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Introduction

A c c e p t e d m a n u s c r i p t

Scintillators, which can convert high-energy photons into low-energy visible ones, have been widely used in space exploration, medical diagnostics and security inspection. [1][2][3] Next-generation radiation detectors require scintillator materials combine high light yield, short light decay time and high stability. 4,5 Conventional activator-doped scintillators, such as thallium-activated CsI (CsI: Tl) and ceriumactivated YAlO3 (YAlO3: Ce) suffered from long radioluminescence afterglow. 6,7 Metal halide perovskite nanocrystals (PNC), which have emerged as a suitable choice for high-performance optoelectronics application, could be a promising candidate for high-efficiency X-ray scintillator. 4,8,9 The heavy metal elements of PNC rendered them a large X-ray absorption cross section, conducive to the attenuation of the incoming X-ray. 10 The PNC possessed unique electronic structures, resulting in highly emissive triplet excited states and fast emission rates. 11,12 The typical quantum confinement and increased overlap of electron and hole wavefunctions of the PNC confined the X-ray-generated excitons and luminescence centers in the Bohr radius range, bring a highly probable strong luminescence. Despite their high light yield and short emission lifetime, the most serious problem with PNC was their poor stability in general.

To solve the poor stability of PNC, various progresses have been made. One of the strategies was coating the PNC with structure-matched inert shell, such as CsPbBr3/Cs4PbBr6, 13 CsPbBr3/CsPb2Br5 14 and CsPbBr3/Rb4PbBr6 15 . Although the core-shell NCs can improve the stability of CsPbBr3 NCs, it always suffered the incomplete coating and the intrinsically unstable shell. Another strategy was physically incorporating them into barrier matrix, 16,17 such as SiO2, Al2O3, ZrO2, TiO2, the stability can be improved greatly. [18][19][20][21] But the products of NCs stabilized in inorganic oxides were generally in the form of powders, showing strong light scattering and reducing the optical output efficiency. Therefore, achieving a high stability for PNC not at the expense of its excellent optical properties is a great challenge for PNC-based scintillators.

Herein, we synthesized CsPbBr3 NCs in all-inorganic glass matrix through all-solid reaction. By virtue of the highly stability and the transparent nature of glass, the PNC glass-ceramic shows excellent optical properties, comparable to the CsPbBr3 NCs in solution synthesized by chemical method. The water and thermal stability were greatly improved by the protection of glass matrix. Besides, the large refraction index of inorganic glass matrix could improve the oscillator strength of the transition 22 and A c c e p t e d m a n u s c r i p t thus enhance the radiative transition rates (PL decay time ~2.6/13 ns). Combined with these essential preconditions of the scintillator, the PNC glass-ceramic demonstrated good X-ray response and decay. The emission intensity of PNC glass-ceramic was half of the commercial scintillator Bi4Ge3O12 (BGO) under the X-ray irradiation (50 kV) and the decay time (15.2 ns) was one twenty of BGO. Furthermore, otherwise than BGO single crystal, glass is well-known easily processing into any shape and size, and glass fiber manufacturing is a mature technology. [23][24][25] The PNC glassceramic was potential for various X-ray detection scenarios such as remote X-ray detection.

Experimental section

Fabrication of PNC glass-ceramics and fibers

The PNC glass-ceramic was prepared by conventional melting-quenching method.

The raw material with composition of 40SiO2-35B2O3-3Na2CO3-9ZnO-6Cs2CO3-5PbBr2-2NaBr (in mol %) was carefully weighed. The raw materials powders were mixed thoroughly for 10 h before melting in an alumina crucible at 1150 o C for 10 min under ambient atmosphere. The glass melts were poured onto a copper mold for quenching. The as-prepared glass was then quickly transferred to a muffle furnace at 350 o C for 2h annealing to release the thermal stress. After the temperature of the glass cool down to the room temperature, it was cut into small species and polished to the size of 10 mm×10 mm×2 mm. Then the slices were heat-treated at 450-490 o C for 10 h to precipitate CsPbBr3 NCs in situ. All the glasses were optically polished for both sides for further characterization. The fiber was made by simply pouring the glass melt through a graphite hole. The melt through the hole was quenched and solidified into filiform with dimeters of 500 μm to 600 μm. Then the fiber was heattreated at 450-490 o C for 10 h to precipitate CsPbBr3 NCs inside, as the bulk glass.

