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Abstract: Metal halide perovskite nanocrystals (PNCs) have demonstrated intense luminescence and short emis-
sion lifetime, which perfectly match the requirements of X-ray fast scintillators. However, the poor stability of
PNCs restricts their applications. Herein, CsPbBr; NCs in a wide band-gap CssPbBres perovskite single crystal
(PSC) matrix for efficient light extraction is reported. Benefitting from the protection of the PSC matrix and the
perfect lattice matching, the PNCs embedded PSC show highly minimized nonradiative recombination and gre-
atly improved stability. Moreover, by controlling the chemical equilibrium, the self-absorption of PNCs is re-
duced and the quantum yield increased to 78.5%. Furthermore, the PNCs embedded PSC demonstrates an appre-
ciable light yield of 15,290 photons MeV"!, much higher than the commercial scintillator BGO (8,200 photons
MeV!), and a decay time of 12.8 ns, significantly shorter than almost all the representative scintillators. This

work demonstrates unambiguously the potential of PNCs embedded PSC for next-generation fast scintillators.
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1 Introduction

Scintillators, which can detect highly ionizing radiation, have been broadly used in space exploration, medi-

cal diagnostics and security inspection.[1-3] Light yield, time profile and stability are the most important factors



to be considered for practical applications.[4, 5] For a fast scintillator, short decay time is required, particularly
for positron emission tomography (PET), gamma-ray/particle discrimination via time-of-fight techniques and
some security inspection systems or nuclear physics when timing resolution is important. Commercial activator-
doped scintillators, such as Csl: TI or LaBr3: Ce, are always limited by hygroscopicity or/and long decay time
(>20 ns),[6, 7] while BaF, with short decay time (<1 ns) suffers from extra-low light yield due to the forbidden
core-valence transitions.

Metal halide perovskite nanocrystals (PNCs) have emerged as a suitable choice for X-ray fast scintillator.[4,
8, 9] The constituting atoms including heavy metal elements can effectively attenuate the incoming X-ray as X-
ray absorption cross section increases with the increased atomic number.[10] Specially, PNCs with direct-
bandgap show strong oscillator strength of the transition and excitons confinement, bringing fast emission rates
and highly probable strong luminescence.[11, 12] However, the greatest challenge of PNCs is their poor stability
against long-time operation. Previous strategies were to encapsulate PNCs in a host material, such as meso-
silica, porous zeolite, metal-organic framework (MOF), glass, and polymer matrix to improve the stability.[13-
17] However, the products in form of powders show strong light scattering and reduce the optical output effi-
ciency, while the transparent matrix, such as amorphous inorganic or organic glass suffered from lattice mis-
match and easy aging under long-time X-ray illumination. Therefore, improving the stability of PNCs not at the
expense of their excellent optical properties is a great challenge for PNCs-based scintillators. Some previous
works reported CsPbCl; NCs embedded crystalline host with wider band-gap energy.[18-21]

Here, we synthesized CsPbBr3 NCs in a wide band-gap CssPbBrs single crystal matrix (PNCs embedded
PSC) for efficient light output by using one-step low-temperature solution method. Because of the protection of
the SC matrix and the perfect lattice matching, the PNCs embedded PSC show minimized nonradiative recombi-
nation and short decay time (12.8 ns). The heat, moisture and radiation stability were greatly improved without
any encapsulation. Moreover, by controlling the chemical equilibrium, the self-absorption of PNCs was reduced
and the photoluminescent quantum yield (PLQY) was increased to 78.5%, comparable to the CsPbBrz NCs in
solution. Combined with these essential preconditions of the scintillator, the PNCs embedded PSC exhibited
good X-ray response and decay. The light yield was 15,290 photons MeV', much higher than the commercial
scintillator BGO (8,200 photons MeV™!), and the decay time was shorter than most typical scintillators. Our

finding highlights the potential of PNCs embedded PSC for next-generation fast scintillators.



2 Experiment section

Materials: CsBr (99.999%) and PbBr; (99.999%) powders were purchased from Aladdin Reagent Ltd. DMF
(99.9%) was acquired from Sinopharm. All raw materials were used without any further purification.

