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Innovations in scintillator materials for X-ray
detection

Kuilin Li,f Wenqing Li,T Qi Nie* and Xiao Luo ‘= *

Since their introduction in the early 20th century, scintillators have become essential components of a
wide range of applications, including high-energy physics, medical imaging, cryptography, and nuclear
detection. As the demand for high-performance scintillating materials continues to rise in particle physics
experiments and medical imaging technologies, the development of novel scintillator materials has
become a critical area of research. In recent years, advancements in scintillators have flourished, present-
ing new opportunities for practical applications. This review presents a comprehensive overview of stan-
dard performance parameters for scintillators, aimed at enhancing our understanding and evaluating their
advancements. Unlike previous reviews focusing on isolated material categories, this work provides a
cross-comparative analysis of emerging scintillators, with particular emphasis on challenges for high-pre-
cision detection and low-dose imaging. We highlight the latest developments in scintillator materials,
emphasizing research from the past three years and focusing on their intrinsic properties. Our analysis
covers the perovskite scintillators, nanocluster scintillators, rare-earth ion-doped scintillators, organic
scintillators, and scintillators with specialized structures. This classification offers a scientific perspective
on the overall progress in the field of scintillators, and several forward-looking insights into the future
development of scintillators are proposed, employing a problem-oriented approach. Future scintillator
development requires synergistic material design integrating computational modeling and scalable fabri-
cation techniques to enhance stability, radiation tolerance, and light yields. Prioritizing lead-free systems
and defect-tolerant lattice engineering will address environmental and operational challenges, and
advancements in hybrid architectures, and novel optical structures promise breakthroughs in low-dose
imaging, industrial nondestructive testing and sustainable radiation detection technologies. Eventually, we
discuss the challenges encountered in scintillator development, explore future prospects, and provide
valuable insights for improving their performances and expanding their applications.

not only spurred in-depth investigations into the properties
and behavior of X-rays but also ushered in a new era in

X-rays are a form of electromagnetic radiation with exceedingly
short wavelengths, typically ranging from 0.01 to 10 nm. Their
remarkable penetrating power and high energy enable them to
traverse various materials, including soft tissues in the human
body and denser substances. Due to their exceptional capacity
for penetration and imaging, X-rays find extensive application
across multiple domains, such as medical imaging, industrial
non-destructive testing, encryption and security screenings.'™
Since the groundbreaking discovery of X-rays by Wilhelm
Rontgen in 1895,° this technology has rapidly evolved and
made significant strides, gradually becoming an indispensable
part of modern science and technology. Rontgen’s discovery
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imaging science, providing a novel tool for medical diagnosis.”
Through modalities such as X-ray films, computed tomogra-
phy (CT), and digital imaging, physicians can observe the
internal structures and lesions of patients with remarkable
clarity, vastly improving the quality and efficacy of medical ser-
vices. Consequently, the development of materials capable of
detecting X-rays at low radiation doses is crucial.®
Furthermore, this technology adeptly identifies welding
defects, internal cracks, and other structural issues, ensuring
product quality and operational safety.

X-ray detection can be categorized into direct and indirect
methods based on different detection principles (Fig. 1).
Direct detection involves the direct absorption of X-rays, which
are then converted into electronic or biochemical signals.’ In
contrast, indirect detection involves the conversion of X-rays
into visible light or ultraviolet light using scintillation
materials, followed by detection with optical devices such as
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Fig. 1 Schematic diagram of the principles of direct and indirect X-ray detection.

photomultiplier tubes, charge-coupled devices, or complemen-
tary metal-oxide-semiconductor detectors.'® Indirect detec-
tion is generally more cost-effective than direct detection, and
the availability of various scintillators allows for diverse appli-
cations, making them increasingly popular. Practically, take
biological X-ray imaging as an example, X-rays pass through
the biological specimen and create an image on the scintillator
film. Then the scintillator film converts the high-energy X-ray
image into a signal that can be detected by conventional
imaging devices. Subsequently, this signal is processed by the
corresponding software and transformed into an image that is
recognizable by the human eye. Therefore, high-quality scintil-
lator films are crucial in the application process.

Scintillators are indispensable components of indirect
detection. When high-energy particles or electromagnetic radi-
ation traverse the scintillators, they interact with the atoms
within the material, exciting them to excited states. As these
atoms return to their ground states, they release energy in the
form of photons, emitting visible light or radiation of other
wavelengths. After a long period of development, numerous
traditional scintillators, characterized by their high light yield
(LY) and exceptional energy resolution, have achieved commer-
cial viability for their respective applications. For instance, due
to their exceptionally high LYs, Nal: Tl and CsL:T] have been uti-
lized in medical imaging, X-ray detection, and medical
radiography." ™ Bi,Ge;0;, (BGO) is widely accepted as an
commercial-applicable inorganic scintillator due to its
mechanically stable oxide with proportional performance.'*"
Moreover, single-crystalline Lu,;gY,,SiOs:Ce is employed in
positron emission tomography (PET), while GdWO, and
Gd,0,S:Tb are used in CT.'°'® Additionally, Y;Al;04,:Ce and
BaF, are utilized in high energy physics experiments."®*°
Despite their widespread application, these traditional scintil-
lators still suffer from some drawbacks. The preparation of tra-
ditional scintillator materials typically entails a complex
process, high temperatures, and the use of capital-intensive
equipment, resulting in  considerable  costs.'®*"??
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Furthermore, due to their intrinsic characteristics, these
materials inevitably experience interference from a long after-
glow, light scattering, and relatively low detection limit.>?
Additionally, their inflexible nature and biotoxicity limit their
potential for advancement. Moreover, the challenges in con-
verting the radiation emission wavelength into the visible light
spectrum further hinder their applicability.>*

Recently, the rapid advancement of scintillator materials,
driven by extensive and in-depth research, has captivated more
researchers each year. Among these, metal halides have gar-
nered significant attention due to their intriguing lumine-
scence properties and high LYs. Since Chen et al. utilized fully
inorganic perovskite nanocrystals as scintillators in 2018,*
achieving strong X-ray absorption, intense radioluminescence
(RL) at visible wavelengths, flexibility, and ultra-low detection
limits, the development of metal halides has progressed by leaps
and bounds. Accordingly, many studies have comprehensively
summarized recent research advancements in scintillator
materials. For instance, in 2023, Wang et al. summarized strat-
egies for enhancing the LY of halide perovskite scintillators and
presented a roadmap for improving X-ray imaging performance.>®
Zhou et al. summarized the latest advancements in low-dimen-
sional metal halide scintillators and proposed future develop-
ment directions.”® Some studies have predominantly concen-
trated on specific categories of scintillator materials. Fan et al.
focused on reviewing the progress of organic-inorganic hybrid
Mn(n) halide scintillators®” and Zhao et al. summarized advanced
techniques for preparing rare-earth nanocrystalline scintillators
and provided essential guidance for their application in bio-
medical research.”® Besides, rare-earth-doped nano-scintillators
have emerged as prominent scintillators in the field of bio-
medical applications. For example, Hong et al presented a
summary of the latest developments in advanced X-ray lumine-
scence, focusing on its applications in imaging, biosensing, ther-
agnostics, and neuromodulation through optogenetics.® In 2024,
Md. Helal Miah et al. summarized advancements in X-ray detec-
tion technologies across various materials, with a focus on meth-
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odologies, structural designs, and device architectures. Notably,
the review provides crucial insights into advances in perovskite
materials for X-ray detection and imaging applications, emphasiz-
ing strategies to optimize efficiency, stability, and scalability for
next-generation radiation sensing systems. To conclude, the devel-
opment of scintillators is both extensive and profound. However,
there is a noticeable absence of a comprehensive return to the
development of advanced scintillator materials.

In this review, we initially summarize a set of standard per-
formance parameters for scintillators to facilitate a deeper under-
standing and evaluation of their development. We update the
latest developments in scintillator materials based on their
inherent properties, with a particular focus on research from the
past three years. Then we focus on scintillators containing lead
and lead-free scintillators, Cu-based clusters, rare-earth-ion-doped
scintillators, organic scintillators as well as certain specialized
structures. Our classification provides a scientific overview of the
overall development of scintillators, aiding researchers in gaining
a comprehensive understanding of the latest advancements in
the field. Ultimately, this review also addresses the challenges
faced in the development of scintillators, analyzes the prospects
for their future advancement, and offers insightful visions for
enhancing the performance of scintillators and their applications.
Unlike prior reviews that adopt siloed discussions of conventional
material systems, this study pioneers a systematic cross-disciplin-
ary assessment of next-generation scintillators, encompassing
metal halide perovskites, copper-based nanoclusters, rare-earth
nanocrystallites and triplet-harvesting organic matrices. By criti-
cally evaluating their interdependent photophysical limitations,
such as ion migration in perovskites, environmental instability in
Cu-based architectures, and triplet exciton quenching in organic
systems, we have a clear and comprehensive understanding of the
advantages and disadvantages of each material in the new gene-
ration of scintillators.

2. Principle

In this section, we focus on the intricate details of both
material and device characteristics, with particular emphasis
on the interdependence between them. The performance and
features of the device are inevitably shaped by inherent pro-
perties of the materials employed. This comprehensive
exploration aims to elucidate the complex relationship
between material characteristics and the corresponding per-
formance metrics of the device, thereby providing the reader
with a deeper understanding of the subsequent content.

2.1 Light yield and overall conversion efficiency for X-rays

The LY represents the ability of a scintillator to convert high-
energy rays into low-energy visible light, which can be
expressed as follows:

S
LY = 1000000-2 (1)
BE

g
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where S represents the transmission efficiency of electron-hole
pairs to the optical emission centers, Q denotes the photo-
luminescence (PL) efficiency, f§ is a constant typically valued at
2.5, and E, is the energy band gap. In scintillators, the stan-
dard time gate is usually set between 100 ns and 10 ps, and
the exact value is determined through practical experimen-
tation. A high-energy LY is essential for scintillators. Moreover,
the overall conversion efficiency of X-rays in the scintillator can
be defined as the number of UV/visible photons (Np,) gener-
ated during the scintillation conversion process per unit
energy (E) of an incoming X-ray photon:

E/pEg
SQ

Nph =

(2)

2.2 Attenuation coefficient

The attenuation coefficient (AC) indicates how effectively the
detection material can absorb high-energy rays. It has a posi-
tive correlation with both its density p and effective atomic
number Z.. The attenuation coefficient is directly pro-
portional to these factors and can be expressed as:

P Zett*

AC
AE?

(3)

where A is the atomic mass and E is the radiation energy. This
equation indicates that heavy elements and a high crystal
density prevail in scintillators.

2.3 Afterglow

Afterglow refers to the time required for the intensity of RL in
scintillators to diminish to a certain level after X-ray exposure.
Due to the superimposition of previously exposed signals, pro-
longed afterglow can result in imaging artifacts. Therefore, a
shorter afterglow duration is more desirable for common
occasions. Yet along with the extension of scintillator appli-
cations, a long afterglow can be welcomed in some particular
situations, like imaging scenes with memory properties, which
are discussed in the following sections.

2.4 Spatial resolution

Spatial resolution pertains to the capacity to discern adjacent
details within an object and their relative clarity. Specifically,
higher spatial resolution is indicative of superior image
quality. In scintillators, spatial resolution is primarily influ-
enced by the geometric shape and intrinsic morphology of the
scintillator itself, including its shape, size, and thickness. It
has been widely accepted that the modulation transfer func-
tion (MTF), equivalent to 0.2, is derived from X-ray imaging to
characterize spatial resolution. This also reflects the limit-
ations of human visual discernment, typically measured in
line pairs per millimeter (Ip mm™"). It is important to note
that the thickness of the scintillator significantly impacts
imaging resolution. Thus, for discussions concerning scintilla-
tors in studies, it is essential to address both spatial resolution
and thickness concurrently.
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2.5 Linear response of scintillators and matching with RL
and the photodetector’s spectrum

RL refers to visible or near-visible light emitted by a scintillator
under the excitation of ionizing radiation. For the RL of scintil-
lators, the radiation intensity must have a linear relationship
with the dose of X-rays. Moreover, the wavelength of the RL
needs to match the efficient operational wavelength region of
the detector. It is also very important to select an appropriate
detector for different scintillators.

