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Abstract

X-rays are widely adopted in cancer radiotherapy and clinical diagnosis devices for
photodynamic therapy (PDT) and medical radiography. The sole utilization of X-ray
irradiation for tumor therapy results in insufficient radiation energy deposition of initial
X-ray photon energy owing to the low attenuation coefficient for X-ray in organisms,
generating overdose ionizing radiation with great lethality to normal cells. Recent
achievements in materials engineering and nanotechnology accelerate the exploiting of
X-ray excited scintillating systems. These cancer-site targeting scintillators are able to

absorb and convert X-rays into visible light emissions, which relieves the risk of

overdose X-ray exposure. In medical imaging, X-ray radiation is ideal for the excitation
of scintillating materials in clinical diagnostic and therapeutic applications owing to its
extraordinary penetration power in tissues and organs. In this review, we will
summarize the corresponding X-ray excited scintillating mechanisms and related
material advances in detail to offer an overview of novel scintillating materials for
medical imaging and tumor-associated PDT.

Keywords: X-ray Radiation; Scintillating Materials; Bio-image; Cancer Diagnose;
Photodynamic Therapy

© 2020. This manuscript version is made available under the CC-BY-NC-ND 4.0 license https://creativecommons.org/licenses/by-nc-nd/4.0/


mailto:bhuang@polyu.edu.hk

1. Introduction

The invisible high energy radiation rays (X- a-, B-, and y-rays) were first detected by
scientists in the 1890s on account of their capacity to excite phosphors like
K2Pt(CN)a4.[1] The strong penetrating power of X-rays (0.01-10 nm)/y-rays (<0.01 nm)
enables them to clearly demonstrate the inside structure of the scanned condensed
objects for non-destructive security inspection and medical imaging.[2-4] After
ionizing the subjects by interaction with the atomic electrons, X-ray/y-ray can export
accurate inside retrieval information of the inspected objects through the difference in
radiant properties (phase, direction, dose rate/photon intensity, and wavelength).[2] The
radiation penetrates the subjects and its attenuation is detected and analyzed.[5-6] The
image contrast derives from the variable signal detected in the absorption of radiation
preventing the capacity of various organs/subjects to the radiation. However, these rays
can hardly be sensed by ordinary photographic substrates, so researchers are dedicated
to exploring scintillating materials that are able to absorb these rays efficiently and
convert the absorbed X-ray radiation into photon radiation emitted within the visible
light range. Then the visible emission could be detected and converted into electric
signals by photoelectric detectors for further data analysis.[7-8]

Scintillators are a series of particular energy conversion materials that can absorb and
convert X-rays/y-rays radiations into the visible light region. In early X-ray based
imaging, conventional photographic films were found rather inefficient; to cooperate
with the photographic-film based detectors efficiently, the scintillators were therefore
employed to convert the invisible radiation (X-rays/y-rays) into visible-light range.[9]
Though scintillators are not able to achieve X-ray medical imaging directly, they can
decrease the radiation dose required for imaging. During the past several decades, the
most widely studied conventional scintillators are Bi, Ce, Eu, Tl, Pb, W, etc. contained
inorganic materials.[10] Some of these elements are usually used as dopant elements
(Bi,[11-12] Ce,[13-16] Eu[17] and TI[18-19]), and some are generally adopted as host
materials (Bi[20-22], Pb[23-24] and W[12]). These metal atoms share a common
characteristic of the relatively high atomic numbers (high-Z), which accounts for the
high stopping power and good scintillation performance.[10] The functional heavy
elements based scintillating materials contribute a lot to the fields of nuclear energy,
non-destructive security inspection, industrial detection as well as clinical
imaging/therapy.[25-27] Exploring novel X-rays/y-rays induced scintillators with
tunable luminescence performance is a core research target toward specific fields. Due
to the relatively low density of chemical constituents, organic scintillating materials
still exhibit inherent weakness for the detection of high-energy radiations.[28] Heavy
metal ions are substantially adopted to construct inorganic scintillating materials based
detectors because of their high energy resolution and energy-conversion efficiency.[29]

CaWOs, Nal: TI™ and BisGe3O:2 are three popular types of scintillators adopted in
imaging applications. The CaWO4 was adopted as X-ray phosphor for about 75 years
since the year 1896.[30] This crystal was able to convert the absorbed X-ray radiation
into blue light, which enabled X-rays based medical imaging for the skeleton and
organs of humans. Nal: TI" was served as a scintillator in y-imager for the detection of
y-rays for several decades.[31] BisGe;O12 (BGO) was first discovered as an X-ray
detector by Weber in the year 1973, and it was also found absorption in other categories
of radiations in post studies. BGO was ever utilized as y-rays based positron emission
tomography (PET) in crystalline form for medical diagnosis.[1]



After the development of more than a century,[32] the investigations on X-ray radiation
excited scintillating materials are still promising since the performances of ionizing
radiation devices are upgrading, and novel technologies on synthesizing related
functional nanomaterials have also been improved. The exploration of novel
scintillators is oriented to specific requirements of radiation detection in diverse
application fields. Most studies concentrate on improving the detection efficiency of
the typical scintillators by crystal engineering.[29] Apart from the constituents,
attempts on transforming the existing scintillators into different forms (such as bulk
single-crystal, nanoparticle, fiber, film, etc.) have also exhibited distinct progress in
some scintillating systems.[7, 29] Metamaterials and hybrids are also a new
tendency.[33] Doping is another mature technique for material modification, which
provides many successful cases in tuning the luminescent performance.[34-36] Since
bulk single-crystal scintillating materials are difficult and expensive to be
synthesized,[37-38] there is little flexibility in regulating their chemical constituents or
searching for alternative doping elements and crystal shapes. The hygroscopic effect,
poor ruggedness, as well as limited design flexibility, impose extra constraints on bulk
scintillating materials. The engineering of materials in nanoscale with tunable
scintillating performance is an alternative that provides new solutions to the restrictions
mentioned above.[39-41] Compared to single crystals, colloidal nanocrystals are
relatively low cost, easy in synthesis technique and flexible in performance
modification.[42]

In biomedical applications, X-ray imaging has been the most widely used clinic tool
for medical imaging and diagnosis, which aims to visualize the organs in a non- or
minimally invasive way. To supply a more accurate diagnosis and clinic information,
novel X-ray sensitive scintillators are highly needed to allow the in-vivo molecular-
imaging-based investigations of biochemical pathways. Although many X-ray
scintillators have been proposed and studied in previous work, many challenges still
exist to be overcome in the future such as the complicated synthesis method, the
hygroscopicity of the inorganic scintillating materials, the anisotropic scintillation of
organic crystals, the unsatisfying light yield. [43-44] Therefore, discovering more novel
X-ray sensitive scintillating materials is significant for broad medical applications.

This paper concentrates first on the rising demands of novel scintillating materials.
Special attention is paid to the requirements in the medical imaging and photodynamic
therapy field. We will introduce recent achievements in co-doping rare-earth
scintillating systems and heavy-metal based perovskite-like nanoscintillators. Since all
these developments have a close connection with the knowledge of the scintillating
principles, it is also crucial to elaborate on the recent progress on luminescent
mechanisms as well.

2. Development History of Scintillating Materials

Perovskite-structured materials are research hotspots in recent decades and have been
investigated intensively due to the unique optical and electrical performance benefiting
from their variable constituents and structures for wide applications.[45-48] The
earliest identified perovskite is CaTiO; (ABOs), which was derived into diverse
compositions later including ABX3, A2BXe, A2BB’Xe, A3B2Xo, AsBXe, etc.. In these
structures, both A and B are cations, and the radius of A is generally larger B. The
diverse formula forms and variable structures endow perovskite-like materials with
tunable properties for broad applications.[48-51] Due to their unique photoelectric



properties, luminescent perovskite-like materials have been widely applied in the areas
of digital displays, photoelectric sensors, illumination, and medical imaging and so
on.[52-56]

Modern X-/y-ray perovskite detectors mainly depend on two types of energy
conversion mechanisms. In photon to current conversion mechanism, the
semiconductor can directly convert the incident radiation into the photoelectric
current.[57-59] For scintillator based detector, X-ray is converted into UV/Vis photon
via a down-conversion mechanism, and the scintillating matter is integrated into a
sensitive detector working at relatively low photon energy.[60] By contrast to
semiconductor based detectors, the suffering of limited carrier diffusion length of
absorption material can be avoided in X-ray scintillating materials.[61-62] With a
scintillation response time in sub-ns range, phenethyl-ammonium lead bromide (PhE-
PbBr3) thin-film based scintillating materials have been previously studied by X-ray[63]
and proton[64] excitation. Limited by the film thickness of 200 um, the detection
efficiency of PhE-PbBry is only 5%-6% in 60 keV X-ray radiation.[64] Through
combining the fast response toward X-rays with big absorption cross-section stemming
from the thickness and relatively high mass density, single-crystal perovskite-like
scintillating materials are hence developed to enhance the detection efficiency under
keV X-/y-ray radiation.[23]

Lead-halide perovskite single crystals are popular scintillating materials, exhibiting
short absorption length as well as high detection efficiency to X-rays.[23] Integrated
with large absorption cross-section originating in large thickness and high mass density,
they exhibit fast response to X-ray excitation.[23] However, single-crystal perovskites
can only exhibit satisfactory scintillating performance at relatively lower temperature
conditions (under 130K),[65] and they are quite sensitive to air and humidity.[66] With
the upgrading of nanotechnology, researchers have made attempts to downscale the
perovskite size into the nano-scale, to further enhance their scintillation
performance.[45, 67-68] Compared to bulk perovskites, perovskites in nano-regime
(PNMs, including nanoparticles, nanowires, nanofilms, and so on) demonstrate a series
of superiorities. PNMs have better process-ability for the manufacture of functional thin
films and flexible devices,[68] and PNMs also feature rich and tunable facets as well
as active sites for catalysis.[69] In addition, taking advantage of the quantum effect and
small-size effect, PNMs are endowed with superior optical and electromagnetic
properties.[70] However, it should be noted that the requirement of some kind of
suspension of nanoparticles may decrease the effective density and stopping power.

