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ABSTRACT
Halide perovskites (HPs) and their derivatives are considered as promising candidates for next-generation scintillatormaterials due
to their strong x-ray absorption capability, favorable optoelectronic properties, and relatively lowmanufacturing costs. This review
offers a systematic overviewof recent advancements and potential applications ofHP scintillators. First, theworkingmechanismof
x-ray detection is explained based on the fundamental physical processes involved in the interaction between x-rays andmaterials.
Second, optimization strategies for key performance parameters such as light yield and response-decay time are summarized, with
particular emphasis on techniques for modulating the light transmission. Finally, the major challenges impeding the practical
implementation of perovskite scintillators are discussed, and an outlook on potential future developments is provided.
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Introduction

ince Wilhelm Conrad Röntgen discovered x-rays in 1895, x-
ay detectors have been widely employed in medical imaging,
igh-energy physics research, securitymonitoring, and industrial
on-destructive testing [1, 2]. According to their detection prin-
iples, x-ray detectors are primarily divided into two types: direct
nd indirect. Guided by an external bias voltage, x-rays are imme-
iately transformed into collectible electrical signals through
irect detection. For indirect detectors, the key component is a
cintillator, which can convert absorbed high-energy x-rays into
ltraviolet-visible light. The light is subsequently detected by a
hotodetector or photomultiplier tube [3].

aterials like α-Se, Si, CdTe, CdZnTe, PbI2, and HgI2 are com-
only employed in direct conversion detectors, yet each of them
as certain drawbacks. For example, α-Se and Si exhibit low
bsorption cross-sections and small attenuation coefficients for
igh-energy x-rays (>50 keV) [4]. CdTe and CdZnTe are limited
2026 Wiley-VCH GmbH
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by high electron trap densities and expensivemanufacturing costs
[5]. PbI2 and HgI2 detectors suffer from large leakage currents
and high operating voltages [6, 7]. Currently, scintillators have
dominated the commercial market due to their superior detec-
tion efficiency. They are mainly categorized into inorganic and
organic types. Organic scintillators (including organic crystals,
plastics and liquids) serve as a valuable complement to inorganic
scintillators, but their applications are constrained by low density
and small atomic numbers [8, 9]. The evolution of inorganic
scintillation materials can be roughly divided into three stages
(Scheme 1). The first stage began in the late 19th century with the
use of CaWO4 for detecting radioactive phenomenon, signifying
its utilization in high-energy particle detection and research.
This period ended with the emergence of photomultiplier tubes.
The second stage was initiated by Hofstadters, who discovered
the scintillation phenomenon of naphthalene by exciting NaI
crystals with Tl. CsI:Tl and NaI:Tl (halide scintillators), BaF2
(fluoride scintillator), PbWO4 andBi4Ge3O12 (BGO) (oxide scintil-
lators) have become widely used scintillators and are frequently
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SCHEME 1 A diagram showing the evolution of different inorganic scintillation materials.
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mployed as representative benchmarks for evaluating the effi-
iency of new materials. Nevertheless, these materials still face
ome challenges. For instance, BGO needs to be synthesized
nder high-temperature and complex process conditions,making
t difficult to obtain large-sized and defect-free crystals [10].
eanwhile, its brittle nature hinders its application in flexible
-ray imaging [11]. The ceramic Gd2O2S (GOS) utilized for x-ray
omputed tomography (CT) shows a comparatively slow decay
ime, which affects image quality in dynamic imaging [12, 13].
he performance of CsI:Tl andNaI:Tl imaging systems is compro-
ised over time by their high hygroscopicity [14]. Moreover, most
raditional scintillators have inherent radiation luminescence
haracteristics, and the emission peaks are not well aligned with
he optimal spectral response range of photodetectors, thereby
imiting the application of multicolor imaging techniques. As the
emand for advanced x-ray detection technologies continues to
row, scintillation materials have evolved into the third genera-
ion. Traditional scintillators are increasingly unable to meet the
equirements of practical applications, highlighting the urgent
eed for the development of high-performance alternatives.

n recent years, halide perovskites (HPs) and their derivatives
ave been regarded as the most promising candidates for scin-
illator materials. The x-ray attenuation coefficient, as one of
he core parameters of scintillators, is proportional to ρZeff3–4,
here ρ denotes the density of the scintillator, and Zeff is
he effective atomic number [15]. Higher values of ρ and Zeff
nhance the material’s ability to attenuate ionizing radiation,
mproving its suitability for CT imaging. Due to the presence
f high atomic number elements such as Pb, Br, and I, HPs
isplay highly efficient x-ray absorption [16–18]. Additionally,
hey possess excellent optical properties, including nearly 100%
of 20
photoluminescence quantum yield (PLQY), low trap density,
nanosecond decay lifetimes, tunable optical bandgaps, and a
relatively straightforward fabrication process [19–22]. Compared
with other materials, HPs offer more marked advantages in x-
ray detection and imaging fields (Table 1) [18, 23–40]. In 2002,
Shibuya et al. first used the organic–inorganic hybrid perovskite
(C6H13NH3)2PbI4 as a scintillator for radiation pulse detection,
initiating preliminary research on perovskite materials in x-ray
detection [41]. Since then, substantial progress has been made
in detection sensitivity. The light yield substantially surpasses
that of commercial device representatives such as NaI:Tl (38 000
photons/MeV) and BGO (8 500 photons/MeV). Lead-based per-
ovskites like CsPbBr3 display ultrafast decay time, being several
orders of magnitude short than BGO (300 ns) and GOS (1200 ns).
Thus far, the lowest detection limit has been shown to be 13
nGyair/s, approximately 420 times lower than the standard dose
used in clinical x-ray diagnostics [23]. The conversion efficiency
of halide perovskite x-ray scintillators can reach 45–49%, which is
higher than GOS (10%–24%) [24].

Although many reviews have summarized research advances in
HP scintillators, most have discussed their scintillation char-
acteristics mainly from the perspectives of structural dimen-
sionality, morphology, or crystal form [10, 42–44]. However, a
systematic categorization of the primary methods for enhancing
key scintillation parameters remains lacking. In this review,
we initially clarify the fundamental working principle of x-ray
detection. Then, we systematically analyze themain strategies for
improving the performance of halide perovskite or perovskite-like
scintillators, particularly in elevating light yield and shortening
response-decay time. In addition, methods designed to control
the direction of light transmission by chiral circularly polarized
Small, 2026
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TABLE 1 Key parameters of the typical halide perovskite and other scintillation materials.

Materials
type Materials ρ (g/cm3) Zeff

Light yield
(ph/MeV)

Decay time
(ns)

Detection
limit

(nGyair/s)

Spatial
resolution
(lp/mm) Refs.

