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Preface

Although luminescence has been observed since ancient times and throughout early
human civilizations, the term “luminescence” was introduced by the German physicist
Eihardt Wiedemann in 1888. Luminescence refers to the emission of light quanta and
has many applications in modern life. It can be classified into several types based on
the method of production:

* Chemoluminescence: Observed during some chemical reactions

* Bioluminescence: A specific type of chemoluminescence found in certain
biological systems

¢ Electroluminescence: Related to electrical interactions, such as those in
light-emitting diodes (LEDs)

* Cathodoluminescence: Produced when certain materials are bombarded with
beams of charged particles, as seen in electron microscopes

* Mechanoluminescence: Generated in some materials subjected to mechanical
actions like ripping, crushing, or stretching

* Thermoluminescence: The re-emission of absorbed energy upon heating, while
cryo-luminescence occurs during cooling of the luminescent materials

* Photoluminescence: Occurs when materials are exposed to light and can be further
divided into fluorescence (instantaneous light emission) and phosphorescence
(delayed light re-emission)

The mechanisms of luminescence production involve three stages:

1. Excitation: Energy is transferred from the energy source to electrons, exciting
them to higher states

2.Relaxation: Excited electrons return to their ground state

3.Emission: Photons are emitted during the transition from higher to lower energy
states

The characteristics of emitted photons can vary according to several factors such
as the type of the luminescent material, type and concentration of defects and
impurities, temperature, and external influencing fields.



Luminescence has numerous applications, including sensors, security systems,
biological imaging, displays, and lighting systems, among others. This book covers
various topics related to the theory, production, and real-life applications of lumi-
nescence and luminescent materials.

Ahmed M. Maghraby
National Institute of Standards,
Giza, Egypt
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Chapter1

Luminescence of X-ray-Irradiated
Single Crystals under the Influence
of Compression

Yohichi Kohzuki

Abstract

Analyzing the data on bleaching with the F-light at the excitation bandpass 5 or
20 nm, it was found that the absorption spectrum of KCL:Eu** (0.1 mol%) single
crystals exposed to X-ray has a peak due to F,-centre within the wavelength 20 nm near
F-centre peak. Deforming the X-ray-irradiated KCL:Eu** (0.02 mol%) single crystal by
the compression at 100 ym min~), a new peak is observed around 330 K on the ther-
moluminescence (TL) glow curve. Its color centre has a new energy band near F-band,
which is based on the F- and thermal-bleaching effects of the compressed crystal.

Keywords: thermoluminescence, X-ray irradiation, color centre, F-bleach,
thermal-bleach

1. Introduction

KCL:Eu** is one of the efficient photostimulated luminescence (PSL) phosphors
and has an excellent sensitivity as a X-ray imaging sensor utilizing an optically
stimulated luminescence (OSL) phenomenon in comparison with pure KCI [1]. It is
well known that the rare-earth dopants, Eu®* ions, are fluorescent and cause strong
luminescence. KCL:Eu** exhibits excellent storage performance and is reusable mate-
rial for radiation therapy dosimetry [2, 3].

Co-doped KCl single crystal (i.e. KCL:Eu**, Ce**) acts as a potential thermolumi-
nescence (TL) and OSL dosimeter due to its high sensitivity to ionizing radiation
because of the enhanced intensity of TSL (thermally stimulated luminescence) and
OSL as against single doping (i.e. KCLEu** and KCLl:Ce**) [4]. It has been also reported
that the occurrence of different states of dopants Eu** due to the heat treatment
influences the absorption and fluorescence optical properties for KCl-KBr-RbBr:Eu**
crystals [5]. Furthermore, it was recently found that BaFBr gslo 15:Eu’* demonstrates
reusable and excellent dosimetry such as KCLEu? [6].

By irradiating KCL:Eu®* crystal with the X-ray, electron-hole pairs are made in the
crystal and chlorine vacancies store the electrons. This process generates F-centres
(trapped electrons) and F,-centres (F-centres near Eu**-cation vacancy dipoles). The
electrons are liberated from the F-centres under a photostimulation of 560 nm, which
agrees with the absorption wavelength of F-centre in KC:Eu*" [7], and recombine
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Luminescence — Basic Concepts and Emerging New Applications

with the trapped holes. Then, characteristic Eu** luminescence results from the
energy released in the PSL process of which the intensity becomes large with the
irradiation dose of X-ray [8, 9].

The free electrons are released from the F,-centre at 370 K and F-centre at 450 K
and combine with Eu** ions. Then, the two peaks are created on TL glow curve, which
show the 420 nm emission due to the 4f°5d — 4f” transition of Eu?* ions [10].

A number of studies on OSL and TL processes have been carried out for X-ray-
irradiated KCLEu™ and have proved that F,- and F-centres are directly involved
as the trapping sites for the electrons in their processes. But, to my knowledge, the
details seem not to be clear (e.g. [11, 12]). In this chapter, a further insight into this
situation is described with the help of optical absorption and TL glow measurements
for the KCL:Eu™" single crystals after X-ray irradiation. KCl single crystals doped with
Eu** (0.02, 0.04, 0.1 mol% in melt) were prepared by cleaving the ingot, which was
grown by the vertical Bridgman method, to the size of 2 x 3 x 5 mm”. The crystals
were thereafter heat-treated in order to remove internal strains as much as possible
and disperse the dopants in the crystal. The X-ray irradiation was conducted with
W-target operated at 40 kV and 30 mA by Shimadzu XD-610. The absorption spectra
were measured with a Hitachi U-3500 spectrophotometer. TL was observed using
a photomultiplier (Hamamatsu R928) with a sensitive region from 185 to 900 nm.
These were conducted at 300 to 540 K, and the irradiation and measurements were
performed in the dark to avoid the unwanted effect of environmental light.

In the Section 4 of this chapter, absorption spectrum and TL glow curve are also
reported for the crystals under the influence of compressive deformation after the
irradiation. The crystals were plastically deformed by compression along the <100>
axis direction at the cross-head speed of 100 pm min ™" using an Instron 4465 testing
machine at room temperature.

2. Absorption spectrum and TL glow curve for X-ray-irradiated crystals

Variations of absorption spectra and TL glow curves with X-ray irradiation times
are shown in Figure 1a and b for the irradiated KCL:Eu** (0.04 mol%) single crystals,
which were irradiated by the X-ray up to the time of 120 min at room temperature.

Absorption coefficient is obtained from (logI, /I)/(dloge), where logl, /I is
the absorbance, and 4 is the width of specimen. The unit of absorption coefficient is
cm ™ according to the above description. This is theoretically based on the assumption
that defects in solid (absorption source) are equally distributed in the solid. KCL:Eu**
single crystal before and after the X-ray irradiation is shown in Figure 2a and b.

In this study, the defects as absorption source were made by the X-ray irradiation
at room temperature. This method cannot make the uniform distribution of defects in
the specimen exposed to X-ray on the wide surfaces. The concentration distribution of
F-centres (trapped electrons) was observed also for the X-ray-irradiated KBr single crys-
tal in the article [13]. Figure 3 and Table 1 shows the variation of F-centre concentration
with the distance from the surface of X-ray-irradiated KBr single crystal. As illustrated
in Figure 3, the sample was exposed to X-ray for 3 h on each of the pair wide surfaces at
room temperature and was cleaved in four thin crystal plates (a) ~ (d) at regular intervals
(a thickness of about 1 mm). The F-centre concentration is smaller as the position of the
specimen becomes centrally. Although the unit of absorption coefficient is supposed to be
cm for an unirradiated specimen, the unit of it (i.e. the vertical scale of Figure 1) for the
X-ray-irradiated specimen is accordingly represented by a.u. (arbitrary unit).
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Figure 1.

Variations of (a) absorption spectrum and (b) TL glow curve with the irradiation time for X-ray-irradiated

KCI:Eu™ (0.04 mol%) single crystals.

In Figure 1a, the absorption peaks at the wavelength of 243 and 343 nm are due
to Eu”", and the peak at 560 nm is due to F-centre [7, 10]. A small absorption peak
at 825 nm is ascribed to the M-centre, which is a complex centre comprising two
neighboring Cl vacancies and a trapped electron [7]. Figure 1b shows TL glow curve
of X-ray irradiated KCLEu** (0.04 mol%), which was obtained by the linear heating
at 24 K min™". The TL glow peak at the temperature of 370 K is related to F,-centre
(F-centre perturbed by neighboring a Eu** ion-cation vacancy dipole), while that
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Figure 2.
KCI:Eu** single crystal (a) before and (b) after the X-ray irradiation.

V47474

First, Secondly,
X-ray irradiation X-ray irradiation
for3h for3h

=
1Z1%1%14

() M) © @

Figure 3.
Four thin crystal plates (a)—(d) cleaved from X-vay-irvadiated KBr single crystal.

Crystal plate @) (b) (c) (d)
Concentration of F-centres ( 10" cm ™ 25 3.0 33 28
Reproduced form Ref. [13].
Table 1.

F-centres concentration in each crystal plate (a)—(d) cleaved from the X-vay-irradiated KBr single crystals.

at 450 K seems to be due to F-centre [14, 15]. The former low-temperature peak and
the later high one are termed LTP and HTP in this chapter, respectively. The height
of absorption peak due to F-centre at 560 nm becomes larger as the irradiation

time is longer in Figure 1a. This is caused by the increase in F-centre concentration
with X-ray irradiation dose. The production of F-centre leads to the decrease of the
concentration of the Eu** ions in the crystal (because Eu** — Eu**+e"). But the peak
height at the wavelength of 343 nm due to the Eu** ion seems mostly unchanged
taking account of the baseline, as shown in Figure 1a. This is because the F-centre
concentration is much higher as against Eu** ion in the crystals. As an instance,

the concentration (N) of Eu** is 105.6 ppm for 40 min X-ray-irradiated KCL:Eu**
(0.04 mol% in melt) single crystal according to Hernandez et al. [16] from the
absorption peak ay, = 3.0 at 243 nm in Figure 1a, namely.

N=352a,_ (1)
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While, the concentration (INy) of F-centre is 2.57 ppm for the above-mentioned
specimen using Smakula’s formula given by [17].

3
N, = Llo16 a_m(Lg) (2)
2.06 f\10

where f = 0.8 is the oscillator strength, absorption peak a,, = 17479 at 560 nm in
Figurela, and r = 3.1464 A [18] is the interionic distance of KCl at room temperature.
While, the absorption peak at about 825 nm due to the M-centre is insensitive to the
increment of X-ray irradiation dose.

In Figure 1b, the heights of both LTP (due to F, centre) and HTP (due to F-centre)
increase with the irradiation time. And also, LTP shifts to slightly higher temperature
with it. This may suggest that the excitonic electrons are trapped into deeper states
when the irradiation dose increases. HTP lies a little towards high-temperature side
below 6 min of the time.

3. F-bleach and thermal-bleach effects on F-centre peak, LTP, and HTP

The absorption spectra and the TL intensity of X-ray irradiated KCL:Eu** were
measured after F-light (560 nm wavelength) bleach by using a Hitachi U-3010
fluorescence spectrometer after the irradiation. The F-light source was a xenon lamp.
Figure 4a and b represents the absorption coefficient a, at 560 nm wavelength,

LTP, and HTP of dependence on the F-light exposure time for 8 min X-ray-irradiated
KCLEu”** (0.1 mol%) single crystals. The F-light bleach was carried out with an
optical bandpass filter of 5 nm bandwidth. The F-bleach was done for the purpose of
removing the F-centre peak within the bandwidth from the TL signal. As a result, the
F,-centre peak is enhanced. This may lead to resolve the F,-centre.

In Figure 4a and b, the values of a,, at 560 nm and HTP decrease with increasing
F-light exposure time. By the F-light bleaching, the F-centre peak is removed within
5 nm bandwidth from the TL signal. But LTP is almost constant independently of the
exposure time as shown in Figure 4b.

In addition, the X-ray irradiated crystals were similarly done using F-light at the
excitation bandpass of 20 nm. The result of F-bleach is shown in Figure 4c and d for
the irradiated crystals for 6 min. Not only the values of a;, at 560 nm and HTP but
also LTP decreases with the F-light exposure time. This means the hidden peak due to
the F,-centre is either on the lower or on the higher side of 560 nm in the absorption
spectrum. In Figure 4b and d, LTP initially increases in intensity below the exposure
time 1 min. This is because F,-centres are formed by the dynamical rearrangement of
F-centres to Eu*" as described in the papers [12, 15]. That is to say, F-centres trans-
form partially to F,-centres during the F-bleach.

The thermal bleach was further carried out for 10 min X-ray-irradiated KCl:Eu**
(0.02 mol%) single crystals. The absorption spectra and the TL intensity of the irradi-
ated KCL:Eu”* were also measured by using a Hitachi U-3010 fluorescence spectrome-
ter after the thermal bleach. The thermal bleach was carried out by heating at the rate
of 24 K min™" up to 523 K after the irradiation. The bleach temperature dependence of
F-centre peak in absorption spectrum, LTP, and HTP is shown in Figure 5.

The LTP height (blue solid line) decreases with increasing the bleach temperature
above 360 K and gradually approaches to zero above 400 K. F-centre peak (red solid
one) also begins to become small with it at the same thermal-bleach temperature
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Relations between F-light exposure time versus the absorption coefficient and each peak (LTE HTP) of TL glow
curve for X-ray- irradiated KCl:Eu** (0.1 mol%) single crystals. The X-ray irradiation time and the excitation
bandpass: (a) (b) 8 min and 5 nm; (c) (d) 6 min and 20 nm [19].
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(360 K). This suggests that F,- and F-centres peaks are at nearly equal wavelength, as
the above-mentioned results of F-light bleach. F-centre peak continually decreases
with the bleach temperature at 400-473 K in accordance with HTP (green solid line)

of dependence on the bleach temperature. On the basis of the results of F-light and
thermal bleaches for the crystals, it is considered that electrons trapped at shallow traps
(i.e. F,-centres) begin to be set free at about 370 K and end detrapping from the traps
around 400 K. The electrons trapped at deep traps (i.e. F-centres) begin to detrap con-
tinuously at 400-473 K. F,-centre peak height is so low that it cannot be observed here.
The two absorption peaks due to F- and F,-centres are considered to be overlapped
around the peak at wavelength 560 nm in the absorption spectrum for the crystals.

4. Optical absorption and TL glow peaks under the influence of
compressive deformation

Figure 6a and b shows the absorption spectra and TL glow curves for 10 min
X-ray-irradiated KCLEu** (0.02 mol%) single crystal before (blue solid line) and
after (red solid one) the compression (applied stress: 20.8 MPa), where lumines-
cence intensity and load signals were recorded on a computer and then the data were
processed.

The peak at the wavelength of 560 nm due to F-centre [7, 10] appears on the
absorption spectra irrespectively of the compression. As described in Section 3, it
is considered that the peak due to F,-centre is approximately within 20 nm of the
wavelength 560 nm in the absorption spectrum of X-ray-irradiated KCL:Eu** single
crystal. The height of the peak around 560 nm becomes larger under the influence of
compression, as can be seen in Figure 6a. This is assumed to be the phenomenon that
many F- and F,-centres in the crystal are expected to be formed increasing vacancy
during the process of compressive deformation.

On the other hand, the TL glow curve has two peaks (i.e. LTP and HTP) at the
temperatures of 370 and 450 K for the X-ray-irradiated crystal before the compres-
sion. After the compressive deformation for the irradiated crystal, a new peak appears
around 330 K on the TL glow curve in Figure 6b. This peak is termed 330 K peak in
this chapter.

As for pure KCl single crystal after the deformation, there are no additional bands
characteristic of local radiation defects on absorption spectrum [21].

Figures 7 and 8 show the influence of 330 K thermal bleaching on the absorption
spectra and TL glow curves for the compressed and subsequent X-ray-irradiated
KCL:Eu?** (0.02 mol%) crystal. Blue and red solid lines in these figures are related to
the crystals before and after the thermal-bleaching treatment, respectively. The 330 K
thermal-bleach time was 35 min and X-ray irradiation time 10 min. In addition, the
absorption spectrum for the irradiated crystal before the compression is represented
by a green solid line in Figure 7.

By the 330 K thermal bleaching with 5 nm bandpass filter, the peak at the wave-
length of 560 nm due to F-centre decays until near height of the irradiated crystal
before the compression in the absorption spectra, as shown in Figure 7. Then, the
330 K peak disappears on the TL glow curve in Figure 8. TL intensities of LTP and
HTP are almost constant as expected. On the basis of these results on 330 K thermal
bleach, it is considered that the increase in F-centre peak after the compression in
Figure 7 is attributable to the production of the color centres (330 K color centre)
caused the 330 K peak for the compressed crystal. The absorption wavelength at

7



Luminescence — Basic Concepts and Emerging New Applications

16 [ ——— X-ray only

compressed

Absorption coefficient ay, [a.u.]

400 450 500 550 600 650 700 750
Wavelength [nm]

0.03

e Xray only
compressed

0.025 |

0.02

0.015

TL Intensity [a.u.]

0.01

0.005

400 500 600
Tempreture [K]

Figure 6.

(a) Absorption spectra and (b) TL glow curves for X-ray-irradiated KCl:Eu** (0.02 mol%) single crystals after
the following treatments: (—) X-ray irvadiation; (—) X-ray irradiation — compression (reproduced from Ref.
[20] with permission from the publisher).

F,-centre peak is supposed to be approximately within 20 nm of that (560 nm) at
F-centre peak (see Section 3). And further, the 330 K color centre may be also over-
lapped near 560 nm in the absorption spectrum of compressed crystal (blue solid line)
from Figure 7. Here, it was investigated whether the height of 330 K peak is influ-
enced by bleaching with F-light (bandpass 5 nm) for 10 min X-ray-irradiated KCL:Eu**
(0.02 mol%) single crystals after the compression (applied stress: 20.8 MPa). Figure 9
shows the F-bleaching results, where red and blue solid lines represent the 330 K peak
of TL glow curve and F-peak in the absorption spectrum, respectively.
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TL glow curves for KCl:Eu** (0.02 mol%) single crystals after the following treatments: (—) X-ray
irradiation—scompression—>X-vay irvadiation; (—) X-ray irvadiation—compression—>X-ray
irradiation—sthermal-bleach at 330 K for 35 min. X-ray-irradiation time was 10 min. (veproduced from Ref. [20]
with permission from the publisher).



Luminescence — Basic Concepts and Emerging New Applications

18 0.0016
— 16 —&— F-peak 0.0014
= —— 330K peak
s M 0.0012
s 12 iy
5 0.001 3
g 10 z
3 0.0008 Z
=} 3
g 8 =
E 0.0006
g -
=]
s, 0.0004

2 0.0002

>

0
0 5 10 15 20 25 30 35 40 45
F-bleach Time [min]

Figure 9.

Relations between F-bleach time (excitation bandpass: 5 nm) versus (—) 330 K peak of TL glow curve and (—)
F-centre peak in absorption spectrum for KCL:Eu** (0.02 mol%) single crystals previously compressed and
subsequently X-ray-irvadiated (irvadiation time: 10 min). (veproduced from Ref. [20] with permission from the
publisher).

The TL intensity of 330 K peak rapidly decreases with increasing F-light exposure
time until about 5 min and gradually approaches to zero in accordance with the varia-
tion of F-peak. Therefore, it is considered that the absorption wavelength due to the
330 K color centre is near 560 nm in the absorption spectrum.

5. Conclusion

The X-ray irradiation induces F,- and F-centres in KCLEu? crystal, of which
the wavelengths are almost equal with each other in the absorption spectrum. The
absorption peak due to the F,-centre is either on lower or higher side within 20 nm of
the wavelength 560 nm in the absorption spectrum.

The changes in optical absorption and TL glow curves induced by compressive
deformation of KCL:Eu** were presented here. That is, the new peak (i.e. 330 K peak)
appears around 330 K on TL glow curve. The analyses of F-light bleach and 330 K
thermal bleach reveal that the absorption wavelength due to the 330 K peak is near the
F-centre peak in the absorption spectrum for the crystal.
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Chapter 2

Fundamental Concerns of Optical
Fluorescence Intensity Ratio-Based
Thermometry

Helena Cristina Vasconcelos

Abstract

This chapter provides a comprehensive exploration of optical fluorescence
intensity ratio (FIR) temperature sensing, blending theoretical underpinnings with
practical applications. It underscores the intrinsic sensitivity and non-invasiveness of
FIR technology, spanning diverse scientific disciplines where its utility is paramount.
Central to the discussion are the intricate energy transfer mechanisms within fluores-
cence emissions from temperature-sensitive materials, revealing their nuanced
responses to thermal changes. Fundamental to FIR thermometry are the lanthanide
(Ln*") ions, which play pivotal roles due to their unique electronic configurations.
These elements exhibit temperature-dependent variations in fluorescence properties,
including intensity and lifetime, crucial for accurate temperature determination. Spe-
cifically, the chapter delves into the utilization of erbium (Er**) and holmium (Ho’")
ions in the context of FIR thermometry, highlighting their distinct contributions to
enhancing temperature sensitivity. The Er’*/Ho>* co-doped nano-garnet emerges as a
promising material in this field, effectively bridging theoretical frameworks with
practical implementations. The narrative is enriched by the incorporation of the
Boltzmann distribution equation, which provides a robust theoretical foundation for
understanding temperature-dependent fluorescence phenomena exhibited by Ln**
ions. This chapter serves as a valuable resource, offering a concise understanding on
the forefront of optical FIR-based thermometry for researchers and professionals
alike.

Keywords: lanthanide ions (Ln*?), temperature sensitivity, luminescence,
optical FIR-based thermometry, fluorescence intensity ratio (FIR)

1. Introduction

The foundations of temperature measurement date back to the sixteenth and
seventeenth centuries, a crucial period in the history of scientific instrumentation.
During this era, Galileo made significant contributions by introducing the
thermoscope [1]. This early device served as a forerunner to modern temperature-
measuring instruments. Although these early instruments provided reasonable
precision, they suffered from a lack of reproducibility [2]. Despite these limitations,
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the thermoscope paved the way for future advancements in thermometry. The term
“thermometer” emerged in 1624, marking a major milestone in the development of
temperature-measuring instruments [3].

Building on this legacy, temperature—a fundamental property of matter—can
now be measured using various types of thermometers. These modern instruments,
which are macroscopic systems that respond to changes in temperature, utilize dif-
ferent principles, such as thermal expansion, gas pressure, resistance, and infrared
radiation, to provide accurate and reliable temperature measurements across a variety
of applications. Indeed, one common approach relies on the thermal expansion of a
liquid, leveraging the principle that liquids expand when heated and contract when
cooled. Another method involves using the expansion of a gas, which can measure
temperature accurately in one of the two keyways: either maintaining a constant
pressure or maintaining a constant volume. These gas-based thermometers operate
according to the ideal gas law, which offers a robust foundation for temperature
measurement.

In addition to these methods, other thermometers utilize the temperature
dependence of electrical resistance. As temperature changes, the resistance of certain
materials also changes, providing a means to measure temperature. Furthermore,
thermometers can also use black body radiation to measure temperatures accurately in
specific scenarios. This approach involves analyzing the spectrum of radiation emitted
by a body to determine its temperature. A physical measurement is achieved by
comparing the physical magnitude of a body with a standard. To accurately measure
something, it is important to understand the basic principle behind it, which is the
physical phenomenon the measurement relies on. In luminescence thermometry, this
principle relies on the change in any parameter of the luminescence emitted by a
material when it is exposed to different temperatures.

Lord Kelvin, also known as William Thomson, recognized the importance of
aligning temperature measurement with the kinetic theory of gases. In 1848, he
proposed the Kelvin scale, establishing absolute zero as its starting point [4]. This
scale is widely used, particularly in thermodynamics and physics, providing precise
temperature measurements essential for accurate calculations. According to the
International System of Units (SI), the Kelvin scale is the official temperature scale.
Since 2019, the definition of the Kelvin has been based on the Boltzmann constant
rather than the water triple point.

Boltzmann’s constant, a pivotal concept, establishes a crucial link between tem-
perature and energy. It is integrated into the ideal gas law and serves as a conversion
factor between Kelvin and Joules. This constant underscores the inherent relationship
between temperature and energy, revealing their intimate connection. By under-
standing these concepts, one gains insights into the intricate nature of temperature
measurement and its profound implications in the realm of thermodynamics. Never-
theless, the concept of temperature is closely tied to our subjective sensory perception
of an object’s heat or coldness. In simple terms, temperature is the measure of how hot
or cold a body is, expressed in various temperature scales, such as Fahrenheit, Celsius,
or Kelvin.

When considering a substance in a classical sense, with its constituent molecules
continuously moving in a random and chaotic manner due to thermal energy, tem-
perature is often defined as a measure of the translational kinetic energy stemming
from this disorderly motion [5]. Higher temperatures correlate with more significant
thermal movement. In simple terms, in accordance with the classical statistical phys-
ics, the average kinetic energy per particle is related to thermal motion. From a
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physics perspective, temperature represents the average kinetic energy of the atoms
or molecules in a system. Essentially, temperature is the external indicator of the
thermal energy present within a system. Absolute zero (0 K) is the lowest possible
temperature, where matter contains no thermal energy. By measuring the tempera-
ture difference between two substances, we can identify the direction of heat flow,
which always travels from a region of higher temperature to one of lower tempera-
ture. The equipartition theorem delineates the intricate relationship between
temperature and the contributions of individual degrees of freedom within a
system. Therefore, the total average kinetic energy of a molecule in an ideal gas
would be

1 1 1 3
ikTJrikTJrikaikT (1)

Each degree of freedom contributes 3T to the total energy, with k representing
the Boltzmann constant and T is the temperature [5]. This connection reveals the
profound influence of temperature on the microscopic behaviors exhibited by parti-
cles in a substance. When two systems share the same temperature, they exist in a
state of thermal equilibrium, signifying an absence of net thermal energy transfer
between them. Conversely, if one system is at a higher temperature than another,
energy will flow spontaneously from the hotter system to the colder one when they
come into thermal contact [5]. Broadening our perspective to the macroscopic scale,
the second law of thermodynamics emerges as a guiding principle. This law dictates
that the total entropy of an isolated system tends to increase over time during spon-
taneous processes. Entropy, often described as a measure of disorder or randomness
within a system, becomes intimately connected to temperature through the relation-
ship expressed by the equation:

_AQ

AS
T

2

where AS represents the change in entropy, AQ signifies heat transfer, and T
stands for the absolute temperature. Through the blending of these concepts,
the temperature serves as the bridge connecting the statistical behaviors of
particles to the overarching principles governing energy exchange in physical
systems [5].

Recognized as a fundamental variable in science, temperature plays a pivotal role
in various industrial and scientific processes [1, 6]. It is essential for controlling
chemical reactions, manufacturing processes, and energy production, among other
applications. Accurate temperature measurement and control are vital for ensuring
the quality and safety of products and for optimizing efficiency in systems. The
significance of temperature spans across multiple fields. In the medical field, temper-
ature is a critical factor for diagnosing and monitoring patients. Body temperature is a
key indicator of health, and fluctuations can signal the presence of infection, inflam-
mation, or other medical conditions. Temperature also plays a role in preserving and
transporting biological samples, vaccines, and other medical supplies. Additionally, it
is essential in various medical procedures, such as thermotherapy and cryotherapy,
where precise temperature control is necessary for effective treatment. Understanding
and managing temperature in medical settings is crucial for patient care and overall
health outcomes.
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In scientific research, temperature plays a significant role in the study of various
physical and chemical phenomena. It influences the behavior of materials at the
atomic and molecular levels, as well as the properties of substances across different
phases.

The evolution of temperature measurement, from Galileo’s thermoscope to
modern methodologies, traces a rich historical journey underscored by continual
innovation. Overcoming the limitations of early thermoscopes has spurred the devel-
opment of diverse thermometer technologies, culminating in the introduction of non-
contact measurement techniques. This progression exemplifies the dynamic nature of
temperature measurement, driven by technological advancements.

As technology has advanced, novel techniques have emerged to enhance the
accuracy and precision of temperature readings. Among these modern methods is
luminescence thermometry, leveraging the luminescent properties of materials to
gauge temperature. This approach marks a significant departure from traditional
methods, offering non-contact and high-resolution temperature measurement capa-
bilities, thus ushering in a new era in temperature sensing technology. By observing
the changes in luminescence intensity or wavelength in response to temperature
variations, researchers and engineers can determine the temperature of a system with
great accuracy. This method builds on the legacy of temperature measurement,
linking the past to the present, by incorporating principles of light and energy that
Galileo and his contemporaries explored. Luminescence thermometry is particularly
useful in challenging environments such as high-temperature or remote locations,
where traditional methods may be less effective.

1.1 Luminescence thermometry

Traditional contact methods encounter difficulties in precisely measuring a mate-
rial’s temperature, mainly because introduced thermometers may cause interference
and disturb the accurate evaluation of the material’s temperature [7]. Conventional
temperature measurement tools, such as bimetallic and liquid/gas-based thermome-
ters, pyrometers, and thermocouples, among others, lack the precision needed for
high spatial resolution, especially at scales on the order of micrometers, which are
typical in cellular systems.

Optical sensors have noticeable advantages compared to conventional methods
[8]. In recent years, researchers have become increasingly interested in optical ther-
mometry, a sophisticated method that examines the relationship between temperature
and various optical parameters. This modern approach offers key advantages, such as
high spatial resolution, fast response, and non-invasive measurement. These benefits
make it particularly useful in challenging environments like submicron scales, high-
voltage areas, and caustic conditions [9]. Consequently, optical thermometers have
become essential tools for precise temperature measurements in demanding settings.

Luminescence thermometry is a non-contact technique that measures temperature
by observing the luminescent (light-emitting) properties of materials. This method is
particularly beneficial when traditional temperature measurement techniques are
impractical or impossible [10]. Some elements have optical properties that make them
suitable for spectroscopic studies. Ln>* ions, which display luminescence properties
like fluorescence emissions, are commonly used as dopants to aid in examining host
materials due to their high efficiency as emitters [11]. This has promoted the devel-
opment of new concepts for sensors based on the luminescence properties of mate-
rials, leading to the creation of optical sensors [10]. Therefore, Ln3* has attracted
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significant interest as optical temperature sensors because their fluorescence intensity
can change in response to variations in their absorption and emission properties with
temperature. These variations in fluorescence properties are examined using different
techniques and are described by parameters, such as spectral position, bandwidth,
intensity, decay lifetime, and fluorescence intensity ratio (FIR) [12].

Luminescence thermometry involves the emission of light when materials are
electronically excited by an external energy source, such as optical radiation (in the
case of photoluminescence) [10, 11]. This process is common in materials, such as
dyes, semiconductors, and phosphors. The characteristics of the emitted light, includ-
ing spectrum shape, bandwidth, and spectral shift, are influenced by the local tem-
perature of the material. The technique leverages the complex interaction between
temperature and luminescence, enabling thermal sensing through careful spatial and
spectral analysis of emitted light as a material undergoes temperature changes. It
provides a comprehensive solution, featuring high thermal resolution (<0.1°C), sig-
nificant relative thermal sensitivity (>1%/°C), and precise temperature mapping with
exceptional optical spatial resolution (<10 pm) [13]. Among the optical parameters
used in temperature sensing, the fluorescence intensity ratio (FIR) stands out as the
most reliable technique.

The key to developing an effective optical temperature sensor lies in selecting the
right optically active ion and host matrix. Incorporating Ln>" ions is crucial due to
their photostability and spectroscopic advantages, such as distinct emission spectra,
extended fluorescence lifetimes, and high quantum yields [11]. Known for their strong
luminescence and intricate energy level structures, Ln** ions often exhibit narrow
energy gaps between levels. However, not all of them are suitable for calibrating
optical responses. Studies by Zhou et al. [14, 15] and Soler-Carracedo et al. [16]
demonstrate how these features collectively enhance the precision and sensitivity of
optical temperature measurements.

Considerations include the need for a delicate balance in the energy gap between
thermalized levels, ensuring it is large enough to prevent emission overlap yet also
allowing for a minimum upper-level population within the desired temperature range.
Additionally, radiative probabilities associated with thermalized levels should be suf-
ficiently high to produce significant emission intensities, and the relative intensities of
emission peaks from different energy levels can be directly related to temperature.
Praseodymium (Pr’"), neodymium (Nd**), samarium (Sm**), thulium (Tm3*), euro-
pium (Eu?"), holmium (Ho>*), and erbium (Er**) ions have energy level pairs suitable
for optical temperature sensors. Berthou et al. [17] examined Er** thermalized levels
in fluoroindate fibers using the FIR technique across a large range of temperatures.
Subsequent studies explored Ln’* ions and different host materials, such as Er** or
Er3+/Yb3+—doped various types of glasses, such as tellurite, fluorotellurite, oxyfluoride,
fluoroindate, chalcogenide, and fluorophosphate glasses, for optical luminescent
temperature sensing [18].

Garnets possess remarkable physicochemical properties, including hardness, high
optical transparency, and strong mechanical and chemical stability. Their structure
has been used as a host matrix for Ln>* ions [16]. Optically, the combination of the
luminescence properties of Ln** and the crystal stability of garnets makes them ideal
for the development of new sensors in the context of nanothermometry.

Radiative decay processes allow for the precise measurement of these intensities.
For example, in the Nd**-doped Y3GasO;, nano-garnets, changes in the relative
intensities of emission peaks between Stark levels of the *F3/, — *Ig), transition are
used to measure temperature accurately [19]. Radiative decay is preferred over
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non-radiative decay because non-radiative processes (such as phonon emission or
energy transfer to surrounding molecules) result in energy loss as heat rather than
useful light emission. High radiative decay rates minimize these losses, improving the
performance of the material in its intended application.

1.2 Fluorescence intensity ratio (FIR)

The way different luminescent properties—such as lifetime, intensity, and spectral
characteristics—respond to temperature changes, as depicted in Figure 1, enables
researchers to measure temperature. They do this by analyzing the emitted light from
a material when it is exposed to an external excitation source.

One key aspect of luminescent thermometry is the change in luminescence lifetime
[11]. