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The photoluminescence (PL) and scintillation properties of (C4HsC,H4NH;),Pb;_,Cu, Br, (x
= 0.05, 0.1, 0.25, and 0.5) single crystals prepared by the poor-solvent diffusion method were
evaluated. In the PL profiles, free- and bound-exciton luminescence peaks at 410 and 440 nm
were observed, respectively. The PL quantum yields (QYs) of the x = 0.05, 0.1, 0.25, and 0.5
samples were 20.0, 19.3, 18.4, and 16.7% with 2% errors, respectively. In the scintillation
profiles, a bound-exciton luminescence peak was observed at 440 nm. Under y-ray exposure
with 137Cs, a photoabsorption peak was observed in all the samples, and the scintillation light
yields of the x = 0.05, 0.1, 0.25, and 0.5 samples were estimated to be ~12000, ~11000, ~10000,
and ~9700 ph/MeV with 10% errors, respectively.

1. Introduction

Scintillators instantaneously convert ionizing radiation to low-energy photons; thus, when
coupled with a photodetector, they can be used as radiation detectors in a wide range of fields
including medical imaging, security, biology, and astrophysics.!=#) Typical requirements for
scintillators are short luminescence lifetime, low afterglow, high light yield (LY), large effective
atomic number, and high density.®) Ideally, all these requirements are satisfied; however, such
perfect scintillators do not exist at present. Hence, users select an appropriate one in accordance
with their purpose, and continuous efforts have been made to develop new scintillators with
better properties.©-11

Today, rapid-response scintillators are in strong demand since high timing resolution is
required for some applications,(!>!3) and semiconductor materials can be used as such
scintillators.(1*15) In these materials, Wannier-type excitons are generated by the irradiation of
radiation, and the luminescence generated by their recombination has an extremely short
lifetime, generally of nanosecond order. However, a major problem is that the exciton

luminescence in these materials is easily quenched, even at room temperature, owing to the low
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exciton binding energy. With this background, 2D organic lead halide perovskites (RNH;),PbX,
(R: hydrocarbon, X: halogen) have attracted a lot of attention.!%!7) These materials have a
structure with an inorganic layer consisting of corner-sharing PbXz>" octahedra sandwiched
between organic layers, and the bandgap energy of the inorganic layer is much lower than that of
the organic layers; thus, the structure can be regarded as a quantum-well structure where the
organic and inorganic layers act as barrier and well layers, respectively.(!3:19) Excitons confined
in such a structure have enhanced binding energy; thus, fast and efficient luminescence can be
achieved even at room temperature. Numerous studies of these materials have been carried out
for around two decades,?*2? and it has recently been demonstrated that the scintillation
properties of (RNH;3),PbBr, can be improved by increasing the exciton localization due to the
structural distortion of the inorganic layer (changes of Br—Pb—Br and Pb—Br—Pb bond
angles).?324) Moreover, it has been reported that (C¢HsC,H,NH;),PbBr, shows a particularly
high scintillation LY (~14000 ph/MeV) compared with other (RNH;),PbBr, owing to the
structural distortion of the inorganic layer.?*25 From these reports, with the aim of improving
the scintillation properties of (CHsC,H4NH;),PbBry, our group has conducted studies of cation
doping in (C¢HsC,H4NH;3),PbBry to induce further distortion of the inorganic layer, and some
attempts have successfully enhanced LY.(26-3D

In the present study, we chose Cu?" as a cation for doping into the inorganic layer of
(C¢H5C,H,NH;),PbBr,. Six-coordinated Cu®* has an ionic radius of 0.073 nm, which is much
smaller than that of Pb2* (0.119 nm).®? Thus, we expected that Cu doping would be effective for
inducing further distortion of the inorganic layer. We prepared (C¢HsC,H4NHj3),Pb,_ Cu,Br,
single crystals and evaluated their photoluminescence (PL) and scintillation properties.

