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Abstract This review article highlights the exploration
of inorganic nanoscintillators for various scientific and
technological applications in the fields of radiation
detection, bioimaging, and medical theranostics. Various
aspects of nanoscintillators pertaining to their fundamental
principles, mechanism, structure, applications are briefly
discussed. The mechanisms of inorganic nanoscintillators
are explained based on the fundamental principles,
instrumentation involved, and associated physical and
chemical phenomena, etc. Subsequently, the promise of
nanoscintillators over the existing single-crystal scintilla-
tors and other types of scintillators is presented, enabling
their development for multifunctional applications. The
processes governing the scintillation mechanisms in
nanodomains, such as surface, structure, quantum, and
dielectric confinement, are explained to reveal the under-
lying nanoscale scintillation phenomena. Additionally,
suitable examples are provided to explain these processes
based on the published data. Furthermore, we attempt to
explain the different types of inorganic nanoscintillators in
terms of the powder nanoparticles, thin films, nanocera-
mics, and glasses to ensure that the effect of nanoscience in
different nanoscintillator domains can be appreciated. The
limitations of nanoscintillators are also highlighted in this
review article. The advantages of nanostructured scintilla-
tors, including their property-driven applications, are also
explained. This review article presents the considerable
application potential of nanostructured scintillators with
respect to important aspects as well as their physical and
application significance in a concise manner.
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1 Introduction
1.1 Scintillation mechanism

Scintillators are classified as a type of luminescent
materials that have great potentials to detect ionizing
radiations such as X-rays, y-rays, B-rays, and neutrons.
Further, they serve as an energy transformer, i.e., they
convert high-energy X-rays or y-rays into lower-energy
ultraviolet (UV) and visible (Vis) lights (400700 nm).
Therefore, these materials are applicable in areas of
considerable scientific and technological importance,
such as photodynamic therapy [1], security [2], well
logging [3], and medical imaging [4]. Scintillators include
two important components: scintillating materials and
photodetectors (PDs). PDs convert the generated UV—Vis
light into detectable and measurable electrical signals.
Figure 1 shows the instrumental setup involved in the
scintillation process.

The scintillation process occurs when the UV or Vis light
is emitted after exposure to highly energetic ionizing
radiation. The performance of scintillation materials is
mainly dependent on their luminosity, the lifetime of the
excited state, and the emission maxima (Ap.x) [5]. Other
important characteristics of scintillator materials include
their ruggedness, radiation stability, thermal stability,
chemical stability, and mechanical strength. These char-
acteristics determine the optimum performance and
possible applications of a scintillator material. Its light
conversion efficiency (74.,) relies on the following three
processes: conversion (f), transfer (Q), and luminescence
(S). These three processes are related by Eq. (1), where

Mscin = ﬂSQ’ (1)

where £ is the phenomenological parameter (2—3 in case of
most scintillators) [6]. One of the oldest and best inorganic
scintillator materials is silver-activated zinc sulfide (ZnS:
Ag), the efficiency of which is much higher than that of
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Nal(Tl) [7]. However, its usage is limited only to alpha
particles and heavy-ion detection because it is available
only in a polycrystalline form and its usability is limited to
thin screens [8]. Therefore, scientists have been searching
for materials with improved scintillation performance and
better efficiency. Research efforts along these directions
are in full swing globally, mostly focusing on the X-ray
imaging applications. Scintillation involves three basic
processes, i.e., absorption, migration, and emission as
shown in Fig. 2.

Absorption is the process during which highly energetic
ionizing radiation, namely X-rays or y-rays, is absorbed by
the scintillation crystals or powders to form e —h™ pairs
(exciton), which can freely move inside the defect states
depending upon their momentum. Migration is the process
during which excitons are transported through the lattice of
the scintillating media. During this process, some excitons
are nonradiatively lost via recombination at the quenching
centers, which reduces the number of exciton pairs actually
available for achieving radiative luminescence or the actual
scintillation process. Only the excitons, which have
sufficient momentum and kinetic energy, reach the
luminescent centers and contribute to scintillation. The
efficiency of this process is given by the parameter S. The
remaining e —h" pairs radiatively recombine and cause the
scintillating emission of Vis or UV photons. The intrinsic
efficiency of radiative recombination at the luminescent
center is quantified by Q.

The overall conversion efficiency (from high-energy to
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157

‘\ measuring
device

Instrumental setup involved in the scintillation process

low-energy photons) is given by the number of photons
N, produced per energy of the incoming particle (Eq. (2)),
where

E inc
PE,

where E;, is incident energy, N,, S, and Q are the number
of electron—hole pairs generated during the multiplication
stage, the efficiency with which the luminescent centers are
excited by the energy carriers, and the quantum efficiency
of the luminescent center, respectively. The average
quantum efficiency (Q) over the emission spectrum of a
typical scintillator is approximately 15%—20%, and the
maximum quantum efficiency is 25%—-30%. The average
energy F required to generate an exciton is considerably
higher than that of the exciton itself, i.e., E = fE, (f>1).
Shockley approximation postulated that the average
energy required to generate an e —h" pair is £ = 3E,,
where E, is the bandgap of a host lattice [10]. Robbins
observed that the average energy required for creating an
exciton pair is (2.3E, — 7E;), depending on the type of host
lattice [11]. Higher values are observed for lattices with
higher vibrational frequencies.

Ny = Eie g0, @)

1.2 Inorganic scintillators

The very first scintillator material, i.e., Nal(Tl), was
discovered in 1948. Subsequently, there has been growing
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Fig. 2 Schematic depicting the various stages involved in scintillation [9]. Copyright 2010. Reproduced with permission from Elsevier
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interest in the exploration of new types of scintillators for
various applications. Until now, scientists have reported
several types of scintillators such as alkali, alkaline earth,
and rare earth (RE) halides, including Nal:Tl, Lil:Eu,
BaF,:Ce, CaF,:Eu, CeF3, and LaBrs:Ce [12—18]. Unfortu-
nately, these materials have many shortcomings such as
their hygroscopic nature that limits their practical applica-
tions. An ideal scintillator should exhibit various features,
including (i) a high effective atomic number (2), (ii) a high
photon output or light yield (LY, low-energy photons
produced per unit energy deposited, photons/MeV), (iii) a
short emission decay lifetime, (iv) low synthesis cost, (V)
easy scalability, and (vi) high density [19].

Depending on the nature of the host materials,
scintillators are categorized as organic scintillators,
inorganic scintillators, and gaseous scintillators [20].
This review article focuses on inorganic scintillators, we
have provided sub-classifications of nanoscintillators
under inorganic scintillators with a brief overview.

Unlike organic scintillators (OSs), the scintillation
mechanism of inorganic scintillators (ISs) is dependent
on the nature and crystal structure of the host lattice (HL).
Hosts are mostly single crystals, which are doped with a
small number of activator ions as impurities, absorb holes
and electrons, and produce luminescence. They can also be
semi-crystalline and amorphous such as ceramics and
glasses. High temperature is usually needed for growing
crystals of ISs such as alkali metal halides [21]. In ISs,
luminescence originates from the bulk property of
materials, whereas individual molecules contribute to the
scintillation process in OSs. The scintillation mechanism
of inorganic crystals is presented in Fig. 3(a) [22].
Electrons normally occupy only the selected energy levels
in a pure inorganic crystal lattice such as Nal or ZnS. In
case of pure crystals, electrons can never be observed in its
bandgap. The absorption of external energy can only excite
electrons from the valence band (VB) to the conduction
band (CB), resulting in a hole in the VB. However, photon
emission is not an efficient process for an electron to
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reoccupy the VB. Per decay, only few photons are released,
whereas energy is emitted by several mechanisms. In
addition, the bandgap widths of pure crystals are high, and
the resulting emitted photon is not within the visible range.
Therefore, small amounts of activator ions are added to
these crystals to shift the emitted photons to the visible
region. Thus, the energy level diagram is modified by
creating intermediate states in the bandgap of HL. Such
modifications do not alter the energy levels of HL but
change the energy structure at the activator sites. The
typical emission spectra of undoped and Tl- and Na-doped
CslI crystals are shown in Fig. 3(b).

The common ISs include alkali halides (Nal) doped with
Tl and ZnS doped with Cu, Ag, or Mn. Most of the
inorganic glasses are formed from the oxides of the Si, B,
P, or Li ions. Nal(T1) and CsI(Na) (high light output) are
normally used in case of high-resolution y-ray spectro-
scopy. In addition, other types of ISs exist with unique
properties for specific applications [23]. Nal(Tl) is widely
explored in general scintillation counting, health physics,
environmental monitoring, and high-temperature applica-
tions. On the other hand, CsI(TI) is extensively employed
for particle and high-energy physics research, general
radiation detection, photodiode readout, and photoswitch-
ing. CeBr; exhibits exceptional light emission and a fast
light de-excitation time; it is frequently used in particle and
high-energy physics as well as high-resolution spectro-
scopy. In high-energy physics applications, the use of
bismuth germanate (BiyGe;O;,; BGO) crystals (high
density and Z) improve the y-ray energy confinement.
BGO is widely used in geophysical research, positron
emission tomography (PET), and anti-Compton spectro-
meters. LaBr; with improved energy resolution and good
linearity in a wide temperature range is widely used in
homeland security.

The advantage of ISs over OSs is their high specific
energy loss (dE/dx) because of the higher density and
atomic number of HL. In addition, undoped ISs have been
used for achieving defect-induced scintillation in pure
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Fig. 3 (a) Mechanism of scintillation in inorganic crystals and (b) emission spectra of three typical inorganic scintillators with and
without activators [22]. Copyright 2013. Reproduced with permission from Springer
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compounds such as yttrium aluminum garnet (YAG),
PbWQO,, and CaWO, [24-26]. The radioluminescence
(RL) in pure crystals is mostly associated with the excitons
localized near the defects due to the deviation from their
stoichiometric composition [27]. The emission profile
from the defect-induced RL has a broad spectral band,
limiting its color purity and commercial viability.

ISs can be further classified as bulk single crystals
(BSCs), bulk microcrystalline scintillators (BMSs), and
nanocrystalline scintillators (NCSs). Recently, other novel
classes of materials have been added to the category of
NCSs such as nanoclusters, metal organic frameworks
(MOFs), quantum dots (QDs), and nanophosphors [28—
32]. The scintillation mechanism, which governs NCSs, is
similar to those of normal ISs and BSCs. However,
differences may be observed because of defect density and
the availability of the effective energy states to electrons.
Our research group has worked extensively on the
exploitation of NCSs, particularly with respect to doped
pyrochlore nanoparticles (NPs), including La,Zr,07,
La,Hf,0,, Gd,Hf,0-, and Y,Hf,0-, which are considered
to be excellent photo- and radioluminescence hosts [33—
50]. NCSs have a high surface-to-volume ratio that allows
a high extent of surface modulation and multivalent
binding capability, resulting in high specificity. ZnSe is
another promising inorganic scintillator. Jagtap et al.
discussed the scintillation performance of the ZnSe-based
scintillators and ZnSe quantum dots as well as the
advantages of the ZnSe QD scintillators [51].

