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Scintillators with high spatial resolution at a low radiation dose rate are desirable for X-ray medical imaging. To challenge the state-
of-art technology, it is necessary to simultaneously achieve the high light yield, oriented light transport, and reduced light scattering, 
all with large-area, inexpensive fabrication methods. Here, we fabricated ˂ 001˃-textured TPP2MnBr4 (TPP: tetraphenylphosphonium) 
ceramic scintillator by a facile seed-crystal induced cold sintering process, with large-area wafer sof 5 cm in diameter exhibiting high 
optical transparency of above 68 % over 450-600 nm range. Compelling scintillation performance includes light yield of ca.78000 ± 
2000 photons per MeV, low detection limit 8.8 nanograys per second, about 625 times slower than the requirement of X-ray 
diagnostics (5500 nanograys per second), and energy resolution of 17% for high-energy γ-rays (662 keV).  X-ray imaging with as-
prepared samples demonstrated a high spatial resolution of 15.7 lp mm-1. Moreover, the designed material exhibits good retention of 
the radioluminescence intensity and light yield, with the drop of less than 12 % over a wide temperature range of 20-160 oC, good 
cycling reliability up to 106 cycles with moderate property degradation (under 9 %), and minimal variations (< 2 %) at high 
temperature (85 °C) and high humidity atmosphere (85%) system.  This work presented a paradigm for achieving light-guiding 
property with high transparency and large-area fabrication by grain orientation engineering, and we expect the transparent, textured 
metal halide ceramic scintillator reported here to provide a route for advancement in the X-ray imaging field. 

X-ray detectors based either on the indirect conversion or 
direct conversion methods are broadly used in security, medical 
imaging, industrial material inspection, and nuclear power 
stations.1-4 The mainstream indirect-conversion method utilizes 
a scintillator to firstly convert X-ray to light and subsequently 
convert light to electronic signals by a photodetector.5 Recent 
years faced growing interest to metal halide scintillators 
(MHS), such as Cs3Cu2I5, Rb2CuBr3, Cs2Ag0.6Na0.4InCl6, and 
(C38H34P2)MnBr4.6 These scintillation crystals possess very 
high light yield (LY ~39000 to 91000 photons per MeV),7-11 
comparing favorably to conventional scintillators such as 
CsI(Tl), LuAG:Ce and LYSO:Ce single crystals with LY of 
25000 to 54000 photons per MeV. MHS crystals can be grown 
by solution methods, which is the advantage over the high-
temperature crystal growth.7,12 The main drawbacks of the 
solution-growth lie in the difficulty of growing sufficiently 
large crystals and poor control over the directionality of growth. 

Aiming to match specific requirements of different 
applications, various forms of MHS materials were explored: 
i.e., nanocrystal thin films,1,7 colloidally dispersed 
nanocrystals,13 organic composite film (such as a mixture of 
MHS and polydimethylsiloxane),10 and wafers.13 However, the 
former two approaches are limited by either the small emission 
Stokes shift (halide perovskites) or have limited durability. The 

latter two methods suffer from poor optical transparency caused 
by light scattering on pores and grain boundary, as shown in 
Scheme 1a, thus, resulting in reduced X-ray imaging spatial 
resolution, as observed in Cs2Ag0.6Na0.4In0.85Bi0.15Cl6 and 
C4H12NMnCl3 wafers.13,14 Recently, Eu3+ doped CsPbBr3 glass-
ceramic, with good optical homogeneity, realized a high spatial 
resolution of 15.0 lp mm−1, yet along with decreased light yield 
of 10100 photons per MeV.15 It thus remains a formidable 
challenge with MHS to achieve a compelling combination of 
optical transparency and high light yield using scalable and 
inexpensive fabrication methods. 

