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HIGHLIGHTS

e The review highlights recent advancements in enhancing the intrinsic physical properties of metal halide perovskite scintillators, such

as improving light yield and response times, to improve their X-ray detection performance.
e [t discusses innovative engineering strategies to effectively optimize radioluminescent light management for high-resolution X-ray imaging.

® The problems encountered in the application of metal halides perovskites materials for X-ray detection are summarized, and the

potential development direction in the future is prospected.

Trapped

ABSTRACT The relentless pursuit of advanced X-ray detection technologies has
been significantly bolstered by the emergence of metal halides perovskites (MHPs)
and their derivatives, which possess remarkable light yield and X-ray sensitivity.
This comprehensive review delves into cutting-edge approaches for optimizing MHP
scintillators performances by enhancing intrinsic physical properties and employing
engineering radioluminescent (RL) light strategies, underscoring their potential for
developing materials with superior high-resolution X-ray detection and imaging
capabilities. We initially explore into recent research focused on strategies to effec-
tively engineer the intrinsic physical properties of MHP scintillators, including light
yield and response times. Additionally, we explore innovative engineering strategies
involving stacked structures, waveguide effects, chiral circularly polarized lumines- :
cence, increased transparency, and the fabrication of flexile MHP scintillators, all of Q e s o
which effectively manage the RL light to achieve high-resolution and high-contrast J g‘,
X-ray imaging. Finally, we provide a roadmap for advancing next-generation MHP e
scintillators, highlighting their transformative potential in high-performance X-ray
detection systems.
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1 Introduction

The imperative for sophisticated X-ray detection technolo-
gies has never been more critical, with applications span-
ning the realms of medical imaging, security surveillance,
scientific research, and industrial non-destructive testing
[1, 2] Based on their detection mechanisms, X-ray detec-
tors are broadly categorized into direct and indirect types.
Direct detectors use semiconductors to immediately con-
vert X-rays into electrical signals, whereas indirect systems
employ scintillators to first transform X-rays into visible
light, then detected by photodetectors [3]. Despite faster
response times in direct detection, indirect detectors domi-
nate commercial applications use due to their higher effi-
ciency, better stability, and lower costs [4—7]. In the realm
of scintillators, however, traditional scintillators each have
limitations that hinder their effectiveness across the prac-
tical applications. For instance, columnar CsI: Tl is com-
monly utilized in medical radiography for its high light yield
and good resolution [8, 9], but its hygroscopic nature can
degrade performance over time. Ceramic Gd,0,S (GOS),
used in X-ray computed tomography (CT), offers high
light output and stability [10-13], but has a relatively long
decay time and can be costly to produce, limiting its use
in cost-sensitive applications. Similarly, single crystalline
Lu; gY,5105:Ce (LYSO: Ce) is favored in positron emission
tomography (PET) for its high light yield and fast decay time
[14, 15], yet it is expensive and challenging to grow in large,
defect-free crystals, affecting its widespread adoption. These
limitations underscore the need for ongoing research and
development to create new scintillator materials that better
meet the diverse demands of various imaging applications.
The evolving demand for detecting intricate structures, high-
precision equipment, irregular geometries, and efficiently
storing imaging information necessitates the development
of scintillators with exceptional characteristics. Therefore,
developing novel scintillators with high light yield, high res-
olution, tunable response time, and adaptability is essential
for pushing the boundaries of X-ray detection technology
and for broadening their application scope.

Metal halide perovskites (MHP), with their exceptional
optical properties and unparalleled X-ray detection capa-
bilities, have risen to prominence as the forefront of scin-
tillation materials. This is attributed to their high effective
atomic number (Z,) and near-unity luminescence efficiency
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[16, 17], which can be demonstrated by comparing the
scintillation properties of commonly used materials and
the recently reported MHPs (Table 1). The journey of per-
ovskite materials in X-ray applications began in 2002 with
the introduction of the hybrid organic—inorganic perovskite
(C¢H5sNH;),Pbl,, by Shibuya et al. [18]. Fast forward to
2016, Birowosuto et al. [19] discovered a MHP material with
an unprecedented light yield of up to 120,000 Ph MeV~!,
setting a new benchmark for efficiency in scintillation-based
radiation detection. Subsequently, a series of studies have
been reported on optimizing the light yield, timing, and
detected resolution of MHP scintillators [20-23]. The ability
to tailor MHP properties through meticulous compositional
adjustments and structural engineering has since opened up
unprecedented opportunities for enhancing detection per-
formance across a spectrum of modalities [24—27]. More
importantly, researchers have been able to flexibly manipu-
late the bandgap, decay kinetics, and improve the stability of
these materials, making them more viable for practical appli-
cations in medical imaging, security systems, and industrial
inspection [28-30].

Numerous reviews have explored methods to enhance
the performance of MHP scintillators for X-ray detection,
focusing on aspects such as imaging resolution and detec-
tion limits [50]. These reviews often emphasize optimiz-
ing the light yield of the scintillators. However, improving
intrinsic properties like light yield alone is not sufficient.
The response time, another critical intrinsic property,
plays a vital role in determining the effectiveness of X-ray
detection, impacting both real-time and delayed detection
capabilities. Additionally, the design and implementation
of engineering techniques for effective radioluminescent
(RL) management, encompassing the optimal collection
and transmission of the light signals generated by the scin-
tillators, are crucial for maximizing the detector’s overall
performance. Therefore, a comprehensive overview of
the cutting-edge advancements and strategic approaches,
integrating both the intrinsic physical properties and RL
engineering techniques, is urgently needed to summarize
current research progress and explore future prospects in
this field.

This review begins with an elucidation of the MHP scin-
tillation mechanism and the fundamental requirements of
scintillators. It then summarizes recent research focused
on strategies to effectively engineer the intrinsic physical
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Table 1 RL peak, density, light yield, decay time, spatial resolution, and detection limit for commonly used scintillator materials

Scintillators Emission Density (gcm™)  Light yield Decay time (ns)  Spatial resolu-  Detection limit References
peak (nm) (Ph Mev™h) tion lpmm™)  (nGy,, s
Bi;Ge;0,,(BGO) 480 7.13 8,500 300 11 376 [31-33]
Lu,Si05(LYSO) 420 74 29,000 40 3.8 1.33x10* [33-35]
Gd,0,S: Eu 610 6.7 60,000 1x108 - - [12]
Csl: TI 470 451 65,000 10° 10 180 [9, 31]
Y;ALO,,: Ce 550 4.57 46,400 70 - - [36]
CsPbBr; 520 4.55 26,000 597 12.5 120 [37, 38]
(BA),PbBr, 427 4.05 7,900 2.52 - 318.3 [29, 39]
(BA),(PbygMn,, )Br, 618 4.05 85,000 7.28x10° 10.7 16 [40]
Cs;Cu,ls 445 5.6 127,376 9.6x 107 17 48.6 [39, 41]
CsCu,l, 570 5.01 36,000 110 15.6 88.9 [42,43]
Rb,CuBr; 385 597 91,056 4.14x107 279 63 [4, 40]
Cs,Agl;:Cu(I) 470 4.62 82,900 192.8 16.2 77.8 [33,41]
(BPTP),MnBr, 515 1.684 136,000 3.18x 10° 10.1 282 [44]
(CgH,yoN),Cu,Br, 468 1.944 91,300 5.6x10* 9.5 52.1 [45, 46]
(CysH,,P),MnBr, 512 1.586 78,937 3.3x10° 25.6 108.2 [4,47]
Cs,ZrClg 447 3.94 49,400 1.56x10° 18 65 [48, 49]
Cs,ZrClg: Lu** 460/90 3.94 94,190 9.0x 10* 17.2 15.8 [23]

properties of MHP scintillators, such as enhancing light yield
and optimizing response times. These light yield enhanced
strategies are summarized, which include optimizing crystal-
linity, constructing confinement effects to reduce non-radi-
ative recombination pathways, suppressing self-absorption
by exploiting self-trapped exciton (STE) emission, doping
with emitting centers, and constructing an energy transfer
(ET) channel. Additionally, the pivotal role of response
time modulation in scintillators elucidates its impact on the
dynamics of response and the overall effectiveness of detec-
tion systems, and details how the modulation of decay times
can be tailored to meet the demands of various applications,
from high-speed imaging to long-term radiation detection.
Furthermore, the pursuit of high-resolution X-ray detec-
tion has driven the development of innovative engineering
techniques, such as the construction of stacked imaging,
waveguide effects, chiral circularly polarized luminescence
(CPL), and the improvement in transparency. The emergence
of flexible scintillators has further expanded the applicability
of X-ray detection technologies, enabling conformal imaging
on curved surfaces and in hard-to-reach areas. Ultimately,
the review delineates the prevailing challenges and offers
insightful perspectives for the future evolution and applica-
tions of MHP scintillators.

SHANGHAI JIAO TONG UNIVERSITY PRESS

2 Mechanism of MHP Scintillators

In indirect-type X-ray detectors, scintillators serve as critical
photon transducers that convert high-energy X-ray photons
into detectable ultraviolet/visible photons through three
sequential processes: X-ray-to-light conversion, charge
transport dynamics, and radiative luminescence (Fig. 1a).
This section systematically summarizes the fundamental
mechanisms governing MHP-based scintillator operation.
Scintillation Process Fundamentals. Under X-ray irra-
diation, the first process in MHP scintillation involves the
interaction of incident radiation with the scintillator. X-rays
interact with matter through a number of physical processes
including photoelectric effects, Compton scattering, and pair
production [51]. At energies below several hundred keV,
photoelectric absorption typically prevails. Conversely,
beyond this range, Compton scattering becomes the domi-
nant mechanism, wherein incident high-energy photons
impart a fraction of their energy to the material. During pho-
toelectric absorption, electrons in the inner shells of atoms
are excited and ejected, leaving the atom ionized. Subse-
quently, an intricate electron—hole multiplication process
occurs, involving secondary X-ray emission, Auger non-
radiative decays, and inelastic electron scattering. When the
photon energy exceeds 1.02 MeV, electron—positron pairs

@ Springer
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will be generated. Below this threshold, electrons primarily
lose energy through Coulomb scattering. Electron—electron
scattering and Auger processes generate a large number of
secondary electrons, leading to the creation of charge car-
riers with lower kinetic energy. Subsequently, the energy of
these charge carriers is thermally dissipated through inter-
acting with the phonons. During this process, numerous low-
kinetic energy electrons and holes gradually accumulate at
the conduction band and valence band, respectively. In the
second stage, the generated electron and hole migrate toward
luminescent centers, transferring energy in the process. This
stage, referred to as the transport stage, spans nanoseconds
to picoseconds (10°—107'2 s). During the transport stage,
the migrating charge carriers can be captured by defects in
the scintillator such as ionic vacancies and grain bounda-
ries or self-trapped in the crystal lattice, thus leading to
non-radiative losses and possibly radiative recombination
delay. This final stage involves the emission of scintillation
photons. The stored energy in excited states is released via
radiative emission or non-radiative decay. Radiative photon
emission can occur via the recombination of electrons and
holes with luminescent ions. Finally, the emitted light can
then be detected and measured using various techniques,
such as photomultiplier tubes, photodiodes, or charge-cou-
pled devices (CCDs). The intensity and wavelength of the
emitted light can provide information about the type and
energy of the incident radiation, as well as the properties of
the MHP scintillator. Here, four predominant luminescence
mechanisms in MHPs are illustrated in Fig. 1b—e: exciton
recombination, STE emission, thermally activated delayed
fluorescence (TADF), and long-persistent radiative lumines-
cence (LPRL).

Exciton Recombination. Exciton recombination is one
of the most common luminescence mechanisms in MHPs.
When perovskite materials are excited by X-rays, electrons
are promoted from the valence band to the conduction band,
forming electron—hole pairs, known as excitons. These
excitons migrate within the material and eventually release
energy through a radiative recombination process, emitting
photons (Fig. 1b).

STE emission. STE are a luminescence mechanism com-
monly observed in soft lattice perovskites. In this process,
when a material is excited by X-rays, electrons and holes
are generated. Instead of forming free excitons, these charge
carriers can become localized in a distorted local lattice
environment, forming a bound state with lower energy. This

© The authors

localization enhances the overlap of the electron and hole
wavefunctions, leading to longer lifetimes and broader emis-
sion spectra (Fig. 1c).