Due to their distinctive electronic structures, the halide perovskite
nanocrystals/quantum dots (QDs) have high emissive triplet states in excited states,
resulting in a high radiation coefficient.[71-72] Owing to the quantum constraint effect
and the increase of wave-function overlapping in both electrons and holes, the spatial
distribution of the excitons produced by X-rays in recombination centers and can be
restricted within the Bohr radius of the nanocrystals /QDs. The scintillating properties
are tunable in visible region because of their abundant electronic states and the
adjustable bandgap value. They also have high detection efficiency and relatively lower
reabsorption to X-rays.[73-75] Nevertheless, pristine perovskites have some intrinsic
deficiency. For example, some halide PNMs have limited adaptability for both optical
and electrical performances, and they exhibit poor stability for light, heat, oxygen,
humidity and have obvious aggregation and phase transition. [76-77] Some oxide



PNMs exhibit unsatisfactory catalytic and photo-electro-magnetic performances.[46,
51, 78] Researchers have made attempts to add external doping ions into PNMs to
conquer these drawbacks.[47, 68] Rare earth (RE) elements, regarded as ‘the vitamins
of modern industry’, have been widely adopted as dopants or constituents in host lattice
to regulate the specific physical or chemical characters for target applications.[79-80]

The image resolution can be enhanced by considering the travel distance of y-rays, so
time-of-flight positron emission tomography (TOF-PET) is an upgraded technology for
traditional PET.[81] TOF-PET requires a considerably fast scintillation response. The
inorganic scintillators applied in PET such as LSO:Ce and GSO:Ce have a high density
of 7.0 g/cm® and high LY of more than 10000 photons/MeV. However, they have a
response time of over 40 ns.[82] Another potential candidate for high-quality imaging
is organic-inorganic hybrid scintillators such as BC452 that have a quite short decay
time of several nanoseconds with a high LY of 10000 photons/MeV but the organic-
inorganic hybrid scintillator BC452 still suffers from the low density of 1.0 g/cm?® and
low chemical stability.[83]

The effects of spatial dimensional forms on perovskite scintillators have also been
tested in previous researches, in which comparative studies on the scintillation
performances of two dimensional (2D) and three dimensional (3D) perovskite-
structured single crystals with narrow bandgap have been thoroughly conducted. The
2D perovskite single crystals have greater resistance against thermal quenching owing
to the large exciton binding energy caused by the charge confinement in their inorganic
layers.[83] These research results validate the outstanding properties of metal-halide
perovskite scintillators for X-/y-ray detection and indicate the superiority of 2D
perovskite scintillating crystals with large exciton binding energy for X-ray scintillation
with high LY. The 2D Pb-halide perovskite scintillators can show quite fast response
time in TOF-PET.[84] The small bandgap value is also beneficial because the limit of
the corresponding scintillator’s LY in theory is inversely proportional to the bandgap
value. However, due to the self-absorption effect induced by the minimum Stokes shift
of exciton emission, the energy resolution as well as the LY of 2D perovskite
scintillating materials are declined, resulting in longer emission duration time.[23, 85]

3. Criteria of Scintillating Materials in Applications

Nowadays, scintillators are widely applied in many detection materials in various fields,
particularly in nuclear security[86], medical diagnosis[73, 87-88], and photodynamic
therapy[89-90]. Perfect scintillators ought to demonstrate the following properties: high
photo quantum yield, quick response time, good radiation preventing capability,
flexible radiation, hygroscopic rigidity as well as high energy resolution.[91] Whereas,
the demands in these performance parameters strongly depend upon specific
application contexts. Most of the scintillator-based instruments were developed based
on three main parameters: density, spatial resolution, and time response speed. As for
homeland security, it demands widely deployed detecting systems for the spectroscopy
of y-rays. So, the decay time is not the key point to be considered but the growing
demands on energy resolution emerged. The crucial requirement on high energy
resolution results in the developments of rear-earth ions doped halide scintillators such
as LaBr3: Ce®" and Srl: Eu?*.[92-93] Whereas, the requirements of radiation detectors
employed in X-ray or nuclear medical imaging instruments are high detection
efficiency and spatial resolution. Relatively short decay time, weak afterglow emission,
and high stopping power are the present demands on scintillators. In the case of single-



photon emission computed tomography (SPECT) imaging, the easy growth technique
of large flat panels have made Nal (T1) a dominating material.[94] As for PET scanners,
high stopping power and fast response are both required and the researches mainly
focus on LSO: Ce and LYSO: Ce.[95]

The selection of scintillating materials depends on the requirements of specific
application fields. The main parameters that influence the selection of a certain
scintillating material are indicated as follows: [60, 96]

1)

2)

3)

4)

5)

6)

Absorption efficiency: for photon radiation, this parameter characterizes the
efficiency that a scintillator can absorb the radiation energy in the conversion
process. High-density and high-Z scintillators are prior choices for X-/y-ray
excitation. As for the radioactive particle, it refers to stopping power, determining
the efficiency that a scintillator absorbs the kinetic energy of the radioactive
particles.

Detection efficiency: the detection efficiency is the ratio of X-ray/y-ray photons
absorbed in the detector divided by the number of incident photons (internal
detection efficiency).

Light yield (LY): absolute LY refers to the rate of the total energy of emitted
photons to the energy deposited by the incoming radiation in the scintillator, and it
can be characterized by the number of emitted photons per unit (photons/MeV)
absorbed by scintillating material.[97] The LY hinges on the quantity of electron-
hole pairs generated in the ionization tracks, which is closely related to the value of
bandgap(E,).[98] It can be calculated by LY=10°-SQ/(BE,), where S refers to the
transportation efficiency of charge carriers, Q refers to the luminescent quantum
efficiency and B is a constant. However, caused by the internal scattering and
reabsorption, losses of photons will occur during the propagation to the detector.
Thus, technical LY might be lower than the calculated value.

Response time: the duration time for the scintillating materials to emit photons in
the UV/Vis range after the absorption of radiation energy. Fast response time or
short decay time is vital for scintillation based detection where timing is involved.
Persistent luminescence (PL) induced by additional electrons/holes trapping
process is disadvantageous for scintillation applications. The quenching process
will shorten the decay time but result in a decrease of LY.

Energy resolution: the ratio of the full width at half maximum of a given energy
peak to the peak position. This parameter is very important for the spectroscopic
characterization of incident radiation, and it exhibits the detector performance on
distinguishing the y-ray spectrum in close energies. The intrinsic energy resolution
is primarily affected by the non-proportional response. Whereas the defects like the
heterogeneities of the crystal will give rise to local variation in light output, and
inhomogeneous reflectivity also influences energy resolution.[99]

Radiation hardness: it reflects the scintillation ability of the material not to degrade
remarkably when exposed under high-energy ionizing/particle irradiation.
Although radiation damage may have little relationship with the detection process
in common imaging applications, it is an important parameter in high-energy
physics researches.[100] Radiation hardening is used to improve the resistance of
damage or malfunction induced by high-energy radiation for the construction of
electronic detecting devices.!'°!! Due to its radiation hardness and satisfactory
response in the radiation triggered luminescent process,[102-103] alumina can
serve as a good scintillator in highly irradiating conditions like the nuclear reactor.



7) Emission wavelength: the emission wavelength as well as LY will determine the
optimal photodetector to be adopted.[100] To eliminate post-scintillation losses, the
optimal detecting sensitivity range of photodetector should overlap the emission
spectrum of the scintillator. To align their emission wavelength with the available
detectors, some scintillators might need to be regulated by materials engineering.

8) Stability: this parameter determines the lifetime that a material can serve as a
scintillator with satisfying scintillating performance before it has to be replaced.
Chemical stability reflects the intrinsic stability of the scintillator such as self-life
while radiation stability reflects radiation hardness.

9) Proportionality: the scintillating response should be linear under incoming radiation,
and this property will affect the distinguishing capability of intensity. With
computational correction techniques, it is possible to amend a non-linear response.
However, it is advantageous for the scintillating material to have a linear response,
especially within the sensitivity scope of the photodetector.

The following figures of merit for image resolution hinge upon the interaction between

scintillating material and detector rather than the intrinsic features of scintillators.

1) Spatial resolution: it is a parameter for characterizing the image sharpness,
exhibiting the contrast and the amount of blurs over a certain range of spatial
frequencies. and it can be quantitatively evaluated via the modulation transfer
function (MTF). [104]

2) Imaging performance: it reflects the effectiveness of X-ray imaging for generating
an image with a relatively high signal-to-noise ratio (SNR) in the optimal
photodetector. Unlike modulation transfer functions, the SNR is the detective
quantum efficiency, integrating the effects of image contrast related signal and
noise, which is usually expressed as a function of spatial frequency.

In particular, for medical applications such as X-ray imaging, the most important

criteria are summarized below [105].

1) High absorption coefficient for the X-ray, which is crucial for achieving a
reasonable quality of imaging with the lowest patient dose exposure.

2) High light output is significant to reduce the noise signal during the X-ray imaging.

3) Decay time should be in the range to match the CT scanners in >10 kHz range.

4) The most important constraint for X-ray imaging is the absence of afterglow, which
causes sickle artifacts in the imaging.

5) Low temperature dependence of the LY.

Meanwhile, for PET or SPECT, there are several requirements of the X-ray scintillating
materials to guarantee the high image signal to noise ratio.

1) The high detector sensitivity.

2) The high spatial resolution.

3) The high energy resolution.

4) The high temporal resolution.

The abovementioned four parameters are key to the detection chain of PET and SPECT.
To satisfy these requirements, the high light yield is needed to improve the energy
resolution. The higher energy resolution is also beneficial to improve the sensitivity and
spatial resolution. Good image contrast is attributed to higher sensitivity. Therefore, to
achieve the selection or search of a novel scintillator for a specific scintillating
application, these fundamental parameters, and criteria, especially the absorption



efficiency, LY, emission wavelength, and stability, need to be carefully considered.

