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1. Introduction

Enhancing persistent radioluminescence in
perovskite scintillators through trap defect
modulationt

Xiaokun Li,#* Huixi Guo,°¢ Yahuang Li, (22 Caihou Lin*® and Lili Xie (2 *2

Flexible X-ray sensors utilizing persistent radioluminescence scintillators have garnered considerable
interest in medical imaging and industrial non-destructive testing. However, persistent radio-
luminescence in scintillators is typically generated by releasing stored electrons from deep trap defects
at high temperatures, significantly limiting X-ray imaging sensitivity. The requirement of high
temperatures for thermally-stimulated radioluminescence to erase harmful X-ray memory also impedes
the repeated use of flexible sensors. Here we report high-efficiency persistent radioluminescence at
room temperature by modulating the depth and density distribution of trap defects through codoping
with Mn?* and Sb®* in CsCdCls scintillators. This results in a 20-fold increase in radioluminescence
afterglow at room temperature, leading to significantly enhanced X-ray imaging sensitivity and facile
erasure of harmful X-ray memory at relatively low temperatures for repeated use of the flexible sensors.
Furthermore, the as-synthesized scintillators exhibit excellent resistance to thermal quenching,
maintaining 96.63% radioluminescence efficiency at 493 K, and commendable stability concerning
humidity and solvent exposure. Additionally, we fabricated flexible X-ray imaging sensors achieving high-
resolution (20.0 lp mm™) imaging of irregulate objects at room temperature using CsCdCls:5%Mn2*/
0.1%Sb>* crystals. These findings provide valuable insights into ion doping for the regulation of trap
defects in scintillators, motivating the development of high-resolution time-lapse X-ray imaging sensors.

and visible excitations."®” Consequently, they are unsuitable

for applications in X-ray memory imaging."®'® In contrast,

Flat-panel X-ray sensors have found widespread applications in
safety inspection, industrial non-destructive testing, and med-
ical diagnosis."”” Recently, flat-panel-free flexible X-ray detec-
tors have emerged for high-resolution imaging of irregular
objects, utilizing persistent luminescence X-ray memory
scintillators.®** It is crucial to emphasize that conventional
inorganic persistent luminescent phosphors, such as SrAl,.
0,:Dy/Eu”", ZnGa,0,:Cr** and ZnS:Cu®’, necessitate rigorous
preparation conditions and are typically activated by ultraviolet
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lanthanide-doped fluoride scintillators can store X-ray energy
in their trap defects within crystal lattices and subsequently
release it in the form of radioluminescence afterglow upon
thermal, light, or force stimulation.?*>* However, a substantial
portion of X-ray-generated electrons is retained in deep traps
and is only read out under relatively high temperatures.
Element dopants with varying ionic radius and valence
states in inorganic materials can introduce lattice defects
conducive to achieving persistent luminescence.**">® Neverthe-
less, there remains a limited understanding of the depth and
density distribution of dopant-associated trap defects that
influence the efficiency of persistent luminescence under ther-
mal stimulation. Metal-halide perovskites, characterized by a
low lattice energy (<1000 KJ mol ™), a tolerant lattice and high
yield hold promise as a substrate for achieving a tunable
bandgap and low-temperature regulation of traps.>*>* In the
context of time-lapse X-ray imaging based on persistent lumi-
nescence scintillators, a lower temperature for thermally-
stimulated persistent luminescence translates to faster and
safer readout of X-ray imaging data. Therefore, achieving
high-efficiency persistent luminescence at room temperature
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without additional heating is of particular interest. Furthermore,
enhancing the persistent luminescence intensity and duration
through the doping of ions in metal-halide perovskites to adjust
defect traps will lead to high-sensitivity X-ray imaging.>>’

Here we present an effective strategy to modulate the depth
and density distribution of trap defects in CsCdCl; scintillators
through codoping with Mn>" and Sb*”, significantly enhancing
their persistent radioluminescence at room temperature. This
unique feature not only leads to improved sensitivity of X-ray
imaging at room temperature but also allows for the facile
erasure of harmful X-ray memory at relatively low temperatures,
enabling repeated use of the flexible sensors. The as-
synthesized CsCdCl;:Mn>'/Sb*" exhibits excellent resistance to
thermal quenching and commendable stability concerning
temperature, humidity, and solvent exposure. Flexible X-ray
sensors were further fabricated to achieve time-lapse X-ray

imaging with high resolution of 20.0 Ip mm™".

