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Abstract: Recently, nanomaterial-based scintillators are newly emerging technologies for many re-
search fields, including medical imaging, nuclear security, nuclear decommissioning, and astronomi-
cal applications, among others. To date, scintillators have played pivotal roles in the development of
modern science and technology. Among them, plastic scintillators have a low atomic number and are
mainly used for beta-ray measurements owing to their low density, but these types of scintillators
can be manufactured not in large sizes but also in various forms with distinct properties and charac-
teristics. However, the plastic scintillator is mainly composed of C, H, O and N, implying that the
probability of a photoelectric effect is low. In a gamma-ray nuclide analysis, they are used for time-
related measurements given their short luminescence decay times. Generally, inorganic scintillators
have relatively good scintillation efficiency rates and resolutions. And there are thus widely used in
gamma-ray spectroscopy. Therefore, developing a plastic scintillator with performance capabilities
similar to those of an inorganic scintillator would mean that it could be used for detection and moni-
toring at radiological sites. Many studies have reported improved performance outcomes of plastic
scintillators based on nanomaterials, exhibiting high-performance plastic scintillators or flexible
film scintillators using graphene, perovskite, and 2D materials. Furthermore, numerous fabrication
methods that improve the performance through the doping of nanomaterials on the surface have been
introduced. Herein, we provide an in-depth review of the findings pertaining to nanomaterial-based
scintillators to gain a better understanding of radiological detection technological applications.

Keywords: scintillators; nanomaterials; nanoparticle; 2D materials; detection; energy

1. Introduction

Nanotechnology is contributing to industrial development in a wide range of areas,
including information and communication, biotechnology, medical care, the environment,
energy, and sensors. Dr. Eric Drexler of MIT in the United States popularized the term
‘nanotechnology’ in the late 1980s [1]. He predicts that nanotechnology, capable of con-
trolling materials on the nanometer scale, will change the world in the coming decades.
In particular, it has been confirmed that the important concept in nanotechnology is not
only size reductions but also the development of nanomaterials with unique shapes and
structures. Nanotechnology has established a new technical field by connecting existing
technical fields (e.g., physics, materials, and electronics). Nanomaterials are small, between
1 and 100 nm, and have excellent properties not observed in bulk forms. Size and shape
control methods of nanoparticles are relatively simple. In addition, because they can
be synthesized in an aqueous solution, there is an advantage in that a large number of
materials can be synthesized relatively easily. Accordingly, various types of nanoparticles
have been developed simultaneously [2,3]. The high ratio of the surface area to volume of
nanoparticles increases the efficiency of catalysts and improves the sensitivity of sensors.
In addition, particles synthesized with high purity levels have more advanced optical
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and electromagnetic properties, giving them many advantages in biological and clinical
application research. As a result, the use of nano-biosensors has been expanded and now
includes the detection of sensitive (or small amounts) cells in the human body and the
ability to undertake precise examinations of local tissues in relation to medical diagnoses
and clinical analyses. [4,5].

In general, particles used in high-sensitivity sensors include polymer nanoparticles,
organic/carbon nanoparticles, biologically derived nanoparticles, and metal nanoparticles.
Polymer-based nanoparticles are nano-sized solid particles that are synthesized by the
polymerization of a monomer. Polymer nanoparticles may be less durable than metal
nanoparticles, but they are widely used in medical fields because they can maintain
strength levels similar to those of tissues and because they decompose in the body [6–8].
Metal nanoparticles have excellent durability and have unique physical, chemical, and
electrochemical properties according to their size. In addition, there is the advantage of
being able to amplify signals generated by fluorescent materials and low-molecular labeling
materials based on the material properties of the corresponding metals. For example, the
plasmon resonance phenomenon of metal nanoparticles can have the effect of amplifying
certain optical properties, such as the Raman signal and fluorescent molecular signal.
Surface-modified metal particles have excellent potential if applied to the development of
sensor functions such as the amplification of electrochemical signals and improvements
of sensitivity and selectivity capabilities. Therefore, this technology has been widely
used in recent research related to sensors [9–12]. Organic/carbon nanoparticles exist in
various structures and forms, such as single-walled carbon nanotubes (SWNT), multi-
walled carbon nanotubes (MWNT), graphene, and carbon quantum dots. If carbon-based
nanoparticles are applied to the sensor field, the resulting nanoparticles can offer many
advantages due to their high surface-area-to-volume ratio, excellent electrical conductivity,
good chemical durability, and high mechanical strength [13–15]. When a 3D material is
nano-sized, it is referred to as a 0D material and is generally called a nanoparticle. A 1D
material refers to a linear nanostructure having a lateral dimension of 100 nm or less. In
addition, the 2D material has a layered structure similar to a thin sheet. 2D materials
are characterized by a layered crystal structure with strong in-plane bonding, and the
layers are bonded together by weak van der Waals (vdW) forces. Here, van der Waals
force refers to the attraction between atoms, molecules, and surfaces. Van der Waals
forces differ from covalent or ionic bonds because they are generated by polarization by
nearby particles [16,17]. Unlike conventional quantum well semiconductors, control of
the thicknesses of vdW semiconductors is done atomically. It is well known that device
performance outcomes are degraded due to changes in the thickness of conventional
semiconductor quantum wells [18]. 2D materials can be used in various ways because
they have unique optical and electronic mechanical properties, and the atomic thickness
and exposed surface can be designed and controlled, broadening the application range.
Furthermore, in recent years, synthetic research on the stacking of 2D materials is being
conducted. Research is focusing on 2D-0D, 2D-1D, 2D-2D, and 2D-3D structures given
their superior performance to 2D materials for application to a wider variety of fields [19].

Recently, radiation detection sensors are being researched and developed for multiple
sensors with small sizes, large areas, and good flexibility depending on the purpose.
In particular, research on the development of sensors using nanomaterials as described
above is being actively conducted worldwide. Research on and the development of
radiation measurement and analysis technology has been steadily carried out in the nuclear
field. And, as interest in radioactive waste and decommissioning has increased as an
emerging issue. The development of radiation measurement sensors using nanomaterials
has been carried out later than in other fields. When dismantling nuclear facilities, a
large amount of radioactive waste is generated. Therefore, it is necessary to develop large
measurement sensors because classification must be performed quickly after identifying
the contamination level for radioactive waste. In addition, it is necessary to develop small
sensors in multiple arrangements (e.g., Phoswich detectors) for radiation measurements
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and for continuous radiation monitoring in narrow places such as the pipes of nuclear
facilities. With regard to decommissioning, high-purity semiconductor detectors (HPGe) or
inorganic scintillators (NaI(Tl)) were widely used in the past, but these have disadvantages
related to their size, complexity, and the need for expertise for these detectors. Plastic
scintillators, which have many advantages in terms of utilization, show significantly lower
detection performance capabilities than inorganic scintillators and semiconductor detectors.
When a scintillator absorbs energy, electrons are excited and many electron-hole pairs are
created. After a certain period (approximately 10−7s), the electrons deexcite and light is
emitted. At this time, the emitted light is in the visible energy region, and the energy
incident on the scintillator is analyzed through the emitted light. When nanomaterials are
added to this scintillation mechanism, the optical performance is improved. In the nano-
volume, there exhibit unique optoelectronic properties due to the quantum confinement
effect of electron-hole pairs. In other words, when nanomaterials interact with incident
radiation, the photoluminescence increases because not only energy transfers but also
momentum transfers between them are induced by the quantum mechanical movement of
electrons [9]. Using this principle, many studies have been conducted to develop functional
nanomaterials with performance capabilities similar to those of semiconductor detectors or
inorganic scintillators, with excellent process-ability and simplicity and that offer control
of performance outcomes.

In this contribution, we review the present status of radiation detection and scintillator
technology based on nanomaterials, including future prospects. In particular, the character-
istics of organic as well as inorganic scintillators and nanomaterials are summarized and
described in detail. In addition, functional materials for manufacturing high-performance
scintillators and their fabrication methods are provided. Eventually, this review can serve
as invaluable knowledge related to the development of nanomaterial-based scintillators.

2. Principle of Scintillators

Molecules are excited when charged particles and gamma rays react with materials
such as NaI or ZnS. Materials such as NaI(Tl), ZnS(Ag), CsI(Tl) and CsI(Tl) are widely
used as scintillators, most inorganic scintillators are made of alkali metal crystals and
contain a small amount of impurities. A scintillator is a radiation detector that uses the
luminescence phenomenon based on the excitation of radiation. The scintillator converts
and amplifies the scintillation into a current pulse in a photomultiplier tube (PMT) and
calculates the amount of incident radiation from the count value. Moreover, because the
wave height of the obtained current pulse is proportional to the energy deposited by the
incident radiation, the deposited energy can be calculated by analyzing the pulse wave
height [20–23]. There is some luminescence of the scintillator, which is generated in the
scintillation material due to the addition of an activator. Given that the various physical and
chemical properties of the scintillator (density, atomic number, decay time, melting point,
light yield, radiation length, refractive index, stability) are different for each scintillator, it
is necessary to select an appropriate scintillator depending on the application. Scintillation
occurs when a particle interacts with a crystal, and a device that measures and counts the
scintillation is called a scintillation counter. The process of the reaction, amplification, and
counting of the scintillation detector is shown in Figure 1 [24–28].

Scintillators have played a major role in the development of modern physics. The
visual observation of scintillation on a zinc sulfide screen allowed Hans Geiger and Ernest
Marsden to observe α particles, an event which can be considered as the starting point of
modern nuclear physics. Up to the end of the Second World War, zinc sulfide and calcium
tungstate were among the most popular particle detectors found in nuclear physics labora-
tories [6]. The intensive development of atomic projects in the postwar period stimulated
the development of new ionizing radiation-detecting techniques, including scintillation
counters. With the development of experimental physics and with the occurrence of the
photoelectric multipliers, it became clear that scintillating materials are ideal devices to
detect elementary particles and to measure their parameters [28,29]. In a fairly short time
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(1947~1951) it was discovered that scintillation can be observed in various organic and
inorganic crystalline media [30–33], as well as in fluids [34–37], gases [38,39], and polymeric
compounds [40]. At the same time, the most widely used scintillating crystalline material,
NaI(Tl), was discovered [41]. Kallmann attempted to specify the essential parameters of
scintillation materials [31]. He made a distinction between (a) the physical light output,
which corresponds to the fraction of the absorbed ionizing radiation energy, which is
transformed into light, and (b) the technical light output, which is the amount of light
actually collected at the extremity of a scintillation element, taking into account all factors
of light collection and absorption in the medium. In the Physical Encyclopedia, scintillation
is defined as “short light flashes originating in a scintillator under the effect of ionizing
radiation”. Fünfer and Neuert defined scintillation as “the phenomenon of luminescence in
transparent solids, fluids or gases, originating at the propagation of the ionizing radiation
through them” [24].

Figure 1. Configuration of scintillator detector modified [25].

One may note that all of these definitions of scintillation have some shortcomings.
First, while they are restricted to the phenomenology of light production under excitation
by ionizing radiation, they do not consider the mechanism of energy transfer and con-
version into light. From this point of view, Cherenkov radiators [42] could be considered
as scintillators, which is fundamentally incorrect. A second limitation results from the
confusion between scintillation and luminescence, which is at the origin of the semantic
imprecision between scintillators and fluorescent materials.

There are three main forms of luminescence: fluorescence, phosphorescence and
chemiluminescence. Fluorescence and phosphorescence are two forms of photolumines-
cence. Both fluorescence and phosphorescence are based on the ability of a material to
absorb light and emit light of a longer wavelength and therefore lower energy level. The
main difference is the time which it takes to do so. In fluorescence, the emission is basi-
cally immediate. A phosphorescent material can store the absorbed light energy for some
time and release light later, resulting in an afterglow that persists after the light has been
switched off. Depending on the material, this afterglow can last anywhere from a few
seconds to hours. Incident photon and particles lose energy when traversing a medium
according to the three fundamental mechanisms of electromagnetic interactions. The first
is photo-absorption exhibiting a photoelectron effect and auger electrons (E < 30 keV).
The second is Compton scattering, referring to interaction phenomena with the energy of
incident photons (30 keV < E < 2 MeV). The third is the formation of an electron-positron
pair (E > 2 MeV).

