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A (C¢HsC,H4NH;),Pbl, crystal was prepared to investigate its photoluminescence (PL) and
scintillation properties. Two PL emission peaks at 525 and 560 nm derived from the
recombination of excitons were observed. The obtained PL decay curve was approximated from
the sum of three exponential decay functions related to the excitonic luminescence. Under X-ray
irradiation, the excitonic emission at 560 nm from shallow trap centers was observed, and the
X-ray induced scintillation decay times were 0.8, 6.0, and 37 ns. The full energy peak was
observed under 24! Am a-ray (5.5 MeV) irradiation, and the light yield was estimated to be ~2900
ph/5.5 MeV-a.

1. Introduction

Scintillators are a type of phosphor that immediately converts ionizing radiation into low-
energy photons in UV-NIR regions.!"3) Scintillation detectors are mainly composed of
scintillators and photodetectors,™® and ionizing radiation can be detected as electric signals since
scintillation photons are converted into electrons through photodetectors. For X- and y-ray
detector uses, the following properties are generally required: high light yields (LY), large
effective atomic number (Z,), high density, short scintillation decay time, low afterglow, and
low fabrication costs.5:®) Applications of scintillators cover wide fields such as medical
imaging,(”) space explorations,® well logging,® and inspection equipment for security.(!?) The
required properties are varied. For instance, positron emission tomography (PET) is a type of
medical diagnosis imaging technique, especially for cancer diagnosis. In PET, scintillation
detectors arranged in a circle around a human body simultaneously detect two y-rays (511 keV)
emitted in opposite directions. Owing to the characteristics of the measurements, sufficient
energy resolution to distinguish 511 keV y-rays from scattered signals, high detection efficiency,
and high time resolution are important. Therefore, inorganic scintillators having large Z,, and
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fast decay time, such as TL:Nal (Z,; ~51), BiyGe;0y, (Z ~75), Ce:Gd,SiOs (Z,4 ~59), and
Ce:Lu,SiOs (LSO, Z,; ~66), were historically employed in PET.!'"13) However, with the
progress of techniques such as the invention of time-of-flight PET/computed tomography(!4.15)
and positron emission mammography,('®) higher performance, especially high LY with fast decay
time, has been required for scintillators.

Two-dimensional (2D) organic—inorganic hybrid perovskite-type compounds, which are a
type of semiconductor scintillator, have recently attracted considerable attention and have been
expected to achieve the above requirements. This type of material has quantum well structures
that can confine excitons.(!”) The structures consist of organic layers as barriers and inorganic
layers as wells, since the organic layers have a higher bandgap energy than the inorganic layers.
Excitons confined in the inorganic layers have a high binding energy, and thus fast and highly
efficient luminescence can be expected.(3:19) As further advantages, the perovskite crystals can
be grown at a low cost owing to a low-temperature process in comparison with most inorganic
scintillators synthesized by melt-growth methods (e.g., Czochralski, Bridgeman, and Floating
Zone methods).©-29-22) According to a previous study, (C¢HsC,H4NH;),PbBr, has shown high
LY (14000 ph/MeV) and fast scintillation decay time (11 ns).2>) On the basis of this study, various
types of lead bromide-based organic—inorganic hybrid perovskite-type compounds have been
continuously explored,?42%) whereas there have been only a few reports on the scintillation
properties of other halide-based organic—inorganic hybrid perovskite-type compounds (e.g., lead
chloride- and iodide-based ones). In a previous report on the lead iodide-based one, extremely
fast scintillation decay times were reported on (n-C¢H;3NH;),Pbl, (390 ps).>”) Therefore, lead
iodide-based compounds can be expected as fast-response scintillators. Furthermore, lead
iodide-based compounds are considered to have an advantage for X- and y-ray detection since
iodide has a larger Z.; (~61) than bromide (Z,; ~60). In this study, we prepared a
(CgH5C,H4NH;),Pbly crystal, a type of lead iodide-based organic—inorganic hybrid perovskite-
type compound, and its photoluminescence (PL) and scintillation properties were investigated.

2. Materials and Methods
2.1 Materials preparation

A (C4HsC,H4NH;),Pbl, single crystal was grown by the slow-cooling method. First, the
precursor of the organic layer was prepared. C¢HsC,H,;NH, (2-phenylethylamine, 99%, Alfa
Aesar) and HI (55-58%, Wako Pure Chemical Industries, 1 equiv.) were stirred at room
temperature in N, N-dimethylformamide (DMF, 99.5%, Wako Pure Chemical Industries) solvent.
Subsequently, the solvent was evaporated to obtain CHsC,H4NH;I powder, and then the powder
was stirred with Pbl, (99.99%, High Purity Chemicals, 0.5 equiv.) in DMF. The
(C¢HsC,H,NH;),Pbl, powder was obtained by evaporating the solvent. After that, the obtained
(CgH5C,H4NH;),Pbl, powder was dissolved into the mixed solvent of DMF and CH;NO, (96%,
Wako Pure Chemical Industries) at 90 °C with stirring. Finally, the solution was gradually
cooled from 90 to 20 °C at the rate of 3.5 °C/h using a liquid phase synthesizer (Chemi
Chemi-300, Shibata) to obtain a (C4H;C,H,NH;),Pbl, single crystal.
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2.2 Experimental setup

The crystalline structure was investigated by measuring the powder X-ray diffraction (XRD)
patterns with a diffractometer (MiniFlex600, Rigaku). The tested range of the diffraction angle
(20) was 3-50°. The diffuse transmission spectrum was measured with a spectrophotometer
(SolidSpec-3700, Shimadzu).