Recently, perovskite-based scintillators have attracted
significant attention from the scientific community. These
scintillators include halide perovskite bulk films or
nanocrystals, denoting short decay time and strong X-ray
absorption [52-54]. Moreover, emerging lead-free per-
ovskites with considerable LY have drawn immense
interest in the field of optoelectronics [55,56].

1.3 Scintillation at the nanoscale

1.3.1 Background

Recently, many research efforts are targeted toward the
design of novel and highly efficient scintillators for the
detection of ionizing radiation and imaging for medical
diagnostics [57-62]. Some of the examples of BSCs
include Nal:Tl, CsL:Tl, Bi,Ge;0;» (BGO), BaF,:Ce’**,
Y3Al50,,:Ce** (YAG:Ce*™), lithium molybdate, YAG:YDb,
and T1,GdCls:Ce*" [63-68]. BSCs are normally required
to detect strongly ionizing radiation because high optical
transmission in a particular emission range is needed for a
scintillator to emit efficiently [69]. The high optical
transparency offered by BSCs has huge advantages for
the detection of ionizing radiation. Their large size and
high energy resolution make them suitable for various
applications, particularly for nuclear imaging, gamma

probe, well counting, X-ray imaging, and radiolumines-
cence microscopy [70].

As depicted in Fig. 1, the scintillation process of BSCs
requires their coupling with detectors, usually photomul-
tiplier tube (PMT), to achieve the quantification of emitting
photons. Most of the work on scintillation is related to
visible photon emission that can be easily detected by
PMT. Few issues are associated with BSCs because the
single-crystal growth of BSCs is highly cost-intensive and
requires ultra-pure chemicals, highly sophisticated instru-
mentation, and long processing time (as long as six
months) [13,65,71-74].

Flexibility and scalability are the most common issues in
y-ray detection using BSCs. For example, a high-purity
germanium detector (HPGe) has a very high energy
resolution (0.2% energy resolution at 1.33 MeV). It
needs liquid nitrogen (77 K) for day-to-day operation
eliminate thermal noise [75,76]. However, cadmium—zinc—
telluride (CZT) works efficiently at room temperature (1%
at 662 keV), but its crystal growth is limited to a few
centimeters in each direction [77]. Finally, the most
commonly used scintillator, i.e., Tl-doped sodium iodide
(Nal), can be grown as large crystals; however, it has a low
energy resolution (7% energy resolution at 662 keV) [78].

To improve the scintillator efficiency, depending upon
the emission requirement, large BSCs having a good
atomic structure and doped with suitable activators are
required. However, the currently used BSCs have several
limitations such as expensive synthesis, long processing
time, low energy resolution, and chemical instability,
which restrict their usability [79,80]. Over the past decade,
research on nanoscintillators has gained attention because
of promising results, which has sparked an ongoing debate
whether designing BSCs is the only way to improve
scintillation.

BMSs are a less costly alternative to traditionally used
BSCs. However, compacting BMSs is a huge challenge
due to the large number of pores present inside them,
which cause scattering of light and low optical transpar-
ency [81]. Thus, their usage is restricted to conventional
screens and photostimulable storage screens for medical
radiography [81,82]. In addition, BMSs have low
miscibility in polymers and gels, making them commer-
cially less viable. On the other hand, bulk OSs are much
more compatible with the polymeric matrix even though
they are not applicable as neutron scintillators because of
their incompatibility with °Li; [83]. Because of these
limitations of BSCs, BMSs, and bulk OSs, NCSs have
been in high demand in recent years.

One dimension of NCSs is 1-100 nm. Consequently,
they have high aspect (/d) and surface-to-volume (S/V)
ratios, resulting in their high reactivity. Recently, increas-
ing attention has been devoted to the nanocrystalline
powder scintillators such as doped alkaline earth chalco-
genides, doped aluminum garnets (YAG and LuAG), and
BGO [5,59,60,84-86]. They have several advantages over
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BSCs, such as high stopping power, self-activated
luminescence, and feasibility in transparent nanoceramics
or nanocomposites. Furthermore, because of the relative
dominance of the surface atoms on NPs, their properties,
particularly optical properties, can be easily tuned due to
the better e —h" overlap integral. Their performance as
scintillators is considerably dependent on the manner in
which RL can be controlled and the manner in which the
transport process occurs at multiple length scales (nano —
micro — meso). For example, Stouwdam and van Veggel
and Kompe et al. observed a substantial increase in the
quantum efficiency (QE) of the rare-earth-ion-doped
nanophosphors on modifying the surface of the NPs
[87,88]. On the other hand, Cooke et al. observed an
enhancement in Tjymi, in case of Y,SiO5:Ce NPs when
compared with those of their bulk counterparts [89,90].

In case of X-ray imaging detectors, the QE of Gd,03:Eu
NCSs was considerably lower than those of BMSs because
of quenching by the large density of surface defects and the
disorder around the dopant ions in NCSs [91]. There are a
few reports in which NCSs have shown improved
scintillation efficiency when compared with those of
BSCs and BMS:s. For example, the YAG:Eu nanopowder
showed improved QE compared to its BSCs by a factor of
4 [82]. Also, the rise time decreased in nanocrystalline
borate when compared with that in its single-crystal
counterpart [92]. Other than being used for imaging
screens in X-ray radiography, NCSs have several other
important medical applications in X-ray-induced photo-
dynamic therapy (XPDT), bioimaging, and cell labeling
[70,82,93,94]. Jung et al. compiled various NCSs and
BSCs based on their RL efficiency [82].

Although plenty of research has been conducted on
luminescent NPs by focusing on their lighting and display
applications, their exploration as scintillators is still in its
initial stage. NPs present a new realm of opportunities in
case of scintillation technologies, and this review article
presents a preliminary investigation of the scintillation
response of nanomaterials. Moreover, this review article
denotes the basic physical properties that govern scintilla-
tion at the nanosized and bulk levels and the chemical
compositions of the ISs as well as their types. This review
article also presents the suitability of nanostructured and
bulk scintillators for specific applications along with their
advantages and disadvantages. We have also presented
applications specific to nanostructured and bulk scintilla-
tors. The detection capabilities of the photon-counting and
energy integration detectors are discussed along with their
advantages and disadvantages. Finally, we summarize all
the results, providing ample information about the future
perspective of the current topic.

1.3.2 Advantages and disadvantages of NCSs

The nanocomposites designed by dispersing high-Z NPs,
such as HfO, and BaF,, and dyes in a polymer matrix are

expected to improve the scintillation efficiency because of
the high Z of the inorganic materials and fast decay owing
to polymers [19,95]. Such nanocomposite-based scintilla-
tors reduce the cost due to the low cost of plastics.
Moreover, they allow easily tunable spectral properties,
such as energy range and resolution, enabling isotope
identification. It is much easier and cheaper to synthesize
nanocomposites when compared with large single crystals.
A 60% increase in PL QE was reported in case of the
silicon nanocrystals encapsulated inside a tightly packed
matrix [96].

Because of the large surface area of the NPs, the
traditional mixing techniques cause considerable agglom-
eration and phase segregation. This adversely affects the
uniformity and transparency of the prepared nanocompo-
sites [97]. Therefore, high NP loading in the polymer
matrix is a challenge, limiting its application in various
technological areas [98]. Several strategies, such as surface
coatings/modification and in sitzu NP formation, have been
employed to address this issue. However, designing bulk
nanocomposites with high NP loading and optimum
transparency 1is still an issue [99,100]. High-temperature
compaction has usually been applied to obtain optically
transparent nanoscintillators; however, because it increases
the particle size, the advantages provided by the NPs are
lost. Another problem associated with nanostructured
materials is their high surface area and large number of
surface defects such as dangling bonds and adsorbed
species. These surface defects provide nonradiative path-
ways to quench the radiative emission of light, which
adversely affects the LY of NCSs compared to that
obtained in BSCs/BMSs [101].

1.3.3  Suitability of nanostructured scintillators for various
applications

The size of crystalline materials plays a very important role
in determining their applications [86]. For example,
efficient y-ray detection requires the localization of the -
ray interaction position in a three-dimensional (3D)
manner to a small voxel within a large bulk-crystal-based
detector [102]. This manipulation is difficult to achieve in
nanocrystals because it requires position-sensitive PMTs
that are coupled with bulk crystals [103].

In most cases, y- and X-ray identification and detection
are mainly governed by semiconductor-based detectors,
such as high-purity germanium (HPGe) and CdZnTe
(CZT), and scintillators, such as Nal:Tl. Substantial effort
has been devoted in these fields for improving the
detection efficiency; however, these approaches lack
spectroscopic utility.

It is postulated that low-cost and large-sized materials
with good energy resolution are desirable for y-ray and
neutron detection applications. Scintillators have an
advantage over semiconductor detectors in terms of the
ease of operation at room temperature and large-scale
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production; however, they have lower energy resolution.
On the other hand, BSC scintillators have improved
radiation detection capability and can outperform poly-
crystalline materials, glasses, and ceramic-based scintilla-
tors. Srl,:Eu and LaBr;:Ce are highly promising for y-ray
detection. However, their large-scale production is expen-
sive; therefore, replacing the Nal: Tl scintillator remains a
challenge.

NSCs have many advantages over BSCs, particularly in
case of imaging applications. The spatial resolution of
BSCs/BMSs is limited by the spread of light in the
scintillation layer. When the microstructured layers are
converted into densely and orderly packed thin and long
needles or wires, which are coupled to position-sensitive
detectors, they are expected to have improved spatial
resolution [104]. Taheri et al. extensively studied ZnO
nanowires and observed that their spatial resolution is
suited to X-ray-based imaging [105,106]. The improved
spatial resolution can be attributed to the fact that each
individual nanowire acts as an individual light guide,
restricting the spread of the optical photons generated

inside the imager. Recently, Ashworth tuned the color
emission properties of nanocrystals by bandgap tailoring,
denoting the possibility of multicolor X-ray scintillation
[107].

In case of low-energy XPDT (~300 keV), NCSs are
highly favorable. This is mainly because the side effects of
radiotherapy can be eliminated in the energy range of 620
MeV [108]. Table 1 lists the RL intensity of various NCSs
and BSCs.

2 Important characteristics governing the
properties of the nanoscintillators

Some important parameters, which are critical with respect
to the scintillator performance, are discussed below.

