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Lanthanide metal halide double perovskites (Ln-MHDPs) are promising scintillator materials due to their
outstanding luminescence properties and high X-ray absorption cross-sections. With the growing
demand for advanced X-ray imaging scintillators, there is increasing interest in the exploration of new
scintillation materials suitable for novel applications under harsh conditions. In this study, we present a
series of Ln-MHDPs with tunable fluorescence emission spanning the visible and near-infrared regions,
effectively activated by both ultraviolet and X-ray excitation. The Cs,NaLnClg (Ln = Eu, Tb, Ho, Er, and Yb)
compounds demonstrated high X-ray sensitivity, excellent stability, and low detection limits under X-ray
irradiation. Notably, Cs,NaTbClg exhibited a light yield of 42 200 photons per MeV, while retaining 98% of
its initial radioluminescence intensity after 180 minutes of X-ray exposure, corresponding to a total radi-
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1. Introduction

Scintillators are widely employed in high-energy physics,
security inspection, medical imaging, aerospace, and oil
exploration.’™ Indirect imaging scintillators currently domi-
nate the market for X-ray imaging technologies due to their
low raw material cost, high detection efficiency, and excellent
stability.> However, traditional inorganic scintillators face
limitations such as complex manufacturing processes, low
light yield (LY), poor mechanical properties, and extreme
moisture sensitivity.°® While organic scintillators are promis-
ing, they suffer from inferior X-ray absorption capacity due to
the predominance of light elements with very low X-ray absorp-
tion cross-sections.”™' In recent years, CsPbX; (X = Cl, Br,
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, even in flexible forms. The application of polydimethylsiloxane coating significantly enhanced the
water resistance of the Cs,NaLnClg compounds and facilitated clear underwater X-ray imaging. This study
highlights the promising potential of Ln-MHDPs for underwater X-ray imaging applications.

and I) has emerged as a promising next-generation scintillator,
offering a high X-ray attenuation coefficient, excellent emission
properties, and a tunable bandgap.'*** However, its intrinsic
instability and lead toxicity hinder commercial applica-
tions."'® In addition, imaging detectors paired with scintilla-
tors require higher doses, posing risks to human health.”"*8
Furthermore, rigid scintillators are prone to anamorphosis,
which reduces image quality and can cause operational failure
after bending.'®>* Addressing these challenges necessitates
the development of scintillators that are easy to manufacture,
environmentally friendly, and highly bright, sensitive, and
adaptable to extreme and complex environments, thereby
leading to the advancement of X-ray imaging technologies.
Rare earth elements (REs) are often referred to as the “vita-
mins” in light functional materials due to their numerous
energy levels and over 20 000 electronic transitions, which high-
light their importance in luminescence.>””> In this context, the
high X-ray absorption efficiency, versatility in preparation
methods, natural abundance, and eco-friendliness of REs
notably contribute to their development in scintillator techno-
logy.>® Newly developed RE-based metal halide scintillators
effectively overcome the limitations of traditional inorganic and
organic scintillators.>>*® However, the synthesis protocols for
these RE-based halide scintillators remain unclear, and the
relationship between their optical properties and chemical
structure is not fully understood.>”*® In addition, their extreme
sensitivity to water greatly limits their practical applications.
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Research studies on new RE-based nanocrystals (NCs) and bulk
materials have mainly focused on light emitting diodes and
anticounterfeiting applications, with limited attention being
given to unlocking their potential in scintillator technology.***

In this study, we successfully fabricated a series of RE
Cs,NaLnClg scintillators using the hydrothermal method. We
systematically investigated the spectral characteristics and
luminescence mechanisms of these photoluminescent materials
and identified several promising candidates for further study of
their scintillation properties. Cs,NaHoCls, Cs,NaYbCls, and
Cs,NaTmCly exhibited light yields (LYs) of 9600, 6000, and 1300
photons per MeV, respectively. Remarkably, Cs,NaTbCls achieved
a record-high photoluminescence quantum yield (PLQY) of 85%,
highlighting its potential for X-ray imaging applications. The
potential of lanthanide metal halide double perovskites (Ln-
MHDPs) for X-ray imaging is further emphasized by their ability
to produce high-contrast images and their high sensitivity for
various objects. We also prepared and tested several flexible scin-
tillation screens for X-ray imaging applications. Our results
demonstrate that these screens have a tensile strength of up to
180% and maintain their integrity after repeated stress appli-
cations. Compared with traditional rigid scintillation screens,
flexible screens significantly reduce the anamorphism and image
halo effects when imaging curved objects. Furthermore, our use
of a polymer film proved effective for stable underwater X-ray
imaging. These flexible scintillation screens are particularly well-
suited to extreme conditions, advancing the development of
high-performance flexible X-ray detectors.