2. Experimental section
2.1. Materials

Cesium chloride (CsCl, 99.99%), cadmium chloride (CdCl,,
99.99%), manganese(n) chloride (MnCl,, 99.99%), antimony
trichloride (SbCl;, 99.98%), zinc chloride (ZnCl,, 99.95%),
bismuth chloride (BiCls, 99.99%), zirconium chloride (ZrCl,,
99.9%), and tellurium tetrachloride (TeCly, 99.9%) were pur-
chased from Aladdin Biochemical Technology. Hydrochloric
acid (AR), cyclohexane (AR), methylbenzene (AR), N,N-dimethyl-
formamide (AR), and ethanol (AR) were purchased from Sino-
pharm Co. Ltd. Sylgard 184 PDMS elastomer kit was purchased
from Dow Corning. Unless otherwise stated, all chemicals were
used without further treatment.

2.2. Characterization

The morphology and element distribution of the synthesized
samples were analyzed using a scanning electron microscope
with tungsten filament (SEM, Quanta 250). Conventional scan-
ning tests on perovskite powders were conducted with an X-ray
powder diffractometer (XRD, DY1602), with the scanning angle
range set to 5-80°. X-ray photoelectron spectroscopy (XPS,
ESCALAB 250) was used to characterize the elemental composi-
tion and valence state of perovskite crystals. Electron paramag-
netic resonance (EPR, EPR200M) spectra are measured by an
EPR instrument at a magnetic field modulation frequency of
100 kHz. For optical analysis, diffuse reflectance spectral
analysis in the range of 200-600 nm was performed using a
UV-Visible-NIR scanning spectrophotometer (UV-Visible-NIR,
Cary 7000). Thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC) were carried out using a simulta-
neous thermal analyzer (STA, STA449C/6/G) at a heating rate of
10 °C min ', Radioluminescence spectra and afterglow lumi-
nescence decay curves were measured by a fluorescence spec-
trophotometer (FS5) equipped with an X-ray tube, excited at
50 kV and 80 pA. Excitation spectra and emission spectra under
ultraviolet (UV) excitation of the perovskite crystal were tested
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using a fluorescence spectrometer (FLS 980). The sample
thermoluminescence glow curve was obtained by the FS5
fluorescence spectrometer and a hot/cold stage temperature
control device (HFS 600) at 60 K min~'. Photographs of the
crystals were recorded using a camera (Nikon D850). The
microcomputer control electron universal testing machine
(TSE104C) was used for tensile testing of a flexible scintillator
screen.

2.3. Synthesis of CsCdCl;:xMn** (x = 0-30%) crystals

CsCdCl;:Mn*" perovskite crystals were synthesized using a
hydrothermal method. The procedure involved placing a mix-
ture of 3 mmol CsCl, 3 mmol CdCl,, and x% mmol MnCl, into a
25 mL polytetrafluoroethylene liner. Subsequently, 12 mL of
concentrated hydrochloric acid was added for dissolution. The
liner was sealed within a stainless steel autoclave, heated to
180 °C in an electric blast drying oven, maintained at this
temperature for 10 hours, and then slowly cooled to room-
temperature over 12 hours. Finally, the crystals underwent a
purification process, being washed 2-3 times with absolute
ethanol, and were dried at 60 °C overnight.

2.4. Synthesis of CsCdCl;:5%Mn?/0.1%R"" (R = Zn**, Bi*",
Sb**, Zr**, Te*") crystals

The synthetic procedure for CsCdCl;:5%Mn>"/0.1%R"™" (R =
Zn>*, Bi*", sSb**, zr**, Te*") crystals was identical to the syn-
thesis of CsCdCls: xMn>* (x = 0-30%) crystals.

2.5. Synthesis of CsCdCl;:5%Mn>*/ySb** (x = 0-1%) crystals

The synthetic procedure for CsCdCl;:5%Mn>"/ySb*" (y = 0-1%)
crystals was identical to the synthesis of CsCdCly:xMn** (x = 0-30%)
crystals.

2.6. Preparation of CsCdCl,:5%Mn>*/0.1%Sb** @PDMS
flexible scintillation screen

The PDMS elastomer matrix was mixed with the curing agent
at a mass ratio of 10:1, and a certain amount of ground
CsCdCl;:5%Mn>*/0.1%Sb*>" powder was added to mix thor-
oughly. Finally, the mixture was deposited by blade coating
and cured at 80 °C for 4 hours to obtain a flexible scintillation
screen.

