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Scintillators can convert high-energy X-rays into more easily observable visible-near-infrared (NIR) light,
thus showing great application potential in fields such as medical imaging, industrial inspection, and
high-energy physics. Current NIR photodiodes exhibit higher photoelectric conversion efficiency than
their counterparts operating in the visible light region. Integrating NIR scintillators with NIR
optoelectronic conversion devices exhibiting high photoelectric conversion efficiency represents a
promising solution for achieving efficient X-ray detection. However, almost all current scintillators are
limited to the visible light region or exhibit poor performance. In this work, we achieve efficient NIR
scintillation by doping Cs,ZrClg with d? ions. The light yield (LY) of the sample is as high as
51613 photons MeV™?, and the detection limit is as low as 192 NGY i s~L The flexible scintillator film
with an area of 10 x 10 cm? prepared by combining the sample with PDMS can be successfully applied
to X-ray imaging. The spatial resolution of the Cs,ZrClg:Mo**@PDMS scintillator screen was 10 lp mm™2,
determined using standard X-ray resolution test panel imaging and MTF = 0.2. This work demonstrates
that vacancy-ordered double perovskite is a promising matrix for scintillators and a class of potential

rsc.li/frontiers-materials optically functional materials.

1. Introduction

X-ray detection is a key technology in various fields such as
medical diagnosis, security inspection, nuclear power stations,
industrial product inspection, and imaging due to its ability to
convert high-energy radiation into easily detectable photons.'™
X-ray detection technology is divided into direct and indirect
detection. Indirect detection refers to the conversion of high-
energy X-rays into photons that can be directly detected using
photodetectors through scintillators, which plays the more
dominant role in the field due to the advantages of high
detection efficiency and low manufacturing cost.”> Among the
current photodetectors, the photoelectric conversion efficiency
of the avalanche photodiode (APD, 80%), more sensitive to red-
NIR light, is much higher than that of the photomultiplier tube
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(PMT) and the silicon photomultiplier tube (SiPM, 30-40%) that
receive signals in the visible light region.®” On the other hand,
when the material is used in outdoor portable X-ray imaging
systems, NIR light can effectively avoid signal crosstalk with
visible light. Therefore, to improve optical and scintillation
signal detection, it is of great significance to develop efficient
NIR luminescent and scintillator materials.®™*

Currently, the luminescence peaks of most scintillators are
confined to the visible light region."'* The few scintillator
materials that can achieve NIR luminescence properties are
either activated by rare earths (RE) or realized in classical lead-
based halide perovskites. The complex energy levels of RE
enable them to produce light in multiple colors from visible
to NIR, but the characteristic narrow-band luminescence makes
it difficult to form continuous broadband luminescence in the
NIR region."”™"” Previous reports have shown that molecular
complexes containing Mo**, Re®*, and Os®’ ions with a d*
electron configuration can exhibit NIR luminescence, but with
low luminescence efficiency.'® NIR radiation originates from
d-d electron transitions of metal ions. There are few reports of
Mo** or W** doping in halide perovskites.'® For example, ultra-
broad NIR emission has been reported by doping Mo*" or W**
into Cs,Nay 95Agg 05BiCls double perovskite.” Bi**/Mo** co-doped
Cs,Ago.6Nay 4InClg double perovskite simultaneously produces
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warm white light and NIR emission. These studies were limited
to achieving broadband NIR luminescence through d” ion doping
and did not consider the excellent NIR scintillation properties
that can be obtained through d* ion-doped halides. The broad-
band NIR scintillation characteristics of d* ions, combined with
the high photoelectric conversion efficiency of APD, are expected
to offer significant advantages in X-ray imaging.

It is also crucial to select the appropriate carrier matrix for
the activation center. Currently, scintillator materials are mostly
made of lead-based, copper-based, RE, and other compounds,
but they have disadvantages such as toxicity, easy oxidation to a
higher valence state, and hygroscopicity, which hinder their
large-scale application.””** Vacancy-ordered perovskites can not
only avoid the above risks but also have relatively isolated
octahedral groups, which can inhibit non-radiative cross-
relaxation.>*** Cs,ZrCl is a stable and environmentally friendly
vacancy-ordered double perovskite material with a wide bandgap,
which does not interfere with the optical properties of dopants.
Therefore, Cs,ZrClg vacancy-ordered double perovskites are con-
sidered to be satisfactory scintillator matrix materials."*?®