TADF emission. TADF is a special luminescence mecha-
nism where triplet excitons are converted to singlet exci-
tons through a process called Reverse Intersystem Cross-
ing (RISC). In MHPs, TADF is observed in systems with a
narrow singlet—triplet energy gap (Aggy), such as Zr-based
variants. When the material is excited by X-rays, electrons
are promoted from the ground state (Sy) to the excited sin-
glet state (S;). The excited singlet state (S;) can undergo
intersystem crossing to form a triplet state (7;). This non-
radiative process involves a spin-state transition of the elec-
tron. Subsequently, the triplet state (7;) can be thermally
activated to return to the singlet state (S;) through reverse
intersystem crossing (RISC). This process is facilitated by
the small energy difference between the triplet and singlet
states. Finally, the singlet state (S;) formed through RISC
can then undergo radiative recombination, emitting a photon
and returning to the ground state (S,) (Fig. 1d).

LPRL emission. LPRL is a phenomenon where a mate-
rial continues to emit light for a prolonged period after the
X-ray source is removed. This luminescence mechanism is
typically associated with defect states or trap states of the
perovskites. When the material is excited by X-rays, elec-
trons are promoted from the valence band to the conduc-
tion band, forming electron—hole pairs (excitons). Some of
these excitons are captured by trap states, acting as trapping
centers, within the material. The trapped excitons remain
in these trapping centers for a significant period, which can
range from seconds to hours. The depth and number of trap-
ping centers determine the duration of the energy storage.
Deeper and more numerous trap states can lead to longer
persistence times. Over time, the trapped excitons can be
thermally activated, meaning they gain enough energy to
escape from the trapping centers. Once the excitons escape
from the trap states, they can return to the valence band
through radiative recombination, thereby emitting persistent
luminescence (Fig. 1e).

3 Intrinsic Physical Properties Modulation
Light yield and response time, as the core performance
parameters of scintillators, critically determine the spatial

resolution and detection limit of X-ray imaging [52]. Light
yield, which reflects the efficiency of converting X-ray

https://doi.org/10.1007/s40820-025-01772-7
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energy into visible light, directly enhances the signal-to-
noise ratio (SNR) of imaging systems by reducing statistical
noise, thereby improving spatial resolution. For instance, in
medical CT scans, higher light yield enables the identifica-
tion of microtumors or microcalcifications in soft tissues.
Simultaneously, elevated light yield lowers the detection
limit, allowing the system to capture low-dose X-ray sig-
nals, which is vital for radiation-sensitive applications such
as mammography and pediatric imaging. Response time,
governing the decay rate of scintillation emission, refers
to how quickly the scintillator can emit light after absorb-
ing X-ray energy. A fast response ensures image clarity in
real-time angiography or high-speed industrial CT scans.
Moreover, rapid response time enhances detection sensitiv-
ity by enabling precise temporal discrimination between
weak signals and background noise, making it indispensa-
ble for time-resolved X-ray fluorescence imaging or tran-
sient process studies, such as in operando observations of

SHANGHAI JIAO TONG UNIVERSITY PRESS

battery charging/discharging. Therefore, by synergistically
optimizing light yield and response time, next-generation
scintillators can meet the dual requirements of emerging
technologies like photon-counting CT (enabling energy dis-
crimination and multispectral imaging), X-ray fluorescence
tracking (trace element detection), and real-time industrial
inspection (e.g., 3D printing process monitoring). In this
section, we focus on strategies for enhancing light yield and
modulating response time, aiming to optimize these intrinsic
properties to meet the demands of advanced X-ray imaging
technologies.

3.1 Light Yield Enhancement
The pursuit of enhanced light yield in MHPs represents
a critical pathway toward high-sensitivity X-ray detec-

tion. The light yield quantifies the efficiency of con-
verting absorbed radiation energy into detectable light.

@ Springer
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Specifically, it measures the yield of UV/Visible photons
for every unit of energy absorbed, a critical factor for scin-
tillator performance. Typically, the yield of UV/Visible
photons, denoted as N, generated during the scintilla-
tion process for each incoming X-ray photon’s energy E, is
quantified using following equation: N, = (E/E,,) X SQ
[53], which takes into account the scintillator band gap
(Egap
energy to the luminescent center (S), and the quantum

), the transmission efficiency of electron-hole pair

efficiency (Q) [51]. Besides, the parameter f, which rep-
resents the average energy required to generate one elec-
tron—hole pair, proves in a range of 2-3 in most scintil-
lator. MHPs exhibit inherent advantages for light yield
optimization compared to conventional scintillators, as
evidenced by their narrow bandgaps (1.5-3.2 eV) versus
LaBr; (5.90 eV), Bi,Ge;0,, (4.9 eV), Nal (3.9 eV), and
CsI (5.14 eV). The inverse correlation between bandgap
and theoretical light yield suggests extraordinary potential
(129,000-250,000 Ph MeV'l) [54], yet practical achieve-
ments remain constrained by several challenges, such as
non-radiative recombination losses, obvious self-absorp-
tion processes with the crystals, optical loss during opti-
cal transmission process, etc. Recent advances address
these limitations through three key approaches [1, 16, 55]:
implementing confinement effects to enhance photon emis-
sion, increasing Stokes shift to minimize self-absorption,
and enhancing crystallization to suppress non-radiative
pathways.

3.1.1 Constructing Confinement Effect

The strategic construction of confinement effects has
proven effective for enhancing light yield in MHP scintil-
lators. By spatially localizing excitons and suppressing
non-radiative recombination, confinement engineering
significantly improves radiative efficiency. Two primary
strategies are widely adopted: (1) synthesizing MHP
nanocrystals (NCs) or quantum dots (QDs) to exploit
quantum confinement and (2) designing layered perovskite
structures to decouple light absorption and emission pro-
cesses. This section systematically examines these strate-
gies and their transformative impact on MHP scintillator
performance.

© The authors

3.1.1.1 Nano MHP Reducing three-dimensional of 3D
MHP to QDs represents an effective strategy for confining
X-ray-generated excitons through spatial quantum confine-
ment [56]. This approach enhances exciton wavefunction
overlap by compressing carriers within dimensions below
the Bohr radius, thereby significantly increasing exciton
binding energy. This enhancement not only mitigates the
impact of thermal energy on exciton stability but also aug-
ments the material’s ability to efficiently convert and retain
the energy from X-ray generated excitons. In 2017, Tang
et al. [57] pioneered systematic investigations of CsPbBr;
QDs under diverse solvents, concentrations, and X-ray irra-
diation environments. Their study revealed a significant lin-
ear correlation between RL intensity and X-ray tube current,
establishing MHP QDs as promising scintillator materials.
Subsequent advancements by Liu et al. [58] demonstrated
solution-processable CsPbX; QDs (X=Cl, Br, I) with tun-
able X-ray-induced emissions (Fig. 2a and b). Unlike con-
ventional bulk scintillators, these nanostructures enable
low-temperature processing and spectral tunability through
anion composition engineering. These features allow the
fabrication of flexible and highly sensitive X-ray detectors
with a detection limit of 13 nGy,;, s~' (Fig. 2c), a fast decay
time (Fig. 2d), and a high spatial resolution of 2.0 Ip mm™~".
Notably, the color-tunable perovskite CsPbX; QDs scintil-
lators can provide a convenient visualization tool for X-ray
radiography (Fig. 2e). Sang et al. [21] further optimized
CsPbBr; QDs (9+1.5 nm) using a solution chemistry
method and fabricated a scintillator film through photopoly-
merization. The engineered nanostructure minimized light
scattering while achieving a higher spatial resolution of
9.8 Ip mm~, a faster response time of 200 ns, and >95%
of photoluminescence quantum yield (PLQY). In addition
to QDs, Omar F. Mohammed et al. [59] developed CsPbBr;
nanoplatelets scintillators (Fig. 2f) for high-resolution X-ray
imaging screens, which can be readily cast into uniform,
crack-free, large-area films with the necessary thickness.
These two-dimensional (2D) architectures demonstrated
an ultrahigh light yield (~21,000 Ph MeV~!) (Fig. 2g) and
sustained performance under prolonged irradiation. While
these studies highlight the exceptional scintillation proper-
ties of MHP NC:s, their practical implementation faces criti-
cal challenges. The inherent soft lattice structure of MHPs
makes them susceptible to degradation under harsh condi-
tions including high temperature, moisture, and intense
irradiation. In X-ray imaging applications, such instability
not only compromises spatial resolution, but also increases
operational costs through frequent component replacement.
These limitations underscore the imperative for developing
robust encapsulation strategies.

https://doi.org/10.1007/s40820-025-01772-7
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transistor panel in a cellphone and a fish recorded under daylight and X-ray irradiation, respectively [38, 60]

Xu et al. [38, 60, 61] addressed these challenges through
a self-limited growth strategy that embeds CsPbBr; QDs
within inorganic glass matrices (Fig. 2h). The encapsulation
of CsPbBr; QDs within glass matrix ensures complete isola-
tion from the external environment, simultaneously blocking
atmospheric/water infiltration and preventing lead leakage.
This architecture enables groundbreaking performance with
alow detectable dose of 50 nGy,;, s~ (Fig. 2i), and a spatial
resolution of 16.8 Ip mm™! (Fig. 2j) is realized [38, 61]. The
matrix-encapsulated design not only enhances operational
stability but also addresses toxicity concerns, establishing a
viable pathway for commercial deployment of perovskite-
based radiation detectors.

3.1.1.2 Layered Structures Layered perovskites, par-
ticularly 2D MHPs, exhibit a quantum well architecture
comprising alternating inorganic halide layers and organic
ammonium spacers [62]. In this sandwich structure, the
organic layers act as barriers due to their higher energy gap,

u\
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o

while the inorganic layers act as wells due to their lower
energy gap. Thus, the excitons can be confined in the inor-
ganic layers. Subsequently, excitons from the inorganic layer
have a high binding energy and oscillator strength, which
endow the excitons in 2D MHPs with high light yield. This
section will discuss how such structural engineering enables
advanced radiation detection.

Soci et al. [19] pioneered comparative studies of 3D
(MAPbI; and MAPbBr;) and 2D (EDBE)PbCl, perovs-
kites under X-ray excitation (Fig. 3a). It is observed that
low-temperature X-ray excited luminescence measurements
have shown that the X-ray luminescence yield can be as high
as~ 120,000 Ph MeV~' in (EDBE)PbCl, at T=130 K, and
in excess of 150,000 Ph MeV~" in MAPbI, and MAPbBr;,
at 7=10 K. While light yield of 3D perovskite MAPbI;
and MAPbBr; is significantly reduced at room tempera-
ture (< 1,000 Ph MeV™"), the 2D MHP (EDBE)PbCl, is
less affected by thermal quenching (~9,000 Ph MeV~! at
room temperature) thanks to its large exciton binding energy

@ Springer
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(Fig. 3b). This demonstrated that the large exciton binding
energy in 2D perovskite makes them more robust against
thermal quenching compared to their 3D counterparts, open-
ing a new door for the application of 2D MHPs in scintilla-
tors. Subsequently, researchers have persistently pursued the
development of novel 2D MHP and investigated strategies
to augment their light yield, thereby pushing the boundaries
of their performance. For instance, Liu et al. [63] designed
an airflow-controlled solvent evaporation system to grow
an inch-sized 2D (PEA),PbBr, SC (Fig. 3c), resulting in
high light yield of 73,226 Ph MeV~! (Fig. 3d) and a fast
response time of 14 ns (Fig. 3e). Additionally, capitalizing
on these superior properties, a high-resolution X-ray imager
was fabricated by incorporating a (PEA),PbBr, SC with
dimensions of 57 x41 mm?, and a high spatial resolution
of 11.1 Ip mm™! is achieved. Liang et al. [40] demonstrated
that the Mn**-doped BA,PbBr, 2D MHP demonstrates an
ultrahigh sensitivity for X-ray, with a high X-ray scintilla-
tion light yield of up to 85,000 Ph MeV~! and low detection
limits of 16 nGy,;, s\

Recently, Birowosuto et al. [65] engineered dual-cat-
ion 2D perovskites by incorporating benzylammonium
(BZA) into phenethylammonium (PEA) frameworks.
The lattice contraction and bandgap widening from
BZA doping enhanced electron-hole transfer efficiency
by 60%, yielding > 70% fast decay components. Liang
et al. [66] synthesized (C,Hy{NH;),PbBr, (BPB) scin-
tillators exploiting heavy-element inorganic layers for
superior X-ray absorption. As a result, the BPB scintil-
lator exhibited excellent performance, including a high
light yield (22,000 Ph MeV~!) and fast response times
(T gecay=10.3 ns) and high resolutions of 17.3 Ip mm™";
these are among the highest resolution levels for 2D
MHP scintillators. Beyond their application in X-ray
detection, this perovskite exhibits promising potential
for high-energy radiation detection, encompassing the
detection of alpha particles (a-particles), neutrons, and
gamma rays, thereby extending their utility across a
broader spectrum of radiation detection scenarios.

