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ABSTRACT 

The development of inexpensive and easily processable X-ray-sensitive materials is of great 

importance because a number of commercial scintillators, such as LaBr3(Ce), 

Gd3Al3Ga2O12(Ce), Cs2HfCl6, NaI:Tl, CsI:Tl, and LiI:Eu, are fabricated using highly toxic or 

rare-earth elements via high-temperature synthesis. This has spurred research into 

radioluminescence-enhancing mechanisms and solution-processable scintillating materials 

made from earth-abundant elements that have excellent optoelectronic properties, including 

high-quantum yields and a low afterglow effect. In recent years, a range of metal halide 

perovskite (MHP) integrated with thermally activated delayed fluorescence (TADF) materials 

have been developed, exhibiting excellent scintillation properties and a high spatial resolution. 

Meanwhile plasmonic technologies are reported to exploit light energy confinement 

capabilities beyond the diffraction limit that produces local field enhancement. This 

enhancement has subsequently improved the performance of small-sized optoelectronic 
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devices such as solar cells and diagnostic optical sensors. This perspective summarizes the 

current development of MHP, TADF, and plasmonic materials for use in scintillators and their 

integrated moieties, while also identifying the relevant challenges. Following a thorough 

evaluation of the efforts made to improve the X-ray scintillation efficiency of these materials, 

we propose an outlook for future research in order to further enhance their scintillation 

properties and spatial resolution. 

 

1. INTRODUCTION 

Metal halide perovskites (MHPs) have gained significant research attention for their potential 

use in radiation detection due to their high X-ray absorption coefficients, high light yield, fast 

decay of X-ray-excited luminescence (XL), high charge carrier mobility, low afterglow, and 

tunable optical properties.1–7 MHPs can also be fabricated using low-temperature solution 

processes, such as spin-coating and inkjet printing, which are cost-effective and scalable8,9  

meaning that they are compatible with existing α-Si readout electronics and are thus an 

attractive option for radiation detection in various applications, including medical imaging, 

security screening, and environmental monitoring. Conventional scintillators such as CsI:Tl, 

Bi4Ge3O12, PbWO4, and YAlO3:Ce have been widely used for X-ray imaging, but their 

production requires expensive and time-consuming methods, such as Czochralski growth 

technique.10,11 While MHP-based scintillators have exhibited outstanding performance, their 

hygroscopicity and elemental toxicity (such as lead(Pb)) have limited their practical application 

to date.12 MHPs often suffer from unwanted internal losses due to surface defect-mediated 

absorption or scattering.  

Thermally Activated Delayed Fluorescence (TADF) chromophores present several 

advantages as X-ray scintillators.13 Their high photoluminescence quantum yield (PLQY) 
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indicates effective conversion of absorbed X-ray energy into emitted light. The high PLQY 

arises from their unique molecular structure whereby the reverse intersystem crossing (RISC) 

enables triplet excitons to transfer back to singlet ones, resulting in energies of both types of 

excitons being harvested into light emission.14,15 These properties lead TADF to be highly 

sensitive X-ray scintillators. TADF materials often offer tunable emission wavelengths, 

providing flexibility in tailoring scintillator properties for specific applications. Additionally, 

their low toxicity is advantageous, particularly in medical applications. TADF materials have 

a relatively long excited-state lifetime (of the order of microseconds) due to the inherent 

quantum nature of the forbidden triplet-to-singlet transition. This long lifetime increases the 

probability of exciton quenching via inter-molecular interaction between triplet states or 

between triplet and singlet states, leading to a lower luminescence efficiency and a shorter 

operating lifetime. Therefore, reducing the excited-state lifetime is currently an important focus 

of research for the optimization of TADF materials.16 

Some TADF materials are solution-processable, enabling the facile fabrication of thin 

films and coatings, while their molecular design flexibility allows for customization to optimize 

responses to specific X-ray energies. X-rays can be categorized as either "soft," characterized 

by energies typically below 10 keV, or "hard," with energies ranging from 10 to 200 keV.17  

The combination of efficient X-ray absorbers such as MHPs and luminescent centers such as 

organic TADF chromophores offers an advanced approach to the fabrication of high-

performance organic-based X-ray imaging scintillators.18 The design considerations for 

effective energy transfer in hybrid systems involving X-ray absorbers and TADFs encompass 

several key aspects. Firstly, the X-ray absorber should contain elements with a high atomic 

number (Z) to ensure a large X-ray absorption cross-section.19 This is because the X-ray 

absorption cross-section is proportional to Za; where a is approximately 4 or 5 for certain X-

ray energies.20 This power-law dependence highlights the increased absorption efficiency 



4 
 

associated with higher atomic numbers. Therefore, materials with high-Z elements such as gold 

(Au), platinum (Pt), or bismuth (Bi) are often used as X-ray absorbers. Additionally, it's crucial 

to consider the X-ray energy in relation to the absorption edges of the material, as absorption 

characteristics can vary significantly depending on this factor. If the energy of the X-ray photon 

(typically below a few hundreds of keV) is below the absorption edge of a particular element, 

it is less likely to cause the photoelectric effect for that element.18,21  In other words, the photon 

does not have enough energy to overcome the binding energy of the inner-shell electrons. 

Compton scattering takes place at relatively higher energies between a few hundreds of keV 

and ~ 1 MeV, whereas electron-positron pair creation becomes dominant at higher energies 

with an onset at ~1 MeV in interactions between X-rays and matter. Understanding these 

fundamental photon-matter interactions is essential for accurate predictions and optimizations 

in X-ray scintillation processes. When high-energy electrons interact with a material, they can 

indeed generate secondary electron-hole pairs through processes like electron-electron 

scattering. These secondary pairs can, in turn, contribute to additional ionization events. 

Furthermore, deep holes created in the initial ionization process may undergo Auger decay. 

Auger decay involves the transition of an outer-shell electron into a core hole left by the ejected 

inner-shell electron. During this process, energy is released and transferred to another bound 

electron, which is then ejected as an Auger electron. The Auger process can continue in a 

cascade fashion, with subsequent Auger electrons potentially leading to further ionization 

events and the release of additional electrons. This process increases the number of electron–

hole pairs that are transferred to the luminescent center, which subsequently emits visible 

photons that are then detected by light detectors. Secondly, a robust interaction between the 

two components is essential to maintain a short distance between them. This proximity 

facilitates a swift and effective energy transfer mechanism. Thirdly, there must be a significant 

spectral overlap between the X-ray absorber and the TADF. This spectral alignment is crucial 
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as it serves as a fundamental prerequisite for ensuring a rapid and efficient energy transfer. 

Finally, it is advantageous to utilize TADFs that can simultaneously harness the energy from 

both singlet and triplet excited states. This approach is particularly effective since 25% of the 

excited states generated from ion recombination are singlet states, while the remaining 75% 

are in the form of triplet states. By leveraging both singlet and triplet excited states concurrently, 

the system can capitalize on a broader range of energy states, enhancing overall energy transfer 

efficiency. 

The use of scintillators with large refractive indices such as MHPs tends to lead to poor 

light-detection efficiency because of index-contrast-induced light trapping within the material. 

However, this can be resolved by employing plasmonic technologies to create another non-

radiative decay channel for the transfer of excitonic energy to surface plasmons. The decay 

processes strengthened by plasmonic local field enhancement eventually produces far-field 

radiation, consequently improving both light quantum yields and extraction efficiency.22 

In this perspective, we examine the progress in the design and integration of innovative 

materials such as TADF, plasmonic structures, and MHPs (Scheme 1) for use in X-ray 

scintillators. We describe the X-ray scintillation mechanisms of these integrated materials and 

explore potential modifications to enhance their effectiveness. In particular, various strategies 

for enhancing the light yield using both individual and integrated structures are evaluated. 

Finally, drawing from recent advancements in scintillator materials, we propose a suitable 

configuration for an integrated device capable of high-quality X-ray imaging. 
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Scheme 1. Schematic diagram of different integrated X-ray scintillators. (A) MHPs and TADF 

(B) MHPs and plasmonic (C) MHPs, plasmonic, and TADF.  

2. Scintillation mechanisms 

Scintillation is a fundamental process observed in high-energy radiation-sensitive materials 

following exposure to ionizing radiation.23 When radiation interacts with these materials, it 

excites electrons within their atomic or molecular structures, generating an excited state. 

Subsequently, when the excited electrons return to their ground state, they release excess 

energy in the form of photons, leading to the emission of light. The efficiency and 

characteristics of scintillation vary depending on the specific material involved,24–29 in 

particular its atomic/molecular composition and spatial arrangement and the energy levels 
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involved in the excitation and de-excitation processes. Consequently, different materials vary 

in their scintillation characteristics, including their light yield, decay time, energy resolution, 

and sensitivity to various forms of ionizing radiation. 

2.1 Thermally activated delayed fluorophores integrated with metal halide perovskites 

The X-ray scintillation mechanism involving the integration of halide perovskites with 

thermally activated delayed fluorophores (TADF) is a multifaceted process that holds 

significant promise for revolutionizing X-ray detection and imaging technologies. At its core, 

this mechanism leverages the unique properties of halide perovskites and TADF materials to 

enhance the efficiency and sensitivity of X-ray scintillation. The scintillation mechanisms for 

MHPs can be generally grouped into three stages: conversion, transport, and radioluminescence 

(RL) (Scheme 2).24 In the conversion stage, the incoming X-ray radiation interacts with the 

atoms of the scintillator (Scheme 2A).21 Various mechanisms, such as photoelectric absorption 

and Compton scattering are involved at this stage. The photoelectric effect and Compton 

scattering are the dominant mechanisms for the interaction between X-rays and matter at 

energies below 1 MeV. In the photoelectric effect, the atomic absorption of an X-ray photon 

causes an inner-shell electron to be ejected from the atom, leaving behind a vacancy (referred 

to as a hole). This ejected electron, known as an energetic photoelectron, can create additional 

electron–hole pairs through subsequent scattering with electrons of the material, with a larger 

probability with the electrons in the valence band. These secondarily generated hot carriers 

also undergo collisions to excite additional atoms, eventually leading to an electron cascade.  