2. Results and discussion
2.1 Synthesis and crystal phase of Ln-MHDPs

Ln-MHDP polycrystals were synthesized using a modified
solvothermal approach, and a schematic of the synthesis is
shown in Fig. 1(a). The solvothermal process effectively con-
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trolled the reaction conditions and crystal growth through
factors such as temperature, pressure, and reaction time. The
polycrystals of Cs,NaLnClg (Ln = Eu, Tb, Ho, Er, Tm, Yb, Sc, Y,
and Lu) are shown in Fig. S1.f The powder X-ray diffraction
(XRD) patterns of Cs,NaLnClg for all Ln metal ions revealed a
cubic crystal phase (space group: Fm3m), with no impurities
detected, aligning well with the standard card data of
Cs,NaErCls (PDF#89-0053) (Fig. 1b and S27). The diffraction
peaks consistently shift to higher 26 angles as the lanthanide
series progresses from La to Yb, as shown in the enlarged XRD
region of 20 = 23°-24° in Fig. 1(b). This phenomenon, known
as the lanthanide contraction effect, is attributed to the
gradual decrease in the ionic radius from 0.106 nm for La** to
0.085 nm for Lu** with increasing atomic number. The corres-
ponding lattice parameters for each Cs,NaLnCls material
obtained from the Materials Project crystal structure database
show a reduction from 11.16 A for Cs,NaLaCl, to 10.82 A for
Cs,NaLuCle. The linear relationship between these lattice para-
meters and the corresponding Ln** cation radius, as shown in
Fig. 1(c), indicates that the lattice shrinkage is primarily due to
the decrease in the size of the Ln’" ions. The cell parameters
of Cs,NaYbCl, were not available in the Materials Project data-
base; thus, the relationship between its lattice constants and
Yb*" ion radius is not included in Fig. 1(c).

Field emission scanning electron microscopy (FESEM) was
used to observe the microscopic morphology. The FESEM
images of Cs,NaEuCls shown in Fig. S3(a)} revealed micron-
sized particles, some of which exhibit agglomeration. This
agglomeration could be mitigated by ball milling following
ethanol recleaning. Energy-dispersive spectroscopy (EDS)
elemental analysis further confirmed the chemical compo-
sition, with the images in Fig. S3(a)} demonstrating a uniform
distribution of Cs, Na, Eu, and Cl in Cs,NaEuCls. The semi-
quantitative atomic proportions of 21.73%, 11.50%, 10.79%,
and 55.98%, as shown in Table S1,{ are closely aligned with
the standard stoichiometric ratio of the compound, thereby
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Fig. 1 (a) Schematic illustration of the Ln-MHDP synthesis process. (b) XRD patterns of Cs,NaLnClg (Ln = La, Eu, Tb, Dy, Ho, Er, Tm, and Yb)
powders. The enlarged XRD pattern of the 20 = 23°-24° region is shown on the right. (c) The linear correlation (R = 0.92) between the size of the
rare earth ion and the experimentally determined lattice constants of Cs,NaLnCle.
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validating its phase purity. Further FESEM and EDS analyses
were conducted on additional samples, as illustrated in Fig. S3
and S4.1 Table S1f summarizes the atomic proportions of the
synthesized samples. The results show that the atomic pro-
portions of Cs, Na, and Ln are approximately consistent with
the expected values of corresponding double perovskites
except for the slightly lower proportions of Cl. The possible
reason is that the Cl element is very sensitive to electron
beams and is easily destroyed by electron beam irradiation
during EDS characterization, resulting in Cl defects on the
surface of the materials. These results support the successful
synthesis of high-purity Cs,NaLnCls.

