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	 Rb2Cu(Cl,Br)3 crystals were synthesized by the slow cooling method and their 
photoluminescence (PL) and scintillation properties were evaluated. PL emission peaks at 390 
nm due to the recombination of excitons were observed, and the PL quantum yields of Rb2CuCl3, 
Rb2Cu(Cl0.5,Br0.5)3, and Rb2CuBr3 were 91.2, 95.3, and 96.3%, respectively. PL decay curves 
were approximated using a single exponential function model, and the obtained decay time 
constants were 15–66 μs. Under X-ray irradiation, the scintillation emission peaks of the samples 
were observed at 390 nm, and the decay times were 11–63 μs. The afterglow levels at 20 ms after 
X-ray irradiation were calculated to be 30–450 ppm. Rb2CuCl3 showed the highest scintillation 
light yield of 11000 photons/MeV among the samples when calculated from the pulse height 
spectra of 137Cs γ-rays (662 keV).

1.	 Introduction

	 Scintillators are luminescent materials for ionizing radiation measurements, and they have a 
function to convert a high-energy quantum to numerous low-energy photons.(1–3) They are 
generally optically coupled with photomultiplier tubes (PMTs) or photodiodes to convert 
scintillation photons to electric signals.(3,4) There is a wide range of applications of scintillators, 
for example, medical imaging,(5) security inspection,(6) natural resource exploration,(7) and 
materials analysis.(8) The following characteristics are demanded in scintillators for X- and γ-ray 
detection: high scintillation light yield (LY), high density, large effective atomic number, fast 
scintillation lifetime, and good transparency. However, no scintillators suitable for all the above-
mentioned applications have been reported; thus, it is necessary to select scintillators depending 
on the required performance of the applications. Owing to their excellent optical properties such 
as high transparency, single-crystal scintillators have been widely studied(9–13) and put into 
practical applications. For example, Bi4Ge3O12 (BGO),(14–16) CdWO4 (CWO),(17–19) and 
Tl:CsI(20–22) have been conventionally used for nondestructive inspections, as represented by 
X-ray CT and baggage inspections. 
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	 Halide single crystals(23–25) as well as oxides(26–29) have been studied for radiation detection,  
and many scintillators with high LY and excellent energy resolution (DE) have been discovered. 
For example, Tl-doped NaI(30–32) and Eu-doped SrI2

(33,34) show excellent luminescence 
properties; however, these crystals have low chemical stability due to hygroscopicity. In contrast, 
Cu-based halide compounds are known to have low hygroscopicity.(35,36) In our previous 
study,(37) we focused on K2CuBr3 and Rb2CuBr3  and revealed that a continuous solid solution of 
(K,Rb)2CuBr3 showed a higher LY than Rb2CuBr3. Besides, Rb2CuCl3 exhibits a high emission 
intensity under UV and X-ray irradiations;(36–39) however, their scintillation light yields under 
γ-rays have not been clarified. On the basis of Hume-Rothery rules,(40) the continuous solid 
solution of Rb2Cu(Cl,Br)3 can be grown. According to previous studies,(41,42) continuous solid 
solutions enhanced the scintillation properties owing to changes in bandgap energy or lattice 
defects. In this study, in addition to Rb2CuCl3 and Rb2CuBr3, Rb2Cu(Cl0.5,Br0.5)3 was developed 
to enhance the scintillation properties.

