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The scintillation properties of organic—inorganic layered perovskite-type compounds were
analyzed using pulsed beams having different linear energy transfers (LETs). Initially the
decay was slower and then became faster at higher LETs. A possible cause of the slower decay
at higher LETs is the competition between the radiative process and trapping at nonradiative
sites, resulting in some excitons not being trapped at nonradiative sites at which other excitons
have already been trapped at higher LETs. The faster decay at higher LETs is attributed to
the interaction of excited states, such as biexciton formation or a nonradiative Auger process.
In addition, the LET dependence was most pronounced for (C¢HsC,H4NH3),PbBrs, whose
radiative rate and luminescence quantum efficiency were the highest among the investigated
compounds. This result is because the radiative process in this compound, as a major decay
process, is more significantly influenced by excited state interactions at higher LETs.

1. Introduction

It is widely known that high-energy heavy charged particles densely lose their energy in
condensed matter. The one-dimensional density of the energy deposition along the trajectories
of particles, i.e., linear energy transfer (LET), has long been used as a quantity for describing
the characteristics of dense energy deposition. The dependence of the irradiation effects of
solids on the LET has been widely investigated,") and several types of irradiation effects have
been used for processing materials, such as the formation of columnar defects as pinning
centers in high-temperature oxide superconductors'® and ion-track etching in polymers.*®)

In the case of radiation detection, the LET dependence of the detector response has
long been identified as an issue. The LET dependence of the response of scintillators was
phenomenologically formulated by Birks as early as 1964.%) This formula has long been
used for compensating the LET-dependent scintillation light yield, although the formula has
little physical basis and limited applicability. From a technical viewpoint, the LET-dependent
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response hinders accurate measurement of the deposition energy of heavy charged particles in
scintillation detectors. In contrast, in the case of thermal neutron detection via nuclear reactions
such as 6Li(n,oz)3H and IOB(n,a)7Li, reaction products such as a-rays, *H, and "Li deposit their
energy at a higher LET than that of X-rays or gamma rays. For scintillators whose rise and
decay behavior significantly depends on the LET, detection events of thermal neutrons can be
discriminated from those of gamma rays on the basis of a difference in the detection signal
shape.(s)

LET-dependent scintillation properties are caused by the interaction of excited states.
Because excited states are mobile and their density decreases during diffusion, the LET
dependence and the excited state interactions responsible for this dependence have to be
analyzed from the viewpoint of the dynamics of scintillation, i.e., scintillation temporal profiles.
Previously, Kimura and coworkers measured the LET-dependent scintillation decay of BaF;
using their own system based on a time-correlated single photon counting technique.((’*g)
Recently, we have constructed a measurement system of LET-dependent scintillation decay
based on pulsed ion beams.”) Thus far, we have reported the LET-dependent scintillation rise
and decay of scintillators having dopants as luminescent centers, such as Ce-doped Li-glass,(lo)
Ce-doped LiCaAlFs, 'Y Ce-doped Gd,Si0s,"? and Ce-doped GdsAl,Gas0;,1? scintillators, in
which competition between the excitation energy transfers from the host to luminescent centers
and quenching due to excited state interactions have been observed. Also, we have reported the
LET-dependent scintillation rise and decay of self-activated scintillators such as Bi4Ge3012,(14)
in which faster rise and decay were observed at higher LETs and attributed to the interactions of
self-trapped excitons nearby.

In this study, we focused on the LET dependence of the scintillation properties of a novel
class of scintillators, i.e., organic—inorganic layered perovskite-type compounds. The basic
concept of scintillator development based on these compounds was proposed by our group
more than 15 years ago.!>™'”) Recently, we have developed single-crystalline scintillators based
on compounds with a relatively high light yield and fast decay.!32) These compounds have a
layered structure of alternating organic amine layers and inorganic lead halide layers. Owing to
the significantly lower band-gap energy of the inorganic layers than that of the organic layers,
the compounds have multiple quantum-well structures in their crystal structure. Fast and
efficient scintillation has successfully been obtained from quantum-confined Wannier excitons
in the inorganic layers.!®!”) In this study, we analyzed the LET dependence of the scintillation
properties of such compounds with a focus on the scintillation temporal profiles from the
viewpoint of interactions of Wannier excitons at higher LETs.

2. Materials and Methods

The samples were single crystals of layered perovskite-type compounds with
phenethylamine, benzylamine, or butylamine in their organic layers. The chemical formulae of
these compounds were (C¢HsCoH4NH3),PbBry, (C¢HsCH,NH3),PbBry, and (C4HoNH3),PbBry
and are respectively denoted as Phe, Ben, and C4 hereafter. The compounds were synthesized
through the reaction of the amine and hydrobromic acid, and subsequent reaction of the reaction



Sensors and Materials, Vol. 33, No. 6 (2021) 2139

products with PbBr,. Single crystals were grown using a poor solvent diffusion method.!>1")
The in-plane size of the sample crystals was approximately 1 x 1 cm>. The thicknesses of the
crystals were 0.95, 0.10, and 0.25 mm for Phe, Ben, and C4, respectively. The details of the
sample preparation procedures were reported in previous papers.(m’zl)