In this work, we successfully synthesized Mo*" and W** ion
(d* ion) doped Cs,ZrClg vacancy-ordered double perovskite single
crystals via the hydrothermal method. The phase purity, chemical
composition, and ion valence of the samples were characterized
by X-ray diffraction (XRD), scanning electron microscopy (SEM),
and X-ray photoelectron spectroscopy (XPS). The optical and
scintillation properties of d” ion-doped Cs,ZrCls were investi-
gated by absorption, spectroscopies, and density functional
theory (DFT) simulations, and its emission mechanism was
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explained using the Tanabe-Sugano plot combined with low-
temperature photoluminescence (PL) spectroscopies. The pre-
pared sample was found to have excellent X-ray absorption
capacity and high light yield (LY). Therefore, a large-area flexible
scintillator screen was prepared by mixing Cs,ZrClg:Mo*" and
polydimethylsiloxane (PDMS). The spatial resolution of the scin-
tillation screen was quantified using standard X-ray resolution
test panels and a transfer modulation function (MTF) based on
the slanted-edge method. The prepared scintillator screen was
successfully applied to X-ray imaging.

2. Experimental

The samples are prepared using the simple hydrothermal
reaction method. Detailed sample preparation conditions and
performance characterization are provided in the SI.

3. Results and discussion
3.1. Structural and morphological characterization

The corresponding vacancy-ordered structure is formed by
removing half of the B>" cations from the conventional ABX;
perovskites, and the remaining [BX¢]”~ groups are spaced by
the A-site cations in the void. A large number of B vacancies can
affect the migration and recombination processes of charge
carriers, which may lead to unexpected luminescence effects.
Mo*"/W**-doped Cs,ZrCl, millimeter-scale single crystals were
synthesized via a hydrothermal method (Fig. S1b). Fig. 1a
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Fig. 1 (a) Schematic diagram of d? ion substitution in the Cs,ZrClg lattice. (b) XRD patterns and (c) local magnification near the (220) crystallographic
plane diffraction peak of undoped and Mo** (15 mol%)/W** (15 mol%)-doped Cs,ZrCle. (d) Rietveld refinement of XRD patterns of Cs,ZrCle. (e) SEM
images and elemental mapping and (f) XPS spectra of Cs,ZrClg:Mo** (15 mol%)/W** (15 mol%).
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shows the expected crystal structure and doping mechanism of
the prepared d” ion-doped Cs,ZrClg. Isolated [ZrClg]*~ octahe-
dra and cavities are arranged alternately in three-dimensional
space to form a vacancy-ordered structure, where a = b = ¢ and
o = ff =y =90° Fig. 1b shows the XRD pattern of the undoped
and Mo**/W*"-doped Cs,ZrCls and the standard diffraction
peak pattern of Cs,ZrClg (JCPDS no. 74-1001). The diffraction
peaks of all samples are consistent with the standard cubic
crystal structure (space group: Fm3m), demonstrating that the
doped d” ions are well dispersed in the Cs,ZrCls matrix without
forming new impurity phases. Due to the same valence state
and similar coordination number (CN) and ionic radius (R),
Mo*" (CN = 6 and R = 0.65 A) and W*' (CN = 6 and R = 0.66 A)
ions will replace the position of Zr*" (CN = 6 and R = 0.72 A) to
form [MoClg]* /[WClg]*>~ octahedra.?” As impurity ions enter the
lattice, the unit cell parameters of the crystal gradually decrease,
causing the diffraction peak of the sample to move toward a
larger angle (Fig. 1c), which further proves that the smaller
doped ions replace the larger Zr*" ions in the Cs,ZrCl lattice.
Rietveld refinement was used to further extract information
from the XRD patterns. The refinement results (variance 3> < 3)
of undoped (Fig. 1d) and Cs,ZrClg:Mo™" (15 mol%)/W** (15 mol%)
(Fig. S2a and b) indicate that the data are credible. The
experimental data and simulated data are in good agreement,
with the values of residual least-squares refinement and
weighted residue both < 5%. The results of Rietveld refinement
verified the overall phase purity of all samples in powder form.
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The SEM image shows that the sample is composed of
irregularly sized amorphous tiny particles, whose size is dis-
tributed in the range of 10 nm to the micrometre scale.
Energy dispersive spectroscopy (EDS) mapping shows the
uniform distribution of Cs, Zr, Cl, Mo, and W elements in
the compound (Fig. 1e), which also proves that the d* ions are
randomly substituted and uniformly dispersed on the Zr**
lattice sites.