The interaction cross–section through each of these mechanisms is energy-dependent [43],
photo-absorption and Compton scattering being dominant at low and medium energy
levels and pair formation at high energy with an onset at 1.02 MeV, the mass energy of an
electron-positron pair at rest. Neutral particles and charged hadrons lose energy mainly
through direct interactions with nuclei or the ionization of atoms for charged particles.
Knock-on electrons or γ or β decay from the relaxation of nuclei excited by neutron or



Energies 2021, 14, 7701 5 of 43

neutrino capture will then lose energy through the standard electromagnetic interactions
described above. If the energy of particles is high enough for multiple scattering and
electron-positron pair creation, their energy is progressively distributed to a number of
secondary particles of lower energy levels, forming an electromagnetic shower. Below the
threshold of electron-positron pair creation, electrons will continue to lose energy through
Compton scattering. For a material such as a crystal, another mechanism takes place at
this stage. The electrons in the keV range from the shower will start to couple with the
electrons and atoms of the lattice. They will excite the electrons from the occupied electronic
states of the material (valence or deeper bound states) at different levels in the conduction
band. At each of these interactions, an electron-hole pair is created. If the energy of the
electron is high enough to reach the ionization threshold, we have then free carriers, which
will move randomly in the crystal until they are trapped by a defect or recombine on a
luminescent center. If the ionization threshold is not reached, the electrons and energy of
the holes will cool due to coupling to the lattice vibration modes until they reach the top
of the valence band for the hole and the bottom of the conduction band for the electron.
They can also be bound and form an exciton whose energy level is in general slightly
lower than the bandgap energy. At this stage, the probability is maximized for coupling
to luminescent centers through either energy or a charge transfer mechanism. To make
a scintillator, luminous centers must be included. Luminous centers are either extrinsic,
general doping ions, or intrinsic, i.e., molecular systems of the lattice or of defects of the
lattice which possess a radioactive transition between an excited and a lower energy state.
Moreover, the energy levels involved in the radioactive transition must be contained in the
forbidden energy band to avoid the reabsorption of the emitted light or photoionization
of the center [44,45]. In a way, a scintillator can be therefore defined as a wavelength
shifter. It converts the energy (or wavelength) of an incident particle or energetic photon
(UV, X-ray, or gamma-ray) into a number of photons of much lower energy (or longer
wavelength) in the visible or near-visible range, which can be easily detected with current
photomultipliers, photodiodes, or avalanche photodiodes.

2.1. Inorganic Scintillators

The scintillation mechanism of the inorganic scintillator is determined by the structure
of the crystal matrix. In a pure inorganic crystal matrix such as NaI, electrons can only exist
within the energy band. However, electrons cannot exist in the forbidden band. When pure
crystals absorb energy, electrons are excited from the valence band to the conduction band,
and holes remain in the valence band. However, electron re-transition to the valence band
with photon emission is an inefficient process. Photons emitted per incidence of decay are
small, and the energy is emitted by other mechanisms. Additionally, the bandgap of pure
crystals is large such that photons within the visible range cannot be emitted. Therefore,
impurities in small amounts are added to scintillators. An inorganic scintillator is made
of a crystal of an inorganic material containing a small amount of impurities (typically
below a few percent), and this small amount of impurities becomes the emission point,
referred to as an activator. Generally, inorganic scintillators are widely used for X-ray and
gamma-ray measurements due to their large density levels and effective atomic numbers.
For example, when a small amount of Tl is added to NaI, the bandgap (energy structure)
in the matrix is deformed by Tl. As shown in Figure 2, an energy structure is generated
in the activated parts of the scintillator, and an energy band is generated in the forbidden
band in the pure crystal. Because the energy level generated by the activator in the crystal
is smaller than the pure crystal, electrons can re-transit to the valence band. Emitted
photons due to the transition of excited electrons have lower energy than emitted photons
from pure crystals. That is, the emission spectrum is shifted to a longer wavelength and
photons are emitted in the visible range. Charged particles (or photoelectrons) that pass
through the crystal will create multiple electron-hole pairs. These holes quickly move to
the position of the activator and the activation band is ionized. Because the ionization
energy of the activation band is weaker than that of the normal matrix, the activation band
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is preferentially ionized and electrons excited with the activator rapidly transition within
10−7 s. As the atomic number increases, the binding energy approaches the photon energy.
Therefore, the probability of photoelectric interaction is proportional to Z4–5 (Z is the atomic
number). An inorganic scintillator is composed of a high-atomic-number material and has
a high-density level, making the probability of photoelectric interaction high. In contrast,
an organic scintillator is composed of a low-atomic-number material, meaning that the
probability of photoelectric interaction is low. Figure 3 and Table 1 show the types and
characteristics of inorganic scintillators. NaI(Tl) has high luminescence efficiency and high
detection efficiency for gamma rays. However, in that it has deliquescent properties, it
must be sealed and used in an Al container. Additionally, it is difficult in this case to
measure alpha, beta, and low-energy X-rays, which have low permeability due to the Al
container. CsI(Tl) has lower luminescence intensity and a lower energy resolution than
NaI(Tl), but it has high mechanical strength [22,23].

Figure 2. Energy band structure of an inorganic scintillator. (a) Pure crystal (b) Activated crystalline
scintillator modified [22].

Figure 3. Comparison of scintillation yield and band gap of inorganic scintillator modified [46].
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Table 1. The type and characteristics of the inorganic scintillators modified [47,48].

Scintillator NaI
(Tl)

CsI
(Tl) BGO CdWO4 BaF2 GSO LSO LuAlO3:Ce YAlO3:Ce RbGd2Br7:Ce LaBr3:Ce LaCl3:Ce CaF2:Eu

Density
(g/cm3) 3.67 4.51 7.13 7.90 4.89 6.71 7.1 8.4 5.35 4.79 5.08 3.6 3.18

Maximum emission
wavelength (nm) 415 550 480 470 310 450 420 365 390 420 360 350 435

Decay time (ns) 230 900 300 20,000 630 60 41 17 31 43 35 20 940
Melting temperature (◦C) 661 621 1050 1325 1280 - - - - - 859 - -

Light yield
(photon/MeV) 40,000 52,000 8500 13,000 12,000 10,000 32,000 17,000 18,000 55,000 61,000 50,000 24,000

FWHM at 662 keV (%) 7 9 9.5 6.6 7.7 10.8 7.3 - 4.2 4.1 2.5 3.4 10
Refractive index at

emission wavelength 1.80 1.78 2.15 2.25 1.5 1.91 1.81 - - - 1.9 - 1.44

Deliquescence O O X X X X X - - - O - X
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2.2. Organic Scintillators

The organic scintillation mechanism differs from that of the inorganic scintillator. The
energy of charged particles is absorbed and excites electrons in various states. The single
state (spin = 0) is represented by S1, S2, and S3 in Figure 4, and for an organic scintillator,
the interval between S0 and S1 is 3~4 eV. As the energy increases, the interval decreases.
Each S level is subdivided into a series of levels with a finer structure (corresponding to
the vibrational state of the molecule). Each typical S level is 0.15 eV [49,50].

Figure 4. Energy levels of organic molecules modified [49].

The average energy at room temperature is approximately 0.025 eV, meaning that all
molecules are in the S00 state. When charged particles pass through, the kinetic energy
is absorbed into the molecule and electrons are excited. The higher energy states S2 and
S3 quickly transition to the S1 state through an internal conversion mechanism. After
excitation, the fluorescence intensity over time is calculated by I = I0e−t/τ. Here, τ is the
fluorescence decay time at the S10 level. In most organic scintillators, τ is as short as the ns
range. The life of the T1 state is much longer than that of the S1 state. The T1→ S0 transi-
tion causes phosphorescence (delayed luminescence). Because the T1 state is below S0, the
wavelength of the emitted phosphorescence is longer than that of the fluorescence. Phos-
phorescence can be distinguished from scintillation based on the timing and wavelength.
All fluorescence (except S10→ S00) has lower energy than the minimum energy required
for absorption. There is little overlap between the emission spectrum and the absorption
spectrum. Organic scintillators are not suitable for gamma-ray measurements, as they have
a low probability of generating photoelectric effects because C, H, and O are the main
components. Additionally, it is difficult to obtain large crystals and the mechanical strength
is weak, making it difficult to be used in a crystal. Therefore, the scintillation material is
used in the form of a liquid scintillator dissolved in an organic solvent or a polymerized
plastic. The liquid scintillation material is very effective when used to measure nuclides
that emit low-energy alpha and low-energy beta rays (H–3, C–14, etc.), as the detector can
be manufactured in any size and shape and the measurement sample can be directly mixed
with the scintillator [24,25].
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3. Nanomaterials

Nanomaterials in the 1~100 nm region (Figure 5) have unique properties that are not
found in materials 100 nm or more in size. However, unlike conventional micron-sized
materials that have certain properties useful in a wide range of fields, specific measurements
and analyses are difficult in nano-sized materials because their properties vary greatly and
change even with small changes in their size or composition near a specific size range [51].
Table 2 shows the characteristics of each nanomaterial [52–59].

Figure 5. Micro and nano material size modified [51].

Table 2. Band gap and Bohr radius by semiconductor material type [52–59].

Exciton Bohr
Radius (nm)

Bandgap
Energy (eV)

Mass Attenuation
Coefficients *

(662 keV, cm2/g)
Refs.

Si 43 1.11 0.0808 [52]
Ge 25 0.66 0.0745 [52]

GaAs 10 1.42 0.0748 [52]
CdS 2.8 2.58 0.0810 [52]
CdSe 6 1.74 0.0806 [52]
ZnS 5 3.68 0.0810 [52]
PbS 20 0.41 0.1248 [52]
InP 15 1.35 0.0785 [53]

InAs 34 0.35 0.0813 [53]
InSb 65.6 0.17 0.0815 [53]
CdTe 7.3 1.5 0.0806 [53]
ZnSe 4.5 2.67 0.0769 [53]

Halide Perovskite 2~5 1.5~3.1 0.0751~0.1277 [54]
2D Graphene 3~8 0~0.55 0.0806 [55,56]

Carbon nanotube(CNT) 0.8~1.1 1.1 0.0806 [57–59]
* The values given in the table are approximate.

3.1. Nanoparticle

Nano-sized materials have unique properties because they have a very large surface
area compared to their volume. For example, one atom has a surface area of 100%. For
nanomaterials with 3 × 3 × 3 atoms, the number of surface atoms among 27 atoms is 26.
Similarly, nanomaterials consisting of 4× 4× 4 atoms have 56 of 64 atoms as surface atoms
and 8 atoms as internal atoms. Thus, in the three cases above, the proportion of surface
atoms among all atoms will gradually decrease from 100% to 96.3% and 87.5%. In other
words, as the crystal size decreases, the ratio of surface atoms to all atoms increases signifi-
cantly, causing a large change in the thermodynamic properties of the material. In general,
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because the surface atoms of solid material have greater free energy than the inner atoms,
nanomaterials have much higher energy per unit atom than bulk materials. For a polycrys-
talline material made of nano-sized crystals, because the proportion of atoms belonging to
the grain boundary has a relatively high open structure compared to a general polycrys-
talline material, the thermal expansion coefficient is very high, and the activation energy
required for diffusion is reduced. Additionally, when the grain becomes fine in a polycrys-
talline material, there is a tendency for the strength and hardness to increase, whereas in
a nano-crystalline material, the opposite tendency is also often observed. Nanomaterials
are largely divided into zero-dimensional nanostructures, one-dimensional nanostructures
and two-dimensional nanostructures (Figure 6) [60]. Quantum dots, which can be con-
sidered nano-sized dots, are classified as a zero-dimensional structure (Figure 6a), and
one-dimensional nanostructures include nanorods, nanowires, nanotubes, nanocables, and
nanobelts according to shape and size (Figure 6b). A typical thin film is classified as a
two-dimensional structure Figure 6c). Table 3 shows the advantages and disadvantages of
each type of nanomaterial [61].

Figure 6. Type of nanomaterials (a) 0D nanoparticles or quantum dots (b) 1D nanotubes (c) 2D
nanosheets (d) 3D nanoflowers [60].

Table 3. Advantage and disadvantages according to nanomaterial type [61].

0D 1D 2D 3D

Type
• Nanoparticles
• Quantum dots

• Carbon nanotubes or
nanowire

• Graphene
• Mxene

• Perovskite
• Metal–organic frameworks

Advantage
• Solution

processability
• Quantum size effects

• Chirality
• Tunable optical

absorption with
morphology

• Broad band absorption
• Thickness–depecdent

optical bandgap

• High absorption coefficient
• Long exiton diffusion

length

Disadvantage
• Toxicity
• nanoscale diameter can cause permeability and solubility problems
• Few suppliers
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3.2. Quantum Dots

The reason why nanomaterials are in the spotlight is that as the particle size decreases,
they show different properties from the corresponding bulk particles and emit multiple
colors depending on the size of the nanoparticle despite it being the same material as
the bulk. New phenomena that occur as the material size decreases are often explained
by an increase in the surface area, as shown in Figure 7. When a bulk material having a
continuous energy state is thinly cut in one axial direction, it becomes a thin plate, and in
this state, it takes on a staircase structure [62].