In Compton scattering, an X-ray photon collides with an outer-shell electron in an atom, 

causing the electron to recoil and the photon to scatter at a lower energy. These excited species 

can then undergo additional interactions, leading to the production of many secondary electrons 

and holes, which can further induce the production of electrons and holes through subsequent 
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collisions. As a result of this cascading collision process, the charge carriers eventually end up 

with a lower kinetic energy. The still-hot carriers then collide with phonons of the material 

lattice, resulting in carrier cooling for thermalization, in which a quasi-equilibrium forms with 

low-kinetic-energy electrons and holes in the conduction and valence bands, respectively. The 

entire process from absorption to carrier cooling typically takes place on a picosecond 

timescale before radiative recombination.21  

In the transport stage of the scintillation process, the photo-generated and scattering-

induced carriers from the conversion stage move through the scintillator material toward 

luminescence centers. The transport toward the luminescent center is due to mobility of charge 

carriers which recombine and emit visible photons. However, during this stage, the carriers can 

be captured by defects in the scintillator, such as ionic vacancies, grain boundaries, or 

impurities, which can lead to non-radiative losses and reduce the overall efficiency of the 

scintillator. Therefore, optimizing the crystal quality and surface morphology of the 

scintillation material to increase the yield from radiative recombination is important. The 

transport stage typically occurs within a time scale of 10-12 to 10-8 s.  

To improve the conversion, transport, and radioluminescence (RL) of MHPs, a 

comprehensive range of approaches is necessary. The primary focus should be material 

engineering, i.e., optimizing the halide composition and cation mix to tailor the bandgap for 

efficient high-energy X-ray light absorption and conversion. In scintillation materials, 

optimizing the halide composition and cation mix to tailor the bandgap is critical for efficient 

light absorption and subsequent conversion processes. When exposed to X-rays, these 

materials absorb the incoming energy, promoting electrons to higher energy levels within the 

band structure. By precisely adjusting the halide composition and cation mix to modify the 

bandgap, one can ensure that the absorbed energy is sufficient to elevate electrons to the 
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conduction band. The subsequent recombination of excited electrons with holes in the valence 

band results in the emission of photons. Fine-tuning the bandgap through strategic halide and 

cation adjustments is paramount for optimizing this conversion process, as it directly influences 

the efficiency with which absorbed energy is translated into detectable light signals, thereby 

enhancing the overall performance of scintillation materials in radiation detection applications. 

Quantum confinement in nanostructured perovskites can also enhance these processes. 

Addressing defects through passivation techniques and co-doping with activator ions can 

subsequently improve carrier transport and radiative recombination efficiency. Advanced 

characterization methods, coupled with theoretical modeling, can also strengthen the 

understanding of RL mechanisms, making targeted improvements possible, while the control 

of structural features and the device architecture, such as grain boundaries and light extraction 

techniques, can enhance overall scintillator performance. Ultimately, the development of MHP 

materials with excellent thermal stability, reduced toxicity, and minimal environmental impact 

is required to ensure their practical applicability. 

The final stage of the scintillation process is the release of scintillation photons. In case 

of MHP-TADF materials, another energy transfer process occurs between MHP and TADF 

materials (Scheme 2B).18 This promotes the efficient utilization of excitation energy, reduces 

energy loss due to non-radiative decay, and ultimately enhances the light yield, which is crucial 

for improving the performance and sensitivity of scintillation detectors. The energy transfer 

occurs from singlet excited state of MHP to singlet excited state of TADF. A singlet excited 

state can either decay radiatively to its ground state with the emission of a photon or decay 

non-radiatively to a triplet excited state (intersystem crossing). A triplet state cannot radiatively 

decay to the ground state due to quantum mechanical selection rules. However, in TADF 

materials, electrons can transfer from a triplet to a single state via thermal energy. This can be 

followed by transformation back to a triplet, eventually leading to continuous switching 
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between the two states, during which radiative decay from the single to the ground state can 

occur with photon emission. TADF materials often have complex molecular structures with 

electron-donating and electron-accepting moieties that facilitate efficient energy transfer 

between the singlet and triplet excited states. The efficiency of this process is quantified by the 

TADF rate constant, which is influenced by various factors such as the energy gap between the 

singlet and triplet states (also referred to as the singlet–triplet offset, ΔEST), the strength of the 

electron-donating and accepting groups, and the degree of molecular conjugation. TADF 

materials are particularly promising due to their small ΔEST, which allows for the efficient 

harvesting of luminescent species with carrier-populated excited states. 
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Scheme 2. (A) Scintillation mechanisms on an atomic scale (conversion and diffusive 

transport), (B) enhanced radioluminescence via energy transfer from the MHP to TADF in 

hybrid MHP-TADF materials, and (C) attenuation coefficients of selected perovskites and 

well-known commercial X-ray-sensitive materials as a function of the photon energy. 

Attenuation data are taken from the NIST-XCOM database.30  

In semiconductors such as MHPs and CdTe, which contain elements with a high atomic 

number such as lead (Pb), bismuth (Bi), iodine (I), and cadmium (Cd), the higher number of 

electrons per atom enhances these interactions compared to elements with a low atomic number, 

such as Se (atomic number = 34).31 Consequently, as shown in Scheme 2C, these materials 

exhibit higher attenuation coefficients30 when exposed to photons with energies ranging from 

tens to hundreds of kiloelectronvolts (keV). An X-ray absorber with a high atomic number can 

be conjugated with a TADF material. When the X-ray-absorbing species (e.g., a halide 

perovskite) absorbs X-rays, it is excited to a higher energy state. Through Förster resonance 

energy transfer (FRET), the energy from this excited X-ray absorbing species is transferred to 

the luminescent center of the TADF material,18 leading to a higher efficiency in converting X-

ray energy to visible light energy because excitation occurs through both triplet and singlet 

states. This produces a high PLQY and a long emission lifetime, meaning that TADF materials 

have significant potential as highly efficient next-generation scintillators for use in various 

applications. 

2.2 Plasmonic structures integrated with metal halide perovskites 

Surface plasmons (SPs) arise from the coherent interaction between light and the collective 

oscillation of free electrons at the metal-dielectric-interface. While a flat metallic surface 

supports the propagating mode of SPs (i.e., polaritons), a three-dimensional metallic 

nanostructure can produce a non-propagating mode, (i.e., localized SP resonance LSPR). Noble 
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metallic nanostructures allow LSPR to be excited at visible or near-infrared wavelengths. 

Plasmonic nanostructures provide the means of confining light energy within the 

subwavelength region, leading to locally enhanced fields. The use of plasmonic technologies 

to enhance X-ray scintillation efficiency has been demonstrated  recently.22  

 

 

 

 

 

 

 

 

 

 

Scheme 3. (A) Schematic of hybridized scintillators consisting of PPO, AgNPs, and CsPbBr3 

for X-ray scintillation. (B) Mechanisms underlying enhanced X-ray scintillation based on the 

energy levels. (C) Enhanced RL of hybrid scintillators under X-ray illumination. Reproduced 

with permission.22 Copyright 2023, Wiley-VCH GmbH, Weinheim 

As shown in Scheme 3A-C, organic molecules of 2,5-diphenyloxazole (PPO), Ag 

nanoparticles (NPs), and colloidal perovskite nanocrystals of CsPbBr3 were combined to create 

a hybrid scintillator that exhibited enhanced RL under X-ray illumination.22 Photo-generated 

carriers, (i.e., electrons and holes) in PPO under X-ray illumination were then transferred to 

the luminescent centers of CsPbBr3 via FRET. In addition, spectral overlap between the excited 
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PPO molecules (with an excited state energy band of 400–450 nm) and the LSPR of Ag NPs 

centered at 433 nm lead to plasmonic excitation. The subsequent coupling between the 

plasmons and luminescent centers of CsPbBr3 facilitated the efficient charge transfer from PPO 

excited states to the luminescent centers. Given the ease of fabrication for this hybrid material, 

the Ag NP-mediated enhancement of CsPbBr3 emissions may inspire the development of future 

hybrid materials for X-ray scintillation in medical and industrial applications.   

If a TADF molecule is used instead of 2,5-diphenyloxazole (PPO) in the hybrid scintillator, the 

dynamics of the charge transfer and excitation mechanisms are likely to undergo significant 

changes. TADF molecules can potentially enhance the transfer of photo-generated carriers 

from the organic matrix to the luminescent centers of CsPbBr3 via FRET.18 With an excited 

state energy band that differs from that of PPO, TADF molecules may alter the spectral overlap 

with the plasmonic resonance of Ag NPs, potentially affecting the plasmonic excitation 

efficiency.22 However, the outcome also depends on the specific properties of the TADF 

molecules employed and their compatibility with the overall hybrid system. 