2. Materials and Methods
2.1 Sample preparation

(C¢HsC,H4NH;),Pb;_ Cu Br, single crystals with different Cu amounts (x = 0.05, 0.1, 0.25,
and 0.5) were prepared by a previously reported procedure.3? C¢HsC,H,NH, (99%, Alfa
Aesar), HBr acid (47.0-49.0 wt%, Wako Pure Chemical Industries), PbBr, (99.999%, Pro Chem,
Inc.), and CuBr, (99.9%, High Purity Chemicals) were used as starting materials, and
N, N-dimethylformamide (>99.5%, Wako Pure Chemical Industries) and nitromethane (>96.0%,
Wako Pure Chemical Industries) were used as good and poor solvents, respectively.

2.2 Property evaluation

To investigate the structure, X-ray diffraction (XRD) analyses were carried out with an X-ray
diffractometer (Miniflex600, Rigaku) in a 26 range of 3-50 degrees. Diffuse transmission
spectra were recorded by a spectrophotometer (SolidSpec-3700, SHIMADZU) in the range of
250—850 nm.

PL quantum yields (QYs) and spectra were recorded by a Quantaurus-QY (C11347,
Hamamatsu), where the excitation and emission ranges were 250-500 and 300-600 nm,
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respectively. PL decay profiles were recorded by a Quantaurus-t (C11367, Hamamatsu), where
the signals were collected at 440 nm upon excitation at 365 nm.

Scintillation spectra during X-ray exposure were recorded by our original setup, where the
tube voltage and tube current were set at 40 kV and 1.2 mA, respectively.3¥ Scintillation decay
profiles and afterglow profiles under X-ray exposure were recorded by our original setup, where
the tube voltage was set at 30 kV.3% Pulse height spectra under 662 keV vy-rays from '37Cs
exposure were recorded by our original setup.(®) In some of the characterizations below, an x =
0 sample (thickness: ~1 mm) prepared in a previous work®>) was used for comparison.

3. Results and Discussion
3.1 Samples

(C¢HsC,H4NH;5),Pb;_ Cu,Br, samples were successfully obtained as shown in Fig. 1. The
samples were transparent and slightly yellow, and the thicknesses of the x = 0.05, 0.1, 0.25, and
0.5 samples were ~0.7, ~0.6, ~0.6, and ~0.5 mm, respectively.

Some of the obtained samples were crushed into powder, and their XRD patterns were
measured as shown in Fig. 2(a). All the samples showed diffraction patterns with peaks in a
regular interval, where each peak corresponded to the (0 0 2/) plane (/ = 1-7). From the results,
we confirmed that a quantum-well structure was formed in the samples.?>) To enable a detailed
discussion, enlarged views of the (0 0 10) peaks are shown in Fig. 2(b) with those of the x = 0
sample. The ionic radii of six-coordinated Cu?" and Pb?" are 0.073 and 0.119 nm, respectively;
thus, the lattice constants should monotonically decrease with increasing Cu content. However,
the present results did not show such a trend. This is probably because complicated structural
changes occurred not only in the inorganic layer but also in the organic layer.”)

Diffuse transmission spectra of the (C4HsC,H4NH;),Pb,_ Cu Br, samples are shown in
Fig. 3. A spectrum of the x = 0 sample is also shown. All the Cu-doped samples showed
transmittance of around 80% in the visible range and absorption around 250-430 nm. By
comparison with the absorption spectrum of (C{HsC,H4;NH;),PbBr,, the absorption was

x=0.05 1 x=0.1
J (Pb:Cu=095:05) 1 (Pb:Cu=90:10)

u x=0.25 x=0.5
(Pb:Cu=75:25) |4 (Pb: Cu=50:50)

I—'5 |
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Fig. 1. (Color online) Appearances of the (C4HsC,H4NH;),Pb;_ Cu, Br, samples.
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Fig. 3. (Color online) Diffuse transmission spectra of the (C4HsC,H4;NH;),Pb,_ . Cu Br, samples.

ascribed to electronic transitions from Pb(6s)/Br(4p) mixed states to mainly Pb(6p) states in the
inorganic layer.®®)