2.7. Thermoluminescence glow curves measurement

Firstly, the samples were heated until no afterglow signal was
generated. The samples were subsequently cooled to the excita-
tion temperature (230-430 K) and irradiated with X-ray excita-
tion for 3 min. The sample temperature was lowered to 165 K
before each test and then heated to 580 K at a heating rate of
60 K min~" to obtain thermoluminescence glow curves.

2.8. Tensile testing

In the tensile tests, the stretching speed was set to 10 mm min "
until it broke. The slope of the initial linear region of the stress-
strain curve can be estimated to obtain Young’s modulus. Here,
the ratio of the length change to the initial length can be used to
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obtain the strain, while the force divided by the cross-sectional
area of the sample can be used to obtain the stress.

2.9. Calculate the value of light yield

First, the thickness absorption functions of CsI:Tl and
CsCdCl;:Mn**/Sb*" scintillator at 22 keV were calculated. Then,
the CsCdCl;:Mn**/Sb*" scintillator power was pressed to the
same shape as the standard CsL:TI crystal with a diameter of
7 mm and thickness of 3 mm. To quantify the light yield,
standard CsIL:Tl scintillators are used as a reference with 60 000
photons per MeV, the light yield of CsCdCl;:Mn>*/Sb*" can be
calculated by the following formula:

12 a
LY cocqcnmnzt fsp3+ = g/ - LYo

where I, and I, are the radioluminescence intensities of the
CsL:Tl crystals and the CsCdCl;:Mn**/Sb** crystals, a and b are
the X-ray attenuation efficiencies of the CsL:Tl crystal and the
CsCdCl;:Mn>*/Sb*" crystals.

2.10. Computational details

All calculations were performed using the VASP software pack-
age with the projector augmented wave method. The Perdew-
Berke-Ernzerhof (PBE) generalized gradient approximation was
employed to describe the electronic interactions, with a wave
function cutoff energy set at 520 eV. Full relaxation of all atoms
was conducted, ensuring that the maximum force on each
relaxed atom was below 0.02 eV A~ and the energy converged
to less than 107> eV. For density functional theory (DFT)
calculations, a I'-centered k-point grid with dimensions of 3
x 3 x 2 was utilized. To construct the crystal with Mn>" doping,
the lattice parameters in each direction were set to a minimum
of 10 A.

3. Results and discussion

3.1. Enbhancing radioluminescence afterglow at room
temperature

In a hexagonal CsCdCl; crystal, Cd atoms exhibit dual coordi-
nation crystal environments—either forming [Cd,Cl,]>~ by
sharing a triangular surface within a bipyramidal structure or
adopting a typical [CdCl¢]*~ arrangement by coordinating with
six chlorine atoms (Fig. 1a).>® Our simulation results suggest
that lattice distortion may arise due to differences in the
valence state and ionic radius of Sb®" (coordination number,
CN = 6, ionic radius 7 = 0.76 A) and Mn*"' (CN = 6, r = 0.83 A)
with Cd** (CN =6, r = 0.95 A) resulting from the random doping
of Mn®" and Sb*" into Cd*" sites.>® To validate our hypothesis,
we prepared Mn>" and Sb**-codoped CsCdCl; particles using a
hydrothermal method (Fig. Sia, ESIt). XRD analysis reveals
gradual shifts in diffraction peaks to higher angles with
increasing concentrations of Sb** and Mn** ions (Fig. 1b and
Fig. S1b, ESIt), indicating the replacement of Cd** ions with
Mn>" and Sb** ions. Energy dispersive spectrometer (EDS)
results demonstrate the uniform doping of Mn>* and Sb*" ions
into the CsCdCl; matrix (Fig. S2, ESIt). Characteristic peaks in
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the binding energy of Mn*>* 2p,,, and 2P,3, and Sb** 3d;/, and
3ds, of CsCdCly::Mn**/Sb** from X-ray photoelectron spectro-
scopy (XPS) confirm the consistent valence state of the doped
elements (Fig. S3, ESIT).>**° Importantly, X-ray-induced defect
traps in the as-synthesized crystals can be adjusted from deep
to shallow by introducing different valence ions, as evidenced
by thermal simulation from the high-temperature region to the
room-temperature region (Fig. 1c). Remarkably, the presence of
Sb** ions significantly enhances the afterglow intensity of the
crystal at room temperature, showing an increase of 20 times
(Fig. 1d). The duration and intensity of radioluminescence
afterglow from the Sb** doped samples are significantly super-
ior to those from the undoped samples at room temperature
(Fig. 1e).