Transparent polycrystalline ceramics has emerged as a cost-
effective material in X-ray imaging for excellent optical 
transparency.16 Moreover, these ceramics usually possessing a 
reduced density of grain boundaries, and the absence of pores 
are prepared by the state-of-the-art sintering process such as 
hot-pressing sintering, microwave sintering, and spark plasma 
sintering, during which starting powders with high purity are 
involved. 12,17-20 Nevertheless, the hot heat sintering process is 
inadequate to be applied to low-melting metal halides. A spick-
and-span technique, thus, is imperative for transparent ceramic-
based MHS, to enable lowering sintering temperature. In this 
respect, the cold sintering process (CSP, sintering temperature

 



 

 

Scheme 1 Schematic diagram of grain structures in ceramics based on various methods. a Light scattering of residual porosity 
in conventional solid-state sintering. b Light scattering of grain boundary in the traditional cold sintering process. c No light scattering 
as light travels through homogeneous grain ceramics formed by seed-crystal induced cold sintering process. 

 
≤ 300 °C normally), as liquid phase sintering process, could 
provide a densification environment compatible with low-
melting metal halide.21 Traditional CSP might upgrade crystal 
light scattering within the crystalline phase owing to anisotropic 
grain and grain boundary, as demonstrated in Scheme 1b. For 
reducing the grain boundaries, grain engineering is employed. 
Since the dissolution precipitation process in CSP with 
templated seed induced grain-growth approach, the templated 
seed can be employed during the dissolution precipitation 
process in CSP, which concurrently minimizes the surface free 
energy while removing porosity, as shown in Scheme 1c. 

In this work, we developed a facile seed-crystal-induced cold 
sintering process (SCSP) that allows us to fabricate transparent 
ceramic-based MHS directly (Scheme 1c). The approach is 
showcased with the zero-dimensional (0D) organic-inorganic 
hybrid halide TPP2MnBr4 (TPP: tetraphenylphosphonium). 
This compound has a high photoluminescence quantum yield of 
98%, but is difficult to prepare as large crystals.10 The high-
quality ˂001˃-textured TPP2MnBr4 ceramic scintillators were 
fabricated, with homogeneous crystalline size and uniform 
orientation of the grains. As expected, the grain boundary 
density at ˂001˃ orientation is lowered substantially, leading to 
improved transparency (over 68 %, ranging from 450 to 600 
nm) and scintillation performance (high light yield ~78000 ± 
2000 photons per MeV, low detection limit 8.8 nanograys per 
second and energy resolution of 17% for 662 keV) at a large-
area wafer of 5 cm diameter.  A high spatial resolution of 15.7 
lp mm-1 was observed in TPP2MnBr4 X-ray scintillation 
imaging. The material exhibits high radioluminescent stability 
of radioluminescence intensity and light yield (< 12 %) over a 
wide temperature range of 20-160 oC, excellent cycling 
reliability up to 106 cycles (< 9 %), and minimal variations (< 
2 %) at high temperature (85 °C) and high humidity atmosphere 
(85%) system. The innovative synthetic process for transparent 
metal halide ceramics demonstrated here is expected to be of 
general utility for metal halides and other structurally soft 

materials for their deployment in X-ray imaging device 
applications.    

RESULTS 

Structure and photoluminescence properties of 
TPP2MnBr4. We obtained TPP2MnBr4 crystals using solvent-
antisolvent recrystallization, i.e., diffusing diethyl ether into a 
N,N-dimethylformamide (DMF) precursor solution containing 
TPPBr and MnBr2 with a mole ratio of 2:1. The crystal structure 
of TPP2MnBr4 single crystals with a monoclinic space group of 
C2/c was shown in Figure 1a and Supplementary Table 1, in 
which isolated [MnBr4] 2- tetrahedrons were surrounded by 
TPP+ cations. A significant Mn-Mn distance (shortest distances: 
10.38 Å), thanks to a large and bulky TPP+ cation, reduces the 
energy transfer between the Mn ions and hence the quenching 
of the PL by symmetry-directed spin-exchange interactions and 
dipole-dipole interactions.22-24 The powder X-ray diffraction 
(PXRD) pattern of as-prepared materials is in agreement with 
the simulated consequence from single-crystal diffraction 
(SCXRD) data (Supplementary Figure 1), confirming the high 
phase purity of the TPP2MnBr4 single crystals.  