2.6 Detection limit

The detection limit is defined as the equivalent dose rate that
generates a signal three times that of the noise level. The cap-
tured signal should be recognized as valid only when the inci-
dent X-ray dose exceeds this limit. To lower this threshold and
enhance sensitivity, it is crucial to minimize the dark current
and improve the signal-to-noise ratio. In medical imaging, a
smaller detection limit reduces the exposure to X-rays and
thereby minimizes the potential harm to biological tissues.

2.7 Chemical stability and radiation resistance

Chemical stability is a crucial indicator of a scintillator’s
ability to maintain its performance under various environ-

View Article Online
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mental conditions, including moisture resistance, temperature
fluctuations, and oxidation resistance. For instance, CsI and
Nal:Tl may undergo degradation in high-humidity environ-
ments, resulting in decreased luminescence efficiency. As for
the radiation resistance, it is a key factor when assessing the
ability of scintillator materials to preserve their performance
upon exposure to high-energy radiation. Under exposure to
high doses of X-rays, the lattice structure of scintillator
materials may sustain damage, leading to a reduction in light
output and a decline in energy resolution. Enhancing both
chemical stability and radiation resistance can significantly
improve the performance of X-ray scintillators. This enables
them to maintain excellent detection capabilities and appli-
cation efficacy in various harsh environments.

3. Technology innovations

This section provides a categorized overview of commonly
used scintillator materials, highlighting their types, character-
istics, recent representative works, and potential issues
(Fig. 2). First, we introduce lead-based perovskite scintillators,
which have been the subject of extensive research due to the
strong X-ray absorption properties of Pb. This category

| ead-based Perovskite Seingy,
Qtor
§

{q?
(74
L .
O e
Na "
3 %
%&"$ 9,
. &,
& c@ ) %
> (4
4 Fo f 9
] YR ¢ ( e,
2
4 & % L ok 3
@ & P ‘
§ S - YR 2
= N ~p f 09 %
" .
Object [ i
— Scintillator
Camera
2 4 — Xeray lrac
= |[ | L
PO et .
. ‘ g I
2 & s
= v » S
® Pomonn s ahe - 4!'
i = §
! % §
k &
(‘ D
2 \ §
K: ‘ 03
t?l’ / ‘éO
% S
<, 3
0,}.
%, ®
7
%,
)
S
Qc'lr c‘\\‘a\o

Fig. 2 Brief overview of this review.

4744 | Inorg. Chem. Front,, 2025, 12, 4741-4768

g .
rth Nanocrystalline S

This journal is © the Partner Organisations 2025


https://doi.org/10.1039/d5qi00671f

Published on 08 April 2025. Downloaded on 6/22/2026 3:49:44 AM.

Inorganic Chemistry Frontiers

remains active, with new studies continuously emerging. Next,
we focus on lead-free scintillators, which have gained signifi-
cant attention in recent years due to environmental and sus-
tainable development concerns. Among these, copper-based
scintillators are considered an excellent alternative to Pb and
represent the main category within lead-free materials, as dis-
cussed in section 3.2.2. Additionally, there has been increasing
interest in emerging copper-based nanoclusters, which are
also being explored as scintillator materials, due to their excep-
tional optical properties. Rare earth elements, commonly used
in optical materials, have attracted significant attention for
their ability to regulate energy levels, with numerous appli-
cations in X-ray scintillators, which we address in detail in
section 3.4. Furthermore, organic materials, due to their con-
trollability and structural diversity, have also been extensively
researched within the field of scintillators. Lastly, we present
an overview of special structures in the scintillator domain,
incorporating recent advancements and relevant studies.

3.1 Lead-based perovskite scintillators

Benefiting from adjustable bandgaps, high spatial resolution,
fast response times, high LYs and considerable X-ray
attenuation,>*?°73? lead-based perovskite scintillators have
consistently been a major focus of research efforts and many
valuable efforts have explored these charming materials
(Table 1).>*37°% Nevertheless, they still suffer from several
drawbacks. The instability of a perovskite is always a non-negli-
gible issue because of its hygroscopicity. Water and oxygen
expand perovskite molecules, causing aggregation and
affecting their optical properties, which will even be prominent
under irradiation with X-rays,*® and the typical method for
improving a perovskite’s stability is to passivate its surface or
reduce inner defects. Favorable and accepted methods are to
embed them in solid substances or encapsulate them with
polymers like polyethylene glycol terephthalate (PET),
polytetrafluoroethylene (PTFE) and poly(methyl methacrylate)
(PMMA).>*

Based on similar methodologies, some groups have already
completed related work,”>*® and in the past two years more
noteworthy studies have been reported. Lv et al. combined
CsPbBr; nanocrystals with PMMA to fabricate a perovskite film
of over 100 cm® with a root-mean-square roughness of
1.06 nm, which retained 96% initial luminous intensity in
water and an ambient environment for 480 h and 2880 h

Table 1 The parameters of lead-based scintillators
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(Fig. 3a).>” Zheng et al. selected poly(maleic anhydride-ait-1-
octadecene) (PMAO) with a low molecular weight (M,, = 1911)
as the multi-dentate ligands and synthesized PMAO-CsPbBr;
lead perovskite nanocrystals (PNCs) via hot injection. It shows
preeminent water stability, maintaining its fluorescence for
2600 min while traditional PNCs became completely dysfunc-
tional after 100 min, as observed in Fig. 3b.>® For the
embedded-in-matrix strategy, Shen et al. applied cold-sintered
technology to bulk scintillators to fabricate CsPbBr; nanocrys-
tals embedded in the Cs,PbBrg structure based on an “emitter-
in-matrix” principle (Fig. 3c).>® This group employed a rather
low temperature of 90 °C during the sintering process and
DMSO was introduced as the antisolvent to promote its densi-
fication (Fig. 3d). Compared to solid-state sintering at high
temperature, cold sintering demonstrates highly compacted
grains with enhanced densification and transparency, thus
scattering can be well controlled. These bulk scintillators
exhibit a high LY of 33 800 photons per MeV, a low detection
limit of 79 nGy,;; s~* and outstanding spatial resolution of 8.9
Ip mm™.

Apart from those tactics mentioned for enhancing perovs-
kite stability, some other interesting methods have appeared.
Chen et al. found it detrimental to cross-linking of the organo-
silicon matrix that the silicon-based CsPbBr; encapsulated
nanocrystals were linked with long-carbon-chain ligands, thus
suffering from poor transparency and surface roughness.® Yet
this can be improved by substituting long chain ligands for
short ones (Fig. 3e). Then a dual-organosilicon ligand system
was proposed, consisting of (3-aminopropyl)triethoxysilane
(APTES) and (3-aminopropyl)-triethoxysilane with pentanedioic
anhydride (APTES-PA), and the scintillator showed a satisfying
spatial resolution above 20 lp mm™ and high stability in
various harsh environments. Wu et al. applied the host-guest
strategy, involving confining MAPbBr; nanocrystals in metal-
organic frameworks (MOFs) (Fig. 3f).°' The in situ spatial con-
finement provides quantum confinement and surface passiva-
tion, resulting in significant stability against air, heat and
irradiation. It exhibits a detection limit of 170 nGy,;, s~ and
an impressive spatial resolution of 14.7 Ip mm™". Likewise, Li
et al. presented a glass-ceramic CsPbBr; perovskite film with
high transparency, in which CsPbBr; crystals grew in situ.%*
The thickness was controlled by the crystal coordination-topo-
logy growth and in situ film formation strategy, resulting in
little light scattering and a uniform distribution of the perovs-

Material Type Light yield (photons per MeV) Detection limit (nGysi, s™) Spatial resolution (Ip mm™*) Ref.
CsPbBr; Nanocrystals 9001 — 9 57
CsPbBr; Nanocrystals — — — 58
CsPbBr;/Cs,PbBrg Nanocrystals 33800 79 8.9 59
CsPbBr; Nanocrystals — — 20 60
MAPDBT; MOFs — 170 14.7 61
CsPbBr; Nanocrystals — 326 13.9 62
MAPbMgZnCdBr; Nanocrystals 21200 462 11.7 63
CsPb,Brs:K* Nanocrystals 25160 162.3 21 64

This journal is © the Partner Organisations 2025
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MAPbMgZnCdBr3/PVDF-HFP scintillator and LUAG:Ce.

kite crystals. The as synthesized 250 pm film enables a detec-
tion limit of 326 nGy,;; s~ and a high spatial resolution of
13.9 Ip mm ™" with incredible stability under exposure to long-
term X-ray irradiation, water soaking and high temperature.
Besides the stability improvements, progress was also made
in the energy utilization efficiency by doping with new
elements. Xiang et al. performed calculations on the surface
formation energy and the vacancy defect energy and co-doped
several bivalent metal ions to substitute Pb in MAPbBr; to
improve the photoluminescence quantum yield (PLQY) and
decay time of the nanocrystal.®® Furthermore, the scintillator
was fabricated using MAPbMgZnCdBr; as the energy conver-
sion layer with PVDF-HFP as the carrier and demonstrated a
LY of 21200 photons per MeV (Fig. 3g) with a spatial resolu-
tion of 11.7 Ip mm™". Moreover, Qiu et al. doped non-emissive
CsPb,Br; with alkali metals, which caused lattice distortion
and enhanced electron-phonon coupling.®* This led to the for-
mation of potential transient energy wells, resulting in the cre-
ation of self-trapped excitons (STEs) generated by X-rays. The

4746 | Inorg. Chem. Front,, 2025, 12, 4741-4768

STE experiences radiative recombination, with a PLQY of
55.92%, thus X-rays can be transformed into red light.
Furthermore, the K'-doped CsPb,Br; based X-ray scintillator
displays high stability and weak self-absorption with a detec-
tion limit of 162.3 NGy, s~* and 21 Ip mm ™.

Despite being a long-investigated scintillator material, it
still suffers from non-negligible drawbacks. The predominant
emission mechanism via band-edge excitons introduces sub-
stantial self-absorption effects owing to spectral overlap
between its emission and absorption profiles. This fundamen-
tal limitation persists as a pervasive challenge inherent to vir-
tually all perovskite-based systems. While lead-based perovs-
kite scintillators exhibit unparalleled performance metrics, the
absence of innovative stabilization strategies remains a critical
bottleneck. No groundbreaking processing techniques addres-
sing environmental robustness have emerged in the latest lit-
erature, which confines their practical deployment to labora-
tory-scale demonstrations or strictly controlled environments,
as evidenced by rapid performance degradation. In addition,
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the potential environmental leakage risk of heavy metals
further hinders large-scale applications.

3.2 Lead-free perovskite scintillators

Although Pb based scintillators exhibit promising absorption
of X-rays, the heavy atom’s intrinsic toxicity, doing harm to
human health and environment, is still a non-negligible hin-
drance to its extensive applications. Therefore, the pursuit of
‘lead-free’ scintillators has been put forward, expecting
materials with no toxic element yet retaining exceptional and
controllable properties. In recent years, research on lead-free
scintillators has significantly outpaced that on traditional
lead-based scintillators, especially in the past two years
(Table 2).°>"%” These materials can be categorized into the fol-
lowing types: double perovskite scintillators, manganese-based
halide scintillators and others; these are all introduced and
discussed in the following sections.