2.2 Optical properties of Ln-MHDPs

After identifying the structure, we selected Cs,NaLnClg (Ln =
Eu, Tb, Ho, Er, Tm, and YD) to investigate its PL properties.
The crystals were photographed during daylight hours and
under ultraviolet (UV) light. As shown in Fig. S1,T Cs,NaEuClg,
Cs,NaHoClg, Cs,NaErCls, Cs,NaTmCls, Cs,NaScCls, and
Cs,NaYClg are light yellow transparent crystals under daylight,
and Cs,NaTbCls, Cs,NaYbCls, and Cs,NaLuCls appear as
colorless transparent crystals. This is because different
materials absorb visible light differently, and the color of the
material seen by the human eye comes from the part of the
sunlight reflected by the material. Under UV irradiation,
Cs,NaScClg, Cs,NaYClg, and Cs,NaLuClg emit blue light, while
Cs,NaEuClg, Cs,NaTbCls, Cs,NaHoClg, and Cs,NaErClg emit
red, green, red, and blue-green light, respectively. The emis-
sion colors from Cs,NaTmClg and Cs,NaYbClg are invisible to
the naked eye as they emit near-infrared (NIR) light. According
to the spectral test results, six of the synthesized Ln-MHDPs,
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Cs,NaLnCls (Ln = Eu, Tb, Ho, Er, Tm, and Yb), exhibited
notable emission colors with PL peaks spanning a wide range,
from visible (Ln = Eu, Tb, Ho, and Er) to NIR (Ln = Er, Tm, and
Yb), as shown in Fig. 2(a). The characteristic excitation and
emission spectra of each material are exhibited. The excitation
and emission of trivalent RE ions (except Ce**) arise from tran-
sitions involving 4f-4f electrons, resulting in sharp, narrow
peaks.* These materials exhibit relatively long lifetimes, on the
order of milliseconds, due to the f-f transitions, as depicted in
Fig. 2(c-h). The emission and excitation peaks and lifetimes of
Cs,NaLnClg (Ln = Eu, Tb, Ho, Er, Tm, and Yb) are summarized
in Table S2. The photoluminescence excitation (PLE), PL, and
lifetimes of Cs,NaLnClg (Ln = Sc, Y, and Lu) were studied, as
shown in Fig. S5.f These materials, which emit from the self-
trapped exciton radiative recombination with LYs below 2000
photons per MeV, are thus not discussed further.

Under excitation at 394 nm, Cs,NaEuClg exhibits intense
red emission peaks at 592 and 614 nm, originating from the
°D, — “F; (J = 1 and 2) transitions of Eu’*, along with weaker
transitions observed at 652 nm (°D, — “F;) and 704 nm (°Dy —
’F,), as depicted in Fig. 2(b). The peak at 592 nm (°D, — "F,)
results from a magnetic dipole transition, while the peak at
614 nm (°D, — ’F,) is attributed to an electric dipole
transition.”>** The emission at 614 nm exhibits a long lifetime
of 2.61 ms due to the spin-forbidden nature of the f-f relax-
ation pathways. The photoluminescence quantum yield (PLQY)
of the sample was found to be approximately 5%. This low
PLQY can be primarily attributed to the high concentration of
Eu’’, which leads to concentration quenching, enhancing non-
radiative relaxation, and thereby greatly reducing the material’s
PLQY.*®
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Fig. 2

(a) Photoluminescence excitation (PLE) spectra and PL spectra of Cs,NaLnClg (Ln = Eu, Tb, Ho, Er, Tm, Yb). (b) Energy level diagrams of the

emission spectra from the six discussed Ln-MHDPs. (c—h) PL lifetime decay plots and fitted curves of the six discussed Ln-MHDPs.
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In contrast, Cs,NaTbCls demonstrates a strong green emis-
sion originating from the Tb *D, — ’F; (J = 2-6) transitions,
with the most intense peak observed at 548 nm (Fig. 2a). The
observed emissive transitions are sensitized by a strong, sharp
4f — 5d absorption feature at 270 nm, as shown in the PLE
spectrum.?” Notably, Cs,NaTbCls exhibited a two-component
lifetime, 7; = 0.85 ms and 7, = 6.31 ms, corresponding to the
°D, excited state, which is in good agreement with previously
reported values in the literature.>® The shorter lifetime com-
ponent may be attributed to crystal defect-induced non-
radiative channels.®® Furthermore, Cs,NaTbCl, achieved a
high PLQY of 86%, the highest value reported to date among
Ln-MHDPs. This exceptional PLQY is likely due to the reduced
probability of nonradiative relaxation processes, attributed to
the relatively discrete ground-state levels of Tb** ("F, [J = 2-6]).