4. Scintillating Mechanism Investigations

4.1 Defect-related Intrinsic Scintillating Mechanism

Nanophotonic energy storage (NPES) materials have been identified as potential
scintillators, which accept a broad spectrum scaling from X-ray to near-infrared
(NIR).[106-109] Persistent luminescence (PL) is a typical example of the NPES
effect.[110] These materials usually possess a class of the slow-release trapped charge
carriers towards recombination after removing the external excitation energy. To
achieve the target scintillation performance, the activators and trapping-centers will be
the most determining factors because they dominate the energy level positions of
recombination centers and trapping depths, respectively. The activators are where the
electrons and holes recombine after excitation for output emission, where the
wavelength is determined by the energy difference between electron initial and final
state. Thus, the excitation energy can be stored through the localization of excited
electrons at trapping-centers. Meanwhile, the energy can be gradually released by
thermal or photostimulations to realize the emission based on electron-hole
recombination. For such scintillation materials, their performance regarding the output
intensity and duration time of the NPES effect is controlled by the concentrations and
depths of trap centers, which are usually considered to be intrinsic defects.

For the scintillation materials as NaREF4 (RE=Rare earth ions), our group identified
that the level-matching induced surface resonant quantum tunneling (LM-SRQT) effect
has been the key factor to control and modulate the surface electronic process for
efficient NPES effect.[110] Specifically, surface alkaline ions are essential for
stabilizing both the surface and in-bulk photo-generated local micro-electric-fields
(Figure 1a-1c¢). Through the hole and electron self-trapping, we further confirm that
surface states are able to produce localized electronic and hole states (Figure 1d-1f).
The surface inhomogeneous electronic states of nanoparticles are originated from the
defective F- and Y-sites or those tri-positively charged lanthanide ion sites. Further
volume-to-ratio calculation confirms the existence of surface defect states regardless of
the stoichiometry ratios (Figure 1g). To screen out the NPES nanomaterials, our group
has proposed that the intrinsic level-matching induced surface resonant quantum
tunneling (LM-SRQT) effect should be the key driving force to accomplish the
recombination of charge carriers. The surface defects states induced by the surface non-
crystallization enables the connection of the energy conversion among the same type
of defect sites through the transient time-scaled excitations and long-
lifetime localizations (Figure 1h). Eliminating the persistent luminescence will enable
the application of NaYF4 in a CT scan. The persistent luminescence is expected to be
restrained by realizing the nonradiative recombination of de-trapped holes/electrons at
the luminescent center through selecting suitable doping strategies.[111] Through
unraveling the surface defect states, our previous work offers a good reference to guide
the researchers to select potential doping ions to suppress the afterglow emission.

4.2 Mechanism of the Scintillating Process

The scintillating process mainly includes three main stages: (I) conversion, (II) energy
transfer (ET) and charge carrier migration and (III) scintillation.[98, 112-116] In the
first stage of scintillation, the energy conversion process occurs just follows the
interaction between the matter and incoming photons/ionizing particles. Highly
energetic charge carriers are generated after the irradiation energy is absorbed by the



scintillating material. The corresponding energy absorption mechanism hinges on the
specific sort of radiation energy involved. As for X-/y-rays, it can be expressed by the
formula of I/Ip = e, where Ip and I refer to the incoming and transmitted radiation
intensity, respectively. The p refers to the value of the linear absorption coefficient and
d refers to material thickness. Three sorts of interactions between radiation and
scintillator are involved in contributing to conversion: photoelectric absorption,[117]
Compton scattering[118] as well as pair formation (hv>1022 keV).[119] These
processes exhibit different absorption coefficients that largely hinges on the Z values
of lattice atoms and the energy of incident radiation. The absorbed radiation energy will
give rise to the creating of highly energetic charge carriers in the scintillator lattice.[115]
The hot electrons appearing in the crystal further interact with other particles or pseudo-
particles such as electrons, phonons and plasmons, resulting in the avalanche
occurrence of secondary electrons and holes. This process continues until the hot
electrons and secondary electron-hole pairs lack sufficient energy to ionize the ions in
scintillator lattice. The generated abundant energetic electrons/holes will then
experience energy dissipation by interactions with phonons, which is also called
thermalization process.

The second stage mainly involves the process of electrons and holes migration to the
luminescent centers, which has a significant influence on the energy losses,
electrons/holes trapping, and timing performances. Previous reports have proposed
several models to explain both the delay of luminescence and losses of energy by non-
radiative recombination procedures.[96, 116] The existence of imperfections in
scintillator lattice is the main cause of the losses, mostly arising from native point
defects such as vacancy and interstitial, grain boundaries, impurities or dopants,
interfacial and surface states. Besides native imperfections, the interaction between
scintillating matter and radiation also contributes to the defect formation, especially the
Frenkel defects, created by the atom out of its original lattice position and stabilizes in
the lattice interstitial, leaving a vacancy behind.[120-121] As a result, the migrating
electrons/holes can be captured and stored in these trap states, mostly in the defect states
of vacancy. Affected by temperature, the trapped charge carriers will be de-trapped and
further migrate by phonon aided transportation.[122] The charge carriers also migrate
from the de-localized conduction band (CB) to more energetically preferable localized
energy states by the coupling with phonon, resulting in slower migration of polarons.
The transport state of scintillation is remarkably affected by the material manufacture
procedure.[123] Therefore, the optimization of crystal growth conditions and
modifications of material morphology are able to avoid the formation of defects in the
lattice, which enhances the mobility of electrons/holes and then shortens the
luminescent delay and non-radiative losses.

In the last stage, the charge carriers are captured via potential transition paths through
emitting centers (usually impurity/dopant ions in the lattice) and promoted to excited
states. Following the selection rules, electron-hole pairs then have radiative
recombination and generate fluorescence emission in the UV/Vis region. The
mechanism of electron-hole pairs recombination in emitting centers for light emission
has been well described in the previous report.[124] In the case of fast emission, it is
crucial to choose the recombination center exhibiting electric dipole allowed transitions,
like the widely adopted 4f "!5d-4f " transition in lanthanide ions. If the transitions are
not electric dipole allowed, the electrons and holes have to experience additional
procedures,[96] resulting in the delay of emission, which significantly lowers the



efficiency for fast-timing scintillation applications. Thus, besides referring conversion
and energy transfer efficiency, the ions/molecules of the scintillator material are
expected to be selected with allowed transitions for highly efficient radiative
recombination in specific applications requiring fast decay time.

4.3 The Scintillating Mechanism of the Doped Lanthanides Based Compounds
Inorganic scintillating materials have been instigated extensively, the general principles
of scintillation can be classified into two sorts: intrinsic patterns or extrinsic patterns
(Scheme 1).[125] For intrinsic ones, the light emission is in association with the de-
excitation process in which the electrons directly transit from the conduction band (CB)
to the valence band (VB). The widely utilized scintillating materials BaF, and BGO are
typical intrinsic scintillators. But this scintillation case is comparatively rare because
the self-quenching process is very likely to occur when the ionic strength increases.[91]
As for the extrinsic ones, it depends on external dopants to act as the sensitizer, which
induces new doping energy levels emerging within the bandgap of the host lattice. Thus,
because of the narrower electron transition gap, the sensitized extrinsic scintillators
generally exhibit relatively longer emission wavelength than corresponding intrinsic
counterparts. The majority of doped inorganic scintillating materials are in the extrinsic
type, including CsI: TI*, Srl»: Eu?*, LaBrs: Ce*", Cs2LiYCls: Ce** and so on.[29, 31,
125] The luminescent performance of extrinsic scintillating materials such as light-
yield, spectral range, Stokes-shift, and decay time can be systematically adjusted by
bandgap engineering and modification of the coordination circumstance around the
photoactive ions.[10, 126-127]

The principle of the doped lanthanides-based scintillation systems for X-ray medical
imaging includes a transport process of electrons and holes. The migrating charge
carriers in CB and VB must jump across the energy gap in their transition path to reach
the recombination/luminescence center. Thus, the atomistic perfection of the crystal
lattice becomes the major consideration for manufacturing the scintillating materials.
However, it is a fact that the native point defects can hardly be avoided in single-crystal
host lattice, mostly vacancy defects, which results in defect trap states appearing within
the bandgap. Other types of lattice disorders such as the accidentally introduced
impurities as well as the extended lattice dislocations and flaws can also generate
electron/hole traps. Since optimization of synthesis technique cannot completely
diminish these defects, other attempts have been made to modify the scintillating
properties oriented to specific utilization. Introducing co-dopant ions into the host
lattice is a kind of mature technology for lattice modulation.[128-129]

5. Scintillating Materials for X-ray Induced Medical Imaging

The boost in the application of high radiation dose based diagnose like computed
tomography (CT) scans cannot avoid the hidden harm caused by radiation
complications. High dose X-ray imaging raises the risk of suffering malignant tumors
to the tester later in life, which is caused by the DNA damaging and the protooncogene
activation via ionizing radiation.[130] For instance, the radiation dose received from a
single chest CT is equivalent to the natural irradiation dose accumulated in two
years.[130] It has been previously reported that the patients will suffer a high risk of
the radiation-induced malignant tumors if the dose is above 100 mSv and an estimation
of 2% of the cancers has a close connection with high dose radiation suffered during
CT scan.[130] The high radiation dose required for CT scan mainly arises from the low



sensitivity of current detectors. Therefore, constructing a high-sensitivity detecting
system for a CT scan is urgently needed.

