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1. Introduction

Scintillators can convert high-energy rays (such as X- or y-ray) or energy physics.”
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Cation doping engineering of metal halide
perovskites for high-energy X-ray exploration

Guigiang Pu,t® Rufeng Wang,? Yangmin Tang,® Junnan Song*® and
Jiacheng Wang*®®

Although metal halide perovskites (MHPs) have shown great advantages as scintillators due to their high
quantum efficiency, short luminescence lifetime, low preparation cost, and ease of processing, their
further commercialization is still limited due to the challenges such as poor radiative stability,
reabsorption, and mismatch between their performance and applications. It is noteworthy that cation
doping engineering has been evidenced as an effective solution to overcome these problems faced by
MHPs scintillators. To this end, we provide a comprehensive summary of cationic doping engineering
used for MHPs scintillators. Foundational theoretical knowledge, including configuration of MHPs and
cation doping mechanismes, is first introduced. Multiple technical methods used to introduce impurity
cations into MHPs are also discussed. We then discuss in detail the positive impact of cation doping
engineering on the scintillation performances of MHPs and their corresponding advanced applications.
Finally, we explore the future prospects of cation-doped MHPs scintillators in light of recent advances.
This review aims to inspire researchers to explore the next generation of cation-doped MHPs
scintillators and to extend their applications.

low-energy visible photons, and are widely used in medical
diagnosis, safety inspection, nuclear monitoring, and high-
? Traditional scintillators can be roughly

particles (such as a-particles, p-particles and neutrons) into
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divided into two categories, including inorganic or organic
scintillators.® Inorganic scintillators are widely used as com-
mercial scintillators because of their high frequency number
and density, which show high X-ray absorption capacity. NaI:T1
and CsL:T] are the earliest single crystal scintillators synthe-
sized in 1949, with high optical yields of 43000 and 66 000
photons per MeV, respectively.*”> However, their commerciali-
zation applications are limited by long decay time (>230 ns)
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and heavy hygroscopicity. BaF, is also an inorganic scintillator
with the shortest decay time (0.8 ns) but showing a very low light
yield of 1430 photons per MeV.” In contrast, Bi,Ge;0;, (BGO) is a
mechanically stable inorganic scintillator with proportional prop-
erties and is one of the most commonly used scintillators.®”
The term “perovskite” was initially applied to CaTiO;, a
mineral discovered in 1839 by German mineralogist Gustav Rose
and named after Russian mineralogist Lev Perovski.*® The term
currently refers to compounds isostructural with CaTiO;, with the
formula ABX;. In this configuration, B-site cations coordinate with
six X-site anions to form [BXe]'~ octahedra, while A-site cations
occupy interstitial sites within a three-dimensional framework of
corner-sharing [BXe]'~ octahedra. Significantly, recent studies
demonstrated that metal halide perovskites (MHPs) have emerged
as a novel class of scintillator materials owing to their high
quantum efficiency, short luminescence lifetime, low preparation
cost, and ease of processing. The incorporation of high atomic
number (Z) elements (such as Cs*, Pb*, Bi** cations and I™
anions) provides enhanced X-ray attenuation coefficients and
remarkable light yield, reaching up to 90000 photons per MeV
at 77 K.'° Additionally, simple synthesis processes enable rela-
tively easy preparation of polycrystalline thin films, single crystals
and nanocrystals (NCs).""'? Despite significant advances in MHPs
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scintillators, their practical implementation remains constrained
by intrinsic limitations, including instability under light/environ-
mental exposure,”® toxicity concerns from lead content,'” and
trade-offs between the light yield and decay lifetime.°

Cation doping is an effective method for introducing spe-
cific impurity ions into a substrate to improve the photoelectric
properties of the substrate materials."*'> In MHPs scintillators,
cation doping is also a popular technique to stabilize the crystal
structure,"® regulate luminescence properties,'”'® and improve
the performance of optoelectronic devices.'*>" Meanwhile, due
to its special ionic crystal structure,'®** the cation doping
of MHPs (in the form of ABXj;) is easier and more diverse than
that of conventional NCs. Although great progress has been
made in cation doping of MHPs scintillators,>*>* there is a lack
of a comprehensive review that systematically summarizes this
technology in terms of theoretical foundation, prepara-
tion strategies, conformational relationships, and advanced
applications.

Accordingly, we systematically discuss recent advances in
cationic doping engineering of MHPs scintillators in this review
(Fig. 1). Firstly, the key theoretical knowledge is presented,
including the basic structure of MHPs, doping mechanisms
and the classification of doped cations. Construction strategies
including the thermal injection method and ion exchange
method are equally discussed to realize cationic doping engi-
neering. The influence of cationic doping engineering on the
scintillation properties of MHPs is then emphasized, such as
the light yield, stability and decay time. The improvement of
these key parameters opens up a wider range of applications for
MHPs scintillators in medical imaging X-ray or high-energy
particle detection. Finally, we present future challenges and
prospects for cation doping engineering of MHPs scintillators.

2. Theoretical knowledge of
cation-doped MHPs scintillators

In the past few years, cation doping engineering has become a
necessary means to improve the performance of MHPs

Dr. Jiacheng Wang (FRSC) is curr-
ently a full professor at Taizhou
University, Zhejiang, China, and
head of Zhejiang Key Laboratory
for Island Green Energy and New
Materials. He obtained his PhD
from the Shanghai Institute of
Ceramics, Chinese Academy of
Sciences (SICCAS) in 2007. From
2013 to 2023, he was a professor
at SICCAS. His present research
focuses on rational design and
preparation of advanced func-
tional materials for energy trans-
formation and photoluminescence.

Jiacheng Wang

Mater. Chem. Front., 2025, 9,1954-1970 | 1955


https://doi.org/10.1039/d5qm00236b

Published on 25 April 2025. Downloaded on 30.05.2026 18:05:51.