Fabrication of PNCs embedded PSC: The PNCs embedded PSC was synthesized by using the controlled
cooling method. The solvent was the mixture of DMF and deionized water with the volume ratio of 1:1. 4 mmol
CsBr and 1 mmol PbBr, powders were dissolved in 10 ml solvent at 100 °C with continuous stirring until the
mixed solution was totally clear and transparent. To prevent the volatilization of the solvent, the bottles was
sealed by PVC tape. Then the solution was cooled down at the speed of 1 °C h™!' to 72 °C and maintained at this
temperature for the growth of the tiny crystals. Then the temperature was cooled to room temperature at the rate
of 1 °C h! to avoid internal stress generation inside the crystal. The as-grown PNCs embedded PSC were washed
by anhydrous isopropanol for three times. The CsBr content could be modified for changing the CsBr/PbBr; ratio
in the crystals.

Characterization: The XRD patterns were recorded by X-ray diffractometer (X pert3 powder) with a scan-
ning rate of 10° min'. High resolution transmission electron microscopy (HRTEM) analysis was performed
using an electron microscope (JEOL JEM 2100F). The samples for TEM characterization were prepared by
grinding the crystal into powders and dispersed in toluene solvent. The X-ray photoelectron spectra (XPS) was
recorded by a spectroscopy (AXIS-ULTRA DLD-600W) with a monochrome Al target. The absorption spectra
were recorded using a UV-vis-NIR spectrophotometer (PerkinElmer Lambda 35). The PL spectra excited at 365
nm were measured using a fluorescence spectrophotometer (F-7000, HITACHI) equipped with a xenon lamp as
the light source. The absolute PLQYs were obtained by a fluorescence spectrometer (F-7000, HITACHI)
equipped with an integrated sphere (C9920-02, Hamamatsu Photonics, Japan) excited at 365 nm from a xenon
lamp. The temperature dependent PL spectra were conducted by laser confocal Raman spectrometer (LabRAM
HR800) with 325 nm laser as the excitation source.

The radioluminescence was measured using a fluorescence spectrophotometer (FluoMax+, HORIBA) with
an Amptek Mini-X tube (Au target, 10 W, Newton Scientific M237) as the X-ray source at 50 keV. To quantify
the light yield, the PNCs embedded PSC was placed in a integrating sphere, which was coupling to a Si photo-
multiplier (PM) (JSP-TN3050-SMT). The photons produced by radioluminescence were collected, amplified and
converted into electric signals by the Si PM. The voltage signals were transferred through a high-speed signal
acquisition circuit and read out by an oscilloscope (Keysight DSO-S 054A). The commercial BGO SC scintilla-

tor was synchronously tested as a reference. The PNCs embedded PSC and BGO were placed at the same posi-



tion in the integrating sphere to avoid dose rate deviation and light scattering effect. Both the sample and the
reference (BGO) were thick enough to ensure complete absorption of the incident X-rays with maximum energy
of 50 keV. For scintillation decay measurement, ’Na radioisotope was used as a gamma-ray source (photon
energy 511 keV), a photomultiplier tube (PMT, Hamamatsu R9800) and a oscilloscope were used for recording
the output waveform of electric signals converted from the scintillation photons. The pulse rise time and the
transit time spread (FWHM) of the PMT were 1 ns and 270 ps, respectively. The dose rate of X-rays was adjust-
ed by changing the distance between the sample and the X-ray source and the working current from 10 to 140
pA at a constant voltage (50 keV). The dose rate of the tube was calibrated with an ion chamber dosimeter (Mag-

ic Max from IBA DOSIMETRY).

3 Results and discussions

The PNCs embedded PSC samples were synthesized by cooling method in terms of temperature-dependent
solubility. The solvent was carefully chosen to balance the solubility of the raw materials. In detail, DMF was
used to dissolve PbBr; because of the strong interactions between PbBr; and DMF, while protic H,O solvent was
used for CsBr. CsBr and PbBr, powders with the ratio of 3:1, 4:1 and 5:1 (in mol %), respectively, were added
into the mixture of DMF and deionized water at 100 °C until complete dissolution. As the dissolution process
took at least 48 hours, the key strategy to guarantee the validity of the temperature-dependent solubility is to
avoid the solvent volatilization. Then the solution was cooled down at the speed of 1 °C h™! until tiny crystals
appeared in the solution. The temperature was then maintained for the growth up of the tiny crystals. The as-
prepared crystal is shown in Figure 1a with regular and transparent appearance, which was the dominated 0D
Cs4PbBr¢ matrix with the [PbBrs]* octahedron completely isolated by the CsBr bridges. Such structure resulted
in preferred formation of Pb vacancies. The nearby isolated [PbBrs]* unites spontaneously connect to each other
to form corner shared [PbBre]* frameworks, giving CsPbBr; clusters, as shown in Figure 1b. With the growth
up of CsPbBr3; clusters into NCs inside a bulk SC, strong luminescence with short decay time could be realized