Additionally, process optimization can further enhance
their scintillator performance. Niu et al. [64] presented a
novel strategy for developing sub-nanosecond 2D MHP
scintillators through dielectric engineering. The intro-
duction of benzimidazole (BM) effectively reduced the
polarity and dipole moment of the organic molecules,
leading to a decrease in the dielectric permittivity and an

© The authors

increase in exciton confinement (Fig. 3f, g). This approach
resulted in a significantly large exciton binding energy of
360.3+4.8 meV, a light yield of 3,190 photons MeV~!
(Fig. 3h), and an ultrafast emission decay time of 0.97 ns.
Additionally, this scintillator also demonstrated excellent
performance in detecting y-rays, neutrons, and a-particles,
with a theoretical coincidence time resolution (CTR) of
65.1 ps for PET applications.

3.1.2 Decreasing Self-absorption

Due to the need for substantial thickness to ensure complete
X-ray attenuation, MHP experience reduced light output
efficiency, as the emitted light is partially absorbed within
the structure itself. This issue highlights the critical need
for strategies that can reduce self-absorption via expand
the Stokes shift. To address this challenge, researchers
have been exploring various approaches to minimize self-
absorption, such as the development of STE emission in
novel MHP materials, the introduction of emitting centers,
and constructing the ET process. The following subsections
will delve into these approaches in detail.

3.1.2.1 Self-trapped Exciton Emissions The quest to
enhance scintillation light yield in MHP scintillators has
placed significant emphasis on leveraging STE emissions.
These materials exhibit a large Stokes shift and high PLQY,
which are pivotal for efficient scintillation. During MHP
emission process, excitons in MHPs strongly interact with
phonons (lattice vibrations), leading to self-trapping and
inhibition of their movement within the crystal. This results
in the formation of local lattice deformations around the
exciton. The key scintillation parameters of typical STE
MHPs are summarized in Table 2.

STEs generally exist in materials with a soft lattice and
strong exciton—phonon coupling. They are small polarons
trapped by a local potential in the distorted lattice, which
can be viewed as “excited-state defects.” When the exciton
strongly couples to the phonon, the soft lattice will distort
with the exciton self-trapped into a potential minimum it
creates. Once the lattice is distorted, due to the lower energy,
excitons will be quickly self-trapped and then relax back
to the ground state accompanied by emitting photons with
broad emissive bands and large Stokes shifts [53]. The
discovery by Tang et al. of the lead-free halide Rb,CuBr;
scintillator highlighted the potential of 1D MHP with soft

https://doi.org/10.1007/s40820-025-01772-7
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lattice structures to create STEs (Fig. 4a). These STEs not
only exhibit a substantial Stokes shift of 85 nm (Fig. 4b) but
also achieve an extraordinary PLQY of 98.6%, along with
a record high light yield of ~91,056 Ph MeV~! (Fig. 4c).
Low-dimensional MHPs commonly exhibit STE emis-
sion due to their robust electron—phonon interactions. In
these structure, photo-excited excitons possess significant

SHANGHAI JIAO TONG UNIVERSITY PRESS

binding energy, resulting in shared electron—hole bonds. Lei
et al. developed the zero-dimensional hybrid cuprous halide
[BAPMA]Cu,Br;, which promotes STEs formation via elec-
tron—phonon interaction, exhibiting a substantial Stokes shift
of 244 nm and exceptional scintillator performances with a
light yield of 43,744 Ph MeV~! and a low detection thresh-
old of 74 nGy,;, s™'. Tang et al. [92] proposed an efficient ET
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mechanism within the quasi-2D perovskite structure to fur-
ther reduce the self-absorption coefficient. They utilized the
general formula L,A B X5, for quasi-2D MHP, where
large organic cations (L) segment the octahedral frame
[BX]*™, creating a "quantum well" that increases the elec-
tronic bandgap and exciton binding energy due to quantum
and dielectric confinements. Consequently, the Stokes shift
is successfully increased (Fig. 4d), and its self-absorption
coefficient is reduced by threefold by controlling the phase
distribution of varying n values (Fig. 4e). Furthermore,
another representative STE emission family of low dimen-
sion MHP is alkali copper(I) perovskites, which has been
demonstrated to be excellent scintillators with decent light
yield and low detection limits, as evidenced by materials
such as Cs;Cu,l5 [41], Cs5Cu,Clgl, [85], CsCu,l; [93], etc.
For instance, Wu et al. [94] doped TI* into Cs;Cu,I; single
crystal (SC), achieving a light yield of 150,000 Ph MeV~!,
an extremely low afterglow of 0.17% at 10 ms, and low
detection limit of 66.3 nGy,; s~\. This scintillator also pos-
sesses a remarkable energy resolution of 3.4% at 662 keV
and an ultrahigh light yield of 87,000 Ph MeV~" under '*’Cs
y-ray irradiation.

Beyond low-dimensional MHPs, double perovskites also
exhibit notable STE emissions. For instance, the large Stokes
shift in the Cs,Ag, ¢Na 4In, Bi Cl scintillators contributes
to high PLQY and light yield up to 39,000 +7,000 Ph MeV ™!
[67]. In this case, the incorporation of Bi** into the lattice
not only enhances the X-ray absorption efficiency but also
modulates the luminescence properties. As the Bi** concen-
tration increases, the PL peak shifts to longer wavelengths
due to bandgap narrowing, resulting in a substantial Stokes
shift. This shift is attributed to the formation of STEs, which
minimize self-absorption and promote efficient light emis-
sion (Fig. 4f, g). Shi et al. [69] constructed a novel double-
perovskite scintillator, Cs,HfCl,, exhibiting a high light
yield of 21,700 Ph MeV~!(Fig. 4h, i), a low detection limit
of 55 nGy,;, s, and a high resolution of 11.2 Ip mm™".

While STE emission effectively suppresses self-absorp-
tion by leveraging large Stokes shifts, its performance is
inherently constrained by material-specific properties such
as lattice softness and exciton-phonon coupling strength.
For example, although the STE emission in low-dimen-
sional MHPs can achieve high light yield, yet their emis-
sion wavelength and efficiency are still closely related to
the material’s dimensionality and composition, limiting
design flexibility. To address this, researchers have further
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explored the strategy of doping luminescent ions, which
introduces extrinsic activators to modulate ET pathways,
thereby achieving self-absorption suppression in a broader
range of material systems.

3.1.2.2 Doping Emitting Ions The introduction of emit-
ting ions represents a strategic approach to mitigate self-
absorption in scintillators, thereby enhancing their radiation
detection efficiency and sensitivity. This methodology capi-
talizes on the modified energy levels and tailored absorp-
tion—emission profiles of dopants to optimize the scintil-
lation process. Particularly, the incorporation of transition
metal ions, notably Mn?*, offers an alternative effective
route to suppress self-absorption in MHPs scintillators,
resulting in the enhancement of RL performances [95-100].
The key scintillation parameters of the Mn>*-doped MHPs
are summarized in Table 3.

Liang et al. [40] demonstrated the efficacy of Mn** acti-
vation in 2D perovskites by developing BA,PbBr,:Mn>"*
scintillators. The Mn?* ions act as activators, inducing a
pronounced Stokes shift that reduces self-absorption losses,
which otherwise decrease light output efficiency (Fig. 5b).
Optimized BA,PbBr,: 10%Mn*" achieved an exceptional
X-ray light yield of up to 85,000 Ph MeV~! (Fig. 5¢) and
low detection limits of 16 nGy,; s™. Further advancements
by Chen et al. [123] revealed that Mn* ion doping signifi-
cantly boosts the performance of 2D perovskite, phenylam-
monium cadmium chloride (PACC), achieving a quantum
yield (PLQY) as high as 193%. In this case, Mn?" ions inte-
grated into the PACC structure act as ET mediators, facili-
tating Dexter ET from organic triplets to inorganic triplets,
amplifying red phosphorescence. Moreover, Mn?* ions
effectively passivate deep trap states, curbing non-radiative
decay of excitons and thereby enhancing overall lumines-
cence efficiency. In addition to the X-ray detection, McCall
et al. [124] extended Mn?* doping applications to neutron
imaging by developing CsPb(Br/Cl);:Mn?* NCs. The as-
obtained NCs exhibit an apparent large Stokes shift, which
simultaneously improves PLQY and minimizes internal light
loss (Fig. 5d—f). This breakthrough highlights Mn>*’s versa-
tility in addressing self-absorption challenges across diverse
radiation detection modalities.

Additionally, lanthanide ions have garnered significant
research attention due to their distinctive spectroscopic prop-
erties. These ions, owing to their numerous energy levels
derived from the 4f electrons, exhibit a broad spectrum of
emission bands. This characteristic enables the tailoring of

https://doi.org/10.1007/s40820-025-01772-7
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Table 2 Key scintillation parameters of the typical STE MHPs

Materials Structural Emission Stokes  Light yield (Ph Decay time Detection limitation Resolution Published
dimension wavelength  shift MeV (Ipmm™') year and
(nm) (nm) Refs
Rb,CuBr; 1D 385 20 91,056 41,400 ps  121.56 nGy,;, s~ - 2019 [4]
Cs,Agg ¢Nag 4In; (Bi- 2D 600 230 39,000+ 7000 16 ps 19 nGy,;, s~ 44 2020 [67]
Clg
[ByAPMA]CuZBr5 0D 526 244 43,744 50.2 ps 74 nGy,;, s~ 15 2023 [68]
Cs,HfClg 2D 447 227 21,700 - 55 nGy,;, s~ 11.2 2023 [69]
Cs5Cu,Cll, 1D 466 212 66,000 39 ps 11 nGy,;, s~ 27 2024 [49]
CsPbClBr; :Yb>* 3D 1000 550 11,200 1242 ps 176.5 nGy,;, s~! 2023 [70]
[DAPPA]InClﬁ-HZO: 0D 554 196 51,875 2750 ps 98.3 nGy,;, s~ 25.15 2023 [71]
Sb**

CsMnCl, 3D 630 200 13,400 376 ps 470 pGy,;, s~ 4.0 2022 [72]
Cu;Cu,l, 0D 450 230 123,736 0.734 ps 183,800 nGy,, s~ 6.8 2022 [41]
C,H;,nCl, 0D 646 370 50,500 - - 12.2 2022 [73]
CsPbBr; 3D 515 150 15,800 - 120 nGy,;, s~ 12.5 2021 [38]
Cs,Agl; 1D 475 185 82,900 0.1928 ps ~ 77.8 nGy,;, s~ 16.2 2022 [33]
Cs,ZrClg 2D 440 190 49,400 83.55 ps 65 nGy,;, s~ 18 2022 [74]
Cs,Agl; 1D 500 190 27,000 0.288 ps - - 2021 [75]
Cu,;Cu,ls:K* 0D 530 280 - 107.57ps  63.5 nGy,;, s~ 5 2022 [76]
Cs;Cu,l5:2% In* 0D 450 227 70,169 - 3.58 pGy,;, s~ 15 2023 [77]
Cs,NaGdCl,: Tb** 3D 470 205 39,100 - 41.32 nGy,;, s™ 10.75 2024 [78]
Cs,ScClyH,0:Tb** 0D 548 308 - 1516 ps - 9.5 2024 [79]
Cs2Agln, ¢Biy;Cly 2D 550 230 32,000 - 87 nGy,;, s~ 12 2024 [80]
[FMPPA]ZnBr, 0D 500 180 29,300+ 600 2.64 ps 352 nGy,;, s~ 12.5 2024 [81]
(CyH,P),SbCl5 0D 600 245 12,535 - 3160 nGy,;, s~ 30 2024 [82]
CsCdMnBiCl 2D 580 220 34,450 49041 ps  183.6 nGy,;, s~ 16.7 2024 [83]
Eu:CsCaCly 3D 430 65 9,300 0.991 ps 213.8 pGy,;, s~ 30.0 2024 [84]
Cs5Cu;Clgl, 1D 470 170 19,865 41.09 ps 152 mGy,;, s™! 20 2024 [85]
CsPbCl;:Bry 3D 430 65 - 0.343 ns - 4.0 2024 [86]
Cs,TeClg 3D 575 180 38,523 4.88 ps 258 nGy,;, s~ 15.9 2024 [87]
Cs,NaTbCl ¢ 3D 548 306 - 2360 ps 79.09 nGy,;, s~ 10 2024 [88]
CsPb,Brs 3D 700 320 24,160 - 162.3 nGy,;, s 21 2024 [89]
Cs;Cu,Cls 0D 510 195 95,000 112 ps 2.70 pGy,;, s~ 105 2024 [90]
Cs,SnClg:Te** 3D 600 235 - 3.82 ps 132 nGy,;, s~ 20 2023 [91]

the RL emission wavelengths, serving as versatile additional
luminescent centers. By strategically incorporating lantha-
nide ions, the RL spectra can be strategically broadened or
fine-tuned, effectively mitigating self-absorption phenomena
within the scintillating matrix. This approach not only opti-
mizes light yield but also enhances the material’s adaptabil-
ity across diverse applications requiring specific wavelength
emissions (Fig. 6a, b) [125-129].