The highest excitation peak of Cs,NaHoCl, at approximately
450 nm, with a corresponding emission peak at 655 nm, can
be attributed to the °F5 — °I; transition.*® Typically, emissions
from the °F, — °Ig and °Fs — I transitions of Ho>" occur sim-
ultaneously and are prominent; however, a competitive
relationship exists between these transitions.* In Cs,NaHoCls,
the emission from the °F, — °I transition is entirely sup-
pressed, leaving only a strong emission from the *F5; — °Ig
transition. This observation highlights the need for further
investigation into the relationship between material structure
and luminescence characteristics, which could guide the devel-
opment of new luminescent materials.

Upon excitation at 380 nm UV light, Cs,NaErCls exhibited
emission colors spanning green, yellow, red, and the NIR
regions, corresponding to the *Hyis, *Ssp = “lism, 'Fopp —
452, and “1g, — *I;5/, electronic transitions, respectively.*®*!
The fluorescence lifetime at 660 nm emission was measured at
3.45 ms. Cs,NaTmCls predominantly emits at 806 nm when
excited by 361 nm UV light, deviating from the typical Tm*"
blue light emission (*G; — *Hg).**** Meanwhile, Cs,NaYbClg
exhibits a weak Yb*" emission feature at 996 nm, consistent
with other Yb-containing perovskites.’” The observed PL life-
time of 2.73 ms exceeds the 47.5 ps reported for Cs,NaYbClg
NCs and the 475 ps reported for Yb-doped CsPbCl; perovskite
NCs.*”** The shorter lifetimes reported in the literature are
attributed to PL quenching caused by Yb-Yb coupling.**
However, the PL lifetime of our polycrystals surpasses that of
NCs, despite the higher concentration of Yb in Cs,NaYbCls.
This suggests that vibrational relaxation or other nonradiative
recombination mechanisms, rather than Yb-Yb coupling, are
more likely responsible for the reduced fluorescence lifetime
in Yb** NCs.** These mechanisms contribute to weak
Yb*" emission in RE NCs but are effectively mitigated in
polycrystals, resulting in considerably enhanced radiative
recombination.

2.3 Radioluminescence (RL) properties

Fig. 3(a) and S61 show the radioluminescence (RL) spectra of
Cs,NaLnClg (Ln = Eu, Tb, Ho, Er, Tm, Yb, Sc, and Lu). The RL
spectra of the selected Ln-MHDPs are similar to their PL
spectra, indicating consistency in the recombination paths
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under UV and X-ray irradiation. Further analysis involved com-
paring the absorption coefficient of Cs,NaLnClg (Ln = Eu, Tb,
Ho, Er, Tm, and Yb) crystals with that of three commercial
scintillators: CsI, LYSO, and BGO. The photon energy range is
1-1000 keV, as shown in Fig. 3(b). The data showed that the
absorption coefficients of these Ln-MHDPs are comparable to
those of the three commercial scintillators.

LY, an essential aspect of scintillator performance, is
dependent on X-ray response amplitude and RL spectra.
Fig. S6F compares the RL spectra of Cs,NaLnCls under X-ray
irradiation with those of LYSO and BGO to determine their
LYs. Using a calculation method referenced in the study and
LYSO and BGO as standards, the light output of Cs,NaLnCl,
(Ln = Eu, Tb, Ho, Er, Tm, Yb, Sc, and Lu) was assessed. The
method used is detailed in the ESI.f The calculated LYs are
summarized in Fig. 3(c) and Table S2.t This analysis compared
the RL spectrum of LYSO with that of Cs,NaTbCl (Fig. S6(b)7).
The study found that the RL intensity under X-rays for
Cs,NaTbClg was significantly higher than that for LYSO. Based
on a quantitative comparison of the integral RL intensity, the
LY of a Cs,NaTbCls wafer was estimated to be 42 200 photons
per MeV, which is slightly lower than that of the single crystal
(46 600 photons per MeV) but much higher than that of
Cs,NaTbCls NCs (2500 photons per MeV).'*?* It is noteworthy
that the LYs of red Cs,NaHoCls and NIR Cs,NaYbCls and
Cs,NaTmCls are reported here for the first time, with test
results of 9600, 6000, and 1400 photons per MeV, respectively.
However, samples with low LYs do not possess practical appli-
cation advantages; therefore, subsequent measurements,
including stability, linear X-ray response effect, and detection
limit, were conducted for samples with an LY value greater
than 2000 photons per MeV.