Halide
Perovskites and
their
Derivatives

CsPbBr3 —— —— —— 44.6 13 —— [23]
CsPbBr3 —— —— 177 000 200 —— 9.8 [24]

Cs2Ag0.6Na0.4In1-y-
BiyCl6

—— —— 39 000 ± 7 000 1.6 × 104 19 4.4 [25]

(EDBE)PbCl4 2.191 67.52 9 000 7.9 —— —— [18]
(TPA)2MnBr4 —— —— 56 800 1.25 × 104 18.7 21 [26]
BA2PbBr4:Mn2+ —— —— 85 000 —— 16 10.7 [27]
Cs2AgI3:Cu 4.62 —— 82 900 192.8 77.8 16.2 [28]
Rb2CuBr3 3.83 34.99 91 056 4.14 × 104 121.56 —— [29]
Cs3Cu2I5 4.28 52.4 79 280 1.92 × 103 —— —— [30]
Cs2ZrCl6 3.94 —— 49 400 1.556 × 104 65 18 [31]
Cs2HfCl6 3.9 57.6 21 700 —— 55 11.2 [32]

Other Halides Cu4I6(L1)2 —— —— 32 600 5.58 × 103 96.4 >30 [33]
Cu4I6(L2)2 —— —— 30 500 2.33 × 103 102.1 >30 [33]
Cs3TbCl6 3.55 43.07 56 800 5.23 × 106 149.65 3.3 [34]
Rb3TbCl6 3.18 41.13 88 800 4.38 × 106 115.38 3.9 [34]

Cs4CaI6:Yb2+,Sm2+ —— —— 52 000 —— 186 —— [40]
CsI:Tl 4.51 54 65 000 1000 180 10 [35]
NaI:Tl 3.67 51 38 000 230 —— —— [36]

Oxides BGO 7.13 74 85 000 300 376 11 [35]
PbWO4 8.28 75 400 10 —— —— [36]

CaMoO4:Eu2+ —— —— —— 6.7 × 105 76 23 [37]
Oxysulfide GOS 7.34 61.1 66 000 1200 —— 6.2 [24]
Fluoride BaF2 4.89 52.7 1 400 0.06 —— —— [36]
Organic
materials

TPE-4Br (crystal) —— 35 34 600 1.79 —— —— [38]
NE102 A (plastic) 1.03 5.7 1 000 2 —— —— [36]
EHCZ (liquid) 1 —— 6 000 20 —— —— [39]

*Cu4I6(L1)2, L1 = 1-propyl-1,4-diazabicyclo[2.2.2]octan-1-ium; Cu4I6(L2)2, L2 = 4-dimethylamino-1-ethyl-Pyridinium; TPE-4B, 1,1,2,2-tetrakis(4-bromophenyl)
ethylene; EHCZ, N-(2-ethylhexyl)carbazole.
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uminescence, waveguide effects, and enhancement of trans-
arency are introduced to boost the spatial resolution of x-ray
maging. Finally, we emphasize the major challenges currently
nd offer insights into the further development and application
f high-performance scintillators.

Working Mechanism of X-ray Detection

he indirect detection process mainly involves three stages: the
bsorption and conversion of x-ray photons, the transport of
harge carriers, and the luminescence resulting from radiative
ecombination [45]. The conversion stage involves the interaction
etween x-rays and the lattice atoms to generate electron-hole
airs. When the incident photon energy is within the range of 100
V–100 keV, the photoelectric effect plays a major role. Outside
his range, Compton scattering takes effect. As the incident
mall, 2026
radiation energy exceeds 1.02MeV (equivalent to 2mec2, whereme
is the rest mass of the electron and c denotes the light velocity),
the pair production mechanism becomes possible [46]. These
electrons produce many secondary electrons through electron–
electron scattering and Auger processes, thereby forming charge
carriers. Subsequently, these charge carriers consume energy in
the formof thermal energy through interactionwith phonons and
ultimately accumulate in the conduction band and valence band.
In the second stage, the generated electrons and holes transport to
the luminescent centers, completing the energy transfer process.
During this process, carriers are susceptible to being trapped
at various defects or self-trapped in the lattice, resulting in
non-radiative energy dissipation and potential delay in radiative
recombination. The luminescence stage is achieved by the radia-
tive recombination of electrons and holes, releasing ultraviolet-
visible light. Finally, the light is captured and measured by
following photomultipliers or photodetectors (Scheme 2). It is
3 of 20
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SCHEME 2 Schematic illustration of x-ray detection.
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mportant to recognize that the above mechanism is specific to
norganic scintillators. In the case of organic or non-crystalline
cintillators, the mechanism may be more complex [47].

n direct detection, the conversion process is similar to that of
ndirect detection, where x-rays generate a substantial number of
lectron-hole pairs within the semiconductor. The fundamental
istinction lies in the mechanism of electrical signal generation.
pon application of an electric field, electrons and holes migrate
oward their opposite electrodes to generate ameasurable current
Scheme 2). Direct x-ray detectors have two operating modes:
urrent mode and pulse mode [48]. Current mode detectors
ecord the average current value generated by particles and
re suitable for receiving high-flux high-energy photons. Pulse
ode detectors capture the voltage pulse corresponding to each
article and are typically employed under low-flux conditions,
nabling the preservation of both energy and time information
or individual radiation events.

Strategies for Enhancing Performance of HP
cintillators

.1 Light Yield Improvement

ight yield (LY) is defined as the number of detectable photons
roduced per 1 MeV of absorbed energy (photons/MeV). It can be
xpressed as [36]:

LY = 106SQ∕𝛽Eg

here S and Q represent the efficiency of electron-hole pair
ransport to luminescent centers and their radiative recombi-
ation, respectively. β is typically taken as 2.5, and Eg is the
andgap of the scintillator. A high light yield is essential for high-
ensitivity x-ray detection. Benefiting from their relatively narrow
of 20
bandgaps of 1.5–3.2 eV, HP scintillators can theoretically achieve
light yields of approximately 129 000–250 000 photons/MeV. In
practice, however, the measured values are typically lower than
the predicted ones [49]. This is attributed to factors such as
self-absorption, non-radiative recombination, and light transport
losses. To approach the theoretical upper limit, researchers have
proposed several strategies and made notable progress in exper-
iments. Here, four main methods are summarized: enhancing
exciton binding energy, expanding Stokes shift, constructing HP
composite materials, and improving material crystallinity.

3.1.1 Increasing Exciton Binding Energy

The light yield is affected by the exciton binding energy (Eb),
which refers to the energy needed to separate a bound electron-
hole pair into free carriers. A higher exciton binding energy
signifies greater exciton stability, reducing the likelihood of
dissociation. During the recombination process, a large amount
of energy is released, which facilitates the generation of more
photons and an increase in light yield. At present, the exciton
binding energy can be enhanced by reducing the structural
dimension and crystal size.

3.1.1.1 Reduction in Structural Dimension. Two-
dimensional (2D) HPs are composed of alternating organic
ligands and inorganic perovskite layers. The organic layers
possess a higher energy gap and function as barriers, whereas
the inorganic layers, with a lower energy gap, form potential
wells, thereby creating a quantum well structure [50]. Although
the incorporation of organic ligands reduced the overall material
ρ and Zeff, the unique low-dimensional architecture spatially
confines excitons within the inorganic layers. This quantum
confinement increases the overlap between electron and hole
wavefunctions and intensifies the Coulomb interaction [42],
Small, 2026
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FIGURE 1 (a) Crystal structure representation of MAPbX3 (X = I, Br) (left), and (EDBE)PbCl4 (right). Radioluminescence (RL) spectra of
perovskite crystals at various temperatures from 10 to 350K: (b) MAPbI3, (c) MAPbBr3, and (d) (EDBE)PbCl4. (e) Light yields of MAPbI3, MAPbBr3, and
(EDBE)PbCl4 obtained from the integrated x-ray excited luminescence intensities at various temperatures from 10–350K. Reproduced with permission
[18]. Copyright 2016, Springer Nature. (f) Demonstration of molecular and dielectric confinement. (g) Integral PL intensities of (TPA)2MnBr4 versus
temperature. The inset shows the temperature-dependent PL spectra of (TPA)2MnBr4. (h) RL spectra of (TPA)2MnBr and BGO (tube voltage: 50 kV,
beam current: 80 µA, dose rate: 278 µGyair/s). Reproduced with permission [26]. Copyright 2025, Wiley-VCH.
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ltimately enhancing the exciton binding energy in 2D HPs with
igher light yield.