2.1 Structural effect

The structure, size, and nature of NPs play important roles
with respect to the design of nanoscintillators with high

Table 1 Comparison of the RL intensity of NCSs and BSCs [82]. Copyright 2014. Reproduced with permission from Elsevier

nanocrystalline@50-keV X-rays

single crystal@662-keV y-rays

sample name formula crystallite size  relative relative formula luminosity relative lumin-
(abbreviation) /mm intensity intensity (photons/MeV)  osity (%BGO)
(%BGO)  (%BGO) between 200
between between and 1000 nm
300 and 200 and
400 nm 1000 nm
BGO BiyGe;0, 20 100 BiyGe;0, 7200 100
Y3Al50;, (undoped) 12190 149
YAG Y3A1501; 80 491 30 Y3Al504,:Pr (0.08%) 14700 180
YAG:Pr (1%) Y;Al50,,:Pr 80 3414 141 Y;Al50,,:Pr (0.1%) 19440 270
YAG:Pr (0.75%) Y3Al50,:Pr 80 2620 118 Y3Al50,,:Pr (0.16%) 13770 131
YAG:Pr (1.25%) Y3Al50,:Pr 80 2660 98 Y3Al50,,:Pr (0.24%) 15500 190
YAG:Pr (1%)@ Y3Al50,:Pr@SiO, 120 855 42 Y3Al501,:Pr (0.25%) 16000 222
SiO,
YAG:Pr (1.5%) Y3Al50,:Pr 90 2960 120 Y3Al50,,:Pr (0.33%) 15610 216
YAG:Pr (1.75%) Y3Al50;,:Pr 90 2620 94 Y3Al504,:Pr (0.6%) 11600 140
Y3Al501,:Pr (0.65%) 14670 203
Y3Al504,:Pr (0.8%) 8000 111
LSAO:Pr (0.5%) (La,Sr)AlO4:Pr 190 9 (La,Sr)AlOy4:Pr - -
GSO:Ce (10%) Gd,Si,07:Ce (10%) 120 782 41 Gd,Si,07:Ce 12500 174
GYGAG:Pr (Gdo.7,Y0.3)3(Alg 5,Gag 5)5012:Pr (19%) 100 255 116 (Gd,Y)3A501,:Pr (1%) - -
(1%) Gd
GYGAG:Pr (Gdo5,Y0.5)3(Alg 3,Gag 7)5O12:Pr (1%) 100 1220 49 Y;5(Ga,Al)sO,:Pr - -
(1%) Ga (1%)
LYSO:Pr (1%) CR (Lu,Y),Si05 (1%) 90 350 65 (Lu,Y),Si0s5:Ce 27000 375
(LYSO)
LYSO:Pr (1%) SP (Lu,Y),SiOs5 (1%) 20 29 Lu; gY02Si05:Ce 34000 472
(LYSO)
BaF, BaF, 50 3 BaF, single crystal 3900/10000 54/139
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Fig. 4 Emission spectra of the Eu® *_doped (a) bulk and (b) nanosized Y,Sn,0; [110]. Copyright 2013. Reproduced with permission
from Elsevier. (c) Emission spectra of the Eu3+—d0ped bulk and nanosized Gd,O3 [101]. Copyright 2010. Reproduced with permission

from IEEE

light output and improved performance. The surface
strengths induce additional pressure when the size of the
materials is reduced to the nanosized regime, causing
lattice disorders and significantly affecting the crystal field.
This changes the structural parameters of the HL crystals
such as the cell constant, unit cell volume, bond length, and
bond angle. For example, the metal-oxygen bond length of
the Y03 NPs is different from that of its bulk counterpart
[109]. Similarly, the Y,Sn,O; NPs displayed a different
structure when compared with their bulk counterpart.
These changes may modify the bonding parameters,
density of states, and electronic structure [110]. The
fluctuation in the crystal field induces Stark splitting of the
activator energy levels, which may significantly affect the
optical properties of the nanocrystals. Figure 4 depicts the
difference in the PL properties of the nanosized and bulk
stl’l207 and Gd203.

Figure 5 shows the manner in which concentration
quenching can be altered in nanostructured materials
compared with that in their bulk counterparts. In a bulk
material, due to the close proximity of the energy levels of
dopants, the excitation energy can propagate over large
distances before being quenched by the nonradiative
center. In NPs, the energy level of the dopant ions
significantly differs due to structural disordering. Further,
the propagation of excitation energy is blocked at a short
distance.

In addition, the nature of the scintillating materials is
important, i.e., whether it is a single crystal, powder, pellet,
polymer, gel, or ceramic. Figure 6 shows the RL spectra of
LuAG:Ce:Tb ceramic and single crystal [111]. Single-
crystal LuAG:Ce:Tb demonstrated better performance in
terms of spectral purity and intensity when compared with
the ceramic. Specifically, the LY of the LuAG:Pr single

bulk

non K

NP
=g —
I N — N N E—
without crystal field fluctuations with crystal field fluctuations

Fig. 5 De-excitation process of nanosized and bulk crystals
under the influence of crystal field fluctuation [101]. Copyright
2010. Reproduced with permission from IEEE

crystal was 15600 Nph/MeV, whereas that of the LuAG:Pr
ceramic was 7200 Nph/MeV. Nph is the number of
generated photons in a scintillation flash. The LY of the
LuAG:Ce single crystal was determined to be 25500 Nph/
MeV, which is considerably higher than that of the LuAG:
Ce ceramic [112]. On the other hand, the LY of LuAG:Ce,
Tb ceramic was low (only ~4000 Nph/MeV). Such a
reduction in LY after co-doping can be attributed to the
inefficient energy transfer from the Ce’" site to the Tb**
site [113]. Moreover, the better performance of single
crystals over ceramics can be attributed to the undesirable
scattering of emitted photons from the surface defects,
grain boundaries, and voids in the ceramic materials.
Cost-effective nanoceramic materials are preferred in
case of advanced technological applications, such as PET,
because of the high cost required for producing single-
crystal scintillators. The less time required to prepare
nanoceramics when compared with that required to prepare
single crystals makes them more attractive for usage in
nanoscintillator applications. Further, they fulfill other
requirements such as high density, fast response time, good
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Fig. 6 RL spectra of (a) the LuAG:Ce:Tb powder and (b) single crystals [111]

energy resolution, and low production cost. The only
disadvantage of ceramic materials is their low optical
transparency compared with that of the BSCs; therefore,
their light output is relatively low. This causes light
scattering at the grain boundaries arising from the
mismatch of refractive index among the grains misaligned
in birefringent materials. This results in long escape paths
for light and considerable amount of self-absorption of
light in opaque ceramic materials. Moreover, if any
impurities are present at the grain boundaries, the
nonradiative recombination of excitons occurs, reducing
the scintillation efficiency. There are two design
approaches for obtaining good nanoceramic scintillators:
the usage of (i) nanocrystalline birefringent materials and
(i1) optically isotropic cubic materials. Nanocrystalline
materials are transparent because the length scale over
which the refractive index variations occur is considerably
less than the wavelength of light. They appear to be a
homogeneous transparent effective medium [114].

2.2 Surface effect

The surface states considerably influence the optical
properties of NPs due to their high S/V ratio. The surface
defects act as luminescence-quenching centers by provid-
ing a nonradiative pathway. The high mobility of excitons
increases their probability to reach the surface of the NPs.
In case of activated compounds, the fraction of activator
ions near the surface in nanomaterials is high. All these
factors lead to luminescence quenching aided by the
surface defects in nanoscintillators, which should be
considered to improve the scintillation efficiency.

To eliminate surface defects, there are several strategies
such as coatings, the core—shell approach, and polishing.
The core—shell approach is the most predominant techni-
que used in nanotechnology to eliminate surface defects.
The shell can be crystalline [115] or amorphous [116,117].

Surface coating is another technique that can be used to
control the surface-defect-related quenching in NPs.
Moreover, it improves the thermal and moisture resistance
properties of the NPs [118-122]. For example, coating
nanoscintillator particles with a thin mesoporous layer of
silica significantly improves the PL emission intensity
when compared with that of the bare scintillating NPs
[123]. The hydroxyl ion on the surface of NPs can cause
luminescence quenching; therefore, nanoscintillator parti-
cles in such a way that the OH group should be completely
removed from their surface.

When materials exhibit a high intrinsic quantum yield
(QY), reducing the size of nanoscintillators will not
improve the QY. To preserve the luminescent efficiency
of nanoscintillators by improving their surface states,
various nanoengineering approaches, such as surface
passivation, shape optimization, and surface charge
optimization, have been explored. In case of a specific
active site, symmetry is observed near the surface of the
NPs and the luminescence intensity is correlated with the
number of surface atoms [124]. The surface of NPs is a key
factor that should be considered to perform fine spectro-
scopy and comparison of the bulk particles and NPs [125].
Figure 7 shows the manner in which the core—shell
approach improved the scintillation/emission efficiency of
nanoscintillators, such as La,Zr,0;:Eu** NPs [126],
Gd,O5:Eu** NPs [127], and BaF,:Ce*" NPs [5,127,128].

Due to the luminescence quenching caused by the
surface defects (dangling bonds and absorbed species) or
disorders in the lattice surrounding the activator ions, PL
efficiency was lower in NPs when compared with that in
larger sized or bulk materials [118,129-133]. There are
various methods, such as surface modification and the
core—shell approach, to improve the optical properties of
the NPs [134]. Jacobsohn et al. synthesized RE-doped
fluoride nanoscintillators by exploiting the core—shell
approach [134]. They observed a substantial increase in



164

Front. Optoelectron. 2020, 13(2): 156-187

200 F 5 7 50 100
Dy >'F, o — Core
40 ’ “\ @ 1 shell
. 2 \ 2 / . PLE E 2 shells
= 150+ = -y "™ “ ] — 3 shells
E] s \' © =4 shells
s o 30 2 K
E100f - & ‘ 2z
= R = | 350300350 300 130 300 350 é
E) f E 20 wavelength/nm 3
2 s0b s — LZOSE 2 | — Gd,0; as-pre. g
= 5 — LZOSE@YO | = 1o | — Gd,0,/Y,0; as-pre.| =
\\‘\ . - /“‘\
0 1 1 1 1 W

600 650 700
wavelength/nm

(a)

500 550 750

0
560 580 600 620 640 660 680 700 720
wavelength/nm

200 300 400

wavelength/nm

©

500 600

(b)

Fig. 7 RL spectra of (a) LazZr207:Eu3+ NPs [126] (Copyright 2011. Reproduced with permission from Elsevier), (b) Gd203:Eu3+ [127]
(Copyright 2013. Reproduced with permission from the Department of Materials Science and Engineering, University of Florida,
Gainesville, Florida) and (c) BaFZ:CeSJr NPs [127] (Copyright 2013. Reproduced with permission from the Department of Materials
Science and Engineering, University of Florida, Gainesville, Florida)

the scintillation output, which was attributed to the
increase in the volume of the NPs, causing radiative
emission. Large NPs can accommodate large irradiation
cascade fractions. When their dimensions approach the
mean recombination length of the e —A™ pairs, the
radiative recombination probability increases and the
luminescence centers in the core remain unaffected by
the surface defects of the NPs [128,134]. The presence of
various layered structures in NPs influences the scintilla-
tion parameters, light output, scintillation kinetics, and
radiation stability. The improvements in important scintil-
lation parameters, such as the LY, scintillation kinetics, and
radiation hardness, are the main reasons for their improved
and better performance [135]. Some of the examples where
these parameters were optimized to achieve better
scintillator efficiency are Gd,0,S:Eu*™ NPs [123],
Gd,05:Eu*t NPs [136], fluoride nanoscintillators
[5,95,128,134], and HfO, NPs [99,137]. The RL spectra of
several nanoscintillators of doped metal oxides, doped
metal fluorides, and undoped metal oxides are shown in
Fig. 8.

