spectroscopy with good energy resolution.®® For these two-
dimensional (2D) HOIP lead halide crystals, the bromide crystals
are more stable and have larger light yields than iodide ones.®
Butylammonium lead bromide (BA,PbBr,) scintillators are
already known to have high light yields between 8000 and
40000 photons per MeV and fast decay time between 5 and 8
ns at various excitation energies and crystal qualities.®*"
However, these materials pose an environmental issue due to
the presence of lead cations in their structure that cause severe
health hazards. Moreover, replacing the lead cation with other
divalent cations may increase the Stokes shift of the materials.”
An approach to replace lead with other metal cations has been
attempted such as with manganese (Mn),"*> copper (Cu),"* tin
(Sn),"* and antimony (Sb)."*
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In this work, we aim to explore the effect of Pb substitution
by Cu or Sn on the optical and scintillation properties of
solution-processed 2D BA,PbBr, perovskite. First, we confirmed
the crystal structure with X-ray diffraction (XRD) characterizations
and then performed photoluminescence (PL) measurements to
demonstrate the emission from these perovskite crystals at room
temperature (RT). Optical absorption characterization shows the
bandgap red-shift for lead-free crystals compared to the BA,PbBr,
crystal, in which the similar bandgap values for all these crystals
may relate to the same maximum theoretical light yields. We
observe large Stokes shifts for lead-free perovskite crystals
compared to the BA,PbBr, crystal. Those large Stokes shifts
may be beneficial to enhance the light yields by reducing self
absorption.*” Temperature-dependent radioluminescence (RL)
spectra of perovskite crystals provide detailed information on
light yields between 350 and 10 K. As previously reported,
BA,PbBr,; shows negative thermal quenching behavior,® i.e.
stronger PL is observed with increasing temperature, which
could be practically beneficial in reducing cooling needs for the
scintillator and improving performance at higher tempera-
tures. In fact, Pb substitution by Cu or Sn in the crystals leads
to the presence of strong thermal quenching. Although these
lead-free crystals demonstrate RL at low temperature, the light
yield is reduced at higher temperature, in particular for the
BA,CuBr, crystal. For thermoluminescence (TL), only BA,SnBr,
exhibits strong depth traps while the others are trap free.
Although the thermal quenching affects the scintillation prop-
erties for lead-free perovskite crystals at high temperature, this
study will provide insight into designing and developing new
lead-free perovskite scintillators.

Experimental methods

Perovskite crystal preparation

Butylammonium bromide (BABr, 98%), lead bromide (PbBr,, 98%),
hydrobromic acid (HBr, 48%), tin(u) bromide (SnBr,), butylamine
(BA, 99.5%), and dimethyl sulfoxide (DMSO, anhydrous) were
purchased from Sigma-Aldrich. Copper(u) oxide (CuO, ACS reagent)
was purchased from Fisher Scientific. All chemicals were used
without further purification.

BA,PbBr, crystals were synthesized from solution, with a
previously used method.”'" The precursors PbBr, and BABr
were dissolved in DMSO in stoichiometric amounts up to a
concentration of 3 M. The solution was stirred at 100 °C for
2 hours under N, in order to fully dissolve the precursors and
then cooled down to room temperature. The solution was left to
evaporate slowly for a period ranging from two weeks to
1 month until large crystals formed. The crystals were filtered
out of the solution, then washed several times with diethyl
ether, finally dried and stored in vacuum until characterization.

The method to synthesize BA,CuBr, and BA,SnBr, was
adopted from published literature.'® To prepare BA,CuBry,,
CuO (0.48 g, 6 mmol) was dissolved in warm HBr (5 mL) under
constant stirring. To this solution, a solution of excess BA
(5 mL, 50 mmol) in 5 mL HBr was added and then a saturated
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mixture was obtained. Finally, methanol (50 mL) was added to
the saturated solution mixture and this solution was warmed
for 30 minutes with continued stirring. After the solution
mixture was allowed to reach room temperature, the dark violet
product of BA,CuBr, was crystallized. For the preparation of
BA,SnBr,, a solution of SnBr, (0.28 g, 1 mmol) was dissolved in
warm HBr (5 mL) under constant stirring in an argon atmo-
sphere. To this solution, an aqueous solution of BABr (0.61 g,
4 mmol) in 1 mL H,O was added and stirring of the solution
mixture was continued for 30 minutes. After the solution was
allowed to cool to room temperature, it was stored in a freezer
for 5 days, during this process, the yellow product of BA,SnBr,
was crystallized. This product was recrystallized by dissolving
the initial crude product of BA,SnBr, in a small amount of
ethanol and subsequently keeping the saturated solution at
room temperature for 1-2 days until large-size crystals were
formed in a glass beaker.