n 2016, Soci et al. compared the x-ray scintillation properties
f three-dimensional (3D) perovskites MAPbI3 and MAPbBr3
MA = CH3NH3) as well as 2D perovskite (EDBE)PbCl4
Figure 1a) [18]. All perovskite single crystals (SCs) demonstrated
igh x-ray scintillation efficiency at low temperatures (Figure 1b–
). At a temperature of 130 K, the light yield of (EDBE)PbCl4
ould reach approximately 120 000 photons/MeV, while MAPbI3
nd MAPbBr3 exceeded 150 000 photons/MeV only at 10K. Due
o pronounced thermal quenching effects, the light yields of 3D
erovskites dropped sharply at room temperature (<1000 pho-
ons/MeV). In contrast, by designing the structure and dimension
f perovskites, the (EDBE)PbCl4 crystal, with a large exciton
inding energy (about 360 meV), was less affected by thermal
uenching (∼9 000 photons/MeV under the same condition)
Figure 1e). Liu et al. developed an airflow-controlled solvent
vaporation method to successfully grow (PEA)2PbBr4 SCs with
diameter exceeding two inches [51]. The crystal structure

eatures alternating inorganic [PbBr4]2−octahedral layers and
mall, 2026
organic PEA+ cation layers, where two organic layers sandwich
one inorganic layer, and adjacent layers are held together by
weak van derWaals interactions. Owing to the synergy of organic
and inorganic components, the (PEA)2PbBr4 SCs exhibited a
high light yield of 73 226 photons/MeV and a fast response
time of 14 ns. Besides, lower-dimensional perovskites (1D and
0D) also manifest high exciton binding energies. For example,
a hybrid scintillator (TPA)2MnBr4 with strong bound exciton
behavior is constructed by leveraging the effects of molecular
and dielectric confinement (Figure 1f), achieving an exciton
binding energy of 1028.8 meV (Figure 1g) [26]. Under x-ray
irradiation, (TPA)2MnBr4 accomplished a light yield of up to
56 800 photons/MeV (Figure 1h).

3.1.1.2 HP Nanocrystals or Quantum Dots. 3D per-
ovskites reveal small exciton binding energy because of high
dielectric constant and poor quantum confinement, dramatically
lowering light yield at room temperature compared to low-
temperature conditions. Reducing the size of 3D HPs from SCs
to nanocrystals (NCs) or quantum dots (QDs) can strengthen
exciton binding energy through spatial confinement.
5 of 20
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FIGURE 2 (a) Tunable emission spectra of perovskite QDs under x-ray illumination. (b) RL measurements for CsPbBr3 NCs-based scintillator
as a function of dose rate. (c) Spatial resolution of the x-ray imaging system under 15 µGy of x-ray exposure. (d) Multicolor visualization of perovskite
QD scintillators (left, bright-field imaging; right, x-ray illumination at a voltage of 50 kV). Reproduced with permission [23]. Copyright 2018, Nature
Publishing Group. (e) Schematic depiction of the self-assembly process of CsPbBr3 nanosheets. (f) Photographs of the concentrated colloids under
ambient light and x-ray irradiation. (g) Pulse height spectra of a standard commercial scintillator (Ce:LuAG) and a CsPbBr3 colloid scintillator.
(h) Intensity record of the thin-film RL over 2 h exposure of x-ray radiation with 18 µGyair/s. (i) Photograph of a transistor panel in a cellphone. (j)
X-ray imaging of the interior structure of the resin-covered panel (red dashed square) by the perovskite thin-film screen. Reproduced with permission
[52]. Copyright 2019, American Chemical Society.
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n 2017, an initial investigation into the impact of x-ray irradi-
tion on the radioluminescence of CsPbBr3 QDs was reported
53]. It has been demonstrated that x-rays can directly interact
ith CsPbBr3 QDs, highlighting their potential as a promising
cintillation material. Subsequently, Liu et al. investigated the
ulticolor x-ray scintillation phenomenon of a series of all-
norganic CsPbX3 (X = Cl, Br, I) NCs [23]. Unlike traditional
cintillators, these scintillators can flexibly tune the radiation
uminescence within the visible spectrum range by adjusting
he anionic composition of colloidal precursors (Figure 2a).
he CsPbBr3-based scintillator achieved a detection threshold
s low as 13 nGyair/s (Figure 2b) and a very short decay time
τdecay = 44.6 ns). The modulation transfer function (MTF) of this
erovskite NCs-based x-ray detector reached 0.72 at a spatial res-
lution of 2.0 lp/mm (Figure 2c), which outperforms commercial
sI:Tl flat-panel x-ray detectors (0.36 at 2.0 lp/mm). Moreover,
he study exhibited that these color-tunable perovskite quantum
ot scintillators can serve as convenient visualization tools in x-
ay photography (Figure 2d). Xu et al. embedded CsPbBr3:Lu3+
Cs into a transparent amorphousmatrix to prepare a scintillator
of 20
with exceptional x-ray radiation resistance [54]. The introduc-
tion of Lu3+ promoted the uniform distribution of CsPbBr3
NCs in the matrix, enabling a high imaging resolution (about
16.8 lp/mm) and a low detection dose (50 nGyair/s). Interestingly,
the performance degradation caused by x-ray irradiation could
be effectively restored through simple thermal annealing, which
was attributed to the high-viscosity amorphous network structure
confining the perovskite NCs in a local environment. This
characteristic offers good recyclability in practical applications.
To address the challenge of forming perovskite nanocrystal
scintillator films with controlled thickness and large-area size,
a room-temperature synthesis for colloidal CsPbBr3 nanosheet-
based scintillators has been reported (Figure 2e,f) [52]. The light
yield of the colloidal scintillator achieved 21 000 photons/MeV,
which exceeds the commercial Ce:LuAG single-crystal scintilla-
tor (18 000 photons/MeV) (Figure 2g). Notably, this scintillator
was easy to process and could be fabricated into large-area,
uniform, and crack-free films (8.5 × 8.5 cm2 in area), exhibiting
long-term stability under continuous x-ray irradiation (Figure 2h)
and high-resolution x-ray imaging performance (Figure 2i,j).
Small, 2026
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TABLE 2 Recent published works on ion-doped halide perovskites for scintillation performance.

Materials
type Materials

Emission
wavelength

(nm)

Stokes
shift
(nm)

Light
yield

(ph/MeV)
Decay

time (µs)

Spatial
resolution
(lp/mm)

Detection
limit

(nGyair/s) Refs.