It is a fact that CT detectors can achieve a detection efficiency of nearly 100%. It is
possible for the detectors to absorb almost all the incoming X-ray photons with an
energy of 110 keV. This goal can be easily achieved under low energy X-ray irradiation
because of the relatively low penetrating power, and it just needs several ms to stop all
the incident X-ray photons. However, the conundrum for CT detectors is caused by
very high fluxes of X-ray radiation and the operation mode applied for such high
intensities. Most of the CT systems are operated under current mode which suffers from
the quite low signal-to-noise (S/N) ratio. The noise magnitude determines the smallest
photo intensity that the radiation detector can measure. In addition to the increase of
the signal intensity, restraining the background noise is also very crucial for obtaining
a higher S/N ratio for many sorts of sensors.[131-133] The noise magnitude of a
detector is mainly dominated by the dark current, although other kinds of noise also
exist. The S/N ratio can be improved a lot in photon-counting mode, but the commonly
used detectors (scintillators and photodetectors) cannot handle such high counting rates.
Thus, developing fast, but very low light yield scintillators might be required for the
photon-counting mode. Besides the S/N ratio, some other parameters such as spatial
resolution, response time, proportionality and stability are also very crucial for
obtaining high-quality X-ray images.[2]

5.1 Heavy Elements Enhanced Radiation Effects

Elements with the high atomic number (high-Z) are acknowledged to have great
potential to serve as the radiosensitizers for X-ray based medical imaging.[134] Under
the X-ray radiation, high-Z elements have larger photoabsorption cross-section.[135]
The photoelectric effect can be confirmed since the materials (metal or non-metal) will
emit photoelectrons when exposed under the photoirradiation. When irradiated with
high-energy X-rays/y-rays, heavy atoms generate a cascade of low-energy Auger-
electrons, which boost the radiation dose for localized tumor therapy. Another approach
to enhance the effective radiation dose is to employ nanoparticle-assisted radiation
therapy.[136] This enhancement is related to the size and component of particles,
loading capacity into cells, and irradiation energy. When exposed under X-rays
radiation, the irradiance particles: scattered X-ray photons, fluorescent-photons, Auger-
electrons as well as Compton-electrons are related to tumor radiotherapy. Additionally,
the fluorescent emitters from the high-Z atoms heated by X-rays are very useful for cell
imaging and photodynamic therapy.

5.2 Lanthanides Based Scintillating Systems

Lanthanides are high-Z elements with proper electronic energy states. The earliest rare-
earth doped scintillators (LaFs: Ce**, Pr**, Nd** (137 and YAG[138]) were reported in
the late 1980s. Experienced development for several decades, the rare-earth doped
scintillating systems have already offered satisfactory scintillating properties.[139]
Pure Cal> has a very low density and low cross-section for photoelectric effect
interaction, which limits its applications for y-ray spectroscopy. Meanwhile, Lul; has
been found very brittle and almost impossible to grow single crystals, reducing their
potential as the scintillator. Recently, the rare-earth ions doped scintillating systems of
Cal: Eu?* 140 and Luls: Ce*" !9 achieve the light output of more than 100,000 photons
per MeV. St**, Ca** co-doped LaBr3: Ce** system exhibit an ultrahigh energy-resolution
of 2%,[129] while Ce*" doped PrBrs[i41) and Nd** doped LaFs[i37 have an extremely



short scintillating decay time of 6 ns. These materials emit photons in the ultraviolet,
visible, or near-infrared range when excited by X-rays/y-rays, so they are treated as
potential scintillating materials for medical imaging.[142] Lanthanides based
nanoparticles (i.e. Eu?>" doped BaFBr, Tb*" doped LaF;, and Ce*" doped LaFs) are
reported to have persistent luminescence (PL) after exposed to X-ray radiation.[143]
The thermal quenching effect is likely to give rise to the low light yield, which should
be suppressed for the room-temperature scintillators. Interestingly, the PL duration will
increase when detected at higher in-vivo temperature. The doped Gd.0-S (GOS): Pr,
Ce**, F~ system is a successful example[111], which eliminates the afterglow emission
and extends its further application in X-ray computed tomography (CT) based medical
imaging. The afterglow emission is suppressed mainly because the nonradiative
recombination of de-trapped holes/electrons at the co-doping energy levels limits the
delayed recombination process at the luminescent centers. Great efforts have been
devoted to the developments of rare-earth halides owing to their remarkable light yield
and energy resolution. However, these material family all shows the relatively low
density and a high hygroscopicity, which restrict their applications in the PET scanners.
In the application of scintigraphy camera, rare-earth halides have shown competitive
performances to the commercial materials.

5.2.1 Applications of Lanthanides Based Scintillating Systems

In successful lanthanide-based scintillating systems for CT imaging, versatile Tb>"
doped LaF3-Rose Bengal (RB) scintillators were coated with a homogenous silica layer
for the pathologic diagnosis of cancer.[144] The shell-thickness of the coated layer is
controllable and the substrates form covalently bound toward RB. This nanocomposite
has a uniform size, good biocompatibility, high colloidal stability, and photostability.
And the X-ray damping was detected, and the in vivo X-ray bio-imaging was conducted
on the tumor of the mouse. After the nano-scintillator has been injected into the tumor
site, the signal intensity enhances considerably. As indicated in Figure 2a-c, the
measured X-ray attenuation power surpasses the commercial CT contrast instrument
(Ultravist® 300), which makes it an ideal CT contrast agent for deep-tumor diagnosis.
And the Sc NPs-RB nanoscintillator also exhibit faster decay time (Figure 2d). Though
promising in CT imaging, more experiments are still required to further verify the
photodynamic therapeutic efficacy of the Tb*>* doped LaF3-RB scintillating material by
X-ray activation. Exploring multiplexed scintillators has become a research hotspot for
the construction of dual model imaging devices.

Due to the combined luminescent properties, X-rays excited and re-excited
nanoscintillators have attracted extensive research interests in biological applications
especially in the medical imaging field. For instance, under X-ray radiation, Co and Cu
codoped ZnS Nano-scintillators have a wide emission band peaked at about 510 nm,
while the afterglow emission centered at 546 nm. This spectrum feature suggests that
the existence of the two different emission process.[145] Then the photo-activator
tetrabromorhodamine-123 (TBrRh-123) was introduced to ZnS: Cu, Co systems, and
the persistent luminescence could still stimulate the TBrRh-123 for photodynamic
therapy. In this way, the radiation dose applied can be reduced considerably and the
PC3 human prostate tumor-cells can be damaged by the generated cytotoxic substances.
Another X-ray activable polyethylene glycol (PEG) conjugated SrAl,Os: Eu** system
was reported by Yang’s group.[146] This nanocomposite can act as a good optical
probe for repeatable high-sensitivity imaging for deep-cancer diagnosis. The broad
emission band (450-700 nm range) of this scintillator was obtained from X-ray



illumination and the luminescence intensity raised gradually with the growth in X-ray
tube voltage (as indicated in Figure 2e). With X-ray radiation, high-energy photons
were absorbed by the host for the excitation of electrons and the excited electrons were
then captured in trapping states. Subsequently, the trapped electrons were gradually
released from the trap states and transmitted to the 4f°5d state of Eu®" to radiate photons
by the radiative transition (See Figure 2f-h). And this modified scintillator system
demonstrated satisfactory optical stability under several X-ray illumination cycles (See
Figure 21). The medical imaging was conducted in human liver cancer-bearing mouse
after injecting this scintillator into tumor. When re-excited by X-ray, the afterglow
intensity in tumor-tissue was over 30 folds stronger than that detected at one-hour post
injection, which indicated the great potential of X-ray/afterglow for dual model bio-
imaging application.

In another dual-model imaging, X-ray serves as the single light source and the rare-
earth ions doped core-shell-shell Nano-scintillator acts as the single contrast medium
to attenuate and convert X-rays energy. As indicated in Figure 3a, hexagonal NaGdF4
can serve as the host because Gd** was high-Z, high K-edge energy ions with a large
X-ray mass attenuation coefficient and has the potential to activate other photosensitive
Ln*".[147] Eu’' acts as an emission center in the core, making the absorbed X-ray
convert into light-emission in visible range possible. And the inner-shell Ce** delivers
the absorbed X-ray energy to neighboring Gd** and then to the emission center of Eu®*.
NaLuF; builds the outermost shell to restrain surface quenching and further promote
the X-ray attenuation ability originating from Lu**. The X-ray can generate electron-
hole pairs when the radiation energy is equal to/greater than the host bandgap. The
photosensitive rare-earth ions can be stimulated through the relaxation process
including radiative transition, thermal dissipation, and energy transfer process. (See
Figure 3b). The optimal proportion of the core-shell-shell structured nanocomposite is
indicated in Figure 3c. In this material, the high-resolution three-dimension CT imaging
can be obtained to accurately display the relative spatial position of bone structure and
microstructure in the tumor-site (Figure 3d). But single CT imaging cannot provide
function information on cancer in detail. The optical data from various angles can be
obtained by camera and further remodeled to tomographic photographs, and the
luminescent region and intensity vary in different slices. The feature and structure
information of targeted cancer can be imaged comprehensively, which indicates that
the dual-model strategy is a promising bio-imaging mode for pathological diagnosis.

5.3 Common Scintillating Materials for X-ray Imaging

Scintillators have been developed over a century[32], and they played a vital role in the
detection of X-ray, y-ray, a-particle, B-particle, and even for Higgs boson today.[148]
Among these scintillating materials, CsI:T1 was one of the most commonly used
conventional scintillating crystals discovered in the year 1951.[149] This scintillator
has a relatively high LY (66,000 photons/MeV), a fast response time of 800 ns, and an
emission band peaked at 550 nm which matches well the most sensitive range of the
semiconductor based photodetector.[60] Additionally, it has a medium-density of
4.53g/cm® and a relatively high effective atomic number (Z.s=54), and it also allows
the manufacture of micro columnar films. Benefited from its low production cost, the
CsI:T1 scintillator has been widely applied in the field of X- /y-ray spectroscopy,
homeland security, radiotherapy, and radiological imaging.[18] Nevertheless, the
unwanted PL will induce the trouble of pulse pileup in high-count-rate scintillation
application, impeding its utilization in high-speed imaging as well as computer



tomography.[19, 150] Although this material has shown superior performances for
practical applications, it still suffers from the serious afterglow. Therefore, the approach
for restraining PL in CsI:T1 based scintillating material has been sought actively over
the past two decades.