2.3 Metallic plasmonic nanostructures for enhanced scintillator efficiency  

Scintillators emit light in visible or UV region after being irradiated by sources with 

large photon energies, such as X-rays and gamma rays. They are used in either a solid or liquid 

phase and consist of photon emitters that are more complex than typical fluorophores in terms 

of their excitation mechanisms.28 Scintillators have found numerous applications, such as in 

nuclear medical imaging,29 high-energy physics experiments,32 and border screening,33 thus 

there is continuous demand for brighter, faster, and more cost-effective devices. However, most 

scintillators suffer from low extraction efficiency for luminescent energy due to their 

intrinsically high index of refraction, causing luminescence to be trapped by total internal 

reflection.34 This results in an inherently low external quantum efficiency. 
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Figure 1. (A) Surface lattice resonance of an Ag nanoparticle array, Copyright 2021, AIP 

Publishing.35 (B) FRET-induced excitation chain using localized SPs. (C) Plasmonic NP-

induced enhancement of fluorescence. Reproduced with permission. Copyright 2021, AIP 

Publishing.28 

 

It has been reported that the extraction efficiency can be enhanced using photonic crystal 

structures,36–38 such as nanostructures consisting of protruding dielectrics with a high refractive 

index (e.g., moth-eye patterns).34 It has also been found that SP technologies can enhance the 

extraction efficiency when used to generate surface lattice resonance via an array of metal 

nano-antennas,35,39 as shown in Figure 1. Individual localized SPs couple with each other via 

radiative coupling, resulting in diffraction-like effects, i.e., the directional radiation of 

luminescence35,39. These effects enhance the luminescence extraction efficiency. The surface 

resonance lattice allows the extended coupling with scintillator emitters that are even 

micrometers away while benefitting higher quality factors of its resonance than individual 

LSPR. 

Ag-SiO2 nanocomposites with a core–shell structure have also been reported to enhance 

the light yield of liquid-based scintillation using FRET in the excitation chain (Figure 1B).28 

The absorption and emission spectra of the relevant molecules need to substantially overlap for 
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FRET to occur. Fluorophores that are excited by solvent excitation transfer couple with 

composite NPs with emission wavelengths matching with the LSPR. The excited SPs are 

involved in near-field interactions with fluorophores, i.e., the 9-aminoacridine covalently 

bound to the surface of the NPs. This enhances the scintillator fluorescence (Figure 1C) due 

to the large optical absorption cross-section of the Ag NPs derived from local field 

enhancement around the NPs.  

      

3. STRATEGIES FOR THE ENHANCEMENT OF THE LIGHT YIELD   

3.1 Compositional and dimensional engineering  

Compositional and dimensional engineering are important strategies for tailoring the 

scintillation properties of perovskite materials.40,41 Because perovskite scintillators can emit 

light when exposed to ionizing radiation, they are valuable for various radiation detection and 

imaging applications. Compositional engineering involves modifying the chemical 

composition of the perovskite material to achieve the desired scintillation properties, which can 

be achieved by substituting different elements within the perovskite crystal structure or by 

introducing dopant ions.42 The energy deposition, light yield, emission wavelength, and other 

scintillation parameters can be adjusted by carefully choosing the composition. For example, 

in lead halide perovskites, such as CsPbBr3 or CsPbI3, compositional variation can be employed 

to tune the bandgap and efficiently absorb ionizing radiation, while adjusting the halide 

composition can tailor the emission wavelength to match specific detector requirements.43 

Doping with appropriate ions can also enhance the scintillation efficiency, improve the charge 

transport properties, and reduce self-absorption.44  



16 
 

Dimensional engineering refers to the control of the size and morphology of perovskite 

crystals or nanostructures. The size of the perovskite grains, the presence of nanoscale features, 

or the use of thin films or nanostructured architectures can significantly impact the scintillation 

performance. For example, the use of nanosized crystals can improve the light yield, accelerate 

scintillation decay, and enhance the energy resolution due to the higher surface-to-volume ratio, 

which promotes efficient charge carrier transport and reduces non-radiative recombination. By 

tailoring their chemical composition and manipulating their structural characteristics, the 

performance of perovskite scintillators can be optimized for various radiation detection and 

imaging applications.42  

Hybrid perovskites have an advantageous band gap in the visible region, leading to an 

improved light yield compared to traditional scintillators. However, despite a theoretical yield 

of 129,000–250,000 photons/MeV for hybrid perovskites, this has not yet been achieved. In 

particular, 3D hybrid perovskites typically produce a significantly lower light yield ~1,000 

photons /MeV at ambient temperatures. Researchers have developed several strategies over the 

past few decades to address this disparity and enhance the light yield of hybrid perovskites for 

X-ray detection and imaging applications. These include manipulating the quantum 

confinement effect and self-absorption in hybrid perovskites, establishing energy-transfer 

channels, and modifying defects within the material. 

The light yield of MHP scintillators is primarily influenced by the properties of excitons, 

particularly the exciton binding energy (Eb), which represents the energy required to separate 

excitons forming free electrons and holes. In bulk 3D hybrid perovskite scintillators, a low light 

yield of ~1,000 photons/MeV is associated with a low Eb (a few tens of meV). This indicates 

that the exciton states are loosely bound, and significant thermal dissociation occurs. In 

addition, as Eb increases, the population of excitons also increases. Therefore, improving Eb in 
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hybrid perovskites is an effective approach to increasing the light yield. It can be achieved by 

modulating quantum confinement via the reduction of the structural dimensions and crystal 

size, such as using QDs. In addition, introducing structural distortion in the crystal structure is 

also an effective strategy to increase Eb in hybrid perovskites, leading to improved light yields.  

 

 

 

 

 

Figure 2. (A) X-ray imaging detector made of a microcapillary and Li-(PEA)2PbBr4 scintillator. 

(B) Borosilicate glass faceplate with 100-µm hexagonal capillaries that contain Li-

(PEA)2PbBr4 in the Geant4 variant. (C) Images of the same resolution target taken using a 

Timepix camera with a Si sensor (left) and a Li-(PEA)2PbBr4 camera (right).45 Copyright 2021 

Nature Publishing Group.  (D and E) Experimental setup and X-ray images of the biological 

samples.46 Copyright 2018 Nature Publishing Group. (F) Diagram depicting the formation of 

CsPbBr3 nanosheets through self-assembly (top). Images of dense colloidal CsPbBr3 

nanosheets in a toluene solution (left) and a wafer-sized thin layer on a glass slide (right). (G) 

Digital image of a transistor panel of a cell phone (left) and corresponding X-ray image 
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(right).47 Copyright 2019 American Chemical Society (H) Schematic illustration of the 

CsPbBr3 NC hybridized with PPO. Copyright 2020 Nature Publishing Group.8 

In organic–inorganic hybrid perovskites, one useful way to reduce the structural 

dimensions is to enlarge the organic ligands, which leads to a change in the crystal structure, 

resulting in a two-dimensional (2D) perovskite structure.48 It has been observed that the Eb of 

2D halide perovskites is four times higher than that in 3D perovskites, which indicates that the 

excitons in 2D perovskites are more tightly bound. By increasing Eb through the reduction of 

structural dimensions, such as transitioning from 3D to 2D perovskite structures, the light yield 

of the hybrid perovskite scintillators can be improved. In 3D perovskites such as MAPbBr3 and 

MAPbI3, Eb has a range of 2–70 meV. However, for 2D perovskites, specifically (EDBE)PbCl4 

(EDBE=2,2'-(ethylenedioxy)bis(ethylammonium)), Eb is approximately 360 meV.49 At 10 K, 

the light yield of 3D MAPbBr3 and MAPbI3 was 152,000 and 296,000 photons/MeV, 

respectively,50 but these yields were dramatically reduced by thermal quenching to below 1000 

photons/MeV at ambient temperatures. In contrast, 2D (EDBE)PbCl4 was more resistant to 

thermal quenching, as evidenced by its light production of 9000 photons /MeV at ambient 

temperatures.  

The transition from three-dimensional (3D) to two-dimensional (2D) perovskite structures 

in hybrid perovskite scintillators offers the advantage of improving the exciton binding energy 

(Eb) and subsequently enhancing the light yield. However, this process also faces several 

challenges. One of these is related to the engineering and synthesis of stable and reproducible 

2D perovskite structures with large organic ligands. Achieving precise control over the crystal 

structure while maintaining stability and reproducibility on a large scale is a complex task. The 

synthesis of 2D perovskites requires careful optimization to prevent defects or variation in the 

crystal lattice that could affect the scintillation performance. Another challenge is balancing 

the trade-off between an enhanced Eb and an efficient light yield. While increasing Eb via the 
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transition to 2D perovskite structures can improve exciton binding, it may also impact other 

optical properties, such as the radiative recombination rate. Finding the optimal balance 

between these factors is crucial to achieving both a high Eb and efficient light emission. In 

addition, addressing challenges related to thermal stability is essential. While 2D perovskites 

exhibit improved resistance to thermal quenching compared to their 3D counterparts, 

maintaining high light yields at ambient temperatures remains a challenge. Developing 

strategies to enhance the stability of 2D perovskite scintillators under a range of temperatures 

and environmental conditions is crucial if they are to be employed in practical applications. In 

general, 2D-MHPs exhibit higher stability compared to their 3D counterparts. However, 3D-

MHPs boast a higher PLQY than 2D MHPs. Given this trade-off, there is an urgent need to 

focus on the development of 2D-MHPs in order to enhance the scintillation yield and improve 

X-ray imaging, given that the inherent stability of 2D-MHPs can be advantageous in practical 

applications. Balancing stability with enhanced PLQY is crucial for optimizing the 

performance of materials used in scintillation and X-ray imaging technologies. The ongoing 

research and development efforts in this direction aim to harness the strengths of 2D-MHPs to 

address these specific challenges in the field. 

The study by Dang et al. also demonstrated the potential of Li-doped (PEA)2PbBr4 as a 

scintillator for X-ray imaging.51 The introduction of Li+ as a dopant represents a valuable 

approach to enhancing scintillation properties by mitigating thermal quenching and improving 

light yields, ultimately benefiting X-ray imaging. By incorporating Li+, the researchers 

observed an improvement in the light yield of (PEA)2PbBr4 from 8,000 to 11,000 photons/MeV.  