In 2017, Song et al. [130] reported a significant boost in
the overall PLQY of lanthanide-doped CsPbCl; NCs over
their undoped counterparts. This enhancement is largely
attributed to the intrinsic luminescence of the lanthanide

SHANGHAI JIAO TONG UNIVERSITY PRESS

ions. Remarkably, even with ET from the excitons to the
lanthanide ions, the PLQY of the excitonic emission in the
CsPbCl; NCs matrix itself experiences an increase. As for
the X-ray properties, Xu et al. [37] pioneered a strategy that
entails doping lanthanide Eu®* ions into CsPbBr; ceramic
glass (CG) to effectively curb self-absorption phenomena.
This approach achieves dual benefits: improved crystallinity/
narrowed size distribution (enhancing spatial resolution) and
introduction of Eu’* red emission centers to suppress self-
absorption (Fig. 6¢, d). This innovative integration not only
improves structural integrity but also optimizes the scintilla-
tion efficiency, highlighting the strategic value of rare-earth
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doping in advancing scintillator technology. Song et al. [70]
further revolutionized X-ray detection through Yb**-doped
CsPbCliBr; ,, leveraging quantum cutting to convert high-
energy photons into multiple low-energy photons. This strat-
egy led to a remarkable boost in the PLQY to an impressive
149%, accompanied by a substantial Stokes shift exceed-
ing 550 nm (Fig. 6e). Finally, the scintillator achieved an
exceptional light yield of approximately 11,2000 Ph MeV"!
(Fig. 6f), coupled with an impressively low detection limit
of 176.5 nGy,;,
uted to the quantum cutting phenomenon, wherein Yb** ions

s”!. This dramatic improvement is attrib-
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efficiently transmute a single high-energy photon into mul-
tiple lower-energy photons.

Despite the success of ion doping, their practical applica-
tion still faces many challenges, including precise control
of doping concentration, uniform distribution of ions, and
energy matching between host matrix and activator ions.
Over-reliance on specific dopants may also restrict mate-
rial universality. To break through these bottlenecks, ET
channel construction in heterostructured composites (e.g.,
perovskite-dye hybrids) has emerged as a versatile strategy,
which will be discussed in the next section.

https://doi.org/10.1007/s40820-025-01772-7
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Table 3 Scintillation properties of the Mn>*-doped MHPs
Materials Emission Stokes Light yield Decay time  Detection limitation = Imaging resolu- Published year
wavelength shift (nm) (Ph MeV ™)) tion (Ipmm™"  and references
(nm)
Cs,CdBr,Cl,:Mn>* 495 210 64,950 70.74 ps 17.82 nGy,;, s™' 123 2023 [101]
BA,PbBr,:Mn?* 610 222 85,000 727.83 ps 16 nGy,; s~ 10.7 2022
CsMnCl, 650 132 13,400 460.5 ps 470 uGy,;, s~ 4.3 2023 [102]
Cs_gCuzlszMn2+ 445 135 95,772 1.086 ps - 2023 [103]
Cs;Cu,l:Mn>* 565 185 65,000 - 49 nGy,;, s~ 11.8 2023 [104]
Cs,NaBiCl;:Mn?* 586 67 28,350 1.22 ms 452 nGy,;, s~ 14.76 2023 [105]
Cs,CdCl,:Mn** 585 340 88,138 24.3 ms 31.04 nGy,;, s~ 16.1 2023 [106]
Cs,Cu,I:Mn** 442 132 67,000 - - - 2019 [107]
SS-/RR-1:Mn?* 530 165 14,912 729 ps 58.1 nGy,;, s! - 2023 [108]
Cs,Cd;Br;: Mn?*/Pb* 576 248 41,000 125 ns 15.92 nGy,;, s~ 10.9 2023 [109]
CsCdCl;:Mn** 605 315 - 7.92 ms - 12.2 2023
Cs;Cu,ls:Mn>* 562 272 71,000 1.2 ps 127.5 nGy,;, s~ 16.2 2023 [110]
CsCu,l;:Mn?* 580 250 32,000 58.92 ns 80.2 nGy,;, s~ 16.6 2023 [111]
CsCdCl,;:Mn?*, Zr*t 520 95 - - - 12.5 2023 [112]
DA,PbBr,:Mn** 620 365 35,292 - 108.17 pGy,;, s~ 10 2023 [113]
MAPbC13:Mn2+ 600 260 451 1.5ns - 2020 [114]
CsCdCly;:Mn?*, Sb3+ 600 346 74,828 - 29.9 nGy,;, s~ 20 2024 [115]
Cs,ZnBr,:Mn** 526 161 15,600 25590ps 116 pGy,;, s~ 5.06 2023 [116]
Cs,CdBi,Cl,,:Mn** 580 220 34,450 800 ps 183.6 nGy,;, s™! 16.7 2024 [83]
Cs,SnF¢:Mn* 630 165 3,000 6.97 ms 0.72 pGy,;, s~ 22 2022 [117]
(CsH3,P,)MnBr, 517 157 80,000 318 ps 72.8 nGy,;, s~ - 2019 [118]
[TPPen),Mn,¢Zny Br, 515 65 68,000 296.34ps 2041 nGy,, s~ 112 2023 [119]
(Br-BzTPP),MnBr, 534 171 80,100 300 ps 30 nGy,;, s~ 14.06 2024 [45]
(Br-PrTPP),MnBr, 517 237 68,000 280 ps 45 nGy,; s~ 12.78 2024 [120]
(C,5H,,P),MnBr, 512 258 78,937 330 ps 108.2 nGy,;, s~ 25.61 2024
(ETP),MnBr, 525 60 66,000 264 ps 1.7 Gy, s~ 26.8 2024 [121]
HTP,MnBr, 520 155 38,000 318.11ps  0.13 pGy,;, s~ 17.28 2023 [122]

3.1.2.3 Developing Composite Materials The construction
of ET channels by synthesizing the MHP-based composite
materials leverages the synergistic interaction between dif-
ferent components to facilitate efficient ET. 2020, Sergio
Brovelli et al. [131] devised a strategy where CsPbBr; NCs
act as sensitizers for an organic emitter (perylene dyad 1)
(Fig. 7a). The organic emitter is specifically designed to
have a large Stokes shift between its absorption and emis-
sion spectra (Fig. 7b). This strategic design ensures mini-
mal overlap between the emission spectrum of the sensitizer
and its absorption spectrum, thereby reducing self-absorp-
tion (Fig. 7c). By efficiently transferring energy from the
CsPbBr; NCs to the organic emitter, the composted scintil-
lator achieves a light yield of 9,000 Ph MeV~! and a fast
emission lifetime of less than 4 ns. Building upon this foun-
dation, Li et al. [132] further demonstrated the versatility
of this approach (Fig. 7d). By incorporating organic dyes,

SHANGHAI JIAO TONG UNIVERSITY PRESS

pyrromethene 597 (PM597 organic dye) for example, into
purified CsPbBr; nanowires (NWs), they achieved effective
ET, leading to a 60 nm red-shift in RL and accelerated RL
recombination rates (Fig. 7e). Consequently, the light yield
was enhanced by approximately 4.1 times compared to pure
perovskite NWs scintillators. This approach yielded a low
detection limit of 152 nGy,;, s~' and an impressive resolu-
tion of 11.5 Ip mm™!

Beyond mere composite formation, optimizing the ET
process through refinement of fabrication techniques is
essential. Yang et al. [133] designed multi-site ZnS(Ag)-
CsPbBr; heterostructures to modulate the ET process
(Fig. 7f, g). They found that external energy from ZnS(Ag)
can effectively transfer to CsPbBr; based on the non-radi-
ative Forster resonance energy transfer (FRET), which is
crucial for inhibiting photon self-absorption. This efficient
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FRET process resulted in a light yield of 40,000 Ph MeV ™!
for the heterostructure (IH)-type CsPbBrj; scintillator, which
is significantly higher than the 30,000 Ph MeV~! for the
physically mixed (PM)-type CsPbBr; scintillators. Finally,
the IH-type scintillator exhibits a short radiolumines-
cence (RL) decay time of 36 ns and a high spatial resolu-
tion of 30 Ip mm™!, enabling high-speed X-ray imaging at
200 frames s~

3.1.3 Enhancing Crystallinity

Effectively enhancing the crystallinity of MHP is also con-
sidered at a significantly for improving their light yield. By
refining the crystal growth process and reducing defects,
such as grain boundaries and impurities, the scintillator
material becomes more efficient at converting incoming
radiation into detectable light. This is because better crystal-
linity minimizes non-radiative recombination events, which
can otherwise lead to energy loss without photon emission.
Consequently, a more uniform and defect-free crystal struc-
ture allows for a higher probability of radiative recombi-
nation, resulting in an increased number of photons being
produced per unit of energy deposited, thereby enhancing
the overall light yield and sensitivity of the MHP scintil-
lator. By employing a secondary annealing process, amor-
phous clusters are given sufficient time to rearrange, thereby
eliminating amorphous clusters. For instance, Huang et al.
[136] demonstrated the effectiveness of solvent annealing
in enhancing the crystallinity and grain size of organometal
trihalide perovskite, specifically methylammonium lead
trihalide perovskite (CH;NH;)PbX;. Liu et al. [137] also
demonstrated that by using the two-stage annealing strategy
to improve the crystallinity of CH;NH,;Pbl; films. However,
conventional annealing risks material decomposition or
grain aggregation, which may degrade device performance.

Furthermore, site engineering has also been demon-
strated to enhance the crystallinity of MHP, as it involves
strategically manipulating the chemical composition and
structure of the MHP material. By carefully selecting and
incorporating specific ions or molecules into the MHP
lattice, the crystal quality can be improved; defects can
be reduced. Zhang et al. [134] proposed an innovative
approach to enhance crystallinity of hybrid organic—inor-
ganic perovskite, CH;NH;I, through a strategic A-site
management technique (Fig. 8a). In this case, the strategy
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involves the introduction of an A-site placeholder cation,
NH,*, to offset the deficient methylammonium (MA*)
precipitation by occupying the cavity of Pb-I framework,
thereby promoting to offset the precipitation rate discrep-
ancy between the inorganic Pbl, and the organic MA*
components. The enhanced intensity and reduced full-
width at half-maximum of the (110) diffraction peak from
0.18° to 0.13° indicate that NH,* addition significantly
improves the MHP’s crystal quality and preferred orienta-
tion (Fig. 8b), and then result in the reduction in defect
density and prolonged carrier lifetime. This strategy is also
demonstrated to be universal for other mixed-cation MHP
systems, providing a significant advancement in the syn-
thesis of high-quality MHP materials. Yuan et al. [138]
reported that the introduction of rubidium ions (Rb™) into
the precursor solution significantly boosts the crystalline
quality of phenylethylammonium (PEA*)-based Ruddles-
den—Popper (RP) MHPs. It is demonstrated that the added
Rb™ ions are found to accumulate at the crystal growth
front, forming a Rb*-rich region that acts as a mild inhibi-
tor, slowing down the absorption and diffusion of organic
cations and thus improving the crystalline quality. Wang
et al. illustrated that adopting an impurity doping strategy
also significantly improves the crystallinity of lead-free
MHP Cs,AglIn,Bi, Cls. Through meticulous adjustment
of the In** to Bi®* ratio, they fabricated Cs,AgIn, oBi, ;Cl
MHP films with exceptional scintillation properties,
with a remarkable light yield of up to 32,000 Ph MeV~!
and an impressive X-ray detection sensitivity down to
87 nGy,;, s~'. In 2021, Yang et al. [37] successfully showed
that integrating lanthanide ions, specifically Eu** ions,
into a CsPbBr; glass—ceramic (GC) matrix significantly
enhances the crystallization process (Fig. 8c), leading to a
more homogeneous dispersion of the CsPbBr; CG (Fig. 8d,
e). This uniform distribution not only mitigates light scat-
tering but also boosts the photoluminescence intensity of
the CsPbBr; CG. Ultimately, this finding revealed that the
CsPbBr;: 1.5%Eu** CG scintillator achieved an impressive
estimated light yield of 10,000 Ph MeV~!, highlighting a
substantial advancement in scintillator performance by site
engineering.