The PL excitation spectra were measured with a spectrofluorometer (FP-8600, JASCO). A
band-pass filter (HMX0530, AsahiSpectra) and short-cut filter (LV0510, AsahiSpectra) were
used to measure the excitation spectrum monitored at 525 nm, and a band-pass filter (HMX0570,
AsahiSpectra) and short-cut filter (LV0570, AsahiSpectra) were used to measure the excitation
spectrum monitored at 560 nm. The PL emission spectrum and PL decay curve were measured
using a Quantaurus-t (C11367, Hamamatsu Photonics). A Quantaurus-QY (C11347, Hamamatsu
Photonics) was used for quantum yield (QY) measurement. The scintillation properties were
investigated by measuring the following: X-ray-induced scintillation spectrum, X-ray-induced
scintillation decay curve, afterglow curve, and pulse-height spectrum using our original

setups.(30-3D)

3. Results and Discussion

A photograph of the prepared (CqHsC,H4NH3),Pbl, single crystal is shown in Fig. 1. The
diameter and thickness were around 5 mm and 0.28 mm, respectively. The appearance was
orangish transparent owing to band-edge absorption in the inorganic layers.

Figure 2 shows the XRD pattern of the (C4HsC,H4NH;),Pbl, single crystal. Diffraction
peaks were observed at a regular interval. The peaks corresponded to (0 0 2/) planes (/ =1, 2, 3,
4, 5, 6), and the present result indicated that this sample has the 2D quantum well structures.??)
The lattice constant of the c-axis was estimated to be ~16.3 A, which was almost the same as that
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Fig.1. (Color online) Photograph of Fig. 2. (Color online) X-ray diffraction pattern of

(CgH5C,H4NH;),Pbl, single crystal. (CeH5C,H4NHj;),Pbl, single crystal.
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of (C¢HsC,H4NH;),PbBr, (~16.4 A®3). In addition, some weak diffraction peaks were observed.
The diffraction peaks were not attributable to raw materials such as C¢HsC,H,NH;I and Pbl,.3?)
The (C¢HsC,H4NH;),Pbl, reported in the previous study shows almost the same pattern,
including the weak peaks due to crystal planes other than (0 0 2/),33 which demonstrated the
low crystal quality of the sample in this study.

Figure 3 shows the diffuse transmission spectrum of the (CHsC,H,NH5),Pbl, single crystal.
The absorption band due to the electronic transition from Pb(6s)-1(5p) to Pb(6p)* was observed
at wavelengths shorter than 540 nm, which is consistent with the optical bandgap energy (2.57
eV) of (C¢HsC,H4NH;),Pbl, reported in a previous study.®*> The transmittance was 50-70% at
wavelengths longer than 540 nm.

Figure 4 shows the PL excitation and emission spectra of the (C4HsC,H4NH;),Pbl, single
crystal. The PL emission peaks were observed under the excitation light at 470 nm. Double
emission peaks were observed at 525 and 560 nm. The peak at 525 nm was derived from the
recombination of free excitons,?®) and the peak at 560 nm originated from the recombination of
excitons at the shallow trap centers.(37) The QY was lower than 1% in the range of 500-600 nm
upon excitation at 510 nm. The excitation peak monitored at 525 or 560 nm was observed at 470
and 490 nm. Since the spectral shape was similar to those in (n-C¢H,3NH;),Pbl,,(17:3® the
origins of the signals at 470 and 490 nm were the bandgap in inorganic layers and the exciton
absorption, respectively. The difference in spectral shapes depending on the excitation
wavelengths was due to the difference in the optical filters used.

The PL decay curve of the (C{Hs;C,H4NHj3),Pbl, single crystal and the instrumental response
function (IRF) are shown in Fig. 5 The excitation and emission wavelengths were 470 and 525
nm, respectively. The decay curve was approximated from the sum of three exponential decay
functions. The first component (0.7 ns) was derived from the recombination of free excitons
confined in inorganic layers.?”) The second (1.6 ns) and third (15 ns) components were
comparable to those of other lead iodide-based perovskites;??) therefore, they were considered to
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Fig.3. (Color online) Diffuse transmission Fig. 4. (Color online) PL excitation/emission

spectrum of (CgHsC,H4NH;),Pbl, single crystal. spectra of (C4HsC,H4NH;),Pbl, single crystal.
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Fig. 5. (Color online) PL decay curve of (C4HsC,H4;NH;),Pbl, single crystal.

be derived from the recombination of excitons at the shallow trap centers, which was also
observed in (n-C¢H;3NH;),Pbl,.(>9

Figure 6 shows the X-ray-induced scintillation spectrum. The observed peak at 560 nm was
originated from the recombination of excitons at the shallow trap centers.®?) The peak at 525 nm
observed in the PL spectrum was not observed owing to self-absorption.? The emission peak
was longer than that of the (C¢HsC,H,NH;),PbBr, single crystal observed at 437 nm.(>3 It can
be considered that the lead iodide-based compounds have the low-energy bandgap in inorganic
layers in comparison with the lead bromide-based compounds. In general, the excitonic
luminescence of semiconductor scintillators is difficult to clearly observe owing to thermal
quenching at room temperature.* On the other hand, the peak clearly appeared in the present
sample even at room temperature, which was due to the quantum confinement effect.?)