Figure 7. Energy transition according to material size and shape [62].

This is defined as a 2D quantum well state. If it is thinly cut again in another axial
direction, the shape becomes a long line (rod) and the energy distribution becomes a
discontinuous peak shape. This state is defined as a 1D quantum wire. When thinly cut in
the remaining axial direction, it becomes a very small dot shape, and the energy becomes a
0D quantum dot state where only a specific position is allowed.

The effect of increasing the surface area as the size of the material decreases on the
energy band is as follows. For example, considering the simplest case of a metal such
as gold or silver, the densest method of gathering atoms on a two-dimensional plane is
to surround one atom with six different atoms. Considering that they are stacked three-
dimensionally, three different atoms are placed around the central atom on the lower
and two-dimensional planes, resulting in the maximum stacking shape when a total of
12 atoms surround the central atom. This is defined as the hexagonal close-packed (HCP)
or face-centered cubic (FCC) structure depending on the three atoms positioned at the
top and on the bottom. All of the atoms in the interior form the most stable state by
combining with the 12 surrounding atoms, but the atoms on the surface are in a relatively
unstable state due to the absence of the 12 surrounding atoms. Therefore, the energy
state of these surface atoms differs from that of the atoms inside. When starting from the
central atom and surrounding it with other atoms in the form of a shell to increase its size,
geometrically the number of atoms in each shell is (10n2 + 2). As the size increases, the
total number of atoms increases to 1→ 13→ 55→ 147→ . . . , and the number of surface
atoms increases to 1→ 12→ 42→ 92→ . . . , with the proportion of surface atoms among
all atoms being 92; this will gradually decrease from 92%→ 76%→ 63%→ . . . , Normally,
nanoparticles are made up of tens to thousands of atoms, and the proportion of atoms on
the surface is approximately 10% to 50%. In the bulk, the proportion of atoms on the surface
is negligibly small such that the effect of these elements is ignored and expressed only by
the properties of the atoms inside. However, if the proportion of surface atoms increases,
the properties of the surface atoms according to the energy state can no longer be ignored,
and small bands in a new state are additionally generated at both ends of the energy band
of the material. Due to these new energy states, nanomaterials have electrical, optical, and
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magnetic properties that are completely different from those of the corresponding bulk
materials, and their reactivity is greatly changed. Particularly in the case of semiconductor
materials, due to newly generated small energy bands, the bandgap energy value inherent
to the semiconductor material changes with the size, and a new phenomenon in which a
color known as a material’s unique physical property changes with the size occurs. The
quantum dot is one such artificially synthesized nanostructure, and it typically refers to a
micro-cavity capable of containing electrons defined in a semiconductor material having a
size within 100 nm. Just as electrons are constrained by the potential energy of the atomic
nucleus, quantum dots are also called artificial atoms because electrons are constrained by
an artificially applied potential such as an external voltage [63,64].

Quantum dots can be viewed as solid crystals in which quantum confinement occurs
in all three-dimensional directions. There are many types of quantum dots, such as CdS,
CdSe, PbS, and InP, and different colors are emitted when light of different wavelengths
is emitted depending on the size of the quantum dots. For example, as the size of the
CdS quantum dot decreases, the color shows a blue shift from red to blue. It is easy to
understand how quantum dots interact with light by looking at the quantum binding effect.

In quantum mechanics, light consists of photons with energy hc/λph. (For reference, a
red photon has about 1.8 eV of energy, the green photon about 2.5 eV, and the blue photon
has energy of about 3.2 eV.) The energy of a photon with a wavelength of λph has the energy
of a quantum dot. When it becomes equal to the energy difference between the levels, that
is, when (En+1 − En) = hc/λph, light of a corresponding wavelength is absorbed. In addition,
when the quantum dot transitions from a state having energy En+1 to a state having energy
En, light with the wavelength corresponding to the above equation is emitted. The smaller
the size of the quantum dot is, the greater the energy difference between energy levels in
the quantum dot becomes. Therefore, as the size of the quantum dot decreases, the energy
of light interacting with the quantum dot increases. This phenomenon is defined as a “blue
shift” [53,64].

3.3. Perovskite

The crystal of a mineral is made up of repeating arranged atoms with regular rules,
and the regular arrangement of these atoms is called a crystal matrix. The crystal matrix is a
form in which the simplest basic unit, called a unit matrix or unit cell, is repeatedly stacked.
Perovskite is a substance having the general formula of AMX3, and two types of cations (A,
M) and one type of anion (X) are combined to form a three-dimensional crystal, as shown
in Figure 8. The A atom is located at each vertex of the cubic unit matrix, the M atom is
located at the body-center position, and the X atom is at the face-center position [65].

Inorganic perovskites, such as BaTiO3, KbTiO3, and PbTiO3, in which both types of
cations are made of metal, are generally known, and the forms of oxygen in the place of
the anion(X) have mainly been studied. Recently, organic-inorganic hybrid perovskites,
perovskites containing inorganic and organic substances on the cation site and halogenates
on the anion site, have attracted considerable attention as they have the advantages of
both inorganic and organic materials. When an organic substance enters, its characteristics
are such that the conductivity of the substance can be controlled by changing the organic
substance chain. CH3NH3PbI3, in which Cs is replaced with methylammonium in the
existing inorganic perovskite CsPbX3, is a typical material used in high-performance
perovskite solar cells. The perovskite has another characteristic when it forms nanocrystals.
If the crystal structure is not of a size commonly known in everyday life but a billionth
of this size, i.e., on the nanometer scale, it will show interesting properties. Perovskite
nanocrystals, now known in the nanotechnology world, have a new property called ‘charge
amplification’. Normally, in a solar cell, when a semiconductor converts light energy into
electricity, it carries a current by generating a single free electron, a hole. However, in a
perovskite material, if there is sufficient light energy, more than one electron-hole pair
is formed, and conversion to electricity can be achieved. This can be explained by the
phenomenon of local surface plasmon resonance. When a nanometer-sized metal absorbs
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light of a specific wavelength, free electrons on the surface collectively vibrate strongly
and the electron flow is greatly amplified. Because perovskites are made of ionic crystals,
they have the advantage of easy adjustment of the balance characteristics affecting high
mobility and recombination of electrons and electrons. In addition, they can be synthesized
from materials of any other composition and are easily manufactured into quantum dots or
nanocrystals. In addition, they have high flexibility and can be made thin. Perovskites are
typically used in solar cells and light-emitting diodes (LEDs). Solar cells are an example
of using light absorption among the characteristics of a perovskite. Perovskites have high
photoelectric efficiency. Photoelectric efficiency refers to efficiency when converting the
movement of light, that is, photons, into electricity, and is used in solar cells with these
characteristics. The organic–inorganic hybrid structure of perovskites shines in solar cells.
Because organic–inorganic hybrid perovskites are used as a photoactive layer, they are
lighter and more flexible than an inorganic material alone and have superior charge transfer
ability, accumulating both electrons and holes compared to organic dyes, which do not have
charge transfer abilities. This offers the advantage of increasing the life of the electron-hole
pair. In addition, high temperatures of more than 1000 ◦C are required, and economic value
can be realized because they are produced through an inexpensive solution process, unlike
a silicon solar cell and its complicated process. Other advantages are low economic value
and few restrictions on the installation locations and application fields.

LEDs are examples of the use of perovskite light emission. A light-emitting diode is
a semiconductor device that emits light when current flows through it and electrons and
holes recombine, converting and emitting electrical energy into light energy. Therefore, the
luminous efficiency increases as the combination of electrons and holes in the semiconduc-
tor become better. This is the conversion of energy in the opposite direction of the solar cell.
Perovskites are attracting attention as a new LED material and have the advantages of a
simple manufacturing process and superior color purity while having the impossible price
of one-tenth of that of existing OLEDs (organic light-emitting diodes) in terms of materials.
Perovskite nanoparticles have different colors depending on the type of halogen element
(X) inside. If the level of iodine (I) is high, red is emitted; high bromine (Br) levels produce
green, and high chlorine (Cl) levels are associated with blue light [65,66].

Figure 8. Structure of Perovskite [67].

3.4. 2D Materials
3.4.1. Graphene

2D materials have a planar structure. For example, graphene is a typical 2D planar
material with a hexagonal honeycomb structure composed of only carbon. Graphite is also
a carbon–only material. Graphite has the property of being easily separated because it is
covalently bonded in the same layer with weak bonds called van der Waals bonds between
the layers. If graphite of this structure is continuously separated between layers, a single
layer of graphene can be obtained. Graphene has a relatively high absorption of light, but it
is very thin, meaning that it is also transparent and flexible, with good electrical properties.
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In addition, mobility, which is one of the characteristics of semiconductors, has a very high
value of close to 200,000 cm2/V·s and its conductivity is also good. In general semicon-
ductors, the valence band and conduction band are separated by a bandgap. However, as
shown in Figure 9 graphene has a structure in which two bands are in contact with each
other at one point in the momentum space. This band structure has all the advantages and
disadvantages of the electrical properties of graphene. The advantages of conductivity and
high mobility are due to the metallic nature of graphene. The disadvantage is that there
is no difference between the on–state current and the off–state current due to the absence
of the bandgap. For a good semiconductor, the on–state current and the off–state current
differ by approximately 108, whereas for graphene the difference is only approximately 10
to 100 times. With these characteristics, it is difficult to use graphene as a semiconductor.
However, many studies have been conducted to overcome these shortcomings and to
devise methods by which to remove the symmetry of graphene. A typical method is
to stack graphene nanoribbons and graphene in two layers. First, graphene in the form
of nanoribbons loses its one way symmetry, creating a bandgap through the creation of
numerous edge effects. When the nanoribbon thickens, the bandgap becomes zero, and
when the width is narrower, a bandgap arises. However, it is very difficult to create a 1 nm
nanoribbon, and the bandgap is only 1eV. Additionally, the mobility of transistors is poor.
A second method is to stack graphene in two layers. This method also has shortcomings
similar to those of nanoribbons. As shown in Figure 9, a bandgap arises when an electric
field is loaded on an energy band split by the interaction between the two layers [68–74].

Figure 9. Band gap control of Graphene (a) Graphene electronic band structure (b) Band structure of
pristine graphene with zero band (c) Band structure of p-type graphene with the bandgap (d) Band
structure of n-type graphene with the bandgap modified [68,69].

The schematic band structure of pristine graphene with the linear energy–momentum
dispersion relationship of E = hv|K| is shown in Figure 9a. The valence and conduction
bands are conical and meet at point K (Figure 9b). Figure 9c,d show the schematic band
structures of p-type and n-type graphene with the bandgap and Fermi level (Ef) in the
valence and conduction bands, respectively.
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3.4.2. Carbon Nanotube (CNT)

First discovered in 1991 by Dr. Sumio Iijima of Japan, a carbon nanotube is a spiral
material in which six hexagonal carbon atoms are connected in a tube shape to form a net
structure [75]. Depending on the angle and direction of the material, it can become an
electrical conductor or a semiconductor. In particular, the diameter is about one-hundredth
of the thickness of a human hair, which is very fine, but its strength is nearly 100 times
that of steel. In addition, it has high thermal conductivity and electrical conductivity,
boasting a wide range of uses above those of ordinary carbon fiber. Therefore, carbon
nanotubes are in the spotlight in such areas as aircraft, automobiles, secondary batteries,
and semiconductors, where electricity and heat conductivity and strength of the material
are important. In the future, it is expected that more convenient production methods will
be developed and activated in various industries and with a range of technologies [76–83].