2.	 Materials and Methods

	 Rb2CuCl3, Rb2Cu(Cl0.5,Br0.5)3, and Rb2CuBr3 were prepared by the slow cooling method. 
RbCl [20(1−x)/3 mmol, 99%, Mitsuwa Chemicals], RbBr (20x/3 mmol, 99%, Mitsuwa 
Chemicals), CuCl [10(1−x)/3 mmol, 99.9%, High Purity Chemicals], and CuBr (10x/3 mmol, 
99.9%, High Purity Chemicals) in the molar ratio of 2−2x:2x:1−x:x (x = 0, 0.5, and 1) were 
dissolved in a mixed solution of HCl aq [2(1−x) mL, 35–37%, Wako Pure Chemical Industries] 
and HBr aq [2(1−x) mL, 47–49%, Wako Pure Chemical]. Subsequently, the solution was stirred 
for 2 h at 130 ℃, and then H3PO2 aq (100 µL, 50%, Fujifilm Wako Pure Chemical) was dropped 
into the solution to prevent the oxidation of Cu+. Finally, the solution was slowly cooled from 130 
℃ to room temperature at a rate of 5 ℃/h using a liquid phase synthesizer (Chemi Chemi-300, 
Shibata) to synthesize single crystals. The grown crystals were washed with 2-propanol (Fujifilm 
Wako Pure Chemical). The measurement of powder X-ray diffraction (XRD) patterns was 
performed using a diffractometer (MiniFlex600, Rigaku) to determine crystalline structures. 
The PL excitation and emission spectra and PL quantum yields (QY) were obtained using a 
Quantaurus-QY (C11347, Hamamatsu Photonics). The PL decay curves were measured using a 
Quantaurus-τ (C11367, Hamamatsu Photonics). The X-ray-induced scintillation spectra, decay 
curves, afterglow curves, and pulse height spectra of 137Cs γ-rays (662 keV) were determined 
using our original setups.(43,44) A shaping amplifier (CP4479, Clear-Pulse) was used for pulse 
height measurement, and the shaping time was set to 10, 50, and 50 μs for Rb2CuCl3, 
Rb2Cu(Cl0.5,Br0.5)3, and Rb2CuBr3, respectively.

3.	 Results and Discussion

	 Figure 1 shows photographs and XRD patterns of the synthesized samples. Several crystals 
were precipitated after crystal growth. The obtained samples were colorless and transparent, and 
the maximum size among the samples was 5–10 mm in length and 1 mm in thickness. The rest 
of the crystal samples were crushed into powders for XRD measurement. All diffraction peaks 
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of the samples were in good agreement with the reported data of Rb2CuCl3(39,45) and the 
reference data of Rb2CuBr3 (JCPDS: 98-015-0295(36)). Therefore, the obtained samples had an 
orthorhombic crystal system with a space group of Pnma. 
	 Figure 2 shows the PL excitation and emission spectra of all the samples. A broad emission 
peak at 350–550 nm was confirmed under excitation at 250–350 nm. The origin of the emission 
is the recombination of self-trapped excitons (STEs).(46) When the range of 320–800 nm was 
monitored under the excitation light of 310 nm, the PL QY values of Rb2CuCl3, 
Rb2Cu(Cl0.5,Br0.5)3, and Rb2CuBr3 were 91.2, 95.3, and 96.3%, respectively. The QY of 
Rb2Cu(Cl0.5,Br0.5)3 slightly increased compared with that of Rb2CuCl3 via the partial anion 
substitutions of Cl and Br. In addition, the emission wavelength was shifted to a longer 
wavelength by Cl replacement.
	 The insets of Fig. 2 show the PL decay curves of the obtained samples monitored at 390 nm 
under excitation at 315 nm. The observed decay curves were in good agreement with a single 
exponential function model. The obtained decay time constants of Rb2CuCl3, Rb2Cu(Cl0.5,Br0.5)3, 
and Rb2CuBr3 were 15, 31, and 66 μs, respectively, which were comparable to those of previous 
studies.(36,39,47) The decay time constants decreased as the Cl proportion decreased. 
	 Figures 3 and 4 show the X-ray-induced scintillation spectra and scintillation decay curves, 
respectively. A broad emission peak at 390 nm was observed, and the peak position shifted 
toward longer wavelength as the Cl ratio increased. The spectral profile was similar to 
scintillation in a previous study;(39) therefore, they were considered to be derived from the 
recombination of STE. All the scintillation decay curves were approximated by a single 
exponential function model except for the instrumental response function (IRF). The obtained 
PL and scintillation values were not significantly different and were considered to be within the 
typical errors.
	 Figure 5 shows the afterglow curves of the samples after 2 ms irradiation with X-rays. The 
afterglow level (A) was defined as A = (I20 − IBG)/(IMAX − IBG). I20, IMAX, and IBG are the intensity 
at 20 ms after X-ray irradiation for 2 ms, the intensity during X-ray irradiation, and the 