X-ray diffraction

Powder X-ray diffraction (XRD) data were recorded on a Bruker
D8 Advance AXS diffractometer with graphite-monochromatized
Cu Ko radiation (4 = 1.54059 A). The data acquisition was
undertaken at RT under Bragg-Brentano geometry with the
speed of scanning as 5 s per step and a step size of 0.01. XRD
diffractograms were then analyzed using FullProf software."”

X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) experiments were car-
ried out using an X-ray source of magnesium Ko with a typical
excitation energy output of 1254 eV. The impinged spot size on
the sample is about 1 mm in diameter. All the reported XPS
spectra were calibrated by reference to the Ag 3ds, peak
position (centered at 368.10 eV) of a silver polycrystalline foil
cleaned via standard argon ion sputtering treatment.

PL, time-resolved PL, absorption, and PL quantum yields

PL measurements were performed at room temperature (RT)
using free-space excitation and collection through a visible-
near-infrared microscope objective (Nikon 20x, Nikon Corpora-
tion, Tokyo, Japan, NA = 0.40). The sample was excited via a
30 kHz picosecond pulsed diode laser (Master Oscillator
Fibre Amplifier, Picoquant, Picoquant GmbH, Berlin, Germany,
excitation wavelength at 266 or 355 nm, pulse width 50 ps, and
power of 10 pW). The PL measurement was based on the
epifluorescence method. PL spectra were recorded using an
AvaSpec-HERO spectrometer (Avantes BV, Apeldoorn, The
Netherlands). For time-resolved photoluminescence measure-
ments (TRPL), a pico-second pulsed diode laser with repetition
rates between 30 kHz and 10 MHz (Master Oscillator Fiber
Amplifier, Picoquant, excitation wavelength at 266 or 355 nm,
pulse width 50 ps) was employed. The emission was then
selected by a band filter at 425 and 532 + 25 nm and detected
by a single-photon avalanche photodiode (APD) connected
to a time-correlated single-photon counting acquisition module
(Edinburgh Instruments, TCC900, Edinburgh Instruments Ltd,
Livingstone, United Kingdom). In PL and TRPL measurements,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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the excitation wavelength of 266 nm was used for BA,CuBr,,
while that of 355 nm was used for BA,PbBr, and BA,SnBr,.
Absorption spectra of perovskite crystals were obtained using
an ultraviolet-visible (UV-vis) spectrometer (Shimadzu, Model
UV-2450). PL quantum yields (PLQY) were measured with the
Labsphere integrating sphere explained in our previous
works."'® To check the validity of our PLQY measurements,
we used Nanolumi CsPbBr; quantum dots as references as they
had already been measured previously by the company.'**® All
optical measurements were performed after a pre-heating step
so that there was no afterglow or traps in the samples.

RL, TL, and glow curves

For all these measurements, we used one integrated setup.
It consists of an Inel XRG3500 X-ray generator Cu-anode tube,
45 kV/10 mA, an Acton Research Corporation SpectraPro-500i
monochromator, a Hamamatsu R928 photomultiplier tube
(PMT), and an APD Cryogenic Inc. closed-cycle helium cooler.
First, we recorded low temperature afterglow at 10 K by expos-
ing the crystals to X-rays for 10 minutes. Then, we measured TL
glow curves at temperatures between 10 and 350 K with a
heating rate of about 0.14 K s~'. Afterwards, we measured the
RL at different temperatures between 350 and 10 K starting
from the highest to lowest temperatures in order to avoid
possible contributions to the emission yield from the thermal
release of charge carriers.