2.3 Quantum confinement

When the size of NPs is smaller than the exciton Bohr
radius, the electron is confined in a potential box and the
quantization of the momentum distribution of electrons
occurs. This phenomenon is called quantum confinement
and exists mostly in semiconducting nanocrystals. Classi-
cal mechanics is no longer valid, and quantum mechanics
can be observed to become influential. Because of
quantum confinement, researchers have found a manifold
increase in the light emission efficiency of semiconductor
nanostructures in comparison with their bulk crystals
[138]. In semiconductor NPs, the light conversion
efficiency increased mainly due to two reasons: (a) electron
and phonon quantum confinement caused by the nanodo-
main of the emitters, which increases the probability of the

radiative recombination of excitons and (b) the usage of
nano-resonator arrangement to increase the density and
spontaneous light emission probability of virtual photons
[135]. The same analogy can be applied to nanoscintilla-
tors because the light emission processes in both the cases
(semiconductor NPs and nanoscintillators) are similar. The
only difference is obtained with respect to the energy
pumping methods, i.e., the semiconductors are pumped by
electrical or optical methods (depending upon the type of
luminescence), and the ionizing radiation stimulates
scintillation. Currently, many researchers have reported
the exploration of nanoscintillators for multifunctional
applications [70,82,93-94,104—-107].

The synthesis of YAG:Eu in the nanodomain signifi-
cantly increases the efficiency of scintillation compared to
single crystals [139]. They also observed that the Lu- and
Gd-doped YAG nanoscintillators exhibit improved scin-
tillation efficiency when compared with that exhibited by
their bulk counterparts or single crystals [139]. The size of
both the NPs is 70—100 nm, which is much larger than the
quantum confinement size scale (<10 nm). However,
when the size of the NPs is much greater than that of the
Bohr exciton, a weak confinement zone is reported [140].
In such cases, NPs display the Rashba effect through which
electron excitation polarizes the NPs where they are
confined [141]. The Rashba effect explained the momen-
tum-dependent splitting of spin bands in a two-dimension-
ally condensed phase such as heterostructure and surface
states, similar to the Dirac Hamiltonian splitting of
particles and antiparticles.

Recent advancements in nanotechnology have opened
new avenues to control material synthesis at the molecular
level by optimizing various parameters [115,142—-145].
The size, shape, temperature, surface charge, and composi-
tion of a wide variety of nanomaterials as well as the
synthesis parameters, such as pH and processing time, can
be tuned to yield novel properties because of the combined
effect of S/V ratio and quantum confinement. In case of
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of Applied Physics)

semiconductors, when the particle size is less than 10 nm,
quantum confinement effect dominates, where their
bandgap can be widened by reducing their particle size,
which can lead to visible emission and its exploration as
scintillators. Létant et al. recently demonstrated the ability
of the CdSe/ZnS core—shell QDs to work as a scintillator
and conversion of the a and y radiations into visible
photons (Figs. 9(a) and 9(b)) [146]. They observed that the
performance of the CdSe/ZnS core—shell QDs is two times
better than that of the Nal(Tl) detector in terms of the
scintillation efficiency. Shibuya et al. observed a decay
component of 390 ps even at room temperature (Fig. 9(c))
[147]. This response is much faster than that observed in
case of conventional Ce*"-doped scintillators, which can
be attributed to the quantum confinement effect that
increases the electron and hole wave-function overlapping
region in the low-dimensional system. Liu et al. demon-
strated increased light output obtained from a scintillator
film made of CdSe/ZnS QDs in the normal direction using
photonic crystal structures [148]. They achieved a twofold
enhancement of emission light from the wavelength-
integrated emission spectra by controlling the photonic
crystal structure under the excitation of UV light and X-
rays, which is beneficial in case of radiation detection
applications.

2.4 Dielectric confinement

The probability of influencing the effective electron—
electron™ interaction strength between two charged parti-
cles in a dielectric material is known as dielectric
confinement. This is realized by surrounding (embedding
or confining) a dielectric medium with a material of
dielectric constant . The strength of the effective electron—
electron interaction in a dielectric material having a
dielectric constant ¢ is proportional to 1/¢ [149].
According to Fermi’s golden rule, the spontaneous rate
of emission of an emitting ion is directly proportional to
the local electric field [101]. In any material, this effect is
related to its refractive index and the radiative lifetime of
the fluorophore, which depends on the refractive index of
HL. Moreover, the lifetime of NPs strongly depends on its
local surroundings because the luminescent NP sizes are
smaller than the spatial extension of the electric field. This
phenomenon has been observed in many cases such as
QDs [150], normal/reverse micelles [151], and activator-
doped insulators [152,153]. Scintillation properties can
also be optimized by only changing the HL, such as
fluorides and oxides, because they have different refractive
indices, local fields, and phonon energy. Figure 10 shows
the manner in which the bandgap of the ZnS:CdTe
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Fig. 9 Scintillation output of the quantum dot nanoporous glass
composites under (a) a and (b) y irradiation. Both the pulse height
spectra were corrected from the background radiation. A Gaussian
fit of the 59-keV line of americium-241 shown in the inset
indicates an experimental energy resolution AE/E of 15% at this
energy [146] (Copyright 2006. Reproduced with permission from
the American Chemical Society). (c) Scintillation temporal
behavior of (n-C¢H;3NHj3),Pbl, measured with the streak camera
and fitted with the sum of two or one exponential decays [147]
(Copyright 2014. Reproduced with permission from the Japan
Society of Applied Physics)

nanocrystals can be tuned by incorporating a dielectric
medium between them. Bandgap has significant influence
on their scintillation properties [154].
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Fig. 10 Band energy diagrams of the CdSe/ZnS, CdSe/ZnSe/
ZnS, and CdSe/CdS/ZnS nanocrystals [154]. Copyright 2010.
Reproduced with permission from PCCP Owner Societies

3 Various compositions of nanoscintillators
3.1 Oxide-based nanoscintillators

Among bulk oxide-based scintillators, several aluminum-
oxide-based hosts have attracted a lot of interest because of
their excellent performance [155-158]. Particularly, crys-
tals, such as YAG (Y3Als0;;,) and lutetium aluminum
garnet (LusAlsOq,, LuAG), have been extensively studied
because of their easy growth. Other aluminum oxides, such
as gadolinium gallium aluminum garnet (Gd;Gaz;Al,Oq,:
Ce, GGAGQG), exhibit a high LY of 60000 ph/MeV. This can
be attributed to the considerable decrease in defect
concentration below the bottom of the CB, preventing
ionization-induced quenching of the excited 5d level of the
Ce** activator ions.

The lifetime of the Ce**-doped oxide scintillators is
approximately 40-100 ns. Scintillators with an even
shorter lifetime are required to shorten the time gate and
utilize the time of flight. To achieve shorter decay time, we
must explore the relation between the transition probability
and emission wavelength. A high luminescence efficiency
of approximately 300 nm is normally compatible to ensure
fast decay time and detection in case of conventional PMT.
To meet such demands, 5d — 4f luminescence of Pr** was
selected. The Pr’* ion exhibits 5d — 4f luminescence,
similar to that exhibited by Ce*" in some HLs. However,
the energy gap between the 5d — 4f excited state and the 4f
ground state of Pr** is larger than that in case of Ce**. This
is responsible for the expectation of shorter decay time. In
addition, there are many restrictions on host crystals for
achieving Pr’* luminescence when compared with the
5d — 4f luminescence of Ce®. Wide-bandgap hosts and
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high crystal field are required. Many 4f levels interfere
with the fast 5d — 4f luminescence. For obtaining efficient
5d — 4f luminescence from Pr’", Lu3AlsO,, (LUAG) was
found to be the best host. Under UV excitation, LUAG:Pr**
had a decay time of less than 20 ns and an LY more than
three times higher than that of the conventional BGO.

To date, few studies have investigated the RL of NPs.
The pyrochlore-based compound of lanthanum hafnate
(Lay,Hf,05) has been extensively explored as a scintillator
host because of its high density and large effective atomic
number. Our group has developed Pr’**- and Eu*"-doped
La,Hf,05 nanoscintillators with their RL spectra shown in
Figs. 11(a) and 11(b), respectively [33,40,160]. Moreover,
the RL properties of the microcrystalline La,Hf,07:Ce
powder were investigated (Fig. 11(c)) [159]. Interestingly,
the bulk La,Hf,0O; powder shows green RL (Fig. 12(c)),
unlike nanocrystalline La,Hf,0-.

3.2 Fluoride-based nanoscintillators

As discussed earlier, the main scintillation processes are
conversion, transfer, and luminescence. The appropriate
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selection of the host matrix is essential to achieve high
scintillation efficiency because the distance between the
dopant ions in doped phosphors, the relative spatial
distribution of the dopants, the local coordination number,
and the environment of the dopants are determined by HL.
The main features of an ideal HL include transparency with
respect to the spectral range of interest, high optical
damage threshold, low phonon energy, and thermal,
chemical, and mechanical stability. Even though the
appropriate selection of hosts and dopant ions dictates
the efficiency of the conversion and luminescence
processes in scintillators, a unique aspect of the scintilla-
tion process in NPs is related to the migration of carriers
via nanoscintillators. Fluoride HLs have low phonon
energy compared to that of oxide hosts because fluorine is
heavier than oxygen, which allows better radiative
recombination and scintillation efficiency due to the less
vibration observed in fluorides [161]. The net scintillation
efficiency is mainly determined by the radiative recombi-
nation at the luminescence active center versus the
nonradiative recombination at the luminescence-quench-
ing centers, particularly on the surface of NPs. The e~/ pair
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Fig. 11 RL spectra of the (a) La,Hf,0,:Pr’ " NPs [36] (Copyright 2018. Reproduced with permission from Royal Society of Chemistry),
(b) La,Hf,0,:Eu’" NPs [40] (Copyright 2017. Reproduced with permission from Elsevier), and (c) La,Hf,0,:Ce>" bulk microcrystalline
powder [159] (Copyright 2012. Reproduced with permission from Elsevier)
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Fig. 12 RL spectra of the (a) LaF5:Eu, (b) BaF,:Ce, and (c) CaF,:Eu nanoscintillators [5]. Copyright 2011. Reproduced with permission
from Hindawi



168 Front. Optoelectron. 2020, 13(2): 156-187

diffusion length of alkali halides is approximately 100 nm
[162], whereas those of oxides and oxysulphides decrease
to 10 nm [163,164]. This suggests better efficacy of
fluorides when compared with oxides and other hosts.
When the size of NPs is considerably smaller than the
diffusion length of the e—# pairs, the scintillation process is
efficient, which is concomitant to a relatively high
probability of nonradiative recombination on the surface
of NPs. Such approach should be taken care of when
designing NPs for radiation detection. The scintillation
response of CaF,:Eu NPs under **' Am irradiation has been
discussed previously [5].