The radiation stability of Cs,NaLnClg (Ln = Eu, Tb, Ho, Er,
and Yb) was also investigated under high-dose-rate X-ray
irradiation at 8 mGy s™'. After continuous irradiation for
180 min, corresponding to a total radiation dose of ~86.4 Gy,
all the samples maintained an irradiation stability of 85%,
with Cs,NaTbCls exhibiting the highest stability at 98%, as
shown in Fig. 3(d). Notably, the radiation resistance of
Cs,NaTbClg considerably over-performed that of CsI:Tl, which
retained only 50% stability at 30 Gy, and the double perovskite
Cs,Ag0.6Nay 4InClg:Bi, which retained only 50% stability at 53
Gy."*® The RL intensity of Cs,NaLnClg (Ln = Eu, Tb, Ho, Er,
and Yb) increased linearly with dose rate, as confirmed by
Fig. S7,T demonstrating a good linear relationship between the
RL intensity and X-ray dose rates ranging from 500 to
6.78 mGy s~ '. Given the harmful effects of high radiation
doses during exposure to computed tomography (CT) scans,
current research focuses on developing scintillators capable of
imaging at lower doses. Fig. 3(e) illustrates the detection limit
of Cs,NaLnCls, which benefits from the narrowband emission
of RE ions and their high X-ray response. All measured detec-
tion limits were below 300 nGy s™', with Cs,NaTbCls, and
Cs,NaHoCl, achieving the lowest values of 67.8 and 85.5 nGy
s™!, respectively. The LY, stability, and detection limits of
Cs,NaLnClg (Ln = Eu, Tb, Ho, Er, Tm, and Yb) are summarized
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Fig. 3 (a) RL spectra of Cs,NaLnClg (Ln = Eu, Tb, Ho, Er, Tm, Yb). (b) Absorption coefficients of Cs,NaLnClg shown in (a), Csl, LYSO, and BGO as a
function of X-ray energy. (c) The light yield (LY) of Cs,NaLnClg shown in (a). (d) The RL intensity of Cs,NaLnClg with an LY greater than 2000 photons
per MeV under continuous X-ray irradiation at a dose rate of 8.0 mGy s~* for 180 min. (e) The relationship between the signal-to-noise ratio and the

dose rate of Cs,NaLnClg shown in (d) for the detection limit measurement.

in Table S2.f These findings highlight the potential of
Cs,NaLnClgs materials as ultrasensitive scintillators, capable of
producing clear CT images even at low radiation doses,
thereby minimizing human exposure to harmful radiation.
These findings pave the way for the development of ultra-
sensitive, next-generation indirect X-ray detectors.

2.4 Underwater X-ray imaging

Cs,NaLnClg materials are highly susceptible to moisture and
readily degrade in humid environments, leading to the loss of
their original optical properties (as shown in Fig. 4(a)). This
defect greatly limits their application. Solid powders can be
effectively incorporated into the polymer network structure of
these composite materials. This allows polydimethylsiloxane
(PDMS) to act as a protective layer for the perovskite material

This journal is © the Partner Organisations 2025

against moisture interference. First, we investigated the flexible
characteristics of these composite films. As examples, the
characteristic green and red emission of Cs,NaTbCls and
Cs,NaEuCly large-area (~78 cm®) polymer film scintillators
under a UV lamp are shown in Fig. S8(a) and (b).f Their
spatial resolutions, compared using a standard wire-to-plate
test, are approximately 10 and 5.5 lp mm™", respectively.
Transmission imaging of the seed was realized using the scin-
tillator films (Fig. S8(b)t). Fig. S8(c)T illustrates that the flexible
scintillation screens have a high degree of deformability and
high toughness (the calculated tensile limit is approximately
180%). Further experiments showed that the flexible screens
can mitigate the halo effect caused by uneven X-ray dose distri-
bution in space, as shown in Fig. S8(d and e).} In addition,
compared to a rigid scintillation screen, a flexible screen can
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18 h