Density functional theory calculations

The Kohn-Sham formulation'®*® as implemented in the

Vienna A4b initio Simulation Package (VASP)*'*> was used for
the density functional theory (DFT) calculations. The Projector
Augmented Wave (PAW) method®*** was used to describe the
interaction between ion cores and electrons. The electron
exchange-correlation was treated by the generalized gradient
approximation (GGA) based on the Perdew-Burke-Ernzerhof
(PBE) functional.® The rotationally invariant GGA+U approach
introduced by Dudarev et al.®® was used with the effective
Hubbard parameter U.g being 4.0, 4.0, and 5.0 €V, respectively,
for the Cu d,” Pb p, and Sn p orbitals. Spin-polarized calculations
were performed only for the BA,CuBr,. The plane wave basis
sets with a cut-off energy of 500 eV were used for all calculations.
The Brillouin zone with a k-point grid of 5 x 5 x 1 according to
the Monkhorst-Pack scheme®® was used. The zero-damping D3
method”® was adopted to account for the dispersion correction.
During calculations, all atoms were allowed to fully relax. The
conjugate gradient method was employed for cell optimizations,
and the calculations were considered to converge when the
maximum forces on each atom were less than 0.01 eV A",

Results and discussion

Fig. 1 shows the appearances and structures of the BA,XBr,
crystals. The appearances of three representative single crystals
of BA,PbBr,, BA,CuBr,, and BA,SnBr, under ultraviolet excita-
tion are shown in Fig. 1(a), (b) and (c), respectively. BA,PbBr,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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has blue emission as reported earlier.® By replacing Pb with Sn,
the crystal emission shifts from blue to green, though the
crystal thickness is still very thin due to the preferred lateral
orientation growth in the two-dimensional perovskite. In contrast,
BA,CuBr, has dim emission and its thicker crystal compared to
those with Pb and Sn indicates less preferred lateral orientation
growth. XRD diffractograms of BA,PbBr,, BA,CuBr,;, and
BA,SnBr, are shown in Fig. 1(d), (e), and (f), respectively, with
the inset corresponding to each crystal structure. Rietveld refine-
ment for these crystals was performed using FullProf software
and the results are shown in Fig. S1 (ESIt). The orthorhombic
phase can be found with Pbca space group and the refined lattice
parameters of BA,PbBr, (a = 8.3369 A, b = 8.2259 A, ¢ = 27.6238 A),
BA,CuBr, (a = 8.2498 A, b = 7.8098 A, ¢ = 25.8735 A) and BA,SnBr,
(@ = 8.1340 A, b = 8.0268 A, ¢ = 26.9590 A). The observed
mismatches in peak intensities are due to considerable texture
in the samples obtained from finely ground crystals for the XRD
measurements. For BA,CuBr,, the comparison with CuBr, in
monoclinic phase confirms the negligible amount of CuBr, as
shown in Fig. S1(d) (ESIf).>*° The observed prominent peaks
located in the lower angle represent the (001)-orientated layer
structures, where two inorganic sheets are separated by a layer of
organic molecules as shown in the insets.® The same organic
cation used in these crystals is responsible for the similar position
of these prominent peaks. We then calculate density of states
(DOS) using DFT and the optical bandgap (E,). The band struc-
ture, total (black) and projected (color) DOS of BA,PbBr,,
BA,CuBr,, and BA,SnBr, crystals are shown in Fig. 1(g), (h), and
(i), respectively. The blue line represents Pb p, Cu d, and Sn p in
each crystal, while the pink and red lines represent BA p, and Br
p orbitals, respectively. We obtain calculated bandgaps (E5") of
3.36, 3.84, and 2.68 eV for BA,PbBr,, BA,CuBr,, and BA,SnBr,,
respectively, the former of which agrees well with the previous
theoretical study using the hybrid HSE06 functional (3.37 eV).*!
These similar E, values result in the similar estimated maximum
light yields for all these crystals. The band structure of BA,CuBr,
in Fig. 1(h), in particular, shows a state near the Fermi energy (Er).
This strongly indicates that BA,CuBr, is a p-type semiconductor.
In addition, the band structure of the spin-down BA,CuBr, in
Fig. S2(b) (ESIT) shows an in-band state, which is characteristic of
Cu2+