Further optimization of the crystallinity can be also
achieved through controlling the nucleation process.
Kuang et al. [135] developed a high-quality micro-
crystalline thick film of mixed-cation perovskite
MA, 4,FA 55Pbl; by manipulation the nucleation process.
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They utilized an ultrasound-assisted crystallization method
combined with a hot pressing technique for the crystalliza-
tion control (Fig. 8f). Ultrasound ensured homogeneous
nucleation of microcrystals, while subsequent hot press-
ing eliminated grain boundaries and voids through plastic
deformation. This dual approach enhanced carrier mobil-
ity and mobility lifetime products by 13-fold and 18-fold,
respectively, ultimately achieving exceptional detector
sensitivity (1.16x 10° pC Gyair™! cm™) and ultralow
detection limits (37.4 nGyair s7h.

© The authors

3.2 Response Time Modulation

Scintillators are materials that convert high-energy radia-
tion into visible light, and their decay time is a critical
parameter affecting the response dynamics and overall per-
formance of detection systems. The decay rate of the lumi-
nescence center is primarily determined by the transition
of the magnetic dipole moment from the excited state back
to the ground state. This rate can be augmented by non-
radiative quenching or ET processes that divert from the
excited state. In the simplest case of exponential decay, the
emission intensity /(f) can be expressed as I(f) =exp(—t/7),
where 7 is the decay time. It is noteworthy that in practical
scenarios, the decay time of the scintillator is sometimes
approximated by a simple 1/e or 1/10 decay time, which is

https://doi.org/10.1007/s40820-025-01772-7



Nano-Micro Lett. (2025) 17:275

Page 17 of 38 275

(a) ' (b)
" 4
2
=
- 1 8
3 2
< —
& b=
=
P, a
>
(c)
= CsPhBrB:Eu GC
2
g
E CsPbBrj GC
=
R S,
’ | PDF#54-0725
J | | | | 0
10 20 30 40 50 60
26 (degree)
" Ultrasound
APTE
(L) I
/o’élo\’
A =
APTES-treated

substrate Nucleation process

Microcrystalline film

__ —— Without additive— — NH,Br 1%
(=)
TJ ——NH,Br 2% ——NH_Br 3% @o0). iy
1
| ==NH_Br 10% Magnified in (b) = I
4 8 28 E 2 g | & ’ %
—_ S = s = Q
i T 98 @B S 8| 3
L - s
E
=
| |- | a
8 . >
g g
0 15 20 25 30 35 280 285 290
20 (degree) 260 (degree)

y Quasi-monocrystalline film
Hot-pressing

Fig. 8 Crystalline enhancement strategies for MHP scintillators. a Schematic diagram of the A-site management strategy. b XRD patterns of
MA-based MHP films with varying NH,Br concentrations [134]. ¢ XRD patterns of precursor glass (PG), CsPbBr; and CsPbBr;: Eu** CG.
TEM images of d CsPbBr; and e CsPbBry: 1.5%Eu.>* CG [37]. f Schematic illustration of the fabrication process for MHP microcrystalline film

via ultrasound-assisted crystallization and hot pressing [135]

the duration for the light intensity post-high-energy excita-
tion to drop to 1/e or 1/10 of its initial value. In the realm of
X-ray detection, the significance of both rapid and delayed
response times cannot be overstated [20]. Rapid response
times are crucial for applications demanding high tempo-
ral resolution, particularly in high-definition dynamic and
real-time X-ray imaging scenarios. Conversely, delayed
response times offer distinct advantages in specific detec-
tion scenarios, such as non-destructive testing in complex
environments, including nuclear radiation dosimetry and
the examination of intricate structures. In this section, the
MHP scintillators in both fast and delayed response time
detection are comprehensively discussed.

SHANGHAI JIAO TONG UNIVERSITY PRESS

3.2.1 Fast Response Time

A rapid decay time is an extremely desirable trait for
advanced radiographic technologies such as Time-of-Flight
Positron Emission Tomography (TOF-PET) and real-time
X-ray imaging. In TOF-PET, where the precise timing of
photon detection from positron annihilation is crucial, a
swift decay of the scintillation signal significantly enhances
image resolution and SNR. By capturing and differentiat-
ing the arrival times of these photons with high precision,
the spatial resolution of PET scans improves, allowing for
more accurate localization of the radiotracer within the body,
thereby increasing diagnostic accuracy and efficiency. In the
field of real-time X-ray imaging, including applications in
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medical surgeries, industrial inspection, and airport secu-
rity, a fast response from the scintillator enables continuous
and rapid image updates, essential for capturing dynamic
processes in real time. It minimizes motion artifacts and
enhances image clarity and contrast, allowing for immedi-
ate and accurate assessments by medical professionals and
inspectors. Furthermore, in applications requiring high
frame rates, such as cardiovascular imaging, a swift decay
ensures no residual signal between frames, preventing image
blurring and ensuring crisp, continuous imaging. Thus, the
development and implementation of scintillators with fast
decay times are pivotal advancements driving the evolution
of these sophisticated imaging technologies, enhancing
diagnostic precision, and treatment effectiveness. Generally,
decay time is an intrinsic property of scintillating materi-
als, which is determined by the material’s composition and
structure. Previous work has established that high carrier
mobility and short carrier lifetimes, which are desirable
for fast scintillation response, are predominantly found in
lead-based MHP materials. Therefore, we summarized the
recent reported lead-based MHPs as scintillators and the cor-
responding strategies to further optimize light yield, decay
time.

In 2018, Heo et al. [21] revolutionized a CsPbBr;-based
X-ray detector by incorporating the CsPbBr; NCs with
methyl methacrylate (MMA) and a photo-initiator, boasting
superior spatial resolution (9.8 Ip mm™' at an MTF of 0.2),
rapid response times of approximately 200 ns, and com-
parable stability under intense X-ray exposures exceeding
40 Gy, s~!. Simultaneously, Liu et al. [58] reported the
as-obtained CsPbBr; NCs via solution method, exhibiting a
very fast response (z=44.6 ns) upon '*’Cs source excitation,
making them ideal for dynamic real-time X-ray imaging. To
optimize the decay time or light yield, researchers have also
delved into the exploration of fabrication processes for fur-
ther refinement. For instance, Xu et al. [22] doped CsPbBr;
NCs with lanthanide ions, Lu*, which resulted in a signifi-
cant increase in the internal quantum efficiency from 25.67
to 65.7%. Consequently, the optimized CsPbBr;:Lu** NCs
exhibit a fast decay time (z=27 ns). This enhancement is
attributed to the effective improvement in the crystallinity
of CsPbBr; NCs and the enhanced X-ray absorption effi-
ciency. Lee et al. [139] proposed a biphasic MHP scintillator
formed by introducing CsPb,Brs into CsPbBr; to improve
the scintillator behaviors. This approach mitigated surface
defects on CsPbBr;, thereby enhancing photostability,

© The authors

hydrophobicity, thermal resilience, and luminescence. This
optimized dual-phase material exhibited a PLQY of 65.2%,
a swift response time of 2.93 ns, a remarkable light yield
of 19,200 Ph MeV~!, and an outstanding spatial resolution
of 8.19 Ip mm~!. Aside from CsPbBr;, there are also other
emerging fast decay time scintillators, such as organic—inor-
ganic hybrid MHPs. In 2019, Mykhaylyk et al. [140] demon-
strated that MAPbBr; exhibits rapid and intense scintillation
at cryogenic temperatures (50-130 K). At 77 K, the mate-
rial achieved a light yield of 90,000 + 18,000 Ph MeV~!,
which further increased to 116,000 +23,000 Ph MeV ™' at
8 K. Notably, the decay components feature ultrafast (sf)
and slow (ss) components of 0.1 ns and 1 ns, respectively,
indicating the potential for achieving high temporal resolu-
tion. Muhammad et al. [141] advanced the field by opti-
mizing the synthesis process for MAPbBr; SCs, yielding
millimeter-sized crystals with high quality. The optimized
crystals displayed a remarkable scintillation response with a
dominant ultrafast decay component of 0.52 ns (82.2%) and
a secondary component of 1.80 ns (17.8%), emphasizing the
pivotal role of synthesis optimization in boosting the scintil-
lation properties of MHPs.

Additionally, 2D lead-based MHPs and their derivatives
have garnered significant attention due to their unique lay-
ered structures, which are beneficial in reducing non-radia-
tive recombination and potentially enabling faster response
times. For instance, (PEA),PbBr, scintillator stands out as
an optimal scintillator, combining high light yield with rapid
nanosecond decay times. Pioneering the use of (PEA),PbBr,
as a scintillator, Kishimoto et al. [142] demonstrated a
light yield of 10,000 Ph MeV~! and a swift fluorescence
decay time of merely 9.9 ns. Utilizing a 0.9-mm-thick
(PEA),PbBr, crystal as an X-ray detector, they success-
fully detected nuclear resonance scattering in N61i through
synchrotron radiation, achieving a temporal resolution of
0.7 ns and a high detection efficiency of 24%. This study
underscores the potential of 2D lead-based MHPs scintilla-
tors in sub-nanosecond time-resolved X-ray measurements.
Building on this foundation, the library of 2D lead-based
MHPs as scintillator materials was improved research. For
example, Liu et al. [72] successfully synthesized 2D lead-
based MHPs (C,H,N),PbBr, (BA,PbBr,), which exhib-
ited a fast decay time of 2.66 ns and demonstrated a high
resolution of approximately 1 Ip mm™" in neutron imaging.
Mohammed et al. [66] introduced the organic—inorganic
hybrid MHP (C,H,NH;),PbBr, (BPB) as a scintillator for

https://doi.org/10.1007/s40820-025-01772-7



Nano-Micro Lett. (2025) 17:275

Page 19 of 38 275

both fast neutron and X-ray detection. The hydrogen-rich
organic component in BPB acts as a fast neutron converter,
generating detectable recoil protons, while the heavy atom-
rich inorganic part efficiently deposits the energy of charged
recoil protons and provides a large X-ray cross section. The
as-obtained BPB scintillator had a decay time of 10.3 ns and
showcased high-resolution imaging of about 1 Ip mm™" in
neutron imaging and 17.3 Ip mm™' in X-ray imaging. Liu
et al. [63] employed an airflow-controlled solvent evapora-
tion system to grow inch-sized 2D (PEA),PbBr, SCs, which
demonstrated a high light yield of 73,226 Ph MeV~! and
a rapid response time of 14 ns. Recently, Niu et al. [64]
designed a 2D lead-based MHPs by intercalating benzi-
midazole (BM) with a low dielectric constant between
[PbBr¢]*~ layers. The resulting BM,PbBr, single crystal
SCs exhibited a remarkably large exciton binding energy of
360.3 +4.8 meV, leading to an ultrafast emission decay time
of 0.97 ns, which is the smallest among all MHP materials.
The material’s theoretical coincidence time resolution was
calculated to be 65.1 picoseconds (ps), indicating its poten-
tial for high-speed imaging applications.

3.2.2 Delayed Response Time

Delayed imaging detection is an indirect imaging technique
that involves the temporary storage of incident radiation
energy and its subsequent release under external stimulation,
such as pressure, temperature, or laser, resulting in delayed
mechanical luminescence (ML), thermally stimulated lumi-
nescence (TSL), and photo-stimulated luminescence (PSL)
(Fig. 9a). These luminescence phenomena are special in that,
after the excitation light source is removed, the scintillator
materials can maintain a certain level of luminescence in a
dark room under external stimuli, giving delayed imaging
detection potential applications in long-term optical infor-
mation storage. Thus, delayed response time of the scintil-
lator ensures that the scintillator material continues to emit
light after the X-ray source is off, effectively extending the
imaging time window. In 2020, Xiaogang Liu et al. [143]
synthesized NaLuF,: Tb*" NCs that exhibited persistent
luminescence lasting for several days after X-ray irradiation
was stopped. By combining the persistent X-ray lumines-
cence performance with advanced computer graphics, they
developed high-resolution 3D X-ray luminescence emission
imaging technology, demonstrating the ability to overcome
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spatial detection constraints by leveraging the temporal
dimension and achieve more precise acquisition of detec-
tion data from intricate geometries (Fig. 9b).