Figure 12 shows the RL spectra of different fluoride NPs
[5]. When RE ions, such as cerium and europium, are
introduced into fluoride NPs as hosts with low phonon
energy, efficient scintillation is expected. The low phonon
energy of fluoride nanocrystals can minimize the non-
radiative path and enormously enhance the emission
efficiency of the lanthanide ions [161].

3.3 Organic—inorganic nanocomposites (OINC)

A new category of smart materials, which are composites
of inorganic and organic compounds termed as organic—
inorganic nanocomposites (OINCs), have become popular
recently. These hybrid compounds have the combined
benefits of inorganic and organic moieties; therefore, the
designed smart materials have diverse and interesting
properties. Inorganic constituents provide higher light
emission output and tunable bandgap or luminescence,
whereas organic constituents provide high optical trans-
parency, biofriendliness, high mechanical and radiation
stability, high laser damage threshold, low cost, high level
of flexibility, large size, and ease of synthesis [165]. The
combined advantages of ISs and OSs make them excellent
scintillation candidates. OINCs are normally inorganic
constituents dispersed in matrices of organic polymers; for

example, barium and strontium fluorides are dispersed in
the polystyrene matrix [166,167].

However, it is often difficult to homogeneously disperse
inorganic NPs into organic polymer matrices and maintain
transparency. Considering their application as scintillators,
OINCs have many advantages, particularly in the fields of
imaging, radiography, tomography, and security [168,169].
In case of X-ray imaging, OINCs have shown exemplary
potential and capability to replace the existing materials
[170-172].

In radiography, the existing devices mostly employ Csl:
T1 thin films or Gd,O,S single crystals as imaging screens
[173]. However, it is difficult, time-consuming, and
expensive to obtain large-area imaging screens using
single-crystal scintillators. Thus, OINCs can be a feasible
option [170]. In case of industrial radiography, OINCs
have several advantageous properties, such as superior
optical properties, flexibility, and high radiation stability.
Moreover, they exhibit cost efficiency with respect to
industrial applications. The thickness of OINCs is suitable
for X-ray imaging. They should be sufficiently thick to
stop X-rays and sufficiently thin to not adversely affect the
spatial resolution of formed images.

RL spectroscopy was conducted with respect to
various OINCs to evaluate their scintillation properties
(Figs. 13(a)-13(c)). The RL spectra of PMMA:
Gd;GazAl,01,:Ce (GGAG:Ce) film displayed a broad
emission peak at approximately 550 nm (Fig. 13(a)). It is
attributed to LaPorte allowed f-d transition of trivalent
Ce** ion. Figure 13(b) displays the RL emission spectra of
another type of OINC films, where BaF, NPs having
different sizes were dispersed in polystyrene (20—100 nm).
As a function of the particle size, the RL intensity changed
only slightly with respect to these samples. The RL
intensity of the BaF, NPs upon X-ray irradiation decreased
substantially when their size was less than 20 nm
[174,175]. However, such dependence could not be
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RL spectra of (a) PMMA:Gd;GazAl,04,:Ce (GGAG:Ce) film under different X-ray tube voltages [165] (Copyright 2017.

Reproduced with permission from the American Chemical Society), (b) BaF, NPs:polystyrene film having different NP sizes [166]
(Copyright 2016. Reproduced with permission from Elsevier), and (c) SrF, NPs:polystyrene film having different NP sizes. Curve 7
represents the spectrum of the SrF, microcrystalline powder pellet having the same thickness as the film [167] (Copyright 2017.

Reproduced with permission from Elsevier)
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observed when they were dispersed in the polystyrene
matrix. As shown in curve 1 of Fig. 13(c), the RL intensity
of the bare polystyrene film without NPs is extremely
low because of its low X-ray absorption coefficient
(effective Z = ~6). On the other hand, when 40 wt% SrF,
NPs is dispersed in the polystyrene matrix, the RL intensity
of such OINCs significantly increases due to the
substantial increase in effective Z from 6 to 38 (Fig.
13(c)). An order of magnitude enhancement is obtained
with respect to the luminescent intensity of polystyrene by
adding SrF, NPs.

3.4 Cluster compounds

Organic crystals are normally considered to be good
scintillators in case of low-energy PB-rays and neutrons
because of their high neutron and electron scattering cross
sections and low background from backscattering
[176,177]. Anthracene is an efficient and well-studied
organic crystal. However, organic crystals are not suitable
for X-ray detection because of their low X-ray scattering
cross section, particularly for X-rays having energy < 100
keV. On the other hand, metal-organic frameworks
(MOFs), as a new class of organic compounds, have
been demonstrated as good alternatives for OSs [31].
Because of high atomic numbers (Z.¢) and highly ordered
structures, MOFs can provide a tunable platform to OSs
and metal clusters [178]. For example, zinc-MOFs are
excellent scintillating materials to detect the -, n-, and -
rays [179,180]. MOFs are more applicable than organic
crystals as scintillators because of the large spatial
separation of the scintillating molecules, which causes
the high RL efficiency and radiation stability [181-183]. In
organic crystals, excitation energy delocalizes and ran-
domly moves throughout the crystals. The ionizing
radiation induces the formation of defects within them.
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These defects slowly accumulate and efficiently quench
the delocalized excited energy by providing nonradiative
pathways. MOFs have high radiation stability due to their
highly open and ordered structures that restrict the mobility
of the excitation energy.

Hf and Zr have large X-ray absorption cross sections
with high Z.¢ values of 72 and 40, respectively. When they
are linked with organic ligands, such as anthracene,
scintillation/RL occurs via the ejection of the valence
electrons of the Hf** and Zr*" ions upon X-ray irradiation.
For obtaining efficient X-ray luminescence from MOFs,
efficient synergy should be achieved between metallic
clusters and organic ligands. Figure 14(a) shows the
scheme for the synthesis of H-MOF and Zr—MOF, and
Fig. 14(b) displays the scheme in which Zn—anthracene
MOFs exhibit efficient luminescence under X-ray excita-
tion. Symbiosis can be observed between the heavy metal
ions and organic linkers. Photoelectrons are ejected from
the heavy Zr*" and Hf*" ions upon X-ray irradiation
followed by light emission by the anthracene-based
linkers. The photoelectrons generated from the heavy
metal ions undergo non-elastic scattering in MOFs
followed by photon energy transfer to the bridging ligands,
which result in their migration to high-energy excited
states. Subsequently, the photoelectrons relax and emit
visible photons for detection. Because of these favorable
properties, MOFs can serve as efficient X-ray antennas.

Hf-MOF and Zr-MOF display bright visible light upon
X-ray excitation (Fig. 15(a)). Because the Z.y of Hf is
higher than that of Zr, the X-ray scintillation efficiency of
Hf-MOF is better than that of Zr-MOF. In the 15-30-keV
range, the average X-ray energy attenuation coefficient for
Hf ranges from ~110 to 18 c¢cm?/g, whereas that for Zr
ranges from ~23 to 16 cm?*/g [184]. Figure 15(b) shows the
RL signals emitted from Hf-MOF and Zr—MOF having
different metal concentrations and X-ray tube voltages.

(b)

Fig. 14 (a) Synthesis of HF-MOF and Zr-MOF and (b) X-ray-induced generation of fast photoelectrons from heavy Hf and Zr metals
followed by the scintillation of the anthracene-based linkers in the visible spectrum [31]. Copyright 2014. Reproduced with permission

from the American Chemical Society
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Fig. 15 (a) RL signals of the H-MOF, Zr-MOF, and control samples (from left to right): HfO, and ZrO, colloidal NPs, H,L alone,
HfO,+ H,L colloid, ZrO,+ H,L colloid, HF-MOF, and Zr-MOF. The concentration of H,L, Hf, or Zr in the samples is 1.2 mM. The X-
ray dosages are 1 Gy/10 s with an effective X-ray energy of ~18.9 keV (40-kV tube voltage and 0.08-mA tube current) and a detection gain
of 200. (b) RL signals of HF-MOF and Zr-MOF with different concentrations and radiation tube voltages [31]. Copyright 2014.

Reproduced with permission from the American Chemical Society

4 Physical forms of nanoscintillators

4.1 Nanoparticles (NPs)
As discussed, designing scintillating materials at the
nanoscale has obvious advantages. Therefore, it becomes
imperative to control the dispersion of dopant ions in the
host matrix and the size, shape, and surface of the NCS
grains. During the preparation of transparent ceramics that
can replace single crystals, the most important advantage is
that scintillators can be designed scintillatorsin the
nanodomain. There are limitations with respect to the X-
ray-excited optical luminescence owing to the NP size
[5,185-188]. Some reports on the RL of fluoride, oxide,
and phosphate NPs have denoted the effect of the
scintillation efficiency as a function of NP size [174].
The surface area, particle size, and mean free path (1) of the
photoelectrons formed via X-ray absorption and the
thermalization length (/) of electrons play decisive roles
with respect to the determination of the efficiency of
optical scintillation.

The luminescence intensity decreases significantly when
A and / are comparable with the NP size. This usually
occurs when the photoelectrons or thermalized electrons
are localized at large defect sites located on the surface of
the NPs. For an X-ray photon of 40 keV, A of the
photoelectrons would be approximately 30—40 nm [189].
Within small NPs, electron—hole recombination does not
occur at such a value of 4; instead, the excitation energy is
exchanged among the neighboring NPs. This continues
until the excitation energy becomes less than the work
function of NPs due to electron—electron and electron—
phonon scattering. The secondary electron and hole can be
observed in different NPs. Radiative recombination is not

allowed in such an exchange. With the decreasing NP size,
the observation probability of a thermalized electron and
hole in different particles increases, decreasing the
luminescence intensity. The luminescence intensity thresh-
old should reflect the parameters of the electron—hole
separation distance in NPs; thus, the RL intensity is
dependent on the NP size [190].