3.2. Optical properties of efficient radioluminescence
afterglow

We further investigated the optical characteristics of radiolu-
minescence afterglow in CsCdCl;:Mn>**/Sb*" upon X-ray irradia-
tion. Under X-ray irradiation, the afterglow intensity reached
the strongest when the concentration of 5%Mn>" doped into
the CsCdCl; crystal lattice (Fig. S4a, ESIt). Our experimental
results demonstrated that, upon doping with Zn**, Bi**, Sb>",
Zr*", and Te*" ions, the strongest radioluminescence afterglow
was observed in Sb**-doped CsCdCl;:5 mol%Mn>’, with no
discernible impact on the excited state of Mn®" ion (Fig. 2a
and Fig. S4b-d, S5, ESIT). The radioluminescence of CsCdCls
crystal upon X-ray irradiation exhibited a broadband emission
peak at 2.13 eV with a half-maximum FWHM of 0.28 eV,
originating from the self-trapped exciton (STE) excited state
(Fig. S6a-c, ESIT).*"** Compared with the CsCdCl,;: Mn**, the
CsCdCl;:Mn>**/Sb*" exhibit similar luminescence properties,
and the optimal dopant amount of 0.1 mol% Sb** led to a
remarkable 20-fold enhancement in the afterglow intensity
(Fig. 2b and Fig. S6d-i, ESI{). After X-ray excitation, the after-
glow emission of CsCdCl;:Mn**/Sb®* crystals persisted for
120 minutes at room temperature (Fig. 2c). In contrast, after-
glow luminescence in CsCdCl;:Mn>" crystals rapidly decreased
after the cessation of X-ray excitation (Fig. S7a and b, ESIY).
The electron paramagnetic resonance (EPR) spectra of CsCdCl,:
Mn”* showed no obvious changes upon the introduction of Sb**
(Fig. S7c, ESIf). The quantum yield of the as-synthesized
CsCdCl;:Mn>*/Sb*" crystal was measured as high as 87.21%
(Fig. S7d, ESI1).*>*® 1t is worth noting that the actual ion
content in the lattice detected by inductively coupled plasma
(ICP) is slightly lower than the theoretical content (Table S1 and
S2, ESIY).

The X-ray absorption coefficient of CsCdCl;:Mn**/Sb*" is
comparable to that of conventional commercial scintillators
such as CaF,:Eu, YAIO;:Ce, Lu,Y,SiO5:Ce, and Bi,Ge;0,,, while
its radioluminescence outperforms them (Fig. 2d-e and
Fig. S8a, ESIt). A standard scintillator of CsL:TI (60 000 photons
per MeV) as reference, the light yield of CsCdCl;:Mn>*/Sb*" is
measured at 74 828 photons per MeV, which surpasses the
majority of commercial avaliable scintillator (Fig. S8b and c,
ESIt).” We assessed the detection capability of these
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Fig. 1 Trap defect engineering and persistent luminescence in CsCdCls:5%Mn?*/0.1%Sb>" crystals. (a) Crystal structure of hexagonal CsCdCls and its
evolution through Mn®* and Sb®* doping. (b) XRD patterns of CsCdCls, CsCdCls:5%Mn?* and CsCdCls:5%Mn?*/0.1%Sb>*. (c) Trap distribution of CsCdCls,
CsCdCls:5%Mn?* and CsCdClz:5%Mn?*/0.1%Sb>*. Thermoluminescence glow curves measured at a heating rate of 60 K min~* after X-ray irradiation.
(d) Comparison of radioluminescence afterglow decay of CsCdCls, CsCdCls:5%Mn?* and CsCdCls:5%Mn2*/0.1%Sb>" crystals at room temperature after
X-ray excitation for 3 min (50 kV). (e) Afterglow photographs of CsCdClz:5%Mn®* and CsCdClz:5%Mn**/0.1%Sb>" at different times after the removal of

X-ray at room temperature.