Digital radiography technology converts X-ray images into electronic signals and
shows on a digital displayer, which is an advanced X-ray imaging achievement that has
been extensively used in clinical applications such as chest X-ray (CXR), C-arm X-ray
system, mammography, and dental.[151] In a digital radiography system with indirect
conversion, the scintillating material converts the incoming X-ray into visible-light
emission, and then the emitted light can be converted into electric signals by the
photodiode array. The visible-light emission in traditional scintillator scatters in all
directions and hence degrades the spatial resolution. In the recent two decades, novel
scintillating materials like pixelated Gd202S:Tb[152] (GOS) and CsI: T1,[153-154] have
already been developed to restrain the scattering of emitted light. The flexibility of
scintillators is a key factor for further upgrading digital radiography systems. For X-
ray imaging in dental diagnosis, applying flexible intraoral X-ray detectors weakens the
discomfort aroused from the rigidity of traditional detectors for patients. Compared
with Csl:Tl, the flexibility of GOS based scintillating matter is much improved since
GOS is usually hybridized with organic materials. And the GOS based scintillator in
dome-grooved structure obtains clearer X-ray images with improved spatial resolution.

5.4 Pb Based Scintillating Materials

5.4.1 Organic-inorganic Hybrid Perovskite-structured Pb-halide Scintillating
Materials

Besides doped lanthanide scintillators, Pb-halide perovskites are another catalog of the
heavy element based scintillating family emerging in the exploit of advanced ionizing
radiation sensors due to the tunable emission wavelength, good charge carrier
mobilities, direct charge clustering capability as well as good timing properties.[”* 135
1561 These perovskite-like materials are a series of crystals in octahedral ABXj3 lattice,
in which B is occupied by Pb, and X is occupied by halogen. A is occupied by a
monovalent cation such as CH3;NH3" (MA) or Cs' locating at the center of cubes
constituted by eight PbXs groups. Bulk crystals, thin films and nanoparticles/QDs
formed Pb-halide perovskites can be easily prepared by soft chemistry methods, so with
no need for ultra-high vacuum technique, the preparation cost is rather reasonable.
However, the existence of toxic Pb element has caused the environmental and health
risks in the applications. Meanwhile, their low resistance to the humidity and
temperature often leads to the degradation of performance and limits the application
range.

Among Pb-halide perovskites, organic-inorganic hybrid Pb-halide perovskite-
structured single crystals can serve as excellent scintillating materials due to their low
manufacturing cost, high LY, short decay time in the nanosecond range, and low
inherent trap density.[23] MAPbX3 based scintillators yield markedly large absorption
cross-section for X-rays owing to the high-Z atoms (CI, Br, I and Pb).[131, 157]
Hybrid MAPDbX; perovskites have exhibited satisfactory scintillating performance for
photo-electronic devices such as field-effect transistors,[158] luminous devices[159-
160] and high-sensitivity detectors in the visible range.[161] As indicated in Figure 4a,
MAPDI; and MAPDBr3 crystals have the classical 3D perovskite structure, with
CH3NH3" occupying the interstitial sites.[162-163] By contrast, EDBE-PbCl4 pertains



to APbX4 (A denotes bidentate organic cation) 2D perovskite crystal family.[164] By
UV excitation, green and white colors are emitted from MAPbBr; and EDBE-PbCl4
respectively, while we cannot observe the shining of MAPbI3 because it emits in the
NIR range. Based on the emission wavelength in Figure 4b, MAPbBr; (centered around
560 and 550 nm) and EDBE-PbCl4 (centered at 520 nm) appear to be the potential
candidates for the scintillators coupled with an avalanche photodiode (APD).[16] In
order to match the optimum sensitivity range of high quantum efficiency APD, the
emission spectrums can be further modulated through the substitution of cations/halides
in the lattice. Low-temperature scintillation under X-ray excitation under 60 keV X-ray
excitation (Figure 4c-d) have indicated that the LY can achieve as high as 120000
photons/MeV in EDBE-PbCl4 at the temperature of 130 K, and even above 150000
photons/MeV in MAPbI; and MAPbBr3; at 10 K. Thermoluminescence (TL) data
illustrate that perovskite-structured scintillators have relatively lower trap density than
classical oxide scintillating crystals.[165-166] The luminescence yield of these two 3D
perovskites decreases remarkably at room temperature, while the corresponding LY of
this 2D perovskite is less influenced by thermal quenching owing to the large exciton
binding energy. Thus, the scintillating performances can be further improved by
perovskite structure modulation and dimensionality reduction.

Another successful case of organic-inorganic hybrid perovskite Pb-halide scintillators
is layered (CsHsCoH4NH3)2PbBrs. According to the emission spectra indicated in
Figure 4e, A sharp scintillating peak can be discovered at 437 nm ascribed to the exciton
emission from the inorganic layer. The bulk (C¢HsC2H4NH3)2PbBrs sample exhibits
excellent scintillating performance with a fast response time of 11 ns (Figure 4h) and
an extremely high scintillation LY (under synchrotron X-ray irradiation of 67.4 keV) of
14000 photons/MeV (Figure 4f-g), 1.4 times higher than that of conventional inorganic
scintillator  GSO: Ce (10000 photons/MeV).[83] Figure 41 indicates that the PL levels
of (Cs¢HsC2H4NH3)2PbBrs and GSO: Ce were 5 and 15 ppm respectively, and the
afterglow effect of this hybrid organic-inorganic perovskite is nearly equivalent to those
of common inorganic scintillating materials CdAWO4 and BGO.[167] Figure 4j suggests
that the pulse height channel (scintillating LY) is proportional to the incident radiation
energy, which means (CsHsC2H4NH3),PbBr4 is a potential scintillating material for the
detection of y-rays in 122-662 keV range. These experimental data suggest that hybrid
organic-inorganic layered Pb-halide perovskites are promising scintillator for X-ray/y-
ray detection. Given the potential of hybrid Pb-halide perovskites, further attempts
should be made to fabricate novel materials for y-ray and X-ray scintillation. The
scintillation LY of perovskite crystals are expected to be further enhanced through the
addition of rare earth dopants such as Ce*" [61, 168], or by the mixture of halides to
modify the bandgap.[15] And the optimum operating temperature can be increased by
the design of wide bandgap layered hybrid organic-inorganic perovskite crystals with
minimal quenching effects.[83]

5.4.2 All-inorganic Pb-halide Perovskite-structured Nanoscintillators

A wide variety of all-inorganic scintillators containing heavy metal atoms such as Pb
have been analyzed in-depth for X-ray excited scintillation. Most of these scintillators
are in bulk-form prepared by the Czochralski approach, and ambient temperature above
1,700 °C is required.[32] For bulk crystals like PbWOQs, a rational distance for exciton
transition is typically required to migrate electrons/holes for following trapping process
at recombination centers. Nevertheless, excessive exciton migration is disadvantageous
as it generates afterglow emission and restrains the efficiency of scintillation. And



typical rare-earth activated scintillating materials like Tl doped Csl and Ce doped
YAIOs3 can not generate multicolor scintillation owing to their fixed transition energy
gap.[169-170] The emission spectrums of typical bulk scintillators such as PbWOu,
BGO, Tl activated CsI and Ce activated Y AlO3 are almost unchanged and demonstrates
a broad peak with a wide full width at half maximum. This inherent insufficiency limits
the tunable multicolor emission for visualized medical imaging under high-energy X-
ray excitation.

However, the novel scintillating nanocrystal is developed based on charge carrier
migration mechanisms in typical scintillators. For conventional bulk scintillators,
incident kiloelectronvolt scale X-rays motivate Pb atoms to generate numerous hot
electrons by the photoelectric effect. These excited electrons are quickly thermalized to
form low-energy excitons, which can subsequently be migrated to defect states or
dopant states for radioluminescence. This indicates that high-energy X-ray in the KeV
range can be converted into a large number of low-energy emissions in visible light
range through direct bandgap transition in Pb-halide perovskites. With enormous
attempts, novel scintillators that are highly X-ray sensitive, solution-processable, and
integrable to flexible substrates at lower synthesizing temperatures have been reported
in recent years. The perovskite-structured CsPbX3 nanocrystals are prepared by
modulating the interaction of Cs oleate with a series of PbX, precursors through the
hot-injection-solution approach.[171] By this synthetic method, CsPbBr3 nanoparticles
have been synthesized successfully and exhibit unique X-ray photosensitivity for X-ray
optical imaging.

Under X-ray beam irradiation, the perovskite-like CsPbBr3; nanoparticles yield narrow
and tunable multicolor emissions, which makes it possible for the high-efficiency X-
ray visualized imaging.[7] Combined with the different X-ray stopping ability of metal
and insect tissue, the metallic needle inside the insect body can be clearly displayed by
phase-contrast imaging detected by a standard digital camera (Figure S5a-c). As
indicated in Figure 4d, the detection limit for X-ray is calculated to be only 13 nGy s,
which is over 400 times lower than the dose rate generally applied for X-ray based
medical radiography.[131] This nanoscintillator also has a good photostability and a
very fast time response of 44.6 ns, which is a crucial scintillating property for X-ray
bio-imaging (Figure Se, f). The CsPbBr3; nanoscintillator based commercial flat panel
X-ray detector (Figure 5g) is applied to image the internal structures of an iPhone under
a relatively low X-ray dose (Figure 5h). And this CsPbBr3 nanoscintillator based X-ray
flat panel detector has a relatively high modulation transfer function value at a certain
spatial resolution (Figure 5i). Therefore, this novel perovskite-like nanoscintillator is
very promising in low X-ray does radiographic diagnosis.