The photoluminescence excitation (PLE) spectroscopy of 
TPP2MnBr4 shows two intense bands excitation peaks at 360 
and 450 nm from two energy transitions: 6A1→4G (430-480 nm) 
and 6A1→4D (350-390 nm) on the basis of crystal-field models 
through the Tanabe-Sugano diagram (Figure 1b and 
Supplementary Table 2).25 The TPP2MnBr4 displays intensive 
green photoluminescence (PL) with a featureless emission band 
centered at 520 nm and a full width at half-maximum (fwhm) 
of 42 nm, owing to the 4T1→6A1 transition of the Mn (II) ion in 
d5 configuration. A high photoluminescence quantum yield 
(PLQY~98%) was recorded.22,26 The aforementioned features- 
single crystals, high purity raw materials, and high PLQY- play 
an essential role in achieving high transparency metal halide 
scintillant ceramics.

https://cn.bing.com/dict/clientsearch?mkt=zh-CN&setLang=zh&form=BDVEHC&ClientVer=BDDTV3.5.1.4320&q=%E5%8D%95%E6%99%B6%E8%A1%8D%E5%B0%84
https://cn.bing.com/dict/clientsearch?mkt=zh-CN&setLang=zh&form=BDVEHC&ClientVer=BDDTV3.5.1.4320&q=%E5%8D%95%E6%99%B6%E8%A1%8D%E5%B0%84
https://cn.bing.com/dict/clientsearch?mkt=zh-CN&setLang=zh&form=BDVEHC&ClientVer=BDDTV3.5.1.4320&q=%E5%8D%95%E6%99%B6%E8%A1%8D%E5%B0%84


 

 

 
Figure 1 Crystal Structure and photoluminescence properties of TPP2MnBr4, fabrication textured TPP2MnBr4 ceramic 
scintillator. a Structure of 0D TPP2MnBr4 (green tetrahedrons: [MnBr4]2- tetrahedrons).  b Excitation (PLE), and emission (PL) 
spectra of TPP2MnBr4, the insets are photographs of TPP2MnBr4 columelliform single crystals under ambient light and UV light 
(365 nm). c Fabrication process via seed-crystal induced cold sintering process. d Photographs of textured TPP2MnBr4 ceramic 
scintillator with thicknesses of 1 mm under ambient light. 

Seed-crystal induced cold sintering process. In the search for 
suitable scintillation luminophores and the preparation method 
of large-area scintillation ceramics with high transparency, we 
picked out <001>-orientation cylinder growing TPP2MnBr4 
single crystals as the seed-crystal, where <001>-orientation was 
confirmed by preferred (001) peaks (Supplementary Figure 2). 
Accordingly, such a seed-crystal-induced cold sintering process 
is proposed, in view of grain orientation engineering, low 
melting, and <001>-orientation-growing columelliform single 
crystals characteristics of TPP2MnBr4. This is, SCSP 
diminishes residual porosity content, while seed-crystal 
induced unique <001>-orientation growth decreases grain 
boundary density, collectively contributing to high 
transparency textured ceramics. The fabrication method of 
dense TPP2MnBr4 textured ceramics is shown in Figure 1c. To 
obtain a homogeneous structure, high purity TPP2MnBr4 raw 
powders was mixed with 20-40 wt% DMF solution to dissolve 
particle surface. Afterward, <001>-orientation templates, 
fabricated by shearing TPP2MnBr4 columelliform single 
crystals, was added into the mold with raw powders 
homogeneously. Finally, the wetted powders were pressed in a 
die under a pressure of 250 MPa at a temperature of 150 °C for 
2-24 h. More details can be found in the Experimental Section. 
At this stage, grain surface and small grains are dissolved in 
DMF, followed by grain rearrangement and recrystallization 
introduced by <001>-orientation seed-crystal. As the number of 
<001>-orientation grains could form via dissolution-