scintillators in response to X-ray irradiation, and the calculated
detection limit was 29.9 nGy s~ ', approximately 184 times lower
than the dosage used for medical diagnostics (5.5 uGy s~ ')
(Fig. 2f and Fig. $8d, ESIt).*® To exclude the influence of chance
factor on the experimental results, all the stability experiments
were repeated three times and error analysis was performed.
The radiation on-off cycles of 2400 s were tested under a
278 uGy s~ ' dose of X-ray excitation and exhibited a negligible
radioluminescence intensity decline. The increased intensity
of the front part of on-off curve is caused from the process
of releasing photons after charging the defect (Fig. 2g and
Fig. S8e, ESIf). Moreover, even after soaking in an extreme
water environment for 5 days, the radioluminescence intensity
remained at 85% (Fig. 2h). As the Fig. 2i and Fig. S8f (ESIt)
shown, the CsCdCl;:Mn**/Sb®" crystal demonstrated excellent
solvent stability when immersed in various polar and non-polar

2542 |

solvents for 12 h. The TG curve indicates that the structure of
CsCdCl;:Mn>*/Sb*" crystal remains very stable before 575 °C
(Fig. S8g, ESIt). These results demonstrate that CsCdCl;:Mn>"/
Sb>" is a promising scintillator for X-ray imaging and radiation
detection. Additionally, the doping of Sb®" significantly
increases the optical absorption edge band of CsCdCl;:5%Mn>"
(Fig. S8h, ESIf).

3.3. Mechanism investigation of energy trapping regulation

To understand the mechanisms governing energy traps, we
delved into the study of thermal luminescence (TL), thermally
stimulated luminescence (TSL) decay curves, and optically
stimulated luminescence (OSL) decay curves. The full width
at half maximum (FWHM) and intensity of TL curves can
indicate trap distribution and depth. With the introduction of
additional Sb ions into CsCdCl;:Mn>" crystals, the FWHM of

Mater. Chem. Front., 2024, 8, 2539-2548 This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2024


https://doi.org/10.1039/d4qm00039k

Published on 17 May 2024. Downloaded on 17/10/2025 7:46:40 AM.

View Article Online

Materials Chemistry Frontiers Research Article
a b c
1 CsCdCl,:5%Mnz/0.1%R"™ CsCdCl,:5%Mn2*/y%Sbe* X-ray on CsCdCl, Mn#/Sb>*
~1 S
3 ©
A >
=1 — 2
% 1 X-ray off g Aty Bl 3 min
£ —— Mn# —— B = y
] Zn* Tes e 120 min
— S —— Zr*
0 200 400 600 0 200 400 600 400 500 600 700 800
Time (s) Time (s) Wavelength (nm)
d e f
00 G0l cscdcl, Mn?/sb e (SSCaCl MirisE
o -~
o S |y = 1002.45x + 2865.22
E 10 80.1 careu| s |7 X
S ~ | R#=0.99887
801 BiGeO,, 46.7 YAIO,Ce| @
& |— Lu,Y,SiO;Ce ko)
o b " 0 -
5 : — YA|03.Ce 36.8 LUZYZSIOS.CG 1= DL =299 nGy -1
u)10 3 CaF.'E - s
&7 | CaFEu . r
<10_5 —— CsCdCl,Mn/Sb* 334 Bi,Ge,O,,
100 10° 102 10° X-ray induced emission 0 100 200 300
X-ray energy (keV) . X-ray dose (uGy?")
g h i
s — F|rst — Second Third| =y oo 190 0d0.5d1d 2d = | Soaked in solvents for 12 h
il ‘ il < = 1.00 1.00
| p e . :
% ‘” M \ ”“H i ‘ > > [ 0.96 0.95 o
% | EO.QS- . E . . 0.93
E ‘ ‘ 9 0.93 \ Soaked in water Q0
8 M \ I 000l oot~ =
£ H 2% T onts 2
£ (it 4 I w ‘\‘ \u‘ wu %085 \ 5
\ \ "y " - — . 2+ 3+
2| Wlth three times| © * CsCACLMN/Sb™ ) gt | «
Z0 500 1000 1500 2000 0 1 _2 3 4 5 PristineCYH MB DMF EtOH H,0
Time (s) Time (days)