The scintillation temporal profiles at different LETs were measured using a measurement
system at TIARA, QST, Japan. We used pulsed ion beams from an azimuthally varying field
(AVF) cyclotron as the excitation source. The samples were irradiated with pulsed beams of
20 MeV HT, 50 MeV Hez+, and 220 MeV C" from the AVF cyclotron. The pulsed beams were
generated using a pair of choppers. The details of the pulsed beam generation method were
reported in a previous paper.(zz) The samples were irradiated with the pulsed ion beams in air
in an irradiation room. The scintillation from the samples was detected with a photomultiplier
tube (PMT; Hamamatsu R7400U). The detection signals of the PMT were delivered from the
irradiation room to another room in which the signals were recorded using a digital oscilloscope
(DSO; Tektronix DPO 7104). The trigger signals synchronized with the pulsed ion beams for
the DSO were supplied from the accelerator. The detection signals were averaged over 1000
pulses to obtain a scintillation temporal profile. The origin of the time was determined as the
maximum in the scintillation temporal profiles of a plastic scintillator (BC-400) using the same
setup of the measurement system. The overall time resolution of the measurement system was
~2 ns at half width at half maximum (HWHM). The details of the measurement system were
reported in a previous paper.(9)

3. Results and Discussion

Figure 1 depicts the LETs of 20 MeV H', 50 MeV He?", and 220 MeV C°* for the samples,
estimated using the SRIM code.*® Under the experimental conditions of this study, the LET
was higher for the heavier ions in all samples.

Figures 2—4 present the scintillation temporal profiles up to 50 ns of Phe, Ben, and C4 for
the different ions, respectively. The maximum of the scintillation temporal profiles is slightly
different for the different ions. We determined the origin of the time axis as the peak time of
the scintillation temporal profiles of a commercially available BC-400 plastic scintillator, as
explained in Sect. 2. The slight difference originates from the error in the determination of the
peak time. The LET dependence of the rise in the scintillation temporal profile was negligible
for all the samples. The HWHM of the rise was approximately 2—3 ns and comparable to the
time resolution of the measurement system. Hence, we cannot exclude the possibility of a LET-
dependent rise within the time resolution. The initial decay up to 50 ns, however, exhibited a
complicated LET dependence, particularly for Phe: the fastest and slowest decays were observed
for irradiation of 220 MeV C>" and 50 MeV He?', respectively, i.e., the decay became slower in
the LET range from 20 MeV H' to 50 MeV He?", and subsequently became faster in the LET
range from 50 MeV He?" to 220 MeV C>*. The typical error in the measurements is within the
width of the lines presented in Figs. 2—4. The difference in the initial decay (0—20 ns) of the
temporal profiles of different ions is larger than the line width for Phe and Ben, although the
difference is comparable to the line width for C4. The LET dependence was most pronounced
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Fig. 1. (Color online) LETs of (a) (CcHsCoH4sNH3),PbBrs (Phe), (b) (CeHsCH2NH3),PbBrs (Ben), and
(C4HoNH3):PbBry (C4), estimated using the SRIM code.??
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Fig. 2. (Color online) Scintillation temporal profiles up to 50 ns of (C¢HsCoH4NH3),PbBr4 (Phe) under irradiation
with 20 MeV H', 50 MeV He?", and 220 MeV C**.
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Fig. 3. (Color online) Scintillation temporal profiles up to 50 ns of (C¢HsCH2NH3),PbBr4 (Ben) under irradiation
with 20 MeV H', 50 MeV He?", and 220 MeV C**.
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Fig. 4. (Color online) Scintillation temporal profiles up to 50 ns of (C4H9NH3),PbBrs (C4) under irradiation with
20 MeV H', 50 MeV He?!, and 220 MeV C**.

for Phe, and a significant LET dependence was also observed for Ben. No significant LET
dependence was observed for C4.

Figures 5—7 illustrate the scintillation temporal profiles up to 400 ns of Phe, Ben, and C4
for the different ions, respectively. Some significant noise features can be seen at 120, 180, 210,
and 240 ns and are attributed to electrical noise derived from reflection of the detection signals.
Nevertheless, the LET-dependent decay behavior on a long-term scale can be discussed on the
basis of the obtained results. However, the LET dependence was quite complicated: the fastest
and slowest decays were for 220 MeV C°" and 50 MeV He?, respectively, which is the same
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Fig. 5. (Color online) Scintillation temporal profiles up to 400 ns of (C¢HsCoH4NH3),PbBrs (Phe) under
irradiation with 20 MeV H', 50 MeV He?", and 220 MeV C*,
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Fig. 6.  (Color online) Scintillation temporal profiles up to 400 ns of (CsHsCH>NH3),PbBrs (Ben) under irradiation
with 20 MeV H', 50 MeV He?", and 220 MeV C**.
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Fig. 7. (Color online) Scintillation temporal profiles up to 400 ns of (C4HoNH3),PbBrs (C4) under irradiation with
20 MeV H', 50 MeV He?", and 220 MeV C*".
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trend as seen for the initial decay behavior. For Ben, we observed a negligible LET dependence
apart from in the initial decay behavior. Among the scintillation temporal profiles of C4, the
fastest decay was observed for 20 MeV H' irradiation, which is not consistent with the LET
dependence of Phe.