4. Synthesis and Fabrication of Nanomaterials

In Tables 4 and 5, various nanoparticle synthesis methods are known, which can also
be applied to semiconductor quantum dot synthesis. Nanoparticle synthesis methods can
be largely classified as top–down synthesis methods and bottom–up synthesis methods.
First, the top–down synthesis method is a destructive approach, starting with larger units
and breaking them down into smaller units to synthesize nanoparticles. Examples of this
method include grinding/milling, CVD, and PVD (physical vapor deposition) methods.
In earlier research, under the presence of an organic oleic acid, a top–down destruction
approach was used to synthesize spherical magnetic light nanoparticles with a particle
size of 20 to 50 nm from natural iron oxide (Fe2O3) ore. In addition, in 2004, colloidal
carbon spherical particles that could be controlled by simple top–down methods were
synthesized. The bottom–up synthesis method is an example of the reverse utilization of
the top–down synthesis method, with a precipitation and reduction technique. Recently,
LDL nanoparticles were synthesized without a phospholipid via a solvent–exchange
method, and single–variance spherical bismuth (Bi) nanoparticles were synthesized using
both methods [84]. The most commonly used classical methods, bottom–up and top–
down methods, refer to the reduction of metal acids or metal salts in a solution; a typical
example is the synthesis of gold nanoparticles using a chloroauric acid solution. When
gold ions are reduced using sodium citric acid (sodium citrate), the reduced gold atoms
gather to form gold nanoparticles. Later, when the surface of the gold nanoparticles is
covered with protective substances, clumping is prevented. The size of the nanoparticles
formed is adjusted according to the pH of the initial solution, the concentration of the
reducing agent, and the temperature. Semiconductor nanoparticles such as CdS or CdSe
may be synthesized using a colloidal chemical methodology called the inverse micelle
process. The reverse micelle method has the advantage of being able to cover the surface of
already formed nanoparticles with additional chemical reactions. There is also a method of
synthesizing various types of semiconductor nanoparticles after putting metal salts and
chalcogenide reactants in zeolite and Nafion polymer film. However, this method does
not determine the physical size of the nanoparticles in which a material hole is formed,
unlike the reverse micelle method, and the difference is that the formed nanoparticles are
permanently embedded in the zeolite or Nafion polymer matrix. Studies are being actively
carried out at home and abroad to make high-quality semiconductor nanoparticles, where
‘high-quality’ means that the nanoparticles have excellent crystallinity, high luminance,
and small size distribution. These high-quality semiconductor nanoparticles are divided
into different nanocrystal types [85–90].
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Table 4. Top–down methods of nanomaterial synthesis [85].

Top–Down Method Advantages Disadvantages General Remarks

Optical lithography

Long–standing, established
micro/nanofabrication tool especially for chip
production, sufficient level of resolution at
high throughputs

Tradeoff between resist process sensitivity and
resolution, involves state–of–the–art
expensive clean room-based
complex operations

X The 193 nm lithography infrastructure already
reached a certain level of maturity and
sophistication, and the maturity and
sophistication, and the approach could be
extended to extreme ultraviolet (EUV) sources
to shrink the dimension. Additionally, future
developments need to address the growing cost
of a mask set

E–beam lithography

Popular in research environments, an
extremely accurate method and effective
nanofabrication tool for <20 nm nanostructure
fabrication with desired shape

Expensive, low throughput and a slow
process (serial writing process), difficult for
<5 nm nanofabrication

X E–beam lithography beats the diffraction limit
of light, capable of making periodic
nanostructure features.

X Multiple electron beam approaches to
lithography would be required to increase the
throughput and degree of parallelism

Soft and nanoimprint lithography
Pattern transfer based simple, effective
nanofabrication tool for fabricating
ultra–small features (<10 nm)

Difficult for large-scale production of densely
packed nanostructures, also dependent on
other lithography techniques to generate the
template, and usually not cost–effective

X Self-assembled nanostructures could be a viable
solution to the problem of complex and costly
template generation, and for templates of
periodic patterns of <10 nm

Block copolymer lithography

A high-throughput, low-cost method, suitable
for large-scale densely packed nanostructures,
diverse shapes of nanostructures, including
spheres, cylinders, lamellae possible to
fabricate including parallel assembly

Difficult to make self-assembled nanopatterns
with variable periodicity required for many
functional applications, usually high defect
densities in block copolymer
self-assembled patterns

X Use of triblock copolymers is promising to
generate more exotic nanopattern geometries

X Functionalization of parts of the block
copolymer could be done to achieve hierarchy
of nanopatterning in a single step
nanofabrication process

Scanning probe lithography

High-resolution chemical, accurately
controlled nanopatterns in resists for transfer
to silicon, ability to manipulate big molecules
and individual atoms

Limited for high throughput applications and
manufacturing, an expensive process,
particularly in the case of ultra–high-vacuum
based scanning probe lithography

X Scanning probe lithography can be leveraged
for advanced bio–nanofabrication that involves
fabrication of highly periodic
biomolecular nanostructures
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Table 5. Bottom–up methods of nanomaterial synthesis [85].

Bottom–Up Method Advantages Disadvantages General Remarks

Atomic layer deposition

Allows digital thickness control to the atomic
level precision by depositing one atomic layer
at a time, pin–hole free nanostructured films

over large areas, good reproducibility and
adhesion due to the formation of chemical

bonds at the first atomic layer

Usually a slow process, also an expensive
method due to the involvement of vacuum

components, difficult to deposit certain
metals, multicomponent oxides, certain

technologically important semiconductors
(Si, Ge, etc.) in a cost–effective way

X Although a slow process, it is not detrimental for
the fabrication of future generation ultra–thin ICs

X The stringent requirements for the metal barriers
(pure; dense; conductive; conformal; thin) that are
employed in modern Cubased chips can be
fulfilled by atomic layer deposition

Sol gel nanofabrication

A low-cost chemical synthesis process-based
method, fabrication of a wide variety of

nanomaterials including multicomponent
materials (glass, ceramic, film, fiber,

composite materials)

Not easily scalable, usually difficult to control
synthesis and the subsequent drying steps

X A versatile nanofabrication method that can be
made scalable with further advances in the
synthesis steps

Molecular self-assembly

Allows self-assembly of deep molecular
nanopatterns of width less than 20 nm and
with the large pattern stretches, generates

atomically precise nano system

Difficult to design and fabricate nano systems
unlike mechanically directed assembly

X Molecular self-assembly of multiple materials
may be a useful approach in developing
multifunctional nano systems and devices

Physical and chemical
vaporphase deposition

Versatile nanofabrication tools for fabrication
of nanomaterials including complex
multicomponent nano systems (e.g.,

nanocomposites), controlled simultaneous
deposition of several materials including

metal, ceramics, semiconductors, insulators
and polymers, high purity nanofilms, a
scalable process, possibility to deposit

porous nanofilms

Not cost–effective because of the expensive
vacuum components, high temperature
process and toxic and corrosive gases

particularly in the case of chemical
vapor deposition

X To provide unique opportunity of nanofabrication
of highly complex nanostructures made of
distinctly different materials with different
properties that are not possible to accomplish
using most of the other
nanofabrication techniques.

X New advances in chemical vapor deposition such
as ‘initiated chemical vapor deposition’ (i–CVD)
provide unprecedented opportunities of
depositing polymers without reduction in the
molecular weights

DNA scaffolding

Allows high-precision assembling of
nanoscale components into programmable

arrangements with much smaller dimensions
(less than 10 nm in half–pitch)

Many issues need to explore, such as novel
unit and integration processes, compatibility
with CMOS fabrication, line edge roughness,

throughput and cost

X Ultimate success depends on the willingness of
the semiconductor industry in terms of need,
infrastructural capital investment, yield and
manufacturing cost



Energies 2021, 14, 7701 18 of 43

5. Nanomaterial-based Scintillators

In nanomaterials, the control of electron-hole pairs and the efficient generation of
multiple excitons, that is, the generation of multiple electron-hole pairs by one photon,
are unique photophysical properties of nanomaterials. In bulk scintillators (Figure 10a),
electron-hole pairs lose their energy while emitting phonons and are located at the edge of
the band. On the other hand, in nanomaterials (Figure 10b), the quantized energy level
creates a phonon bottleneck, which can transfer energy to the creation of new electron-
hole pairs instead of phonon emission [91]. Therefore, unlike the bulk scintillator, the
nanomaterial-based scintillator can improve the efficiency as well as control the emission
wavelength according to the type and size of the nanomaterial used. In addition, there is
an advantage that the reaction rate with photons can be improved by using nanomaterials
with high atomic numbers. However, nanomaterials tend to aggregate because of their
large specific surface area. Therefore, it is important to uniformly disperse the nanoparticles
when depositing them on a polymer.

Figure 10. Schematic diagram of energy transfer by high-energy electrons (a) Schematic diagram
of the process in which high energy electrons lose energy by emitting phonons in bulk scintillator
(b) Schematic diagram of the multi-exciton formation process in which high-energy electrons transfer
energy from quantum dots to other electrons to form different electron-hole pairs modified [91].

A reaction in which two or more molecules combine to form a compound with a high
molecular weight is called polymerization. A thermal polymerization method is generally
used when manufacturing a scintillator, and there is a polymerization method using
light, radiation, or a catalyst. Table 6 describes the nanomaterial doping and scintilaltor
fabrication methods used in the research cases mentioned in this review.

The study of quantum dot synthesis methods was accelerated after the Bowendi
group at MIT in the 1990s when they reported a quantum dot synthesis method of the high-
quantum-efficiency cadmium series. Various quantum dots have been reported thus far,
including the cadmium series, II–VI, III–V, IV–VI, and I–III–V. The properties of quantum
dots also change depending on the material, and quantum dots, commonly called cores, do
not have good luminous properties. However, there are reports of ways to maximize these
characteristics by wrapping them with a shell structure or creating them in an alloy form.
These methods can simultaneously increase the efficiency and stability of quantum dots.

In 2018, Chen Q. et al. [92] conducted a study using perovskite nanocrystals. In a
typical bulk scintillator material, it interacts with high-atomic-number materials to generate
many photoelectrons through photoelectric effects. It is possible to control the color of
perovskite quantum dots by controlling the emission wavelength, resulting in a narrow
half-peak emission peak. However, the emission spectrum of the bulk scintillator is
uncontrollable and shows an emission peak with a large half width. In that study, these
properties of perovskite ionization crystals were utilized to develop a prototype device
for multi-colored X-ray detection through a combination of solution processing and soft
lithography, with a subsequent comparison with commercial bulk scintillators (CsI:Tl,
PbWO4, YAlO3:Ce and Bi4Ge3O12). After analyzing the X-ray absorption spectrum of
carbon, CdTe, and CsPbBr3, the authors of the paper [92] found that Pb-based perovskite
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nanocrystals are more suitable for photon detection scintillators than nanocrystals without
Pb components. In addition, the authors observed that the bandgap energy of perovskite
nanocrystals is in the range of 1.7~3 eV and that the energy density reaches its maximum
when the atomic distance is 10.32 Å. The prototype device developed in the study was
manufactured by spin-coating a perovskite material, and it was confirmed that the lowest
detection dose rate was 13 nGy/s. This value is approximately 420 times lower than
the dose (5.5 uGy/s) used for a general X-ray diagnosis. In addition, it was confirmed
that a very rapid response (τ = 44.6 ns) was obtained from the Cs-137 source. Rapid
responses to X-rays are crucial important factors in medical radiography. In addition, the
characteristics of the perovskite and commercial bulk scintillators (CsI; Tl, PbWO4, YAlO3;
Ce and Bi4Ge3O12) were compared. The perovskite showed good luminescence sensitivity
to X-rays, with multi-color high-efficiency luminescence found to be possible. On the other
hand, conventional scintillators have poor resolutions of the emission peaks. Therefore, it
is difficult to express multi-color visualization by photons. In the aforementioned study,
it was confirmed that perovskite nanocrystals showed a very rapid response (44.6 ns) to
X-rays, and the scintillator using the perovskite can be converted into multi-colored visible
light, which has a small half width. It was also confirmed that use as a scintillator was
possible. The results of the study appear to be applicable to the X-ray sensing and the
imaging industry, with perovskite materials also useful as alternative materials in solar
and light-emitting diode applications.

Table 6. Nanomaterial doping and scintillator fabrication methods.