Materials Chemistry Frontiers

Fig. 1 Description of cationic doping engineering from the aspects of
theoretical basis, syntheses, scintillation optimization and advanced appli-
cations of MHP scintillators.

scintillators. Undoubtedly, mastering the structure of MHPs
and the basic theory of cationic doping is the prerequisite for
cationic doping engineering. In this part, the basic structure of
MHPs and the classification of cation-doped MHPs scintillators
are discussed in detail.

2.1. Configurations of MHPs

In general, MHPs with the ABX; framework usually present a
six-coordinated B site with X by forming an octahedral
structure.>® According to the arrangement of octahedrons and
A-sites, MHPs can be divided into four types: zero-dimensional
(0D), one-dimensional (1D), two-dimensional (2D) and three-
dimensional (3D).%® Fig. 2 shows the structure of 3D MHPs and
other different dimensions at the morphological and molecular
levels.”” In the prototypical ABX; structure, the ionic radii of A-,
B-, and X-site ions must satisfy the Goldschmidt tolerance
factor 7.%®

- Ra + Rp
i V2(Rg + Rx) g

(still ABX;)

| Halide Hybrids

lar Level Low Di ional Or

Fig. 2 Typical structures of 0D, 1D, 2D, and 3D MHPs.?’ (Adapted with
permission from ref. 27. (Copyright 2019, Elsevier)).
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where R,, Rg, and Ry represent the ionic radii of A-, B-, and
X-site elements, respectively. Stable MHPs structures require
the tolerance factor t to range from 0.813 to 1.107, with the
optimal cubic phase formation occurring at 0.9 < t < 1.>°7!
Cations with inappropriate ionic radii (either too large or small)
cause structural distortion, leading to cubic lattice warping and
eventual decomposition.>” The tolerance factors for various A-
site cations in ABX; can be obtained via eqn (1). In addition
to the tolerance factor 7, octahedral factor u is used as an
additional semi-empirical geometric parameter to evaluate the
stability of the octahedron.?® y is defined as

Rp
=— 2
H= Ry (2)
The p values in the range of 0.442-0.895 favour the formation of
stable [BXq]*~ octahedra. Based on the above analysis, it is
certain that the choice of A-site and B-site cations should not
only meet the range of tolerance factor 7, but also meet the

requirements of octahedral factor u.*?

2.2. Cation doping mechanisms in MHPs scintillators

In general, cation doping engineering is realized by occupying
the A- or B-site of the MHPs. The cations used for doping at the
A-site are usually some monovalent metal ions or organic
functional groups, whereas metal cations with higher valence
can be populated to the B site. Due to the doping of cations, not
only their stability and scintillation performance are improved,
but also their band structure and photophysical properties have
undergone great changes.>*’ In the past few years, various
metal ions including Sn**, Bi**, Mn**, and rare earth ions
(e.g. Ce**, Tb*", Eu**) have been doped into MHPs scintillators,
and this prominent material has been endowed with a wide
range of exotic properties.***® Next, we discuss two situations
in detail.

2.2.1. A-site doping

2.2.1.1. Organic cations. A-site doped ions encompass organic
cations including methylamine (MA") and formamidine (FA).*
For instance, Huang et al. synthesized indium-halide perovskites
containing various organic amine cations, including MA,InCl,,
EALInCl;, PAGINCly, and TTA,InCl; (where MA" = methylamine,
EA" = ethylamine, PA" = aniline, and TTA" = tetraethyl-
ammonium).*® They further regulated the A-site of the perovskite
scintillator by doping antimony ions and introducing another
organic amine 2,6-dimethylpiperazine. Yuan et al obtained
MAPDI; based high-quality three-dimensional DMAMAPDI; and
GAMAPDI; by adding DMA (dimethylammonium) and GA (guani-
dinium) with larger volumes and hydrogen bonds at site A.*" The
newly obtained crystals have smaller defect state density and
carrier concentration, and their carrier mobility and lifetime are
effectively increased.

2.2.1.2. Inorganic cations. A-site doped ions also include
inorganic cations such as cesium (Cs") and rubidium (Rb*).**
Ye et al. demonstrated that introducing Rb" into the A-site
of the MHPs lattice effectively reduced the Cl™ content, sup-
pressed the formation of non-radiative defects, and significantly

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2025
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enhanced the photoluminescence quantum yield (PLQY).** This
approach not only enhanced the luminous performance but also
maintained the emission wavelength stability required for display
applications, thereby providing a novel solution to the perfor-
mance degradation induced by chlorine. Clara Otero-Martinez
et al. reported rapid cross-exchange of A-site cations between
APbX; perovskites made of different A cations (Cs', FA" and
MA") at room temperature. Surprisingly, both dual (MACs, MAFA,
and CsFA) and triple (MACsFA) cationic perovskites could be
prepared, whose optical band gap could be fine-tuned by their
A-site composition, and the distribution of different cations in the
mixed perovskite lattice is uniform.*’

2.2.2. B-site doping

2.2.2.1. Isovalent doping. The formation energy of the B-site
is relatively greater than that of the A-site, which makes the partial
substitution of B-site cations in the ABX; perovskite more difficult
than other sites.®® The primary motivation for B-site doping
in MHPs scintillators includes two aspects: reducing toxic lead
content and stabilizing the perovskite phase. The ionic exchange
of Pb*" with other divalent cations from the same periodic group
(e.g., Ge** and Sn*") represents the most straightforward strategy,
which has been successfully implemented by multiple research
groups.**™® Sn emerges as the most viable Pb substitute owing to
their shared group position in the periodic table. Therefore, a
higher PLQY was obtained during hot injection synthesis by
introducing SnBr, to partially replace PbBr, and by using more
oleic acid and oleylamine.”” The bivalent metal ion Mn>" has been
widely used in doped MHPs scintillators. Zou et al. reported that
doping Mn*' jons into Cs,CdBr,Cl, achieves a significant increase
in PLQY from 11% to 98.52%.*® Benefiting from near-unity PLQY
and minimal self-absorption, the Cs,CdBr,Cl,:5%Mn** perovskite
displays outstanding X-ray scintillation performance.