recrystallization. As demonstrated in Supplementary Figure 3, 
remarkably enhanced relative densities above 98 % are 
observed with the increase of sintering time, showing that SCSP 
is a promising technique to fabricate metal halide composite 
materials. Thanks to the above-mentioned process, a 
transparent centimeter-scale (5 cm diameter, 1 mm thickness) 
textured ceramic-based scintillator wafer is obtained and shown 
in Figure 1d. 
Microstructure of textured TPP2MnBr4 ceramic 
scintillator. To recognize the underlying formation 
mechanisms responsible for the perfect transparency and light 
transmission property, the micro-morphology of lateral and top 
surfaces was studied. The textured ceramics unfold highly 
compacted grains with nearly pore-free microstructure, 
consistent with a high relative bulk density of >98 %, by virtue 
of SCSP with high temperature and pressure. Interestingly, the 
ordered and clubbed grains along the seed crystal direction 
could be found in Figure 2a, further confirmed by quasi square 
grain topography in the top-view (Figure 2b). The X-ray 
diffraction (XRD) data of the bulk surfaces and powders was 
shown in Supplementary Figure 4, in which bulk surfaces 
exhibit greatly enhanced intensities of the (001) peaks, further 
demonstrating a remarkable arrangement of grains. The 
Lotgering factor F001 of the textured ceramics is up to 91%, 
revealing a pronounced <001>-preferred orientation degree of 
crystalline texture. Electron backscatter diffraction (EBSD) 
(Figure 2c) and (001) pole figures (Figure 2d) measurements 



 

 

corroborate that the <001>-oriented grains preferred to grow on 
account of <001>-preferred seed crystal.27-29 These 
observations mentioned above provide strong shreds of 
evidence that seed crystal introducing grain engineering prefers 
<001> orientation grain growth. Moreover, these clubbed 
grains in the textured ceramics help to the formation of the 
waveguide structure that can guide light effectively from the 
bottom to the top surface, while nothing can be found from the 
lateral surface (Figure 2e).30 And it is also beneficial to the 

scintillation performance since the emitted light is guided along 
the ordered and clubbed grains. Furthermore, the textured poled 
samples at top surface direction exhibited enhanced linear 
transmittance for the visible-light spectrum compared to the one 
at lateral surface direction (Figure 2f), which strongly verifies 
the waveguide structure, and thus most of the incident X-rays 
are converted to scintillation lights, as verified by the excellent 
scintillation performance.

 
Figure 2 Microstructure and texture quality of textured TPP2MnBr4 ceramic scintillator. a SEM image of the lateral fracture 
surface of <001>-textured TPP2MnBr4 ceramic scintillator. b SEM image of the top surface of <001>-textured TPP2MnBr4 ceramic 
scintillator. c Grain orientations for the <001>-textured TPP2MnBr4 ceramic scintillator measured by the SEM-EBSD technique. d 
The (001) pole figures of textured TPP2MnBr4 ceramic scintillator. e Diagonal view of the polished TPP2MnBr4 ceramic scintillator 
with thicknesses of 1 mm under ambient light. f Light transmittance along top and lateral surface direction of <001>-textured 
TPP2MnBr4 ceramic scintillator. 
Scintillation performance of textured TPP2MnBr4 ceramic 
scintillator. To investigate the impact of grain orientation 
engineering on scintillation performance, we fabricated three 
bulk materials by SS, CSP and SCSP with the same size as 
shown in the insets of Figure 3a. The light transmittance in the 
visible light range of the SCSP sample is much higher than 
those of the CS and SS samples (Figure 3a). The weakened light 
transmittance for CSP and SS samples is attributed to random 
and loose micro-morphology and no-textured structure 
(Scheme 1 and Supplementary Figure 5). In terms of the 
scintillation performance, we firstly calculated the absorption 
coefficient and X-ray attenuation efficiency for the TPP2MnBr4 
and the typical scintillators (LuAG:Ce and CsI(Tl) as reference 
samples) to allow a favorable thickness to be used to evaluate 
the scintillation performance of TPP2MnBr4 (Supplementary 
Figure 6). The SCSP, CSP, and SS samples show bright green 
X-ray radioluminescence (RL) under X-ray excitation 
(Supplementary Figure 7). Of particular importance is that the 
SCSP with high transparency exhibits greatly intense RL 
contrasted to CS and SS, owing to lower light scattering in bulk 
materials. The light yield (LY) of a scintillator, namely the X-
ray-to-photon conversion efficiency, can be measured by the 