due the intrinsic properties of PNCs, making it a good scintillator candidate.
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Figure 1: a) Photographs of PNCs embedded PSC irradiated by sunlight (top) and 365 nm-LED (bottom). The
size of the crystal was ~8 mmx8 mmx3 mm. b) Schematic illustration of structure transformation from 0D iso-
lated [PbBrs]* octahedrons to corner-shared ones. ¢) Scintillating schematic of PNCs embedded PSC. d) Process
of X-ray induced high energy electrons thermally relaxing to generate electron-hole pairs within corner-shared

[PbXe]* octahedrons, emitting light and causing scintillation.

The scintillating schematic of PNCs in PSC is depicted in Figure 1¢. The X-ray photon energy can be par-

tially or completely transferred to electron energy, through photoelectric absorption (o o<Z*E?, where ¢ is the
attenuation coefficient, Z is the effective atomic number and £ is the photon energy), Compton scattering (¢ °<Z)

or the electron pair effect. The attenuation coefficient of CsPbBr3;, Cs4PbBrs and some traditional detection mate-
rials towards high-energy photons were calculated according to the photon cross-section database (Figure
S1).[22] Regardless of resonant absorption at the K, L and M edges, the absorption of both CsPbBr; and
Cs4PbBrs was considerable due to their heavy average atomic numbers. The energy of X-rays is captured by the
PNCs embedded PSC and produce high energy electrons, such as photoelectrons, Auger electrons and recoil
electrons. These hot electrons then relax to produce many low-energy electron-hole pairs via coulomb interac-
tions (Figure 1d). The electrons are quickly thermalized through interactions with phonons to the conduction of
CsPbBr; NCs, and generate visible emission by recombination with holes in the valence band. The rest of elec-
tron-hole pairs are lost by thermal radiation through electronics-phonons coupling. It should be noted that nonra-
diative relaxation in SC matrix is smaller than polycrystal matrix or amorphous matrix, due to the reduced grain

boundaries.



The structural characterization of PNCs embedded PSC was carried out. As shown in Figure 2a, the powder
XRD patterns only show dominated Cs4sPbBrs phase without characteristic diffraction of CsPbBr3, probably due
to the low concentration and the small size of CsPbBr3 NCs. No diffractions peak assigned to CsBr or PbBr, was
found, indicating no obvious phase separation occurred even with the nonstoichiometric CsPb/PbBry; ratios of 3:1
and 5:1. XPS was further applied to survey the PNCs embedded PSC with different CsBr/PbBr; ratios. Figure
2b and Figure S2 compare the XPS spectra of the as-grown product with CsBr/PbBr,=4:1 and 5:1 as well as
their corresponding high-resolution spectra of Cs 3d, Pb 4f, and Br 3d. After calibration using the binding energy
of C 1s, the binding energy of Cs 3d, Pb 4f, Br 3d was found unchanged. The Br 3d peak from 63-73 eV of
PNCs embedded PSC can be fitted by two peaks centered at binding energy of 67.9 eV (I) and 68.7 eV (1),
which is similar to the phenomenon reported previously.[23] The observed peak (I) can be attributed to the Br
atoms in isolated [PbBrs]* of Cs4PbBrs, while the peak (II) related to the Br atoms in corner-sharing [PbBre]* of
CsPbBr;. Furthermore, with increased amount of CsBr, the relative intensity of the peak (II) decreases, revealing

a reduced proportion of CsPbBr; phase.
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Figure 2: a) XRD patterns and b) Br 3d XPS spectra of PNCs embedded PSC with different CsBr/PbBr; ratios. c)
TEM and d) HRTEM of PNCs embedded PSC with CsBr/PbBr,=5:1. The inset of d) is the fast Fourier transform

(FFT) images of the two selected areas.