Fig. 2(a-c) present the chemical state elucidations of the
respective perovskite samples measured by the XPS technique.
The prominent broad peaks of Pb 4f core levels in BA,PbBr, at
143.11 and 138.26 eV respectively correspond to the 4fs,, and
4f,),, indicating the expected signature of lead-based perovskite
that typically can be found in the literature.”*** In regard to
the spectral line shape of the Cu 2p core levels presented in
Fig. 2(b), we found that the peak separation between two
prominent signals gives a peak difference close to ~19.8 eV,
reflecting the spin-orbit coupling of Cu 2p states that is
commonly found in the perovskite system."*** The main peaks
of Cu 2p4/, (951.5 eV) and Cu 2p3, (931.6 eV) are found for the
BA,CuBr, sample. We note that the third sample contains an
Sn-constituent based on the Sn 3d core level shown in Fig. 2(c).
Two broad peaks corresponding to 3d;,, and 3ds,, signals were

Mater. Adv., 2022, 3, 5087-5095 | 5089
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Fig. 1 Appearance and structure of BA,XBr4 (X = Pb, Cu, Sn). Photographs of (a) BA;PbBry4, (b) BA,CuBry, and (c) BA,SnBry4 crystals under commercial
ultraviolet lamp excitation. Scale bar is 5 mm. XRD diffractograms of (d) BA,PbBr,, (e) BA,CuBry4, and (f) BA,SnBry crystals with their crystal structures
(insets). The band structure, total (black) and projected (color) DOS of (g) BA,PbBry, (h) BA,CuBr4, and (i) BA,SnBr, crystals. Blue line represents Pb p, Cu
d, and Sn p in (g), (h), and (i), while pink and red lines represent BA p, and Br p orbitals, respectively.

observed at 494.97 and 486.57 eV, respectively. This result is in
agreement with the previous Sn-hybrid perovskite crystals."*>®
The other contributions such as core levels (C 1s, N 1s and Br
3d) to confirm the chemical integrity of the hybrid perovskite
crystals are summarized in Fig. S3 (ESIT).

In all crystals, the ratio of these core levels is found to be
similar due to the use of the same organic cation (BA) and
halide anion (Br). Absorption and PL spectra of the crystals are
shown in Fig. 2(d-f). BA,PbBr, crystal has an absorption peak at
346 nm, while those with Cu and Sn are located at 245 and
355 nm, respectively. From the absorption spectra, the experi-
mental bandgap (Eg™) could be obtained as 3.59, 3.90 and
3.44 eV for BA,PbBr,, BA,CuBr,, and BA,SnBr,, respectively,
which are comparable to the above Eg" values, see Fig. S4

5090 | Mater. Adv,, 2022, 3, 5087-5095

(ESIt). The Eg™® of BA,PbBr, is also consistent with the previous
report."® BA,PbBr, shows a PL peak at 437 nm (2.84 eV) with an
extra small peak at the shorter wavelength (414 nm (3.00 eV)).
The presence of double-peaked PL is in accordance with our
previous study of BA,PbBr,."* For the class of 2D lead halide
perovskite materials, double-peaked emission has been
reported as an indication of the presence of a dual bandgap
resulting from the different bulk and surface states.**”** Those
effects were also probed in the same class of materials by
TRPL* and cathodoluminescence.** The low intensity at
414 nm demonstrates Stokes-shift-induced self absorption by
the metal coordination sphere deformation in 2D hybrid lead
bromide.*' The cause of this effect is also strengthened by the
previous observation of the large 414 nm-PL intensity in thin

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Surface characteristics and optical properties of BA;XBr4 (X = Pb, Cu, Sn). XPS signals from (a) Pb 4f, (b) Cu 2p, and (c) Sn 3d levels and their

corresponding binding energy in BA,PbBr4, BA,CuBry4, and BA,SnBr, crystals,

respectively. Absorption and PL spectra of (d) BA,PbBry, (e) BA,CuBry4, and

(f) BAoSnBr4 crystals, recorded at room temperature (RT) shown in dashed and solid lines, respectively. TRPL decay curves of (g) BA,PbBry, (h) BA,CuBry,
and (i) BA,SnBr, crystals, monitored at 425 nm emission for BA,PbBr, and BA,CuBr,4 crystals, and at 532 nm emission for the BA,SnBr, crystal.