Mn-based
doped halide
perovskite
scintillators

CsMnCl3 650 285 13 400 370.3 4 470 × 103 [56]
Cs2NaLuCl6:Mn2+ 628 308 —— 10.79 × 103 20 0.99 × 103 [57]
Cs2CdBr2Cl2:Mn2+ 495/593 210/308 64 950 70.74 12.3 17.82 [58]
Cs2CdCl4:Mn2+ 585 340 88 183 24.3 × 103 16.1 31.04 [59]
BA2PbBr4:Mn2+ 610 222 85 000 727.83 10.7 16 [27]
DA2PbBr4:Mn2+ 620 255 35 292 739.4 10 108.17 × 103 [60]
[TPPen]2MnBr4 515 65 43 000 298.04 4.6 696.9 [61]
Cs3Cu2I5:Mn2+ 565 185 65 000 —— 11.8 49 [62]
Cs3ZnBr4:Mn2+ 526/655 161/290 15 600 255.90 /163.63 5.06 1.16 × 103 [63]

Lanthanide-
doped halide
perovskite
scintillators

CsPbBr3:Eu3+ 530/613 165/248 10 100 6.78 × 10−3 15 —— [64]
CsPbCl3:Yb3+ 980 >550 112 000 1.242 × 103 —— 176.5 [55]

CsNaTbCl6:Ce3+ 548 206 52 153 5.71 × 103 10 30 [65]
Cs4SrI6:Eu2+ 474 97 62 300 1.9 —— —— [66]
Cs4CaI6:Eu2+ 474 97 51 800 2.1 —— —— [66]

*[Tppen]2MnBr4, Tppen = pentyltriphenylphosphonium
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.1.2 Expanding Stokes Shift

o ensure efficient x-rays absorption, scintillator materials need
o have a certain thickness, which unfortunately exacerbates the
elf-absorption effect. This issue is prominent in HP materials
ue to their small Stokes shift, reducing the overall light yield.
xpanding the Stokes shift is a primary approach to mitigate
he self-absorption phenomenon. Researchers have tackled the
roblem by doping with transition metal ions or lanthanide ions,
s well as harnessing self-trapped exciton (STE) emission.

.1.2.1 IonDoping. Transitionmetal ions (e.g., Mn2+, Cu2+)
nd lanthanide ions (e.g., Eu3+, Tb3+) have abundant electronic
ransition energy levels, which allow for light emission at specific
avelengths. Introducing these ions into the HP structure not
nly can serve as new luminescent centers through energy trans-
er (ET) of the host matrix, but also regulates the band structure
f materials, expanding the Stokes shift. Table 2 summarizes the
ain performance of recently reported ion-dopedHP scintillators
27, 55–66].

set of BA2PbBr4 perovskites with different Mn2+ doping
oncentrations were developed for scintillation applications [27].
s an activator, the incorporation of Mn2+ induces a large Stokes
hift, nearly eliminating self-absorption effects (Figure 3a,b). At
Mn2+ doping concentration of 10%, the scintillator delivered
5 000 photons/MeV in light yield (Figure 3c), accompanied
y a detection limit as low as 16 nGyair/s (Figure 3d). Addi-
ionally, the researchers prepared a BA2PbBr4:10%Mn2+-PMMA
omposite scintillation screen, achieving high-resolution x-ray
maging of both planar and non-planar objects (Figure 3e). Han
t al. doped Mn2+ into all-inorganic 2D Cs2CdCl4 perovskite
Cs, obtaining bright orange-red luminescence through effective
nergy transfer from theCs2CdCl4 hostmatrix to theMn2+ dopant
mall, 2026
ions [59]. As a scintillator, Cs2CdCl4:10% Mn had high light yield
(88138 photons/MeV), and excellent thermal quenching resis-
tance. Song et al. pioneered the quantum-cutting (QC) scintil-
lators based on CsPbClxBr3-x:Yb3+ SCs [55]. By leveraging ET
from CsPbClxBr3-x to Yb3+, a QC effect was achieved, attaining a
PLQY of 149% and a Stokes shift exceeding 550 nm (Figure 3f,g).
The scintillator displayed high transmittance, negligible self-
absorption, and large x-ray conversion efficiency, achieving high
light yield (112 000 photons/MeV) (Figure 3h) and a low detection
limit (176.5 nGyair/s) (Figure 3i).

3.1.2.2 Emissions of Self-trappingExcitons. InHPs, exci-
tons have strong coupling with lattice phonons, leading to energy
dissipation through lattice vibrations and the formation of local-
ized lattice distortions. These distortions create a potential well
that confines the excitons, forming a self-trapped exciton (STE)
state. Subsequently, the STEs undergo radiative recombination to
the ground state, holding characteristic large Stokes shifts and
broad emission spectra. Low-dimensional halide perovskite-like
structures are more prone to form STE due to their soft lattice
nature and pronounced exciton-phonon interaction [67].

A novel lead-free halide perovskite-like scintillator, Rb2CuBr3
(Figure 4a), whose 1D crystal structure and soft lattice properties
are conducive to the generation of STEs (Figure 4b) [29]. During
the excitation process, the electronic configuration of Cu+(3d10)
transformed into Cu2+(3d9), triggering Jahn–Teller distortion.
Based on these advantages, Rb2CuBr3 obtained a Stokes shift of
85 nm with almost no overlap between the PL and absorption
spectra (Figure 4c), realizing a record-breaking light yield of
91 056 photons/MeV (Figure 4d). A flexible and large-area
x-ray scintillation screen based on Cu-doped Cs2AgI3 polycrys-
talline powders was reported [28]. The PLE and PL peaks of
Cs2AgI3:Cu appeared at 304 and 470 nm, respectively, showing an
7 of 20
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FIGURE 3 (a) Proposedmechanism of x-ray scintillation in BA2PbBr4:Mn2+. (b) Absorption and PL spectra of undoped (top) and 10%Mn2+ doped
(bottom) BA2PbBr4 perovskites. (c) Comparison of light yields of BA2PbBr4:10% Mn2+ with several reported perovskite scintillators. (d) Signal-to-noise
ratio (SNR) as a function of x-ray dose rate on BA2PbBr4:10% Mn2+-PMMA. (e) Plot of planar and nonplanar x-ray imaging. (i) Photograph, (ii) planar
image, and (iii) nonplanar image of copper tape with DUT pattern glued to a bent plastic sheet. Reproducedwith permission [27]. Copyright 2022,Wiley-
VCH. (f) PL excitation (PLE) (left) and PL (right) spectra of CsPbClxBr3−x:Yb3+ SCs. (g) PLQY values of CsPbClxBr3−x SCs with/without lanthanide ions
doping. (h) Comparison of light yields between CsPbCl3:Yb3+ SCs and several typical scintillators. (i) X-ray dose rate-dependent SNR for CsPbCl3:Yb3+

SCs. Reproduced with permission [55]. Copyright 2023, Wiley-VCH.
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ltra-broad PL spectrum with a full width at half maximum
FWHM) of 135 nm (Figure 4e). As shown in Figure 4f, the light
ield reached 82 900 photons/MeV, which is comparable to that
f Rb2CuBr3. Besides low-dimensional perovskite derivatives,
ouble perovskites also exhibit typical STE luminescence. Yang
t al. synthesized a series of nontoxic double perovskite scintilla-
ors, Cs2Ag0.6Na0.4In1-yBiCl6 [25]. By dopingNa+ into Cs2AgInCl6,
he parity-forbidden transition was partially broken, promoting
adiative recombination of STEs and achieving intense near-
hite light emission. The doping of Bi3+ not only enhanced the x-
ay stopping power of Cs2Ag0.6Na0.4InCl6 but also tuned the lumi-
escent characteristics of double perovskites. Thanks to the large
tokes shift between the PL and absorption spectra brought by
TEs (Figure 4g), the light yield of the Cs2Ag0.6Na0.4In0.85Bi0.15Cl6
cintillator reached as high as 39 000 ± 7 000 photons/MeV
Figure 4h), enabling static and dynamic x-ray imaging at low
oses without afterglow (Figure 4i,j). Cs2NaGdCl6 SCs showed a
lue STE emission at 470 nm when excited at 265 nm. Lee et al.
dded Tb3+ to this basis and achieved green emission at 549 nm
ia ET from STE to Tb3+ [68]. Consequently, Cs2NaGdCl6:Tb3+
cintillation films delivered excellent imaging quality, offering a
ight yield of 39 100 ph/MeV and an x-ray detection threshold
own to 41.32 nGyair/s.
of 20
3.1.3 Constructing HP Composite Materials