10 Ip/mm

Fig. 4 (a) Fluorescence photographs of dry Cs,NaTb/EuCls powders (left) and (right) in water under UV. (b) Fluorescence photographs of Cs,NaTb/
EuCls@PDMS without soaking (above) and after soaking for 6 h (left bottom) and 12 h (right bottom). (c) Schematic and underwater X-ray imaging of
Cs,NaEuClg@PDMS (left) and Cs,NaTbClg@PDMS (right). (d) Underwater X-ray imaging of Cs,NaTbClg@PDMS for a microchip at different times.

conform to an object’s surface, effectively minimizing imaging
distortion and better revealing the actual shape of its internal
structure, as shown in Fig. S§(f).f These investigations high-
light the advantages of flexible scintillation screen imaging.
Subsequently, we investigated the waterproof properties of
the flexible films and their performance in underwater X-ray
imaging. As shown in Fig. 4(b), fluorescence images of
Cs,NaTbCls@PDMS and Cs,NaEuCls@PDMS films soaked in
water for 6 and 12 h demonstrate that their characteristic emis-
sion colors remain intact under UV light, indicating the
polymer film’s excellent water stability. These waterproof pro-
perties of the scintillators make them particularly suitable for
industrial applications, such as oil field exploration. To evalu-
ate the underwater X-ray imaging capability of Cs,NaLnClg
films, X-ray images were captured following 2 h of water
soaking. A flexible film was placed at the bottom of flat-bot-
tomed glassware filled with deionized water, with an imaging
object positioned on top. X-ray images were obtained through
reflection using a prism. The results, presented in Fig. 4(c),
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reveal that the item outlines and shapes are clearly visible,
with no notable differences compared to imaging in air. We
further analyzed the stability of the underwater X-ray imaging
using Cs,NaLnCls@PDMS thin films by measuring the RL of
the Cs,NaTbCls@PDMS film immersed in water for varying
durations. As shown in Fig. S9,f integrated RL intensity
remains at approximately 60% of its initial value after 10 h of
water soaking. It is worth noting that with more PDMS
coating, the waterproof performance would be largely
enhanced compared with relatively less PDMS coating
(Fig. S9t). These observations highlight considerable improve-
ment in waterproof performance following polymer coating,
which is in sharp contrast to the immediate decomposition
upon direct mixing of Cs,NaLnCls with water. The decreased
RL intensity of Cs,NaTbCls@PDMS after long-term immersion
in water is due to the gradual diffusion of water through the
polymer’s pores. While the polymer coating effectively slows
down the interaction between Cs,NaTbCl, and water, it does
not entirely prevent their contact. To demonstrate practical
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application, the film was used for underwater X-ray imaging
for a chip. As shown in Fig. 4(d), successful imaging was
achieved at both 3 and 18 h, with a spatial resolution of 10 Ip
mm~"'. Fig. $101 further shows chip imaging at additional
time points. Notably, the image captured at 3 hours is clearer
than that at 18 hours due to the higher RL intensity of the film
at the earlier time point (~90% of the initial value at 3 hours
versus 40% at 18 hours). These findings provide valuable
insights into addressing the instability issues associated with
perovskite materials and enabling their application as scintilla-
tors under extreme conditions.

3. Conclusions

A series of Ln-MHDP polycrystals were synthesized using the
solvothermal method and their structure and composition
were identified. The photoluminescence properties of the
samples, characterized by RE ion emission, were investigated.
The samples exhibited photon emission across the entire
visible and infrared spectral regions under UV and X-ray exci-
tation. These Ln-MHDPs demonstrated excellent X-ray detec-
tion performance and irradiation stability. For instance,
Cs,NaTbCls showed an LY of 42200 photons per MeV under
X-ray irradiation and maintained 98% of the initial RL after
180 min of continuous irradiation with a total radiation dose
of about 86.4 Gy. Flexible X-ray imaging using
Cs,NaTbCls@PDMS and Cs,NaEuCls@PDMS films achieved
ideal image resolutions of 10 and 5.5 Ip mm™", respectively.
More importantly, the PDMS coating significantly improved
the water resistance of the Ln-MHDPs, enabling clear under-
water X-ray imaging. In conclusion, the demonstrated out-
standing X-ray imaging performance positions Ln-MHDPs as
promising scintillator materials with vast potential in multi-
purpose X-ray imaging applications.
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