When incorporating NPs into a medium, such as
polymers, fibers, films, and glass, the electrons leaving
NPs could be visualized. Figures 16(a)-16(c) show the RL
spectra of BaF,, CaF,, and LuPQO,:Ce, respectively. With
X-ray excitation, the RL spectra of the BaF, NPs with
different particle sizes showed a behavior typical of the
bulk BaF, crystal (Fig. 16(a)) [174]. The emission spectra
have two bands at 225 and 300 nm, which can be attributed
to the recombination of electrons and holes (V) center).
The emission band at 300 nm can be attributed to the self-
trapped excitons (STEs). During the recombination of
electrons from the 2p F~ VB and the holes of the 5p Ba*"
core band, the emission maxima at 225 nm can be
attributed to the core valence luminescence (CVL) [6]. The
reduction in particle size decreases the luminescence
intensity of STE and CVL (Fig. 16(a)). When the particle
size becomes less than 80 nm, the STE intensity was
observed to drastically decrease. However, the rates at
which STE and CVL decrease are different. The various
natures of luminescent mechanisms in case of STE and
CVL cause the different dependences of the luminescent
intensity of STE and CVL on the NP size [185].

When the emission band is located at 300 nm, the RL
profile of the CaF, NPs is similar to that of the CaF, single
crystal (Fig. 16(b)) [186]. When the size of the NPs is 20—
30 nm, the RL intensity is low and almost independent of
the NP size. An increase in RL intensity is observed when
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Fig. 16 (a) RL spectra of the BaF, NPs having different sizes [174] (Copyright 2014. Reproduced with permission from AIP), (b) RL
spectra of the CaF, NPs having different sizes [186] (Copyright 2012. Reproduced with permission from AIP), and (c) RL spectra of the
LuPOy4:Ce NPs [188] (Copyright 2014. Reproduced with permission from Elsevier)

the NP size exceeds 50 nm. A of the photoelectrons
becomes comparable or smaller than the sizes of the NPs,
resulting in RL enhancement. When STE formation is
observed within the NPs, the number of favorable
situations for electron—hole recombination decreases.

The RL spectra of the LuPO4:Ce NPs with mean sizes of
approximately 35 nm and sub-12 nm under X-ray
irradiation reveal the different structures of the cerium
centers, as shown in Fig. 16(c) [186]. Upon excitation in
the range of band-to-band transitions and under X-ray
excitation, the luminescence efficiency of the sub-12-nm
LuPO,4:Ce NPs substantially decreases.

4.2 Thin films

When compared with powder phosphors and conventional
single crystals, thin-film scintillators have several unique
advantages, such as exhibiting full transparency, high
contrast, high spatial resolution, and low afterglow
properties. RL microscopy (RLM) is one of the highly
demanding and sophisticated techniques to achieve image
radionuclide uptake at the single-cell level. When thick
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scintillators are used for RLM, light is emitted in all
directions along the track. It becomes very difficult to
localize the origin of the particles [191]. In comparison,
when thin-film scintillators are used, light only emanates
from the active volume of the scintillators, located in close
proximity to the cells. Therefore, thin-film scintillators
considerably enhance the localization of the emitting
molecules. As shown in Fig. 17(a), the thin-film Lu,05:Eu
scintillator produces a truncated ionization track as
compared to the longer ionization track produced by the
thicker CAWOy, scintillator [191]. The unique scintillation
properties of the Lu,O5:Eu thin-film scintillator allow the
capture of single positron decays. Despite being very thin,
its sensitivity is four times better than that of a relatively
thick CAWOy scintillator (Fig. 17(b)).

4.3 Nanoceramics

Tl-activated Csl and self-activated CdWO, are being used
as single-crystal scintillators in detectors for commercial
CT scanners. Csl:T1 exhibits high afterglow (0.3%)
and radiation damage/hysteresis (13.5%) [65]. The
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Fig. 17 (a) Schematic of a typical RLM setup using a 500-um CdWO, scintillator (left) and a 10-um Lu,O5:Eu scintillator (right).
(b) Comparison of the sensitivities of the Lu,O3:Eu and CdWOy, scintillators [191]. Copyright 2015. Reproduced with permission from

John Wiley and Sons
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image quality deteriorates because of these undesirable
properties. Poor quality results in low light output (30% of
Csl:Tl), decreasing the signal-to-noise (S/N) ratio. Because
monoclinic CdWOy, crystal has poor cleavage properties, it
is difficult to design an actual device with desirable surface
properties for scintillator applications. A high radiation
damage of —2.9% can create image artifacts of CAWO,. It
is difficult to obtain uniform optical quality and activator
concentration by growing large CdAWO, single crystals.

The traditional ceramics comprising single or multiple
crystalline and amorphous phases are normally translucent
or opaque. Understanding the sintering process at the
nanoscale has resulted in nanoceramics becoming avail-
able in various dimensions for several applications
[192,193]. Meanwhile, highly dense monoliths of cubic
micro/nanocrystals have resulted in advanced optically
transparent ceramics (OTCs) with high transparency [194].
To fabricate OTCs, highly pure ceramic nanopowder is
consolidated into a “green body” by pressing or casting.
The “green body” is subsequently sintered and hot pressed
to make them nonporous with near-full density. Single-
crystal OTCs exhibit superior scintillation along with the
ruggedness and processability of glass. Compared to
single-crystal scintillators, ceramics offer the following
advantages:

1) Increased flexibility with respect to scintillator
composition because the precursor powder can be tailored
to achieve specific need-based properties.

2) Lower processing temperature because it avoids a
melt that is typically required for crystal growth and can
potentially reduce the costs while increasing the yield.

3) Faster processing cycles, with the cycles being
completed in hours instead of days.

4) Near-net shape fabrication, which reduces the
machining costs and provides an ability to obtain complex
shapes if required.

Lutetium oxide (Lu,O3) is a refractory oxide with a high
density of 9.42 g/cm’, an effective atomic number of 69,
and a high melting point of 2490°C. These factors make its
single-crystal synthesis considerably difficult and expen-
sive; further, it requires a high stopping power with respect
to y- and X-ray radiation. The methods that can be used to
fabricate the Lu,O3 OTCs in a highly pure and dense form
of Lu,03:5%Eu*" with low optical scattering include
flame spray pyrolysis, vacuum sintering, and hot isostatic
pressing. As shown in Fig. 18, the LYs of the scintillating
glass (Tb*" activated silicate glass) and the Lu,O3:5%FEu’*
ceramic scintillator are 20000 and 75000 photons/MeV,
respectively. Lu,O3:5%Eu’ offers a potential improve-
ment in throughput, almost ten times greater than that
obtained using standard glass for performing high-energy
scanning radiography.

4.4 Glass

Cerium-doped borosilicate glass was initially developed in
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Fig. 18 Beta RL spectra of transparent 5% Eu-doped Lu,0O3
ceramic compared with the Tb-doped glass scintillator along with
their integral light yields [194]

the late 1950s as the first glass scintillator. Thereafter, glass
scintillators have steadily advanced in terms of their
efficiency, output, and performance. Their easy fabrication
compared to other systems is one of the most important
advantages that have facilitated the development of glass
scintillators. Further, glass scintillators can be an integral
part of PMT and tailored into any shape, size, and
thickness. However, glass suffers from lack of long-range
ordering, which does not allow energy transfer over a long
distance when compared with crystals. This drawback
leads to poor performance, low scintillation efficiency, and
the lack of development of glass scintillators. Figure 19
shows the typical RL spectra of the phosphate and lead
phosphate glass [195].

Controlled nucleation and crystallization of glass are
required to produce glass ceramic (GC)-engineered
materials. For GC fabrication, the melt quench technique
is employed, and the sol-gel method is only occasionally
used [196]. There are two heating steps that are used to
control crystallization with respect to the amorphous glass,
i.e., nucleation and crystal growth. Uniform dispersion of
crystals throughout the glass matrix proceeds via this two-
step heating process. By tuning the annealing temperature
and composition of glass formers, several optical and
mechanical properties can be achieved using GCs.

GCs are widely used for achieving controllable proper-
ties with the combined advantage of glass and sintered
ceramics, which are suitable for y-ray detection. The
crystallites act as luminescent centers, and the glass matrix
of GCs provides protection to scintillators from the outer
environment, allowing encapsulation-free usage of the
hygroscopic scintillating compounds. GCs do not cleave;
therefore, they can be easily cut and polished, offering
another advantage in addition to their mechanical stability,
easy fabrication, and scalability. The production route of
GCs allows for more compositional flexibility and can be
highly useful for the production of compounds that do not
melt congruently compared to the single-crystal growth
methods. The cost of producing GCs is considerably less
than that of the single-crystal growth methods used for
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Fig. 19 RL spectra of (a) phosphate glass and (b) lead phosphate glass [195]

obtaining halide scintillators or the hot-pressing method
used for obtaining polycrystalline ceramics.

The polymer-encapsulated nanocrystal scintillators are
less efficient compared to the glass-matrix nanostructured
materials in case of y-ray detection because the latter has
higher y-ray attenuation [197]. The agglomeration in
polymer-loaded NPs can be critical when compared with
that in GCs because scintillating crystallites are formed in
situ in GCs. Due to its high light output, GCs are preferred
over bare glass for scintillator applications. The density of
defect sites is large in the glass matrix for charge carriers.
These defect sites can be non-bridging oxygen and
impurities. They provide additional pathways for non-
radiative recombination (phonon emission) and reduce
light output. Therefore, bare glass scintillators exhibit low
excitation energy transfer efficiency from the inorganic
host to the luminescence active centers [198,199].
However, the crystalline phases in GCs have a consider-
ably ordered nature. The crystalline phase offers efficient
energy transfer from the host to the luminescent center.
Therefore, the radiative recombination efficiency of GCs is
relatively higher than bare glass [200]. Figure 20 gives the
RL spectra of the Tb*"-doped NasGdyF3, GCs [201]. All
the samples showed a dominant green emission of Tb** at
543 nm due to the °D, — "F5 transition. Hence, the as-
synthesized GC samples can serve as scintillators for X-ray
detection by converting X-ray radiation into green light.
Other weak emission peaks of Tb** are visibly located at
383 nm (°D3; — 'Fg4), 415 nm (°D; — ’Fs), 437 nm
(5D3 — 7F4), 458 nm (5D3 — 7F3), 489 nm (5D4 — 7F6),
588 nm (°D4 — F4), and 621 nm (°D4 — "F3). The X-ray-
excited optical luminescence had the same quenching
concentration (4.0 mol%) as that of the PL spectra.

5 Applications of nanoscintillators
5.1 lonizing radiation detection

By designing nanomaterials (nanoscintillators and nano-
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Fig. 20 RL spectra of the Tb3+—doped NasGdoF3, GC scintilla-
tors. The inset shows the dependence of the PL and XEL
intensities on the Tb>" concentration [201]. Copyright 2018.
Reproduced with permission from the Optical Society of America

sized semiconductors) to detect ionizing radiation, the
phonon-assisted losses are reduced, which are quite
significant in case of single-crystal materials [202].
Therefore, a considerable amount of incident information
can be converted into information carriers (charge and
light) for signal formation. Many studies have addressed
the usage of NCSs for radiation detection [99,202—-205].
In an electromagnetic spectrum, the energy of an X-ray
is very high compared to that of the UV light. The typical
energy range for a UV/Vis/IR photon is between 1 and
5 eV, which matches with the bandgaps of the semi-
conductors, insulators, and doped alkali halides. Further,
the energies of X-rays and y-rays are between 0.1 and
200 keV; therefore, their spectroscopies involve inner
electron and nuclear transitions. The y-ray-based lumines-
cence involves interactions between the photons and inner
electrons of the scintillating atoms, including the photo-
electric effect, Compton scattering, and pair productions.
Because of the energy difference, the emission spectra
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under excitation of UV light, y-rays, and X-rays are
different due to the fact that the mechanisms involved in
these processes are different. For example, under X-ray
excitation, the electron-hole pairs are generated from the
Eu’*-doped NPs, where the Eu** 4f-4f bands and hosts are
excited. In this situation, the generated electrons migrate to
the Eu®" centers, whereas only the Eu®* 4f-4f bands (but
not the host) are excited under UV excitation.