5.5 Lead-Free Halides as Sensitive Scintillators

Pb halide perovskite-like scintillators have recently attracted extensive research
interests due to their material features on low detection limits, adjustable emitting
wavelengths, easy assembly, and manufacturing. As described above, heavy-metal Pb
based scintillating materials are widely applied for many X-ray detection fields,
especially in medical imaging. However, compared to traditional scintillators such as
CsI-T1[172], LYSO[172], and GOS[173], the Pb-halide perovskites exhibit relatively
lower LY under X-ray radiation[73] and the toxicity of the soluble-Pb in these
perovskites severely limit their applications in the biomedical domain. Therefore, the



attempts to develop novel lead-free scintillators are of great significance in terms of
reducing cytotoxicity and avoiding environmental pollution.[174]

Rb,CuBr; is a recently reported lead-free scintillator in a one-dimensional (1D)
crystalline structure with strong carrier confinement and singularly high
photoluminescence quantum yield (PLQY) of 98.6% in the violet emission region. And
the strong X-ray absorption ability with negligible self-absorption from the emission of
self-trapped excitons (STEs) results in an extremely high LY of over 91000
photons/MeV (under 30 keV X-ray excitation).[174] Figure 6a illustrates the
crystalline structure of RboCuBr3, in which a Cu atom is surrounded by four Br atoms,
constituting a distorted tetrahedron [CuBr4]*. Similar to previous low-dimensional
metal halide perovskite-like materials with STEs,[175-176] a large Stokes shift is
presented in Figure 6b. The negligible photoluminescence and photoluminescence
excitation (PLE) overlapping indicates a weak self-absorption effect, which is a prior-
condition for achieving high LY. The relatively long decay time of 41.4 pus (Figure 6¢)
suggests that the application prospects of Rb>CuBr3 in ultrafast scintillation
applications such as nuclear reaction monitoring and medical imaging are affected. The
near-unity PLQY of Rb2CuBr3 calculated in Figure 6d is comparable with Pb-halide
perovskites[177-178] and superior to previous lead-free inorganic perovskites[179-
180]. Because of its 1D electronic dimensionality, a relatively large activation-energy
is observed (Figure 6¢). We can see in Figure 6f that the absorption coefficient of
Rb2CuBr3 is much higher than Csl: Tl and a little lower than LYSO in the photo-energy
range for medical digital radiography (0.018-0.030 MeV). As indicated in Figure 6g,
the Rb2CuBr3; is assembled onto the silicon photomultiplier (SiPM), a sensitive
photodetector for detecting photo-signals even in single-photon level and it has been
widely applied in dynamic X-ray imaging. And the emission band of Rb2CuBr; is
situated very close to the maximum photodetection efficiency region of SiPM. As
indicated in Figure 6h, the detection limit (121.5 nGyair/s) of Rb,CuBr3 based
photodetector is much lower than the requirement for X-ray diagnostics (5.5
uGyair/s),[131] which further enables its applications in low-dose X-ray imaging. The
LY of Rb,CuBr3 is higher than some commercial scintillating materials including GOS
and CsI:T1, which significantly surpass previously reported CsPbBr3 nano-scintillator.
The only flaw of this material is due to the intrinsic radioactivity for the presence of
radioactive isotope 8’Rb, which often results in a constant background signal and affects
the detection of low-dose X-ray or Gamma rays. Therefore, the perovskite-like
Rb2CuBr; scintillator not only has satisfactory scintillating performance for low-dose
X-ray radiography but also avoids the severe trouble caused by high toxicity of Tl and
Pb ions. Integrating this nontoxic metal-halide scintillator with matched photodetector
panels is of great potential for the applications in dynamic X-ray imaging.

5.6 Scintillating Metal-Organic Frameworks

In order to improve the image quality and weaken the radiation exposure on patients,
the new generation X-ray imaging techniques like single-photon computed tomography
(SPCT), CT, and PET are very demanding for highly sensitive scintillating
materials.[43] Conventional X-ray to visible-light converters is mainly formed by
heavy atoms/lanthanides based scintillators such as Pb-halide/lead-free perovskites,[7,
174] BGO,[181] LSO: Ce and LYSO: Ce,[95] LaBrs: Ce** and Srlr: Eu** [92-93].
However, it is still challenging in exploring novel scintillators to enable the medical
detections under lower X-ray radiation dose with faster evaluation.[182] Organic
nanocrystals like stilbene, naphthalene as well as anthracene exhibiting high



attenuation-constant can serve as good scintillating materials for B-ray or hot-neutron
but exhibit unsatisfactory efficiency on X-ray detections.[183-184] Metal-organic
frameworks (MOFs) are a new class of scintillators composed of metal-atoms or metal-
clusters connected with nodes and organic bridging ligands.[185] With defined porous
structures, MOFs exhibit excellent energy conversion efficiency to X-rays and provide
a structurally tunable platform for different application scenarios.[186] The functional
motifs of organic emitters enable them to respond faster to X-rays than traditional
commercial inorganic scintillators.[187]

For instance, the integration of high-Z and high oxidation state in UVI materials results
in high attenuation efficiency toward X-rays and strong green light emission generated
by the charge-transfer from ligand to metal. This suggests that the UVI materials are
expected to serve as efficient scintillating candidates for X-ray detection and the
observable light emission in a uranyl-organic framework (SCU-9) are very promising
features for practical applications in medical imaging fields. SCU-9 also exhibits the
superiority of significantly reducing the non-radiative relaxation in the process of
excitation, which further improves the conversion efficiency. The emission intensity
shows an essentially linear correlation with the exposed X-ray dose, and this parameter
is comparable to that of the commercial scintillator CsI: TI. In addition, SCU-9 also
exhibits decreased hydroscopicity, enhanced X-ray radiation resistance, and reduced
efficiency.[188]

6. X-ray Induced Scintillators for Photodynamic Therapy

At present, various X-ray activatable scintillators have attracted increasing research
interests, especially for clinical therapy. This is mainly because modern X-rays based
imaging instruments became increasingly sophisticated to improve the image resolution
for clinical diagnosis and pathology researches. For clinical purposes, it is crucial to
realize that specific tumor targets are treated in various energy ranges. Low energy
irradiation is in the 40-100 kV range. These superficial X-rays (kV-range beams) are
therapeutic only for skin tumors because they cannot penetrate the tissues deeper than
5 mm. Sub-surface cancer demands supervoltage X-ray beams in medium energy
region (200 kV-1 MV). And deep X-rays in the megavoltage range are currently utilized
to heal the cancers deeper than 2 cm, with high-energy irradiation within 4-25 MV.[90]

Realizing effective therapy for deep-seated cancer is a major challenge for modern
photodynamic therapy (PDT) owing to the impediments on delivering radiation energy
into the deep tissue/organ. Due to the great tissue-penetration of X-ray, it exhibits the
capacity to serve as the excitation light source to activate photosensitizers (PSs) that
accumulate in sub-tumors. Whereas traditional PSs cannot absorb high-energy X-rays
for the production of 'O, directly. To improve the limited tissue-penetration in
conventional PDT, the integration of X-ray induced PDT and radiation therapy is
proposed to promote the therapeutic efficacy for deep tumors. Recently, various
nanoparticles (NPs) are tested to be potential candidates for this combination. They not
only act as carriers for loading various PSs but also serve as energy transducers to boost
the photo-activation process by converting the absorbed X-ray radiation energy to
loaded PSs.[189-190]

6.1 The Mechanism of X-ray Induced Scintillating Materials for Photodynamic
Therapy



The mechanism of X-ray stimulated NPs for PDT is mainly involved in the production
of 102, as indicated in Scheme 2. After the nano-photosensitizers have been loaded at
the tumor tissue, X-ray irradiation will be utilized to activate the encapsulated metal to
produce light emission.[191] The emission light can then be absorbed to motivate the
nearby PSs for X-ray activated PDT. Wide bandgap materials are adopted for the
conversion of X-rays to photon radiation in the UV/visible range. This transformation
process happens within 1 picosecond. A cascade interaction between X-ray photons
and the lattice of scintillating nanoparticles (ScNPs) proceeds via Compton scattering
and photoelectric effects. During this process, numerous hole-electron pairs are
generated and thermalized in CB and VB respectively. Then these charge carriers
eventually generate excitons and transfer through the material. Repeated electrons
trapping at defect sites may also take place and the energy loss is mainly caused by the
nonradiative transition. The recapture of electrons/holes within the bandgap can give
rise to considerable delay for the migration of charge carriers. This recapturing stage is
unpredictable since native point defects, flaws, surfaces and interfaces can create
additional energy states in the bandgap, which may bring about strong modification or
degradation rather than satisfactory intrinsic scintillating performance. At the last stage,
radio-luminescence is generated by continuous trapping of electrons/holes at the
emission center and the subsequent radiative recombination.[1, 192] In the meantime,
the ET process from ScNPs will stimulate the nearby PSs jumping to Si stage, and this
will lead to the generation of 'O (very toxic to cells) during the electrons transmitting
back to So.[90]

The typical X-ray induced PDT can be divided into three main processes: (1) the Nano
scintillating materials are excited by X-rays to produce X-ray excited optical
luminescence. (2) Subsequently, the generated X-ray excited optical luminescence is
absorbed by adjacent, well-matched photosensitizers to manufacture cytotoxic singlet
oxygen (!02) which can directly destroy the cell-membrane phospholipid of cancer cells,
and meanwhile, the absorbed X-ray radiation can produce radical species and damage
the DNA duplex. (3) The generated ROS causes the destruction of the tumor by the
combination of radiotherapy and PDT processes to realize effective cancer therapy.
Thus, based on the efficient ET process in the photosensitizer loaded scintillating nano-
materials (nano-sensitizers), X-ray radiation can be utilized as the excitation light
source to induce deep-tumor PDT. However, the excitation energy of the X-ray
radiation applied in clinical radiotherapy ranges from hundreds of keV to MeV.
Consequently, most conventional photosensitizers applied for deep-tumor PDT can
hardly be activated by X-ray radiation energy in the clinical range efficiently. In this
case, a physical transducer is needed to absorb the X-ray radiation energy and further
transfer it to photosensitizers to generate cytotoxic 'O for the killing of cancer
cells.[193]

6.2 Applications of Scintillating Materials in Photodynamic Therapy

The Ce** doped NaCeF4: Gd, Tb ScNPs has been reported as a successful case for X-
ray induced PDT application. This ScNPs are synthesized in the homogeneous rod-like
form for X-ray activated radio dynamic therapy (Figure 7a). Owing to the sensitization
effect of Ce**, Tb*" can generate luminescence with X-ray radiation. Ce*" and Tb**
absorb the energy from secondary electrons produced by X-ray to generate *O*" for
radio dynamic therapy. With the native absorption of X-ray radiation via rare-earth ions,
this doped ScNPs based scintillating system can simultaneously serve as the contrast
medium for CT imaging and X-ray absorber for radiotherapy (Figure 7b). The



production of *O? and *OH with NaCeFa: Gd, Tb ScNPs-PEG under X-ray radiation
(Figure 7c, d) exhibits the capacity for serving as the X-ray sensitizer to promote
radiotherapy (Figure 7e, f). The SCNPs-PEG has low cytotoxicity, as indicated in Figure
7g. The ScNPs-PEG modulated radiotherapy could efficiently boost the lethality for
cancer-cell by increasing the local X-ray dose (See Figure 7h, 1). The light emission
intensity is remarkably enhanced when cells synchronously treated by the ScNPs-PEG
and X-ray illumination, which indicates that much more *O* has been generated in X-
ray induced PDT (Figure 7j). The therapeutic mechanism of ScNPs-PEG for
synchronous tumor radiotherapy and PDT were established on the enhancement of
DNA damage (Figure 6k) and *O* production.