Figure 7 shows the X-ray-induced scintillation decay curve. The obtained decay curve was
approximated from the sum of three exponential decay functions, similarly to the PL. The first
component (0.8 ns) was attributed to the recombination of free excitons. The decay time constant
of IRF was 0.5 ns; thus, the first component could be distinguished from IRF. The second (6.0
ns) and third (37 ns) components were considered to be derived from the recombination of
excitons at the shallow trap centers like in PL.?”) The decay time constants were long in
comparison with the PL decay time constants because of the differences in the mechanism
between scintillation and PL; scintillation includes additional processes such as conversion and
transfer processes compared with PL, and thus the present result is reasonable. The decay time
of the first component (0.8 ns) was much faster than that of LSO (40 ns(!)), which is the
conventional scintillator for PET. Moreover, the value was faster than that of the
(C¢HsC,H4NH5),PbBry (11 ns).

The pulse height spectrum measured using the (CsHsC,H,NH;),Pbl, single crystal is shown
in Fig. 8. The figure includes a spectrum of '3’Cs y-rays (0.662 MeV) measured with a
Ce:Y;Als0;, (YAG) ceramic as areference with LY of 20000 ph/MeV.“*? The (C¢HsC,H,NH),Pbl,
single crystal did not show a photoabsorption peak under 3’Cs y-ray irradiation owing to its low
crystallinity; thus, 2*'Am a-ray (5.5 MeV) was used as a radiation source. Under a-ray
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Fig. 6. (Color online) X-ray-induced scintillation Fig. 7. (Color online) X-ray-induced scintillation
spectrum of (CHsC,H4NH;),Pbl, single crystal. decay curve of (C4HsC,H,NH;),Pbly single crystal.
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Fig. 8.  (Color online) Pulse height spectrum of 2! Am a-rays measured using (C4HsC,H,NH;),Pbl, single crystal
and that of 137Cs y-rays measured using Ce:YAG ceramic.

irradiation, a clear full energy absorption peak of the (CqHsC,H,NH;),Pbl, single crystal was
observed at 190 channels, whereas that of the YAG ceramic was observed at 880 channels.
Comparing the channels of the photoabsorption and full-energy peaks, we estimated the LY of
the (C4HsC,H4NH;),Pbl, single crystal to be ~2,900 ph/5.5 MeV-a. The LY was lower than that
of the (C4HsC,H4NH;),PbBr, single crystal (~14000 ph/MeV) measured under '3’Cs y-ray
irradiation. However, under 4! Am a-rays, the LY of the (C¢HsC,H,NH;),Pbl, was higher than
those of ZnO in single crystal (~500 ph/5.5 MeV-a)*¥ and ceramic (~1500 ph/5.5 MeV-a)
forms,*) a type of semiconductor scintillator.

Figure 9 shows the afterglow curve of the (CqHsC,H,NH;),Pbl, single crystal. The afterglow
level (4) was defined using the formula 4 = (l,o — I3g) Unrax— I3c)- 1o, Ipg> and I,y are the
emission intensity 20 ms after X-ray cut off, the background intensity before X-ray irradiation,
and the emission intensity during X-ray irradiation, respectively. The calculated 4 was 39.8 ppm.
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Fig. 9. (Color online) Afterglow curve of (C4HsC,H4,NHj3),Pbly single crystal under X-ray exposure.

This value is worse than that of the (C¢Hs;C,H,NH;),PbBr, (5 ppm®?). However, it is much
better than that of TI:Csl (268 ppm®®), which is a commercialized scintillator for security
inspection.

4. Conclusions

The (C¢HsC,H4NH;),Pbly single crystal, a type of organic—inorganic hybrid perovskite-type
compound, was prepared by the slow-cooling method. In PL and scintillation spectra, the
excitonic luminescence was observed. The PL and scintillation decay curves were approximated
from the sum of three exponential decay functions due to excitonic luminescence. The
scintillation decay time (0.8 ns) related to the free-exciton luminescence was much faster than
those of the conventional scintillators for PET. The LY was 2,900 ph/5.5 MeV-a, which was
higher than those of ZnO in single crystal (500 ph/5.5 MeV-0) and ceramic (1500 ph/5.5 MeV-o)
forms. Although y-ray measurement requires further improvement in LY and crystallinity, it is
realized that (C¢HsC,H4NH;),Pbl, is a promising material as a fast-response scintillator owing
to the quantum confinement effect.
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