ratio of the total emitted photon number of TPP2MnBr4 and 
reference sample at equivalent absorbed X-ray energy. In this 
work, a commercial LuAG:Ce scintillator (25000 photons per 
MeV) was selected as a reference. As a result, the SCSP, CSP, 
and SS samples deliver light yields of 78000 ± 2000, 69000 ± 
3000, and 64000 ± 2000 photons per MeV, respectively (Figure 
3b). Benefitted from brighter RL, the SCS counterpart 
displayed the linear response range to X-ray dose rate 
(Supplementary Figure 8b), realizing lower the detection limit 
8.8 nanograys per second derived (Figure 3b) from the fitting 
curve when the SNR equals 3, which is about 625 times lower 
than the requirement of X-ray diagnostics (5.5 micrograys per 
second).9 It should be noted that the SCSP counterpart exhibits 
more attractive scintillation performance with both higher light 
yield and lower detection limit compared with state-of-the-art 
scintillators (Supplementary Figure 9). 

To further prove the utility of SCSP as a scintillator for 
practical X-ray imaging, a self-made optical system was 
constructed, in which an X-ray source, the imaging object, 
textured ceramics and a smartphone camera was placed in 
sequence, as illustrated in Figure 3c. X-ray images of a circuit 
board with clear electric circuit were successfully acquired by 



 

 

using SCSP, CSP, and SS as scintillators. As expected, the 
clearly better image is observed in SCSP scintillator screen 
compared with CSP and SS, owing to the decreasing light 
scattering and improved RL (Figure 3f), as discussed formerly. 
The modulation transfer functions (MTF) of images obtained 
from SCSP, CSP, and SS scintillator screen, as plotted in Figure 
3d, have been employed to further evaluate image quality based 
on X-ray edge images (insets of Figure 3d). As the spatial 
frequency (lp mm−1) at MTF = 0.2, the spatial resolution of SCS 

is acquired as 15.7 lp mm−1, which is much larger than 12.0 lp 
mm−1 for CS and 7.2 lp mm−1 for SS scintillator screens. And it 
is even superior to 10 lp mm−1 of X-ray imaging for commercial 
CsI(Tl) scintillator and direct X-ray detectors (Cs2AgBiBr6 and 
MAPbBr3), as shown in Figure 3e.31-33 All the above-mentioned 
merits of SCSP demonstrate that high transparency textured 
ceramics constructed by grain engineering is more promising 
scintillator. 

 
Figure 3 Scintillation performance of textured TPP2MnBr4 ceramic scintillator. a Light transmittance of SCS, CS, and SS with 
thicknesses of 0.5 mm.  b Light yield and detection limit of SCS, CS, and SS. c Schematic of X-ray imaging system. d Modulation 
transfer functions (MTF) of X-ray images obtained from SCS, CS, and SS. e Comparison of spatial resolutions in representative 
scintillators and direct X-ray detectors.1,9,11,15,31-36 f Photograph and X-ray images of circuit board using SCS, CS, and SS. 

Additionally, we were able to demonstrate with SCSP 
scintillator a single-photon γ-ray counting ability and 
subsequently, energy-resolved γ-ray spectra (Supplementary 
Figure 10), which potentially may find application in the X-ray 
spectral imaging.37 The clear single-photon traces are obtained 
with SCS coupled with photomultiplier tube under irradiation 
of isotope sources Cs137 (Supplementary Figure 10a) and Am241 
(Supplementary Figure 10b). Pulse amplitude distributions (i.e. 
energy spectra) from corresponding sources were collected 
(Supplementary Figure 10c,b) with the multichannel analyzer 
after processing with the shaping amplifier. Photopeak, 
corresponding to full γ-photon absorption, is observed on each 
energy spectra. We estimate the energy resolution, which is 
defined as a ratio of a full width on half-max on photopeak 
energy, for Cs137 (γ-ray energy 662 keV) 17% and for Am241 (γ-
ray energy 60 keV) 40%, which is compatible to state-of-art 
scintillator materials.38,39 In addition, we measured with the 
same scheme the energy-resolved α-particle spectra from open 
Am241

 source with energy resolution 22% (Supplementary 
Figure 11). 