2.2.2.2. Heterovalent doping. Heterovalent doping could also
enhance the optical and scintillation properties of MHPs.*® Zhu
et al. prepared a series of non-toxic double perovskite Cs,Agy. ¢
Na, 4In, ,Bi,Cls single crystals with variable Bi’" ion content.
The introduction of an appropriate amount of Bi** ions not only
improved the radiative luminescence output but also accelerated
the radiative recombination.’® In addition, Pan et al. have success-
fully developed various lanthanide doped CsPbCl; perovskites.
The introduction of lanthanide ions could significantly improve
the PLQY of CsPbCl; perovskites, and it was easy to achieve full
visible light emission or even near-infrared emission.”* Angshuman
Nag et al. reported that Bi**/Ln*" (Ln*" = Er**, Yb®") ion co-doped
Cs,AgInCls double perovskite materials emit near-infrared light at
1540 or 994 nm under near-ultraviolet excitation. Compared with
the undoped samples, the near-infrared luminescence intensity of
the co-doped samples was increased by about 45 times and 27
times, respectively.>

3. Construction strategy of
cation-doped MHPs scintillators

During the synthesis of MHPs scintillators, the cationic
dopants are usually implanted into the lattice by ion exchange

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2025
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during or after the main lattice growth stage. However, lattice
strain and defects are often generated due to the difference in
atomic radius and charge number, which may lead to a surface
segregation phenomenon. It is necessary to formulate corres-
ponding construction strategies during doping. Therefore, we
summarized several commonly used methods to realize cation
doping engineering in MHPs scintillators.

3.1. Hot injection

The hot injection method is a widely used technique for synthe-
sizing MHPs materials. This method features a straightforward
preparation process and controllable crystal morphology. It allows
flexible selection of doped ion sources including halogenates,
acetates, and oleates as cation precursors (Fig. 3a).>* However,
maintaining stable reaction conditions typically requires high-
boiling-point solvents (e.g., octadecene) combined with N, gas
protection.>*™” Furthermore, MHPs exhibit limited solubility
under these high-temperature conditions. Consequently, many
studies have used acetate, which is more soluble in high boiling
point solvents, in place of traditional halides.****°° Zhao et al.
developed a low-temperature solvent direct injection strategy
to induce rapid nucleation. Simultaneously, the abrupt solute
concentration drop suppresses the overgrowth of NCs while
enhancing quality and uniformity, demonstrating potential for
scalable manufacturing.®® Compared with other synthesis methods,
the hot injection approach generates localized high-temperature
conditions and maintains an inert atmosphere, thereby facilitating
many difficult doping reactions. However, the hot injection method
is usually suitable for small-scale synthesis in the laboratory, which
limits its industrial application.

3.2. Liquid-assisted rapid preparation (LARP)

The LARP technique was initially developed by Zhong and co-
workers in 2015 as a synthetic methodology for organic-
inorganic hybrid perovskite materials (Fig. 3b).%* The fundamental
procedure comprises two principal stages. Initially, a precursor
solution is formulated by dissolving MA*/Cs*/FA" cations, Pb>" ions,
and halide precursors, along with capping ligands such as alkyl
amines and carboxylic acids, in polar solvents like dimethylforma-
mide (DMF) or dimethyl sulfoxide (DMSO). Thereafter, under
vigorous agitation, the precursor solution is introduced into an
anti-solvent such as acetone, toluene, or hexane. Compared with
the hot injection method, the reaction conditions of LARP are
relatively mild and controllable. However, due to the high sensitiv-
ity of the resulting MHPs to polar solvents, they often suffer from
damage or partial dissolution during the purification process.
B-site cation-doped MHPs can be synthesized by introducing
a precursor solution containing dopants into the anti-solvent.
Conversely, undoped MHPs can be obtained by omitting the
dopant. By carefully selecting the types of precursors and capping
ligands, low-dimensional cation doped MHPs can be successfully
synthesized.®*®°

3.3. Ion exchange

Unlike the above approaches, ion exchange is typically performed
after synthesizing MHPs NCs and thin films. For instance,

Mater. Chem. Front., 2025, 9,1954-1970 | 1957
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Fig. 3 (a) Hot injection method for preparing MHPs.>3
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(b) Liquid-assisted rapid preparation. (c) Schematic diagram of anion-driven cation exchange.®* (d)
(Adapted with permission from ref. 53. (Copyright 2021, Elsevier),®* (Copyright 2017, Wiley-

VCH Verlag GmbH & Co. KGaA, Weinheim) and ref. 62 (Copyright 2017, Royal Society of Chemistry)).

colloidal MHPs are conventionally synthesized and dispersed in
toluene/hexane solvent systems. Subsequently, a predetermined
ratio of solid dopant or dopant precursor solution is introduced
into the above dispersion under vigorous stirring. For cationic
doping of MHPs films, the general step involves preparing MHPs
films and then immersing them in a solution containing dopant
cation ions.®”

Huang and his colleagues proposed a simple but effective
strategy termed halide exchange-driven cation exchange for
rapid B-site cation exchange in 2017 (Fig. 3c).°’ However, this
process still required a long time (2 days) for completion due to
the limited solubility of dopant precursors in non-polar solvents
at room temperature.® Enhancing the dopant precursor solubility
and the chance of the dopant colliding with the subject could
significantly improve the doping efficiency. This was demon-
strated by mixing a colloidal solution of Mn*" doped CsPbCl,
with CsPbBr; (Fig. 3d), which successfully reduced the reaction
time to 1 hour.®* Ton exchange is often used to maintain the shape
of a material while changing its composition, resulting in a
product that is not available through direct synthesis. Neverthe-
less, compared with the other two methods, this approach
requires significantly longer preparation time.*"*> Furthermore,
alternative strategies including ultrasonic treatment,®® melt quen-
ching,®® spin coating,”®”" and solvothermal methods’> have been
effectively employed for synthesizing cation doped MHPs NCs,
thin films, and single crystals.