Characterizations

The XRD patterns were recorded by X-ray diffractometer (X' pert3 powder) with a scanning rate of 2 o min -1 and a step width of 0.02 o . High resolution transmission electron microscopy (HRTEM) analysis were performed using TITAN G2 60-300 Cs Corrector HRSTEM (FEI, Netherland). The samples for TEM characterization were prepared using focused ion beam (Quanta 3D FEG, FEI, USA). The absorption spectra were recorded using a UV-vis-NIR spectrophotometer (PerkinElmer Lambda as to meet the most stable state. Cs, Pb and Br ions were introduced for the precipitation of CsPbBr3 NCs. All the carbonate would disintegrate to oxide and then break bonds during the melting process. As shown in Fig. 1, after fully melting of the raw materials at high temperature, the glass melt can be overall regarded as a "homogeneous solvent" and Cs + , Pb 2+ , Br -ions were distributed homogeneously in a "dissociative state" in glass melt. 26 The glass melt were molded into bulk through the rapid quenching with internal stress due to the temperature strikingly drop. Good X-ray absorption is a prerequisite for X-ray scintillator. The attenuation coefficient for some perovskites and traditional semiconductors towards high-energy photons were calculated using the photon cross-section database (Fig. S1). [START_REF] Berger | XCOM: Photon Cross Sections Database: NIST Standard Reference Database 8[END_REF] Regardless of resonant absorption at the K, L and M edges, the absorption coefficient A c c e p t e d m a n u s c r i p t of metal halide perovskites was considerable due to their heavy average atomic numbers. The XRD patterns and HRTEM image confirmed the precipitation of CsPbBr3 NCs in glasses. The as-quenched glass shows a typical non-crystalline nature before NCs precipitation (Fig. 2a). After heat-treatment, the weak diffraction peaks, which assigned to CsPbBr3, were gradually appeared, indicating the increased amount of CsPbBr3 NCs in glass matrix. The HR-TEM image shows spherical NCs of around 5 nm diameters (Fig. 2b). The XPS survey, especially Cs, Pb, Br elements was carefully studied for the glass before and after crystallization (Fig. 2c). After corrected by the binding energy of C1s, we found the binding energy of Cs3d, Pb4f, Br3d increased (Fig. 2d Another decisive element for X-ray scintillator is the luminescent properties, especially the emission intensity and the emission decay time, which define the signal amplitude and the imaging rate. After CsPbBr3 NCs precipitating in glass, the absorption edge red-shifted and with a higher heat-treatment temperature, the bandgap showed continuous decrease due to the increased size of CsPbBr3 NCs (Fig. 3a).

Results and discussion

Same tendency was observed in the luminescent spectra (Fig. 3b). The emission at around 520 nm matched the best response band of PMT, benefitting the signal output in scintillator applications. The emission intensity of PNC glass-ceramic was highest after heat-treating at 470 o C. Generally, higher heat-treatment temperature results in higher NCs concentration and larger size of NCs. However, higher NCs concentration may decrease the transparency and the light out efficiency. Low temperature luminescence was investigated to study the activation energy and electrons-phonons coupling properties (Fig. 3c), closely related to the quantum yield and radiative combination rate. With the decreased temperature from room-temperature to liquid ammonia-temperature, the PL intensity decreased sharply and the FWHM increased.