In HP composite materials, ET channels are established via the
cooperative interaction of constituent materials. Such structures
benefit the directional transfer of excited-state energy to other
components with matched energy levels, boosting energy con-
version efficiency. Brovelli et al. engineered CsPbBr3 NCs as
sensitizers for a conjugated organic emitter to attain a plas-
tic scintillator (Figure 5a,b) [69]. The absorption spectrum of
this organic emitter perfectly overlapped with the emission of
CsPbBr3 NCs (Figure 5c). Under x-ray irradiation, the energy
from the NCs was entirely transferred to the organic dye,
achieving a light yield of 9 000 photons/MeV. An ET strategy
from CsPbBr3 nanowires to pyrromethene 597 (PM597) was
devised by Hu et al. (Figure 5d) [70]. Compared with CsPbBr3
nanowires, the emission of CsPbBr3 nanowires/PM597 showed
a substantial Stokes shift, avoiding the self-absorption phe-
nomenon of perovskites (Figure 5e). This ET process enhanced
the performance of the scintillator, achieving a low detection
limit of 152 nGyair/s (Figure 5f), a spatial resolution of 11.5
lp/mm (Figure 5g), and a light yield of 15 600 photons/MeV,
which is 4.1 times higher than that of pure perovskite nanowire
scintillators.
Small, 2026
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FIGURE 4 (a) Crystal structure of Rb2CuBr3. (b) Schematic diagram of STE luminescence mechanism. (c) PL spectrum of Rb2CuBr3 excited by
300 nm and PLE spectrameasured at different emissionwavelengths from 350 to 450 nm. (d) RL spectrumunder 30 keV x-ray excitation andwavelength-
dependent photon detection efficiency of the silicon photomultiplier. Reproduced with permission [29]. Copyright 2019, Wiley-VCH. (e) PLE and PL
spectra of Cs2AgI3:Cu powders. (f) Comparison of light yields between Cs2AgI3:Cu@PDMS and commercially available scintillators. Reproduced with
permission [28]. Copyright 2022, American Chemical Society. (g) Stokes shift of Cs2Ag0.6Na0.4In1-yBiyCl6 with different Bi3+ contents. (h) Attenuation
efficiency and light yield of Cs2Ag0.6Na0.4In1-yBiyCl6 versus Bi3+ content. (i) Photograph of a circuit board (top) and its x-ray image (below). (j) Real-time
x-ray images of finger bending. (dose rate:47.2 µGyair/s, voltage:50 kV). Reproduced with permission [25]. Copyright 2020, Springer Nature.
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.1.4 Increasing the Crystallinity of Materials

aterials with low crystallinity usually contain a higher density
f defects, which can trap excitons and thereby affect detection
ensitivity. Increasing the crystallinity of materials makes more
rdered atomic arrangements. This well-ordered structure can
inimize scattering losses, promoting the efficiency of electron
ransitions [71]. Therefore, enhancing crystallinity is also a viable
ay to increase the x-ray light yield.

iang et al. successfully precipitated CsPbBr3:Eu3+ NCs by ther-
al treatment. The incorporation of Eu3+ promotes the nucle-
tion of NCs and a more uniform distribution of CsPbBr3 within
he glass (Figure 6a,b), attenuating light scattering and acquiring
lear x-ray images (Figure 6c) [72]. An ultrasonic-assisted crys-
allization integrated with the hot-pressingmethod was proposed
o construct high-quality quasi-monocrystallineMA0.42FA0.58PbI3
hick films (Figure 6d) [73]. The rapid ultrasonic-assisted crys-
allization facilitates more uniform nucleation, and the sub-
equent hot-pressing treatment allows for grains rearrange-
ent (Figure 6e), eliminating the voids between crystals and
urther optimizing the crystallinity. This x-ray detector man-
fested an exceptionally high sensitivity (1.16 × 106 µC/Gyair
m2) (Figure 6f) and a low detection limit (37.4 nGyair/s)
mall, 2026
(Figure 6g), making it one of the top-performing perovskite-
based x-ray detectors reported so far. The inch-sized (PEA)2PbBr4
SCs were prepared by evaporation crystallization coupled with
nucleation control (Figure 6h) [74]. The crystals were placed
under a constant temperature and humidity atmosphere to
obtain superior crystal dimensions and quality, addressing the
problem of heterogeneous crystallization in organic–inorganic
perovskites. The crystals exhibited a photon yield of 38 600
photons/MeV and a spatial resolution as high as 23.2 lp/mm
(MTF = 20%) (Figure 6i), gaining high-performance large-area
imaging (Figure 6j).

3.2 Fast Response-Decay Time

Response time refers to the speed at which a scintillator converts
absorbed x-rays into ultraviolet/visible light emission. Scintil-
lators with fast response are essential for strengthening the
clarity and dynamic range of imaging. In practical applications,
luminescence decay time means the interval taken for a scin-
tillator’s emitted light signal to drop from its peak intensity
to approximately 1/e of the original value. A short decay time
denotes the scintillator can return to its initial state more quickly,
avoiding signal overlap and pile up.
9 of 20
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FIGURE 5 (a) Schematic depiction of a sensitized plastic scintillator. (b) Sketch of CsPbBr3 NCs sensitizing the organic emitter. (c)Molar extinction
coefficient (dashed lines) and PL spectra (solid lines) of NCs (green, λex = 405 nm) and organic emitter (red, λex = 500 nm). Reproduced with permission
[69]. Copyright 2020, Nature Publishing Group. (d) Diagram of ET between the CsPbBr3 nanowires and PM597. (e) The absorption (dashed lines) and
PL (solid lines) spectra of CsPbBr3 nanowires, PM597, and CsPbBr3 nanowires/PM597. (f) RL intensity of CsPbBr3 nanowires/PM597 composite films
at different x-ray doses. (g) MTF of CsPbBr3 nanowires/PM597 composite films. Reproduced with permission [70]. Copyright 2024, American Chemical
Society.
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cintillators with rapid response and brief decay duration have
ecome a core driving force for the advancement of complex
maging techniques. For instance, in positron emission tomog-
aphy (PET), the swift response can enhance the spatiotemporal
esolution of images, thereby facilitating the precise control over
he spatial distribution and concentration levels of radioactive
racers. In dynamic real-time x-ray imaging, the fast decay
an capture the dynamic changes in rapidly moving organs or
issues, which is irreplaceable for the diagnosis and treating
ardiovascular and respiratory diseases. Currently, researchers
ave found that quick response features are more common in
ead-based halide perovskite materials (Table 3) [18, 23, 29, 51,
5–92]. There are numerous shallow-level defects in both the
nterior and surface of 3D lead-based perovskites, causing decay
imes typically in the order of nanoseconds. The luminescence
echanism mainly originates from free carrier recombination
93]. In contrast, the multiple quantum well structures of 2D per-
vskites can localize excitonswithin the inorganic layers, with the
rimary emission mechanism being exciton recombination [94].
hese structures intensify radiative recombination efficiency,
otentially giving rise to short decay times, and the exact value
aries depending on the specific material and structure. In low-
imensional perovskites, strong electron-lattice coupling tends
o induce the formation of STEs [95]. As a result, the lifetimes
enerally range frommicroseconds tomilliseconds,making them
nsuitable for optoelectronic devices with fast response on the
anosecond scale.
0 of 20

a

3.2.1 3D Lead-based HPs

A continuous [PbX6]4− octahedral network of 3D lead-based
perovskite equips it with high carrier mobility and provides an
efficient charge transport channel. Meanwhile, its low exciton
binding energy makes excitons easily dissociate into free carri-
ers at room temperature, mainly via band-edge recombination
luminescence. This luminescence mechanism leads to a faster
luminescence decay time.