4. Contribution of cation doping to the
scintillation performances of MHPs

In recent years, MHPs scintillators have shown great potential
in X-ray imaging and other fields, but most of them still face

bottleneck problems such as limited light yield, insufficient
stability and hysteresis of attenuation time. It is noteworthy

1958 | Mater. Chem. Front., 2025, 9, 1954-1970

that the scintillation performance of MHPs can be greatly
improved by cationic doping engineering. In this part, we
summarize the influence of cation doping engineering on the
scintillation performance of MHPs in terms of light yield,
stability, spectrum, decay time and toxicity mitigation.

4.1. Light yield

As a crucial parameter for characterizing scintillators, light
yield reflects the ability of the scintillators to convert high-
energy radiation into visible light. This indicator is particularly
critical for achieving high-resolution X-ray imaging.”> A possi-
ble strategy to increase the optical yield of MHPs scintillators is
to dope cations in the B-site. For instance, Zou et al. reported
the synthesis of a new 2D Cs,CdBr,Cl, perovskite by a hydro-
thermal reaction,’”® and they explored the deep ultraviolet
absorption characteristics of Cs,CdBr,Cl,. The introduction of
Mn®" ions produced emission with a large Stokes shift, which
could effectively avoid self-absorption, and was conducive to
obtaining a high light yield under X-ray excitation. The light
yield of Cs,CdBr,Cl,:5%Mn>" exceeds 64 950 photons per MeV
when using the commercial CsI:Tl scintillator as a reference
(Fig. 4a). This light output was significantly better than that of
previously reported MHPs scintillators such as CsPbBr; NCs
(21 000 photons per MeV),”*”® and even higher than that of some
conventional bright scintillators (CsL:TI, 54 000 photons per MeV;
GOS, 60000 photons per MeV).”®”” Omar F. Mohammed et al.
obtained a high-performance flexible X- ray scintillator by doping
Cs,Agl; with Cu®', achieving extremely high X-ray detection
sensitivity. Both time-resolved measurements and DFT calcula-
tions showed that Cu** doping increased the density of self-
trapping excitons, which significantly enhanced the recombina-
tion of radiation excitons. They successfully produced a flexible
large-area scintillation screen based on Cu-doped Cs,Agl; powder
with excellent X-ray scintillation performance, including an

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2025
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Fig. 4 (a) Radioluminescence spectra of Cs,CdBr,Cl,:5%Mn?* and Csl:TL.*® (b) Comparison of the light yield of CsAgls:Cu scintillators with previously
reported and commercial scintillators.”® (c) Left: PLQYs of CsPbBrl, exposed to the controlled environment (25 =+ 1 °C, 20% relative humidity) over time;
Right: variation of PLQYs of CsPbBrl, under continuous 365 nm UV irradiation versus exposure duration. (d) Top: Photoluminescence evolution of
undoped CsPbBrl, NCs; Bottom: Photoluminescence evolution of Fe>*-doped CsPbBrl, NCs under UV illumination.”® (e) Fluorescence photograph (top)
and emission spectrum (bottom) of 2,6-dimethylpiperazine-doped MA4INCl,:Sb®* under ultraviolet irradiation.® (f) Photoluminescence spectra doped
with x% Tb>* (x = 0.5-10%) Cs,NaGdCle.®* (g) photoluminescence decay profiles of undoped and Rb-doped BA,PbBr,. Inset: magnified view of
photoluminescence decay curves in the 0-50 ns time window.82 (h) Photoluminescence decay lifetimes for 0% Li-doped and 80% Li-doped samples.®*
(Adapted with permission from ref. 48. (Copyright 2023, Wiley-VCH GmbH),”® (Copyright 2022, American Chemical Society),”® (Copyright 2022, Royal

Society of Chemistry),2° (Copyright 2023, Wiley-VCH GmbH),®! (Copyright
Society) and ref. 83 (Copyright 2025, Elsevier B.V.)).

ultra-high yield of 82 900 photons per MeV (Fig. 4b) and an ultra-
low detection limit of 77.8 nGy s, which is about 70 times lower
than the dose for standard medical diagnoses.”®

4.2. Stability

The crystal structure of MHPs is highly sensitive to polar
solvents, especially water. As a result, most MHPs scintillators
exhibit poor stability under ambient conditions. In the CsPbXj;
system, the stability issue of red-emitting MHPs is particularly
prominent, with the most unstable o-CsPbl; being prone
to phase transitions.**®® The relatively small cationic radius
of Cs'(1.88 A) leads to suboptimal tolerance factors in all-
inorganic CsPbX; systems. Partial substitution of Pb** with
smaller B-site cations can shorten B-X bond lengths and
stabilize the perovskite structure through reduced octahedral
rotation/distortion, thereby enhancing both tolerance factor
(improved phase stability) and formation energy (enhanced

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2025

2024, American Chemical Society),%? (Copyright 2023, American Chemical

thermal stability).®” Chen et al. utilized Fe** ions as dopant
ions to enhance the stability of a-CsPbBrI, NCs, which also
reduced the toxic lead content through partial substitution.
To investigate the influence of different iron sources, three iron
salts (FeCl,, Fe(Ac),, and FeF,) were selected for comparison.
The results demonstrated that the PLQY of CsPbBrl, NCs
increased from 69.2% to 90% owing to the partial substitution
of Pb>" with smaller Fe** ions. Remarkably, Fe** doping
induced lattice shrinkage, shortened Pb-X bond lengths, inhib-
ited the distortion of [PbXs]'~™ octahedra, and enhanced the
stability of CsPbBrI, NCs. After 5 weeks of ambient exposure,
the PLQY retained over 60% of its initial value (Fig. 4c and d).”