Xia et al. [144] achieved a significant breakthrough by
first observing X-ray storage phenomena in MHPs, CsCdCl;:
Mn**, R*" (R=Ti, Zr, Hf and Sn), after X-ray irradiation. It
is demonstrated that X-ray storage capability can be effec-
tively improved via site occupy manipulation and heter-
ovalent substitution (Fig. 9c). Heterovalent substitution in
Cd sites by R** broadens trap distributions and enhanced
X-PersL performance. Finally, the integration of optimized
storage scintillators onto flexible substrates has paved the
way for 3D X-ray imaging under thermal stimulation (100 °C
heating treatment) (Fig. 9d), effectively surpassing the con-
straints of traditional flat panel detectors. This work also
demonstrates that the effective manipulation of trap centers
through the introduction of impurity ions substitution can
significantly enhance RL storage capacities. Subsequently,
the strategic co-doping Dy** and Ag™ ions in Cs,NaLuCly
crystals by occupying Na lattice sites showcases notable
X-PersL characteristics, highlighting the effectiveness of this
approach [74, 146]. Moreover, the Tb**-doped Cs,NaScClg
SC exhibits an exceptional X-PersL lasting up to 12 h upon
X-ray excitation termination, allowing it to be used in a
radiation storage battery which has a linear scaling capacity
with radiation does or intensity. These work demonstrated
that the effective construction of trap centers through the
introduction of impurity ions substitution has significantly
enhanced RL storage capacities, leading to improved delayed
detection performance and opening new avenues for flexible
3D X-ray imaging under thermal stimulation.

Beyond thermal stimulation for releasing these captured
carriers, near-infrared (980 nm) laser and pressure stimuli
can also be employed to release the captured carrier, giving
rise to phenomena such as PSL and ML. Consequently, by
evaluating the optical properties, such as the intensity of
PSL or pressure-induced luminescence, equivalent success
in detection has been achieved. In 2023, Wang et al. [145]
developed lanthanide ions (Ho**)-doped NaLuF, NCs as a
delayed X-ray scintillator. It was developed that X-ray irra-
diation generates trapping centers in NaLuF,: Ho>* NCs,
leading to ML upon mechanical stimulation after X-ray
exposure (Fig. 9¢). Additionally, the ML intensity corre-
lates linearly with the X-ray dose, facilitating the detection
of delayed X-ray does radiation. Furthermore, it has been
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demonstrated that the delayed X-ray information can also be
read out by thermal stimulation or 980 nm laser irradiation,
endowing the system with multimodal readout capabilities
(Fig. 9f) [109]. However, it is important to note that ML or
PSL behavior has not yet been fully realized for perovskite
scintillator due to their relatively low trap capture efficiency
compared to fluorides. Future work should also focus on
enhancing trap capture efficiency to improve the readout
methods and accuracy of delayed X-ray detection.

3.3 Trade-off between Light Yield and Response Time

The optimization of MHP scintillators necessitates a
nuanced balance between enhancing light yield and mod-
ulating response time, as strategies targeting one param-
eter often impose trade-offs on the other. This inherent
trade-off arises from the fundamental physical mecha-
nisms governing radiative recombination, carrier dynam-
ics, and ET pathways. For instance, nanostructuring (e.g.,
QDs or nanoplatelets) and layered structures improve
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light yield by suppressing non-radiative recombination
through quantum confinement, yet their high surface-to-
volume ratio introduces surface defects that act as charge
traps, which prolong carrier lifetimes by trapping charges
[147]. These traps will delay the radiative recombination
process, increasing response time. Similarly, STE-based
scintillators (such as Cu;Cu,l;s) leverage large Stokes shifts
(>200 nm) to minimize self-absorption, achieving light
yields exceeding 123,000 Ph MeV™!. However, the soft
lattice and strong exciton-phonon coupling responsible
for STE formation also result in broad emission bands
and slow recombination kinetics (0.734 ps) [4, 148]. The
decay times of STE-dominated materials typically range
from micros to millis (Table 2), rendering them unsuit-
able for applications requiring nanosecond-scale temporal
resolution. Doping with activators (e.g., Mn?* or lantha-
nide ions) or constructing ET channels (e.g., MHP-dye
composites) effectively reduces self-absorption by decou-
pling absorption and emission spectra. For instance,
Mn?*-doped BA,PbBr, achieves a light yield of 85,000
Ph MeV™! but inherits the millisecond-scale decay time
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(727 ps) characteristic of Mn?*’s T, — 6A, transition
[40]. Similarly, ET to organic dyes red-shifts emission
but introduces additional recombination pathways gov-
erned by the dye’s intrinsic lifetime, which may still lag
behind pure MHP systems. Conversely, delayed detection
methods (e.g., thermally/mechanically stimulated lumines-
cence) enable high-resolution 3D imaging by extending
the temporal window for signal acquisition. Materials like
CstCl3:Mn2+, Zr** exhibit persistent luminescence for
hours post-irradiation [144] facilitating complex geom-
etry imaging. However, these systems inherently prioritize
spatial resolution over speed, rendering them incompatible
with real-time applications. Overall, the optimization of
MHP scintillators constitutes an inherently multidimen-
sional challenge, necessitating careful consideration of
application-specific performance requirements. These
requirements may include but are not limited to high-speed
imaging capabilities, high-sensitivity detection thresh-
olds, or delayed response characteristics in time-resolved
detection systems. As such, future work must adopt a stra-
tegic approach to parameter optimization that carefully
balances these competing demands while addressing the
diverse operational requirements of modern X-ray detec-
tion technologies.

4 Radioluminescent Engineering Strategies

The integration of RL light engineering techniques into
X-ray imaging technology, which is crucial for enhancing
both resolution and contrast, represents a sophisticated and
complex field. It revolves around the efficient manipulation
and optimization of light conversion from X-rays to visible
signals. Key aspects include the development of stacked
techniques, the exploitation of the waveguide effect, and
polarized RL; the enhancement of transparency and the
innovation of flexible films are summarized as follows.

4.1 Stacked Technique

Traditional techniques rely on single-energy X-ray sources,
forming images based on the degree of X-ray absorption
by materials. However, this approach lacks the ability to
provide information on the chemical composition or den-
sity within objects, limiting its accuracy and effectiveness in
specific applications. To address this limitation, researchers
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have developed a stacked technique for multi-energy X-ray
imaging (MEXI), which analyzes the attenuation of X-rays
at various energy levels within an object [73]. Stacked scin-
tillators combine layers of scintillator with distinct X-ray
absorption characteristics and luminescent properties, ena-
bling simultaneous detection across multiple energy spectra.

In 2022, Yang et al. [73] pioneered a multilayer stacked
scintillator for large-area multispectral flat panel X-ray imag-
ing (FPXI) (Fig. 10a). This method overcomes the limita-
tions of traditional energy integration imaging by providing
spectral information and enhancing image contrast. Here,
the scintillator layers are carefully designed to have dif-
ferent X-ray absorption capabilities and RL wavelengths.
The top layer is responsive to low-energy X-rays, emitting
long-wavelength lights, while the bottom layer absorbs
high-energy X-rays and produces short-wavelength lights
(Fig. 10b). A prototype four-layer scintillator (FAPbI,/
C,H,,NMnCl,/(C¢H,;N),MnBr,/Cs;Cu,ls; Fig. 10c) suc-
cessfully resolved a "bone muscle" phantom, demonstrating
energy-dependent feature discrimination (Fig. 10d). Subse-
quently, Mohammed et al. [149] advanced the above strategy
by devising a top filter bottom (TFB) sandwich architecture
(Fig. 10e), incorporating quartz as a strategic filter. The
layer filters strategically remove the energy range where the
absorption tails of the upper and lower scintillators intersect,
thereby ensuring a clearer distinction between their emis-
sion signatures. Illustratively, X-ray images obtained at vary-
ing voltages demonstrate the efficacy of the TFB design,
where each layer effectively discriminates between low- and
high-energy radiation through their characteristic lumines-
cence, enabling the differentiation of material composition
and achieving a resolution of approximately 18 Ip mm™".
Xiaoming Li et al. [150] further refined a TFB structure
through meticulous modulation of scintillators, an innova-
tion that not only elevates the performance of scintillating
materials but also powerfully demonstrates the broad appli-
cability of this technique. Recent advances by Mohammed
et al. extended this paradigm to a six-layer MEXI system
with interlayer optical filters (Fig. 10f) [93]. By strategi-
cally implementing interlayer filters, they ensure that the
X-ray beam is tailored to pass only specific visible wave-
lengths to the respective scintillators, thereby maintaining
non-overlapping RL. This critical design element allows
each scintillator layer to capture unique, spectral signatures
of the imaged object, enhancing both the clarity and preci-
sion of the data and achieving 22 Ip mm™! resolution across
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low-to-high X-ray doses (Fig. 10g). However, increasing the
number of layers can lead to mutual excitation between lay-
ers, which may affect the accurate discrimination of X-ray
energy. To mitigate this, Yang et al. [151] proposed a strat-
egy for a multi-energy X-ray detector based on quantum-cut-
ting perovskite scintillators. By using Yb**-doped CsPbCl,
NCs in the top layer, this design induced a 570 nm absorp-
tion—emission shift and > 100% photoluminescence PLQY,
suppressing crosstalk while pairing with STE-based scin-
tillators (CsAgCl,/Cs;Cu,ls) in lower layers. The resultant
non-overlapping RL spectra significantly improved material
discrimination, particularly for density-similar substances.

© The authors

While stacked scintillator architectures achieve multi-
energy discrimination through material stratification, par-
allel advancements in direct detection paradigms offer
distinct approaches. Tang et al. [152] developed a vertical
matrix perovskite detector with electrodes aligned parallel
to the X-ray beam. Low-energy photons deposited energy
in shallow layers, while high-energy photons penetrated
deeper regions. Using MAPbBr; SCs with five vertically
stacked electrodes and machine learning-derived conversion
matrices, the system achieved single-shot density grada-
tion imaging, distinguishing soft tissues from high-density
composites with 0.81x 10° pC Gyair'1 cm™? sensitivity and
0.82 uGy,;, s™' detection limits. Additionally, Shabbir et al.
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[153] developed a solution-processed Csg.;FA.9PbI; per-
ovskite thin-film detector for broadband multi-energy X-ray
detection. The n-i-p diode architecture (SnO,/Cs, ;FA oPbl,/
Spiro-OMeTAD/Au) exhibited 6 x 10* uC Gy™' cm™ sen-
sitivity in hard X-rays (> 10 keV) with <5 ms response
times, and 5x 10> uC Gy™' cm™? sensitivity in soft X-rays
(0.1-10 keV) with 60 dB SNR at 1.2 keV.

4.2 Waveguide Effect

Waveguide effect, a physical phenomenon that controls the
direction of photon propagation, has been proved to play a
significant role in enhancing imaging resolution. By restrict-
ing lateral photon diffusion, it boosts the signal collection
efficiency within the imaging system, thereby markedly
improving resolution. Based on the principle of total internal
reflection, where light incident at an angle greater than the
critical angle on the interface between two media is reflected
entirely within the higher refractive index medium, the
waveguide effect enables light to propagate along interfaces
without leakage (Fig. 11a). In X-ray scintillators, the design
of nanostructures or microstructures with specific orienta-
tions facilitates the effective transmission and confinement
of photons, thereby reducing lateral spread and enhancing
imaging resolution.

In 2003, Eijk [157] laid the groundwork by suggesting
the use of pixelated scintillator arrays embedded within a
tailored matrix to hinder inter-pixel photon leakage, aim-
ing to enhance spatial resolution. Building on this insight,
Tang et al. [155] achieved a significant breakthrough by
fabricating a Cs;Cu,l; array scintillator. They ingeniously
integrated Cs;Cu,l; into an anodic aluminum oxide (AAO)
matrix via a facile hot pressing process (Fig. 11b). The nano-
structured AAO matrix is pivotal in constraining lateral light
diffusion, thereby drastically reducing photon crossover
between pixels. Notably, the fabricated Cs;Cu,ls-AAO scin-
tillator exhibits superior spatial resolution (10.4 Ip mm™')
(Fig. 11c). Yang et al. [158] further enhanced the resolution
of the Cs;Cu,l; scintillator by optimizing the Cs;Cu,ls-AAO
fabrication process. This approach enables precise control
over the length of the Cs;Cu,I; NWs by adjusting the pore
depth of the AAO matrix, offering tunability in size. As a
result, they achieved high-resolution imaging with a spatial
resolution of 20 Ip mm™'. Zhang et al. [156] prepared pixe-
lated CsPbBr;-AAOQ array scintillation screens by adsorbing
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synthesized CsPbBr; NCs into the array voids of AAO via
negative pressure filling. This method achieved an ultra-
high spatial resolution of 211 Ip mm~!(Fig. 11d, e), further
demonstrating the versatility of the AAO template approach
for different pixelated MHPs scintillators. In addition to
the aforementioned method of using an AAO template for
alignment, Mohammed recently proposed the fabrication of
a pixelated scintillator array through the integration of the
low-temperature melting of manganese halide compounds
within an aluminum-clad capillary template [154]. The as-
obtained pixelated scintillator achieves remarkable spatial
resolutions of 60.8 and 51.7 Ip mm™" at a MTF of 0.2, for
0.5 and 1 mm thicknesses, respectively (Fig. 11f).