For TEM measurement, the bulk crystal was grinded into small particles with random size distribution and
dispersed in toluene as shown in Figure 2c¢. Inside those particles, a few of NCs with a diameter of 3~4 nm can
be found, as shown in Figure S3. Figure 2d shows the enlarged HRTEM image of the squared area selected in
Figure 2c. The lattice fringes are clearly visible and measurements indicate that the lattice spacing (3.95 A)
mainly corresponded to (300) plane of Cs4PbBrs but with several outliers (2.66 A) corresponding to (200) plane
of CsPbBr3 (Figure S4). For example, the FFT of the squared area in Figure 2d matches with the standard dif-
fraction patterns of CsPbBrs, while the patterns of the surrounding circled area correspond to that of Cs4sPbBrs.
This provides direct evidence for the formation of Cs4PbBrs SCs with embedded CsPbBr; NCs in these crystals.

The growth process of CsPbBr; NCs in CssPbBrg single crystal was monitored by measuring the PL spectra
during the cooling crystallization (Figure 3a). At the initial stage (tiny crystals), two PL peaks located at 512 nm
and 525 nm appear with the former one dominating. With the crystal growing into bulk size, the peak at 512 nm
is weakened and the peak at 525 nm become dominating, which may be attributed to the ablation of small NCs
into larger ones, resulting in the red-shift of the emission wavelength. NCs inside solid matrix are usually precip-
itated through in situ strategy, depending on the precise control of supersaturation, such as temperature or con-
centration.[24] The formation enthalpy from CssPbBrs to CsPbBr; was calculated to be a positive value (0.167
eV) according to the chemical equilibrium 3CsBr+CsPbBr3; <> CssPbBrs in this reaction system.[23] This means
the transformation from Cs4PbBrs to CsPbBr3 is not preferred and CsPbBr; can exist stably inside CssPbBre
matrix from the viewpoint of thermodynamics. Thus, it can be expected that excess CsBr could inhibit the
growth of CsPbBr3 NCs to control the size of CsPbBr3 NCs in Cs4PbBrs matrix. The absorption and PL spectra
of PNCs embedded PSC with different mole ratio of CsBr/PbBr; are shown in Figure 3b. The strong absorption
in the UV region is originated from the wide band gap of Cs4PbBrs crystals (~3.7 eV), while the band-edge ab-
sorption and excitonic emission in the visible range is attributed to the embedded CsPbBr; NCs. With the in-
creased ratio of CsBr/PbBr; from 3:1 to 5:1, the absorption edge and the emission peak are blue shifted, indicat-
ing the decreased size of CsPbBr3 NCs. The self-absorption coefficient (as) can be calculated by as=(al)dA/Id2.,
where o is the absorption coefficient, / is the PL intensity, and A is the wavelength of the overlap between ab-
sorption spectra and PL spectra. Thus, the size-dependent self-absorption coefficient decreases from 85.7 cm™! to
64.2 cm™ and 25.8 cm’!, resulting in a corresponding sharply increased PLQY from 42.06% to 45.09% and
78.47% (Figure SS). When the mole ratio of CsB1/PbBr; was further increased to 6:1, the serious phase separa-
tion occurred with uneven luminescence, as shown in Figure S6. This is because excess CsBr affects the config-

uration of [PbBre]* octahedrons and destroys the stable structure of the crystal.
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Figure 3: a) Emission evolution of PNCs embedded PSC during the cooling crystallization. b) Normalized ab-
sorption and photoluminescence spectra of PNCs embedded PSC with different mole ratio of CsBr/PbBr,. The
inset is the corresponding photo images of the crystals excited by 365 nm LED c) Integral PL intensities of PNCs
embedded PSC with CsBr/PbBr,=5:1 as a function of temperature. Solid line is the simulated curve using For-
mula (1). d) Full width at half maximum (FWHM) of PL as a function of temperatures. Solid line is the simulat-

ed curve using Formula (2).