4.3. Spectrum

According to traditional theories and researches, the main
function of the cation occupying the A site is to maintain the
stability of the crystal structure and balance the charge, and its
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atomic orbital does not participate in the composition of
the conduction band and the valence band,®® so researchers
generally believe that the A site has no important influence on
the luminescence of MHPs scintillators. However, the organic
amine cations at the A site can interact with the metal halide
coordination polyhedron through hydrogen bonding,® thus
affecting the degree of distortion of the polyhedron (lumines-
cence center), which may have a significant effect on the
luminescence properties. Based on this hypothesis, Huang
et al. developed a series of MHPs with different organic amine
cations, namely MA4InCl,, EA,InCl;, PA¢InCly, and TTA,InCl;
(MA", EA", PA", and TTA" are methylamine, ethylamine, aniline,
and tetraethylammonium cations, respectively).®” Through an
antimony ion doping strategy, the MHPs achieved broad-
spectrum warm white light emission covering the visible range
(450-850 nm). Interestingly, by introducing the organic amine
2,6-dimethylpiperazine into these antimony-doped MHPs and
further regulating the A-site composition, researchers success-
fully attained broad-spectrum white light emission (Fig. 4e).
The luminescence mechanism analysis showed that the white
light emission came from the blue light emission of indium
chloride doped with 2,6-dimethylpiperazine in MHPs deriva-
tives and the yellow light emission of self-limiting excitons of
antimony chloride polyhedron doped with antimony ions,
which generated the complementary light emitted by white
light. This strategy is also the first case to achieve white light
emission through mixed organic amine cation regulation at the
A-site of MHPs.

In addition, the spectra can also be regulated by B-site
doping. For instance, both undoped and Tb**-doped Cs,NaGdCl
samples with various Tb®* concentrations were successfully
synthesized via a hydrothermal method. The incorporation of
Tb>" ions into Cs,NaGdCls induced an efficient energy transfer
process from self-trapping excitons to Tb** ions (Fig. 4f). This
mechanism effectively tuned the emission from blue to green by
suppressing the STE emission while enhancing the characteristic
green emission at 549 nm (corresponding to the D, — Fj
transition of Th*").%*

4.4. Decay time

Fast attenuating scintillators have sub-nanosecond/nanose-
cond lifetime and high temporal resolution, and are widely
used in nuclear physics, medical diagnostics, and other
fields."? As the demand for radiation detection continues to
grow, the requirements for scintillators also increase, and the
ultra-fast decay time can achieve good temporal resolution and
response rate of the detector.”® Notably, the decay lifetime of
the MHPs scintillators can also be significantly shortened by
the doping of suitable cations. Muhammad Danang Birowosuto
et al. reported Rb-doped BA,PbBr, and PEA,PbBr,.%? The decay
times for undoped and Rb-doped BA,PbBr, were measured to
be 5.2 and 4.7 ns, respectively. Correspondingly, the decay
times for undoped and Rb-doped PEA,PbBr, were 7.8 and
7.4 ns, respectively (Fig. 4g). Obviously, the fast decay times
of BA,PbBr, and PEA,PbBr, were greatly reduced after doping
with Rb" ions. The average attenuation time of BA,PbBr, and
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PEA,PbBr, doped with Rb" is reduced by 15% and 8%
respectively.

Silver-based MHPs scintillators have garnered significant
attention owing to their short decay lifetimes, positioning them
as promising candidates for future applications.’’ The photo-
luminescence and radioluminescence intensities of Rb,AgCl;
were significantly enhanced through a defect modulation strat-
egy combined with an antisolvent method, enabling optimal Li"
ion doping in the Rb,AgCl; host matrix. Li" ion doping reduces
defects, thereby suppressing non-radiative relaxation processes
and enhancing radiative recombination. At the optimal doping
concentration, the scintillator demonstrates remarkable per-
formance with 88.7% quantum efficiency and an ultrafast decay
lifetime of 4.6 ns (Fig. 4h), representing a significant improve-
ment over decay lifetime of 11.1 ns for the undoped sample and
surpassing most reported scintillators.®

4.5. Toxicity mitigation

The photoelectric properties of MHPs have attracted significant
attention in the research community over the past few years,
but the new technology faces two major challenges, improving
long-term stability and reducing Pb content without compro-
mising their performance and stability. At the same time, Pb
element is also widely considered to be highly toxic to humans
and highly polluting to the environment, so the toxicity of the
Pb element in these MHPs devices has hindered its large-scale
application. Cation doping of Pb-based perovskites involves the
partial substitution of Pb>* with other metal ions to regulate the
material properties and mitigate lead toxicity. For instance, Ana
Beatriz Ferreira Vitoreti et al. doped Sn** to partially replace
Pb**, reducing the toxicity of Pb while also shortening the bond
length between metal cations and halides, thereby improving
the stability and enhancing the optical properties.*”

5. Advanced applications

Since the concept of cation doping engineering was introduced,
the advanced applications of MHPs scintillators have entered a
new stage. Doping engineering greatly improves a series of advan-
tages such as high spatial resolution and detection sensitivity,
which are essential for advanced applications such as X-ray
imaging and radiation detection. Next, we discussed advanced
applications of MHPs scintillators enabled by cation doping
engineering.

5.1. X-ray imaging

X-ray imaging is the most critical application domain for MHPs
scintillators. The spatial resolution of X-ray images is crucial for
evaluating image quality, as it primarily depends on the inher-
ent properties of the scintillator and the morphology of the
scintillator film.?> X-ray imaging requires higher light output to
improve spatial resolution and reduce radiation dose, thereby
minimizing patient harm. In addition, the direct band gap
characteristics of MHPs typically lead to small Stokes shifts,
causing significant self-absorption phenomena. Furthermore,
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concentrated band gap transitions induced by exciton-limiting
effects can exacerbate self-absorption, thereby reducing photon
emission.’” This phenomenon becomes particularly significant
in X-ray imaging applications requiring sub-millimeter-thick
scintillator films. Therefore, minimizing scintillator self-absorption
represents a critical strategy for enhancing the light yield. Cation
incorporation in MHPs structures can effectively amplify the
Stokes shift through characteristic emission, thereby improving
X-ray imaging performance.

In 2021, Yang et al. reported the in situ growth of Eu**-doped
CsPbBr; within a transparent amorphous glass matrix (CsPbBr;:
Eu-GC).”> The CsPbBr;:Eu-GC composite demonstrated super-
ior X-ray imaging performance with a spatial resolution of
15 lpmm ™" at 20% MTF, significantly exceeding the 4.1 Ipmm ™"
value observed for pure CsPbBr;-GC under identical conditions
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(Fig. 5a-d). Xia et al. utilized Eu(u) as the B-site ions to develop a
novel class of Eu(i)-doped MHPs scintillators.”* The corres-
ponding scintillator films exhibited an ultra-high X-ray imaging
resolution of 27.3 Ipmm ™. They successfully demonstrated X-ray
imaging of joint structures in longiceps specimens containing
an implanted metal needle (diameter: 100 um) under a dose rate
of 0.78 uGy s~ ', which was 60 times lower than the diagnostic X
-ray dose level of 5.5 uGy s * (Fig. 5€). The imaging system clearly
resolved the internal circuitry of a chip driver, as illustrated in
Fig. 5f. Furthermore, three concealed objects (coffee bottles, iron
knives, and aluminum pots) enclosed in plastic containers
(Fig. 5g) were imaged to assess the potential of the AAO@MeEu
material for security screening applications. MATLAB simula-
tions further enabled material differentiation through color
intensity analysis (Fig. 5h).
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Fig. 5 (a) Photographs of CsPbBr3;-GC glass ceramics and CsPbBr3:1.5%Eu-GC. (b) Radioluminescence spectra of CsPbBrz-GC and CsPbBr3:1.5%Eu-

GC under X-ray irradiation. Corresponding absorption spectra are presented to demonstrate the self-absorption effect. (c) and (d) Comparative
analysis of radiographic performance and spatial resolution between CsPbBrs-GC and CsPbBrs:1.5%Eu-GC under X-ray irradiation.’® (e) Longicorn
specimens. (f) Chip driver. (g) Concealed objects in plastic box: coffee bottle, iron knife, and aluminum pot. (h) Multicolor imaging achieved
via MATLAB-based simulation.’* (Adapted with permission from ref. 93. (Copyright 2021, Wiley-VCH GmbH) and ref. 94 (Copyright 2024,
Springer Nature)).
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5.2. X-ray detection

A scintillator detector is typically composed of scintillator
crystals, photomultiplier tubes, and preamplifier circuits. Scin-
tillator detectors are primarily categorized into direct and
indirect types based on their detection mechanisms. All radia-
tion detectors operate based on the fundamental principle of
converting radiation into measurable electrical or optical sig-
nals, which can then be amplified and processed by standard
electronic systems. Rare earth ion doping effectively reduces
crystal defects in MHPs single crystals, enhances carrier mobi-
lity, and thereby improves the detection sensitivity of MHP-
based optoelectronic devices. Zi et al. synthesized MAPbI;:Yb*",
MAPDI;:Er*", and MAPbI,:Yb**/Er*" single crystals via the sol-
vothermal method.”” The MAPbL;:Yb*'/Er®** devices demonstrated
multi-mode detection capabilities across visible, near-infrared,
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and X-ray spectral regions. When used as an X-ray detector
(Fig. 6a-c), the MAPbI,:Yb**/Er** single crystal exhibited a photo-
current of 0.71 mA cm > under 1 V bias at an X-ray dose rate
of 2.41 mGy s ', compared to 0.23 mA cm > for the undoped
counterpart. The detection sensitivity reached 1.16 X
10° pCGy 'em™? under an applied electric field of —3 V. mm ™,
representing a 2.7-fold improvement over undoped crystals.
Currently, the radiation detection performance of MAPbI;
significantly lags behind that of MAPbBr;, despite its promising
material characteristics.”” While halogen doping at the X-site
has been extensively studied in three-dimensional MHPs, cation
doping at the A-site remains comparatively rare. To address this,
Yuan et al. successfully synthesized centimeter-scale DMAMAPbI;
(DMA = dimethylammonium) and GAMAPDI; (GA = guanidinium)
alloys through strategic incorporation of large-sized cations
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Fig. 6 (a) Structural diagrams of undoped MAPblz and MAPbIz:RE*" planar electrode X-ray detectors. (b) Photocurrent intensity versus radiation dose
rate characteristics for undoped MAPbl3 and MAPbI3:RE** devices under 1V bias. (c) Sensitivity comparison between undoped MAPbIs and MAPDbI:RES*
X-ray detectors under 2.41 mGy s~ dose rate with varying bias voltages.®® (d) Device architectures of MAPbls-based detectors: type | (symmetric
electrode) and type Il (asymmetric electrode). (e) Dark current—voltage characteristics of symmetric and asymmetric device configurations. (f) X-ray
response characteristics of the device under 1.35 uGy s~* dose rate. (g) X-ray dose rate dependent photocurrent responses of pristine and doped devices.
(h) Photoresponse switching characteristics of pristine and doped devices under 16.9 nGy s* dose rate.°® (Adapted with permission from ref. 95.

(Copyright 2022, American Chemical Society) and ref. 96 (Copyright 2019,
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at the A-site.”® The minimum detectable dose rate serves as the
most critical performance indicator for X-ray detectors, exhibiting
strong correlation with the dark current of the device. Conse-
quently, judicious selection of detector architecture becomes
essential for dark current minimization. Fig. 6d illustrates that
the minimum conduction band and maximum valence band of
MAPDI; are positioned at —3.9 eV and —5.5 eV, respectively. Based
on these energy levels and doping characteristics, an asymmetric
Ga/MAPDbIL;/Au electrode configuration was engineered to sup-
press the leakage current (Fig. 6d). The asymmetric electrode
architecture enabled DMAMAPDI; and GAMAPDbI; devices to
achieve reduced dark current densities, as demonstrated in
Fig. 6e. Under 1.35 pGy s ' irradiation, DMAMAPbI; and GAMA-
PbI; devices generated photocurrents of 15.2 nA and 31.3 nA,
respectively, representing significant enhancement over conven-
tional MAPDbI; detectors (Fig. 6f). At the same time, GAMAPDI;
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not only showed the highest detector sensitivity (2.3 X
104 uCGy ' em™?), but also exhibited an extremely low detection
limit (16.9 nGy s '), as shown in Fig. 6g and h. In addition, the
performance of current radiation detectors was enhanced by more
than an order of magnitude.

5.3. o-/B-particle detection

In recent years, the design of MHPs-based particle detectors has
achieved significant progress, including o-particle’®®® and
B-particle detectors.'® Dang et al. pioneered the investigation
of o-particle detection using Li-doped (PEA),PbBr, scintil-
lators.’®* When irradiated with **'Am (5486 keV) and ***Cm
(5805 keV) radiation sources, two distinct peaks can be clearly
observed, as shown in Fig. 7a. Fig. 7b displays the pulse shape
discrimination plot for the Li-doped (PEA),PbBr, crystal. The
a-particle signals in the high-energy channel demonstrate
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Fig. 7 (a) o particle pulse height spectrum of the (BA),PbBr, scintillator. (b) Pulse shape discrimination matrix showing the shape indicator (Y-axis) versus

measured energy in electronic equivalent units.°!

c) Pulse height spectra comparison between (BA),PbBr, microcrystals and EJ228 plastic scintillator

under *’Np excitation.!9? (d) Backscattered electron SEM images of perovskite NCs (CsPbBrs/Cs4PbBre) and 2D perovskite (STA),PbBr, (scale bar: 5 um).
(e) Normalized photoluminescence and reflectance spectra of the Mn(i)-doped 2D perovskite. (f) Enhancement of the PLQY following Mn(i)
incorporation. (g) Flicker performance of STA,PbBr,. (h) High beta hardness. (i) Linear response of the scintillator under detection limits.°° (Adapted
with permission from ref. 101. (Copyright 2020, Springer Nature),'°? (Copyright 2021, Royal Society of Chemistry) and ref. 100 (Copyright 2020, Springer
Nature)).
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effective separation from gamma-ray signals. Furthermore, the
BA,PbBr, crystal exhibits a pronounced signal peak under
>3’Np a-particle excitation, displaying six-fold higher intensity
compared to the EJ228 plastic scintillator (Fig. 7¢).***> Addition-
ally, this material demonstrated high energy resolutions of
24.29% and 22.68% for >*’Np-a sources, coupled with rapid
decay times of 1.7 ns (99.9%) and 7.61 ns (0.1%).

B-particles are high-energy electrons or positrons emitted
from radioactive nuclides.'® They exhibit medium penetration
capacity, higher than that of o particles but lower than that of
X-rays, making their detection crucial for radioactive contam-
ination monitoring. Yu et al. reported the first MHPs -particle
scintillator,'® and subsequently tested reference scintillation
based on CsPbBr;/Cs,PbBrs perovskite core/shell NCs. Scanning
electron microscopy images reveal distinct electron backscattering
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differences between 2D and high-Z MHPs NCs (Fig. 7d), with the
2D MHPs demonstrating lower backscattering intensity (reduced
brightness). Mn®" ion doping (0.3%) was employed to enhance
the Stokes shift, thereby improving the PLQY while minimizing
reabsorption. Also, the PLQY increased from below 10% in
undoped MHPs to over 50% in Mn-doped counterparts. The
long-chain STA,PbBr, demonstrated superior B-particle scintilla-
tion light yield (24 000 photons per MeV) (Fig. 7e-g). Furthermore,
the 2D MHP scintillators exhibited excellent linear response
and remarkable radiation hardness under B-particle irradiation
(Fig. 7h and i).