film and the disappearance of the same peak in RL spectra.'’
Replacement of Pb with Cu or Sn shifts the PL peak at 414 nm
to a shorter wavelength at 411 nm (3.02 eV) and longer
wavelength at 526 nm (2.36 eV), respectively. In those materials,
the short wavelength peaks have maximum intensity showing
less self absorption. From those values, the Stokes shifts for
BA,PbBr,, BA,CuBr,, and BA,SnBr, are 0.59, 2.06, and 1.13 eV,
respectively. We expect that those large Stokes shifts will help to
prevent the self absorption in the scintillators.*” Narrower PL
spectra are also observed for the lead-free crystals. Here, the full
width at half maximum (FWHM) values of BA,CuBr, and
BA,SnBr, are 19 and 24 nm, respectively, while those for
PEA,CuBr, and PEA,SnBr, are about 100 nm."*** The use of
a short organic cation has been reported to have a lesser

© 2022 The Author(s). Published by the Royal Society of Chemistry

contribution to the charge dynamics due to weaker electron-
phonon interaction."® To examine the PL decay characteristics,
the emission at 425 nm was monitored for BA,PbBr, and
BA,CuBr,, and the emission at 532 nm was monitored for
BA,SnBr,. As shown in Fig. 2(g), BA,PbBr, crystal has a fast
average decay time of 3.0 ns. This observation is in good
agreement with the previous reports.>'® Substituting Pb with
Cu or Sn causes a slower PL decay with average decay times of
1.3 and 8.5 ps as shown in Fig. 2(h) and (i), respectively.

Fig. 3(a) represents the RL spectra of the crystals at 10 and
300 K, taken after being sure that there are no afterglow and
trapped charge carriers existing in the crystals. BA,PbBr, shows
RL for measurements at both 10 and 300 K, while BA,CuBry,,
and BA,SnBr, crystals only show RL at 10 K. At 10 K, BA,PbBr,

Mater. Adv., 2022, 3, 5087-5095 | 5091
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and BA,CuBr, crystals have similar RL peak positions at 421 nm
(2.95 eV) and 420 nm (2.95 eV), and narrow RL spectra with
FWHM of 6 nm (0.04 eV) and 7 nm (0.03 €eV), respectively.
BA,SnBr, crystal at 10 K shows a RL peak at a longer wavelength
of 539 nm (2.30 eV) with a FWHM of 7 nm (0.05 eV), and with
increasing the temperature to 300 K, the RL peak of BA,PbBr,
crystal demonstrates a red-shift to 435 nm (2.85 eV) with a
broader FWHM of 24 nm (0.16 eV). Fig. 3(b-d) show afterglow
and TL curves of BA,PbBr,, BA,CuBr,, and BA,SnBr,, respec-
tively. BA,PbBr, and BA,CuBr, crystals show very short after-
glow and no traps are observed. The absence of traps is related
to the very short chain of the organic cation in comparison with
other 2D HOIP crystals.'” On the other hand, BA,SnBr, crystal
shows slower decay afterglow as shown in Fig. 3(d) with the TL
curve satisfactorily fitted by the two exponential decay function.
The TL decay components for BA,SnBr, crystal are 53.2 s (12%)
and 516.8 s (88%). Pb substitution with Sn seems to contribute
to this slower decay, indicating the presence of traps. To
evaluate trap concentrations and depths, temperature-
dependent TL was recorded with a heating rate of 0.14 K s~ .
It can be clearly seen that only BA,SnBr, crystal shows a TL
glow-curve, meaning the presence of traps compared to
BA,PbBr, and BA,CuBr, crystals. As shown in Fig. S5 (ESIT),
two traps are observed in BA,SnBr, crystal. These two traps do
not have much difference in their depth energies, i.e. 452 and
622 meV, even though the total number of traps for the energy
of 622 meV is three-fold compared to that of 452 meV.
Temperature-dependent RL spectra mapping at different
temperatures from 10 K to 350 K is depicted in Fig. 4(a—c) for
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BA,PbBr,, BA,CuBr,, and BA,SnBr,, respectively. BA,PbBr, has
higher RL intensity at higher temperature. On the other hand,
BA,CuBr, and BA,SnBr, exhibit high RL intensities for the
measurement at 10 K and these signals strongly reduce at room
temperature. The characteristics of negative thermal quenching
are then studied by fitting the temperature-dependent inte-
grated RL intensities as shown in Fig. 4(d) with the model
proposed by Shibata.** The fitting parameters are shown in
Table S1 (ESIt). All samples exhibit negative thermal quenching
behaviour. BA,PbBr, shows relatively small activation energies
and large coefficients for both positive and negative thermal
quenching.™ This means that the light yield is relatively stable
for the entire temperature range. In comparison with BA,PbBr,,
BA,CuBr, has the strongest thermal and less negative thermal
quenching, whereas both activation energies and coefficients
are small. BA,SnBr, shows large activation energies and small
coefficients in both negative thermal and thermal quenching
resulting in significant effects in negative thermal and thermal
quenching.