Fig. 2 DFT calculation and radioluminescence properties of the as-synthesized perovskite scintillators. (a) and (b) Afterglow decay curve of
CsCdCls:5%Mn?*/0.1%R™ (R = Zn?*, Bi®*, Sb®*, Zr**, Te**) and CsCdCls:5%Mn**/y%Sb>*(y = 0-1%) at room temperature after cessation of X-ray
excitation (50 kV, 3 min). (c) Radioluminescence (RL) spectra of CsCdCls:5%Mn?*/0.1%Sb*" crystals within 120 min at room temperature after cessation of
X-ray excitation (50 kV, 3 min). (d) X-ray absorption coefficients of Bi;GezO1,, Lu,Y,SiOs:Ce, YAIOs:Ce, CaF,:Eu and CsCdCl3:5%Mn*/0.1%Sb>* as a
function of photon energy. The inset shows a schematic of X-ray-induced photoionization. (e) Comparison of radioluminescence intensity of
CstClg:MnZ*/Sb3+ and commercial scintillator materials. (f) Dose rate dependence of the radioluminescence intensity of CstClg:an*/Sb3+ in the
range of 0.688 to 278 nGy s~*. The detection limit (DL) is calculated using the 3a/slope method. (g) Radioluminescence intensity of CsCdClz:Mn?*/Sb>*
with repeated on-off cycles of X-ray excitation with three repetitions (Em = 592 nm, 50 kV). (h) Radioluminescence properties of CsCdClz:5%Mn3*/
0.1%Sb>* were compared after soaking in water for 0, 0.5, 1, 3, 5 days. The inset shows a radioluminescence photograph of the crystals soaked in water
for different days under X-ray irradiation. (i) The radioluminescence properties of CsCdClz:5%Mn?*/0.1%Sb>" were compared after soaking in different
solvents for 12 h. CYH stands for Cyclohexane, MB stands for methylbenzene, DMF stands for N,N-dimethylformamide, and EtOH stands for ethanol,
respectively.

the TL curve in the room temperature region broadens, and calculated using the Hoogenstraaten method:*°

the peak in the high-temperature region transitions towards BE _E

room temperature (Fig. 3a, b and Fig. S9a, ESIt). Remarkably, ke T2 SexXp (kB X Tm)

the majority of electrons stored in the defect can be

released before reaching room temperature at 297 K, Where f§ (K s ') represents the heating rate, E (eV) denotes
while a few electrons remain stored in the deep defect the trap depth, kg stands for the Boltzmann constant, Ty, (K)
(Fig. S9b, ESIT). After X-ray irradiation, repeated stimulation indicates the peak temperature in the TL glow curves, and
of CsCdCl;:5%Mn>*/0.1%Sb*" by 980-nm laser can release s (s™') signifies the frequency factor. The trap depth can be
electrons stored in deep defects (Fig. S9c, ESIt). The trap depth  obtained by linear fitting of In(7,,,%/f) against 1/(ks-Trm) (Fig. S10,
of CsCdCl;, CsCdClzMn®>" and CsCdCl;:Mn**/Sb®>" were ESIt). The trap depths were 0.47 4+ 0.05 eV, 0.71 + 0.04 eV,
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Fig. 3 Mechanism investigation of persistent radioluminescence in CsCdClz:5%Mn?*/0.1%Sb** Crystal. (a) and (b) Thermoluminescence glow curves of
CsCdClz:5%Mn?* and CsCdCls:5%Mn?*/0.1%Sb** in the temperature range of 230 to 430 K after cessation of X-ray excitation (50 kV, 3 min). The heating
rate is 60 K min~2. (c) Comparison of luminescence intensities of CsCdCls:5%Mn?* and CsCdClz:5%Mn?*/0.1%Sb>* in the range 293 to 493 K under X-ray
and UV excitation. (d) Calculated band structure of CsCdClz:5%Mn®*/0.1%Sb>*. (e) The density of states of pristine CsCdCls (top), CsCdCls:5%Mn?*
(middle) and CsCdClz:5%Mn?*/0.1%Sb>* (bottom). Note that for comparison purposes, the value of the Sb-resolved state density is amplified tenfold.
(f) The charge density of CsCdCls:5%Mn?*/0.1%Sb*" at valence band maximum (VBM) and conduction band minimum (CBM). (g) Comparison of
afterglow attenuation curves of CsCdCls:5%Mn?*/0.1%Sb*" crystals at different excitation times after cessation of X-ray and UV excitation. (h) Proposed
mechanism of persistent radioluminescence of CsCdCls:5%Mn?*/0.1%Sb>* at room temperature. Under X-ray excitation, atoms are excited to produce
many high-energy electrons and holes. Some of the electrons are transferred directly to the luminescence center. While the other part is stored in traps,
electrons in shallow traps are re-released to the luminescence center at room temperature, producing radioluminescence.