In a subsequent study by Motakef et al., a special X-ray imaging detector was fabricated using 

single Li-doped (PEA)2PbBr4 crystals synthesized. These crystals were synthesized inside the 

pores of a precast microcapillary plate, which had a thickness of 1.2 mm (Figure 2A–C).45 

This fabrication technique resulted in a thick film detector that exhibited a higher energy 
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absorption efficiency for X-rays. By incorporating microcapillaries within the detector, the 

isotropic propagation of emitted photons was constrained. This constraint led to the imaging 

detector achieving an impressive spatial resolution of 8.8 line pairs per millimeter (lp/mm) at 

a modulation transfer function (MTF) of 10%. Notably, this spatial resolution was on par with 

that of a direct Si detector, which typically attains 8.6 lp/mm at an MTF of 10%.  

While the use of Li-doped (PEA)2PbBr4 as a scintillator for X-ray imaging shows promise, 

there are challenges associated with this process. One challenge involves the optimization of 

the Li+ doping concentration to achieve the desired enhancement of the scintillation properties. 

Finding the right balance is crucial because an excessive or inadequate amount of the Li+ 

dopant may impact the light yield and overall performance of the scintillator. Precise control 

over the doping process is necessary to ensure consistent and reproducible results in terms of 

an improved light yield and reduced thermal quenching. The fabrication of an X-ray imaging 

detector using Li-doped (PEA)2PbBr4 crystals within a precast microcapillary plate faces 

challenges related to scalability and manufacturability. Scaling up the production of such 

detectors while maintaining a uniform crystal quality and distribution within the microcapillary 

plate can be complex. Achieving reproducibility and consistency in the fabrication process is 

essential for practical applications. 

Moreover, the incorporation of microcapillaries within the detector, while enhancing the 

energy absorption efficiency for X-rays, introduces challenges related to the design and 

engineering of the detector. The spatial arrangement and dimensions of the microcapillaries 

must be carefully controlled to optimize the isotropic propagation of emitted photons and 

achieve the desired spatial resolution. Fine-tuning these parameters to ensure optimal 

performance across various imaging conditions is a non-trivial task. In addition, while a spatial 

resolution of 8.8 line pairs per millimeter (lp/mm) is impressive, sustaining this resolution 
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under different imaging scenarios and over extended periods remains a challenge. Long-term 

stability, robustness under varying environmental conditions, and compatibility with diverse 

X-ray imaging applications require careful consideration and further research. Addressing 

these challenges is essential for realizing the full potential of Li-doped (PEA)2PbBr4 

scintillators in advanced X-ray imaging systems. 

In a similar manner to hybrid perovskites, 3D all-inorganic bulk HPs also encounter 

thermal quenching due to their low activation energy (Eb). For instance, at room temperature, 

CsPbCl3 single crystals produce a light yield of around 300 photons/MeV, while CsPbBr3 

single crystals yield 50,000 photons/MeV at 7 K.52,53 To address this challenge, researchers 

have looked to reduce the size of the perovskites, which effectively confines the excitons 

generated by X-ray irradiation within a limited space. By reducing the crystal size, the overlap 

of exciton wavefunctions within the nanocrystals increases. This confinement within a reduced 

Bohr radius consequently leads to an enhanced Eb.54 The higher Eb resulting from the 

confinement of excitons in nanocrystals or QDs is a promising strategy for mitigating thermal 

quenching and improving the light yield of all-inorganic bulk hybrid perovskite materials. This 

approach offers potential benefits for X-ray detection and imaging applications by enhancing 

the efficiency and performance of hybrid perovskite scintillators. In 2017, Tang et al. 

conducted pioneering research demonstrating the scintillating properties of CsPbBr3 QDs in 

various solvents upon X-ray irradiation.55 This breakthrough study generated significant 

interest, and extensive research has subsequently focused on utilizing perovskite QDs as 

scintillators and X-ray imaging applications. In 2018, Liu et al. published a study introducing 

a series of CsPbX3 NCs as scintillators with tunable emission wavelengths (Figure 2D and 

E).46 Tailored anionic components facilitates tunability. The thin-film scintillator based on 

CsPbBr3 NCs exhibited remarkable performance attributes, including a low X-ray detection 

limit of 13 nGy/s and an impressive spatial resolution of 2.0 lp mm-1 at an MTF of 72%. 
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Notably, the spatial resolution achieved by this CsPbBr3 NCs-based thin-film scintillator 

surpassed that of conventional CsI:Tl+-based detectors, which typically achieve a spatial 

resolution of 2.0 lp/mm at a much lower MTF (36%). In X-ray imaging applications, large-

area scintillator films play a vital role, but with perovskite QDs has been a challenging task. 

To overcome this hurdle, researchers often disperse perovskite QDs within various matrices, 

including organic polymers or glass. However, Mohammed and colleagues presented an 

innovative approach to tackle this issue. They employed a self-assembly process in a highly 

concentrated CsPbBr3 solution, successfully demonstrating a novel technique for creating a 

large-area scintillator film of 72 cm2 composed of CsPbBr3 nanosheets (Figure 2F and G).47 

Exposure to X-rays revealed the film's exceptional long-term stability, accompanied by a 

remarkable light yield of 21,000 photons/MeV. 

To further enhance the scintillation and X-ray imaging capabilities of perovskites, MHPs 

have been combined with organic molecules with matching energy levels. This approach 

promotes efficient charge transfer between the MHPs and organic fluorophores, thereby 

increasing the light yield of the combining species. Our group previously fabricated a hybrid 

liquid scintillator made of CsPbBr3 QDs and 2,5-diphenyloxazole (PPO).8,56 We matched the 

energy levels between PPO and CsPbBr3 QDs using surface hybridization via N-Pb bonding 

(Figure 2H), which facilitated charge transfer from PPO to CsPbBr3 QDs upon X-ray 

irradiation. Consequently, the scintillation and X-ray imaging resolution were improved than 

pure PPO or CsPbBr3 alone. This strategy of combining organic molecules with matching 

energy levels with hybrid perovskite scintillators holds promise for optimizing their sensitivity 

and the image quality in X-ray detection and imaging applications. The reverse engineering of 

the energy transfer process, in which energy moves from the perovskite to TADF organic 

molecules, holds significant promise for X-ray scintillation and imaging applications. For 

example, Mohammed et al. engineered a highly efficient X-ray harvesting system by 
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combining CsPbBr3 nanosheets (D) with difluoroboron 1,3-diphenylamine β-diketonate (A).18 

CsPbBr3 nanosheets were employed due to their high atomic number, high PLQY, broad 

absorption band in the green and blue spectral range, and strong emission band at 510 nm. In 

their system, A exhibits TADF properties, allowing for the efficient harnessing of both singlet 

and triplet excitons, with a broad absorption band from 400 to 600 nm that closely matches the 

emission spectrum of D (Figure 3A). This spectral overlap facilitates an interspecies energy 

transfer of ~100%, with the optimized D-A composite film only exhibiting an RL emission 

peak at 620 nm. Additionally, the presence of two fluorine atoms in the A derivative enables 

strong bonding with the lead atoms within the perovskite nanosheets, enhancing the energy 

transfer efficiency (Figure 3B). The fabricated X-ray imaging scintillator achieved a high 

imaging resolution of 135 μm and an impressively low detection limit of 38.7 nGys-1.  

Thermal quenching in X-ray scintillators represents a significant drawback, lowering their 

efficiency by reducing the scintillation output at higher temperatures. This limitation restricts 

their operating temperature range and reduces their sensitivity in X-ray detection applications. 

Thermal quenching also leads to lower imaging quality by reducing the resolution and contrast, 

thus affecting the reliability of X-ray imaging, while higher noise levels affect measurement 

precision. Similarly, long-term exposure to higher temperatures accelerates material 

degradation within the scintillator, shortening its lifespan and requiring frequent maintenance 

or replacement. To resolve these issues, multi-excited state switching has been proposed as a 

means to enhance the luminescence efficiency even at elevated temperatures. As an example 

of this, Wang et al. synthesized a zero-dimensional hybrid perovskite based on TpyBiCl5, 

utilizing terpyridine (Tpy) and bismuth halide (BiCl3) as its organic and inorganic constituents, 

respectively (Figure 3C).57 The TpyBiCl5 crystal RL spectrum reveals two distinct emission 

bands: one at 494 nm, attributed to prompt fluorescence and TADF, and another at 568 nm, 

stemming from phosphorescence. Notably, the RL intensity correlates linearly with X-ray dose  
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Figure 3C. Charge transfer in TADF molecules and their X-ray scintillation properties (A) 

Absorbance and emission spectra of CsPbBr3 and difluoroboron 1,3-diphenylamine β-

diketonate. (B) Schematic diagram of the charge transfer from perovskite nanosheets to TADF 

molecules.18 Copyright 2022 American Chemical Society. (C) Formation of the rigid organic–

inorganic hybrid perovskite TpyBiCl5, which demonstrates TADF properties. (D-F) RL spectra 

at room, low, and high temperatures under different dosages. (G) Copyright 2024 Wiley-

VCH.57 

rate, especially at specific temperatures. The detection limit also improves from 73.04 nGys-1 

at room temperature to 38.92 nGys-1 at 213 K and remains stable at 196.31 nGys-1 at 353 K. 

These findings highlight the potential of multi-state emitting hybrid perovskites in mitigating 

thermal quenching in scintillators.   