Unlike CsI:Tl scintillators with afterglow luminescence, the
solution-processable CsPbBr3 NC scintillator showed a very fast
scintillation decay time (τdecay = 44.6 ns) when excited by pulsed
photons from a portable 137Cs source (661 keV), making it an
ideal choice for dynamic real-time x-ray imaging [23]. Similarly,
the CsPbCl3 NCs treated with CdCl2 eliminated deep hole traps
caused by surface undercoordinated Cl− via the cation exchange
from Pb2+ to Cd2+. This modification resulted in intense radiative
emission and ultrafast radiative decay, with an average lifetime of
as short as 210 ps and no observable defect-related slow emission
tail [80]. The research team led by Ouyang et al. detected that
small Br-doped MAPbBr0.05Cl2.95 SCs could boost scintillation
performance [76]. The MAPbBr0.05Cl2.95 SCs showed a decay time
of 0.14 ± 0.02 ns, which is attributed to the formation of a
crystal structure with reduced defect density when partial Cl− is
replaced by Br−, providing a purer bandgap and enhancing rapid,
near-band-edge radiative recombination.
Small, 2026
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FIGURE 6 TEM images and size distribution histograms of (a) CsPbBr3-0Eu and (b) CsPbBr3-1.8Eu. (c) x-ray images of (i) CsPbBr3 -0Eu,
(ii) CsPbBr3-0.6Eu, and (iii) CsPbBr3-1.8Eu. Reproduced with permission [72]. Copyright 2021, Chinese Laser Press. (d) Schematic illustration of the
procedure for preparing a quasi-monocrystalline film. (e) SEM images (top) and cross-sectional SEM images (bottom) of the MA0.42FA0.58PbI3 films
with/without hot-pressing. (f) Sensitivities of devices based on MA0.42FA0.58PbI3 films with/without hot-pressing. (g) SNR of the MA0.42FA0.58PbI3
films-device under low dose rates. Reproduced with permission [73]. Copyright 2023, Wiley-VCH. (h) Schematic diagram of evaporation crystallization
combined with a nucleation-controlled process for (PEA)2PbBr4 SCs growth. (i) MTF curves for the (PEA)2PbBr4 SCs. (j) Photographs and x-ray images
of a ballpoint pen and a spring encapsulated in a polytetrafluoroethylene triangular prism. Reproducedwith permission [74]. Copyright 2024,Wiley-VCH.
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.2.2 2D Lead-based HPs

wing to a quantum confinement effect enlarging the overlap
egion of electron and hole wavefunctions, the scintillation
f (n-CmH2m+1NH3)2PbX4 (m = 3, 4, 6, 10, etc.), abbreviated
ith CmPbX4, had extremely short lifetimes [83]. The radiative
ecombination time of free excitons for C3PbBr4 was 2.8 ns,
omparable to that of organic scintillators. The C6PbI4 crystal,
n the other hand, displayed an even shorter decay time of only
90 ps. In 2023, Niu et al. inserted benzimidazole (BM) between
PbBr6]2− layers as the A-site in 2D perovskites (Figure 7a) [84].
he incorporation of benzimidazole reduced the polarity and
ipole moment of organic molecules, thereby decreasing the
ielectric permittivity. This structural modification maximized
he permittivity difference between the organic barrier layer and
norganic well layer, benefiting the confinement of electron-hole
airs and accelerating the scintillation decay time (Figure 7b,c).
he average lifetime of BM2PbBr4 was 0.95 ns, which is the
hortest among all perovskite materials. Additionally, its light
ield (3190 photons/MeV) was much higher than the traditional
cintillators BaF2 (1500 photons/MeV). With its rapid decay
ime and high light yield, BM2PbBr4 is considered as a promis-
ng option for a range of ultrafast detection applications. For
nstance, the measured coincidence time resolution (CTR) of a
ET camera based on BM2PbBr4 is 207 ± 2.2 ps, even better
mall, 2026
than the commercial PET scintillator LYSO (experimental value
250 ± 3.1 ps).

3.3 Control of Light Transmission

Scintillators usually exhibit isotropic radiative luminescence,
implying that photons undergo multiple scattering during prop-
agation. This causes interference among light signals across
adjacent pixels, resulting in image blurring and resolution
degradation [96–98]. This phenomenon of light scattering and
crosstalk is particularly prominent in thick scintillator films.
In addition, crystal boundaries and defects within the material
further increase the probability of light scattering and exacerbate
the crosstalk problem. To address this issue, potential strategies
including chiral circularly polarized luminescence, waveguide
effect, and improvement in material transparency can be imple-
mented to better control the propagation direction of emitted
photons.

3.3.1 Chiral Circularly Polarized Luminescence

At present, the widely used scintillators are primarily composed
of non-chiral structures, which typically have centrosymmetric
11 of 20
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TABLE 3 Summary of decay times in lead-based and lead-free halide perovskites.

Type Materials Dimension Decay time (ns) Refs.

Lead-based halide
perovskites

MAPbBr0.05Cl2.95 SC 3D 0.14 ± 0.02 [76]
CsPbCl3 SC 3D fast components:0.39

slow components: 7
[77]

CsPbCl3:La, Ag SC 3D fast components:0.49
slow components: 7.2

[77]

MAPbCl3 SC 3D 5.85 [78]
CsPbBr3 SC 3D 1 ns at 7K [79]
CsPbBr3 NC 3D 44.6 [23]

CsPbCl3:CdCl2 NC 3D 0.21 [80]
CsPbI3 NC 3D 1.1 [81]

CsPbBr3/Cs4PbBr6 NC 3D/0D <10 [82]
C3PbBr4 SC 2D 2.8 [83]
C6PbI4 SC 2D 0.39 [83]

BM2PbBr4 SC 2D 0.95 [84]
(EDBE)PbCl4 SC 2D 7.9 [18]
PEA2PbBr4 SC 2D 14 [51]
PEA2PbBr4 NC 2D 4.4 [85]

Lead-free halide
perovskites

CsEuI3 SC 3D 3.4 × 103 [86]
CsCaBrI2:Eu2+ SC 3D 2.1 × 103 [87]
CsSrBrI2:Eu2+ SC 3D 1.9 × 103 [87]
CsSrClB2:Eu2+ SC 3D 3.5 × 103 [87]

(C8H17NH3)2SnBr4 SC 2D 3.34 × 103 [88]
Cs4MnBi2Cl12 SC 2D 144 × 103 [89]

Low-dimensional
lead-free halide
perovskites

Cs3Cu2I5:In+ SC 0D fast components: 557
slow components: 3750

[90]

Rb2CuBr3 SC 1D 41.4 × 103 [29]
Rb2CuCl3 SC 1D 11.3 × 103 [91]
Cs4EuI6 SC 0D 3.33 × 103 [92]
Cs4EuBr6 SC 0D 3.72 × 103 [92]