0.86 + 0.06 eV and 1.09 + 0.03 eV for CsCdCls, 0.50 £ 0.04 eV,
0.87 4+ 0.04 eV and 1.01 + 0.04 eV for CsCdCl;:Mn*", 0.50 +
0.04 €V, 0.87 £ 0.04 eV and 1.01 £ 0.04 eV for CsCdCl;:Mn*'/Sb*".

The density of the defect can be calculated by the following
formula:**>*

n=oly/{f x 2.52 +10.2 x (uy — 0.42)}

where o is the full width at half maximum (FWHM) of the TL
band. I, is the intensity of the TL peak, and f represents the
heating rate. Attributed to the conducting of Gaussian fitting,
the deconvoluted peaks are symmetrical, thus p, = 0.5.

The heating rate (f) is 60 K min~" (Fig. S11, ESI}). As the
Table S3 (ESIt) shows, introducing additional Sb®* ions
increases the density of shallow defects, which leads to enhan-
cing the intensity of room-temperature afterglow. These find-
ings demonstrate that the CsCdCl;:Mn”*/Sb** crystals are
efficient materials for storing electrons, and the additional
introduction of Sb ions can adjust the defect depth to achieve
persistent radioluminescence at room temperature. Fig. 3¢ and
Fig. S12 (ESI+) illustrate the evolution of luminescence intensity
in CsCdCl;:Mn**/Sb®" with changes in temperature under UV
and X-ray excitation. Before 500 K, the radioluminescence
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intensity of CsCdCl;:Mn>'/Sb®" exhibited a trend of initially
increasing and then decreasing intensity. Even at 493 K, the
luminous intensity of the sample still reached 96.63%.
In contrast, CsCdCl;:Mn*" intensity exhibited a linear decrease
in radioluminescence intensity. The exceptional resistance to
thermal quenching observed in CsCdCl;:Mn”*/Sb** can be
attributed to the rigid lattice structure, which reduces the
probability of electron-phonon coupling (Table S4, ESIt).”*"
Additionally, electrons in the defects are transferred to Sb and
Mn via thermal excitation, compensating for the temperature-
induced non-radiative transitions. To gain further insights
into the regulatory effects of Sb and Mn doping on radiation
luminescence and defects, we employed density functional
theory (DFT) to calculate the electronic structure and band
structure. The top of valence band in CsCdCl;:Mn**/Sb*" is
notably flatter compared to CsCdCl;:Mn**, indicating that the
co-doping strategy of Sb and Mn enhances localized electronic
energy dispersion, resulting in an indirect band gap of 1.34 eV,
similar to CsCdCl;::Mn”" of 1.35 eV (Fig. 3d and Fig. S13a, b,
ESIY). In the CsCdCl;:Mn>" crystal lattice, two types of hole traps
shallow and deep are observed. The subsequent incorporation
of Sb** not only increases the density of the pre-existing shallow
trap states near the valence band but also introduces new
shallow defects (Fig. 3e-f). Upon the introduction of Sb*" ions

a
@ X-ray
U

source

\\:’Object

d
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into CsCdCly:Mn**, X-ray photoelectron spectroscopy (XPS) analy-
sis reveals a shift in the F 1s core level toward lower binding
energy (Fig. S13c, ESIf). This indicates a modification in the
electron cloud distribution around the Cl ions attributed to the
influence of Sb*" ions. Moreover, the introduction of Sb** ions in
CsCdCl;:Mn*" crystal lattice may affect the distribution of hole
defects.”" Under X-ray excitation, the afterglow intensity increases
with the X-ray dose (Fig. 3g). In contrast, the afterglow intensity of
CsCdCl;:Mn**/Sb** crystals remain consistent, attributed to X-ray
production of more charge carriers than UV.

Based on the experimental results, we propose a mechanism
to regulate defect traps in the crystal field for achieving persis-
tent radioluminescence at room temperature in CsCdCl;:Mn>*/
Sb*" crystal. In this crystal, high-energy X-ray photons generate
a large number of high-energy electrons through the photo-
electric effect and Compton scattering. These high-energy
electrons undergo conversion into low-momentum electrons
through electron-electron scattering and Auger processes.
Subsequently, a number of electrons accumulate in the con-
duction band and quickly transfer to Sb and Mn ions, resulting
in composite luminescence with holes. Simultaneously, another
fraction of the electrons is stored in shallow defects. The electrons
stored in shallow defects can spontaneously and gradually trans-
fer to the luminescence levels of Sb and Mn ions, while the