However, it is still a challenge that traditional radiation therapy combats tumor by
applying high-doses radiation to kill cancer cells, which is also destructive to normal
cells owing to the nonspecific-targeted radiation. The combination of traditional
radiation therapy with PDT exhibits the potential capacity to achieve better therapeutic
efficacy and reducing the harm to normal cells under lower radiation doses. This low
radiation dose X-ray activated NPs based therapy was first reported by Chen’s group
in the year 2006.[194] They applied ScNPs to deliver porphyrins (as PSs) to the tumor
site in vivo. The NPs transfer the absorbed X-ray energy to the PSs, which results in
the generation of !0 to kill cancer cells.

7. Summary and Outlook

7.1 New Mechanism for X-ray Scintillating Materials

It is a fact that crystal defects are inevitable in the synthesis process. Although X-ray
scintillation has been studied a lot, the underlying mechanism and the roles that the
defects play is still under discussion. Generally, defects can be classified into three
types (point, linear as well as three-dimensional defects) based on their shape and size
and each defect category has the potential to affect the scintillating properties. Since
the positions of electronic centers locate very close to the bottom of the conduction
band (CB), it is possible to differentiate the impacts caused by different defect types on
scintillating performance. Despite a fast exchange of electrons between the shallow
polaron and RE distorted regular centers with CB which contribute to the scintillation,
there is also a flow of electrons moving toward the deep traps. For instance, at high
WO4>-RE centers, this outflow becomes very crucial because it gives rise to an obvious
decrease in LY. Thus, the strong demand for radiation hardness of the lead tungstate
crystal imposes the doping with trivalent RE-ions which results in the decrease of
crystal LY. Therefore, the possibility of satisfying both high LY and good radiation
hardness is to improve the quality of crystal structure based on the existing synthetic
technology. [195]

Native point defects always exist in a certain concentration in a crystal under
thermodynamic equilibrium. This kind of defects induce the capture of charge carriers
and initiate the energy storage process, and in some crystals, the internal point defects
have absorption especially in the UV region, which is very likely to reduce the material
transparency at certain emission bands. Anion Frenkel (a-Fr) defect is a typical intrinsic
defect, which consists of a neutral vacancy-interstitial pair. This is formed when an
anion is displaced off the original lattice site into an interstitial site, which has been
identified as the dominant defects in many fluorides and oxides[196-199]. The a-Fr
defect has shown a significant effect on other properties such as ion conduction or
thermal conductivity[197, 199-200]. Until now, such defect and its correlation with the



luminescence properties have rarely been discussed in NaREF4 materials before. For
NaREF4, the a-Fr is constructed by the F vacancy (Vr) and interstitial F (Ir). Previous
works have utilized the XRD characterization to identify the slight lattice change
induced by the evident ratio change of Vr[201). However, whether these Vr are a simply
intrinsic vacancy or belong to the vacancy-interstitial pair of a-Fr are still challenging
to determine. The vacancy formation usually occurs during the synthesis while the a-
Fr defects are formed by the thermal perturbation or luminescence excitation.

Therefore, we propose a new a-Fr dominated mechanism for the PL performance in
NaREF; (Scheme 3). Although this mechanism is also based on the intrinsic defects in
the materials, it proposed a completely different concept of defect-assisted PL as our
previous works. The previous works have carefully demonstrated the surface defect
states induced level-matching induced surface resonant quantum tunneling (LM-
SRQT) effect to prolong the emission time. In comparison, our new mechanism is
proposed based on the relaxation of charged a-Fr excited by the X-ray. Distinct with
the conventional concept of a-Fr in the previous defect investigation, we propose that
the displacement of F atom to form the a-Fr is accompanied by the electron due to the
appropriate excitation by high energy X-ray. Within this situation, a novel intrinsic
defect type as the charged a-Fr is formed within the lattice. This novel type of charged
a-Fr possesses the charged Vr sites that play as the optimal trap for electrons as well as
transferring the electrons to the nearby Tb sites. During the relaxation of the formed
transient a-Fr, two different electron transfer pathways have been illustrated. For the
close distance a-Fr, the recovery of the F anion indicates the electrons also relax back
from the trap states to VB. Meanwhile, for the large distance a-Fr in the lattice, the
interstitial F anions with electrons substitute the position of nearby F atoms, which not
only transfers the electrons but also shows no energy loss. This substation process
further extends the relaxation time of the activated electrons within a-Fr. Moreover, the
formation of such a novel charged a-Fr also induces the appropriate trapping levels for
electrons, which determines the relaxation time of electrons in the VF states and further
influences the PL performance. The long relaxation time of the charged a-Fr in the
lattice is the essential factor for the superior PL of Tb-doped NaREFs. The introduction
of Tb activates the energy transfer paths with stronger PL performance. For energy
levels near Tb, the electron can transfer towards Tb levels through the tunneling. For
those electrons at the lower level, the electrons can experience the electron collision
from CB, in which the energy is sufficient to support the electron towards higher Tb
levels. To further prove our proposed mechanism, we systematically summarize both
neutral and charged a-Fr regarding the V¥ states.

7.2 Challenges for X-ray Scintillation Technique

The high-energy X-ray technique is a promising tool for killing deep-seated cancer cells
owing to its amazing penetration ability in vivo and ionizing radiation nature that results
in apoptosis. Scintillators are excellent energy transducers that can absorb and convert
X-rays into visible light, serving as potential contrast agents for medical radiography.
We have elaborated on the progress in scintillators from early heavy metal ions based
compounds (CaWOs, Nal: TI" and BisGe3012) to the latest perovskite-like scintillating
materials[7], especially in the perspective of clinic diagnose/therapy. The scintillating
performance can be tuned by choosing appropriate host lattice, tailoring morphology
and structure/size, changing dopant types and concentrations, and enhancing the ET
process. Rapid development in nanotechnology and materials science engineering also
accelerates the exploitation of various X-ray sensitized scintillating materials that



synergize radiotherapy and other therapeutic modalities, realizing optimal energy
accumulation to ionizing radiation at a relatively lower dose.[202] Newly designed
scintillating nanocrystals with high light yield and tunable luminous properties have
already played significant roles in radiation-induced in-vivo biochemical reactions.

Whereas, there are still some challenges in the design and exploitation of novel high-
energy radiation sensitized scintillating systems for medical purposes. Owing to the
visible light emission, the endogenous molecules like water, hemoglobin,
carbohydrates, and fats will cause considerable scattering and absorbance, which gives
rise to severe signal decay in proportion to bio-imaging depth.[203] Compared to
visible light, emissions in the near-infrared (NIR) range exhibit better penetrability,
especially in skin and blood.[204] Therefore, exploring novel scintillators emitting in
the NIR range is of great potential to improve the resolution and sensitivity for deep-
tissue in vivo imaging. Besides the dopant-tuned strategy,[17, 205-206] the abundant
defect states in the host bandgap should also be treated as promising candidates for
manipulating the scintillating performance.[207] The electronic and optical properties
of defect states simulated under density functional theory can also offer a good
reference to guide the development of novel defect-tuned scintillators for deep-tissue
NIR imaging. As for biomedical researches, more attention should be paid to biological
activity and biocompatibility. Rational decoration of functional group for specific
recognition and satisfactory circulation/retention time of the scintillating systems are
both demanded to facilitate the effective accumulation at the target tumor-site. Ideal
nano-scintillators should target the specific hypoxic tumor-site and be harmless to
healthy tissues/cells, which can be achieved by external irritation and/or specific
biochemical responses to the microenvironment of cancer-cell. The in vivo optical
performance of scintillators is usually affected by their morphology, structure, size,
chemical constitution, and surface modification effects. Thus, further investigations
and characterizations on existing scintillating materials in various states also have
bright prospects. Finally, for medical radiography and clinic therapy, the intratumor
injected scintillators are highly desired to be low cytotoxic or biodegradable, easily
excreted, or cleared.

7.3 Future Research Trends

Based on the present research achievements and progress, we have proposed the
potential research trends for the X-ray activated scintillators. First of all, the theoretical
calculations should be introduced to investigate the precise band structures and the
mechanisms of charge and energy transfer. Our previous works have confirmed that the
significant role of theoretical calculations in understanding the in-depth mechanisms to
improve the PL performances as well as broadening the applications. Then, further
material engineerings such as co-doping, nanostructure modulations on the
conventional scintillating materials is still of significance to further enhance their
performances. Meanwhile, the rare-earth halides are promising candidates due to a very
high light yield and unprecedented energy resolution in the domain of energy-relevant
for medical imaging applications. The rare-earth doping strategy is also an effective
approach to improve the performances of oxides in PET scanners.