The obstacles posed by lead toxicity and air stability present significant challenges in 

advancing the development of X-ray scintillators and expanding the applications of halide 

perovskites. Despite sincere efforts to explore lead-free alternatives like 3D Cs2AgBiBr6 and 

A3Bi2X9 (where A can be Cs+, Rb+, MA+, and X includes Cl–, Br–, and I–), devices based on 

these materials still fall short of the performance seen in lead-based counterparts. Overcoming 

this performance disparity requires a comprehensive approach, involving the optimization of 

growth methods, the exploration of innovative device designs, and the pursuit of advanced 

lead-free perovskite materials. 

Effectively addressing environmental concerns linked to MHPs necessitates the adoption 

of robust encapsulation strategies. Currently, MHP-based X-ray detection is in its early stages, 

with scintillators limited to laboratory-scale production. However, future progress is 

anticipated, with a dedicated focus on achieving reproducibility, scaling up processing 

capabilities, and ensuring environmental compatibility. These advancements are crucial for 
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achieving the ultimate goal of commercialization. The collaborative endeavors of researchers, 

scientists, and engineers will be pivotal in overcoming these challenges and driving the field 

toward practical, large-scale applications across various industries. 

3.2 Excited state engineering  

The limited scintillation light yield of non-TADF organic scintillators is primarily due to the 

restricted contribution of triplet excited states to the scintillation process. For instance, in the 

case of a commercially available p-xylene-based liquid scintillator, EJ-309, the scintillation 

light yield is measured at 12,000 photons per MeV. Notably, p-xylene exhibits singlet and 

triplet excited states with energies of 2.05/100 eV and 2.35/100 eV, respectively. Given that 

scintillation is predominantly derived from singlet excited states, approximately half of the 

singlet excited states contribute to the scintillation, while the contribution from the triplet 

excited states remains relatively low.58 In TADF materials, the small energy separation 

between the triplet and singlet excited states allows for the efficient harvesting of triplet 

excitons through an RISC process. This leads to delayed fluorescence from the singlet excited 

state, resulting in a high PLQY. Excited-state species (e.g., electronically excited atoms or 

molecules) and radical species that have unpaired electrons fundamentally differ in their nature 

under ionizing radiation compared with low-energy photoexcitation. In the latter case, organic 

molecules are typically excited to a singlet excited state, which can undergo high-efficiency 

radiative decay to the ground state, resulting in strong luminescence. In contrast, high-energy 

radiation, such as gamma rays or X-rays, can ionize molecules, creating secondary electrons 

and ions. When this ionization process occurs, a significant fraction of the excited states 

generated in the material are in the form of triplet states in which the spins of the electrons 

involved are parallel. Triplet states have longer lifetimes compared to singlet states, where the 

electron spins are antiparallel. As a result, the triplet states can undergo various relaxation 
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processes, leading to scintillation losses. Recently, several TADF molecules have been used 

X-ray scintillation and X-ray imaging. We present the structure of selected TADF molecules 

in Scheme 4 and summarize the scintillation properties of TADF molecules in Table 1, 

including pure organic, all-inorganic, and hybrid organic–inorganic molecules. All of these 

materials offer an excellent light yield, reaching as high as 73,500 with a spatial resolution as 

low as 3.7 lp/mm. However, it is important to establish selection rules for the use of TADF 

materials in X-ray scintillator applications. First, TADF materials must have energy levels that 

closely align with the energy of X-ray photons, ensuring efficient absorption and subsequent 

emission. This alignment relies on appropriately positioning the highest occupied molecular 

orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) levels relative to the X-ray 

energy range of interest. Second, efficient triplet harvesting is required. TADF materials need 

to efficiently convert triplet excitons generated by X-ray absorption into emissive singlet states. 

Achieving this balance between ISC and RISC rates typically involves incorporating donor–

acceptor moieties with small singlet–triplet energy gaps. Third, high PLQYs are crucial for 

TADF materials intended for use in X-ray scintillators. Maximizing the PLQY enhances the 

emission intensity and improves the detection sensitivity, thus the molecular structure and 

solid-state morphology need to be optimized to minimize non-radiative decay pathways and 

enhance radiative recombination. Long-term stability is another key consideration; TADF 

materials should demonstrate stability under X-ray irradiation and practical operating 

conditions to ensure reliable performance over extended periods. This requires the design of 

chemically robust molecular structures or the inclusion of stabilizing additives or ligands. 

Fourth, processability and compatibility are essential factors to consider. TADF materials 

should be compatible with common fabrication processes and substrate materials used in X-

ray scintillator devices, including solution processing, film formation, and flexible or rigid 

substrates. Finally, tunable emission properties are advantageous for tailoring TADF materials 
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to specific X-ray imaging applications. Customization of the emission wavelength, bandwidth, 

and decay kinetics enables the development of scintillator materials suitable for various 

imaging modalities such as radiography, fluoroscopy, and computed tomography (CT). By 

adhering to these selection rules, researchers can identify and design TADF materials 

optimized for X-ray scintillator applications, ultimately leading to the development of high-

performance detectors with improved sensitivity, resolution, and reliability for a wide range of 

imaging tasks. 
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Scheme 4. Various organic and organic–inorganic TADF molecules used in X-ray scintillation 

and X-ray imaging.14,18,59–61(A-G) Organic TADF molecules. (H-I) Organic-inorganic hybrid 

TADF molecules.  
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Figure 4. (A) Normalized radioluminescence (RL) spectra for anthracene, DMAc-TRZ, 

4CzIPN, and 4CzTPN-Bu. (B) Calculated X-ray attenuation efficiency. (C) RL intensity 

spectra and light yield. (D) Detection limit. I Normalized RL intensity as a function of the dose 

rate. (F) MTF of the X-ray images.14 Copyright 2022 Nature Publishing Group. (G) Bright-

field (left) and X-ray (right) images of the reference plate. (H and I) Bright-field (left) and X-

ray (right) images of (H) a chip and (I) a fish. RL and X-ray imaging using TADF-H, TADF-

Cl, TADF-Br, and TADF-I: (J) X-ray absorption coefficient, (K) RL spectra, and (L) MTF. 

Bright and dark images of (M) pens and (N) an electronic chip. Copyright 2022 Nature 

Publishing Group.59  

Yang et al. demonstrated three organic TADF scintillators (DMAc-TRZ, 4CzIPN, and 

4CzTPN-Bu) for high-resolution X-ray imaging that captured both singlets and triplets for 

efficient X-ray scintillation (Figure 4A–I).14 The minimized singlet–triplet energy gap allowed 

these TADF chromophores to utilize both singlet and triplet excitons to emit light, resulting in 

higher unit exciton utilization. In comparison to anthracene, these TADF compounds displayed 

greater RL intensity and high X-ray attenuation efficiency. The light yields for anthracene, 

DMAc-TRZ, 4CzIPN, and 4CzTPN-Bu were 15,900 ± 190, 73,500 ± 400, 33,200 ± 60, and 

44,900 ± 210 photons MeV-1, respectively. The increased light yields observed for the TADF 

molecules were primarily attributed to the luminescence harvesting of triplet excitons and 

reduced self-absorption. The limit of detection for DMAc-TRZ was lower than the other 

molecules, which was in good agreement with light yields. These molecules showed little 

degradation under X-ray irradiation based on fatigue testing, demonstrating their suitability for 

practical imaging applications. A bright-field image (left) and an X-ray image (right) of a 

reference plate are presented in Figure 4G. The DMAc-TRZ:sucrose octaacetate scintillator 

screen produced high-quality X-ray images with line-pair notches at 16 lp mm-1 (Figure 4H 

and I). Wang et al. also reported that incorporating heavy atoms (Cl, Br, and I) into TADF 
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chromophores can significantly enhance their X-ray absorption cross-section, which is crucial 

for efficient X-ray scintillation (Figure 4J–N).59 Based on X-ray absorption measurements, the 

researchers found a gradual increase in the resonant absorption edges and the RL intensity with 

the use of Cl, Br, and I. This was attributed to the heavy-atom effect, which enhances the ability 

of organic chromophores to absorb X-ray photons. A TADF-Br scintillation screen achieved a 

high resolution of 12.0 lp mm-1 when the MTF was 0.2. This indicates that the screen was 

capable of producing clear and detailed X-ray images, which was confirmed by the enhanced 

visualization of the spring inside a pen. Additionally, the complex structure of an electronic 

chip, which is typically difficult to observe, was clearly visible.59     

The practical implementation of TADF-Br scintillation screens faces challenges related to 

material fabrication and stability. The synthesis and processing of these modified TADF 

chromophores into scintillating screens on a large scale with consistent quality particularly 

difficult. Ensuring the uniform distribution of heavy atoms within the material matrix is crucial 

for maintaining both higher X-ray absorption and TADF properties across the entire 

scintillation screen. Long-term stability under X-ray exposure, potential degradation 

mechanisms, and compatibility with different imaging environments also need careful 

consideration. Furthermore, achieving high-resolution X-ray imaging, as demonstrated by the 

12.0 lp mm⁻¹ resolution of the TADF-Br scintillation screen, may pose challenges in terms of 

scalability and practical applicability. The optimization of scintillator screens for specific 

imaging scenarios while maintaining a high resolution and sensitivity is an ongoing challenge 

that requires continuous refinement in material design and fabrication techniques. Overcoming 

these obstacles will be crucial for realizing the full potential of heavy-atom-modified TADF 

chromophores in efficient and reliable X-ray scintillation applications. TADF materials with a 

small triplet/singlet offset (ΔEST) are currently highly promising candidates for applications in 

scintillators. ΔEST is the energy difference between the triplet and singlet states of a molecule, 
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and in the context of TADF, a smaller ΔEST is desirable. The reported molecules in this 

category exhibit ΔEST values falling within the range of 50 to 100 meV. The ongoing interest 

in reducing ΔEST even further stems from the expectation that this would not only enhance the 

light conversion efficiency but also accelerate the RISC process.62 However, TADF organic 

scintillators face certain limitations, including low X-ray absorption and a lower stopping 

power. To address these, a proposed solution involves combining TADF organic scintillators 

with high-Z materials such as heavy metal or halides which can serve as a matrix or be 

integrated as components. This strategic combination could resolve the low X-ray absorption 

and stopping power, thereby enhancing the overall performance of TADF materials in 

scintillation applications. The synergistic approach of leveraging the unique properties of 

TADF materials with the advantageous features of high-Z materials holds promise for the 

development of efficient and effective scintillator materials. 