Methods Example Pictures

Chemical Bath
Deposition

(CBD)

A method of depositing a substrate by
immersing it in a liquid material

Ink–jet printing
A method of forming a uniform film on a
substrate by finely spraying a liquid material
through a nozzle

Spin coating
A method of forming a thin film using
centrifugal force after placing a solution on a
substrate and rotating it at a constant speed

Doctor blade

A method of forming a sheet by pouring the
coating solution and passing the blade
keeping a constant distance from the
substrate

Irradiation
A method of polymerization by irradiating
ionizing radiation with high energy such as
gamma rays or X-rays

Thermal
polymerization

A method of polymerization by heating
without catalyst

In 2019, Chang S. et al. [93] conducted a study to improve the luminescence using
quantum dots and developed a method of uniformly doping quantum dots covered a
thiol. Here, the thiol is an organic sulfur compound (R–SH) structure, R is an alkyl or other
organic substituent, and –SH denotes a sulfhydryl group (sulfhydryl group). The thiol
(R–SH) binds to the quantum dot and protects the surface of the quantum dot. Samples
were prepared using three types of quantum dots (MPA-CdTe, MPA–CdSe, and Cys-CdTe)
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and the properties were evaluated. MPA is mercaptopropionic acid, and Cys stands
for cysteamine. As a result of evaluating the characteristics of quantum dots using the
emission spectra, TEM, and XRD patterns, it was confirmed that the type and particle
sizes of quantum dots influence their luminescence and quantum efficiency. These results
are confirmed in Figures 11 and 12 in that study, three types of quantum dots were
synthesized, and the synthesized quantum dots were enhanced by a chemical reaction with
photons by a high-energy gamma irradiation method in an aqueous solution. Photons can
interact with water molecules, organic ligands (MPA or Cys) and inorganic nanocrystals
(CdTe or CdSe). Water molecules are decomposed by photons to generate active species
such as H–, HO−, HO2

−, and they interact with nanocrystals such as CdTe or CdSe to
release Cd2+ ions. S2− and Cd2+ can also be generated by direct interaction between
photons and quantum dots. The resulting S2− and Cd2+ combine rapidly to form CdS,
with the photons releasing S2− and Cd2+ very slowly such that a CdS shell is formed on
the quantum dot surface rather than the on CdS particles in the solution. Thus, a thin
CdS shell can reduce defects on the CdTe or CdSe quantum dot surfaces. Because the
bandgap of CdS is wider than those of CdTe and CdSe, the formation of a thin CdS shell
is considered a key factor in improving the fluorescence efficiency of quantum dots. The
gamma irradiation method used in this study has the following advantages: (1) Gamma
rays have high energy and improve the fluorescence of quantum dots in a short period of
time. (2) Gamma rays have strong penetrating power and uniformly react chemically in the
entire system, leading to the homogeneity of substances. (3) Gamma rays can uniformly
process large amounts of quantum dots at a time. Compared to the conventional chemical
method, the gamma emission method is generally performed at atmospheric pressure and
room temperature in an aqueous solution without a large amount of chemicals, which
has the advantage of reducing damage to other substances and reducing environmental
contamination. Therefore, using this photon irradiation method, it is possible to process
large amounts of quantum dots uniformly at one time [93].

Figure 11. Comparison of luminescence and quantum efficiency according to the type of quantum
dot. (a) MPA-CdTe (b) MPA-CdSe (c) Cys-CdTe [93].
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Figure 12. Comparison of luminescence and quantum efficiency of MPA-CdTe quantum dots by
quantum dot size. (a) 545 nm (b) 567 nm (c) 592 nm (d) 608 nm [93].

In 2009, Joe M.J. et al. [94] succeeded in synthesizing a new type of microparticle by
uniformly doping quantum dots on the surface of a silica sphere and then growing a silica
layer on the quantum dots. Figure 13a shows a multi-size CdSe quantum dot synthesized
from the Korea University study. The smaller the quantum dot size is, the shorter the
emission wavelength is. The synthesized CdSe quantum dots were measured with UV-Vis
spectroscopy; the band edge emission (BEE) was found to be 566 nm, with the BEE also
measured and found to be 575 nm. This was calculated as 3.4 nm using the formula below
to calculate the size of the quantum dots. In addition, after composing a 2.5-layer CdS
shell on the surface of CdSe, the UV-Vis spectroscopy measurement showed that the band
edge absorption (BEA) was 594 nm (28 nm movement after shell formation) and the BEE
was 603 nm (28 nm movement after shell formation). Figure 13b shows the UV absorption
and fluorescence spectra of CdSe quantum dots (Figure 13b(1)) and CdSe/CdS quantum
dots (Figure 13b(2)). When the size of the CdSe/CdS quantum dot is calculated based on
Figure 13b and Equation (1), the outcome is 4.33 nm.

D = (1.6122 × 10−9)λ4 − (2.6575 × 10−6)λ3 + (1.6242 × 10−3)λ2 − (0.4277)λ + (41.57) (1)

Here, λ means the wavelength at the BEA position.
Thus, the study by Joe M.J. et al. demonstrated the uniform formation of a layer of

quantum dot particles on the surface of the silica sphere to minimize self-absorption and
agglomeration without using an organic polymer. Additionally, the silica layer was grown
to synthesize particles with amplified fluorescence, preserved fluorescent wavelengths,
and increased light stability and durability.

In 2006, Letant S.E. et al. [95] developed a QD composite material of porous materials
with improved resolutions compared to that of the NaI(Tl) scintillator, an inorganic scin-
tillator. Inorganic scintillators such as NaI and CsI have poor resolutions, and CZT has a
resolution of about 1% at 662 keV, but it cannot be manufactured in a large size. For this
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reason, research has concentrated on the development of gamma measurement scintillators
using nanomaterials.

Figure 13. (a) UV measurement results for each CdSe quantum dot size and (b) UV spectrum for
CdSe quantum dot (1) and CdSe/CdS quantum dot (2) [94].

In this study, nanocomposite materials were developed using porous VYCOR and
CdSe/ZnS quantum dot materials. The manufacturing method utilized in this case is as
follows. A 1/16-inch porous VYCOR (high silicate glass (96% silica glass)) sheet was slowly
dissolved in a solution containing 1% hydrofluoric acid and 2.0% ethanol per volume
for four days. The solution was prepared by mixing CdSe/ZnS quantum dots having an
emission wavelength of 510 nm for 48 h and then slowly cooling them (air-dried). Figure 14
shows the nanocomposite material added with the porous VYCOR-based CdSe/ZnS
quantum dot material produced in the study. To understand the performance of the
produced nanocomposite material, a 25-mm-thick nanocomposite material was connected
to a PMT (model R1924A) to perform measurement experiments, and the results were
compared with those from a one-inch NaI(Tl) scintillator. Figure 15 shows the results of a
measurement experiment using the Americium-241 source. The nanocomposite showed
a resolution of 15% in the Americium-241 (59 keV) region, and the NaI(Tl) scintillator
showed a 30% resolution in the Americium-241 (59 keV) region. The nanocomposite
material developed in this study thus showed a resolution nearly two times better in the
Americium-241 (59 keV) region. Although this study proved that a semiconductor detector
using quantum dots has adequate photon output at a low gamma energy level, scintillation
and linearity studies to assess the high gamma energy must be performed. In order to
generate high detection efficiency, a high-density thick nanocomposite material must be
devised to increase the stopping ability, and the Stokes shift of the quantum dots should be
maximized to prevent losses due to reabsorption in the thick detector structure [95].

Figure 14. Nanocomposite material with porous VYCOR-based quantum dot material [95].
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Figure 15. Measurement test results of Nanocomposite material and 1inch NaI(Tl). (a) Nanocompos-
ite (b) NaI(Tl) [95].

In 2012, Lawrence W.G. et al. [96] used a polymer composite thin film doped with
quantum dots for X-ray imaging. Quantum dots/polymer thin film samples were pre-
pared using both aqueous CdTe quantum dots of polyvinyl alcohol and non-aqueous
CdSe quantum dots of polystyrene. The surface of the quantum dot was stabilized in
an aqueous solution and coated with an appropriate ligand to prevent aggregation. A
CdTe quantum dot thin film sample consisting of a polyvinyl alcohol (PVA) polymer was
prepared in an aqueous solution containing water-soluble quantum dots and polymers,
with samples 65 µm thick created in a 5-mm-thick optical fiber optical guide plate with
25 mm diameter. Polystyrene samples doped with CdSe quantum dots were prepared by
mixing styrene and quantum dots and then thermally polymerizing the mixture using
AlBN (2,2’-azobisisobutyronitrile). They were prepared as a solid sample 10 mm in diame-
ter and 5 mm thick. In addition, the prepared samples were polished for light transmission
of the upper and lower surfaces. In this study, the characterization of the polymer with
the addition of quantum dots was evaluated only for samples with the addition of CdTe
quantum dots. As a result of the evaluation, the samples to which 10% quantum dots were
added were uniformly mixed, but the agglomeration phenomenon was observed in the
samples containing 35% quantum dots. An analysis showed that the lower the content of
the quantum dot was, the better the uniformity on the film surface became. However, as
the quantum dot content increased, the luminous efficiency increased [96]. Therefore, it
is considered that additional research on a method capable of uniform doping at a high
content is necessary.

In 2017, Liu C. et al. [97] conducted a study to develop a nanocomposite material
with improved light yield and better measurement efficiency over conventional materials
for gamma detection. The ideal scintillator has the following characteristics. First has a
high atomic number that increases gamma attenuation and the photoelectron generation
rate. Second, it has a high light yield (visible light generated per incident photon energy
(MeV)). The third characteristic is the short decay time, and the fourth is its low cost such
that it can be manufactured at a large size. However, commercial scintillators are generally
made of inorganic single crystals or plastics and do not match the characteristics of an ideal
scintillator due to limitations in the manufacturing process and the inherent characteristics
of the materials. The manufacturing method of the plastic scintillator with quantum dots
added to it is as follows. Separated from a toluene solution was done using ethanol to
obtain 1000 mg of quantum dots. The separated quantum dots were dissolved in 14 mL of
CHCl3 to form a transparent solution, and 89 mg of BMEP(bis(2-(methacryloyloxy)-ethyl)
phosphate) in 2 mL of CHCl3 was stirred into the solution. The mixture was stirred for
24 h and then filtered through a 200 nm PTFE filter to remove the precipitate which formed
upon stirring. The filtered solution was washed twice with a solution of 3:1 acetone and
toluene and then twice more with a solution of 3:1 acetone and hexane. Subsequently, the
transparent solution was placed in a glove box filled with nitrogen and mixed with 1–5 wt%
of FBtF(4,7-bis-{2′-9′,9′-bis[(2′′-ethylhexyl)-fluorenyl]}-2,1,3-benzothiadiazole) in a glass
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vial with a diameter of 10 mm, followed by thermal curing at 95 ◦C for 24 h. The resulting
monolith was separated from the glass vial and polished to produce a quantum-dot-based
polyvinyl toluene (QD/PVT) scintillator. In this study, by adding more than 60 wt% of
CdZnS/ZnS (CZS) nanomaterials to the existing plastic material, nanocomposite materials
with a 9.8% resolution in a 662 keV Cs-137 gamma peak were successfully produced with
a resolution similar to those of inorganic scintillators such as BGO, CaF2(Eu) and CsI(Tl),
meaning that it is a material with performance capabilities similar to those of inorganic
scintillators at an affordable price. To increase the atomic number of the nanocomposite
material and improve the light yield, it was prepared by adding more than 60 wt% of
CZS QD to the PVT matrix with a sufficient amount of FBtF dye. When a high amount of
quantum dot material is added, the distance between the quantum dots is close, leading
to the FRET phenomenon. The FRET phenomenon refers to a phenomenon in which
energy does not emit light at the absorbed wavelength and the wavelength shifts to emit
energy at other wavelengths. Therefore, by utilizing the FRET of FBtF QDs having a low
bandgap, QD self-absorption is prevented, energy is emitted at a shifted wavelength, and
the light yield is improved by 11% at 662 keV compared to an existing nanocomposite
scintillator. The material content showing the best performance was the 60 wt% CZS QD
and 2% FBtF/PVT nanocomposite scintillator, the light yield was 9255 photons/MeV, and
the resolution was 9.8% at 662 keV. This is shown in Figure 16 [97].

Figure 16. (a) Measurement result for each quantity of quantum dot (b) Resolution of scintillator
with 60 wt% of quantum dot [97].

In 2018, Tam A.K. et al. [98] developed a nano-scintillation material by adding CdS
quantum dots to a base of PVT to increase the luminescence rate of application to a
scintillator. A PPO material was used as a wavelength shifter together with a quantum dot
material. PPO and CdS quantum dots having an emission wavelength of 418 nm coated
with oleic acid were dispersed in a PVT matrix to prepare the PVT with the quantum
dots added. As a result of evaluating the performance of the PVT produced in this study,
energy transfer was observed in three stages from the PVT polymer to PPO and from
the PPO to CdS quantum dots under UV excitation. Beta and gamma spectroscopy were
conducted with various sources to evaluate the performance of the quantum dot-based
scintillator. Gamma interaction with the scintillator is likely to lead to interactions such
as a photoelectric effect and the Compton effect due to the low atomic number of the
polymer. It is assumed that the majority of the light yield is due to the interaction with
the beta particles, which have a very high stopping ability for the polymer. Gamma and
beta measurements were conducted for each sample for 20 min through a scintillation
experiment on a polymer sample to which various (0–0.2 wt%) concentrations of quantum
dots were added using an unshielded Cs-137 source. The total cps (count per second) of
each sample is shown in Table 7, and the spectrum is shown in Figure 17. It was confirmed
from Table 7 that the total cps approximately tripled as the amount of quantum dots
was increased to 0–5 mg. Through this, it could be demonstrated that the addition of
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quantum dots improves scintillation. In addition, the CdS quantum dots were proved to
be a substance that can be added to improve scintillation through this study [98].