XPS is used to reveal the composition and elemental
valence states of compounds. XPS spectra prove the presence
of Cs, Zr, and Cl elements in d* ion-doped Cs,ZrCls samples
(Fig. 1f).>* In the high resolution XPS spectrum, the binding
energy peaks located near 232.01 and 235.09 eV correspond to
Mo*" 3ds, and Mo*" 3d;.,, and two peaks at 35.48 and
37.70 eV are assigned to W'' 4f,,, and 4fs,, respectively,
which effectively proves the existence of the +4-oxidation state
of the doped Mo and W (Fig. S2f).>**° A comparison between
the elemental ratios determined by the XPS peak area ratio
and the actual sample feed ratio showed that only about
half of the d* ions were successfully doped (Tables S1 and
S2). It is worth noting that the binding energies of Cs, Zr, and
Cl in the XPS spectrum of W**-doped Cs,ZrClq are all higher
than those of the Mo*"-doped sample (Fig. S2c-e). This is
because Rys+ > Rypos+, and the W*'-doped sample has a larger
unit cell parameter, which leads to a lower electron cloud
density, resulting in a higher binding energy for its XPS
peak.**
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(a) Electronic band structure and (b) atom PDOS of Cs,ZrCle. (c) UV-visible absorption spectra of undoped and Mo** (5 mol%)/W** (15 mol%)-

doped Cs,ZrClg. (d) Electron density isosurface at the (001) facet of Cs,ZrCle. (e) Tanabe-Sugano diagram of the d? electron configuration in an
octahedral crystal field environment and the corresponding PL(E) spectra of Mo**/W**-doped Cs,ZrCle. (f) PLE spectra of Cs,ZrClg:Mo** (5 mol%)/W**

(15 mol%).

1992 | Mater. Chem. Front., 2026, 10, 1990-2000 This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2026


https://doi.org/10.1039/d6qm00065g

Published on 08 April 2026. Downloaded on 6/19/2026 5:56:21 AM.

Research Article

3.2. Optical performance

First-principles-based DFT was used to investigate the electronic
properties of the samples. The electronic band structure and
atomic partial density of states (PDOS) were calculated to
explore the effects of Mo** and W** doping on pristine Cs,ZrCls.
The electronic band structure shows that both the valence band
maximum (VBM) and the conduction band minimum (CBM) are
located at the center of the Brillouin zone (I" point), indicating
that the material is a direct bandgap semiconductor (Fig. 2a).
The samples introduced with Mo*" and W*" are still direct
bandgap semiconductors, but a new electron distribution is
generated in the middle of the bandgap, resulting in the
reduction of the bandgap from 3.77 eV to 2.83 eV and 3.39 eV
(Fig. S3a and d), respectively. It can be observed from the PDOS
(Fig. 2b) that for the undoped Cs,ZrCls sample, the VBM mainly
comes from the contribution of CI 3p, while the CBM originates
from Zr 4d. The electronic band structure mainly comes from
the contribution of the [ZrCls]*~ group, and the contribution of
Cs' ions to the electronic band structure is mainly in the depth
of the band rather than near the band gap. The CBM of Mo*"
and W**-doped Cs,ZrCls is mainly derived from Zr 4d and Mo
4d as well as Zr 4d and W 5d states, respectively (Fig. S3b and e).
The VBM is still composed of Cl 3p states. The introduction of
d? ions modulates the band gap of Cs,ZrCls and also leads to
changes in the optical behavior, which is discussed below.

We next discussed the effect of d* ion doping on the optical
properties of Cs,ZrClg. The UV-visible absorption spectra of the
samples are shown in Fig. 2c. For the undoped Cs,ZrCls matrix,
a constant weak absorption appears after 260 nm. In contrast,
the d* ion-doped sample exhibits a strong absorption peak in
the range of 200-400 nm, whose electronic structure is domi-
nated by isolated [MoCls]* /[WCls]*~ groups. Accordingly, the
absorption band of the doped sample originates from the d-d
transition of d* ions. Since the absorption peaks in the visible
light range of the d* ion-doped samples are concentrated near
red light and blue light, this corresponds well to the macro-
scopic green color of the doped samples (Fig. S1b). Notably, the
crystal exhibited no change in optical properties after being
exposed to air for a period without special protection, indicat-
ing that the valence state of the excitation centers remained
unchanged. The optical band gap of the sample was calculated
by the Tauc-plot method (formula (S1)), as shown in Fig. S3c,
showing that the doping of Mo*" and W*" resulted in a decrease
in the band gap. The results show that the band gap values of
pure, Mo*" (5 mol%), and W** (15 mol%) doped Cs,ZrCl, are
3.74, 3.17, and 3.48 eV, respectively, which are correlate well
with the values predicted by DFT calculations.