Fig. 1.	 (Color online) Photographs and XRD patterns of Rb2Cu(Cl,Br)3 crystals.
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background intensity before X-ray irradiation, respectively. The obtained A values of Rb2CuCl3, 
Rb2Cu(Cl0.5,Br0.5)3, and Rb2CuBr3 were 30, 36, and 450 ppm, respectively. These values 
significantly decreased as the Cl ratio increased. In addition, the values of Rb2CuCl3 and 
Rb2Cu(Cl0.5,Br0.5)3 were lower than that of Tl:CsI (300 ppm), which has been one of the 
conventional halide scintillators,(48) and comparable to that of Bi4Ge3O12 (10 ppm),(48) a 
scintillator for X-ray detection under the same measurement condition. 
	 Figure 6 shows the pulse height spectra of 137Cs γ-rays measured using the samples and CWO 
as a reference sample, which shows LY of 15800 photons/MeV.(49) All the samples exhibited a 
photoabsorption peak. The peak channel was determined by Gaussian approximation, and the 

Fig. 2.	 (Color online) PL excitation and emission spectra of Rb2Cu(Cl,Br)3. Horizontal and vertical axes indicate 
emission and excitation wavelengths, respectively. Insets show PL decay curves measured under excitation at 315 
nm and monitored at 390 nm.

Fig. 3.	 (Color online) X-ray-induced scintillation spectra of Rb2Cu(Cl,Br)3 crystals.
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calculated LY values of Rb2CuCl3, Rb2Cu(Cl0.5,Br0.5)3, and Rb2CuBr3 were 11000, 4900, and 
1500 photons/MeV, respectively, after corrections of the PMT sensitivity. In addition, the DE 
values at 662 keV for Rb2CuCl3, Rb2Cu(Cl0.5,Br0.5)3, and Rb2CuBr3 were 10.4, 10.8, and 12.1%, 
respectively. The difference in the estimation of LY was attributed to the different measurement 
methods used. In a previous study,(39) the LY of Rb2CuCl3 was estimated from the scintillation 
spectrum, whereas the current work used the pulse height spectrum. Rb2CuCl3 showed the 
highest LY and the lowest A among the samples. They did not follow the tendency of QY. In 
general, scintillation and storage-type luminescence properties such as afterglow show an 
inverse relationship.(50,51) The A values of Cl-containing samples were lower than those of 
Rb2Cu(Cl0.5,Br0.5)3 and Rb2CuBr3, and the trend was consistent with the relationship. 

4.	 Conclusions

	 Continuous solid solutions of Rb2Cu(Cl0.5,Br0.5)3 crystals were successfully synthesized by 
the slow cooling method. In the PL and scintillation spectra, a broad emission peak was observed 
at 390 nm, and the emission mechanism was attributed to the recombination of STEs. The PL 

Fig. 4.	 (Color online) X-ray-induced scintillation decay curves of Rb2Cu(Cl,Br)3 crystals.

Fig. 5.	 (Color onl ine) Af terglow cur ves of 
Rb2Cu(Cl,Br)3 crystals.

Fig. 6.	 (Color online) Pulse height spectra of 137Cs 
γ-ray (662 keV) measured using Rb2Cu(Cl,Br)3 
crystals and CWO as a reference.
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and scintillation decay curves were approximated using a single exponential function model, and 
the obtained decay constants (11–66 µs) decreased as the Cl proportion increased. A was 
improved from 450 ppm (Rb2CuBr3) to 36 ppm [Rb2Cu(Cl,Br)3] and 30 ppm (Rb2CuCl3) by 
changing the anion part to Cl from Br. The LY values of the samples tended to increase as the Cl 
ratio in the composition increased; the maximum LY was 11000 photons/MeV calculated for 
Rb2CuCl3. As a comprehensive result, the unsubstituted sample Rb2CuCl3 showed the best 
scintillation properties among the samples.  The A and LY of Rb2CuCl3 were comparable to those 
of BGO, which is one of the representative commercially available scintillators for security and 
anticompton spectrometers.(52) Therefore, Rb2CuCl3 can be a promising material for the above 
applications. 
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