For practical scintillation applications, X-ray imaging and 
operation stability, including cycling reliability, and 

temperature and humidity stability is important. The cycling 
reliability of scintillation performance of SCS is evaluated at 
dose rate of ~ 50 µGyair s−1, the corresponding results are given 
in Supplementary Figure 12a.The SCS exhibits outstanding RL 
intensity and LY cycling reliability after 106 cycles, with 
variations of < 9 %. Temperature and humidity stability the 
safety in practical application, lowering the possibility of 
release of radiation. The temperature-dependent scintillation 
property of SCS over the temperature range of 20-160 °C is 
estimated (Supplementary Figure 12b and Supplementary 
Figure 13). RL intensity and LY degradations are < 12 %. Both 
RL intensity and LY maintain minimal variations (< 2 %) at 
high temperature (85 °C) and high humidity atmosphere (85%) 
system, indicating the SCS has outstanding humidity stability. 
The scintillation stability is associated with larger Mn-Mn 
distance and stronger ionic bonding Mn cations and Br ions, 
which could be supported by higher binding energies for Mn2p 
and Br3d (Supplementary Figure 14).40 To further demonstrate 
the practical X-ray imaging, Supplementary Figure 15a shows 
the X-ray images of the circuit board, revealing the detailed 
structural information on a transistor panel under a resin cover. 
Biological tissue phase such as crab can also be recorded 



 

 

(Supplementary Figure 15b) and shows high-quality X-ray 
images. Furthermore, the X-ray imaging of biological tissues 
was successfully recorded, in which muscle tissue, skeleton, 
cataclasis, and inserted needle were clearly visible at low dose 
rate of ~ 2 µGyair s−1, (Supplementary Figure 16).  

 

Conclusion  

In summary, we developed a facile grain orientation 
engineering strategy to fabricate a novel metal halide 
transparent ceramic scintillator by a seed-crystal induced cold 
sintering progress. Large-area fabrication (wafer of 5 cm 
diameter) and high transparency (over 68 %, ranging from 450 
to 600 nm) have been realized in <001>-textured TPP2MnBr4 
ceramic scintillator. An ultrahigh light yields of 78000 ± 2000 
photons per MeV, a low detection limit of 8.8 nanograys per 
second, an energy resolution of 17% for high-energy γ-rays 
(662 keV) and a high-resolution X-ray imaging of 15.7 lp mm-

1 were achieved. More importantly, the material exhibits good 
fatigue endurance and temperature humidity stability, 
variations of RL intensity and LY < 9 %, 12%, and 2% for 106 

cycles, temperature range of 20-160 °C system, respectively. 
All the merits demonstrate that grain orientation engineering 
opens an exciting pathway for the fabrication of large-area 
perfect transparent textured ceramics, and the newly discovered 
<001>-textured TPP2MnBr4 ceramic scintillator will work as a 
promising candidate for high-resolution scintillation 
applications. 
 
Methods 
Materials. Tetraphenylphosphonium bromide (TPPBr, 99.5%), 
manganese bromide tetrahydrate (MnBr2·4H2O, 99.9%), N,N-
dimethylformamide (DMF, 99.5%), and ethyl ether (C4H10O, 
99.7%) were all purchased from Sigma-Aldrich.  MnBr2·4H2O 
be heated at 120 °C for 24 h to remove the crystal water. All the 
chemicals were used without further treatment. 
Growth of TPP2MnBr4 Single Crystals. The TPP2MnBr4 