FIGURE 7 (a) Crystal structure of 2D organic–inorganic hybrid perovskites with quantum well structure. (b) Design strategy for selecting organic
amines with lower dielectric constant to enhance exciton confinement. (c) Dielectric distributions of [PbBr6] plane well and organic amines barrier for
PEA2PbBr4 and BM2PbBr4. Reproduced with permission [84]. Copyright 2023, Wiley-VCH.
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FIGURE 8 (a) The crystal structures of R-3APP and S-3APP. (b) The luminescence dissymmetry factor (glum) values for R-3APP and S-3APP.
(c) The light yield for 3-APP and several well-established scintillators. (d) Schematic diagram of the experimental setup for verifying polarized
radioluminescence. (e) Polarization-dependent radioluminescence of chiral S-3APP and R-3APP. (f) The left-handed and right-handed luminescent
crystals show bright and dark changes when rotating the linear polarizer. Reproduced with permission [99]. Copyright 2022, Wiley-VCH.
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rystal configurations. This symmetry leads to the spatially
niform distribution of electric dipole transition vector direc-
ions during the luminescence process, and thus the stimu-
ated radioluminescence displays isotropic characteristics. Wang
t al. regulated the radioluminescence propagation by design-
ng chiral perovskite-based scintillators (R-3AP)PbBr3Cl⋅H2O
R-3APP) and (S-3AP)PbBr3Cl⋅H2O (S-3APP) (Figure 8a), which
ad unique circularly polarized radioluminescence (CPRL) prop-
rties [99]. The strong spin-orbit coupling of heavy metals in
erovskites endows them with high magnetic dipole moments.
onsequently, the luminescence dissymmetric factors (glum) of S-
APP and R-3APP were as high as 4 × 10−2 and 3.6 × 10−2, respec-
ively (Figure 8b). Moreover, the light yield of 3APP was 19 000
hotons/MeV, approximately twice that of BGO (Figure 8c).
he research team leveraged a self-made polarized light col-
ection system to explore the radioluminescence characteristics
f chiral and non-chiral scintillators (Figure 8d). Interestingly,
he RL intensities of S-3APP and R-3APP presented obvious
olarization dependence, and the light propagation directions
howed asymmetric oscillations (Figure 8e). To further verify
he optical differences between S-3APP and R-3APP, the team
abricated a simple matrix. By alternately arranging left-handed
nd right-handed crystals, a series of chiral scintillators were
ssembled. Under x-ray irradiation, these crystals demonstrated
lear contrast differences, indicating that the light propagation
f each crystal was different (Figure 8f). This finding proposes a
rand-new x-ray imaging scheme that can help improve imaging
uality.

.3.2 Waveguide Effect

he waveguide effect is an optical phenomenon based on the
rinciple of total internal reflection: when light is incident
rom a medium with a higher refractive index to one with
mall, 2026
a lower refractive index at an angle greater than the critical
angle, it undergoes complete reflection within the dense medium
and propagates along the interface without leakage [100]. By
precisely designing the waveguide structure, the lateral diffusion
of photons can be confined, ensuring the efficient transmission of
optical signals within the waveguide.

Tang et al. initially embedded Cs3Cu2I5 scintillator into anodic
aluminum oxide (AAO) using a simple hot-pressing method to
make a pixelated scintillator film (Cs3Cu2I5-AAO) with a target
thickness (Figure 9a) [101]. The AAO template has a porous
structure and a low refractive index, which is conducive to
constructing Cs3Cu2I5 columnar crystals with a higher refractive
index wrapped in an Al2O3 matrix. In this case, the Cs3Cu2I5-
AAO scintillator manifests a waveguide effect, promoting the
propagation of scintillation light within Cs3Cu2I5 by minimizing
light scattering (Figure 9b,c). The spatial resolution of this film
reached 10.4 lp/mm (MTF = 20%) (Figure 9d). To verify the
light confinement effect of the designed pixelated Cs3Cu2I5-AAO
film, the light field distributions of HP-Cs3Cu2I5 (Cs3Cu2I5 thick
film without AAO) and Cs3Cu2I5-AAO at different thicknesses
were analyzed by the finite-difference time-domain (FDTD)
method (Figure 9e,f). As the film thickness increased, the emitted
scintillation light of both HP-Cs3Cu2I5 and Cs3Cu2I5-AAO films
became more dispersed. Notably, the integrated light intensity
of Cs3Cu2I5-AAO is greater than that of HP- Cs3Cu2I5, demon-
strating that Cs3Cu2I5-AAO can effectively confine scintillation
light.

3.3.3 Increasing Transparency

Scintillator films formed by incorporating perovskite NCs into
polymer matrices are prone to severe aggregation, primarily due
to the notable disparity in hydrophilicity and hydrophobicity
13 of 20
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FIGURE 9 (a) Schematic diagram of hot-pressing procedure for Cs3Cu2I5-AAO film. (b,c) The scintillation light propagation paths of bulk
Cs3Cu2I5 film and pixelated Cs3Cu2I5-AAO film. (d) The MTF values of Cs3Cu2I5-AAO, HP-Cs3Cu2I5, and GOS. The simulated distributions of
internal scintillation light in (e) HP-Cs3Cu2I5 and (f) Cs3Cu2I5-AAO with different film thicknesses. Reproduced with permission [101]. Copyright
2021, Wiley-VCH.
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etween perovskite and the polymer host. This aggregation
henomenon induces light scattering and an inhomogeneous
istribution of luminescence centers, ultimately causing a sub-
tantial reduction in the overall transparency of the composite
ilm. To overcome this limitation, the current research focuses
n precise ligand engineering and polymer matrix regulation
o enhance compatibility, suppress aggregation, and achieve
ighly transparent and uniform composite scintillators (Table 4)
102–111]. Kuang et al. grew CsPbBr3 NCs within a low-melting-
oint coordination polymer glass (ZnBr2(bIm+DMSO)2) through
n in situ crystallization approach (Figure 10a) [102]. In the
sPbBr3@ZnBr2(bIm+DMSO)2 glass, the high viscosity of the
oordination polymer glass inhibits themigration-induced aggre-
ation of perovskite NCs, realizing a transmittance exceeding 80%
n the range of 500 to 800 nm (Figure 10b,c).Meanwhile, dimethyl
ulfoxide (DMSO) as a solvent to dissolve CsBr and PbBr2
enefits the uniform dispersion of CsPbBr3 NCs. Utilizing the
sPbBr3@ZnBr2(bIm+DMSO)2 glass as an x-ray imaging screen
chieved a high imaging resolution of 25 lp/mm (Figure 10d,e),
urpassing the resolution of most recently reported materials
Figure 10f). In addition, Xu et al. dissolved CsBr and PbBr2 in
4 of 20
DMF and then induced the nucleation and growth of CsPbBr3
NCs in high-viscosity PMMA polymer via a thermal annealing
process [104]. A high-performance polymer-ceramics scintillator
with a spatial resolution of 12.5 lp/mm was achieved. The
C-O-C in PMMA strongly coordinated with Pb2+, inhibiting the
migration and aggregation of ions. Under x-ray irradiation, even
upon partial disruption of the CsPbBr3 lattice, the majority of
coordination bonds between the PMMA chains and Pb2+ were
preserved, thereby confining Cs+, Pb2+, and Br− ions to their
original positions and preventing disordered diffusion. Subse-
quent low-temperature heat treatment supplied sufficient energy
to facilitate recrystallization, using the residual nuclei as seed-
ing sites. A surface modified-CsPbBr3/polybutylmethacrylate
(PBMA) nanocomposite was reported [103]. By introducing bis(2-
(methacryloxy)ethyl) phosphate (BMEP), the ratio of the original
ligand on the surface of CsPbBr3 NCs was adjusted, which
facilitated the uniform dispersion of CsPbBr3 NCs within the
polymer matrix. The BMEP-treated CsPbBr3/PBMA nanocom-
posites demonstrated enhanced transmittance in the visible light
spectrum compared to the untreated samples (Figure 10g,h).
Furthermore, a series ofwell-resolved and clear x-ray imageswere
Small, 2026
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TABLE 4 Scintillation properties of halide perovskite/polymer composites.