In conclusion, materials engineering and nanoscience have offered excellent technical
supports for the developments of X-ray activated scintillators in medical radiography
and deep-tumor therapy. Novel nanoscale scintillating materials are very prospect to
serves as a contrast medium in low dose CT imaging. Additionally, due to the nearly



unlimited penetration depth of X-ray, the corresponding scintillator exhibits great
potential for the targeted therapy of deep-seated tumors. Due to their sufficient X-ray
attenuation coefficient, it will reduce the damage to healthy tissues and organs in
radiotherapy. Exploring advanced X-ray activated nanoscintillator will remain a
frontier research topic for the progress of radiographic and therapeutic facilities for the
diagnosis and treatment of deep-tumor. In future clinical trials, close co-operation
between scientists, engineers, physicians, and pharmacists is urgently demanded in the
accurate evaluation of the treatment efficacy and side effects of the intra-tumor injected
scintillators, which is very crucial for further improving the cure rate of cancer and
markedly prolonging the life of the patients.
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Figure 1. Electronic distribution, particle growth trends, quantum tunneling
effects in energy transfer are shown for NaYF4 UCNPs. a-c, The valence electronic
density for different sized NaYF4 nanoparticles, 48-atom, 201-atom, and 418-atom,
respectively. d-f, Localized electronic and hole orbitals on the surface of the 48-atom,
201-atom, and 418-atom sized NaYF4 respectively (Purple balls = Na, Orange balls =Y,
Cyan balls=F; blue isosurfaces=electronic orbitals, green isosurfaces=hole
orbitals). g, The surface area, surface energy area density os, and surface to volume
ratio with related to the size dependence. The number of atoms is the driving variable. h,
Energy conversion, transfer, and storage via the quantum tunneling from the transient
state excited electrons into the long life-time trapped electrons for NaREF4 (RE=Y, Gd,
and Lu). [110] Copyright 2019, Elsevier.
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Scheme 1. Two typical mechanisms that explain the photon emission process of
inorganic scintillating materials: the intrinsic type and extrinsic type.
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Figure 2. (a) Colored CT mapping of LaF3: Tb>*-RB ScNPs (scintillating nanoparticles)
and commercial contrast medium Ultravist® 300 in various concentrations. (b) The CT

values recorded by ScNPs-RB and Ultravists® 300 respectively. (¢) X-ray images of
cancer-bearing mice after pre- and post-intratumor injected with ScNPs-RB. (d) The

decay curve of absorption at 410 nm induced by ScNPs, RB, and ScNPs-RB

respectively. (a) - (d) are reprinted with permission.[144] Copyright 2015, the Royal

Society of Chemistry. (¢) X-ray stimulated emission spectrum of PEG-SrAl,Os: Eu**

and the variation of emission intensity under different X-ray tube voltage. (f) and (g)

Schematic depiction of the afterglow emission of SrAl,Os: Eu?* nanoparticles. (h) X-

ray charging and luminescence decay. (i) Photo-stability Testing. (e) to (i) are reprinted

with permission.[146] Copyright 2017, the Royal Society of Chemistry.
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Figure 3. (a) Illustrating the spatial structure of the core-shell-shell nanocrystals. (b)
Proposed energy transfer principles of the nanoparticles under X-ray radiation to realize
bright light emission. (¢) Comparison of X-ray activated emission spectra of core, core-
shell, core-shell-shell structured nanoparticles. The inset indicates the luminous images
of these three samples in aqueous solution under the X-ray radiation. (d) Schematic
illustration of the dual-modal imaging platform (left). CT, optical and dual-modal
images of 4T1 cancer-bearing mice after the intratumor injection of PAA-capped
nanoparticles, recorded from the single-illumination dual-modal imaging platform
(right).[208] Reprinted with permission. Copyright 2019, Wiley-VCH.
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Figure 4. (a) Top: crystalline structure of MAPbBr3; and MAPbI3 3D perovskites (left);
EDBE-PbCls 2D perovskite (right); middle: photos of the single-crystal hybrid Pb-
halide perovskites; bottom: shining of the single-crystal hybrid perovskites under UV
excitation. (b) Scintillation spectra of MAPbI3, MAPbBr3; and EDBE-PbCls under X-
ray (light-color region) and photo (dark-color region) excitation respectively. (¢) X-ray
excited scintillating spectra of MAPbI;, MAPbBr3;, and EDBE-PbCl4 perovskites at
different temperatures (10 K-350 K). (d) Residual luminescence background after X-
ray irradiation. Low-temperature thermal luminescence (TL) curves of MAPbI,
MAPDBB13, and EDBE-PbCl4. The data are displayed on the time scale from 10 K and
increasing to 350 K after 3600 s (the dashed line in the right panel).[23] Copyright 2016,
Springer Nature Limited. (¢) Emission spectra of (CsHsC2H4NH3).PbBrs4 (Phe) and
GSO: Ce under X-ray excitation. (f) '*’Cs and (g) ’Co induced pulse height spectra of
Phe and GSO: Ce respectively. (h) Scintillating decay time profile of Phe and GSO: Ce
under X-ray excitation. (i) X-ray induced PL time profiles of Phe and GSO: Ce. (j)



Correlation between the pulse height channel and y-ray energy.[83] Copyright 2017,
Springer Nature Limited.
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Figure S. (a) Schematic of the experimental setup used for real-time X-ray imaging of
biological samples. (b) Bright-field and the (c¢) X-ray images of the sample. (d)
Radioluminescence measurements for a CsPbBrs-based scintillator as a function of
dose rate. The left inset shows radioluminescence profiles measured at low dose rates.
The right inset shows a schematic of the X-ray photodetector. (e¢) Measured
radioluminescence decay of the CsPbBrs-based scintillator under excitation with a
137Cs source. (f) Photostability of the CsPbBr3-based scintillator against continuous
X-ray irradiation (top) and repeated cycles of X-ray excitation at 30 kV with a time
interval of 30 s (bottom). (g) Multilayered design of the flat-panel X-ray imaging
system consisting of a thin-film-transistor (TFT) sensor panel, a pixelated a-silicon
photodiode array, a CsPbBr3 perovskite nanocrystal thin-film and a protective Al foil
cover. (h) Comparison of X-ray images of an Apple iPhone acquired with the perovskite
scintillator deposited on an a-Si photodiode panel (left) and only with an a-Si
photodiode (right) (i) Spatial resolution of the X-ray imaging system. The blue circles
and purple line show measured values and the black line is a fit to the data.[ 7] Reprinted
with permission. Copyright 2018 Springer Nature Limited.
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Figure 6. (a) Crystalline structure of RboCuBr3. (b) The photoluminescence spectra of
Rb,CuBr; under 300 nm excitation and PLE spectra obtained at various emission
wavelengths (350 nm - 450 nm). The inset indicates the emission photograph under an
excitation wavelength of 302 nm. (c¢) Time-resolved photoluminescence decay
spectrum at room temperature. (d) The PLQY spectra of the RboCuBr3 scintillator. (e)
Integrated photoluminescence intensity as a function of reciprocal temperature (98 K -
409 K). The inset illustrates the temperature-dependent photoluminescence spectra. (f)
Absorption-coefficient values of RboCuBr3, Csl: Tl, and LYSO as the function of
photon-energy from 1 keV (soft X-ray) to 100 MeV (y-ray). (g) Radio luminescence
spectrum under 30 keV X-ray irradiation and wavelength-dependent photon detection
efficiency of SiPM. The left inset presents the photograph of the Rb,CuBr3 scintillator
under X-ray excitation and the right inset presents the schematic model for detecting
the emission intensity via SiPM. (h) Scintillation intensity of RboCuBr3 and LY SO as
a linear function to dose rate. The inset indicates the corresponding data of Rb>CuBr3
measured below 200 nGy.i/s for the calculation of the detection limit. (i) The
comparison of LY between the nontoxic Rb,CuBrs and previously reported typical
scintillators. Reprinted with permission. Copyright 2019, Wiley-VCH.
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Figure 7. (a) and (b) Schematic Illustration of X-ray Activated NaCeFs: Gd, Tb
scintillator for XEF/CT/T2-MR Imaging-Guided Synchronous RT and RDT of Tumor.
(c) and (d) *O*" and *OH generations with SCNP-PEG under X-ray radiation detected
by DPBF and TMB as trapping agents, respectively. (e) Viabilities of A549 cells treated
with 50 pg mL™! of ScNP-PEG under X-ray radiation. (f) The dose-effect curve of A549
cell survival detection by clonogenic assay. (g) Viabilities of A549 cells treated with
different concentrations of ScNP-PEG. (h) and (i) Fluorescence images and
quantification of DNA damages induced by ScNP-PEG (50 ug mL!) under X-ray
radiation (6Gy), stained with y-H2AX for DNA fragmentation visualization. (j)
Fluorescence images of the cellular oxidative stress. (k) Bax and Bcl-2 expressions
were analyzed by Western blot.[209] Reprinted with permission. Copyright 2019
American Chemical Society.
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Scheme 3. The charged A-Fr defects dominated mechanism for the ultra-long emission
in Tb: NaLuF4.



Table 1. Summary on the key properties of scintillating materials in X-ray medical

imaging.
. Peak . . Decay  Afterglow
Scintillator ?(/Trsr:g, Emission ?llgl;ll\t/lzg)l d Time (% after Ref
& (nm) P (ns) 3 ms)
38000- [91,
Nal(Tl) 3.67 415 55000 250 - 210]
[105,
CdWOq4 7.9 495 28000 5000 0.05 173]
[91,
BGO 7.13 480 8000-10000 300
210]
[91,
LaBr3 5.08-5.22 380 63000 12 211]
30000-
LYSO(Ce) 7.1-7.2 420 33000 45 [210]
Gd202S:Tb(Ce) 5
(GOS) 7.34 550 50000 6x10° 0.6 [105]
Gd20:S:Pr,Ce,F
(GOS) 7.34 520 50000 2400 <0.1 [105]
CsPbBr3 - 525 21000 8.09 [73]
MAPbLBrxCls-x - 410-600 18000 0.14 [212]
2D (EDBE)PbCl4 2.19 520 12000 7.9 [23]
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