3.2.1 Copper-free scintillators. One of the important forms
of copper-free scintillator materials is the double perovskite
material. Their development stemmed from the recognition
that, while perovskite materials have long been a focus of scin-
tillator research due to the advantages in their synthesis, the
isolated network of metal-halide octahedral units leads to poor
carrier mobility and predominantly indirect bandgap

Table 2 The parameters of lead-free scintillators
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characteristics.®*”® In contrast, the double perovskite
materials, typically represented as A,B;X¢ (where A is a mono-
valent metal ion like Ag" and Cs', B is a trivalent metal ion like
In*" and Sb**, X refers to a halide anion), though suffering
from lower carrier mobility and a larger indirect bandgap com-
pared to the perovskites, possess a cubic structure with inter-
linked [B*Xe]’~ and [B*Xe]*~ sites and do not contain toxic Pb
elements.®®”'”7? This objectively enhances the material’s stabi-
lity and environmental friendliness, making it an attractive
alternative to perovskite materials for researchers. Efforts have
been made to circumvent these drawbacks. For example,
Varnakavi et al. managed to inject 4.04% of Mn(u) into a
double perovskite Cs,NaBiCls nanocrystal (Fig. 4a), which
turned out to have a PLQY of 10.6% at 586 nm, circumventing
self-absorption.”* The Cs,NaBiClg:4.04%Mn@poly(methyl
methacrylate) scintillator film demonstrates a satisfying LY of
28 350 photons per MeV and a detection limit of 45.2 nGya;,
s™!, along with a rather exceptional spatial resolution of 14.76
Ip mm™'. Recent advances in Bi*'-doped perovskite scintilla-
tors”> highlight their critical role in performance enhance-
ment. In 2025, Chen et al. engineered 3D bismuth chloride
perovskites via monovalent Na* incorporation, achieving a sen-
sitivity of 354.5 mCGy ' cm™? and an ultralow detection limit
of 59.4 nGy s~ with stable cycling over 4500 on-off cycles.”®

Light yield (photons per MeV)  Detection limit (nGy,;; s™')  Spatial resolution (Ip mm™)  Ref.

Material Type

Cs3Cu,ls:Mn Single-crystal 95772
Rb,Agl;:Cu’ Single-crystal 53983
Cs3Cu,l;:HCOO™ Single crystals 61500
Cs;Cu,ls 0D —_
CszCu,l; Nanocrystals —
Cs;Cu,ls Nanocrystals —
Cs;Cu,Cl; Single crystal 95 000
CsCu,l; Crystal —
CssCu;Clel, 1D 64 800-67 200
Cs5Cu;Clel, 1D —
Cs5Cu;Clgl,:Rb Crystal 64 868
Rb,AgBr;:Cu’ Single crystal 79250
Rb,Agl;:Cu* 1D single crystals 36293
Rb,AgBr;:Cu’ Single-crystal —
Cs,NaBiClg Nanocrystals 28350
Cs,TeClg Microcrystals 38523
Cs,HfClg Microcrystals 21700
Cs,Cd;_Mn,Bi,Cl;, 2D 34450
(C35H,,P),MnCl, Single crystals 78937
(C3gH34P,)MnBr, Crystal 35945
BPP,MnBr, 0D 35000
(MTP),MnBr, Crystal 67 000
PrPP,MnBr, Single crystal 43511
(Br-PrTPP),MnBr, 0D 68 000
(BTPP),MnX, 0D 53 000
A,MnBr, 0D 80100
DMA,InCl,:Sb** oD 23500
TTA,IN, 0,Sbg 0sCls 0D 60976
TpyBiCls Single crystal —
AgeSeLs (SC-AZ) Metal cluster 17 420
Ag,Cl,(dppb), Single crystal 79970
Cs,Ag 6Na. In.gsBi.;sClg  Nanocrystals —
Cs,CdCl4:10%Mn Single crystal 88138
Th**~Cs,NaGdCly Single crystals 39100

Te"" dopingCs,SnClg

This journal is © the Partner Organisations 2025

Nanocrystals

— — 100
231 14.1 101
— 10 102
12760 000 10 103
105 14.3 104
— — 105
2700 105 106
88.9 15.6 107
— 27 108
— — 109
— 14 110
714.83 5.8 111
1022 10.2 112
— 10.2 113
45.2 14.76 74
258 15.9 66
55 11.2 67
183.6 16.7 77
— 25.61 82
5500 16.7 83
250 20 84
82.4 6.2 85
13.9 53.5 86
45 12.78 87
89.9 14.1 88
30 14.06 89
175 — 90
90 — 91
196.31 — 92
— 16 93
59.8 25 94
— — 95
31.04 16.1 96
41.32 10.75 78
132 20 79
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Fig. 4 (a) Schematic diagram of Mn?*-doped Cs,;NaBiClg showing STE dynamics and the Mn?* PL mechanism. (b) RL of CHTC and CTC. (c) RL of
CHTC and CTC as a function of dose rate. (d) RL spectra of (MTP),MnBr, and BGO under X-ray irradiation (left). Integrated RL intensity of
(MTP),MnBr, as a function of X-ray dose rate (middle). Time-dependent RL intensity of (MTP),MnBr,4 upon continuous X-ray irradiation at a dose rate
of 42.29 mGy s~* for 60 min (right). (e) The MTF of the PrPP,MnBr, scintillation film beveled edge image. (f) Schematic diagram of the emission
mechanism with STE (T) and STE (S). (g) The MTF of the Ag,Cl,(dppb), (Agl) scintillator edge images.

Complementing this, Subagyo et al. demonstrated the efficacy
of Bi*" in optimizing radiation hardness, LY, and defect
dynamics, underscoring its potential for sustainable high-per-
formance X-ray detectors. Together, these studies exemplify
the versatility of Bi** in advancing perovskite scintillators for
precision radiation sensing.®® In parallel, Lai et al. discovered
that the Te-based double perovskite, Cs,TeCls (CTC) microcrys-
tal, showed a broadband yellow emission which was highly
matched with CCD.®® Furthermore, the hafnium alloyed CTC
scintillator, with PDMS as the binder, demonstrates a LY of
38523 photons per MeV (Fig. 4b), a detection limit of 258
nGy,i: s ' (Fig. 4c) and an outstanding spatial resolution of
15.9 Ip mm™"
and under ambient conditions for 60 days, there were no extra
diffraction peaks observed in XRD spectra, indicating promising
stability, which was possibly due to short Hf-Cl bonds, with a
spatial resolution of 11.2 Ip mm™".%” Moreover, Li et al. reported
a 2D layered double perovskite, namely Cs,Cd;_,Mn,Bi,Cl;,,

. Likewise, Zhang et al. came up with Cs,HfClg,

4748 | Inorg. Chem. Front, 2025, 12, 4741-4768

which demonstrated preeminent scintillation properties, includ-
ing exceptional emission response linearity and a high LY of
~34 450 photons per MeV.”” More admirably, the X-ray excited
emission intensity remained at 92% and 94% respectively after
being stored under an ambient atmosphere and exposed to a
total dose of 11.4 Gy irradiation. After being mixed with PDMS,
the scintillator screen exhibits an excellent spatial resolution of
16.7 Ip mm™'. Subsequently, Naresh et al proposed the
Cs,NaGdClg:5%Tb*" films with 0.4 mm thickness and achieved
a low detection limit of 41.32 nGy,, s ', an LY of 39100
photons per MeV and excellent radiation stability.”® After the
introduction of Tb*", the PLQY increased from 8.4% to 72.6%
due to efficient energy transfer from STE to Tb*'. Likewise,
Wang et al. introduced Te*" into the double perovskite Cs,SnClg
and fabricated flexible imaging screens with a resolution of 20
Ip mm ™" and a low detection limit of 132 nGy,;. s~*.”°
Manganese-based halides have only been utilized in the
past five years. Due to their excellent LY and high energy radi-
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ation absorption performance, they are designed to be poten-
tial candidates for efficient and environmentally friendly scin-
tillator materials.®>®! Here we focus mainly on research pub-
lished in the past year. For instance, Zhou et al. designed and
synthesized the thickness-tunable inch-sized Mn-based halide
single crystal, (C,5H,,P),MnCl,, with a PLQY up to 99.10% and
the scintillator film showed a LY of 78 937 photons per MeV
and a spatial resolution of 25.61 Ip mm™.%* Liu et al syn-
thesized the (C3gHs,P,)MnBr, organogel scintillator and made
it water-stable, stretchable and self-healing by carefully arran-
ging and activating dynamic hydrogen bonds and coordination
bonds.®® The organogel scintillator is able to be stretched up
to 13-fold while maintaining its property, and the imaging
resolution reached 16.7 Ip mm™". The scintillator film demon-
strated seamless self-healing within 30 min, providing a robust
solution for the self-repair of flexible films that may experience
bending or cutting damage during usage. Wang et al. reported
a method to control the crystallization process of manganese
halides through organic cation modulation.?* This approach
aims to reduce uncontrolled crystallization during the fabrica-
tion of large-area flat-panel detectors, thereby enhancing their
light-emitting properties. The large steric hindrance brought
by the cation provides a high exciton binding energy and
restrains non-radiative recombination. The as synthesized
BPP,MnBr, (BPP = C,5H,,P") exhibits a superior spatial resolu-
tion of more than 20 lp mm™, an exceptional LY of over
35000 photons per MeV and an ultra-low detection limit of
less than 250 nGyai, s™'. Likewise, Zhang et al. reported the
potential of applying (MTP),MnBr, (MTP refers to methyl-
triphenylphosphonium) as an X-ray scintillator for its near-
unity PLQY, high resistance to thermal quenching and decent
stability.®> They fabricated a thin film scintillator and deter-
mined its impressive LY of 67000 photons per MeV and
superior detection limit of 82.4 nGy s~ (Fig. 4d).

Moreover, Xiao et al. synthesized PrPP,MnBr, (PrPP, refers
to diisopropylammonium) by a dual-solvent evaporation
method, and the 10 ecm % 10 cm area scintillation screen based
on the solidified melt salt exhibited a LY of 43 511 photons per
MeV, an unprecedented high spatial resolution of 53.5 Ip
mm~" (Fig. 4e) and an outstanding detection limit of 13.9
nGy.ir s % Also, Zhang et al, recognizing the satisfying
optical and scintillator properties of 0D organic-inorganic
hybrid metal halides (OIMHs), synthesized (Br-PrTPP),MnBr,
(Br-PrTPP refers to (3-bromopropyl) triphenylphosphonium)
via a facile saturated crystallization method.?” Attributed to the
tetrahedrally coordinated [MnBr,]*>~ polyhedron, it demon-
strates an excellent LY of up to 68 000 photons per MeV and
lowest detection limit of 45 nGya; s~'. Li et al. prepared 0D
(BTPP),MnBr, (BTPP refers to benzyltriphenylphosphonium)
as a promising scintillator with excellent air and radiation
stability, which showed an appreciable LY of 53 000 photons
per MeV, a low detection limit of 89.9 nGy,;, s~ and an ultra-
low afterglow comparable to the commercial BGO single
crystal.®® Furthermore, after fabricated as a flexible screen
combined with PDMS, a rather high spatial resolution of 14.1
Ip mm™" was achieved. In addition, Gong et al. presented a
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novel group of 0D hybrid manganese halides of A,MnBr, (A =
BzTPP, Br-BzTPP, and F-BzTPP).*° Benefiting from near-unity
PLQY, these hybrids show a state-of-art LY of 80100 photons
per MeV for hybrid manganese halides. The 30 NGy, s
ultra-low detection limit, 14.06 Ip mm™" qualified spatial
resolution and 0.3 ms short afterglow make it a promising
scintillator for further applications.