As shown in Fig. 3d, the integral PL intensities of PNC glass-ceramic versus temperature was plotted and fitted through Formular (1), (1) where, I0 is the PL intensity at 90 K, EB is the activation energy, T is the temperature and kB is the Boltzmann constant. The activation energy was calculated to be 41.4 meV, comparable to the excitonic binding energy (40 meV) of CsPbBr3 NCs reported before. [START_REF] Protesescu | [END_REF] Although luminescence thermal degradation occurred due to the nature of semiconductors, it would reverse when the temperature recovered. The large exciton binding energy guarantee the impressive emission quality. Deviation of experimental data points from the fitting curves at temperature higher than 180 K may due to the structural phase transition occurred for CsPbBr3. 29 The temperature-dependent FWHM of PNC glass-ceramic was also analyzed based on the Huang-Rhys factor (S) and the phonon frequency (ℏωphoton) according to Formular (2) 30 (Fig. 3e).
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The calculated Huang-Rhys factor was 0.005 and the ℏωphoton was 5.37 meV. The small Huang-Rhys factor indicated the weak electron-phonon coupling strength, responsible for the strongly bounded exciton luminescence. The ℏωphoton was lower than the displacement of an eigenvector from the Jahn-Teller distortion of the lattice, indicating the decreased non-radiative recombination. 31,32 Besides, the large refraction index of inorganic glass matrix enhanced the radiative transition rates. 22 Such decreased non-radiative recombination rate and enhanced oscillator strength of the transition that guaranteed a fast decay time. As shown in Fig. 3f, the PL decay curves were consistent with double-exponential decay: 𝐴(𝑡) = 𝐴 1 exp(-𝑡/𝜏 1 ) + 𝐴 2 exp(-𝑡/𝜏 2 ) + 𝐵, where 𝜏 1 and 𝜏 2 represent the short and long lifetime, ascribing to the trap assisted recombination and the intrinsic emission of NCs, respectively. [START_REF]t e d m a n u s c r i p t[END_REF] With the increased heat-treatment temperature, the average PL decay time increased (Table S1), indicating the diminished trap concentration. This tendency was similar to previous studies, which was assigned to passivation of the defects between the boundaries of the NCs and the glass matrix under a higher heat-treatment temperature. 34,35 The passivation mechanism may be the formation of some thin crystalline structures surrounding and matching the structure of NCs in the glass host, or the charge compensation for charged defects by a redistribution of ions of glass matrix with higher atom/ion mobility at higher temperature. The stability of PNC glass-ceramic, including the water stability and thermal stability, were systematically investigated. As a comparison, we prepared colloidal CsPbBr3 NCs as reported before. [START_REF] Li | [END_REF] The powder CsPbBr3 NCs were dispersed in toluene and drop-casted on a blank glass without CsPbBr3 NCs inside. Surface morphology and surface PL mapping of PNC glass-ceramic and PNC-film on glass were measured. The glass after polishing was flat and smooth and showed a homogenous green luminescence (Fig. 4a and4b). The CsPbBr3 NCs film on glass also showed a strong luminescence with interstitial pores (Fig. 4c and4d). Firstly, the PNC glass-ceramic was immersed into water without any encapsulation. After two weeks, the PNC glass-ceramic still maintained good luminescent performance, as shown in Fig. 4e. The PL intensity only decreased 17% after 10 h and maintain this value for 2 weeks (Fig. 4f). The decrease at the initial stage might due to a few NCs For scintillators, incident X-ray photons can interact with heavy atoms (such as Pb, Bi) to produce hot electrons through the photoelectric effect 4 . These hot electrons are quickly relaxed to form low-energy excitons, which can subsequently be confined by CsPbBr3 NCs for radiative luminescence. To investigate the scintillator performance of PNCs-glass, first of all, we measured their X-ray excited radioluminescence (Fig. 5a). The X-ray was produced by electron beams bombarding Cu targets with the tube voltage of 50 kV. The generated X-ray photon energy was up to 50 keV and peak intensity at about 30 keV. For the as-quenched glass and glass heat-treated at 450 o C, no obvious radioluminescence was observed due to the low concentration of CsPbBr3