The decay behavior up to 150 ns, which did not include the significant afterpulse of the
PMT at around 180 ns, can be fitted with a sum of two exponential decay functions. Table
1 summarizes the decay time constants and the proportion of the first component. The LET
dependence is clear in this table: the decay was the slowest for 50 MeV He?" for all samples.
The decay time constants of the first component were longer than those under X-ray irradiation
of 9.6, 2.8, and 1.1 ns for Phe, Ben, and C4, respectively.(zo) This is because the time resolution
of the measurement system using pulsed ion beams is comparable to the decay time constants.!¥

To explain the initial decay process, we need to discuss the dynamics of free excitons,
because the fast component has been attributed to free excitons.'?2) For the faster decay at
higher LETs or excitation densities, some processes can be proposed: one is the formation of
biexcitons, whose rate of the radiative process, i.e., exciton recombination with the emission of
an optical photon, is significantly higher than that of free excitons.?? Another possible cause
of the faster decay at higher excitation densities is the nonradiative Auger process, in which one
exciton during its annihilation gives its energy to another exciton nearby, which is converted
into a higher excited state.>> The competition of the Auger process with the radiative process
of free excitons results in fast decay. In contrast, little has been published on slower decay
at higher excitation densities. A possible cause of this excitation-density dependence is the
competition between the radiative process and trapping at nonradiative sites: at high excitation
densities, some excitons can survive trapping at nonradiative sites at which other excitons have
already been trapped. Regarding the competition between multiple excited states for a trapping
site, we have observed a deceleration process in the energy transfer of Ce-doped LiCaAlFg
at high LETs and attributed this to competition, in which an excited state in the host matrix
cannot transfer its energy to luminescent centers already in the excited state at high excitation
densities.') As summarized in Table 1, the decay time constant of the first component became
longer with increasing LET from 20 MeV H' to 50 MeV He?', which is attributed to the

Table 1
Decay time constants and proportion of the first component.
Sample Ton beam Decay time constant of ~ Decay time constant of Proportion of first
first component (ns) second component (ns) component (%)
20 MeV H' 21.7 290 67
Phe 50 MeV He?" 25.9 2527 26
220 MeV C°* 13.5 54.8 43
20 MeV H” 7.7 38.0 73
Ben 50 MeV He?* 9.1 60.8 78
220 MeV C°* 6.5 40.5 64
20 MeV H” 7.1 45.7 54
C4 50 MeV He?* 8.1 68.9 42

220 MeV C** 6.5 57.6 32
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competition between the radiative process and trapping at nonradiative sites. The shorter decay
time constants for 220 MeV C>* than those of 50 MeV He>" can be attributed to the nonradiative
Auger process.

The LET dependence of the initial decay was most pronounced for Phe. This result can
be discussed on the basis of the difference in the radiative rates and luminescence quantum
efficiencies of Phe, Ben, and C4: the radiative rate and quantum efficiency are in the order Phe
> Ben > C4. According to our previous paper,"') the quantum efficiencies of Phe, Ben, and C4
were 22%, 3.8%, and 0.36%, and their radiative decay rates were 4.3 x 107, 9.9 x 106, and 2.2 X
10% 57!, respectively. For Phe, the radiative process plays a major role in the decay, and its decay
process can be significantly influenced by the excited state interaction at higher LETs. On the
other hand, for C4, the radiative process plays only a minor role and it is thus less influenced by
the excited state interaction at higher LETs.

Regarding the LET dependence of the decay on a longer time scale, the decay component
can be attributed to the emission of trapped excitons.!92 Trapping sites, such as defects
or impurities, are involved in the decay process. The LET-dependent decay on this time
scale is influenced by the excited state interaction and trapping at trapping sites, and thus
shows complicated behavior. At present, a straightforward explanation of the observed LET
dependence is difficult.

4. Conclusions

We observed the temporal scintillation profiles of organic—inorganic layered hybrid
compounds at different LETs. The LET dependence of the initial decay rate was complicated:
the decay was initially slower and subsequently became faster for higher LETs in the LET range
investigated in this study. The faster decay at higher LETs can be explained in terms of the
interactions of excitons such as biexciton formation or a nonradiative Auger process. In contrast,
the slower decay at higher LETs can be explained in terms of the competition between the
radiative process and trapping at nonradiative sites. At high excitation densities, some excitons
can survive trapping at nonradiative sites at which other excitons have already been trapped.
The LET dependence was more pronounced for compounds with higher radiative rates and
luminescence quantum efficiencies, which indicates that the excited state interactions at higher
LETs have a greater influence on the radiative process in compounds for which the radiative
process plays a more important role in their decay.
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