The main phenomenon underlying the radiation detec-
tion and measurements depends on the name of radiation
itself. Detectors sense the nonequilibrium ionized states
induced in the interaction medium, i.e., the interactions of
ionizing radiations, such as X-rays, B particles, or y-rays,
with the host matter. The charge species, such as a
particles, B particles, and positrons, can be detected based
on (i) the impact of these charge species/ions on the electric
field (E) generated by the local environment or (ii) the light
generated via radiative recombination, which is normally
detected by scintillators. However, the information lost
during this process due to photon—phonon interaction
decreases the signal-to-noise ratio. To eliminate such
losses, we can use nanoscintillators instead of single
crystals because of the large reduction in phonon
interaction in the nanodomain. This advantage of nanos-
cintillators significantly increases the signal-to-noise ratio
because the charge carriers are detected due to low photon
losses. Furthermore, low cost and large active area when
compared with those of single crystals are other important
reasons for designing nanostructured materials for scintil-
lation applications.

Figure 21(a) shows the mixed o and y energy spectrum
emanating from a thin film with a **' Am o particle source
and '**Ba y-rays falling on a 1 cm x 1 cm detector. Based
on pulse amplitude and the energy of occurrence, the type
and quantity of radioactive source can be identified [202].
The pulse amplitudes of the full-energy y-ray peaks from
33Ba are linearly correlated with the energies identified
from Fig. 21(b). The areas under the y energy peaks
correspond to the expected values. The areas under the
383.85-keV y peaks should be 12% of those under the
356.02-keV peaks. This value is comparable with the
measured value of 11% when considering the y-ray
emission yield and photoelectric absorption probabilities.
If the detectors are considerably thick, the magnitudes of
the escaped X-rays become negligible. Because the
phonon losses will become minimal, it is better to work
with thin detectors to detect charged species.

5.2 X-ray-induced photodynamic therapy (XPDT)

Scintillating nanomaterials can be easily combined with a
photosensitizer for achieving efficient photodynamic
therapy (PDT) [93,206-209]. Efficient photon energy
transfer can be obtained from the nanoscintillators to the
photosensitizer because of the broad spectral overlap
between the emission of the former and the excitation of
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Fig. 21 (a) v and o energy spectra derived from the '**Ba and
241 Am isotopes, respectively, attenuated through 3.7-cm air by
irradiating a 1 cm x 1 cm thin composite assembly of para-MEH—
PPV and PbSe NPs. The spectra were obtained for various
durations, as shown in the legend. The inset shows a TEM
micrograph of PbSe NPs under assembly. (b) Typical 133Ba spectra
derived from a thin detector in which the Pb and Se X-ray escape
peaks are prominent [202]

the latter. This process provides an additional advantage
to enhance the efficacy during radiotherapy without
any additional radiation dose. Yu et al. explored
Gdy(WO,);:Tb nanoscintillators for performing XPDT
[210]. Another group used LiLuF4;:Ce@SiO,@Ags-
PO4@Pt(IV) NPs and the electron acceptor Pt(IV) to
improve the hydroxyl yield by increasing the distance
between electrons and holes in the photosensitizer Ag;PO,
[211]. Bekah et al. explored LaF; NPs for performing
XPDT by co-conjugating them with poly(ethylene glycol)
and a photosensitizer [212]. Moreover, Alves et al.
tabulated various nanoscintillators and photosensitizers
that have been used for XPDT (Table 2) [108].

During the XPDT process, upon irradiation with X- or y-
rays, the nanoscintillators accumulated in a tumor cell
serve as an internal light source to activate photosensiti-
zers. Cytotoxic singlet oxygen is formed in case of
cancerous tumors, killing cancerous cells. The synergistic
effects of radiotherapy and PDT improve the treatment



Santosh K. GUPTA et al. Recent advances, challenges, and opportunities of inorganic nanoscintillators

175

Table 2 Different nanoscintillators exploited for XPDT [108]. Copyright 2018. Reproduced with permission from Impact Journals, LLC

year nanoparticle size nanoparticle photosensitizer X-ray energy biological model
concentration
2008 LaF5:Th>* 15 nm 0.035 M" meso-tetra (4-carboxyphenyl) porphine 120 keV N/A
(MTCP)
2010 ZnO nanorods (NRs) 0.5 pm N/A protoporphyrin dimethyl ester (PPDME) N/A T47D cells
2011 Y,0; 12 nm 2.5-95 pg/mL psoralen 2 Gy, 160 or 320 PC3 cells
kVp
2011 Gd,0,S:Tb 20 um 5 mg/mL photofrin II 120 keV, 20 mAs human glioblastoma
cells
2013 Tb05 10 nm 1 mM porphyrin N/A N/A
2013 ZnO 50 nm 0.3-0.6 uM mesi-tetra (4-sulfonatophenyl) N/A escherichia coli
porphyrin (TSPP)
2014 LaFy:Ce* " 2 um 1 pg/mL protoporphyrin IX (PPIX) 3 Gy PC3 cells
2016 Sr,MgSi,0,:Eu*t, Dy** 273 nm 10 pg/mL protoporphyrin IX (PPIX) 1-7 Gy PC3
2014 Cu—Cy 50-100 nm 50 pg self 5 Gy MCEF-7 Xenograft
2016 AnS:Cu, Co 4 nm 0.05 mM tetrabromorhodamine-123 (TBrRh123) 2 Gy PC3 cells
2015 SrALO4:Eu*" 80 nm 50 pg/mL merocyanine 540 (MC540) 0.5 Gy U87MG Xenograft
2015 LaF5:Tb 3-45 nm N/A rose bengal (RB) 2-10 keV N/A
2015 LaF3:Tb 3-45 nm 20 mg/mL rose bengal (RB) N/A tumor model
2016 CeF3 7-11 nm 0.1-0.9 uM veterporfin (VP) 6 Gy, 8 keV, or 6 Panc-1
MeV
2015 LiYEgCe* " 34 nm 25-50 pg/mL ZnO 8 Gy HeLa cells
2015 SiC/SiO, NWs 20 nm 50 pg/mL porphyrin 2 Gy, 6 MV A549 cells
2015 ZnO/Si04 98 nm 0.005-0.05 M ZnO 200 kVp, 2 Gy LNCaP and Dul45
cells
2015 GdEuC, micelle 4.6 nm 500 pM hypericin (Hyp) 5-40 keV HeLa cells

Note: * 1 M= 1 mol/L

efficiency. This technique is highly selective toward tumor
cells; thus, it has become a highly popular and globally
accepted technique. Its low toxicity offers another
advantage over radiation and chemotherapy. The exploita-
tion of high-Z NPs enhances the cross section for X-ray
absorption, mostly at low X-ray energies (< 100 keV).
Thus, the X-ray dose near NPs is enhanced, which is
known as radiosensitization [213].

Nanoscintillators can be exploited for visible-to-UV
upconversion, which is useful for killing pathogenic
microorganisms based on biocidal surface technologies
and for microbial inactivation in drinking water. The
scintillating NPs that are engineered in terms of their
surface area, particle size, particle shape, energy level,
defects, etc., can absorb visible light and emit highly
energetic UV radiation. If the upconverted nanoscintilla-
tors are placed close to the external surfaces of a cancerous
tissue, they can be used for cancer treatment. However, the
cure depth is not deeper than the red-light penetration
depth into tissues, which does not exceed 1 cm. Figure 22
schematically shows the steps involved in PDT, where
nanoscintillators are coupled with photosensitizers, produ-
cing singlet oxygen via the X-ray irradiation of tumor cells

X-ray induced photodynamic effect

energy deposition

tumor loaded
with §

clectron

X-ray beam
radiotherapy

photosensitizer

Fig. 22 Steps involved in the X-ray irradiation of tumors to
produce singlet oxygen [214]. Copyright 2013. Reproduced with
permission from the American Chemical Society

[214].

The principle of X-ray-excited scintillating NPs for
performing PDT is presented in Fig. 23. X-ray-induced
PDT is activated by the emitted visible light, which is used
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Fig. 23 (a) Scintillating NPs serve as an X-ray transducer to generate 'O, through the energy transfer process. (b) Diagram of the PDT
mechanism that occurs when energy is transferred from the ScNPs to activate the PS. PS’s electrons from the ground state (Sy) absorb
energy and move to singlet-excited states (S;) [1]. Copyright 2016. Reproduced with permission from the American chemical society

to activate the nearby photosensitizer. The promoted
electron moves to a triplet excited state (T;), and some
of the absorbed energy is released via inter-system
crossing. The triplet state has a relatively long half-life
compared to singlet state. The released energy is allowed to
be transferred to the nearby oxygen molecules. This
generated oxygen (‘O,) can damage the tumor cells in the
surrounding area via the type-II pathway in majority of
cases. The hosts inducing the conversion of X-rays to UV/
Vis light for such applications are generally wide-bandgap
materials. One picosecond is the timescale required for the
conversion of X-ray energy. The conversion of a high-
energy photon to a low-energy photon involves photo-
electric and Compton scattering processes, which involve
several photophysical steps during which many excitons
are generated and thermalized in the CB and VB,
respectively. When excitons are observed in the defect
state in the bandgap of the host materials, nonradiative
energy loss and other types of losses can be observed
because of phonon interactions. The transportation of
excitons is delayed in this process when the charge carriers
get localized in the bandgap. The scintillation performance
of a material can be significantly altered or degraded by
various factors, including defects, surface energy, inter-
stitials, and interfaces. The luminescence process during
the final stage of scintillation comprises radiatively
recombined electrons and holes at the luminescence center
[13,80]. Simultaneously, the photon energy from the
scintillator NPs will activate the nearest photosensitizer,
causing 'O, generation, which is very toxic to cells.

Note

e The only difficulty associated with the exploitation of
nanoscintillators is that their spectral profile deviates from
that of the microcrystalline or single-crystal scintillators at

times due to the modified crystal field [101]. This causes a
substantial broadening of the emission peaks.

e In XPDT, majority of the X-ray photon energy is lost
in the surrounding medium due to the small NP size
relative to the range of the ionizing charged particles.
Therefore, only a small fraction of X-ray energy is
available to stimulate the nanoparticle luminescence [70].