Table 7. Comparison of cps according to the concentration for quantum dot [98].

QD Conc. 0 wt%
(0 mg)

0.04 wt%
(1 mg)

0.12 wt%
(3 mg)

0.2 wt%
(5 mg)

Count rate(cps) 976 ± 0.9 1640 ± 1.2 2570 ± 1.5 2990 ± 1.6

Overall efficiency (%) 0.75 1.26 1.97 2.29

Figure 17. Luminescence (a) and cps measurement result (b) according to the concentration of
quantum dot [98].

In 2011, Park J.M. [99] created a plastic scintillator with quantum dots added to it and
conducted a study to check the wavelength shift.

Although the plastic scintillator is not always used for gamma-ray measurements, in
this study, a QD-based plastic scintillator with improved performance. An experiment
was conducted to assess the luminescence characteristics at different quantum dot con-
centrations. In this case, quantum dots were used to realize a wavelength shift. A plastic
scintillator doped with quantum dots was manufactured by a thermal polymerization
method, and the luminescence properties were determined by X-rays. In addition, the
decay time was confirmed through gamma-ray spectroscopy. At this time, the photodetec-
tor used in the gamma-ray spectroscopy analysis utilized PMT (PHOTONIS XP2260/PA).
The PMT emission wavelength of the PHOTONIS device is 400 nm, and the silicon optical
sensor shows a wavelength of 600 nm. In general, the wavelength band of a plastic scintil-
lator is around 400 nm, meaning that PMT, not a silicon optical sensor, was used. Table 8
shows the materials and concentrations used in the production of the plastic scintillator.
CdTe/ZnS was used as the quantum dots in this experiment, and the quantum dots were
also a material produced through a synthesis process [99].

Table 8. The contents of CdTe/ZnS material used in the manufacture of plastic scintillators [100].

NO. Styrene (wt%) PPO (wt%) POPOP (wt%) QD (wt%)

1

~99

0.4

0.01
-

2

-

3 0.4

4 0.1

5 0.05

6
-

0.1

7 0.05
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In 2014, Park J.M. et al. [100] assessed the properties of scintillators after adding
CdSe/ZnS QDs to plastic-based materials. A plastic scintillator containing quantum dots
was created via a thermal polymerization method as described above and was prepared
with the contents shown in Table 8. The manufacturing method used to create the plastic
scintillator is identical to that shown in Figure 18. The entire process was performed in glass
bottles with a diameter of approximately 2.5 cm and a thickness of 5 cm. The produced
scintillator was irradiated with a 10 nA 45 MeV proton beam for ten seconds to obtain the
proton-derived spectrum. Figure 19 shows the proton spectra of the #4 and #5 samples,
showing the same emission peak at 350 nm and 520 nm. However, the emission intensity
of each peak is different. The light yield of the #5 scintillator was 3.5 times stronger than
that of the #4 scintillator at 380 nm, and the light yield of the #4 scintillator was 1.3 times
stronger than that of the #5 scintillator at 520 nm. It was also found that larger quantum dot
contents led to a higher 520 nm peak was due to the higher energy transfer from the PPO
to the quantum dots. Because the emission wavelength must match the photodetector, the
wavelength band can be controlled using quantum dots. In this study, the wavelength shift
was checked for each plastic scintillator made of quantum dots of various concentrations,
and the decay time was checked using a gamma-ray source. The decay times of standard
plastic scintillators (Styrene, PPO, POPOP) are 4.4 ns and 16 ns, and those of corresponding
QD (0.05 wt%) doped plastic scintillators were measured and found to be 2.40 ns and
11.4 ns. The results of this study are considered to be applicable to the effort to establish a
method for the manufacturing of plastic scintillators including quantum dots [99,100].

Figure 18. Thermal polymerization method [99].

In 2019, Brus V.V. et al. [101] developed a large-area X-ray and γ-ray detector with a
Schottky double junction of graphene / CdTe crystals. A device using two materials was
prepared by forming a van der Waals contact between graphene and a CdTe substrate by a
large–area chemical vapor deposition method at room temperature. This method greatly
reduces the manufacturing costs and improves the reproducibility and stability of the
electrical properties. The thin graphene layer does not interfere with the low-energy X-rays
to the active layer, and the relatively high sheet resistance of the single-layer graphene is not
a problem because, as opposed to a solar cell, the electrical signal generated by the radiation
detector or photodiode is low. The operating range of the CdTe detector is higher than that
of the Si detector, giving it a higher atomic number and enabling measurements of higher
photon energy levels with a corresponding wider bandgap. However, several problems
related to the physical properties of Schottky diodes based on high-resistance materials
were not solved in this study. high-resistance CdTe single crystals are associated with a



Energies 2021, 14, 7701 27 of 43

significant temperature instability issue and the electrical properties cannot be controlled.
In this study, a radiation detector was developed using the new graphene/CdTe single
crystal double junction method, excluding a vacuum deposition process, and the spectral
characteristics were confirmed with the developed detector. The graphene/CdTe/Au
detector and the circuit diagram developed in this study are shown in Figure 20. To
verify the performance of the developed Schottky diode-type semiconductor detector, the
spectrum of Am-241 and Cs-137 was analyzed. These results are shown in Figure 21. As a
result of these measurements, the resolution was found to be 21% in the Am-241 (59 keV)
region and 6.1% in the Cs-137 (662 keV) region. This showed better performance than NaI
(Tl) with its resolution of about 7–8% in the Cs-137 region [101].

Figure 19. Comparison of emission spectra of plastic scintillator #4 and #5 [100].

Figure 20. (a) Graphene/CdTe/Au detector (b) AC equivalent circuit of Graphene/CdTe/Au device [101].

Figure 21. Gamma measurement spectrum using Am–241 (a) and Cs-137 (b) [101].

In 2019, Kim S.J. et al. [102] developed a gamma-ray detector based on a single-wall
carbon nanotube (SWCNT). SWCNT can be described as not having an existing scintillation
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mechanism. When gamma rays are incident, two SWCNT resistors sense and change the
electrical properties due to oxygen dissociation and adsorption on the SWCNT surface.
With the developed detector, the total dose and dose rate showed excellent sensitivity,
and the radiation dose rate was distinguished in the range of 2.4 to 16.4 R/min. In this
study, a simple and economical method for gamma-ray detection using SWCNT without
other scintillators was established. The SWCNT network was devised with two terminal
resistors and the resistance was measured in real–time with various gamma doses and
various dose rates. During these measurements, ambient air is exposed to the environment
due to adsorption of oxygen atoms and ozone, and a control sample was prepared with a
nanotube surface coated with a polymer to prevent a reaction with the environment in a
simultaneous investigation. Figure 22 shows a schematic diagram of the manufacturing
process of the gamma-ray detector. In this experiment, this device was prepared using an
ink-based drop–casting method [102].

Figure 22. Schematic diagram of manufacturing process of gamma ray detector using SWCNT [102].

The SWCNT ink has a semiconductor nanotube content of 1 wt% in a diameter range
of 1 to 1.3 nm and contains 80% or more in a solvent. The impurities in SWCNT are
mainly metallic nanotubes, not other contaminants. In addition, the SWCNT ink was
further diluted with deionized water to generate various nanotubes, and the nanotube
concentration was optimized to maximize the radiation response.

high-energy gamma rays are generated when oxygen atoms dissociate when colliding
with O2, and oxygen atoms combine with oxygen molecules to form ozone molecules.
Ozone production by gamma rays has been known for a long time, and ozone generation
rates have been reported at various distances from the gamma source. For example,
according to a previous study, the amount of ozone generated in a 20 L flask filled with
air was measured and found to be approximately 7.78 to 13.45 ppm for a total capacity
of 850–1127 krad; another study showed values of 8 ppm for 50 krad and 58 ppm for
1000 krad. However, as opposed to desorption by UV, oxygen adsorption with these
nanotubes leads to a decrease in the resistance. Figure 23 shows the air-coated, PET-coated,
and PDMS-coated detectors. In two of the coated samples, SWCNT was coated with a
polymer film to separate the active area from the ambient air while completely exposing
the active area to air. The thin PET film was laminated to cover the nanotubes without tight
contact and without confining the limited amount of air in the cover. When the sample was
irradiated at an exposure dose rate of 16.41 R/min (14.4 Rad/min), as shown in Figure
24, the polymer coating detector showed a tendency to have no resistance change, and the
resistance of the detector exposed to air showed a tendency to decrease. In the PET sample,
the trapped air is insufficient to cause ozone-induced resistance movement. According to
these results, adsorption by oxygen products is an important sensing mechanism. When
oxygen is contained in the sample, it is mainly attached to the defective portion of the
nanotube. Theoretical studies showed strong interactions between the nanotubes and
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ozone as long as there is ozone adjacent to the nanotubes as produced by the interaction
between gamma rays and air.

Figure 23. Schematic diagram of three different detectors [102].

Figure 24. Change of resistance according to gamma-ray irradiation for each of three samples [102].

In this study, an SWCNT-based gamma-ray detector was fabricated to demonstrate
its performance under various exposure conditions. The detector distinguished between
sensitivity to gamma rays and radiation dose rates in the irradiated range. The adsorption
of oxygen, especially ozone molecules, appears to influence the CNT response to radia-
tion, and direct radiation damage to nanotubes has been found not to play a role in this.
This study provided basic data for the development of a new gamma-ray detector using
nanomaterials based on an indirect sensing mechanism [102].

In 2016, Kang C.G. et al. [103] conducted research on the development of a flexible
radiation detector. There are several types of existing radiation detectors, but the scintillator
type of radiation detector has a structure in which a scintillator that generates light when
radiation is incident and a photodetector that detects the generated light is combined. The
scintillator of the existing photodetector is bulky and sturdy and has a high manufacturing
cost. Given its hard silicon semiconductor wafer as the base, it cannot bend, meaning that
there is a limit to the shape of the attached surface of the scintillator. Therefore, research
on the development of flexible photodetectors using nanomaterials as photodetectors was
conducted. The advantage of this technology is that it offers manufacturing in various
shapes given the thin and flexible material without limits in terms of the measurement
location. In addition, because it can be produced through a printing process, there is the
advantage of a low manufacturing cost.

Figure 25 shows the electron transfer with this patented technology. In Figure 25, 1© is
the scintillator part, and photoelectrons or Compton electrons are emitted by the interaction
between gamma rays and the scintillator (photoelectric effect, Compton effect) to excite
the scintillator (e.g., NaI). After being excited as a conduction band, visible light is emitted
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while transitioning again(within 10−8 sec). In addition, 2© is the insulator part, which
serves to block the direct transmission of the electrical signal generated by the scintillator
to the photodetector. It is formed to a thickness of about 30 to 50 nm and is composed
of oxides such as SiO2 and HfO2 or nitrides such as SiNx and AlNx. 3© is the active
layer (photoelectrode), and it emits photoelectrons by interacting with the light generated
from the scintillator (photoelectric effect); the active layer can be composed of a substance
with the formula of graphene, graphene oxide, graphene quantum dots, and MX2. In
order to increase the light transmittance, it can be manufactured by repeatedly stacking
nanomaterials. The quantum efficiency represents the sensitivity of the photocathode
and is usually about 20~30%. The nanomaterial of the active layer is patterned (the
action of etching a desired circuit or shape on a substrate) by inkjet printing process
technology. Because its form is thin once patterned, it is patterned several times to prevent
permeability. 4© is the electrode that collects the generated electrons and converts them into
electrical pulses. It can be made of copper, gold, platinum, palladium, and other similar
metals with good electrical conductivity. The photodetector is manufactured as shown
in Figure 26. After forming a photodetector on a silicon oxide substrate, a temporary
substrate is formed for photodetection. Thereafter, the silicon oxide substrate is chemically
removed by precipitation in a SiO2 etching solution, and a temporary substrate with a
photodetector is attached to the scintillator. The temporary substrate is removed through a
chemical reaction by precipitating it in an acetone solution after a drying process. Using
this patented technology, it is possible to attach a photodetector to a scintillator of various
shapes, and it is expected that the shape of the scintillator attachment surface will not
be restricted.