Despite numerous accomplishments, the above processes
often entail heating or melting, which can potentially harm
the delicate perovskite crystal structure, subsequently com-
promising the scintillator’s performance. Consequently,
exploring alternative methods to safeguard the crystal integ-
rity remains a pressing pursuit. Recently, Wang et al. [85]
devised an innovative one-step in situ strategy for the growth
of CssCu;Clgl, QDs within AAO matrix, yielding a scintil-
lator in the form of a CssCu;Clgl, @ AAO array scintilla-
tor. This approach has led to the development of a pixelated
scintillator array and boasts a spatial resolution of approxi-
mately 20 Ip mm™! and a remarkable detection sensitivity
of 0.152 Gy s,

4.3 Chiral Circularly Polarized Luminescence (CPL)

CPL materials exhibit differential intensities between left-
and right-handed circularly polarized light, a trait pivotal for
enhancing the resolution in imaging technologies (Fig. 12a).
Conventional imaging techniques often suffer from inter-
pixel crosstalk due to the isotropic propagation of light,
which hampers significant improvements in resolution. The
integration of CPL materials introduces a novel paradigm by
generating light of a specific chirality that can be precisely
controlled, thereby mitigating crosstalk and augmenting
image contrast and resolution.

In recent years, advancements in organic—inorganic
hybrid halide materials have propelled CPL research for-
ward, with these materials boasting high PLQY and sub-
stantial circular polarization efficiencies (glum). Moreo-
ver, they have shown immense promise in the realm of
X-ray detection and imaging. In 2022, Li et al. [159]
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presented a pioneering strategy to enhance X-ray imaging
clarity by employing chiral MHP scintillators that emit cir-
cularly polarized radioluminescence (CPRL). These scin-
tillators, exemplified by (R-3AP)PbBr;CI-H,O (R-3APP)
and (S-3AP)PbBr;CI-H,O (S-3APP) (Fig. 12b), showcase
the distinctive attribute of circular polarization in its RL
response to X-ray irradiation. To demonstrate the CPRL
enhanced the imaging quality, they constructed a simple
matrix that showcased the optical differences between
traditional and chiral scintillators by using a homemade
polarized light collecting system (Fig. 12c). Notably, the
RL intensity of S-3APP and R-3APP displays a significant
polarization dependence (Fig. 12d), suggesting that the
RL is intrinsically polarized with asymmetric oscillations
along the propagation direction. Finally, they assembled
a series of chiral scintillators by alternating left-handed
and right-handed crystals. Under X-ray exposure, this
assembly exhibited a distinct contrast resolution, indi-
cating a unique light propagation pattern for each crys-
tal (Fig. 12e). This work successful demonstrated of the
concept of chiral scintillators herein opens an avenue to
controlling the RL propagation, potentially minimizing the

© The authors

optical crosstalk that has plagued the scintillator field for
a long time.

Building on this foundation, Wang et al. [160] intro-
duced chiral organic—inorganic hybrid Mn?* halide clus-
ters with exceptional PLQY and CPL characteristics.
These clusters, designated (R/S-3-aminopyrrolidine
dihydrochloride)s(Mn;Cl;,)(Cl)¢ (R/S-1) and (R/S-1,2-di-
aminopropane dihydrochloride);(Mn;Cl;,)(R/S-2), were
instrumental in advancing X-ray imaging applications,
achieving high detection sensitivity and resolution. They
also demonstrated that the directional arrangement of chiral
ligands within these clusters was key to amplifying the CPL
effect, underscoring the significance of structural design in
enhancing material performance. Alexander et al. [161] syn-
thesized chiral Mn?" bromide hybrids that emit bright green
CPL with near-unity PLQY and a high dissymmetry factor.
These hybrids, combining [MnBr,]*~ anions with N/O-H
bond-free cations, showcased excellent optical selectivity
and a strong linear response to X-ray dose rate, positioning
them as cost-effective candidates for CPL X-ray imaging.

In addition to indirect X-ray detection, Luo et al. [162]
further expanded the horizons of self-powered direct X-ray

https://doi.org/10.1007/s40820-025-01772-7
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detection with the development of a 2D lead-free double
perovskite, R-MPA),AgBily. This perovskite, which crystal-
lizes in a polar space group at room temperature based on
the introduction of chiral cations, results in a polar bulk pho-
tovoltaic effect under X-ray excitation, with an open-circuit
voltage of 0.36 V. Without any external bias, the sensitivity
and detection limit of the X-ray detection are measured to
be of 46.3 pC Gy~! cm™2 and 85 nGy,;, s~', respectively.
Furthermore, under an applied bias of 50 V, the sensitivity
is successfully enhanced to 946 pC Gy~! cm~2. This work
represents a landmark in the advancement of "green" radia-
tion detectors based on the CPL effect.

4.4 Enhancing Transparency

MHP SC scintillators have important application prospects
in X-ray imaging, but due to their inherent impurity defects
and the presence of polycrystalline interfaces, their trans-
parency is low, which affects imaging resolution. Impu-
rity defects are one of the common problems in perovskite
materials, and their presence can scatter light, reducing the
transparency of the material. Additionally, the presence of

SHANGHAI JIAO TONG UNIVERSITY PRESS

polycrystalline interfaces is also an important factor that
affects the transparency of perovskite materials, as the
interfaces can scatter light, reducing the transparency of
the material. As a consequence, the resolution of imaging
systems is compromised, with scattered light blurring the
definition of image edges, reducing contrast, and thereby
compromising the fine detail and sharpness of the final
image [163, 164]. Therefore, improving the transparency
of MHP SC scintillators is the key to improving the X-ray
imaging resolution.

Recently, innovative research has suggested an approach
to tackle the transparency issues by using the perovskite
QDs as the scintillator. The key lies in the unique properties
of these QDs, particularly their quantum size effect, which
suppresses light scattering based on the Rayleigh scattering
law. [165]. For instance, Ouyang et al. [166] developed a
transparency X-ray scintillator by directly dispersing sur-
face-modifying CsPbBr; NCs in a transparent polybutyl-
methacrylate (PBMA) matrix (Fig. 13a), achieving 99.2%
PLQY, 70% visible transparency. This solution-processed
scintillator screen exhibits high-contrast visualization at
ultralow doses (4.6 pGy,;, s~'). This universal dispersion
approach demonstrates material-agnostic applicability,
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where transparent scintillators with tailored properties can
be fabricated through rational selection of perovskite com-
positions (e.g., CsPbXj;, Cs;Cu,ls) or transparent matrices
(e.g., epoxy, PMMA, PVDF), establishing a versatile para-
digm for radiation scintillators [55, 167, 168]. However,
the direct integration of perovskite QDs into the transpar-
ent matrix is challenged by their propensity to aggregate
during composite fabrication. Such aggregation can cause
inconsistencies in light emission and scattering, leading to
non-uniform light distribution within the film.

To overcome these limitations, Gu et al. [169] devised
a vacuum-assisted "suction filtration" strategy to fabricate
30-pm-thick CsPbBr; NC films (Fig. 13b). This involved
filtering perovskite NC solutions through PVDF membranes
to form dense, uniform scintillator layers, followed by poly-
styrene (PS) gap-filling and transfer onto quartz substrates
(Fig. 13c), with film thickness precisely tunable by adjust-
ing NC solution concentration. This film not only has high
density but also exhibits excellent transparency (Fig. 13d),
with transparency exceeding 80% at a thickness of 30 um.
Using this ultrathin transparent perovskite scintillator film,
the researchers successfully achieved a spatial resolution
of approximately 862 nm, which is the highest resolution
recorded to date for perovskite scintillators used in X-ray
microscopy imaging. Additionally, Xu et al. [22, 38] devel-
oped a chemical anchoring strategy through one-step in situ
growth of CsPbBr; QDs within transparent matrices. Here,
CsB1/PbBr, precursors in DMF were mixed with PMMA
colloids, forming intermediate clusters, and then polymer
pre-curing and DMF evaporation triggered heterogene-
ous nucleation of perovskite NCs at these clusters, yield-
ing a MHP film with uniformly dispersed perovskite NCs
(Fig. 13e, f). This approach eliminates the light scatter-
ing caused by traditional physical blending, resulting in
a homogeneous composite with high spatial resolution of
12.5 Ip mm~!. The universality of this methodology is fur-
ther validated by its successful extension to copper-based
perovskite Cs;Cu,ls [171]. The resulting scintillator achieves
a record—high resolution of 14.3 Ip mm~! while maintain-
ing comparable transparency. The perovskite QDs can also
be grown from a transparent glassy network [22] and then
yielded scintillators with an impressive spatial resolution
of about 16.8 Ip mm™' and a rapid decay time of 27 ns. A
crucial innovation in the above works lies in the nucleation
inhibition strategy that suppresses crystal agglomeration
and Ostwald ripening, ensuring uniform QD distribution.

© The authors

However, the pursuit of transparency introduces an inherent
trade-off: The matrix materials, while enhancing light trans-
mission, exhibit parasitic X-ray absorption. This energy loss
mechanism reduces the scintillation light yield compared to
perovskite single crystal.

To address the light yield transparency trade-off, trans-
parent polycrystalline ceramics have emerged as a prom-
ising solution. For instance, Xia et al. [170] introduced
an innovative technique, seed crystal-induced cold sin-
tering (SCS) (Fig. 13g), for the fabrication of transpar-
ent MHP ceramic scintillators (Fig. 13h). This method
yielded large-area, < 001 > -textured TPP,MnBr, ceram-
ics, and the textured poled samples atop surface direc-
tion exhibited enhanced linear transmittance for the vis-
ible light spectrum compared to the one at lateral surface
direction. Finally, the as-obtained TPP,MnBr, ceramics
showcase exceptional performance with a light yield of
approximately 78,000 +2,000 Ph MeV~!. The scintil-
lators demonstrated a remarkable energy resolution of
17% for high-energy y-rays (662 keV) and a high-reso-
lution X-ray imaging of 15.7 Ip mm~!. Building on these
advancements, Xia et al. [172] further developed a melt-
quenching method using a stoichiometric mixture of eth-
yltriphenylphosphonium bromide (ETPBr) and MnBr, as
raw materials at a relatively low temperature of 200 °C
to fabricate (ETP),MnBr,-based polycrystalline ceram-
ics. The resulting scintillator demonstrated high transpar-
ency (over 80% in the 500-800 nm range), a high light
yield of 35,000+ 2,000 Ph per MeV, a low detection
limit of 10°nGy s™!, and a competitive spatial resolution
of 13.4 1Ip mm™! for X-ray imaging.

Overall, the quest to enhance transparency in MHP scin-
tillators has driven significant innovations, from embedding
QDs in transparent matrices to developing advanced poly-
crystalline ceramics. Each approach offers unique advan-
tages, such as improved spatial resolution and light yield,
while addressing critical challenges like light scattering and
parasitic absorption. These advancements collectively pave
the way for high-performance scintillators that can meet the
stringent demands of modern X-ray imaging technologies,
promising clearer, more detailed images with reduced radia-
tion doses.
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4.5 Curved Scintillator Imaging

Traditional imaging methodologies, predominantly
grounded in planar imaging, have proved their efficacy in
a wide array of applications. However, when it comes to
non-destructive testing of intricate, curved, or anisotropic
structures, the limitations of planar imaging become appar-
ent, particularly at the edges. In planar imaging, the quality
of the image decreases from the center to the edge due to the
angle at which photons hit the outer pixels, a phenomenon
known as vignetting. Typically, a series of optical lenses are
employed to combat vignetting, but this approach results in
a bulkier and more complex optical system. In response to
these challenges, the development of curved imaging tech-
nology based on flexible scintillators has emerged as a prom-
ising solution. Curved scintillator imaging technology sim-
plifies the imaging system and mitigates the vignetting effect
at the edges, thereby excelling in non-destructive testing of
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complex structures. Gelinck et al. [173] proposed a concept
of flexible imaging technology with a high-resolution curved
image sensor made directly on a thin plastic substrate using
organic photodetectors (OPD). As a proof of concept, the
curved digital detector, combined with a flexible scintillator,
demonstrates more uniform image quality. Moreover, Wang
et al. [160] utilized the Monte Carlo method to elucidate the
imaging performance of flexible CsPbBr; detectors, theo-
retically substantiating their superior performance over con-
ventional Nal and CslI-based flat panel detectors in terms of
resolution, peak-to-total ratio, and total efficiency (Fig. 14a).
However, despite the promising theoretical framework, there
has been a notable absence of tangible device or experimen-
tal progress in this area.