NCs inside. After heat-treated at 470 o C and 490 o C for 10 h, the radioluminescence centered at 530 nm was appeared, representing a good response to X-rays. Moreover, with the increased amount of CsPbBr3 NCs inside, the response was stronger, that means the response can be further increased by adjusting the NCs concentration in glass. Additionally, the light yield of PNC glass-ceramic was calculated by collecting and amplifying the X-ray irradiated photons by a PMT detector along with a reference of the most used commercial BGO single crystal scintillators. (Fig. 5b). The voltage signals of a PMT were transferred through the high-speed signal acquisition circuit to the oscilloscope. The light yield and decay time of commercial BGO was known to be ~8200 photons MeV -1 and ~300 ns. 38,39 The average pulse voltages of PNC glassceramic and BGO were 0.812 mV and 1.487 mV, respectively. Then the emission intensity was half of the commercial scintillator BGO under the X-ray irradiation (50 kV). Figure 5c shows the scintillation decay curves with the excitation of 511KeV γray from 22 Na radiation source. By exponential fitting, the decay times of was calculated to be 15.2 ns. Such fast decay time of PNC glass-ceramic is much shorter than most typical scintillators, [40][41][42][43] which was attributed to the strongly bounded excitons. It is well known glass was easily processed into any shape, even drawn into fiber, providing possibility for various X-ray detection scenarios. A simple example of fiber made by PNC glass-ceramic was shown in Fig. S5. However, many problems existed in drawing fiber of single-crystals and there is no report of BGO single crystal fiber until now. [START_REF] Yuan | Proc. SPIE[END_REF] Finally, we compared the comprehensive performance of our PNC glass-ceramic and commercial BGO (Fig. 5d). Although the emission intensity of PNC glass-ceramic was about half of the commercial BGO, it is expected to be optimized. The afterglow decay of PNC glass-ceramic was much superior to the ionsactivated scintillators, conductive to real-time detection. Furthermore, the fabrication cost and processibility of PNC glass-ceramic were also superior than that of BGO.

Based on these advantages, we believe the PNC glass-ceramic have tremendous potential for scintillators. 

Conclusions
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 35 . The PL and absolute PLQYs of PNC glass-ceramices were obtained by a fluorescence spectrometer (F-7000, HITACHI) and an integrated sphere (C9920-02, Hamamatsu Photonics, Japan) excited at 365 nm from a xenon lamp. The transient PL spectra of PNC glass-ceramices were collected by a fluorescence spectrometer (FLS920, Edinburgh instruments Ltd). The temperature dependent PL spectra were conducted by laser confocal Raman microspectroscopy (LabRAM HR800) with 325 nm laser as the excitation source. The PL mapping were measured by a fluorescence microscope (BX53M(OLYMPUS)) with a 450 nm LED as the excitation source. The X-ray photoelectron spectra (XPS) was recorded by a spectroscopy (ESCALAB 250Xi) with a monochrome Al target. The radioluminescence spectra were measured using a homemade spectrometer with an X-ray tube of Cu anode operating at 50 kV. A photomultiplier tube (PMT) detector was used to collect and amplify the X-ray irradiated photons. The photo signals changed into voltage signals and the voltage signals from the PMT were transferred through the high-speed signal acquisition circuit to an oscilloscope. The light yield was measured by collecting the voltage signals from the PMT detector by an oscilloscope.

Fig. 1

 1 Fig. 1 Preparation schematic of PNC glass-ceramic through all-solid reaction.

A c c e

  p t e d m a n u s c r i p t

  Subsequent annealing at a low temperature (350 o C) can effectively release the internal stress. Then CsPbBr3 NCs were precipitated from the as-quenched glass by heat-treating at a higher temperature. According to the theory of NCs precipitation in glass, we found 450-470 o C was the crystallization temperature range of CsPbBr3 NCs in the given glass composition. Heat-treating the as-prepared blank glass at the temperature lower than 450 o C did not produce luminescence, indicating almost no NCs precipitated. Annealing the blank glass at the temperature higher than 490 o C diminished the transparency of glass, which may decrease the light out efficiency.

Fig. 2

 2 Fig. 2 Structural characterization of CsPbBr3 NCs precipitated in glasses. (a) XRD patterns of as-quenched glass and heat-treated glasses. (b) HR-TEM image of CsPbBr3 NCs in glass. XPS survey of (c) overall, (d) Cs 3d, (e) Pb 4f, (f) Br 3d of glass before and after NCs precipitation.

