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Bulk scintillators that are with high density, low cost, and fine pulse-height energy spectral resolution, and are non-
hygroscopic and user friendly, are desired for high-energy gamma-ray spectroscopy application. Recently, low-cost
solution-processed perovskite nanoscintillators have been demonstrated with outstanding performances for indirect
low-energy X-ray detection; however, the stability and thickness are not suitable for high-energy gamma-ray de-
tection. Here, we report scintillation performances of a low-cost solution-processed bulk 0D Cs;Cu,I5 single crystal.
The self-trapped exciton emission results in a large Stokes shift (109 nm) that is reabsorption free. A broad X-ray
excited emission matches well with the sensitivity of a silicon photodiode. The unique Cs* surrounded isolated
[Cu,Is]? cluster scintillator provides ultra-stability in air and strong radiation hardness under high-dose gamma-
ray exposure from a “’Co source. This solution-processed Cs;Cu,I5 scintillator is expected with low-cost and has
detection performances comparable to commercial alkali-halide scintillator products. © 2021 Chinese Laser Press

https://doi.org/10.1364/PRJ.412959

1. INTRODUCTION

The scintillator is a luminescence material that absorbs the energy
of invisible high-energy radiation and emits UV-visible photons,
and has been widely used for medical imaging, nondestructive
testing, home security, and scientific research [1-5]. For
high-energy photon detection, the absorption energy is strongly
dependent on the density, atomic number, and atomic mass,
and therefore, the scintllator is expected to have a high Z
component.

During the past decades, a series of inorganic materials (such
as Nal, CsI, BGO, BaF,) has been used for gamma-ray detec-
tion [6,7]. Among them, alkali-halide scintillators [Nal(TI),
CsI(T1 or Na), Srl,] have achieved great success for commercial
applications. Nal(Tl) crystals have a high light output, and
emission photons match well with the sensitivity curve of pho-
tomultiplier tubes (PMT's) with bialkali photocathodes [8]. CsI
crystals have a high density for high gamma-ray stopping power
[9]. The physical properties of Csl crystals are dependent on
the activator: the emission peak of CsI(Na) crystal at
420 nm matches well with a bialkali photomultiplier; the
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emission peak of CsI(T1) crystal at 550 nm is suitable for pho-
todiode readout. However, several issues limit the applications:
(1) high cost: growing these crystals is usually done with the
Bridgman method, which requires a highly expensive furnace;
(2) small Stokes shift, which causes overlapping between light
emission and absorption; and (3) stability: these crystals are
highly hygroscopic, which is less user friendly [10].

Recently, due to the tunable emission wavelength, high pho-
toluminescence quantum yield (PLQY), and easy synthesis, a
series of halide perovskite nanocrystals has been used for X-ray
detection [11-15]. These low-dimensional nanoscintillators are
ultrasensitive to low-energy X-ray photons with a low detection
limit, which can be beneficial for X-ray imaging [16-18].
However, they are not thick enough for high-energy
gamma-ray spectroscopy applications. Therefore, a bulk scin-
tillator with low-cost, high-stability, no reabsorption, fine en-
ergy resolution, and user friendliness, is urgently needed
[19,20]. Recently, a reabsorption-free 0D Cs;Cu,l5 perovskite
single crystal with large stopping power was used for gamma-
ray detection; however, researchers now are focusing on the
high-cost melt growth method [21,22].
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Here, we address the issues (high cost, being hygroscopic,
user friendliness, self-absorption) for both bulk and alkali-
halide nanoscintillators by developing a bulk Cs3;Cu,ls single
crystal scintillator using the solution growth method with ex-
cellent features such as low cost, large stopping power, high
stability, and being reabsorption free. We synthesize the bulk
Cs3Cu,ls single crystal using a simple solution-processed
method with the highest temperature lower than 85°C. Its
unique Cs* surrounded isolated [Cu,I5]*~ clusters 0D struc-
ture corresponds to remarkable stability under various atmos-
pheres. The self-trapped exciton (STE) emission mechanism
ascribes to the high PLQY (93.5%, excited with 326 nm laser)
at room temperature and large Stokes shift from the absorption
spectra. Our results demonstrate that the unique properties of
0D Cs;Cu,ls single crystal provide a wide scintillation appli-
cation, especially for high-energy gamma-ray spectroscopy,
which requires a scintillator with features such as low cost
and being reabsorption free and user friendly.

2. EXPERIMENT

Dimethyl sulfoxide (DMSO), dimethylformamide (DMEF), CsI
(99.9%), and Cul (99.5%) were purchased from Aladdin. All
chemicals were used without further purification. Csl
(0.06 mol) and Cul (0.04 mol) were dissolved in DMSO
(12 mL) and DMF (8 mL) solvent at 55°C with continuous
stirring for 8 h, yielding a black solution. This solution was
filtered with a 5 pm polytetrafluoroethylene (PTFE) filter,
and gradually heated to 80°C with 1°C/h. Then, the crystal
was harvested from the bottom of the vial. Finally, a clear
and transparent crystal was obtained after it was washed with
DMSO and DMEF.

Powder X-ray diffraction (XRD) patterns were recorded by
Panalytical X’pert PRO with a Cu-Ka radiation source.
X-ray photoelectron spectroscopy (XPS) was performed on a
Kratos Axis ULTRA DLD XPS system with a monochromatic
Al Ka source (hv = 1486.6 e¢V). Optical absorption spectra
were measured by a UV-Vis spectrophotometer (Shimadzu
UV-2550 spectrometer) at the wavelength of 300-700 nm.
Photoluminescence (PL) emission, PL decay time, and
PLQY were investigated on a fluorescence spectrometer
(FLS 980, Edinburg Instrument) using a xenon lamp. X-ray
excited luminescence (XEL) spectra were excited by an X-
ray tube with an Ag target and collected using a portable spec-
trometer.

Pulse height spectra were measured with an analog system,
which consists of a PMT (Hamamatsu R11265U_H11934_
TPMH1336E), a preamplifier (Cake 611), and a multichannel
analyzer. The crystal was coupled on the window of PMT with
optical silicone oil and then wrapped with Teflon. Scintillation
decay time consisted of a pulsed X-ray source (XRS-3, pulse
width: 25 ns), fast photodetector (GD40, without internal
gain), and digital oscilloscope  (Tektronix  model
MSO71254C). The radiation stability of the crystal was mea-
sured utilizing a “Co source at Nanjing University of
Aeronautics and Astronautics. The dose rate was about
0.52 kGy/h, which was calibrated by dosimetry. All measure-
ments were carried out in a dark atmosphere at room
temperature.

3. RESULTS AND DISCUSSION

Bulk Cs;Cu,ls single crystal was synthesized using a simple
solution-processed method. Raw commercial CsI and Cul
products were dissolved into a DMSO and DMF mixture sol-
vent with continuous stirring for 8 h. After gradually increasing
the temperature by 1°C/h, the bulk crystal was harvested from
the saturated solution. The crystal structure was characterized
by powder XRD, as shown in Fig. 1(a). All peaks are well
matched with the orthorhombic structural Cs;Cu,ls in space
group Pbnm [23]. The 0D structure of Cs3Cuyls is the Cs™
cations surrounded isolated [Cu,Is]>~ clusters. This unique
structure is different from cubic crystal such as Nal and Csl
[Fig. 1(b)]. The 0D structure exhibits strong quantum confine-
ment and site isolation, which contribute to its remarkable and
useful properties [24]. XPS was employed to analyze the
chemical composition of the crystal [Fig. 1(c)]. Peaks assigned
to I 3d, Cs 3d, and Cu 2p are observed. The chemical com-
position of the product is also taken from the XPS spectra.
The measured molar ratio of Cs:Cu:l is about 3.37:2:5.6.
High-resolution XPS data of the Cu, Cs, and I are collected
[Figs. 1(d)-1(f)]. The broad Cu 2ps, peak is well fitted with
two Gaussian equations, with binding energy at 931.2 ¢V and
932.6 eV. These two components are ascribed to the existence
of both a tetrahedral site and a trigonal site of Cu™ in the crys-
tal. Peaks centered at 738.5 eV and 724.5 ¢V are ascribed to Cs
3ds;2 and Cs 3ds,, respectively; peaks located at 619.2 eV and
930.8 eV corresponded to I 3ds, and I 3ds,, respec-
tively [23,25].
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Fig. 1. (a) Powder XRD pattern of Cs;Cu,ls. (b) Crystal structure
of Nal and Cs;Cuyls. (¢) XPS survey spectrum of Cs3Cu,ls SC.
(d)—(f) High-resolution XPS spectra of Cu 2p, I 3d, and Cs 3d,

respectively.
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Fig. 2. Optical properties. (a) Optical absorption spectra and PL spectra of Cs;Cu,ls single crystal. Inset: photograph of crystal irradiated by
266 nm UV light. (b) Time-resolved PL decay of Cs3Cu,I5 single crystal (310 nm laser excitation). (c) PL spectra excited with various power
densities of 266 nm UV light. (d) Normalized temperature-dependent PL spectrum from 77 to 300 K. (e) Integrated PL intensity as a function of
excited power density (266 nm). (f) FWHM of PL versus temperature from 85 to 295 K.

Cs3Cu,l5 crystal emits strong blue light when irradiated by
UV photons as shown in the inset in Fig. 2(a). A broad PL peak
centered at 455 nm with full width at half maximum (FWHM)
of 84 nm is shown in Fig. 2(a). Note that the PLQY of
Cs3Cu,ls crystal is up to 93.5%, which is much higher than
that of the perovskite nanocrystals [26,27]. A sharp absorption
edge at the wavelength of 346 nm with a calculated optical
bandgap at 3.58 ¢V is observed. A large Stokes shift of about
109 nm is confirmed in Fig. 2(a), which is consistent with a
previous observation [26,27]. This self-absorption-free behav-
ior can be greatly beneficial for high-energy gamma-ray detec-
tion, which requires crystals with large dimensions to attenuate
high-energy gamma rays. The time-resolved PL decay of the
Cs3Cu,l5 single crystal can be well fitted with a single expo-
nential function [Fig. 2(b)], giving the PL decay time of about
1 ps. The above PL properties (broad peak, remarkable large
Stokes shift, long decay time) of hybrid metal halide—perovskite
materials are attributed to the STE recombination mecha-
nism [28,29].

We measured the PL intensity as a function of excitation
intensity [Fig. 2(c)]. The integrated PL intensity exhibits a lin-
ear relationship with the excitation intensity [Fig. 2(d)].
Because the concentration of defects is finite, this linear rela-
tionship phenomenon confirms the light emission originates
from STEs rather than defects.

We also investigated normalized temperature-dependent PL
spectra [Fig. 2(e)]. The FWHM value decreases with the tem-
perature from 511.5 meV at 295 K to 266.9 meV at 85 K
[Fig. 2(f)], which indicates that the electron—phonon coupling

capability has significantly decreased at a low temperature [30].
This electron—phonon coupling behavior is characterized by
the Huang—Rhys factor (S) and phonon frequency
(h@yhowon), which can be calculated with the following
equation:

ha) h
_ photon
FWHM = 2.36v/SA®ppo0n | | coth T

where k3 is the Boltzmann constant, and 7is temperature. The
ficted S and A@ho0n are 54.2 and 32.3 meV, respectively.
These values are slightly higher than for perovskite nanocrystals
[27,31,32]. It is worth noting that the value of S is also higher
than that of the reported alkali-halide scintillator (Nal of 42;
Csl of 12) [33,34], and it is comparable to the recently reported
defect halide perovskites (Cs3Sb,ly, RbsSbyIy, and
CS3Bi2L)) [35]

The excellent optical properties such as high PLQY and
being reabsorption free indicate it is a promising luminescence
material. The calculated absorption coefficient (@) of
Cs3Cu,ls, Nal, and Csl is shown in Fig. 3(a) [36], which is
correlated with the effective number 2 ¢
(a x pZiz/E?), where p is the density and E is the photon
energy. Due to the existence of heavy elements, Cs3Cu,ls sin-
gle crystal has a high density of 4.52 g/cm?, which results in
high stopping power for high-energy photons. Under X-ray ir-
radiation (X-ray tube with Ag target, operation voltage at
45 kV), a bright blue light is emitted from the crystal.

XEL spectra as a function of X-ray dose rate are plotted in

atomic
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Fig. 3. (a) Theoretical calculated absorption spectra of Cs;Cu,ls,

Csl, LaBrj, and Nal versus photon energy from 1 keV to
10 MeV. (b) X-ray excited luminescence (XEL) spectra of
Cs3Cuyls as a function of X-ray dose rate. The excited X-ray uses
X-ray tube with Ag target, operated at 45 kV. (c) XEL decay profile
of Cs3Cuyls. (d) Schematic diagram of a band model scintillation
mechanism of Cs3Cu,ls. VB, valence band; CB, conduction band;
STEB, self-trapped exciton (STE) band.

Fig. 3(a). The XEL peak is located at 457 nm with FWHM of
83 nm and is well fitted with a single Gaussian equation. The
room temperature scintillation decay response was studied with
a pulsed X-ray system and recorded with an oscilloscope
[Fig. 3(c)]. The decay time of bulk Cs;Cu,ls SCis 1 ps after
fitting with a single exponential function, which is the same as
CsI(T1) [9]. Cs3Cu,l5 SC shows the same light emission (emis-
sion peak, decay time) under UV photons and X-ray photons,
demonstrating that the light emission mechanism is attributed
to STEs. After absorbing the energy of incident X-ray photons,
electrons are excited from the ground state to the excited state.
Due to the strong electron—phonon coupling, the excitons are
immediately transited to the STE band, and then emitted scin-
tillation visible photons with large Stokes shift and micro-sec-
ond decay time [35,37].