5.4. Other applications

Cation-doped MHPs scintillators demonstrate applications not
only in X-ray imaging/detection, and particle detectors, but also
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(a) A schematic diagram illustrating the principle of fast neutron detection: (1) elastic scattering of fast neutrons on the H nuclei; (2) generation of

charge carrier clouds through proton interactions; (3) NCs excitation and emission processes. (b) Comparative light yield of various NCs scintillators
exposed to 300-second fast neutron beam irradiation. (c) Correlation between the normalized light yield (FAPbBrs vs. CdSe/CdS NCs) and scintillator
thickness under full-concentration conditions.*°* (d) Optical characterization of Mn-doped CsPbBrCl, NCs: absorption and photoluminescence spectra.
(e) Normalized light yield versus scintillator thickness demonstrates near-linear behavior for 66% Mn?*:CsPbBrCl, NCs (orange squares), contrasting
sharply with FAPbBrz NCs (green diamonds).}%® (f) Pulse height spectra of Phe at different gamma sources. (g) CS-induced Phe and GSO: pulse height
spectra of Ce, illustrated by a photograph of a Phe crystal.}°® (h) Pulse height spectrum of Li-doped PEA,PbBr, under 662 keV gamma radiation
(**’Cs source).!®” (Adapted with permission from ref. 104. (Copyright 2020, American Chemical Society),'®® (Copyright 2021, American Chemical
Society),'%® (Copyright 2017, Springer Nature),’%” (Copyright 2020, American Chemical Society)).
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in neutron detection. For instance, McCall et al. pioneered the
development of fast neutron scintillators using FAPbBr; and
CsPbBrCl,:Mn*" NCs.'® FAPbBr; exhibited the highest light
yield (19% of the ZnS:Cu scintillator reference) attributed to
their nearly uniform PLQY of 96% (Fig. 8a and b). While higher
nanocrystal concentrations enhanced charge collection effi-
ciency, the light output did not scale linearly with concen-
tration due to significant reabsorption in FAPbBr; NCs (Fig. 8c).
This strong reabsorption intensified light scattering, conse-
quently reducing spatial resolution. In contrast, CsPbBrCl,:
Mn>" NCs exhibited nearly twice the spatial resolution (27 vs.
52 pixels). Montanarella et al. subsequently optimized the
synthesis process using long-chain zwitterionic ligands, achieving
exceptional concentrations (>100 mg mL™') of CsPbBrCl,:Mn
NCs while preserving their Stokes shift advantages. The concen-
trated CsPbBrCl,:Mn NCs maintained a PLQY of 53% with
dominant Mn”* emission (97% total emission) and a 1 eV Stokes
shift (Fig. 8d). Furthermore, thickness and concentration-
dependent measurements under fast neutron irradiation
revealed the absence of self-absorption in this doped system,
exhibiting an essentially linear concentration dependence and
achieved drastically enhanced scalability, reaching >91.9% of
the expected light yield at a 10-fold thickness increase (Fig. 8e).
These results demonstrated that the Mn>**-doped CsPbBrcCl,
NCs offer an unmatched combination of high concentration
(>100 mg mL ™), PLQY > 50, and a large Stokes shift (~1 eV),
enabling efficient fast-neutron scintillation."®

Cation-doped MHPs scintillators have demonstrated nota-
ble advancements in y-ray detection. For instance, when com-
pared to GSO:Ce scintillators, (PEA),PbBr, crystals exhibited
superior performance with a luminous yield of 14 000 photons
per MeV and a rapid decay time of 11 ns under 662 keV y-ray
irradiation.'®® As illustrated in Fig. 8f and g, (PEA),PbBr,
crystals demonstrated significant responsiveness to multiple
y-ray sources, achieving an energy resolution of 35 + 5% for
662 keV y-rays. Furthermore, Li-doped (PEA),PbBr, crystals
synthesized via the slow volatilization method revealed that
Li" ion doping effectively enhanced their luminescence proper-
ties while suppressing their non-radiative transitions. The 1:1
Li-doped (PEA),PbBr, crystal demonstrated a remarkable light
yield of 11 000 photons per MeV under 662 keV y-ray exposure.
This material displayed a rapid primary decay time of 11 ns and
produced distinct light peaks with 12.4% energy resolution.
Subsequent investigations by their team into Li-doped (PEA),PbBr,
crystals achieved optimal performance showing the best energy
resolution of 7.7% for 662 keV y-ray (Fig. 8h).””

6. Challenges and prospects

Despite significant progress being made in cation doping engi-
neering for MHPs scintillators, it is still in its infancy. Most
A-site doping is limited to a few existing organic molecules,
such as MA and FA. More suitable sized inorganic cations and
organic groups can be explored to stabilize the phase structure
of MHPs. Future research may draw inspiration from interfacial
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molecular engineering of rare earth-doped NCs, where tailored
organic-inorganic hybrids achieve precise energy transfer and
multifunctionality through advanced ligand design.'®® At pre-
sent, B-site doping is an effective strategy to improve the
scintillation performance of MHPs. However, in lead-based
MHPs scintillators, the practical application is still not up to
the standard, especially the stability and toxicity problems. In
addition, although different cations have been doped into
MHPs scintillators, the exact structural information associated
with the doped ions, including but not limited to the exact
crystal position occupied by the doped ions and their distribu-
tion in MHPs scintillators, has remained elusive in most cases.
To obtain a reasonable understanding of doping-induced pro-
perty changes, great efforts are needed to characterize the
configuration of MHPs, especially in the local environment of
doped cations. Such understanding will pave the way for
targeted optimization of the scintillation properties of MHPs
as well as theory-guided screening of dopant species. In addi-
tion, the influence and action mechanism of cation doping are
still controversial and special, so it is necessary to explore
the correct mechanism and guide the experiment correctly.
Although cation doped MHPs scintillators are still far from
practical application, they still can become the cornerstone of
next-generation optoelectronic devices. Therefore, more efforts
are needed to ensure that cation doped MHPs scintillators meet
the requirements of the next generation commercial and
industrial optoelectronic devices.

In summary, we have reviewed the recent research progress
of cation doped MHPs scintillators, including A-site doping and
B-site doping. The construction strategies of cation doped
MHPs scintillators have also been discussed. Afterwards, we
showed in detail the positive impact of cationic doping engi-
neering on the scintillation properties of MHPs, which has
greatly advanced their applications in the field of X-ray ima-
ging/detection and particle detection. We hope that this review
will inspire researchers to explore the next generation of cation
doped MHPs scintillators and expand their applications.
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