1.0]o == CsCdCI,Mn/Sb>@PDMS

Nprmal imaging

-ray

Flexible imaging

X-ray
magini magin

Fig. 4 Time-lapse X-ray imaging based on CsCdCls:5%Mn?*/0.1%Sb*" crystal. (a) Schematic diagram of time-lapse X-ray imaging system. (b) MTF
curves of the X-ray imaging. The inset showed the standard X-ray resolution pattern plate (from 11.0 to 20 lp mm™) partial imaging and the slanted-edge
method used for MTF calculation. (c) Photograph of flexible scintillation screen bending in daylight. (d) Photograph of flexible scintillation screen under
X-ray excitation. (e) X-ray image of the electronic chip. (f) The X-ray image of biological specimen. (g) Comparison of X-ray images of the flexible chip of
the scintillation screen prepared by CsCdCls:5%Mn?* (left) and CsCdCls:5%Mn?*/0.1%Sb** (right). (h) Bright-field photograph of the curved object. (i)
Normal (left) and flexible X-ray images (right) of the curved object using the flexible scintillator screen.
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electrons in deep defects are released through heat and light
stimulation (Fig. 3h).

3.4. High-resolution time-lapse X-ray imaging

The capability of the CsCdCl;:Mn**/Sb** crystal to emit persis-
tent luminescence at room temperature holds promise for the
development of a time-lapse X-ray imaging detector. We first
prepared a flexible scintillation screen by uniformly mixing
60 wt% of ground CsCdCl;:5%Mn>*"/0.1%Sb*" powder into
polydimethylsiloxane (PDMS) (Fig. S14a, ESIt). In the experi-
mental setup, a target object was placed between the X-ray
source and the flexible scintillation screen, and time-lapse
X-ray imaging was recorded using a CMOS camera (Fig. 4a).
The time-lapse X-ray imaging achieved by CsCdCl;:Mn>**/Sb**
scintillation screen demonstrated high resolution of 20.0 Ip mm ™,
as verified by a modulation transfer function (MTF) (Fig. 4b and
Fig. S14b, c, ESI{). This high resolution surpasses that of most
reported organic and inorganic scintillator materials.>* > Further-
more, the imaging capability of the scintillator screen as an X-ray
detector was validated. The flexibility and brightness properties of
CsCdCl;:Mn**/Sb**@PDMS screen enable X-ray imaging of preci-
sion parts and non-planar objects (Fig. 4c and d). As shown in
Fig. 4e, the internal structure of fine electronic chips is discernible.
The bone spurs of the fish specimen are clearly distinguished.
High-quality X-ray imaging of biological further confirms the
potential application in medical diagnosis (Fig. 4f). Additionally,
the flexible scintillation screen prepared using CsCdCl;:Mn”*/Sb**
exhibits enhanced contrast and resolution for electronic chips
(Fig. 4g). The flexible X-ray imaging approach circumvents the
image distortions arising from the incongruity between a flat
X-ray imaging surface and a curved object (Fig. 4h, i and Fig.
S14d, ESIt). Finally, the bending resistance and ductility of scintil-
lation screen were verified by tensile test, and the Young’s modulus
and extension limit were calculated at 9.7 Mpa and 122.5%,
respectively (Fig. S15, ESIT).%

Conclusion

We have successfully developed an effective strategy for reg-
ulating the trap defects in crystal defects through heterovalent
metal doping. By adjusting the defect location of CsCdCl;:Mn**
to room temperature, we achieved a significant increase in the
intensity of persistent luminescence. The CsCdCl;:5%Mn>"/
0.1%Sb** perovskite demonstrated excellent solvent, thermal,
and radiation stability. Even at a temperature of 493 K, the
integrated luminescence intensity of the sample remained at an
impressive 96.63%, indicating remarkable resistance to ther-
mal quenching. Furthermore, using its outstanding X-ray
absorption capacity and persistent luminescence characteris-
tics, CsCdCl,:5%Mn>/0.1%Sb>" crystals were uniformly mixed
with PDMS to prepare a flexible scintillator screen to achieve
time-lapse X-ray imaging with a high spatial resolution of
reaching 20.0 Ip mm™". These findings not only highlight the
potential of CsCdCl;:Mn*"/Sb** crystal scintillators for time-
lapsed X-ray imaging but also contribute valuable insights into
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the design principles for developing persistent luminescence
scintillators.
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