Since the light yield of X-ray scintillation conversion is
inversely proportional to the Eg®,*** BA,PbBr,, BA,CuBr,,
and BA,SnBr, crystals are theoretically expected to have max-
imum light yields up to 122 000, 94 000 and 126 000 photons
per MeV, respectively, only if both PL quantum yields (PLQYs)
and transfer efficiencies are unity. From the integrated PL
intensity measured with integrating sphere, see Fig. S6 (ESIf),
PLQYs for all crystals can be estimated. Since we have thick
single crystals, we slightly modified the calculations for obtain-
ing the values in Table S2 (ESIt) from those in de Mello et al.*®
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of (b) BAPbBry, (c) BA,CuBry, and (d) BA,SnBr, crystals. Afterglow parts were recorded after 10 minutes of X-ray irradiation at 10 K with heating rate of

0.14 K st indicated by red-dashed lines.
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The largest PLQY is reported for BA,PbBr, at 36% and this value
is still below the 79% of another 2D lead bromide perovskite
crystal, BZA,PbBr,.*® After including the PLQY for BA,PbBr, and
temperature-dependent light yield in Fig. 4(d), the new expected
light yields become 41000 and 73000 photons per MeV for
temperatures at 150 K and RT, respectively. Since the measured
light yield at RT is 40000 photons per MeV,® the transfer
efficiency is therefore 55%. Unlike BA,PbBr,, both lead-free
crystals show strong thermal quenching at RT, while at 150 K,
Pb substitution with Cu or Sn leads to much lower measured
light yields of 100 and 2000 photons per MeV, respectively.

Conclusion

In this work, we reported the effect of Pb replacement by Cu or Sn
on the optical and scintillation properties previously reported for
solution processed BA,PbBr, perovskite crystal. Pb substitution
with Cu or Sn leads to an Eg" red-shift from 3.59 to 3.90 and
3.44 eV, and a Stokes shift from 0.59 to 2.06 and 1.13 eV,
respectively. The large Stokes shift should improve the light yield
due to the potential reduction of self absorption.” Despite the
large Stokes shift observed for BA,CuBr, and BA,SnBr,, RL of
these crystals at RT was hardly found. However, at 10 K, BA,CuBr,
and BA,SnBr, did show narrow RL spectra with FWHM of 0.04 eV
and 0.03 eV, respectively. For BA,PbBr,, the RL spectrum at 10 K
with a FWHM of 0.05 eV is narrower than that at RT with a FWHM
of 0.16 eV. Furthermore, temperature-dependent RL confirmed
the negative thermal quenching in BA,PbBr, crystal. On the other

© 2022 The Author(s). Published by the Royal Society of Chemistry

hand, we also observe strong thermal quenching for both lead-
free crystals at RT, while at 150 K, BA,CuBr, and BA,SnBr,
exhibited low measured light yields of 100 and 2000 photons
per MeV, respectively. Beside low light yield, Pb replacement by
Cu or Sn also induced slower PL decay times from 3.0 ns to 1.3
and 8.5 us, respectively. Although the cation replacement caused
lowering of the scintillation performance, these findings may give
insight into the design of lead-free perovskite scintillators.
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