single crystals were grown by an antisolvent method. 
Specifically, TPPBr (0.8386 g, 2 mmol) and MnBr2 (0.2147 g, 
1 mmol) were first dissolved in DMF (2 mL) solution filtered 
into a 10 mL glass vial to form a clear precursor solution. Then, 
the vial was placed in a sealed 50 mL vial with 10 mL Et2O 
inside. A large number of green column crystals would be 
produced. Then the as- prepared crystals were washed by Et2O, 
and dried overnight at 60 oC. 
Fabrication of TPP2MnBr4 Ceramic Scintillators. The 
TPP2MnBr4 powders were mixed with 13-25 wt % DMF 
solution. Specifically, 0.13-0.25 g DMF solution was added into 
1 g TPP2MnBr4 powders and homogenized with a pestle and 
mortar for several minutes. The wetted powders and <001>-
orientation seed crystals were placed in a steel die with a 
diameter of 50 mm. Then, the die under pressure of 250 MPa 
was heated up to 150 °C with a ramp of 10 °C min−1, and held 
at 150 °C for 6-48 h. Afterward, the die was cooled down in air 
and the samples were taken out after the temperature was lower 
room temperature.  
Single-crystal X-ray diffraction. Single-crystal X-ray 
diffraction was measured by a SMART APEX II X-ray single 
crystal diffractometers (Bruker AXS, analytical equipment of 
Krasnoyarsk Center of collective use of SB RAS) equipped 

with a CCD-detector, graphite monochromator and Mo Kα 
radiation (λ = 1.5406 Å) at 80 K.  
Phase structure and morphology. The phase structure was 
measured by XRD (PANalytical Corporation, Netherlands) 
with Cu Kα radiation (λ = 1.5406 Å), while the textured degree 
was estimated by the Lotgering method:  

𝐹𝐹00𝑙𝑙 = 𝑃𝑃−𝑃𝑃0
1−𝑃𝑃0

,𝑃𝑃 = ∑𝐼𝐼(00𝑙𝑙)
∑𝐼𝐼(ℎ𝑘𝑘𝑙𝑙)

,𝑃𝑃0 = ∑𝐼𝐼0(00𝑙𝑙)

∑𝐼𝐼0(ℎ𝑘𝑘𝑙𝑙)
           (1) 

where I and Io are the X-ray intensities of textured and random 
samples, respectively. 

The microstructure WAS characterized by Quanta F250 
field-emission scanning electron microscope (FEI, USA). The 
EBSD technique was employed to measure the distribution of 
grain orientation of the samples. 
The photoluminescence performance. the PL and PLE were 
performed on an FLS1000 fluorescence spectrophotometer 
(Edinburgh Instruments Ltd., U. K.).  
Photoluminescence quantum efficiency. The 
photoluminescence quantum yields (PLQYs) was recorded by 
Hamamatsu Quantaurus-QY Spectrometer (Model C11347-
11). The PLQYs was calculated based on the equation: ηQE = 
IS/(ER-ES), in where IS is the luminescence emission spectra of 
the sample, ER is the spectra of the excitation light of the empty 
integrated sphere, and ES is the excitation spectra of the excited 
sample. 
RL and X-ray imaging. the corresponding RL spectra were 
recorded by FLS1000 fluorescence spectrophotometer 
(Edinburgh Instruments Ltd., U. K.). Scintillator ceramics were 
closely attached to the circular window of an integrating sphere 
with an X-ray source (Amptek Mini-X tube with an Ag target 
and 4 W maximum power output). X-ray imaging were 
acquired by using a CMOS camera. 
MTF measurements. MTF can be used to evaluate the 
fundamental spatial resolution performance of an imaging 
system. The spatial resolution can be determined by the spatial 
frequency value when MTF = 0.2. The MTF curve was 
calculated by the slanted-edge method.  
γ-ray photon counting and energy spectra were obtained 
with Hamamatsu photomultiplier tube coupled with Ortek 
shaping amplifier and subsequently to multichannel analyzer 
MCA8000D. As γ-ray sources were used radioactive isotopes 
Am241 and Cs137

. 
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