Materials Synthesis method Polymer
Light yield
(ph/MeV)

Detection
limit

(nGyair/s)

Spatial
resolution
(lp/mm) Refs.

CsPbBr3 In situ growth ZnBr2(bIm+DMSO)2
glass

1202 514 25 [102]

CsPbBr3 In situ growth PMMA 15 800 120 12.5 [104]
CsPbBr3 In situ growth Dispersion: PBMA —— 4.6 × 103 —— [103]
CsPbBr3 Ball milling Dispersion: PMMA —— —— 8 [105]
CsPbBr3:Ce3+ Hot injection Suction filtration:

PVDF
33 000 —— 580 (MTF = 0.2) [106]

Cs4PbBr6 Solution mixing +
Doctor blade/Drop

casting/SLA

Dispersion: GDRB 10% of a
commercial

EJ232 scintillator

—— —— [107]

Cs3Cu2I5 In situ growth VmB1 55 521 326 14 [108]
Cs3Cu2I5:Tl In situ growth PMMA 48 800 305 16.3 [109]
(C24H20P)2-
MnBr4

In situ growth Dispersion:TPU —— 608 14.5 [110]

*SLA = stereolithography; GDRB = GENESIS-DRB; VmB1 = vitamin B1.
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re
btained using BMEP-treated CsPbBr3/PBMA nanocomposite
cintillator at various dose rates ranging from 4.6 to 20.9 µGyair/s
Figure 10i).

Summary and Outlook

he vigorous development of x-ray detection technology is driv-
ng a revolutionary wave in the research of scintillator materials.
P materials have emerged as a promising candidate due to
heir excellent photoelectric properties. This review highlights
he principal strategies for improving light yield and optimizing
ecay-response time, as well as approaches for controlling the
ropagation pathways of scintillation light. To better support
ractical applications, we analyze the research bottlenecks that
ust be overcome and point out the essential technologies
eeded to meet these obstacles.

∙ Lead-based perovskite scintillators have outstanding light
yields and ultrafast decay times. However, the inherent
lead toxicity not only causes severe environmental concerns
but also poses serious threats to human health. Although
numerous lead-free halide perovskites, such as Cs3Cu2I5 and
Cs2Ag0.6Na0.4In1-yBiyCl6, have been developed by replacing
lead with other high-Z elements and show extremely high
light yields, their much longer decay times limit their applica-
bility in rapid signal detection. An ideal HP scintillator should
simultaneously possess high light yield, rapid response, excel-
lent stability, and low toxicity. However, no single material
currently satisfies all these requirements, as improving one
property often compromises another. Therefore, the opti-
mization of HP scintillators should be guided by specific
application scenarios. For low-dose x-ray imaging, high light
yield and low detection limit may be prioritized, whereas
ultrafast decay times aremore important for dynamic imaging
mall, 2026
and time-resolved applications. In addition, toxicity and
environmental stability should also be taken into account
for practical long-term use. To balance these competing
factors, a dual-strategy approach is required. On one hand,
existing lead-free perovskite materials should be further opti-
mized to achieve a systematic coordination of performance
parameters for specific applications. On the other hand,
machine learning-assisted materials design can promote the
development of new materials and the exploration of lead-
free perovskite systems [112, 113]. By rapidly evaluating the
thermodynamic stability, formability, and bandgap character-
istics of candidate materials, machine learning can accelerate
the discovery of promising lead-free perovskite scintilla-
tors while reducing reliance on conventional trial-and-error
experimental approaches.

∙ The radiation tolerance of HP scintillators cannot be ignored,
especially under high-dose x-ray irradiation. Long-term irradi-
ationmay trigger the breakage of chemical bonds, degradation
of organic components, and the accumulation of lattice
defects, resulting in reduced light yield, decreased energy res-
olution, and deteriorated long-term stability. Implementing
a multi-scale optimization strategy offers an effective way to
enhance the radiation tolerance of HP scintillators. At the
material level, the introduction of specific dopants or adjust-
ments to the chemical composition can stabilize the lattice
structure and suppress defect formation. Interface engineer-
ing, such as constructing core-shell structures or embedding
high-Z nanoparticles, can further scatter secondary electrons
to improve the radiation tolerance. At the device level, the
design of heterojunctions (e.g., multilayer stacking structures)
leverages the synergistic effects of different materials to
mitigate radiation damage.

∙ Advanced medical imaging techniques impose strict require-
ments on the response-decay time of scintillator materials. A
15 of 20
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FIGURE 10 (a) Schematic diagram of the preparation process for CsPbBr3@ZnBr2(bIm+DMSO)2 glass. (b) Ultraviolet-visible transmittance
spectra of CsPbBr3@ZnBr2(bIm+DMSO)2 glass before and after heat treatment at 50◦C for 15 min. (c) Photographs of CsPbBr3@ZnBr2(bIm+DMSO)2
glasses after being placed on a hot plate at 50◦C for 0s and 15 min under daylight and UV illumination. (d) Schematic illustration of the designed x-
ray scintillator imaging system. (e) X-ray imaging of the lead line pair card. (f) Comparison with the spatial resolution of representative scintillators.
Reproduced with permission [102]. Copyright 2025, American Chemical Society. (g) Photographs of CsPbBr3/PBMA nanocomposites without (left)
and with (right) BMEP treatment. (h) Transmission spectra of CsPbBr3/PBMA nanocomposites without/with BMEP treatment. (i) X-ray images of the
resistance collected under a series of x-ray dose rates. Reproduced with permission [103]. Copyright 2021, American Chemical Society.
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sub-nanosecond (<1 ns) response time is an important param-
eter for improving time resolution and reducing motion arti-
facts. Though HP scintillators have shown advantages with
nanosecond-level decay lifetimes, comprehensive studies on
further shortening their luminescent decay remain scarce.
Recent studies have manifested that dielectric engineering,
an emerging technical approach, offers an innovative solution
to this challenge. By introducing high dielectric constant
dielectric layers into scintillator materials, researchers can
effectively tune the dielectric environment to decrease exciton
binding energy. This approach accelerates charge separation
and recombination processes, ultimately enabling ultrafast
scintillation with sub-nanosecond decay times.

P scintillators are currently undergoing a crucial transition from
aboratory-based proof-of-concept studies to application-oriented
rototypes. Despite their superior performance in certain metrics
ompared with traditional materials, lead toxicity and structural
nstability remain key challenges limiting their commercializa-
ion. Further breakthroughs in device lifetime, encapsulation,
ost-effectiveness, large-area fabrication, and compatibility with
6 of 20
commercial imaging systems are still required before HP scintil-
lators can replace established commercial scintillators.
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