Figure 25. Principle of electron movement modified [103].

Kang D.H. et al. [104] implemented a high-performance photodetector with a light re-
sponse of 1.27 and 6A/W by utilizing doping and lamination technology of two-dimensional
nano-semiconductors. Here, doping technology refers to a process of changing the char-
acteristics of a semiconductor by adjusting the concentration of electrons or holes, and
photo-responsiveness refers to the amount of current generated by electrons and holes gen-
erated per unit intensity of incident light. Optical characterization is the most representative
method to know the performance of a detector. two-dimensional nano-semiconductors
generally have only n-type or p-type properties, depending on the type of material used.
The n-type refers to a semiconductor in which electrons are the main carriers that dom-
inate the electrical conductivity of semiconductors, and, conversely, when holes are the
main carriers, it is the p-type semiconductor. Owing to these characteristics, a study was
conducted to improve the performance of application devices such as photodetectors and
transistors by variously controlling the operating characteristics of the semiconductors
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through doping. The research team at Sungkyunkwan University reversed this by applying
n-type doping technology to supply electrons by thinly coating triphenylphosphine (PPh3)
onto the surface of tungsten selenide (WSe2), a two-dimensional nano-semiconductor
material with p-type operating characteristics. They implemented an n-type photodetector
and confirmed that the photo responsiveness is one step higher than that of an existing
p-type WSe2 photodetector. In addition, a two-dimensional insulating material, hexagonal
boron nitride (h-BN, chemical and physical properties similar to graphite, but graphite
is an electrically conductive material, while h-BN is an excellent electrical insulator), is
a vertical stack of two-dimensional nano-semiconductors. By utilizing a layered struc-
ture, the photo-response is improved via the creation of a high-quality interface with a
low defect density between the hetero–materials. Compared with results from an existing
molybdenum disulfide (MoS2)-based photodetector device, the photo-response is increased
by about 25 times, and the result with the high-performance photodetector at 6A/W is
1.27, meaning that it can detect light of very weak intensity. In addition, compared to the
photo-response of 5A/W of the p-type tungsten selenide (WSe2) photodetector to which
doping and lamination technologies are not applied, the result is improved by nearly five
times, showing the superiority of this technology. This is more than one million (106) times
higher than photodetectors based on silicon (Si) and gallium arsenide (GaAs), which are
widely used semiconductor materials [104]. Because the technology developed in this
study can be widely used in various 2D electronic/photoelectric device processes, it is
considered that it can be used with nanomaterial-based plastic scintillators in the future.

Figure 26. Method of manufacturing photodetector [103].

In 2015, Shin D.H. et al. [105] conducted research on the development of graphene
quantum dot optical sensors with improved photo-reactivity. Currently, silicon (Si) or
indium gallium arsenide (InGaAs) is used as the material of the photodetector, but this
material is limited when used in a transparent optoelectronic device that can be folded be-
cause it is hard and opaque. In order to solve this problem, researchers attempted to utilize
two-dimensional materials such as graphene and graphene quantum dots for transparent
and flexible optoelectronic devices. As a method to improve the device performance of
graphene quantum dots, nanoparticles that generate a large number of electron-hole pairs
by high light absorption were made to be adjacent to the graphene quantum dots, and the
nanoparticles in electron-hole pairs were generated from the graphene quantum dots. This
was intended to increase the efficiency of the device by adding electron-hole pairs gener-
ated by light absorption. In Shin’s research team, as a first application of a device using a
graphene quantum dot-nanoparticle energy transfer structure, a graphene quantum-dot
nanoparticle photodetector (optical sensor) using graphene as a transparent electrode was
fabricated and its characteristics were evaluated. The developed photodetector has an
energy conversion layer with a hybrid structure in which graphene quantum dots (GQDs)
are bonded to the surface of silica nanoparticles (SNPs), with a second electrode formed
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by transferring graphene onto the energy conversion layer also formed. In the energy
conversion layer, silica nanoparticles function as energy donors and graphene quantum
dots act as energy acceptors; the charge carriers generated on the surfaces of the silica
nanoparticles due to light absorption are transferred to graphene quantum dots in an
energy exchange mechanism that involves the reception and transmittance of energy. The
developed photodetector showed increased photo reactivity of more than 1000 times com-
pared to a photodetector with only graphene quantum dots. This is more than 100 times
higher than the commonly used photodetectors based on silicon and gallium arsenide [105].

In 2019, Heo J.H. et al. [106] conducted research on the development of X-ray imaging
technology using a perovskite nano-scintillator. X-ray detectors have received much
attention given their numerous potential applications, such as in crystallography and space
exploration and for medical diagnosis and safety inspections. Thallium-doped cesium
iodide (CsI;Tl) and terbium-doped gadolinium oxide (GSO) are used as the scintillators of
indirect X-ray detectors. The CsI;Tl scintillator has the advantage of a high resolution due
to the vertically oriented column structure but has a disadvantage in that it is produced
through a vacuum process with a long process time and is expensive. On the other hand, the
GSO scintillator is composed of micro-sized GSO particles and a polymer binder, offering
the advantage of low flexibility and a low cost, but one disadvantage is that the resolution
of these devices is reduced due to light scattering. In particular, X-ray detectors for medical
diagnosis, such as mammography, chest X-rays, tomography, and dental oral X-rays, have
high sensitivity, high resolutions, high durability, and high-speed response characteristics
to minimize radiation exposure to patients and obtain high-resolution images. Recently,
Korea University developed a new X-ray scintillator that is superior to the existing X-
ray scintillators by using CsPbBr3 perovskite nanocrystals, which are new luminescent
materials for use in next-generation light-emitting diodes. Perovskite is actively researched
for application as a next-generation solar cell or light-emitting diode (LED) material, and
perovskite nano-scintillators that absorb X-rays have high luminous efficiency and excellent
spatial resolutions. Because the instantaneous light emission time is very short, it is possible
to reduce radiation exposure when obtaining an X-ray image. However, perovskite light-
emitting diodes are relatively inferior in terms of stability. Therefore, further research is
needed to meet commercial demands [106].

In 2019, Kim G.W. et al. [107] conducted research on the development of next-
generation transistors for new technologies of ultra-fine semiconductor (graphene quantum
dots). Graphene is a layer of atoms in which carbon atoms are connected in a hexagonal
honeycomb shape. It is a new material that is thin, has high physicochemical safety, and
has excellent electrical conductivity. If foreign matter can be formed at small dimensions
of several nanometers, it can become a graphene quantum dot of ultrafine semiconduc-
tor particles. In the lab of the UNIST Department of Natural Sciences, in 2019 graphene
quantum dots were developed more effectively than ever before. It is believed that this
technology will contribute to the development of “single-electron transistors”. Transistors
are components of semiconductor-integrated circuits that amplify or alter electronic signals.
Currently, electron flows of 100,000 electrons are controlled to operate one transistor, but
single-electron transistors control only one electron, meaning that there is little power
consumption and heat generation, and research is actively being conducted for future elec-
tronic devices. UNIST has developed a technology for manufacturing a ‘two-dimensional
planar complex in which graphene quantum dots are regularly arranged in a single layer of
hexagonal boron nitride (h-BN)’. With this material, we implemented a “vertical tunneling
single-electron transistor”, a device that transmits a signal by controlling only one electron.
Hexagonal boron nitride is a layer of atoms in which nitrogen and boron are combined
in a hexagonal honeycomb shape, also called ‘white graphene’. Unlike graphene, it has
an insulating property that does not allow a flow of current and can thus be applied as
a two-dimensional non-conductor. In addition, one characteristic of graphene quantum
dots is that they can emit light when current is passed through or light is radiated. For this
reason, they have been spotlighted as a material for next-generation displays, bio-imaging,
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and sensors. They can also be applied to next-generation quantum information and com-
munication technologies that can process information quickly while using less electricity.
Thus far, graphene quantum dots have been made by chemical peeling, a technique of
thinly peeling a graphite mass by a physical method or a chemical reaction. With these
methods, it is difficult to obtain a graphene quantum dot of a desired size, and various
impurities are attached to the edges, thereby blocking the flow of electrons. As a result,
graphene quantum dots do not readily exhibit natural electrical and optical properties. The
process of manufacturing a new 2D planar composite in which graphene quantum dots
are formed in a hexagonal boron nitride monolayer in this study is shown in Figure 27.
First, the block copolymer (block copolymer) and H2 PtCl6 (the initial material for form-
ing platinum nanoparticles) are mixed and applied onto a silica substrate, followed by a
heat treatment. Graphene quantum dots are prepared by selectively substituting boron
nitride to replace graphene onto the nanoparticles with graphene. In this technology, a
new method was devised to control the size of the graphene quantum dots as desired
and to remove impurities at the edges. Hexagonal boron nitride was transferred onto a
silica (SiO2) substrate with platinum nanoparticles and heat-treated in methane gas. The
platinum nanoparticles are arranged regularly due to the self-assembling properties of the
block copolymer, and the hexagonal boron nitride on the platinum swaps with graphene.
As a result, the size of the graphene quantum dots is determined according to the size of
the platinum particles, and a two-dimensional planar complex structure in which graphene
quantum dots are regularly arranged in the hexagonal boron nitride layer of the atomic
layer is created [107].

Figure 27. Manufacturing process of new 2D planar composite with grapheme quantum dots formed
inside a hexagonal boron nitride monolayer [107].

Many studies have been conducted to improve the performance by optimizing the
types of nanomaterials used or modifying the nanomaterials through manufacturing and
doping methods. The research cases presented above are summarized in Table 9.
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Table 9. Studies using nanomaterial-based scintillator or photodetector.

Scintillator Nanomaterial Radiation Methods and Results Ref.

QD-based Plastic
scintillator

CdS/ZnS QD and
Styrene γ-ray

• After directly fabricating a styrene-based plastic scintillator using CdTe nanomaterials, a
comparative analysis was performed with a commercial plastic scintillator.

• A measurement experiment was performed using a Cs-137 radiation source, and the
simulation results were compared and analyzed.

• The efficiency is improved by 25% compared to the commercial plastic scintillator.
• The relative light yield was calculated using 10,000 photon/MeV, which is the light yield of

commercial plastic scintillators, and the average was 12,071 photon/MeV.

[26]

QD-based Plastic
scintillator

Perovskite and
Epoxy beta

• Fluorescence intensity and beta spectrum analysis of each additive was performed using
perovskite–loaded epoxy-based plastic scintillator.

• It was analyzed that the perovskite–added plastic scintillator had twice the detection
efficiency than the plastic scintillator without perovskite.

• The detection efficiency of plastic scintillator added with perovskite reached 88.3% of that of
commercial plastic scintillator BC–400.

[50]

PDMS coated
Perovskite Perovskite X-ray

• X-ray detection device is manufactured by spin coating based on perovskite
• Analysis of the difference in X-ray optical sensitivity between the developed X-ray detector

and commercial bulk scintillators (CsI;Tl, PbWO4, YAlO3;Ce and Bi4Ge3O12)
• Confirmed that the minimum detection dose rate of the perovskite-coated X-ray detector is

13 nGy/s (about 420 times lower than the dose used for X-ray diagnosis (5.5 uGy/s))
• Very fast response from Cs-137 source (about 44.6 ns)
• As a result of comparing the performance with commercial bulk scintillators, perovskite has

good luminescence sensitivity to X-rays, enables high-efficiency multicolor scintillation
emission, and can be used as a new type of scintillator due to its small FWHM.

[71]

QD based
Nanocomposite

Porus VYCOR and
CdSe/ZnS

QD
γ-ray

• Conduct measurement experiment by connecting 25 mm thick nanocomposite material with
PMT for performance evaluation

• In the Am–241 (59 keV) energy region, NaI (Tl) has a resolution of 30% and nanocomposite
material has a resolution of 15%

• 2 times better resolution than NaI(Tl) in Am–241 energy region

[74]
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Table 9. Cont.

Scintillator Nanomaterial Radiation Methods and Results Ref.

Polymer composite
thin film doped

with QD

Polyvinyl alcohol
(PVA) polymer, CdTe

QD and CdSe QD
X-ray

• After mixing styrene and quantum dots (CdTe), thermal polymerization of the mixture was
performed using AlBN (2,2’–azobisisobutyronitrile)

• Polishing the upper and lower surfaces of the prepared samples for light transmission
• 10% of the sample was analyzed to have better uniformity on the film surface than the 35% of

the sample.
• The emission intensity was analyzed to be greater in 35% of samples than in 10% of samples.

[75]

QD based
Plastic(PVT)

CdZnS/ZnS (CZS)
QD and FBtF QD γ-ray

• A QD/PVT scintillator is produced by mixing a PVT-based material with a quantum dot of
CdZnS/ZnS (CZS) and a quantum dot of FBtF for 24 h at 95 ◦C.

• PVT production by mixing more than 60% of CZS quantum dot
• Analyzed to have a resolution of 9.8% at 662 keV Cs-137 gamma peak
• The manufactured plastic scintillator shows a light yield of 9255 photon/MeV
• 11% improvement in light yield at 662 keV than conventional nanocomposite scintillator

[76]

QD based
Plastic(PVT)

CdS QD and
VT(Vinyl toluene) γ-ray

• In this study, it was observed that the total count (the amount of scintillation) increases as the
content of quantum dots increases. [77]

QD based plastic
(styrene)

CdTe/ZnS QD,
CdSe/ZnS QD and

Styrene
X-ray

• Manufacture of plastic scintillator through thermal polymerization method by adding
quantum dots (CdSe/ZnS) to styrene-based material

• Plastic manufacturing and performance comparison by quantum dot concentration
• Depending on the amount of quantum dots, the wavelength showing the maximum light

yield performance appeared differently
• The decay time of the plastic scintillator with quantum dots (2.4 ns, 11.4 ns) is evaluated

shorter than that of the standard plastic scintillator (4.4 ns, 16 ns)

[78,79]

Nanocomposite Graphene/CdTe/Au X-ray andγ-ray

• In this study, a radiation detector was developed by using the new graphene/CdTe single
crystal double junction method

• The resolution was 21% in the Am–241 (59 keV), and 6.1% in the Cs-137 (662 keV). This
showed better performance than NaI(Tl) having a resolution of about 7~8% in the Cs-137.

[80]
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Table 9. Cont.

Scintillator Nanomaterial Radiation Methods and Results Ref.

Carbon nanotube
coated with
a polymer

Single wall carbon
nanotube (SWCNT) γ-ray

• Constructing an electrode on the SWCNT surface without a scintillator
• Forming SWCNT solution on the electrode by inkjet method
• Performance comparison analysis is performed by making detectors for each concentration of

SWCNT solution
• Performance verification is performed at various gamma doses and dose rates (2~20 R/min)

using the manufactured SWCNT detector
• The developed detector showed excellent sensitivity to the total dose and dose rate, and

distinguished the radiation dose rate in the range of 2.4 to 16.4 R/min
• Adsorption of oxygen, especially ozone molecules, appears to affect the CNT reaction to

radiation, and direct radiation damage to nanotubes has not been confirmed

[81]

nanocomposite Perovskite, PMMA X-ray

• In this study, a perovskite-based scintillator was developed that has high luminescence and
spatial resolution than the existing X-ray detection system

• Since perovskite light-emitting diodes are relatively inferior in stability, additional research
is required.

[85]

nanomaterial based
flexible

photodetector

Graphene, graphene
oxide, and

graphene QD

• The printing process was utilized.
• The photocathode, the active layer, is composed of materials such as graphene, graphene

oxide, and graphene quantum dots to improve sensitivity
• The nanomaterial of the active layer is patterned by inkjet printing process technology (a

method of etching a desired circuit or shape on a substrate)
• Development of a photodetector manufacturing method that can be attached to various

scintillators because it is thin and flexible

[82]

2D
nano-semiconductor
based photodetector

triphenylphosphine
(PPh3), tungsten

diselenide (WSe2)

Doping and
lamination method

• The doping and lamination method were utilized
• Using a method of thinly coating triphenylphosphine (PPh3) on the surface of tungsten

diselenide (WSe2), a two-dimensional nano-semiconductor material
• Utilizes a vertical stack structure in which two-dimensional nano-semiconductors are stacked

on hexagonal boron nitride, which is a two-dimensional insulating material
• It confirms higher optical responsiveness than existing photodetectors
• Light responsiveness is improved by having a low defect density

[83]
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Table 9. Cont.

Scintillator Nanomaterial Radiation Methods and Results Ref.

2D material based
photodetector

Silicon or indium
gallium arsenide

(InGaAs), Graphene,
Graphene QD

Bonding methods

• The Bonding method was utilized, and it is aimed at developing an optical sensor using a
two-dimensional material such as graphene quantum dots

• In order to improve the device performance of graphene quantum dots, nanoparticles that
generate a large number of electron-hole pairs by high light absorption were placed near the
graphene quantum dots

• By bonding graphene quantum dots to the surface of silica nanoparticles, an energy
conversion layer having a hybrid structure is formed

• Silica nanoparticles act as doners, graphene quantum dots act as acceptors
• Compared to a photodetector with only graphene quantum dots, the photo-reactivity is

increased by more than 1000 times

[84]
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6. Conclusions and Prospects

In this contribution, the concepts for synthesis, fabrication methods of nanomaterials
as well as the present status of the development of scintillators based on nanomaterials
are extensively summarized. Recently, many studies are being reported with the goal
of determining detection limits at a low level quickly and accurately, and more recently
in-situ methods are used to take into account economic feasibility and efficiency, including
sample measurements. Although there is the advantage of the direct measurement of
radiation at the site, saving time and money, and not producing secondary radioactive
waste, it is inevitable to study the development of large-size detectors for quick and accurate
measurements. Plastic detectors are made up of low-atomic-number materials and are
widely used for beta-ray measurements because of their low-density levels. They can also
be produced in various forms and at large sizes, making them popular for use in radioactive
monitoring systems and whole-body counters. However, due to the nature of radiological
detectors, it is not possible to analyze the nuclear species. Accordingly, inorganic scintillator
detectors or semiconductor detectors are used for precise radiological testing. Inorganic
scintillators have relatively good scintillation efficiency rates and resolutions and are
therefore used for gamma-ray spectra, but they are difficult and expensive to manufacture
at a large size. Therefore, if a plastic scintillator with performance capabilities similar
to those of an inorganic scintillator is developed, it can be used for measurements at
dismantling sites or large-capacity deconstructed waste sites, and it can also be used in
the field of nuclear medicine. Recent studies have confirmed that adding nanomaterials
to plastic-based materials affects the energy bands, resulting in new electrical, optical
and magnetic properties. Therefore, if nanomaterials are used, it is expected that high-
performance plastic detectors can be developed by increasing the luminescence efficiency.

Many studies are also being carried out in various fields using quantum dots, where
the light-emitting wavelengths change with the size of the nanomaterials used. Although
research activities and commercial use have increased at present, nanomaterials are asso-
ciated with high costs. Additionally, there is the problem of the lack of mass production
technologies for nanomaterials. The conventional synthesis method limits the amount that
can be produced in a single reaction, placing many restrictions on the supply of uniform
samples that are expensive and guarantee a certain property. For this reason, there is the
problem of not using a large amount of materials, and when a large amount of a material is
needed, it is necessary to make and use it for the specific purpose. An analysis of domestic
and foreign synthetic technologies shows that mass production methods of quantum dots
have yet to be resolved. Research to solve this problem is, however, being actively carried
out. For quantum dots, the luminescence is known to vary sensitively depending on the
condition of the surface, which acts as a limiting factor affecting the applicability of CdSe
quantum dots synthesized in organic solvents. The development of technology to dis-
tribute hydrophobic CdSe or its derivatives to a variety of solvents that are polar or tragic
without reducing the luminance is expected to enable the manufacturing of various hybrid
compounds, including semiconductor quantum dots, while also increasing applications to
more areas. Thus far, most quantum dots with outstanding optical properties are cadmium-
based quantum dots, perovskites, and graphene. Cadmium-based quantum dots present a
major obstacle to the commercialization of quantum dots, as they are also not environmen-
tally friendly and only small quantities that are difficult to industrialize can be produced,
they also have toxicity problems. Currently, InP and many other types of quantum dots
of the III–V type are being studied and methods have been developed to maximize the
characteristics of the quantum dots examined earlier, resulting in many short-term results,
but optical characteristics are still lacking compared to those of cadmium-based quantum
dots. Therefore, it is necessary to supplement the problems associated with toxicity and
the environment as well as the problem of the mass production of high-quality quantum
dots or to study new quantum dots that can solve these problems. Quantum dots are now
being used considerably in the display and solar cell markets, and quantum dots using
new materials are also being steadily researched. Thus, quantum dots are highly efficient
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materials in many areas beyond the present level of efficiency. 2D materials are a source
technology applicable to various industrial fields, such as the Internet of Things (IoT),
bending devices, ultra-low-power devices, next-generation batteries, water purification
filters, and spacecraft, and research on high-quality, large-scale production and applications
of materials at basic stages is being actively carried out to commercialize 2D materials
in various industries. Although the large-scale production of a number of 2D materials
has been successful, these efforts have not reached the quality of semiconductor wafers
currently in service, and research is being conducted to improve them. Nanomaterials are
active in industries such as semiconductors and displays and thus there is a certain demand
market, and because there are no products still being mass-produced, it is believed that it
will be possible to realize the industrialization of nanomaterials if large-scale high-quality
nanomaterial mass-production technology is secured by intensive investments. In addition,
large-size and high-efficiency scintillators that utilize nanomaterials can be developed
not only in the semiconductor and display fields but also in the radiation/functional
measurement fields. Recently, high-performance plastic scintillators or flexible film-type
scintillators were developed by utilizing graphene and perovskite or 2D materials, as
opposed to the Cd-series. Solution-processable halide perovskites have shown significant
advantages for X-ray and γ-ray detection. As scintillators, halide perovskites showed high
photo-luminescence quantum yields (PLQYs), controllable bandgaps, and short decay
times, leading to excellent scintillation properties, including light yields and controllable
luminescence wavelengths. To date, halide perovskites with high radio luminescence
covering all visible regions have been demonstrated [108]. In addition, research is being
carried out that involves the doping of nanomaterials onto the surface by a method other
than the previously widely used thermal polymerization method. Generally, base materials
such as styrene, epoxy, and MPA are used when making plastic scintillators with added
nanomaterials, and PPO and POPOP are frequently used as wavelength-shifting materials.
Moreover, adding nanomaterials leads to different emission wavelengths depending on
the size of the material, and with a large size of the nanomaterial, higher energy light is
emitted. In QD-based scintillator research, when CdZnS/ZnS (CZS) nanomaterials were
added to existing plastic materials, the resolution was twice as high as that of the NaI
(Tl) scintillator [77]. In addition, the analysis of photometric sensor development cases
involving the use of nanomaterials as done here shows that many studies are being carried
out in this area, including those focusing on the development of light sensors that are thin
and flexible, not only on the development of light sensors that are not constrained by the
measurement location, but also on the development of synthesis technology of inorganic
perovskite nanomaterials with strong light-emitting properties and excellent photolumi-
nescence characteristics. However, one of the problems with the addition of nanomaterials
is that they are not uniformly polymerized or doped. It also takes a considerable amount of
nanomaterials to show noticeable performance. Although nanomaterials are being studied
globally, one problem is that nanomaterials are still expensive and lack mass-production
technologies. Because production is limited to conventional synthesis methods, it is diffi-
cult to manufacture nanomaterials with certain properties. Cadmium-based nanomaterials
have toxicity and environmental problems, as well as mass production problems, and
while 2D materials are currently successful in large-size production, their quality levels
remain low.

Nanomaterials are widely used in commercialized markets, and it is believed that it
will be possible to realize the industrialization of nanomaterials if securing high-quality
nanomaterial mass production technologies. In addition, nanomaterials can be used not
only in semiconductor and display fields but also in radiation detection and measurement
areas, meaning research on the production of large and high-performance scintillators and
the application of nanomaterials at the science and technology stages is needed. In this
contribution, we address the working mechanism of scintillators based on nanomaterials
as well as the present advances toward nanomaterial-based scintillators in a wide range
of applications. Challenges and prospects in future promising research directions for
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nanomaterial-based scintillators exist with a better understanding of a variety of methods
for synthesis engineering, including the use of doping, and these are of great concerns to
improve nanomaterials at high quality levels. There will also be the issues of the toxicity of
nanomaterials and their stability in practical applications to be solved in the future for their
adaptation in actual environments. We expect that this review will help communities and
readers who study in these areas to understand the status and future challenges related to
scintillation applications.
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