Pulse height spectra were successfully collected with
5 mm x5 mm x 2 mm Cs;Cuyls SC at room temperature.
The crystal was covered with Teflon tape and irradiated with
662 keV gamma rays from a '’ Cs radiation source (1.32 pCi).
The calculated energy resolution (defined as AEpywm/E,
where AEpwpy is the photopeak’s FWHM) is about 9.1%
at 662 keV, which is comparable to alkali-halide commercial
scintillator products. Energy resolution is given by the follow-
ing equation [38,39]:

2
(Aﬂ:ﬁw\d> = Rsztat + Rlzntr + R%ran + RzNoise’

where RZ,. is the contribution to the statistics in the number of
photoelectrons. R}, . is correlated with the nonproportionality
in the scintillation light yield with gamma-ray or electron en-
ergy. R%mn is associated with the inhomogeneities or nonuni-
formities in the scintillator, the light reflector, or the photon

detector. RIZ\IOise is the contribution from electronic noise and
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Fig. 4. (a) Pulse height spectra of 662 keV gamma-ray from ¥’ Cs
radiation source. (b) Relative light yield as a function of gamma-ray
energy.

variance in the gain of the photodetector. Relative light yield
as a function of gamma-ray energy is recorded under excitation
by 2#'Am (60 keV), ¥7Cs (662 keV), and ®°Co (1.17 MeV
and 1.33 MeV), as shown in Fig. 4(b). The normalized relative
light yield (normalized to that at 662 keV) of Cs;Cu,I5 exhibits
a good linear relationship with non-proportionality of 5% in
the range of 60 keV to 1.33 MeV. This value is much smaller
than 20% for scintillators such as Nal(Tl) or CsI(TI). The
higher proportionality is one of the important reasons for deg-
radation in energy resolution [39]. Based on the above discus-
sion, energy resolution could be further improved by several
strategies such as enhancing the coupling between the crystal
and photodetector, or reducing electronics noise. Furthermore,
the light yield of Cs3Cu,ls is estimated by using commercial
scintillators as references, which is about 31% of Nal(T1) and
22% of CsI(T1). The relative light yield (normalized to that at
662 keV) of Cs;Cuyls in the gamma-ray energy range of
60-1275 keV is shown in Fig. 4(b). This STE-induced
high scindillation  performance is also observed in
Cs,Agg ¢Nag 4In;_,Bi,Cls nontoxic double perovskite and
Cs3Cu,ls scintillators grown by the melt growth method
[22,40]. Due to the wide bandgap of Cs;Cu,ls, it exhibits
an excellent non-proportionality, which could provide a pos-
sibility for fine energy resolution.

Stability to moisture and gamma-ray irradiation is a major
concern for commercial applications. We tested the stability of
Cs3Cu,ls crystal under a moist atmosphere and high-dose
gamma-ray irradiation. The XEL spectra of the Cs; Cu,I5 crys-
tal irradiated by various doses of gamma rays (“°Co) are shown
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in Fig. 5(a). The crystals exhibit remarkable stability after ex-
posure to a high-dose gamma ray with a radiation dose of
7.68 kGy, which are much more stable than organohalide lead
perovskites [41]. Note that the scintillation output degradation
under gamma-ray exposure is observed for most inorganic
scintillators including BaF,, BGO, CeF3, and pure CsI with
a dose of 340 Mrad [42]. Moisture-induced performance deg-
radation is one of the most critical issues for perovskite com-
mercial applications, especially for lead halide perovskite
[43,44]. We put the crystal into ambient humidity at room
temperature with humidity in the range of 45%—-65% and
measured the XEL once a day for 30 days. The normalized rel-
ative light output remained stable without degradation, as
shown in Fig. 5(b). Nal and CsI scintillators are highly hygro-
scopic and must be hermetically packaged for use. This remark-
able stability is ascribed to the unique Cst surrounded
[Cu,I5P~ clusters 0D structure that prevents a surface water
reaction [21,26]. The long-term stability provides the capabil-
ity for practical and user-friendly applications.

4. CONCLUSION

In conclusion, a high-density bulk Cs;Cu,I5 crystal was grown
by a simple low-cost, solution-processed method. The crystal
with unique Cs* surrounded isolated [Cu,Is]*~ clusters 0D
structure results in characteristics such as remarkable air stabil-
ity with no degradation and in being non-hygroscopic. The
broad emission and zero self-absorption are attributed to the
recombination of STEs, which has advantages for thick scintil-
lator applications used in high-energy gamma-ray detection.
Distinguishable pulse height spectra of '3 Cs were successfully
collected usinga 5 mm x 5 mm x 2 mm crystal. We found this
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0D bulk crystal has strong radiation hardness under a high-dose
gamma ray of %0Co. The work demonstrates that this solution-
processed, low-cost, strong-radiation-hard, and user-friendly
0D bulk crystal with STE emission could be a promising scin-
tillator for gamma-ray spectroscopy application.
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