3.2 PL properties

Figure 4 shows a PL spectrum of the (C4dHsC,H4NH;),Pb ¢sCu osBry (x = 0.05) sample.
Here, a selected spectrum is shown as a representative because no difference in the spectral
shape was confirmed among the samples. When the sample was excited at 270—430 nm, two
luminescence peaks appeared at 410 and 440 nm. Since the spectral shape was in agreement
with that of undoped and other cation-doped (C4HsC,H,NH3),PbBr,2%33:3940) the former and
latter peaks were derived from free excitons and bound excitons at shallow trapping states,
respectively. The PL. QY values of the x = 0.05, 0.1, 0.25, and 0.5 samples were 20.0, 19.3, 18.4,
and 16.7% with 2% errors, respectively, which were lower than that of (C4HsC,H4;NH;3),PbBr,
(~22%) reported previously.?® In a previous study, it was demonstrated that radiative decay
rates increased owing to the decrease in Br—Pb—Br and Pb—Br—Pb bond angles.?? From the
XRD peaks in Fig. 2(b), we can confirm that a structural change occurred in the samples. For
these reasons, it is considered that Cu doping will increase the Br—Pb—Br or Pb—Br—Pb bond
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angle. It is also considered that Cu doping will generate lattice defects and increase the number
of nonradiative transitions.

Figure 5 shows PL decay profiles of the (CqHsC,H4NH;),Pb;_ Cu,Br, samples. Under
excitation at 365 nm, decay profiles with three different lifetimes were obtained for all the
samples. The lifetimes of the first components (z;) were typical values of free-exciton
luminescence.?>?7) The second (r,) and third (z;) components had relatively long lifetimes,
which were derived from bound excitons at shallow trapping states.?”) The ratios of the first (,):
second (z,): third (z3) components in the x = 0.05, 0.1, 0.25, and 0.5 samples were 80.1: 19.3: 0.6,
80.9: 18.6: 0.6, 78.5: 20.9: 0.6, and 78.3: 21.1: 0.6%, respectively. The obtained free-exciton
luminescence had both an extremely short lifetime and a narrow linewidth. Generally, free
excitons confined in a quantum well have low flexibility; thus, the kinetic energy becomes low,
resulting in a sharp luminescence peak. In addition, such excitons have high binding energy and
large oscillator strength owing to the quantum-confinement effect; therefore, fast decay can also
be achieved.

3.3 Scintillation properties

Figure 6 shows scintillation spectra of the (C4Hs;C,H,NH;),Pb;_.Cu,Br, samples under X-ray
exposure. In all the samples, a luminescence peak was observed at 440 nm. By comparison of
the PL results, we concluded that the peak was derived from bound excitons at shallow trapping
states. Here, the free-exciton luminescence peak that appeared at 410 nm in the PL spectra was
not observed. We concluded that this was due to self-absorption because similar phenomena
were reported previously.3%-33) The PL spectra were measured in a reflection-type geometric
arrangement, where the observed photons were emitted from the same surface of the sample as
that on which the excitation photons were incident. On the other hand, the scintillation spectra
were measured by a transmission-type geometric arrangement, where the scintillation photons
transmitted through the sample were detected. The difference in the measurement geometries
explained why self-absorption occurred only in the scintillation.
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Fig. 4. (Color online) PL spectrum of the Fig. 5. (Color online) PL decay profiles of the
(Cg¢H5C,H4NH3),Pb( 95Cuy osBry sample, where the (C¢HsC,H4NH;),Pb,_ Cu,Bry samples. The signals
vertical and horizontal axes represent excitation and were collected at 440 nm upon excitation at 365 nm.

emission wavelengths, respectively.
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Figure 7 shows scintillation decay profiles of the (C¢HsC,H;NH;),Pb;_ Cu Br, samples
under X-ray exposure. As with the PL profiles, the obtained decay profiles had three different
lifetimes. The first component (7;) was assigned to free excitons, and the second (z,) and third
(z;) ones were attributed to bound excitons at shallow trapping states.(?6->%) Longer lifetimes
were obtained from the scintillation decay profiles than those from the PL results. Scintillation
has an energy-transportation process in addition to a luminescence process (PL), and this
additional process is considered to contribute to the slower scintillation decay. The lifetimes of
the first components were comparable to that of (C¢HsC,H,NH;),PbBr, (~11 ns)®>) and were
much shorter than those of most practical scintillators including Lu,SiO5:Ce (~40 ns) and
Bi,Ge;0,, (~300 ns).?) The ratios of the first (z;): second (z): third (r;) components in the x =
0.05, 0.1, 0.25, and 0.5 samples were 76.2: 22.4: 1.4, 81.5: 17.1: 1.4, 81.4: 17.1: 1.5, and 78.8: 19.8:
1.4% respectively.