Further details related to the PL process were explored by the temperature-dependent PL spectra. Figure 3¢
displays the decreased integrated PL intensity with the elevation of the temperature and the fitting curve by the

relation

1y

=17 exp[—E, /(k,T)] 1

where 7 is the temperature, Eg is the activation energy, kg is the Boltzmann constant and /y is the PL intensi-
ty at 90 K. Then Ep was calculated to be 40.5 meV, which is the energy required to dissociate the excitons. Alt-
hough luminescence thermal quenching occurs due to the nature of semiconductors, this phenomenon is reversi-
ble. The large activation energy guarantees the impressive emission quality. Assuming that the broadening of the
linewidth of the PL peaks is mainly attributed to exciton-phonon interactions, the full width at half maximum

(FWHM) as a function of temperature is plotted and fitted by relation[25] (Figure 3d)
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where I (meV) is the FWHM at low temperature levels, o, (meV K') and I, (meV) are the contributions
of exciton-acoustic phonon interaction and exciton-optical phonon interaction, respectively, that contribute to the
FWHM broadening, and Aw., (meV) is the optical phonon energy. %w,, was calculated to be 39.7+1.2 meV,
much lower than the displacement of an eigenvector from the Jahn-Teller distortion of the lattice, responsible for
the bounded exciton luminescence.[26]. The electron-phonon coupling strength is fitted to be 97.2+5.2 meV,
smaller than CsPbBr; NCs in solutions and other perovskites with bounded exciton characteristic[27, 28], lead-
ing to the minimized non-radiative recombination. Such bounded exciton luminescence and decreased non-
radiative recombination are extremely favorable for a fast luminescence decay.

Combined with the good X-ray absorption and excellent emission performance, PNCs embedded PSC is ex-
pected to be a competitive scintillator. The scintillation properties were then measured. The radioluminescence
spectra of the PNCs embedded PSC with different mole ratio of PbBr,/CsBr under X-ray (the average energy
~30 keV) excitation are shown in Figure 4a. These spectra are consistent with that excited by UV light, reveal-
ing the same radiative recombination process. To quantify the light yield, a well-established method was used to
count the photons produced by radioluminescence.[29] The PNCs embedded PSC was placed in a integrating
sphere, which was coupling to a Si PM. The photons produced by radioluminescence were collected, amplified
and converted into electric signals by the Si PM. The voltage signals were transferred through a high-speed sig-
nal acquisition circuit and read out by an oscilloscope. The commercial BGO SC scintillator was synchronously
tested as a reference. The PNCs embedded PSC and BGO were placed at the same position in the integrating
sphere to avoid dose rate deviation and light scattering effect. As shown in Figure 4b, with increased mole ratio
of CsBr/PbBr; in PNCs embedded PSC, the X-ray response increases sharply due to the reduced self-absorption.
Using an Amptek Mini-X tube with a working voltage of 50 kV and a current of 50 pA, the average pulse volt-
age of PNCs embedded PSC and BGO is 0.93 mV (PbBr,/CsBr=5:1) and 0.57 mV, respectively. The light yield
and decay time of commercial BGO was known to be ~8,200 photons MeV-! and ~300 ns.[30, 31] As the meas-
ured voltage response is proportional to the generated photons by X-ray irradiation under identical test condi-
tions, the light yield of PNCs embedded PSC can be obtained by correcting the wavelength-dependent detection

efficiency of Si PM, according to formula (3)[29]
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where LY is the light yield, R is the corrected response amplitude, /(L) is the radioluminescence intensity, and
S(\) is the wavelength dependent detection efficiency. The light yield of PNCs embedded PSC with the
CsBr/PbBr; ratio of 5:1 was calculated to be 15,290 photons MeV™!, about two times of that for the BGO refer-
ence. It should be noted that the light yield of CsPbBr; NCs embedded CssPbBrs SC is still lower than CsPbBr;3

NCs in solution, due to more non-radiative recombination loss in Cs4PbBrs matrix than organic solvent.[32]
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Figure 4: a) Radioluminescence spectra of PNCs embedded PSC with different mole ratio of CsBr/PbBr». b)
Generated voltage of Si PM by scintillation light of PNCs embedded PSC with commercial BGO single crystal
as a comparison. ¢) Time-resolved radioluminescence decay spectra at room temperature. The excited photon
energy was 511 keV generated by 2?Na. d) Comparison of scintillation decay time of PNCs embedded PSC and
some typical scintillators. e) Linear X-ray response of PNCs embedded PSC, covering three orders of magnitude

from 290 nGy,s™' to 23.2 uGyais™'. f) Signal-to-noise ratio value versus the dose rate.