Until 2021, Xu et al. [38] introduced a novel approach,
fabricating flexible MHP QDs-based scintillator materials
through in situ crystallization within polymers. The obtained
polymer—ceramic film showcases remarkable flexibility,
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enduring bending to 90° without fracture, enabling X-ray
detection on curved surfaces (Fig. 14b), as opposed to con-
ventional projection imaging. This bypasses the scattering
issue inherent in projection imaging for non-planar targets
due to the gap between the target and scintillator. A com-
parison of imaging qualities using the attached (T) versus
projection (P) methods (Fig. 14c), using a flexible circuit
board, shows marked differences, particularly at locations
A, B, C, and D. The MTF analysis highlights a substantial
resolution disparity, with C achieving 9.5 Ip mm~' and D
at 1.98 Ip mm™!, underscoring the superior spatial resolu-
tion performance of curved scintillator imaging in non-pla-
nar X-ray detection (Fig. 14d). Subsequently, we achieved
in situ crystallization of Cs;Cu,l;5 perovskite within a PVDF/
PMMA polymer matrix and on cellulose paper, fabricating
copper-based perovskite flexible scintillators [171]. This
enabled successful high-resolution imaging, thereby fur-
ther affirming the significance of flexible scintillators for
the detection of non-planar objects, highlighting their poten-
tial in versatile imaging applications. Additionally, Zhang
et al. [175] demonstrated that in situ fabricated (TBA)CuX,/
PVDF flexible films were efficient scintillation screens for

© The authors

flexible X-ray imaging, with the spatial resolution of 166 pm
achieved.

In addition to the in situ growth of MHP from a flex-
ible matrix to form a flexible scintillator, other methods,
such as directly combining MHP with a polymer matrix,
have been explored. However, these methods often suffer
from the issue of particle aggregation. To address this chal-
lenge, Omar F. Mohammed et al. [174] proposed a solution
involving the addition of ethylacetate (EA). By incorpo-
rating EA, a highly uniform flexible Cs,Cu,l; film can be
fabricated through either the spin-coating or blade-coating
method. The presence of EA effectively inhibits the aggre-
gation of Cs,Cu,l; particles, resulting in a highly uniform
flexible scintillator film that exhibits nearly 100% PLQY's
(Fig. 14e). These films have demonstrated very promis-
ing scintillation properties, including a low detection limit
of 48.6 nGy,;, s™! and an X-ray imaging resolution of
17 Ip mm™" (Fig. 14f). Moreover, Wu et al. [176] proposed
that the (BTPP),MnCl, @PDMS flexible scintillation screens
achieve a high spatial resolution of 14.1 Ip mm™! and real-
ize high-quality imaging results of non-planar objects. Xiao
et al. reported a novel 2D RP phase Cs,CdCl,: Mn**, with
the cooperation of PDMS matrix, which shows a high light
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yield up to 88,138 Ph MeV~! and a high spatial resolution of
16.1 1p mm™" Overall, the development of flexible scintil-
lator materials has revolutionized X-ray imaging, particu-
larly for non-planar targets, by offering high light yields and
exceptional spatial resolutions.

5 Conclusions and Perspectives

To sum up, MHP scintillators have emerged as a transforma-
tive class of materials for high-resolution X-ray detection,
distinguished by their exceptional X-ray attenuation capa-
bilities, near-unity luminescence efficiency, tunable emis-
sion spectra, and ultrafast decay kinetics. These intrinsic
advantages, coupled with their structural versatility and
cost-effective processability, have driven unprecedented
advancements in radiation detection technologies. Diverg-
ing from prior reviews, this work provides a systematic
framework for understanding and optimizing MHP scintil-
lators through two complementary lenses: intrinsic prop-
erty modulation and RL engineering strategies. First, we
elucidate the fundamental luminescence mechanisms gov-
erning MHP scintillators—excitonic recombination, STE
emission, TADF, and LPRL—and correlate these processes
with material design principles. Subsequently, the paper
meticulously reviews strategies to boost the light yield of
MHP scintillators, such as employing confinement effects,
improving crystalline, and reducing self-absorption. Concur-
rently, response time modulation is addressed, highlighting
the critical balance between rapid decay (e.g., nanosecond
decay time for real-time angiography) and delayed lumi-
nescence (e.g., trap-mediated storage for 3D tomographic
imaging). Beyond intrinsic properties, we pioneer discus-
sions on innovative light management architectures, such as
stacked scintillators for multi-energy spectral discrimination,
pixelated waveguide arrays to suppress optical crosstalk, and
CPRL for contrast-enhanced imaging. The integration of
flexible MHP composites further expands their applicabil-
ity to curved surfaces and complex geometries. However,
numerous critical challenges remain unresolved for practical
implementation, following the technical roadmap presented
there (Fig. 15); we discuss the research challenges that must
be resolved to enable successful industrial application and
identify some technologies that need to developed to address
these challenges.

| SHANGHAI JIAO TONG UNIVERSITY PRESS

(1) The pursuit of practical applications of MHP scintil-
lators demands urgent resolution of environmental
concerns, as lead-based systems, despite their superior
light yield and ultrafast decay times—pose significant
ecological risks due to inherent lead toxicity. Recent
advances in lead-free alternatives, such as Mn>*/Cu*-
activated perovskites (e.g., Cs;Cu,l5, Rb,CuBr;) [4,
158], demonstrate promising ultrahigh light yields, yet
their decay times generally lag behind lead-based coun-
terparts due to distinct recombination mechanisms:
Strong spin—orbit coupling in lead-based MHPs ena-
bles fast radiative transitions, whereas lead-free sys-
tems predominantly rely on STE emission with inher-
ently prolonged lifetimes. This fundamental trade-off
among light yield, toxicity mitigation, and temporal
response necessitates application-specific optimization.
For instance, medical CT imaging prioritizes sub-10 ns
decay and high resolution, while security screening
may tolerate slower kinetics (> 50 ns) for enhanced
environmental safety. Therefore, future research must
implement a holistic strategy for parameter optimiza-
tion that systematically reconciles competing perfor-
mance metrics while addressing the multifaceted opera-
tional requirements of next-generation X-ray detectors
across diverse applications.

(2) Suppressing defect formation is critical for optimiz-
ing the performance of MHP SCs and NCs. However,
achieving efficient defect engineering remains a signifi-
cant challenge. This stems from the intrinsically low
formation energy and uncontrolled nucleation kinetics
during solution-based synthesis of MHPs, which pro-
mote the formation of structural defects such as lead
vacancies, halide interstitials, and grain boundaries.
These defects result in high defect densities in syn-
thesized scintillators, severely degrading key perfor-
mance metrics, including light yield, response speed,
and environmental stability. Studying the nucleation of
MHP, including the critical nucleation pathways and
pinpoint defect origins (e.g., twinning, dislocations),
can guiding rational control over scintillator fabrica-
tion. Therefore, further work should also be focused
on the using some advanced technique, such as liquid-
cell in situ TEM or SEM technique, for monitoring the
detailed nucleation process of MHP. Complementing
experimental efforts, machine learning and artificial
intelligence, driven material design, offer transforma-
tive potential. Future research should prioritize the inte-
gration of machine learning and Al-driven approaches,
specifically by combining perovskite crystal databases
(e.g., Materials Project) with graph neural networks
(GNNs). This methodology can systematically predict

@ Springer
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Technical roadmap for perovskite scintillator
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Single crystal defects management Polycrystalline perovskite scintillator defects management
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ML/AI for enhancing signal-to-noise ratio and accelerate image reconstruction speed
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Year

Fig. 15 Technical roadmap of perovskite scintillators over the next five years. ML, mechanical learning; Al, artificial intelligence

perovskite compositions that optimize both formation
energy and defect tolerance metrics, ultimately ena-
bling accelerated design of high-performance scintil-
lators with tailored functional properties.

(3) Current efforts to enhance MHP through above-men-
tioned chemical engineering or light management meth-
ods primarily focus on the preparation of films, MCs
or NCs. For films, the presence of numerous crystal
interfaces and defects at these interfaces can lead to
reduced light yield and increased light scattering losses.
For MCs or NCs, researchers mainly use a method of
combining them with polymers to prepare so-called
uniform films for scintillator screens. However, MCs
can cause significant aggregation issues and light scat-
tering losses, while NCs, due to their high surface area,
have enormous surface defects that lead to a noticeable
reduction in light yield. More importantly, when com-
bined with polymers, the absorption of X-rays or other
high-energy rays (such as a or 3 rays) by the polymers
can also result in the absorption of a portion of the radi-
ation energy, further reducing the light yield. These size
limitations not only affect the optical performance of
MHP materials but also limit their efficiency and reli-
ability in practical applications. Therefore, developing
new preparation methods and technologies to simulta-
neously reduce interface grains, minimize light scatter-
ing losses, and enhance light yield is a crucial direction
for current research. Additionally, the preparation of
MHP SCs can effectively address the issues mentioned
above. However, current strategies for enhancing MHP
SCs X-ray behaviors are still limited. Future research

© The authors

4)

should focus on optimizing crystal growth protocols
(e.g., Bridgman methods) and hybrid architectures
(e.g., perovskite-polymer/CG composites) to enhance
light yield and suppress scattering.

The operational stability of MHP scintillators faces
critical challenges from environmental stressors (mois-
ture/heat) and irradiation-induced degradation. While
hygroscopicity-driven defect proliferation remains a
primary failure mechanism, current research primar-
ily focuses on encapsulation strategies using polymer
matrices (e.g., PMMA/PVDF) or in situ synthesis
of MHPs NCs to enhance environmental resistance.
However, these approaches predominantly assess PL
stability while critically overlooking radiation toler-
ance under high-dose X-ray exposure. A fundamental
limitation arises from radiation-polymer interactions:
High-energy photons (X/f-rays) induce bond cleavage
in organic matrices, generating free radicals that accel-
erate material degradation. Recent advancements like
in situ growth of MHPs QDs in glass networks (MHPs
CG) address polymer limitations but introduce new
vulnerabilities—radiation-induced structural disorder-
ing in glass compromises long-term imaging reliability.
Therefore, future efforts must concurrently pursue two
pathways: (i) radiation-hardened encapsulation systems
resistant to cumulative radiation damage and (ii) devel-
opment of intrinsically stable perovskite architectures
through defect engineering and composition optimiza-
tion, with mandatory validation under high radiation
doses irradiation.
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(5) MHP scintillators’ delayed X-ray detection capabil-
ity enables offline imaging in complex geometries
(e.g., radioactive pipelines) or hazardous environ-
ments (e.g., nuclear accident sites) through carrier
trap-mediated energy storage. However, the inherent
carrier trap recombination dynamics introduce pro-
longed decay time characteristics (ranging from min-
utes to hours), which inevitably compromise imaging
quality through progressive signal blurring and spatial
resolution degradation. This challenge requires devel-
oping advanced light management methods coupled
with image processing algorithms that strategically
compromise between delayed detection capacity and
imaging resolution enhancement. Moreover, current
methods for reading out the light signals to achieve
delayed detection primarily involve pressure, laser, and
heating techniques. To bridge this implementation gap,
future research must prioritize the integration of MHPs
scintillators with compact detector for delayed signal
extraction and temporal—spatial correlation processing.

(6) Machine learning and artificial intelligence are revolu-
tionizing the field of X-ray detection by reducing image
SNR and accelerating image recognition speed, signifi-
cantly enhancing production efficiency and detection
accuracy. On the one hand, deep learning-based image
denoising algorithms, such as convolutional neural
networks (CNNs) and generative adversarial networks
(GANS), can automatically identify and remove noise
from images while preserving important structural
information, thereby improving the SNR of images.
Adaptive filtering techniques, along with data augmen-
tation and regularization methods, further enhance the
robustness and generalization capabilities of image pro-
cessing. On the other hand, deep learning models can
rapidly extract key features from images, and optimized
lightweight network architectures combined with hard-
ware acceleration technologies enable real-time pro-
cessing of X-ray images, driving the automation of the
entire workflow from image acquisition to diagnostic
result generation. Future work should focus on integrat-
ing these technologies to further enhance detection pre-
cision and efficiency while addressing computational
complexity and model interpretability challenges.
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