  , 2e, 2f), indicating the change of chemical environment surrounding Cs, Pb, and Br after binding into CsPbBr3 NCs from Cs2O, PbBr2 and NaBr. Specially, the peak of Pb4f exhibited obvious shift to high binding energy, due to the abated electron cloud density of outer layer of Pb atom in CsPbBr3 crystal lattice. The original electronic structure of Pb atom in PbO rearranged to the lowest energy state in CsPbBr3.

Fig. 3

 3 Fig. 3 Optical properties of PNC glass-ceramic. (a) Absorption and (b) emission spectra of the as-quenched glass and heat-treated glasses at room temperature. (c) Temperature-dependent emission spectra of PNC glass-ceramic. The inset was the normalized ones. (d) Integral PL intensities of PNC glass-ceramic recorded at low temperatures. Solid line is the simulated curve using Formular (1). (e) Integral full width at half maximum (FWHM) of PL recorded at low temperatures. Solid line is the
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  p t e d m a n u s c r i p t simulated curve using Formular (2). (f) PL decay of PNC glass-ceramic with CsPbBr3 NCs of different sizes involved at room temperature.

A c c e p t e d m a n u s c r i p tFig. 4

 4 Fig. 4 Water and thermal stability evaluation of PNC glass-ceramic. Surface morphology of PNC glass-ceramic (a) and PNC-film on glass (c). Surface PL mapping of PNC glass-ceramic (b) and PNC-film on glass (d). (e) Photograph of PNC glass-ceramic socking in water without any encapsulation. (f) PL intensity comparison of PNC glass-ceramic and PNC-film on glass socking in water. (g) PL intensity and FWHM of PNC glass-ceramic and PNC-film on glass after heating at 250 o C for various duration.

A c c e p t e d m a n u s c r i p t not fully embedded

  inside glass matrix were deteriorated by water. As glass can effectively prevent water from invading and corroding the internal NCs, the PL intensity gradually stabilized after 10 hours (Fig.4f, S2), revealing an excellent water stability. Conversely to PNC glass-ceramic, the PNC-film was extremely unstable to water and quickly dropped to 20% of the original PL intensity at 10 min and almost completely quenched after 1 h. (Fig.4b, S3). The thermal stability of these two configurations was also carried out (Fig.4d). After heating at 250 o C for various duration, the PL intensity and FWHM of PNC glass-ceramic was almost unchanged when recovered to the room temperature, while the PNC-film suffered irreversible thermal deactivation of NCs at high temperature, demonstrating a good thermal stability of PNC glass-ceramic as well. The wet-synthesized CsPbBr3 NCs without robust protection suffered from aggregating and further ripening processes under high temperature heating. The aggregating and ripening processes were slowed or inhibited thanks to the protection of inorganic glass matrix, contributing to the thermal stability.Good water and thermal stability extended the applications of PNC glass-ceramic scintillator in extreme environments.
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 5 Fig. 5 X-ray scintillation properties of PNC glass-ceramic. (a) X-ray excited radioluminescence of as-quenched glass and heat-treated glasses. (b) Generated voltage of multiplier tubes by scintillation light of PNC glass-ceramic with commercial BGO single crystal as a comparison. (c) Time-resolved radioluminescence decay spectrum at room temperature. The excited photons energy was 511 keV generated by 22 Na. (d) Comprehensive comparison of our PNC glassceramic and commercial BGO single crystal.
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  In summary, extremely stable CsPbBr3 NCs in glass was synthesized by in-situ precipitation through all-solid reaction. The transparent products achieved good luminescence at ~520 nm and fast decay time as well as excellent stability toward water, and thermal treatment (250 o C in air) by the protection of glass. With the essential preconditions of the scintillator, the PNC glass-ceramic demonstrated good X-ray response. The emission intensity was half of the commercial scintillator BGO under the X-ray irradiation (50 kV) and the decay time (15.2 ns) was one twenty of BGO. We believe the PNC glass-ceramic have tremendous potential for scintillators based on their excellent optical properties, stability and easily processing. Y. Wei, Z. Cheng and J. Lin, Chem. Soc. Rev., 2019, 48, 310-350.
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