The scintillator decay of PNCs embedded PSC was measured with the excitation of 511 keV y-ray from ?>Na
radiation source, as shown in Figure 4c. The average decay time of PNCs embedded PSC was ~12.8 ns. Such
fast decay time is shorter than almost all the typical scintillators (Figure 4d),[4, 33-38] which was attributed to
the bounded excitons. The relatively high light yield and a fast emission together give an excellent quality to this

composite material as a fast scintillator. It should be noted that CsPbBr; NCs in different matrix show various de-



cay time, which is relating to the refraction index of the matrix.[4, 13, 39, 40] More importantly, the cost of PNCs
embedded PSC is low attributing to the low-priced raw materials and low-cost solution fabrication process.

Linear response range and signal-to-noise ratio (SNR) are also important features for scintillators. As shown
in Figure 4e, the PNCs embedded PSC exhibited a linear response towards the dose rate within two orders of
magnitude from 290 nGyai's™ to 23.2 uGyair's™, which was enabled by the negligible radiation generated de-
fects. In this range, the radiation dose rate can be predictably correlated to the scintillation response.[41] We then
derived the SNR of the PNCs embedded PSC scintillator under various dose rates, as shown in Figure 4f. The
detection limit fixed at SNR=3 (voltage: 50 kV) is 130 nGy,;s”', which is much lower than the typical medical
imaging dose.

For practical applications, the stability of the scintillator should be evaluated. First of all, the as-prepared
PNCs embedded PSC was heated at 200 °C to check the thermal tolerance. The emission spectrum remained
unchanged after 50 h heating (Figure 5a), indicating the inhibited structural transformation from CssPbBrs to
CsPbBr; due to the lack of PbBr;. Additionally, after being exposed to air at 298 K with a RH of 70% for one
month, our PNCs embedded PSC shows only a little reduction of PLQY due to the protection against the hygro-
scopicity and aggregation nature of the NCs (Figure 5b). Above results indicate the good temperature resistance
and moisture stability of our PNCs embedded PSC scintillator. Continuous radiation stability is also critical to
the signal output of a scintillator. Therefore, we investigated the reliability of the unencapsulated PNCs embed-
ded PSC under working conditions (dose rate 625 uGy-s™). Figure 5S¢ shows the response of the PNCs embed-
ded PSC scintillator under on-off X-ray radiation. The response shows negligible degradation throughout the
whole test period with an accumulated radiation dose of 324 Gy. The superior radiation stability of the PNCs
embedded PSC scintillator is associated with the rigid ionic bonds and with the suppressed electron-phonon
interaction as discussed above. These results confirm the enhanced stability of PNCs embedded PSC, which sets
a solid foundation for the practical X-ray sensing and imaging application. Therefore, Cs4sPbBrs can serve as a
protector to improve the stability of the CsPbBr; NCs emitter and also ensure efficient light extraction. As for scin-
tillation decay time, it is shorter than that of CsPbBr3 NCs film scintillator (44.6 ns) due to the larger refraction

index of Cs4PbBrs matrix.[4]
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Figure 5: a) Normalized emission spectra of the as-prepared PNCs embedded PSC and that after heating at 200
°C. b) PLQY variation of PNCs embedded PSC excited by 365 nm LED exposed to air atmosphere (T=298 K,

RH=70%) in one month. c) X-ray response stability of PNCs embedded PSC scintillator detector.

4 Conclusions

In summary, we synthesized CsPbBr3 NCs in a wide band-gap Cs4PbBrs single crystal matrix (PNCs em-
bedded PSC) for efficient scintillation. The PNCs embedded PSC shows good storage and radiation stability as
well we excellent luminescence performance that guarantees a good scintillation response to X-ray signals. The
combination of the appreciable light yield (15,290 photons MeV!), the short emission lifetime (12.8 ns), the
large detection linearity range and the low detection limit (130 nGy.is™') as well as potential low-cost, renders

our PNCs embedded PSC an highly promising X-ray fast scintillator.
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