Figure 8 shows afterglow profiles of the (C4HsC,H4NH;),Pb;_ Cu,Br, samples under X-ray
irradiation. To evaluate the afterglow properties, the afterglow level (4L) was defined as AL
(ppm) = 10 x (Ly — Ig)(Lyax — 1), Where Ly, I,,,,, and Iz denote the signal intensity at 20 ms
after X-ray cutoff, the average value during X-ray irradiation, and the value before X-ray
irradiation, respectively. The AL values of the x = 0.05, 0.1, 0.25, and 0.5 samples were estimated
using the formula to be ~32, ~44, ~29, and ~31 ppm, respectively. In a previous study, AL of
(C¢H5C,H,NH;),PbBr, was reported to be ~5 ppm,>) and the present results were inferior. In
afterglow, carriers trapped at shallow states are re-excited around room temperature. Therefore,
the present results suggest that the number of trapping states was increased by Cu doping.

Figure 9 shows pulse height spectra of the (CqHsC,H4NH3),Pb,_Cu Br, samples including
that of an x = 0 sample prepared in a previous study.> Under 662 keV y-rays from !3’Cs
exposure, all the samples showed a photoabsorption peak. Compared with the LY value of
~14000 ph/MeV for the x = 0 sample, we obtained values of ~12000, ~11000, ~10000, and
~9700 ph/MeV with 10% errors for the x = 0.05, 0.1, 0.25, and 0.5 samples, respectively, by
comparing the photoabsorption peak channels. The lower LY values than that of the x = 0 sample
were consistent with the PL QY values. LY can be theoretically expressed as LY=10°x S x OQYN(B<Ey),
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Fig. 6.  (Color online) Scintillation spectra of the Fig. 7. (Color online) Scintillation decay profiles
(CgH5CoH4NH3),Pb;— Cu,Bry samples under X-ray of the (C¢HsC2H4NH3)2Pb;—Cu,Brg samples under

exposure. X-ray exposure.
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Fig. 8.  (Color online) Afterglow profiles of the (C¢HsCo,H4NH3),Pb;—Cu,Brs samples under X-ray exposure.
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Fig. 9.  (Color online) Pulse height spectra of the (C4HsC,H,NH;),Pb,_.Cu,Br, samples under 662 keV y-rays from
137Cs exposure.

where S, QY, f, and E, are the energy-transportation efficiency from a host to luminescent states,
the PL QY, a constant parameter, and the bandgap energy, respectively.*!) On the basis of the
formula, it is considered that the low PL QY values are one of the reasons for the low LY values.

4. Conclusions

(CeH5C,H4NH5),Pbl_ Cu, Bry (x = 0.05, 0.1, 0.25, and 0.5) single crystals were successfully
obtained by the poor-solvent diffusion method, and their PL and scintillation properties were
evaluated. In the PL profiles, two luminescence peaks related to free and bound excitons were
observed. The PL QY values of the x = 0.05, 0.1, 0.25, and 0.5 samples were 20.0, 19.3, 18.4, and
16.7% with 2% errors, respectively, which were lower than that of (C4HsC,H4;NH;),PbBr,
(~22%) reported previously. In the scintillation profiles, a bound-exciton luminescence peak was
observed under X-ray exposure. Under y-ray exposure, a photoabsorption peak was observed for
all the samples, and the LY values of the x = 0.05, 0.1, 0.25, and 0.5 samples were estimated to be
~12000, ~11000, ~10000, and ~9700 ph/MeV with 10% errors, respectively, which were lower
than that of (C4HsC,H4NH;),PbBr, (~14000 ph/MeV). As a result, Cu doping deteriorated the
PL and scintillation properties of (C{HsC,H4NH5),PbBry.
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