Apart from all these copper-free scintillators mentioned,
there are still several noteworthy studies we would like to
present. For example, Wang et al. discovered the introduction
of a small amount of Sb®" into the indium halide DMA,InCl,,
resulting in DMA4InCl,:10%Sb>", largely enhancing the PLQY
by 9-fold, which originated from efficient energy transfer
between Sb** ions and STE states.’® The STE emission yields a
high LY of 23 500 photons per MeV and a low detection limit
of 175 nGy,; s~'. Likewise, Huang et al. discovered the novel
influence of the A-site on the band-edge structures and opto-
electronic properties, and some Sb**-doped 0D halide perovs-
kite derivatives were designed as experimental proof.’!
Benefiting from the deformation of the lattice brought about
by Sb**, STE states are harnessed properly (Fig. 4f), resulting
in a qualified LY of up to 60 976 photons per MeV and a detec-
tion limit of 90 nGy,;, s_'. Moreover, Wang et al. designed and
synthesized a molecular hybrid perovskite, TpyBiCls, which
managed to circumvent thermal quenching via multi-excited
state switching, originating from the inter-reaction among its
counterparts in the perovskite.”” It also shows a rigid frame-
work structure, resulting in 12 times higher PLQY than its
organic ligand (Tpy) at room temperature. TpyBiCl; maintains
an ideal detection limit of 196.31 nGy s™' even at 353 K
through thermally activated delayed fluorescence (TADF), and
a clear image at 413 K, effectively addressing potential anneal-
ing issues observed in other films. This characteristic offers a
promising solution for the application of scintillators under
extreme conditions, such as in situ imaging of thermal loss
during mechanical operation. Furthermore, Wang et al. syn-
thesized AgesSsLe (SC-Ag) metal clusters through a simple solvo-
thermal reaction.”® The heavy atom guarantees an effective
TADF mechanism, and satisfyingly, SC-Ag demonstrates a high
PLQY of 91.6% and a LY of 17420 photons per MeV, along
with a preeminent spatial resolution of 16 Ilp mm™".
Additionally, the rigid core structure endows SC-Ag with strong
resistance to humidity and radiation. Additionally, Yuan et al.
pioneered high-performance TADF Ag-based scintillators,
namely Ag,Cl,(dppb), (dppb refers to 1,2-bis(diphenylpho-
sphino)benzene), with an exceptionally high RL intensity and
a low detection limit of 59.8 nGy s *.°* Its superior perform-
ance, compared to the Cu series, mostly results from effective
utilization of high excitons due to a small singlet-triplet
energy gap. The flexible film fabricated has a high spatial
resolution of 25 Ip mm™" (Fig. 4g). Another work worth men-
tioning is that of O’Neill et al. who synthesized and character-
ized Cs,Ag6Nag 4INg g5Big15Clg (CANIBIC), an inorganic
mixed-cation double halide perovskite, and figured out its STE
emission mechanism.®®> Moreover, the CANIBIC-PMMA film
demonstrates higher X-ray luminescence intensity than that of
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the pure pressed pellet of CANIBIC. Also, Wang et al. reported
a Mn**-activated all-inorganic 2D layered Ruddlesden-Popper
perovskite, namely Cs,CdCl,:10%Mn.’° It possesses a bright
orange-red emission with 90.47% PLQY, strong X-ray absorp-
tion, an ultra-high LY up to 88 138 photons per MeV and 31.04
nGy,ir s'. A 15 cm x 15 cm flexible screen was prepared by
combining PDMS with Cs,CdCl,:10%, with a high spatial
resolution of 16.1 Ip mm™" and qualified imaging capability
under an extreme low dose of 16 PGy, s~ .

While copper-free scintillators, as a subclass of their lead-
free counterparts, enable elements with analogous elements,
such as Mn, Bi, and Te, to better manifest their intrinsic pro-
perties for optimizing spectral characteristics and enhancing
performance, critical challenges persist. These include the
generation of toxic species from undesired byproducts during
the synthesis of organic components in hybrid organic-in-
organic systems, inherent parity-forbidden transitions in
double perovskites necessitating additional strategies to
improve the LY,”” and the hygroscopic nature of lead-free var-
iants imposing stringent encapsulation requirements that
limit their practical deployment.®®

3.2.2 Copper-based scintillators. Cu substitution is the
best accepted solution, and Cs;Cu,l;5 is a widely reported Cu-
based scintillator with prominent feasibility, because the zero-
dimensional (0D) structure of Cs;Cu,l; effectively localizes and
segregates multiple STEs, thereby mitigating Auger recombina-
tion.”® Several works have been reported on this appealing
material;' here we focus only on work from recent years, for
which researchers have focused their efforts on synthesis pro-
cedure progress or property enhancement. For instance, to
avoid lattice distortion caused by heteromorphic homologs in
vacuum-evaporated metal halides (MHs), Peng et al. brought
out a single-source vacuum evaporation method.'* A ~10 pm
thick film of Cu-MHs was synthesized by using this very strat-
egy, to achieve an impressive LY of 53 983 photons per MeV
and a spatial resolution of 14.1 Ip mm™".

Doping is recognized as a potential method for enhancing
efficiency and stability. For example, Wang et al. focused their
efforts on multi-self-trapped excitons of HCOO™-doped
Cs3;Cu,l;s single crystals with transient and steady-state spec-
troscopy, and figured out that it derived from the host lattice
and external dopants separately, which could both be triggered
independently.'® Then, after carefully tuning the excitation
wavelength and selectively exciting different STEs, Cs;Cu,ls:
HCOO™ demonstrates a remarkable PLQY of 99.01% and little
self-absorption, with LY being improved by 5.4 times, com-
pared to that of pristine Cs;Cu,ls; crystals, up to 61500
photons per MeV (Fig. 5a). Also, like the lead-based perovskite
scintillators, combination with poly-carriers is considered a
way of enhancing stability. To illustrate this, Moon et al
reported novel technology that integrated Cs;Cu,ls perovskite
nanoparticles into densified-delignified wood, namely
Cs;Cu,ls@D-Wood, for an eco-friendly and biodegradable
X-ray scintillator film with a spatial resolution of 10 Ip
mm~.'* Similarly, Hao et al. developed an innovative inte-
gration of Cs;Cu,I; with PVDF and PMMA, effectively prevent-
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ing agglomeration and ensuring a more uniform size distri-
bution, which, in turn, improved stability.'®* The as controlled
flexible scintillator film displays a satisfying spatial resolution
of 14.3 Ip mm™" and a low detection limit of 105 nGy s~ was
achieved.

To further exert the functionality of Cs;Cu,l5 and its deriva-
tives, some praiseworthy investigations have been conducted.
For instance, considering that the absence of X-ray energy dis-
tinction shall result in insufficient image contrast, Ran et al.
presented an innovative multi-energy X-ray linear-array detec-
tor based on Cs;Cu,l; (Fig. 5b)."° Benefiting from the negli-
gible self-absorption of the material and side-illuminated scin-
tillation scenarios, the incident X-ray spectra could be recon-
structed by analyzing the distribution of the scintillator inten-
sity while illuminated from the side. As a result, the outcome
error can be controlled to be below 5.63%. Xiang et al. pre-
sented centimeter-sized Cs;Cu,Cls via a slow-cooling method,
and the planar orientation, which was controlled in a space-
confined chamber, required no further shaping before being
fabricated as a scintillation screen.'®® The synthesized
Cs3Cu,Cls single crystal exhibits an impressive LY of up to
95 000 photons per MeV and a low detection limit of 2.7 pGyair
s~'. Moreover, it could retain its original phase for 6 months
in a vial after the surface passivation procedure. Intriguingly,
Ran et al., the same group mentioned above, also discovered a
better match between CsCu,l;, once considered the oxidation
product, and the spectral responsivity of regular flat-panel
photodiode arrays than Cs;Cu,ls, showing potential extension
for further application in X-ray scintillators.*®”

Another interesting and noteworthy Cu-based scintillator
was presented in recent years, and has attracted attention in
the frontier research field, namely CssCu;Clgl,. Its presenters,
Wu et al., discovered it possessed benign grain boundaries
without dangling bonds, which were commonly considered to
contribute to RL lifetime extension and nonradiative recombi-
nation loss increase.'®® After fabrication as a columnar mor-
phology via close space sublimation, it exhibits negligible
afterglow and a high LY (Fig. 5c). The imaging property was
also determined; it demonstrated a spatial resolution of 27 Ip
mm~" with a frame rate up to 33 fps. Also, Zhang integrated a
Cs5CuzClgl, event-based scintillator film with negligible ghost-
ing artifacts (0.1%) and an impressive data compression ratio
of 23.7%.'°° Shu et al. reported the Rb doped Cs;Cu;Clgl,
crystal with considerable improvement in stability against heat
and humidity and an outstanding LY.''° Combined with
PDMS, the Cs;CusClgl,:Rb scintillator screen reaches a high
spatial resolution of over 10 Ip mm™".

Besides, copper(i) itself can also be used as a dopant to
enhance the STE state. To illustrate, Hu et al. discovered that
the introduction of 0.05% Cu" into Rb,AgBr;:Cu’ could largely
enhance the PLQY to 98.8% (Fig. 5d).""" Consequently, a pre-
eminent LY of 79250 photons per MeV and rather low detec-
tion limit of 714.83 nGy s~ " were achieved. Likewise, Yao et al.
synthesized 1D Cu'-doped Rb,AglI; with 76.48% PLQY, demon-
strating a LY of 36 293 photons per MeV, a low detection limit
of 1.022 Gy, s~ and a decay time of 465 ns.''* In very recent
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Fig. 5 (a) RL spectra of pristine and HCOO™-doped Cs3Cu,ls single crystals. (b) Schematic of SIXS for multi-energy X-ray detection and imaging. (c)
Dynamic imaging of a screw after 10 s of X-ray excitation using Csl:Tl and CssCuszClgl, films. The CssCusClgl, film shows no residual image, while
the image in the Csl:Tl film persists even after 3 s. (d) Crystal structure diagram of Rb,AgBrs (left) and the schematic substitution model via Cu*
doping (right). (e) Schematic of the mechanisms in Cuyls cubic clusters. (f) The PL mechanism in the configuration coordinate diagram of
[BzTPP],Cus,l4. (g) Bright-field and X-ray images of a USB drive. (h) POM images of M3 at different temperatures.

work, Wu et al further enhanced the performance of
Rb,AgBr;:Cu’, achieving single crystals with a PLQY of up to
99.2%."** Through pulsed decay measurements and DFT cal-
culations, they demonstrated that the incorporation of Cu
increased the density of deep bound excitons, thereby signifi-
cantly enhancing radiative recombination. By integrating the
material with PDMS, they successfully fabricated a large-area
flexible scintillator film, which exhibited a spatial resolution of
10.2 Ip mm™", indicating its potential applications in radiation
monitoring and biomedical imaging.

Copper-based systems, serving as a viable substitute for
their lead-containing counterparts, have emerged as one of the
most  promising  non-toxic  scintillator  candidates.
Nevertheless, even though elemental doping strategies have

This journal is © the Partner Organisations 2025

been employed to mitigate their degradation under ambient
conditions, the degradation pathways, such as oxidation or
segregation remain non-negligible."** Furthermore, the spec-
tral mismatch between their emission profile and the respon-
sivity spectra of commercially available photodetectors
imposes additional constraints on achieving optimal detection
efficiency.'™

3.3 Cu-based cluster scintillators

Another huge family of Cu-based scintillator materials are
Cu,l, clusters, usually combined with organic cations or poly-
mers, which no doubt are emerging as new X-ray scintillators
(Table 3). Blessed with double STE emission, these clusters
usually exhibit a considerable LY, a large Stokes shift and high-
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Table 3 The parameters of Cu-based cluster scintillators
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Light yield (photons per

Detection limit (nGy,;  Spatial resolution (Ip

Material Type MeV) s mm ™) Ref.
Cuyl¢(bttmpe), Cluster — — 17 117
Cuglg(bu-ted), — — 19.6 20 118
(IPP)Cul, Cluster 75793.83 62.29 10.2 119
(C12H3N),Cu,l, Single crystal 56 000 28.39 19.8 120
[DDPACDBFDP],Cu,l, Cluster — 77 12 121
CuyI,(CeHuN,), 3D 48538 30.68 — 122
Cu,I,(3,4-DMP), 0D 38031 106.71 10 123
(18-crown-6),Na,(H,0);Cu,ls (CNCI) 0D 109 000 59.4 16.3 124
(BzTPP),Cu,l, 0D 27706 352 4.928 125
(CISDM),[Cu,I;] ,H,O 2D 41042 86.8 108 126
(4-bzpy),Cu,l, 0D 60 948 155.2 5 127
TPA,Cu,l, 0D 40124 126 5.5 128
CuIg(L1), 0D 32600 96.4 30 129
(MTP),Cul, (M1) 0D 6400 72.6 20 130
Cuglg(bu-ted), — — 32 17 131
1-rod MOF 41 000 34.6 20 132
CuyLy(R;As);L Cluster 15000 18.1 — 133
Cu,X, (X =Cl, Brand I) Nanoclusters 175 000 — 30 134
[CuI(PPh3),R] (R = PH, Cu-1 or PH-Br,  Cuprous — 49.7 6.8 135
Cu-2) complex

efficiency white light emission.’'®"'® As a highly regarded
material, major efforts have been reported. For instance, Lai
et al. prepared organic cuprous iodide clusters, (IPP)Cul, (IPP
refers to iso-propyltriphenylphosphonium).'*® These present
the best scintillator property when IPP: Cul = 1:0.75, with a
super low detection limit of 62.29 nGy s~ and an ultrahigh LY
of 75793.83 photons per MeV. They also applied it to CT and
obtained a clear reconstructed 3D model, due to its superior
spatial resolution of 10.2 Ip mm™". Zhao et al. designed and
fabricated a novel metal halide scintillator, (C;,H,gN),Cu,ly,
with white emission."*® Benefitting from the double self-
trapped mechanism, it demonstrates a really high PLQY,
which not only matches with the response of semiconductor-
based sensors, but also decreases the doses to which the
objects are exposed. The flexible transparent large-area scintil-
lator film made from this shows a superior luminescence
property, a high spatial resolution of 19.8 Ip mm™" and an
incredibly low detection limit of 28.39 nGy,;. s™*; these values
are four times higher and 194 times lower than the typical
value in medical usage. Moreover, recognizing the trivial factor
that X-ray luminescence efficiency in metal clusters is governed
by the competition between radiative states from organic
ligands and non-radiative ones (Fig. 5e), Zhang et al. reported
a class of Cuyl,; cubes, including [DDPACDBFDP],Cu,l,
(DDPACDBFDP refers to 10,10'-(4,6-bis(diphenylphosphanyl))).
It presents an impressive emissive RL due to functionalizing
the biphosphine ligands with acridine, which can effectively
absorb ionization radiation to generate electron-hole pairs
and subsequently transfer them to ligands during thermaliz-
ation.”" It demonstrates a PLQY of 95%, benefiting from
triplet-to-singlet conversion via a TADF matrix, the lowest
detection limit of 77 nGy s~ and a high spatial resolution of
up to 12 lp mm™". Similarly, Zou et al. employed a solvent-
recyclable green process to synthesize stable three-dimensional
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nanoclusters, Cu,l4(C¢H14N,),, achieving a PLQY close to
100%."** The sturdy 3D framework ensures the morphological
stability of the molecules at high temperatures and humidity.
It retains 90% of its room-temperature luminescence intensity
at 110 °C and 88.34% of its initial luminescence intensity after
100 days under ambient conditions. This demonstrates a
promising approach for the green, low-toxicity synthesis of
high-performance, lead-free nanoclusters. In work recently
reported by the same group, Zou et al. synthesized hybrid
copper iodide single crystals, Cu,I,(3,4-DMP), (3,4-DMP = 3,4-
dimethylpyridine), with a PLQY of 80%, utilizing ionic liquids
as both the solvent and iodine source, and nitrogen-containing
organic ligands for structural modulation."”® Notably, the
material overcomes the common issue of moisture-induced
degradation, demonstrating exceptional stability over 90 days,
thereby providing a novel solution for the inkjet printing of
scintillators.

To extend the scintillator properties, Wang et al. syn-
thesized (18-crown-6),Na,(H,0);Cuyls (CNCI) with little self-
absorption and near-unity green light emission."** It possesses
the highest values of LY ever reported, up to ~109 000 photons
per MeV, and other impressive scintillator properties, like an
ultralow detection limit of 59.4 nGy s™' and an appreciable
spatial resolution of 16.3 Ip mm™ for CNCI-polymer film
screens, which are further improved after modification by a
silicon wave guide structure to 24.8 Ip mm™". Furthermore, Lin
et al. designed (BzTPP),Cu,l, (BzTPP refers to benzyltriphenyl-
phosphonium) as a scintillator, exhibiting a substantial Stokes
shift of 167 nm and 27 706 photons per MeV, the energy trans-
fer mechanism of which is shown in Fig. 5f. This material
stands out as the premier choice among copper-based scintil-
lators.'* Also, Yang et al. presented a 2D-copper-based cluster,
(CISDM),[Cu,lg] 2H,O (CISDM refers to cis-2,6-dimethyl-
morpholine), as a qualified scintillator material, with 87.2%
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PLQY at 588 nm.'?® It also demonstrates a strong linear
response to X-rays, with a LY of 41 042 photons per MeV, a low
detection limit of 86.8 nGy s™', and an exceptional resolution
of 108 Ip mm™". These characteristics represent a state-of-the-
art performance for lead-free metal halide hybrid materials in
spatial detection. Also, Kong et al. combined a conjugated
organic cation (4-benzylpyridine, 4-bzpy) with copper(i) iodide
modules to grow organic copper halide single crystals, namely
0D cubane-like (4-bzpy),Cuyl,."*” It demonstrates a high LY of
60 948 photons per MeV and an exceptional linear relationship
with X-ray dose, originating from the ligand-to-core charge
transfer state. Similarly, Lv et al. developed a copper halide
scintillator, TPA,Cu,l,, utilizing the principle of STE ultra-
broadband emission.'”® The material achieves a remarkably
high PLQY of 94.27%, a LY of 40124 MeV ', and a spatial
resolution of 5.5 Ip mm™, thereby providing new insights into
broadband-emission X-ray scintillators.

Also, a nano-rod strategy was employed to promote the per-
formance. He et al. chose copper iodide ink, Cuylg(L;), (Ly
refers to 1-propyl-1,4-diazabicyclo[2.2.2]octan-1-ium) 0D nano-
rods, as the scintillator, which exhibited a PLQY of 95.3% for
broadband green emission, and the imaging result of this scin-
tillator film is shown in Fig. 5g."*° The subsequent scintillator
screen shows a low detection limit of 96.4 nGy s, approxi-
mately 55 times lower than that required for standard medical
diagnosis (5.5 pGy s™'). Furthermore, the spatial resolution
exceeding 30 Ip mm™" was twice that of conventional scintilla-
tors. To enhance the stability, Bohan Li et al. fabricated three
excellent glass phase 0D hybrid copper halides, (MTP),Cul;
(M;) (MTP refers to methyltriphenylphosphonium),
(MTP),Cuyls-o (M,)'(MTP),Cuyls-p (M;), which shared the
same inorganic anions.’*® The prepared glass samples were
heated in air to promote the crystal-glass phase transition,
and the self-assembly enabled recrystallization, resulting in a
hybrid bulk glass-ceramic; the procedure is illustrated by
polarized optical microscopy (POM), as shown in Fig. 4h. It
demonstrates an outstanding LY of 64 000 photons per MeV, a
detection limit of 72.6 nGy s™* and high stability for real-time
X-ray imaging with spatial resolution above 20 Ip mm™"."*°
Likewise, Gu et al. reported the synthesis of Cuglg(bu-ted), via
a surfactant-assisted method, limiting the crystal size with the
help of controlling surface tension.’*' The material shows a
near-unity PLQY, resulting in a light output 4.8 times higher
than that of the commercial scintillator Lu;Al;0;,:Ce*, as well
as an impressively low detection limit of 32 nGy s™* and a
spatial resolution of 17 Ip mm™" while integrating SDBS into a
flexible screen. Also, for the purpose of preparing a high
quality, flexible and stable scintillator screen, Peng et al.
selected a macrocyclic bridging ligand with an aggregation-
induced emission feature as the MOF, which could endow the
scintillator with high efficiency and preeminent stability, com-
bined with a copper iodide cluster.'** The as-fabricated scintil-
lator film exhibits exceptional flexibility, enabling their inte-
gration with flexible OLEDs for the precise imaging of complex
surfaces or internal structures of objects. This capability holds
significant potential for applications in industrial inspection
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and biological imaging. Moreover, the introduction of in situ
polyvinyl pyrrolidone during the synthesis process leads to the
regular rod-shaped microcrystal, enhancing the processibility
even further. The scintillator realizes dynamic X-ray flexible
imaging for the first time with a real time ultra-high spatial
resolution of 20 Ip mm™". Also, Demyanov et al. presented
cubane Cu,l,-triarsenic clusters [Cuyly(R3As);L] (R refers to
the organic functional group, L refers to no ligand or nitrile)
with a record ultralow detection limit of 18.1 nGy s™* and an
exquisite linear response over a wide range of X-ray doses
(0-640 pGy,ir s7)."** Yuan et al. reported their discovery that
Cu,X, (X = Cl, Br and I) was a TADF nano-cluster scintillator
suffering from no mechanochromism and blessed with a con-
siderable X-ray absorption cross section, which contributed to
a flexible scintillator screen with excellent radiation and
humidity resistance, an ultra-high LY of 175000 photons per
MeV and a high spatial resolution of ~30 Ip mm™"."** Besides,
for the purpose of being eco-friendly, Chen reported a
mechanochemical method for synthesizing [Cul(PPh;),R] (R =
PH, Cu-1 or PH-Br, Cu-2), circumventing the harm brought by
diverse organic solvents in traditional chemical experi-
ments."*® Cu-2 demonstrates 2.52 times higher RL intensity
than that of the commercial BGO scintillator and 1.52 times
larger than that of Cu-1 due to the introduction of PH-Br,
which resulted in 37.75% higher PLQY.

Nanoclusters, emerging as a novel class of materials with
dimensions intermediate between single atoms and quantum
dots, exhibit near-unity PLQY and negligible Stokes shifts.
However, key mechanistic aspects, such as the nature of halide
ligand coordination dynamics, remain elusive,'*” while their
prevalent mechanochemical grinding synthesis protocols face
scalability challenges compared to solution-based methods
commonly employed for other luminescent materials."*®

3.4 Rare-earth nanocrystalline scintillators

Rare-earth-doped scintillator materials demonstrate promising
applications in nuclear medicine, radiographic imaging,
encryption and particle detection. The high energy-transfer
efficiency among rare-earth elements enhances the overall per-
formance of the materials, yielding greater light output.
Furthermore, doping with rare earth elements enhances the
thermal and chemical stability of scintillator materials. Their
unique properties also enable a wide range of luminous wave-
lengths, meeting the diverse needs of various applications.**’

In recent efforts, the doping of rare-earth elements into per-
ovskite materials has yielded significant progress. For
instance, in 2024, Wang et al reported a series of
Cs,Ag,Na, _,InBi, _,Cls halide scintillators doped with rare-
earth ions."®® Among them, Cs,Ag,.¢Nay 4Ing.05Big.05Cle:5%Tm
has a high PLQY in NIR light of up to 76.3% and a LY of up to
33500 photons per MeV. The flexible scintillators achieved a
high spatial resolution of 11.2 Ip mm™" and a low X-ray detec-
tion limit of 55.2 nGy,; s~'. Moreover, after doping with Tm
ions, they achieved clear imaging under bright external light-
ing by using an infrared camera with a 760 nm long-pass filter
in front of the lens (Fig. 6a).
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Cs2Ago.6Nag 4lNo.95Bin.0sClg:5%Tm (Tm-doped) films. (b) Schematic diagram of writing X-ray imaging information and decryption by a layer of the
perovskite nanocrystals. (c) Decay curve of the thermal-stimulated luminescence of NaLuF,:Gd** (20 mol%) at 314 nm was recorded at room temp-
erature after X-ray excitation was stopped for 5 min. The film was then heated to 80 °C for 160 min. (d) Photograph of the false information EHBUT
in the prepared multilayer hydrogel under UV light (365 nm). (e) Photograph of the encrypted information HBU in the multilayer hydrogel after
exposure to X-rays. (f) Schematic representation of radio-luminescent functional building units for constructing a thermo-responsive MOF scintilla-

tor. (g) Bright field photograph of glass scintillators.

Doping rare-earth ions into fluoride-containing nano-scin-
tillators is also a recognized approach.®'*°'** In 2023, Yang
et al. reported high-security X-ray imaging encryption techno-
logy by developing an ultra-long RL memory film, namely
NaLuF,:Gd*" or Ce**, which captured subtle pure UV emission
characteristics.”*® The encrypted X-ray imaging information
can be securely stored in memory films for over seven days and
can be optically decoded using perovskite nanocrystals (Fig. 6b
and c). Moreover, the as-fabricated flexible memory film exhi-
bits a high spatial resolution of 20 Ip mm™". The varying dur-
ations of fluorescence lifetime offer distinct advantages in
different application contexts. To address the issue of strong
hysteresis scintillation luminescence, Zhang et al. synthesized
LiYF4:15Tb/25Gd@LiYF, core/shell nano-scintillators to
inhibit the generation of Frenkel defects.'*' In the same year,
Yang et al. reported NaLuF,:Gd/Tb/Eu doped with 5%Tb with a
high LY of 15313 photons per MeV and a low detection limit
of 84.1 nGy,;; s~*.**® Subsequently, Zhang et al. exhibited Tb**-
doped NasLugF;, with good water dispersibility and highly sen-
sitive luminescence to X-rays."*” Remarkably, they employed
multilayer hydrogels for information camouflage and multi-
layer encryption. The encrypted information can only be
identified through X-ray exposure, while false information is
revealed under ultraviolet light (Fig. 6d and e). In 2024, Lu
et al. proposed a type of heterovalent Cu®* ion co-doped
LiLuF,:Tb,Cu microcrystalline scintillation material with
higher RL intensity, long afterglow and thermoluminescence
intensity.'*® The detection limit of LiLuF,:Tb,Cu can reach
2.7928 nGy s and a spatial resolution of 22 Ip mm™'@MTF =
0.2 is achieved.

4754 | Inorg. Chem. Front, 2025, 12, 4741-4768

In the field of scintillators materials, MOFs provide a
tunable platform for the integration of X-ray absorption
centers and luminescent chromophores in a dense framework
manner and rare-earth-doped MOFs are widely studied
recently, as it is in perovskite scintillators.*® In 2024, Li et al.
proposed thermo-responsive lanthanide MOF scintillators
(Tbg.o5Eug.05-BPTC), presenting a low dose rate detection limit
of 156.1 NGy, s~ (ref. 150) (Fig. 6f). Tby.osEUg 05-BPTC has a
high relative LY of 39000 photons per MeV, imaging spatial
resolution of 18 Ip mm™", good irradiation stability and giant
color transformation visualization, benefiting the applications.
Similarly, Jin et al reported [l1-ethyl-3-methylimidazolium]
EuBr;MeOH as scintillators with a LY of 43 000 + 100 photons
per MeV and achieved spatial resolution above 10 Ip mm™".""
Additionally, Yang et al. reported Eu-pba and Tb-pba, featuring
excellent radiation, hydrolytic, and thermal stabilities. Using
them as scintillators can result in a linear response to the
X-ray dose rate with detection limits of 4.92 and 3.17 puGy s™*,
respectively."”> Recently, Xu et al firstly proposed organo-
lanthanide scintillators that offered diverse emission colors
from ultraviolet to near-infrared and enabled precise control of
luminescence lifetimes from nanoseconds to microseconds."?
Their materials can efficiently capture the dark triplet excitons
generated during the absorption of secondary X-rays, leading
to the production of highly stable and efficient RL that sur-
passes those of commercialized scintillators. Among these
scintillators, for instance, remarkably, Eu(NTA);DPEPO (where
NTA refers to 4,4,4-trifluoro-1-(2-naphthyl)-1,3-butanedione
and DPEPO refers to bis(2-(diphenylphosphino)phenyl) ether
oxide) showed a more than 1000-fold enhancement in RL com-
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pared with EuCl; salts with an equal molar amount of Eu*". In
a recent study, Wang et al. reported the successful synthesis of
a novel terbium-based MOF (Tb-MOF-1), the enhanced RL per-
formance of which was attributed to the efficient sensitization
effect of the HDOBPDC?™ ligand."® This material demon-
strated a remarkably low X-ray detection limit of 1.71 pGy s,
significantly surpassing conventional scintillation thresholds.
Furthermore, the researchers developed a flexible composite
scintillator screen through polymer matrix integration, which
exhibited exceptional imaging capabilities with a spatial
resolution of 7.7 lp mm™', meeting clinical radiography
requirements.

Rare-earth-doped glass scintillators have also attracted sig-
nificant attention in recent years due to outstanding optical
performances such as high transmittance (Fig. 6g) and their
ability to absorb high energy radiation and convert the energy
into visible light.'>>'® In 2023, Sun et al. fabricated Tb**-
doped and Ce*'/Tb*"-co-doped oxyfluoride scintillator (C,Ts)
glass samples with a spatial resolution of 16 Ip mm™"."*” Then
in 2024, Li et al. synthesized Tb**-doped oxyfluoride alumino-
silicate glass scintillators with a spatial resolution of 20 Ip
mm~' and higher RL of up to 224% compared to the
Bi,Ge;0,, crystal.®® Subsequently, Dai et al. reported a trans-
parent glass-ceramic scintillator by embedding Tb*'-doped
NaLu,F; nano-crystals in a glass matrix."*® Importantly, most
decreases in performance, due to prolonged exposure to high
doses of X-rays, can be completely restored by heat treatment
at 350 °C for 30 min.

Additionally, several other rare-earth-doped scintillators
have been reported.'®®'®! For instance, in 2023, Ling et al. pre-
pared YF;:30%Gd>**/10%Tb** micro-particles with fine environ-
mental stability and superb X-ray RL, which achieved an

Table 4 The parameters of rare-earth nanocrystalline scintillators
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imaging spatial resolution of 16.8 Ip mm™"."** Subsequently,
in 2024, Wang et al reported zero-thermal-quenching
Lu;Al;04,:Ce®" transparent ceramics (0.5 mm) with excellent
spatial resolution of up to 112 Ip mm™"."® In the same year,
Yang et al. synthesized single crystals of rare earth ion-doped
ternary chalcogenides, NaGaS,/Eu, with a low detection limit
of 250 nGy s~ and a spatial resolution of 13.2 Ip mm™"."¢*
Doping with rare-earth elements imparts some materials with
unexpectedly excellent properties, making the continued
exploration of the potential of rare-earth-doped scintillators
very promising. Furthermore, Wang et al. recently advanced
the frontier of high-temperature scintillator technology
through the development of a Tb**-doped nanocrystalline
glass composite system.'®> This material possesses a record LY
of 54900 photons per MeV and a sensitivity of 635.31 nGyair
s~'. Remarkably, the material maintains exceptional thermal
stability with 28.1 Ip mm™" spatial resolution at 500 °C and
robust moisture resistance, surpassing current high-tempera-
ture scintillators.

The utilization of rare earth elements in optical materials
has been extensively investigated (Table 4), as their intricate
electronic configurations offer a compelling avenue for tailor-
ing material band structures. However, the environmental and
biological implications of these elements demand critical scru-
tiny, as exemplified by nephrotoxicity associated with gadoli-
nium exposure, pulmonary fibrosis risks linked to samarium
compounds,'®® and inflammatory responses triggered by elev-
ated cerium concentrations."®” Furthermore, the strikingly
similar physicochemical properties among rare earth elements
complicates purification processes, which objectively inflate
raw material costs and ultimately constrain their large-scale
industrial implementation.

Light yield Detection limit  Spatial resolution

Material Type (photons per MeV)  (nGyai; s ') (Ip mm™) Ref.
Cs,Ag0.6Nag 4INg 95Big 05Cls:5%Tm Single crystals 33500 55.2 11.2 138
LiYF,4:15Tb/25Gd@LiYF, Nanocrystals — — 20 141
NaLuF,:Gd/Tb/Eu with 5%Tb-doping Nanocrystals 15313 84.1 8.7 146
Tb**-doped NasLugF;, Nanocrystals 15 800 — — 147
LiLuF,:Tb,Cu Microcrystals — 2.7928 22 148
Thy.0sEUg 05-BPTC MOFs 39000 156.1 18 150
[1-Ethyl-3-methylimidazolium]EuBr;MeOH  Organic-inorganic hybrids 43 000 405.4 >10 151
Eu-pba/Tb-pba Organic-inorganic hybrids  — 4920/3170 8/12.6 152
Eu(NTA);DPEPO Organic-inorganic hybrids ~ 38589 30.8 20 153
Ln-MOF [Th(HDOBPDC)(DMF)(H,0)], MOF — 1710 7.7 154
SiBNaBaGd-xTb Glass — — 20 155
Ce**-doped 555i0,-20A1,03-15SrF,~10NaF Glass — — 18 156
Ce**/Tb**-co-doped Glass — 343.9 16 157
55Si0,-14.5SrF,-4.5SrO-15LuF;

10A1,0;-0.55b,0;_,Tb,0,-yCeF; Glass — — 20 158
55510,-20Al,0,-15BaF,~10NaF-xTbF;

Tb**-doped NaLu,F, Nanocrystals — — 20 159
Srs:Ce**/CaS:Ce®" Nanocrystals — 660 160
2Ba0-3Si0, doped with Eu,0; Glass 26 000 — 12 161
YF;:Gd*"/Tb*" Microparticles — — 16.8 162
Lu;Als0;,:Ce* Ceramics 40200 — 112 163
NaGaS,/Eu Crystal 8188 250 13.2 164
KTbs_,Gd,Fyo Crystal 54900 635.31 28.1 165
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3.5 Organic scintillators

In addition to the scintillators mentioned above, organic scin-
tillators have garnered significant attention'®*7° due to their
rapid response times, diverse chemical structures, low proces-
sing temperatures, and cost-effectiveness (Table 5). During the
luminescence phase, the charge carriers recombine to produce
singlet states (25%) and triplet states (75%), resulting in light
emission. However, triplet excitons may be lost due to the dark
state characteristics of fluorescent organic scintillators.'”’
TADF and room-temperature phosphorescence (RTP) materials
have garnered significant attention due to their ability to
exhibit bright triplet excitons under X-ray excitation.'’>'”?
Additionally, hybridized local and charge-transfer (HLCT)
excited states in organic donor-acceptor systems can produce
efficient PL through high-efficiency triplet-singlet reverse
intersystem crossing (RISC) transitions, achieving nearly 100%
utilization of excitons.'’? To enhance efficiency and achieve
rapid RISC, a common strategy involves increasing the spin-
orbital coupling constant (SOC) in organic emitters by exploit-
ing heavy-atom effects.'”® Researchers have proposed innova-
tive methods and applications based on these principles and
have identified numerous new, high-performance purely
organic scintillators.

The RL performance of organic fluorescence scintillators
could be enhanced by improving carrier transport capabili-
ties.'”® Following this guidance, in 2023, Chen et al. intro-
duced a highly efficient organic fluorescent scintillator, 4,4"-
bis(9-carbazolyl) biphenyl (CBP), which demonstrated a high
PLQY of 61.92% and excellent carrier transport ability
(Fig. 7a), and biphenyl (BP) showed an average hole mobility of
0.055 cm® V' s7! while CBP achieved a hole mobility of
0.094 cm® V=t 571177

In the same year, Chen et al. proposed a molecular design
strategy that incorporated supramolecular halogen bonding in
fluorescence and room-temperature phosphorescence systems
containing pyridine rings."”® Upon exposure to X-ray radiation,
the introduction of halogen heavy atoms (X = Cl, Br, I) into
9,10-bis(4-pyridyl)anthracene (BPA) and the formation of
halogen bonding interactions in bromophenyl-methyl-

Table 5 The parameters of organic scintillators
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pyridinium iodide (PYI) crystals facilitate the generation of
numerous hot electrons and deep holes (Fig. 7b). These charge
carriers undergo a series of conversion and transport pro-
cesses, including electron-electron scattering, Auger pro-
cesses, and thermalization, resulting in a substantial number
of low-energy carriers. Subsequently, these carriers recom-
bined to form electron-hole pairs, leading to the production
of 25% singlet and 75% triplet excitons, consistent with spin
statistics. During the luminescence process, BPA-X crystals pro-
duced rapid fluorescent light emission, primarily utilizing
25% singlet excitons, while PYI crystals exhibited phosphores-
cent light emission, harnessing both singlet and triplet exci-
tons. Similarly, Chen et al. utilized the strategy of incorporat-
ing heavy atoms in their latest publication.’”® They developed
a new category of organogold(m) complexes, namely Tp-Au-1
and Tp-Au-2, by adopting a through-space interaction motif to
achieve high X-ray attenuation efficiency and efficient harvest-
ing of triplet excitons for emission. Gold is a promising tran-
sition metal due to its significant spin-orbit coupling con-
stant, derived from its large atomic number (Z = 79) and
greater abundance compared to widely used metals like
iridium or platinum.'®® Consequently, neat films of Tp-Au-1
and Tp-Au-2 exhibit notable TADF properties with significant
triplet-singlet charge transfer features, short decay lifetimes of
1.7-2.2 ps and a high PLQY of up to 77%. Remarkably, the
emission mechanism of Tp-Au-1 and Tp-Au-2 can be tuned
from TADF to phosphorescence by adjusting the polarity of the
host matrix. Under X-ray irradiation, Tp-Au-2 demonstrated
intense RL and a record-high scintillation LY of 77600
photons per MeV for organic scintillators. The resulting scintil-
lator screens provided high-quality X-ray imaging with a
spatial resolution exceeding 16.0 Ip mm™" (Fig. 7c).

In 2024, Dong et al. reported two phenothiazine derivatives
exhibiting polymorphism-dependent phosphorescence RL.'*!
These derivatives demonstrate high radio stability and a low
detection limit of 278 nGy s™'. The study not only introduced
sulfur atoms to enhance X-ray absorption through the heavy
atom effect but also confirmed that incorporating pyrimidine
and pyridine groups containing heteroatoms into the phe-
nothiazine skeleton promoted n-n* transitions, improving the

Light yield Detection Spatial resolution
Material (photons per MeV) limit (NGy,i, s™) (Ip mm™) Ref.
Py,TTz-1,F, 32583 70.49 26.8 168
(TPPcarz),MnBr, 44 600 32.42 — 169
Tetra(p-bromophenyl)ethene@poly(vinyltoluene) 14443 — 13.9 170
4,4'-Bis(9-carbazolyl)biphenyl — 25.5 14.3 177
BPA-X (X=Cl, Br, ) — 25.95 +£2.49 20 178
Tp-Au-2 77 600 — 16 179
10-(Pyridine-2-yl)-10H-phenothiazine — 278 — 181
Sulfone-based organic molecules Cg 16 558 — 15 182
DCB@C[3]A — 77.1 20 183
BiND-OMe — 70.68 11 186
OMNI-PTZ 2 — 97 20 187
1,1,2,2-Tetrakis(4-bromophenyl)ethylene 34600 447 18.69 188
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(a) The PLQYs of BP, PCB, and CPB crystalline powders. (b) A reasonable mechanism of radioluminescence in BPA-X and PYI materials. (c)

X-ray images of a standard X-ray test pattern plate of four scintillator screens with different thicknesses of 0.05, 0.2, 0.5, and 2 mm. (d) Organic
phosphorescent scintillation processes dependent on polymorphism under X-ray irradiation. (e) Commission Internationale de U'Eclairage (CIE) coor-
dinates calculated from the RL spectra of different materials mentioned in this study. (f) CIE chromaticity coordinate diagram of the RL colors of the
host—guest materials. (g) Bright-field images and photographs under X-ray exposure of a fish and an electronic circuit board.

intersystem crossing (ISC) process. Additionally, these groups
stabilize triplet excitons, thereby enhancing room-temperature
phosphorescence through multiple intermolecular interactions
in the crystalline state (Fig. 7d). The experiments reveal that
molecule stacking significantly affects the non-radiative decay
of the triplet excitons of scintillators, which further deter-
mines the phosphorescence scintillation performance under
X-ray irradiation. In 2024, Zhan et al. adopted a similar
approach by developing several proof-of-concept sulfone-based
organic molecules (C1-C7) with varying alkoxy chains to
control molecular packing modes.'®* Sulfone is a well-known
electron acceptor unit for constructing organic emitters with
TADF or RTP properties. This is primarily due to the n-n* tran-
sitions of its nonbonding electrons and the heavy atom effect
of the sulfur atom (Z = 16), which enhances SOC. All the result-
ing molecules exhibited nearly identical PL properties, along
with significant TADF and minimal reabsorption features in
both dilute solutions and doped films. Among them, C6
demonstrates the highest RL with a maximum LY of 16558
photons per MeV under X-ray stimulation. Additionally, the
rigid and flexible C6-based scintillator screens achieve high
X-ray imaging resolutions of 15.0 and 10.6 lp mm™’,
respectively.

However, heavy atoms could also lead to emission quench-
ing. Consequently, novel strategies have been developed for
the luminescence processes of organic scintillator systems by
modifying the interactions between donors and acceptors.
High-efficient organic TADF or RTP materials can be achieved
by synthesizing supramolecular donor macrocycles and intro-
ducing acceptor molecules into the macrocycle’s cavity,
forming an intermolecular donor-acceptor system. In 2024,

This journal is © the Partner Organisations 2025

Zhang et al. synthesized the macrocyclic donor molecule calix
[3]Jacridan (C[3]A), incorporating 1,2-dicyanobenzene (DCB)
and 4-bromo-1,2-benzenedicarbonitrile (BrDCB) as guests
within the macrocyclic cavities to produce macrocyclic co-crys-
tals, specifically DCB@C[3]A and BrDCB@C[3]A. These co-crys-
tals exhibit green (541 nm, DCB@C[3]A) and orange (633 nm,
BrDCB@C[3]A) emissions, respectively (Fig. 7e).'®® This
demonstrates that adjusting the electron-donating ability of
the macrocycle or the electron-accepting ability of the guest
molecules can alter the scintillation color of the co-crystals,
offering a simplified method for color tuning compared to co-
valently bonded scintillators. Furthermore, DCB@C[3]A shows
the lowest detection limit of 77.1 nGy s™". In 2024, Wang et al.
presented a method for obtaining color-tunable organic scin-
tillator materials, with emission wavelengths ranging from 520
to 682 nm by doping with different guest materials (Fig. 7f),
suitable for X-ray imaging through host-guest doping strat-
egy.'® Yang et al. prepared a series of p-terphenyl crystals
doped with large-sized conjugated molecules (anthracene, tet-
racene, pentacene, chrysene, and picene) using the thermal
field-elevating Bridgman method, resulting in tunable lumine-
scence ranging from 360 to 680 nm under X-ray radiation.'®’
In addition to the methods mentioned above, some purely
organic materials have been selected as scintillators due to
their inherent properties. In 2024, Chen et al. extended the
applications of rylene diimides to X-ray imaging, demonstrat-
ing superior scintillation properties with reduced non-radiative
transitions.'®® This improvement is attributed to the increased
n-n plane distances, extended slip distances, and reduced
n-plane overlap. The organic scintillator exhibits a low detec-
tion limit of 70.68 nGy s~ and a short decay time of 4.37 ns,
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while achieving a high spatial resolution of 11.0 Ip mm™.
Additionally, Zhang et al. demonstrated that the oxidized 1,8-
naphthalimide-phenothiazine dyad (OMNI-PTZ 2) with HLCT-
excited states showed an enhanced overlap integral between
the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) on MNI n-orbitals, as
well as moderate donor-acceptor electron interactions.'®’
Consequently, OMNI-PTZ 2(G) exhibits significantly increased
RL and greatly reduced decay lifetime, achieving an X-ray dose
sensitivity of 97 nGy s~ and an exceptional spatial resolution
of 20 Ip mm™" (Fig. 7g). Furthermore, Du et al. developed a
new family of hot exciton scintillators, which were character-
ized by a large energy gap between the high-lying and lowest
triplet states and a small energy difference between triplet and
singlet states.'®® 1,1,2,2-Tetrakis(4-bromophenyl) ethylene
demonstrates an ultrafast radiative lifetime of 1.79 ns and a LY
of approximately 34 600 photons per MeV, showing an excel-
lent combination of high LY and short decay time.

Organic materials, leveraging their structural diversity and
tunability, have been extensively investigated for scintillation
applications. However, reports on purely organic molecular
scintillators remain relatively scarce compared to inorganic or
hybrid organic-inorganic systems. This disparity stems from
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intrinsic limitations: spin-forbidden transitions impose funda-
mental constraints on LY optimization through molecular
design alone, while their inherently low Z.¢ further limits their
efficacy in high-energy radiation absorption.*®’

3.6 Specialized structure scintillators

The previously discussed advancements in scintillators focus
on innovative, high-performance compounds with the goal of
synthesizing even more superior scintillators. Furthermore,
unique structures have been incorporated into the design of
scintillator materials to enhance their performance.’**™% In
this regard, Lin et al. proposed the concept of ‘structural
engineering’, which, through internal or external design at
scales ranging from micro to macro, offered a promising strat-
egy that not only enhanced the performance of scintillators
but also broadened their functionality in specific applications
such as radiation imaging and therapy, opening up new
avenues for candidate materials.'®® Likewise, Roques-Carmes
et al. proposed a first-principles theory of nanophotonic scin-
tillators and demonstrated order-of-magnitude scintillation
enhancements in two different platforms.'®* Furthermore, the
arraying of scintillators through specialized structures to
enhance photon yield or resolution is a common approach. In
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Fig. 8 (a) Schematic representation of scintillator-encapsulated fiber arrays for the detection and imaging of X-rays and gamma rays. Within the
fiber array, radioluminescence can propagate over several centimeters. Without the fiber array, however, the radioluminescence becomes attenuated
and undetectable due to absorption and scattering within the scintillator layer. (b) Mechanisms of light propagation and the performance of conven-
tional unstructured scintillators versus structured capillary needle-like array scintillators in X-ray imaging. (c) Bright-field (i), stacked (ii), decomposed
(iii and iv), and color-reconstructed (v) dual-energy X-ray images of a moth, a beetle, and a leaf, utilizing the top—filter—bottom sandwich structure
scintillator. (d) Comparison of traditional X-ray imaging approaches and chromatic X-ray imaging strategies.
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the design of such structures, three primary objectives are typi-
cally pursued: the growth of high-quality scintillators of appro-
priate thickness, increasing the refractive index contrast
between the scintillator and its matrix, and optimizing the
photon structure within the scintillator array.'®> In 2023,
Dierks et al. reported that they synthesized CsPbBr; nanowires
in anodized aluminum oxide and achieved sufficient stability
for X-ray micro-tomography under ambient conditions, as well
as high spatial resolution."®® In the same year, Yi et al. pro-
posed the design of double-tapered optical-fiber arrays, which
could drastically increase the light-collection efficiency and
imaging resolution (Fig. 8a).">” They achieved a spatial resolu-
tion of 22 Ip mm™" and pixelated gamma-ray imaging with a
thickness of 4 mm and ~10 000 pixels under focused 6 MeV
irradiation. Moreover, the dose rate (3.5 nGy s™* to 96 mGy s~ )
can be conveniently monitored. Then in 2024, considering
that the absence of X-ray energy distinction resulted in insuffi-
cient image contrast, Ran et al. presented an innovative multi-
energy X-ray linear-array detector based on Cs;Cu,ls.'”
Benefiting from negligible self-absorption of the material and
side-illuminated scintillation scenarios, the incident X-ray
spectra could be reconstructed by analyzing the distribution of
scintillator intensity while illuminated from the side, and the
outcome error could be kept below 5.63%. Subsequently, Shao
et al. fabricated a thick pixelated needle-like array scintillator
capable of micrometer resolution (Fig. 8b).'*® They achieved
ultrahigh spatial resolutions of 60.8 Ip mm™" (the thickness of
the scintillators is 0.5 mm) and 51.7 Ip mm ™" (the thickness of
the scintillators is 1 mm) at a MTF of 0.2 due to isolated light-
crosstalk channels and robust light output. More recently,
Song et al. proposed an anti-scattering CsPbBr; scintillator
array embedded within a polyurethane acrylate matrix, which
could suppress light scattering and enhance the light collec-
tion efficiency by nearly two times compared to the monolithic
film."*° Due to the large refractive index contrast between the
scintillator and matrix, the scintillator array exhibits a low
dosage and high resolution.

In addition to the specialized structures mentioned above,
dual-energy X-ray imaging (DEXI) is cutting-edge technology
that provides more detailed information about specific
materials compared to traditional single-energy X-ray imaging
strategies. In 2023, Shao et al. demonstrated a top-filter-
bottom sandwich structure scintillator for high-resolution
DEXI within a single exposure, achieving an excellent resolu-
tion of approximately 18 Ip mm™ on stacked images
(Fig. 8¢).>°° Subsequently, Hu et al. successfully achieved color
recognition of objects with different densities by using the
scintillators of mutually inactive (BA),PbBr,:Mn and Cs;Cu,ls:
TI, which contributed to the application of color X-ray imaging
in real-world scenarios (Fig. 8d).”**

4. Conclusion and outlook

In conclusion, we first provide a comprehensive overview of
the various parameters and performance standards of scintilla-
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tors to facilitate the assessment of their efficacy in recent
studies. In recent years, the field of scintillators has garnered
significant attention and experienced rapid development.

Lead-based perovskite scintillators exhibit exceptional
potential for X-ray detection due to their tunable opto-
electronic properties, high spatial resolution, and rapid
responses. However, their practical application is hindered by
intrinsic challenges: environmental and health concerns from
lead toxicity, structural instability under exposure to moisture
and oxygen, and luminescence degradation under operational
stress. Recent strategies, such as polymer encapsulation,
metal-organic framework confinement, and defect-passivating
ligand systems, have improved the stability by suppressing ion
migration and environmental degradation. Concurrently,
elemental doping and lattice engineering enhance energy
transfer efficiency while mitigating self-absorption. On the
other hand, lead-free perovskite scintillators, particularly those
that are copper-based, double perovskites, and manganese-
based halides, have emerged as promising alternatives to their
toxic lead-based counterparts, offering a balance of environ-
mental sustainability and high-performance X-ray detection.
For instance, copper-based systems, such as Cs;Cu,ls and its
derivatives, leverage zero-dimensional structures to localize
STEs, suppressing non-radiative recombination while enabling
tunable emission and flexible film integration. Innovations in
doping, composite engineering, and morphology control
further enhance their stability and LYs. Despite these
advances, challenges persist, including insufficient carrier
mobility in the double perovskites, long-term environmental
degradation in certain hybrids, and scalability limitations in
synthesis protocols. Future research should prioritize synergis-
tic material designs—combining computational modeling
with experimental validation—to engineer defect-tolerant lat-
tices, optimize STE dynamics, and develop hydrophobic inter-
faces. Scalable fabrication techniques, such as inkjet printing
and roll-to-roll processing, must be refined to produce large-
area, flexible scintillator films for real-world applications.
Additionally, exploring multifunctional systems that integrate
radiation detection with stimuli-responsive properties could
unlock novel applications in low-dose medical imaging, wear-
able diagnostics, and industrial nondestructive testing. By
bridging material innovation with industrial compatibility,
lead-free scintillators are poised to redefine radiation detection
technologies, aligning high performance with ecological and
operational sustainability.

Copper-based cluster scintillators, particularly those cen-
tered on Cu,l, architectures, represent a groundbreaking
advancement in X-ray detection technologies. These materials
harness the unique advantages of STE mechanisms, tunable
organic-inorganic hybrid frameworks, and efficient radiative
recombination, enabling the development of high-perform-
ance, low-toxicity scintillators. By optimizing ligand-core
charge transfer states and structural engineering, they achieve
near-unity PLQYs, ultralow detection limits, and exceptional
spatial resolution, while demonstrating remarkable flexibility
and environmental stability. Innovations in green synthesis,
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such as ionic liquid solvents and mechanochemical
approaches, further promote lead-free, energy-efficient fabrica-
tion processes, laying the foundation for scalable applications.
Nevertheless, critical challenges persist. Moisture and oxygen
sensitivity in certain materials compromise long-term stability
and self-absorption effects and intricate synthesis protocols
hinder large-scale production. Future research is expected to
prioritize multifunctional solutions: enhancing stability
through hydrophobic ligand design, glass-ceramic encapsula-
tion, or MOF-based confinement; leveraging high-throughput
computational models to refine STE energy levels and carrier
transport dynamics; and advancing scalable manufacturing
techniques like inkjet printing and roll-to-roll processing to
bridge laboratory innovations with industrial deployment.
Furthermore, it is necessary to increase the solubility of
materials to reduce the scattering problem of scintillator films.
The transformative potential of copper-based nanoclusters lies
in their synergistic integration of performance, flexibility and
sustainability. Their application in low-dose medical imaging,
industrial nondestructive testing, and deep-space radiation
monitoring holds immense promise.

Rare-earth-doped scintillator materials have garnered con-
siderable attention as next-generation candidates for radiation
detection and imaging applications. The introduction of rare-
earth ions, acting as efficient luminescence centers, markedly
enhances energy transfer efficiency and scintillation yield,
owing to their distinctive 4f-5d electronic transitions. This
quantum efficiency improvement translates to superior radi-
ation sensitivity and spectral resolution, which are particularly
crucial for low-dose radiography and nuclear medicine diag-
nostics. The incorporation of rare-earth dopants not only
improves radiation hardness but also enhances thermal stabi-
lity through optimized lattice interactions, ensuring oper-
ational reliability in extreme environments ranging from cryo-
genic detectors to aerospace systems. Furthermore, the engin-
eered energy level configurations of rare-earth ions enable
tunable emission spectra spanning near-UV to near-IR wave-
lengths, facilitating spectral matching with various photo-
detectors. It is recommended to strengthen mechanistic
investigations into multivalent rare-earth activator configur-
ations to elucidate quantitative structure-property relation-
ships between complex energy level structures and opto-
electronic characteristics, thereby formulating design prin-
ciples for targeted applications including medical imaging
and particle physics instrumentation. Moreover, exploring
longer fluorescence lifetime modulation techniques expands
innovative implementations in emerging optoelectronics such
as temporal information encryption and anti-counterfeiting. A
multidisciplinary approach integrating multiscale simulations
with advanced characterization methodologies should be
prioritized to overcome current limitations in understanding
structure-performance correlations of rare-earth scintillators.
It is crucial to emphasize that research on lanthanum-doped
scintillator materials requires the systematic reporting of com-
prehensive performance metrics. The prevalent practice of
overemphasizing isolated parameters while neglecting other
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critical performance indicators constitutes a detrimental
research tendency that could impede the healthy development
of this field.

Organic scintillators have undergone transformative
advancements through strategic manipulation of excited-state
dynamics and molecular architectures, positioning them as
viable alternatives to conventional inorganic systems. Recent
breakthroughs in TADF and RTP materials have effectively
addressed the intrinsic limitations of triplet exciton utilization
in organic systems. Some innovations, such as introducing
heavy-atom effects to amplify spin-orbit coupling, achieve
record-breaking LYs while enabling tunable emission mecha-
nisms between TADF and phosphorescence. Despite these
achievements, critical challenges persist, including radiation-
induced degradation, oxygen quenching of triplet states, and
scalability limitations arising from batch-to-batch performance
variations. Looking ahead, the field must prioritize the devel-
opment of hybrid organic-inorganic architectures to reconcile
the low-Z limitations of organic matrices with the high stop-
ping power of embedded heavy-element nanostructures.
Furthermore, engineering environmentally robust systems,
such as oxygen-insensitive RTP scintillators via steric encapsu-
lation or crosslinked polymer networks, will be essential for
real-world deployment in medical imaging and aerospace
environments. To bridge the gap between laboratory inno-
vation and industrial adoption, concerted efforts must focus
on establishing standardized benchmarking protocols and elu-
cidating universal structure-property relationships governing
triplet harvesting efficiency. Success in these endeavors could
redefine performance paradigms across radiation detection
technologies, ultimately enabling organic scintillators to trans-
cend niche applications and compete at the forefront of high-
energy physics, next-generation radiography, and portable radi-
ation monitoring systems.

Beyond the development of high-performance scintillators,
employing specialized structures to enhance the performance
of scintillators has also emerged as a highly viable solution.
The integration of scintillator materials with matrix materials
featuring unique structures can significantly elevate the LY,
stability, and detection resolution of the scintillators. This
approach further enhances the potential of scintillators for
practical applications. Moreover, DEXI offers a remarkably
innovative and promising direction for the advancement of
X-ray detection. This design provides the possibility of color
recognition between objects of varying densities, thereby pro-
moting the advancement of chromatic X-ray imaging in practi-
cal applications. However, studies on the impact of structural
factors on optical performance have not been sufficiently
developed. Future studies should prioritize the exploration of
innovative optical architectures in X-ray scintillator systems,
with particular emphasis on harnessing micro-nano-structural
engineering to enhance photonic characteristics, thereby
advancing scintillation performance and diversifying potential
applications across radiation detection domains.

In summary, the shared purposes are to develop scintilla-
tors with flexibility, high LY, excellent stability, and high
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resolution. We aspire for this review to enhance researchers’
understanding of the overall progress in scintillator develop-
ment, serving as a foundation for the creation of materials
with superior performance, and more importantly, offering
recommendations for future research directions. The primary
purpose of this review is to revisit and update recent advance-
ments in scintillators, while offering reliable recommen-
dations for future developments in this field.
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