Metal-based TADF molecules, e.g., Cu(I) halide complexes, have also demonstrated 

promising results as X-ray scintillators due to their structural diversity and excellent PLQY.60,63 

Cu4I4 clusters have a rigid geometry that is highly beneficial for stability under X-ray 

irradiation and reduces relaxation-induced energy loss. Fluorescent Cu4I4 complexes have 

various charge-transfer excited states (Figure 5), such as metal-to-ligand charge transfer 

(nMLCT; n = 1 for singlet and 3 for triplet), ligand local excited states (nLLE), counterion-to-

ligand charge transfer (nXLCT), counterion-to-metal charge transfer (3XMCT), intraligand 

charge transfer (nILCT), and triplet cluster centered (3CC) states. The excited 3CC transition 

combines the effect of 3XMCT and d→s,p metal-centered transitions, and this electronic 

transition reduces the radiative transition.64 The RL mechanisms for the Cu4I4 cluster are 

similar to those for MHPs. The (M+ I)LCT process is responsible for producing the RL from 

Cu4I4 clusters. By carefully controlling the intramolecular charge transfer, the desirable (M+ I) 

LCT process, in which electrons are transferred from the metal center (Cu4I4) to the ligands, 
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can be promoted. This process leads to RL and can be optimized to achieve brighter and more 

efficient luminescence from the clusters.60 The interplay between these different excited states 

and transitions necessitates careful tuning to enhance the (M+ I)LCT process responsible for 

RL. 

Table 1: Thermally activated delayed fluorescence (TADF), metal-complex TADF, and 

MHP-TADF scintillators. 

Ref. Organic/Organic-
inorganic hybrid 
materials 

Photoluminescence X-ray excited luminescence (XEL) 
 

λPL 
(nm) 

Φ 
(%) 

τ1, τ2, τav 
 (ns/µs) 

Energy  
Gap 

between 
S1 and 

T1 
(ΔEST)  
(cm-

1/meV) 

λXEL 
(nm) 

Light yield Limit of 
detection 
(LOD) 

Spatial 
Resolution 
Line pairs 
(lp/mm) 

 

14 DMAc-TRZ 494 88.9 τ1=20ns 
τ2=2.15 µs 

50-60 
meV 

~500 73500±400 103.2±2.9 
nGyair s−1 

16.6 

4CzIPN 501 94.4 τ1=13.5ns 
τ2= 4.76µs 

~560 33200 ±60 250 ± 12 
nGyair s−1 

xx 

4CzTPN-Bu 553 80.2 τ1=10.9ns 
τ2=1.96 µs 

~625 44900±210 208 ± 4 
nGyair s−1 

xx 

59 
 
 
 
 
 
 
 
 
 
 
 
 

TADF-H ~518 65 1.75 0.53 
cm-1 

~554  1892 
photons/MeV 

438.5 5.1 

TADF-Cl ~521 50 
 

1.57 0.91 
cm-1 

~534 7076 
photons/MeV 

100.6 6.8 

TADF-Br ~522 48 0.72 0.94 
cm-1 

~541 17619 
photons/MeV 

45.5 12.0 

TADF-I ~527 44 0.46 1.27 
cm-1 

~552 18115 
photons/MeV 

45.9 9.4 

63 [CuCl(PPh3)2(3-
MePy)] 

519 94.9
5 

28.85 µs 760 cm-

1 
525 5951 ± 135 338.8 

nGyair s−1 
xx 

[CuBr(PPh3)2(3-
MePy)] 

487 90.2
4 

51.74 µs 1081 
cm-1 

489 21 763 ± 
1375 

143.9 
nGyair s−1 

6.8 lp/mm 
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[CuI(PPh3)2(3-
MePy)] 

466 93.2
1 

63.23 µs 1027 
cm-1 

463 28 385 ± 
1335 

43.8 
nGyair s−1 

 
9.8 lp/mm 

 
[CuI(PPh3)2(3,5-
DmPy)] 

467 91.8
8 

34.17 µs 869 
cm-1 

465 23 503 ± 
1230 

63.1 
nGyair  

8.3 lp/mm 

[CuI(PPh3)2(Py)] 488 96.6
1 

92.94 µs 1087 
cm-1 

488 23 193 ± 
1270  

51.4 
nGyair s−1 

 

 

8.8 lp/mm 

 [DBFDP]2Cu4I4 ~450
, 

~550 
nm 

      

 
 

[DDPACDBFDP
]2Cu4I4 

~525 
nm 

71      77 nGy 
S−1 

12 lp/mm 

65 Singlet 
fission-based 
scintillator 
[Rubrene+TADF-
Br] 

450-
650 
nm 

xx 1190 ns 0.16 eV 450-
650  

19700 1.26 
mGys−1 

27.5 
lp/mm 

66  
Cs2ZrCl6 
@PDMS 
 
 

447 
nm 

70 15.56 
µs 

0.069 
eV 

~460 49400 
photons/MeV 

65 nGyair 
s−1 

18 lp/mm 

18 
 
 
 
 
 
 

CsPbBr3 
nanosheet- 
chromophore A 

510, 
620 

xx 2.47 ± 
0.10 ns, 
61.21 ± 
0.54 μs 

xx 510, 
620 

xx 38.7 
nGy/s 

135 μm or 
3.7 lp/mm 

67 TADF-Br (D) 
and Ir-OMC (A) 

530 xx xx xx 635 ~12,000 
photons/MeV 

~150 
nGy/s 

19.8 
lp/mm 

 

 

Achieving optimal RL efficiency requires a fine balance when promoting the desired 

intramolecular charge transfer, particularly from the metal center (Cu4I4) to the ligands. This 

balance is crucial for the brightness and efficiency of luminescence from the clusters. The 

challenge lies in precisely manipulating these intricate electronic processes, which may require 

advanced synthetic techniques and a strong understanding of the structure-function 
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relationships within the Cu4I4 clusters. The stability of the Cu4I4 clusters under X-ray 

irradiation is also crucial for their practical application as scintillators. While their rigid 

geometry is advantageous for stability, long-term effects and potential degradation 

mechanisms need to be thoroughly investigated to ensure sustained performance over time. 

Balancing structural stability with the optimization of the luminescence properties remains a 

significant issue that must be addressed for the successful implementation of Cu(I) halide 

complexes in X-ray scintillator applications. 

 

Figure 5. Charge-transfer excited states for Cu4I4 under X-ray radiation (center). Left: 

Electroluminescence mechanisms. Right: RL mechanisms.60 Copyright 2023 Nature 

Publishing Group.  

The development of X-ray imaging scintillators can be assisted by the investigation of novel 

materials that effectively transfer energy between X-ray absorber centers and luminescence 

chromophores. In addition to perovskite, metal–organic frameworks (MOFs) have a number of 

features that make them suitable for X-ray absorption in scintillator applications. First, they 

have outstanding X-ray absorption capabilities due to the presence of elements with a high 

atomic number (Z) in the metal clusters or nodes.68 MOFs also offer remarkable structural and 
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compositional control, allowing for the fine-tuning of their properties. The precise selection of 

metal ions, ligands, and their coordination environments can optimize X-ray absorption and 

energy transfer processes. This flexibility enables the design of tailored MOFs with specific X-

ray absorption and luminescent properties, leading to high-performance scintillators. For 

example, Wang et al. fabricated a Zr-based luminescent MOF-TADF (4-CzTPN-Bu) 

scintillator, demonstrating a nearly complete transfer of energy from the MOF to the TADF 

material,67 with a very low detection limit of 256 nGy/s, far lower than that achieved by the 

MOF and TADF materials alone. This higher RL offers improved sensitivity and signal-to-

noise ratios, making it advantageous for diagnostic and analytical purposes, such as medical 

imaging. However, a potential drawback is the difficulties associated with scalability and 

stability. Translating these findings into scalable and stable systems for practical applications 

may prove complex, requiring careful consideration of production processes and the stability 

of the charge transfer system under varying environmental conditions. These issues need to be 

addressed before MOF-TADF charge transfer can be reliably employed in practical, large-scale 

applications. 

The practical use of lead-based all-inorganic perovskite materials, such as CsPbBr3 NCs, 

as scintillators can be hampered by a number of drawbacks, such as the inclusion of the 

hazardous element lead, insufficient radiation stability, and substantial photon self-absorption, 

which reduces the efficiency of the light output. To overcome these shortcomings and advance 

the practical application of MHP scintillators, recent research has focused on developing 

alternative materials that address these challenges.  Recently, Zhang et al. developed the 

vacancy-ordered lead-free double perovskite Cs2ZrCl6, which employed TADF to produce a 

very high PLQY of 70%.66 Scintillator screens made from Cs2ZrCl6@PDMS also demonstrated 

excellent scintillation properties, with light yields of up to 49,400 photons/MeV of X-ray 

energy. Additionally, they achieved a spatial resolution of up to 18 lp mm−1, thus allowing for 
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detailed imaging, and had a low detection limit of 65 nGy s−1, indicating their ability to detect 

low levels of X-ray radiation. They were able to effectively capture non-planar and dynamic 

objects, making them suitable for various imaging scenarios. This development is expected to 

expand the potential application range for scintillators to different environments due to the 

environmental stability, high sensitivity, and low cost of the Cs2ZrCl6@PDMS flexible 

scintillator screens. However, one challenge lies in the potential long-term stability of these 

screens. Their environmental stability may need to be assessed over extended periods, 

considering factors such as temperature variation, humidity, and exposure to external elements, 

to ensure consistent performance over time. Additionally, the scalability of the production 

process may prove difficult. Transitioning from laboratory-scale fabrication to large-scale 

manufacturing while maintaining a uniform quality and performance characteristics is complex. 

Furthermore, the optimization of the Cs2ZrCl6@PDMS formulation for different imaging 

scenarios or specific applications may require further research to address potential trade-offs 

between flexibility, sensitivity, and imaging detail. Despite these challenges, overcoming them 

could lead to the broader application of Cs2ZrCl6@PDMS scintillator screens in diverse 

environments.  

Flexible TADF-based X-ray scintillators are imperative due to several pressing needs in the 

field of medical imaging and beyond. In recent times, there has been significant interest in 

flexible devices due to their exceptional foldability, impressive crack resistance, excellent 

compatibility, and promising potential for use in portable and wearable technology. Traditional 

scintillator materials, such as alkali metal halides, bismuth germanate, and gadolinium 

oxysulfide, suffer from limitations including the need for high temperatures and vacuum 

conditions for fabrication, harmful scintillation decay, and unsatisfactory light yields.42,69 

These drawbacks hinder the development of low-dose, high-resolution, large-area, and flexible 

X-ray detectors,70 which are essential for applications ranging from medical diagnostics to 



38 
 

industrial inspection. There are several reports on non-TADF organic-inorganic hybrid 

materials-based flexible X-ray scintillators71 as compared to TADF materials. Xu et al. reported 

a flexible 0D organic manganese (II) bromide ((C38H34P2)MnBr4) [C38H34P= ethylenebis-

triphenylphosphonium] X-ray scintillator with a detection limit of 461.1 nGy s−1.72 TADF 

materials offer a solution by combining high sensitivity with flexibility, enabling their 

integration into bendable, conformal, and lightweight substrates. Moreover, their low 

fabrication temperature and tailorable properties through molecular design make them 

compatible with flexible systems and allow for customization to meet specific imaging 

requirements. By addressing these limitations, TADF-based flexible X-ray scintillators 

promise to revolutionize X-ray imaging by providing a versatile and efficient detection 

platform capable of delivering high-quality images while minimizing radiation exposure. Liu 

et al. synthesized flexible and bendable Cu-based TADF X-ray scintillator using PMMA and 

[CuI(PPh3)2(3-methylpyridine)] (Scheme 4I) which was used for capturing high-resolution 

images with a spatial resolution of 9.8 lp/mm.73 These offers a promising method to enhance 

RL by integrating heavy halogen elements into TADF materials offering potential for 

developing affordable, high-performance scintillators. 

3.3 Surface plasmonic engineering  

3.3.1 Afterglow 

The deposition of Ag NPs on a thin-film Lu2SiO5:Ce (LSO) scintillator, which is an important 

scintillator for nuclear medical imaging, demonstrated more rapid luminescence decay, thus 

rendering it useful for achieving the timing resolution required for scintillation detection.74 

Excited emitters undergo much stronger Purcell effects due to the enhanced photonic mode 

density of localized SPs, consequently accelerating the spontaneous recombination rate into SP 

modes (rather than photons in free space). The excited SPs in turn reradiate photons into free 
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space, resulting in the faster decay of time-resolved luminescence. Though the metal-induced 

ohmic loss of SPs needs to be minimized by choosing the nanostructures with the appropriate 

metals and size/shape to prevent deterioration of external quantum efficiency of scintillators, 

the inherent properties of plasmon-induced faster luminescence improves the timing resolution 

of scintillators, thus mitigating their afterglow effects.  

3.3.2 Light yield 

SP engineering has been used to improve the light yield of UV photon-excited emitters from 

MHPs. SP-induced light yield enhancement arises mainly from characteristic local-field 

enhancement. In particular, the use of appropriate metal nanostructures can tailor plasmonic 

dispersion relations to select specific wavelengths and momenta for plasmonic resonance in 

the visible or near-infrared wavelength bands. Nanostructures containing noble metals such as 

Au and Ag have been widely employed to achieve the sub-diffraction confinement of fields to 

promote the strong coupling of plasmons with luminescent centers.   

Figures 6A-C present a hybrid perovskite structure and the corresponding lasing 

characteristics obtained from a low-temperature (77 K) PL experiment.75 A lead halide 

perovskite CH3NH3PbI3 (MAPbI3) was capped with a nanometer-thick Ag film with a spacer 

layer of polymethylmethacrylate (PMMA; Figure 6A). Across the nanometer-thick spacer 

layer, the UV-excited excitons in the MAPbI3 were involved in  near-field interactions with the 

Ag film whose roughness was induced by the perovskite surface morphology leading to the 

excitation of localized SPs. This extended the local field to the perovskite film region. Exciton-

plasmon coupling led to a reduction in the lasing threshold pump power while the considerable 

spectral narrowing of the PL and a dramatic increase in its peak intensity occurred above the 

threshold. This clearly illustrates the improvement that is possible in the lasing characteristics 

when using plasmon-perovskite hybrid materials. 
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The coupling of the localized SPs of Au nanorods with MAPbI3 embedded in PMMA was 

also demonstrated to reduce the threshold pump power for amplified spontaneous emission 

(ASE; Figure 6D).76 As the excitation energy increased beyond the threshold, the ASE 

spectrum became much narrower, while its peak was considerably higher (Figure 6E). It was 

revealed that the use of Au nanorods, whose LSPR overlapped significantly with the PL spectra, 

enhanced the ASE intensity at a reduced threshold energy (Figure 6F). It was also found that 

a PMMA spacer needed to be inserted between the Au nanorods and the perovskite to avoid 

the metal-induced quenching of perovskite emitters. 

It has also been demonstrated that SPs could enhance the coupling strength between cavity 

photons and perovskite excitons to produce a strong coupling regime in which the Rabi splitting 

energy was greater than the dissipative energy.77 A micrometer-long nanowire of the Pb halide 

perovskite CH3NH3PbBr3 (MAPbBr3) was fabricated with both end facets reflective, forming 

a microcavity. These nanowire-based microcavities were made on an Ag nano-film with a SiO2 

spacer layer inserted between them (Figure 6G). The plasmonic modes were excited due to 

their much smaller effective volume (lower panel) than the photonic mode volume found in the 

glass substrate (upper panel). The Ag-film-supported SPs increased the photonic mode density 

in the microcavity, increasing the Rabi splitting of exciton anti-crossing compared to the case 

with no Ag nano-film (Figure 6H). This was due to the stronger exciton–photon coupling 

driven by plasmon local-field enhancement. Figure 6I presents the time-resolved PL of a 

plasmon–perovskite nanowire microcavity. When the Ag film thickness was optimized at 5 nm 

for SP-induced local field enhancement, the decay time constant decreased due to the non-

radiative energy transfer from excitons to SPs. 
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Figure 6. SP-induced improvement of MHP optoelectronic properties. (A) A schematic 

structure of MAPbI3/PMMA/Ag thin film. (B) Field strength distribution across the layers. (C) 

Threshold pump power (355 nm) for 753-nm lasing from three different layers, i.e., a bare 

perovskite film, a perovskite film/Ag thin film, and a perovskite film/20-nm PMMA layer/Ag 

thin film. Reproduced with permission.75 Copyright 2016, The Optical Society of America. (D) 

Schematic of the PMMA buffer layer in an Au nanorod/MAPbI3/substrate structure and TEM 

images of Au nanorods (SPR at 670 and 775 nm). (E) Pump energy-dependent ASE spectra 

for MAPbI3/8 nm PMMA/Au nanorods (SPR at 775 nm). (F) Comparison of ASE 

properties using LSPR at 670 nm. Enhancement of the ASE intensity of MAPbI3 using Au 

nanorods whose LSPR overlaps with the PL spectra. Reproduced with permission.76 Copyright 
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2019, The Royal Society of Chemistry. (G) Schematic of MAPbBr3 nanowires on SiO2 as a 

spacer layer and an Ag substrate and (H) cross-sectional profiles of photonic modes on a glass 

substrate (upper) and on a SiO2/Ag substrate (upper). (I) Time-resolved PL spectra for 

MAPbBr3 nanowires. Reproduced with permission.77 Copyright 2018, American Chemical 

Society.  

 

Metallic thin films have also been used to promote the plasmonic enhancement of 

luminescence from CsPbBr3 perovskite QDs.78 In particular, nanometer-thick Ag films 

increased the radiative rate and quantum efficiency within emission channels due to SPs–QDs 

coupling, with the 60 nm-thick Ag film producing the maximum PL intensity (Figure 7A). 

Figure 7B presents the dependence of the PL intensity on the dielectric spacer layer thickness, 

with the 10 nm thickness generating the maximum PL intensity. This indicated that the QDs 

were quenched when they were in close contact (< 10 nm) while plasmon-induced local field 

enhancement was weaker when the QD–Ag film spacing increased to above 10 nm. The PL 

enhancement was highest (an ~11-fold increase) when 60 nm QDs were used with a 10-nm-

thick spacer layer (Figures 7C and D). This technique could be useful for improving the 

luminescence of materials with a low quantum efficiency. 

Plasmonic enhancement for light-emitting diodes (LEDs) using perovskite materials as 

the gain media has also been demonstrated, with a higher internal quantum efficiency and 

energy extraction efficiency. Noble metal nanostructures (which could also be used as 

electrodes) were used for this enhancement in the LEDs, with perovskite materials such as 

MAPbl3,79,80 MAPbl3-xClx81, MAPbBr3,82,83 and CsPbBr3,84–86 employed to generate the 

excitons.  
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Figure 7. (A) PL spectra of CsPbBr3 QDs placed on Ag films of varying thickness (dAg=0, 20, 

40, 60, 80, 100, and 150 nm) with a 10-nm-thick SiO2 spacer layer. (B) PL enhancement factor 

versus dAg. (C) PL spectra for CsPbBr3 QDs placed on a 60-nm thick Ag film with a SiO2 

spacer layer of varying thickness (dspacer=5–100 nm). (D) PL enhancement factor versus dspacer. 

Reproduced with permission.78 Copyright 2021, De Gruyter Academic Publishing  

The LED structure was rationally designed with an appropriate distance between the 

perovskite and metal nanostructure by inserting a dielectric spacer with an optimized thickness 

to promote near-field coupling and thus excite the plasmons. The excitonic coupling rate for 

the plasmons was larger than that for conventional radiative recombination.87 Various 

plasmonic structures have been demonstrated to transform excited plasmonic energy into 

luminescence, including metal grating and metal NPs. These structures compensate for the light 

momentum mismatch between the air and SPs when converting plasmonic energy to 

luminescence, thus enhancing the energy extraction efficiency. The efficient outcoupling of 
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plasmon energy into luminescence ultimately enhanced the net internal quantum efficiency of 

the LEDs. 

Applying a similar approach, we propose that integrating metal nanostructures such as 

metal gratings or NPs into scintillator design could facilitate near-field coupling, thus 

enhancing the conversion of X-ray energy into luminescence. These plasmonic structures help 

to compensate for the momentum mismatch between X-ray-induced surface plasmons (SPs) 

and the scintillation process, facilitating the extraction of energy from the SPs and enhancing 

the overall luminescence efficiency of the scintillator.22 This approach ultimately increases the 

net internal quantum efficiency of the X-ray scintillator, improving its sensitivity and 

performance in detecting X-ray radiation. 

4. CONCLUSION AND OUTLOOK 

4.1 Metal halide perovskites and thermally activated delayed fluorescence chromophores 

MHP materials have been extensively studied in recent years due to their excellent 

optoelectronic properties, such as high quantum yields and high absorption coefficients, which 

make them highly attractive for various optoelectronic applications, including X-ray 

scintillation and imaging.1,19,88 When incorporated into TADF scintillators, MHPs can improve 

the X-ray-to-visible photon conversion efficiency and thus the sensitivity of the scintillators.18 

The large cross-section of X-ray absorption in MHPs due to the presence of heavy atoms with 

a high Z enables the efficient conversion of X-ray photons into the excitation of TADF 

luminescent centers, laying the foundation for high signal-to-noise ratios and good imaging 

performance. However, heavy atoms have an adverse effect on the luminescence in the absence 

of TADF materials because they cause the non-radiative decay of singlet excited states, leading 

to fluorescence quenching. Unlike conventional fluorescent materials, TADF materials benefit 

from the energy harvesting of triplet excited states for luminescence by converting them to 
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singlet states via thermal energy, otherwise they would decay non-radiatively into heat. These 

processes result in faster luminescence decay (i.e., on a nanosecond or sub-microsecond scale) 

than conventional X-ray scintillators (milliseconds), allowing for X-ray detection with reduced 

afterglow without compromising the light yield.  

It should also be noted that halogenation effects on the RL properties (from X-ray 

absorption to visible photon emission) of halogenated TADF materials need to be investigated 

in more detail. This is because the introduction of halogen atoms to TADF materials may affect 

the overall electronic structure and energy levels, influencing RL efficiency. Nevertheless, we 

can conclude that the combination of TADF materials with MHP scintillators can lead to 

improved temporal resolution and higher light yields, leading to improved image quality and 

high-speed X-ray imaging, which is particularly important for medical and industrial imaging. 

4.2 Halide perovskite–plasmonic materials  

MHP-based scintillators can emit fluorescence at visible wavelengths when exposed to 

X-rays. MHP materials absorb X-ray photons very efficiently due to the presence of high-Z 

atomic elements such as Pb and Cs. Excitons can be generated through multiple cascading 

ionization and scattering processes involving energetic carriers. Consequently, fluorescence 

results from the radiative recombination of electron–hole pairs, which is then detected by 

visible-light image sensors. However, this process faces two challenges when attempting to 

harness it for use in highly sensitive X-ray imaging: first, the light yield needs to be enhanced 

when converting X-ray-generated excitons to luminescence. Second, luminescent light has to 

be extracted into air with high efficiency.  
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Figure 8. Schematic of the proposed structure of an MHP-based X-ray scintillator using SP 

technology to enhance the light yield and luminescence extraction efficiency.   

 

In this context, plasmonic technologies can be employed to satisfy both requirements. As 

shown in Figure 8, incident X-rays that travel through the protective layer excite excitons in 

the perovskite material. The excited excitons can then make a near-field coupling with the 

noble metallic film (i.e., the plasmonic layer), with tens of nanometer thickness, generating 

SPs.89–93 This coupling can be optimized through a spacer layer (spacer layer 1 in Figure 7), 

e.g., a dielectric film with a thickness of ≤50 nm89–93, which prevents the metal-induced 

quenching of excitons. As a result, the generated SPs at the metal–dielectric interface enables 

another channel to be created for excited excitons to decay, shortening their lifetime. This also 

suppresses the other non-radiative decay rate of excitons whereas energy of the generated SPs 

can be converted into far-field luminescence when the luminescent light is appropriately 

extracted into air. Therefore, the use of exciton–SP coupling results in a higher internal 

quantum efficiency and faster decay of luminescence, both of which are favorable for 
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producing high temporal resolutions and a high image contrast (highly sensitive) in X-ray 

imaging. 

Additional metallic nanostructure consisting of an array of nanoantennas with another 

spacer layer (spacer layer 2) can be inserted between the metallic film and visible light image 

sensors to extract SP energy into far-field luminescence using plasmon–plasmon coupling (i.e., 

delocalized SPs–localized SPs) as shown in Figure 8.89–91 Without this plasmonic nanoantenna 

array, one might use a transparent dielectric layer below the metallic film to outcouple SPs-

coupled luminescence into it. The luminescent light would then be trapped inside the 

transparent layer with its refractive index typically larger than air, due to total internal reflection, 

and consequently a small portion of light reaches the image sensor. Therefore, nanoantenna 

structure is required to improve the external quantum efficiency of the RL for X-ray imaging.  

In general, enhancing the light extraction efficiency is vital for optical devices such as 

light emitting diodes, laser diodes, and display devices. In the scintillator device that we 

discussed, high refractive index material interfaced with air would confine light energies due 

to total internal reflection, making it difficult to achieve the high sensitivity of sensing visible 

luminescent light upon X-ray illumination. A photonic band-gap structure that imposes the 

index periodicity of a dielectric medium of high refractive index, can also be utilized to enhance 

the extraction efficiency. However, the proposed structure in this perspective uses surface 

plasmonic engineering which enhances not only the extraction efficiency but also the internal 

quantum efficiency of luminescence. One might think that a photonic bandgap structure can be 

shaped in the spacer layer 2 in Figure 7, to harvest both benefits, i.e., enhancing the internal 

quantum efficiency of luminescence (by metallic film-plasmon coupling with luminescent 

centers), and extraction efficiency (by the photonic bandgap structure). However, given the 

evanescent field penetration depth (at most 200 nm at visible wavelengths) of metallic film 
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surface plasmons (<200 nm at visible wavelengths), the photonic bandgap structure needs to 

be engraved within such a shallow depth in the dielectric layer, which remains a practical 

challenge in terms of fabrication. Therefore, a metallic nanoantenna array for outcoupling light 

into air (i.e., towards the display sensor) was chosen as the proposed structure for efficient light 

extraction in this perspective.         

Overall, the proposed hybrid structure containing plasmonic technology combined with 

MHPs has the potential to improve the internal quantum yield, temporal resolution, and 

luminescence extraction efficiency, leading to high-speed X-ray scintillators with enhanced 

sensitivity and greater image quality. This proposed hybrid scintillator can also reduce the X-

ray dose required for imaging, ultimately decreasing the patient's radiation exposure without 

compromising the image quality or resolution.  

4.3 Designing multi-layered hybrid scintillators  

Multi-layered scintillators can combine the unique advantages of different materials, 

including optical waveguide materials, e.g., anodized aluminum oxide templates93 and silicon 

arrays,94   and TADF materials, to optimize scintillator performance for specific X-ray imaging 

applications. By confining light within pores or waveguides with a high refractive index, the 

scintillation photons are directed toward the detector, resulting in improved light collection 

efficiency. This, in turn, leads to a higher spatial resolution and signal-to-noise ratio for 

scintillation and X-ray imaging applications. For example, a multi-layered scintillator could 

consist of a thin silicon array scintillator screen on top of a TADF layer. The silicon array could 

reduce the scattering of light and enhance the excitation rate of the perovskite scintillator by 

concentrating the excitation energy into smaller volumes, while the TADF layer could improve 

the temporal resolution by reducing the scintillation decay time. By optimizing the layer 

thickness and material composition, a multi-layered scintillator can be tailored to meet the 
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specific requirements of various X-ray imaging applications, such as medical or industrial 

imaging. Additionally, the use of multi-layered scintillators can also help to minimize the 

limitations of individual materials and improve overall scintillator performance, resulting in 

better image quality and higher sensitivity. In summary, the design of multi-layered 

scintillators is a promising approach for the optimization of the performance of X-ray 

scintillation and imaging systems, and there remains great potential for future research and 

development in this field. 
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