5.3 X-ray luminescence computed tomography (XLCT)
imaging

Morrone reported the usage of a scanning X-ray method to
image optical emission from trivalent terbium-labeled actin
in a single cell having a resolution of approximately 50 nm,
which is considerably less than the far-field optical
diffraction limit [215]. The X-ray-excited scintillating
NPs, which can transfer photon energy to fluorescent
photodynamic dyes, was demonstrated by Chen et al.
[216-218]. They suggested that similar X-ray scintillator/
fluorescent particles could serve as oxygen dosimeters
[219]. Pratx et al. used X-ray luminescence computed
tomography (XLCT) to detect the presence and location of
X-ray phosphors in an optically diffusive medium [220].
Based on the selective excitation of 50-nm phosphors with
aradiation dose of 1-100 cGy, a spatial resolution of 1 mm
was achieved via the usage of tissue-mimicking materials
and the optical detection of their luminescence [220].
Moreover, Pratx et al. showed that XLCT could image the
cross-sectional distribution of micro-sized phosphor parti-
cles in a 1-cm agar tissue phantom [221].

During XLCT, the nanophosphors excited by X-rays
emit near-infrared radiation based on the poor scattering of
X-ray by the tissue cells inside the body. Therefore, high-
contrast images can be obtained despite optical scattering
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[220-222]. The usage of X-rays is advantageous because
of their deeper penetration, negligible tissue autofluores-
cence background, and simpler image reconstruction
approach [221]. Further modification of X-ray probes
using targeted molecule and antibodies enhances XLCT’s
capability for deep tissue imaging.

Carbon nanotubes and QDs are some of the extensively
explored nanomaterials that can be used for optical
bioimaging [223-226]. However, there is serious concern
about their efficiency due to their low QY, toxic nature, and
size-dependent emission characteristics [227]. Recently,
lanthanide-doped NPs have shown great potential for
bioimaging, particularly in the shortwave infrared region
[228]. Gd,0,S:Tb and CsI:Tl are the most widely explored
scintillation materials for performing indirect digital X-ray
imaging detection [229]. The final X-ray images are
deteriorated owing to poor spatial resolution because the
granular-type Gd,0,S:Tb included in scintillator screens
has an average size of 5-10 micron; therefore, the light
output generated with respect to the incident X-ray is
scattered. Without the photon scattering of light, a high
spatial resolution has been reported when using nanoscin-
tillators [230,231]. Figure 24 shows the schematic of X-
ray-excited optical luminescence used for X-ray imaging.

Core—shell NPs are the most favored systems, which
exhibit several benefits such as high photostability, optical
tunability with Stokes shifts of more than 100 nm, and
intense and bright shortwave IR region luminescence
[227]. Figure 25 shows the bright shortwave IR lumines-
cence obtained using NaYF,:Yb,Er core—shell nanoscin-
tillators, which were exploited for bioimaging,
nanoparticle tracing, and lymphatic mapping.

SWIR detector \

X-IR

@ source

X-ray source

digital camera

Fig. 24 Imaging of the X-ray-excited optical luminescence
[232]. Copyright 2011. Reproduced with permission from the
American chemical society

5.4 Microscopic diagnostics of biological and medical
objects

Semiconductor QDs and nanoscintillators are the most
extensively explored fluorescent sensors with respect to
various biomolecules and their modifications [218,233—
239]. They are highly sensitive luminescent markers and
display obvious advantages compared to organic markers,
including a wide range of excitation and emission spectra
and high photobleaching resistance. Nanoscintillators can
also be used in biochips for the in vitro detection of some
specific organelles. The in vivo killing of cancerous cells
and other pathological organelles inside an organism
proceeds with the generation of cytotoxic singlet
oxygen after X-ray excitation [154,162-168]. These
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Fig. 25 Core—shell NaYF,:Yb,Er nanoscintillator for X-ray induced shortwave IR luminescence in case of optical bioimaging [227].
Copyright 2015. Reproduced with permission from the American Chemical Society
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Fig. 26 X-ray detection of the pathological bio-objects bound to
NPs [240]. Copyright 2009. Reproduced with permission from
IEEE

pathological molecules are directly bonded with nanos-
cintillators or tagged using photosensitizers.

Some of the studied nanoscintillators demonstrated
effective performance with respect to the aforementioned
purposes. For example, due to their high density and
effective atomic mass, the LuF; and LaF; nanoscintillators
demonstrated high efficiency as X-ray absorbers and
transferred the absorbed energy to the organic molecules
conjugated with them [234,238,239]. Other important
criteria for ensuring the effective biological performance of
nanoscintillators include water solubility and easy intro-
duction into tissues and blood. Special procedures have
also been developed for improving the water solubility of
inorganic NPs [238]. Figure 26 shows the schematic of the
X-ray detection of the pathological bio-objects bound to
NPs [240].

6 Outlook and conclusions

In this review article, we focused on the scintillation
property of inorganic nanocrystals, their applications, and
the advantages and disadvantages associated with their
usage. We have also provided information about the
fundamental principles and applications of scintillators in a
nanosized domain. The types of ISs, their structures and
applications, and the underlying scintillation mechanisms
were also discussed. Nanocrystalline scintillator powder
has been employed in a wide range of scientific and
technological applications in various fields, including X-
ray detection/dosimetry, biomedical imaging, and drug
delivery-activation systems. Further, new challenges
associated with the fabrication of high-performance
nanoscintillators were discussed based on their structure,
surface area, quantum confinement, and dielectric

confinement. Because the surface defects of NPs provide
nonradiative pathways and drastically decrease the RL
efficiency, core—shell and coating strategies have been
investigated to improve the scintillation efficiency. Dis-
cussions were also conducted to compare the scintillation
performances of single crystals and ceramics. Furthermore,
a concise picture of the current scenario in this growing
field of optoelectronics was provided, and their advantages
and disadvantages were discussed.

The scintillation properties were presented, and the
effects of quantum and dielectric confinements on the
performance of bulk and nanoscintillators were discussed.
Suitable examples were provided to give a clear picture of
the photophysical phenomena occurring in the nanosized
domain. The basic phenomena governing the scintillation
properties in the quantum and weak confinement zones
were explained. Bandgap engineering was explained with
respect to the concept of dielectric confinement.

The unique aspect of the scintillation process is that it is
correlated with the migration of carriers through scintilla-
tors. The selection of hosts and dopants plays a critical role
in determining the efficiency of the conversion and
luminescence processes. By considering oxides, fluorides,
clusters, and organic/inorganic compasites (OICs) as
examples, the effects of hosts on the scintillation properties
were explained. This mechanism was explained and
thoroughly reviewed with respect to cluster compounds
and MOFs for detecting ionizing radiation, including
X-rays and y-rays. Additional emphasis was given to
explain the comparison of the performances of hafnium-
and zirconium-based MOFs. OICs have emerged as smart
materials and possess the properties of both inorganic and
organic components, thereby exhibiting interesting scin-
tillation properties. They display exceptional scintillation
efficiency and are currently in high demand in fields of
fundamental and applied research. The diverse properties
of the existing materials were used to generate hybrid
composite materials.

Scintillators can also be designed in various physical
forms, including nanoparticles, ceramics, thin films, and
GCs. Each form has its own advantages and disadvantages.
The luminescence intensity of NPs is determined by their
surface area, shape, and average size, the mean free path of
the photoelectrons formed via X-ray absorption, and the
thermalization length of the electrons. Powder phosphors
and conventional single crystals have various distinct
advantages compared to thin-film scintillators. Thick
scintillators are not desirable for usage in RLM applica-
tions. Light is emitted throughout the track; therefore, it is
difficult to localize the particle origin. Thin-film scintilla-
tors are advantageous for RLM, where light only emanates
from the active volume of the scintillators located close to
the cells. Even though the traditional ceramics comprise
single or multiple crystalline and amorphous phases, they
are normally translucent or opaque to light. Modern and
technologically advanced OTCs are highly dense mono-
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liths of the micro/nanosized crystals. The scintillators
formed from crystals having cubic-structured OTCs are
superior when compared with single crystals and exhibit
ruggedness and glass processability. The performance of
glass scintillators over single crystals is also presented.
GCs are another class of scintillators that have been
extensively explored because of their controllable proper-
ties and the desirable characteristics of glasses and sintered
ceramics. The glass-ceramic synthesis routes allow con-
siderable compositional flexibility and may be used to
obtain crystallites of compounds that do not melt
congruently in contrast to single crystals. We also reviewed
the applications of nanostructured and bulk scintillators in
various domains of scientific and technological detections,
including ionizing radiation detectors, X-ray imaging
sensors, microscopic diagnostics of biological and medical
objects, nuclear medical imaging, and PDT. Thus, we
comprehensively discussed scintillators from various
perspectives, ranging from their fundamental principles
to applications.

In the scientific and technological research domains,
novel methods are being increasingly introduced with
respect to the synthesis and applications of materials. The
exploration of cost-efficient and sensitive materials is
being prioritized to achieve improvements over the current
detectors in case of ionizing radiation such as y-rays and X-
rays. NPs have shown considerable potential because the
phonon-assisted loss processes can be suppressed to a
larger degree in the nanodomain when compared with
those in single crystals, which could be highly beneficial
with respect to PL and scintillation. However, bulk
scintillators have other advantages, including high optical
transparency, large detection capability, and high energy
resolution.

To enable synergistic co-treatment, dense inorganic NPs
show unique dose enhancement properties in case of
radiation therapy. The problems associated with tissues
during PDT can be solved using dose enhancement
induced by NPs and host-sensitized energy transfer from
nanoscintillators to the photosensitizer molecules. More-
over, tailoring NPs for novel therapies, such as the
combination of radiation and PDT, is gaining interest.
With respect to the medical applications of scintillators, it
becomes imperative to combine information obtained
based on the theoretical and physical principles to obtain
quantitative estimates for the expected efficacy under a
range of physical parameters.

Many groups, including our research group, have
worked extensively to develop an efficient nanoceramic
powder for the aforementioned applications with reason-
able success. In case of nanoscintillators, the feasibility of
replacing the currently used materials is still being
performed by many research groups. Because of the
several studies performed globally and the associated
positive results, we cannot ignore the superiority of
nanomaterials over their bulk counterparts for applications

in radiation detection, PDT, and bioimaging.

Furthermore, NPs seem to be the most efficient, easy,
and feasible methodology to improve the delivery of
water-insoluble photosensitizers for performing PDT. On
the other hand, semiconductor QDs have been observed to
be highly beneficial for the direct generation of singlet
oxygen and for exciting the attached photosensitizer
molecules. Progress on nanoparticle-assisted medical
therapies has been achieved; however, there is still scope
for much progress on nanoparticle radiosensitization
effect. The underlying principles and interaction mechan-
isms will help to establish the role of nanoscintillators in
medical fields where clinical applications have just started
to emerge.
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