Two-dimensional electronic isosurfaces are used to intui-
tively display the mechanism of charge energy transfer within
the crystal. The Zr*" ions in Cs,ZrClg are almost completely
ionized, and the Zr-Cl bond exhibits ionic bond characteristics
(Fig. 2d).** This property is not changed after Mo*"/W** replaces
Zr** in the crystal (Fig. S3g and h). The difference is that the
electron cloud density of the doped site is significantly higher
than that of its undoped counterpart, while the luminescence
performance of the sample is closely related to the electron
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density. The changes in crystal band structure and electron
distribution caused by d* ion doping will affect the optical
properties of the sample.

In order to probe the optical properties of the samples, the PL
spectra for different d” ion doping concentrations were measured
and are shown in Fig. S3j and k. As the doping amount increases,
the intensity of the NIR peak first increases gradually, and after
reaching the maximum intensity, it begins to decrease due to
concentration quenching caused by energy migration between d*
ions (Fig. S3i). The shape and position of the NIR peaks were not
observed to change over the entire concentration range. From the
perspective of optical performance, the optimal doping concen-
trations of Mo*" and W*" are 5 mol% and 15 mol%, respectively.
The PL and PL excitation (PLE) spectra of the samples with the
optimal doping concentration are shown in Fig. S3f and Fig. 2f.
The peak positions in the PLE spectrum correspond well to the
absorption peaks. By comparing the Tanabe-Sugano diagram
(Fig. 2e), it can be concluded that the PLE peaks at 355 nm,
450 nm, and 760 nm of Cs,ZrClg:Mo*" (5 mol%) are attributed to
the *Ayp(F)"Tyy(F), *Tig(P)-"Tig(F), and *Tye(F)-"Ty,(F) transi-
tions, respectively.*>® The PLE peaks at 393 nm and 790 nm
of Cs,ZrClgW*" (15 mol%) are considered to be *A,(F)-"Ty,(F)
and °T,y(F)-"Ty,(F) transitions. Additionally, their strong PLE
bands at lower wavelengths originate from the charge transfer
bands (CTB) between CI~ and d” ions. The gradual blue shift of
the CTB in samples doped with Mo*" and W*" is due to the
increase in their electronegativity difference.”® Undoped Cs,ZrClg
has an intrinsic weak blue luminescence, which originates from
the exciton emission of the [ZrClg]*~ group.®” For both Mo** and
W*"-doped samples, broadband NIR peaks extending from
800 nm to around 1300 nm appeared, centered at 925 and
914 nm, and the full width at half maximum (FWHM) reached
175 and 169 nm, respectively. The extended non-Gaussian lumi-
nescence peak at long wavelength is due to the multiple radiative
transitions of the lowest excited state of the octahedrally coordi-
nated d* ions to the ground state sublevel.”* Based on DFT
calculations and experimental results, the origin of PL of d*
ion-doped Cs,ZrCls was proposed (Fig. S4a). Under ultraviolet
excitation, electrons are transported from the Cs,ZrClg ground
state to the conduction band (CB) and reach the edge of the CB
after nonradiative relaxation. In an undoped system, this energy
is directly used to produce visible light emission. However, in d*
ion-doped systems, this energy is further transferred to newly
formed energy levels, resulting in broadband NIR emission.

In an octahedral coordination environment and considering
the lattice phonon-electron interaction, the luminescence beha-
vior of transition metal (TM) ions can be described by combin-
ing the Tanabe-Sugano diagram (Fig. 2e) with the configuration
coordinate curve. At different Dg/B values, the energy of 'Ey/ Ty,
is almost constant, while 3T2g, 3T1g, and 3A2g have larger energy
differences. This resulted in extremely similar PL spectra for the
two samples doped with Mo** and W**, while the peak positions
of the PLE spectra changed. After comparison, it was found that
the experimental data of the Mo** and W**-doped samples were
in excellent agreement with the Tanabe-Sugano diagram at the
position of 10Dg/B = 23. The crystal field splitting energies
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(10Dg) of Mo** and W*" are 15318 cm™' and 14789 cm ’,
respectively. The detailed calculation process is shown in the SI.
Doping with Mo** and W** of large atomic numbers leads to
strong spin-orbit coupling (SOC), which causes asymmetric
vibrations in the fluorescence process and partially relaxes the
Laporte selection rule.”® The NIR peaks of Mo** and W*" both
originate from the "E4(D)/'T,4(D) — *Ty,(F) transition, as shown
in Fig. 2e.

Additionally, the PL lifetime of the samples was also investi-
gated to further reveal the luminescence properties. The reduced
symmetry of the TM octahedral environment and SOC will break
the d-d transition selection rule, which is beneficial for the
improvement of optical properties. As shown in Fig. S3l, the
fluorescence decay curve for the Mo**-doped sample was mea-
sured at an emission wavelength of 925 nm under excitation at
295 nm, whereas that for the W**-doped sample was obtained by
measuring the emission at 914 nm under excitation at 270 nm.
For the Mo*"-doped sample, two components with comparable
decay times are 68.61 and 68.60 s, and their proportions are
close, accounting for 58% and 42%, respectively (fitted using
formulas (S2) and (S3)). Similarly, the proportions of the two
equivalent components (34.52 and 34.6 ps) in the lifetime of the
W*"-doped sample are 52% and 48%, respectively. The lifetimes
of the different components are almost the same, indicating that
the luminescence of the sample is derived from multiple radia-
tion transitions of splitting sub-energy levels from the same
source, rather than a mixture of luminescence from different
mechanisms. The average lifetimes of Mo*" and W*'-doped
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samples are 68.6 and 35.4 us, respectively, which are within the
order of magnitude of ions with a d* electron configuration of the
TM.*>” Additionally, W** decays faster than Mo"", which is
because the larger atomic number leads to a stronger SOC.
SOC will relax the parity selection rule of the d-d transition
and thus enhance the radiation probability, resulting in a shor-
tened lifetime.”**°

Lattice phonons can significantly affect the optical properties
of TM ions with exposed d” external electron shells. Accordingly,
temperature is a crucial parameter that affects the PL phenom-
enon of the samples. To obtain better spectral resolution, the
temperature dependence spectra of Cs,ZrClg:Mo*" (5 mol%) in
the range of 80-560 K were measured as shown in Fig. 3a. The
NIR peak of the sample is non-Gaussian symmetric at room
temperature, with multiple shoulders on the long wavelength
side. At low temperatures, the peak splitting becomes more
obvious, with two peaks of relatively high intensity. This phe-
nomenon indicates that the broadband peak originates from
multiple transitions, and the temperature-induced peak broad-
ening contributes to the formation of the broadband NIR peak.
As the temperature increases, the peak positions of the split
peaks in the observable temperature range remain almost
unchanged, and the overall PL intensity gradually decreases.
In fact, due to the effects of SOC, lattice tetragonal distortion,
and Cl 3p state coupling, the 'E, and 'T,, excited states and *Ty,
ground state energy levels are split into multiple energy levels.>®
As shown in Fig. S4b, the NIR peak is actually composed of
many peaks. It is worth mentioning that here the 1-8 fitting
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Fig. 3 (a) Pseudo-color plot of the temperature-dependent PL spectra (excited at 295 nm) for Cs,ZrClg:Mo** (5 mol%) measured in the range of 80—
560 K. (b) Deconvolution of the spectrum of Cs,ZrClg:Mo** (5 mol%)/W** (15 mol%) measured at 80 K. (c) The variation of the integrated area ratio of Py
and P_ with temperature and the corresponding linear fitting. (d) Thermal quenching schematic of d? ion luminescence in the Cs,ZrClg lattice. (e)
Integrated PL emission intensity as a function of the reciprocal of temperature and its fitting results. (ff FWHM as a function of temperature and

corresponding fitting result.
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peaks cannot be specifically assigned to which transition each
one corresponds, but they only illustrate that they arise from
transitions between multiple sub-energy levels. As shown in
Fig. 3b, in order to reveal the change in the shape of the NIR
peak during the temperature change process, the low-
temperature spectrum of Cs,ZrClgMo*" (5 mol%)/W*" (15
mol%) was deconvoluted into high-energy peaks (Py) and low-
energy peaks (P). As the temperature increases, the integrated
intensity ratio of Py decreases, while the ratio of P;, increases
(Fig. 3c). A simplified energy level diagram is used to explain the
changing trend of the relative intensity of different peaks during
temperature change (Fig. 3d). Multiple transition peaks are
simplified into a high energy peak (Py) returning to the ground
state (G) via the high energy level (Ey;) and a low energy peak (Pp)
returning to the ground state via the low energy level (Ep).
Electrons at Ey can obtain phonon energy (Epn;) by coupling
with lattice phonons and reach low energy levels through a non-
radiative decay path (P;) to complete a radiative transition. As the
temperature increases, the increase in lattice phonons is positive
for path P;, which explains the trend of Py and Py, in Fig. 3c.
Analogously, excited electrons can achieve electron-phonon cou-
pling to obtain phonon energy (Epn,) and achieve de-excitation
through non-radiative pathways (P,). The decrease in the inten-
sity of the NIR peak with increasing temperature is due to the
increase in the proportion of electrons returning to the ground
state via the non-radiative pathway. The temperature-dependent
PL spectra of 15 mol% Cs,ZrClgW*" exhibit the same peak
splitting and thermal quenching phenomena as those of the
Mo*"-doped sample (Fig. S4c).

The NIR peaks disappear around 500 K, showing excellent
resistance to thermal quenching of luminescence. Mo** and
W**-doped samples can maintain 79.6% and 92.3% of the room
temperature (27 °C) PL integrated intensity at 150 °C, respectively.
The thermal quenching behavior of the PL peak of the sample at
varying temperatures can be evaluated using the activation energy
of thermal quenching (E,), which is calculated using formula (S4),
and the results are shown in Fig. 3e. The higher E, means that
electrons require more phonon assistance to de-excite through
non-radiative pathways, while a lower activation energy will result
in the luminescence of the sample having more severe thermal
quenching behavior. The value of E, follows the order
Cs,ZrClgMo™ (254.54 meV) > Cs,ZrClgW"" (94.83 meV), as
shown in Fig. 3e. This relatively high E, is attributed to the fact
that the photogenerated excitons are confined in isolated octahe-
dral units in the zero-dimensional (0D) structure.*®*° The E, of the
sample is higher than the thermal energy at room temperature
(RT, 26 meV), and the energy barrier is higher than that at RT,
which ensures that the excitons can effectively recombine at RT.*
Additionally, the FWHM of the NIR PL peak of Cs,ZrClg:Mo™*"/W**
gradually increases with the increasing temperature (Fig. 3f). The
variation of FWHM with temperature of d* ion doped Cs,ZrClg is
due to the influence of lattice phonons. In order to further explore
the electron-phonon coupling of the Mo*"/W*'-doped sample,
according to Toyozawa’s theoretical analysis, the Huang-Rhys
factor S of the sample was calculated to characterize the elec-
tron-phonon coupling strength (formula (S5)). The variation of

View Article Online

Materials Chemistry Frontiers

FWHM with temperature of Mo*" and W*'-doped samples can be
well fitted with the theoretical curve (Fig. 3f), and their S values are
2.99 and 2.95, respectively. This small electron-phonon coupling
coefficient indicates that the bond length changes very little during
the entire temperature change process, and the structural rigidity
is relatively high. Simultaneously, this magnitude of S also
indicates that the NIR PL originates from d-d transitions, which
corroborates the previous conclusions, rather than from the self-
trapped exciton (STE).** Additionally, STE emission does not
exhibit the phenomenon of spectral splitting into multiple vibra-
tional coupling peaks at low temperatures.

3.3. Scintillation performance and applications

The sample also exhibits excellent NIR radioluminescence (RL)
characteristics under X-ray irradiation, making it a promising
X-ray detector and imaging scintillator. Fig. 4a shows the
mechanism of X-ray scintillation in lead-free halide vacancy-
ordered double perovskite. The high-energy X-rays first interact
with the heavy atoms in the lattice and then eject massive hot
electrons mainly through the photoelectric effect and inelastic
Compton scattering. These generated thermal carriers (holes
and electrons) undergo thermalization into low-energy excitons
within an ultrafast time scale, and then the electrons and holes
relax to the CB and valence band (VB) of the matrix, respec-
tively. The CB electrons and the VB holes will recombine to
produce radiative transitions directly or through the energy
level of the doped luminescent ions. The latter process com-
pletely overlaps with the path of the PL radiation process.

d? ion-doped Cs,ZrCls can be used as a broadband NIR
scintillator. The scintillation peaks of Cs,ZrCls doped with
different Mo**/W** concentrations under X-ray irradiation have
the same position and shape, but the intensity is different. As
the d” ion doping concentration increases, the scintillation peak
intensity of the sample increases, reaches a maximum value at
the concentration of 15 mol%, and then begins to decrease (Fig.
S5a-c). In addition, the normalized PL and RL spectra of the
samples are almost completely overlapped (Fig. S5d), indicating
that the exciton recombination pathways of the two processes
are the same. Since the scintillation process involves various
complex mechanisms, including the attenuation, absorption,
and conversion of X-rays by the sample, the optimal doping
concentration for scintillation differs from that for photolumi-
nescence. The RL lifetime of the sample is presented in Fig. Sé6a,
which is significantly higher than its PL lifetime. This may be
attributed to the fact that X-rays primarily generate a large
number of high-energy electrons through ionization excitation,
and then the exciton generation process ultimately resembles
that in electroluminescence, leading to recombination via rapid
singlet pathways.'**"** This indicates that PL and RL reach the
d? ions via different pathways, exhibiting similar emission peak
characteristics but different lifetimes. The total attenuation
coefficient is used to evaluate the X-ray absorption capacity of
the sample and thus reflects its potential as a scintillator.
According to the photon cross-section database, the absorption
coefficient of Cs,ZrClg:Mo*"/W*" is compared with that of
several classical scintillators over a wide photon energy range,
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(a) X-ray scintillation mechanism in lead-free halide double perovskites. (b) X-ray linear absorption coefficient, (c) X-ray attenuation efficiency (X-

ray photon energy = 20 KeV), (d) RL spectra (X-ray tube voltage = 20 kV; dose rate = 3.7 mGy,;, s 3, and (e) RL intensity as a linear function of dose rate of

Cs,ZrClg:Mo** (15 mol%)/W** (15 mol%) and several common scintillators.

and the results are shown in Fig. 4b.** Cs,ZrClg:Mo*" /W*" is
entirely composed of light atoms, so its absorption coefficient is
slightly lower than that of LYSO:Ce and BGO, but comparable to
that of CsI:'TI and much higher than that of Si. The total
attenuation coefficient takes into account the density of the
sample and is only related to the sample thickness. Therefore,
the relationship between the X-ray attenuation efficiency and
the sample thickness is calculated to characterize the X-ray
absorption capacity of the sample in practical applications
(Fig. 4c and formulas (S6) and (S7)). The result shows that a
sample with a thickness of only 0.5 mm can completely absorb
20 keV X-ray. This indicates that the d* ion-doped samples have
considerable X-ray absorption capabilities.

The LY was used to evaluate the scintillation performance of
the samples. By comparing with commercial scintillator CsI:Tl,
the LY values of Cs,ZrClg:Mo*" (15 mol%) and Cs,ZrClg:W**
(15 mol%) are determined to be 51613 photons MeV~ ' and
20023 photons MeV ™, respectively (Fig. 4d and formula (S8)).**
The excellent scintillation performance of the sample is attrib-
uted to the higher charge transfer and radiative recombination
efficiencies of the new pathway after d> ion doping.

The linear response behavior of the sample to the X-ray dose
rate can be used to evaluate its sensitivity to the X-ray. The
intensity of the RL spectra of Cs,ZrClg:Mo*'/W*" and commer-
cial scintillators at different doses of X-rays changes signifi-
cantly (Fig. S5e-i). The intensity changes of all samples can
conform to the linear relationship with the increase of dose rate
from 0.019 mGy,; s ' to 32.86 mGy,, s '. d*> ion-doped
Cs,ZrCls has a larger slope (Fig. 4e), which means that it will
show more obvious differences between objects of different

materials when this material is used for imaging, thus achiev-
ing better imaging results.

A low detection dose rate is advantageous in the practical
application of scintillators. Taking into account the influence
of the instrument background signal, the minimum detection
limits of Cs,ZrClg:Mo*"/W** were determined to be 192 and
546 nGy.; s~ ', respectively, at the signal-to-noise ratio (SNR) of
3 (Fig. S51). Such a low detection limit is already far below the
dose rate required for medical X-ray diagnosis (5.5 pGy,ir s '),
indicating that this sample has great application potential in
the field of NIR scintillation.*®

The temperature-dependent RL spectra of Cs,ZrClg:Mo*"
and Cs,ZrClg:W*" have similar changing trends to the
temperature-dependent PL spectra. The peak position does
not change within the temperature range, and the peak inten-
sity does not significantly weaken until above 500 K (Fig. S5j
and k). Additionally, X-ray fatigue stability is another important
factor that limits the use of metal halide scintillators. The
irradiation stability of the scintillator was evaluated by detect-
ing the spectral intensity of X-rays being switched on/off over
one hour. Cs,ZrClg::Mo*" exhibits excellent radiation stability
(Fig. S6b). Under repeated on-off irradiation at a high X-ray
dose rate of 3.7 mGy,;; s~ ' over 1 hour, it still maintains 95% of
the initial RL intensity, with a total dose of 6.66 Gy,;,, which is
equivalent to 33 300 chest X-ray examinations (0.2 mGyy;,).*°

Since Mo**-doped samples have better scintillation proper-
ties, they are mixed with PDMS to make flexible films for
scintillation imaging. Fig. 5a shows a large-area flexible scin-
tillator screen with an area of 10 x 10 cm” prepared by spin
coating. The Cs,ZrClg:Mo* @PDMS flexible film has extremely
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curves of the scintillation screen, and the inset shows the photograph of the corresponding X-ray edge image. (h) Bright-field and X-ray images of

objects.

high flexibility and can be bent 90° to maintain its original
shape without breaking (Fig. 5b). The flexible film can still be
restored to its original state after being twisted or elongated
more than 100% (Fig. 5¢ and d and formula (S9)). To achieve
X-ray imaging using Cs,ZrClg:Mo**@PDMS as the scintillator, a
homemade optical system was built, as shown in Fig. 5e.
Imaging results from standard X-ray resolution test panels
based on the Cs,ZrCl;:Mo**@PDMS scintillator screen demon-
strate its excellent imaging capabilities, with an observed
resolution limit of 10 Ip mm™" (Fig. 5f). By using the modula-
tion transfer function (MTF) based on the slanted-edge
method, the spatial resolution at MTF = 0.2 was further
determined to be 10 Ip mm™" (Fig. 5¢ and formula (S10)),
which is similar to the imaging results of the standard X-ray
resolution test panels. The light yield, detection limit, spatial
resolution, and flexibility of the materials synthesized in this
work rank at a relatively high level compared to related studies,
and the comparison of key parameters is presented in Table S3.

The stability of halides is susceptible to degradation via deli-
quescence, and therefore the scintillator films were immersed
in water for an extended period to characterize their stability in
a humid environment. As shown in Fig. Sé6c, the prepared
scintillator film retained over 86% of its initial intensity after
remaining in water for one week, demonstrating that the PDMS
provided substantial protection to the internal sample. Because
the fabricated scintillation screen has excellent resolution, it is
applied to X-ray imaging. The Cs,ZrClg:Mo**@PDMS scintilla-
tion screen can absorb X-rays and convert them into light
signals that are easy to observe. Objects made of different
materials are placed between the X-ray and the scintillator
screen. Different materials have different X-ray blocking cap-
abilities, resulting in significant differences in the luminous
intensity of the scintillator screen, which makes the internal
structure of objects that are not visible to the naked eye clearly
displayed in the imaging system. The imaging results showed
that the metal components inside the phone card, the circuit
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board, and the capsule that were invisible to the naked eye
could be clearly displayed by the X-ray imaging system (Fig. 5h).
The above results demonstrate that Cs,ZrCl;:Mo** @PDMS has
excellent X-ray scintillation performance and has significant
application potential in fields such as medical imaging, X-ray
detection, and radiography.

4. Conclusions

In summary, we synthesized novel Mo** and W**-doped Cs,ZrCl
as broadband NIR scintillators. The synthesized sample has the
expected Fm3m vacancy-ordered double perovskite structure, with
d? ions successfully doped into the lattice. The d* ion-doped
sample exhibits broadband NIR luminescence and scintillation
properties around 1000 nm. Cs,ZrClg:Mo*" has X-ray absorption
capabilities comparable to commercial scintillators, with an LY
of 51613 photons MeV ' and a detection limit as low as
192 nGy; s~ '. Furthermore, an X-ray scintillation screen was
fabricated by mixing Cs,ZrClg:Mo*" powder with PDMS. The
prepared Cs,ZrClg:Mo*" @PDMS flexible films have outstanding
imaging capability with spatial resolutions up to 10 Ip mm™*. The
fabricated scintillator screen was successfully applied to X-ray
imaging. This work demonstrates that d* ion-doped Cs,ZrCl, is a
promising material for X-ray imaging and detection with a wide
range of applications.
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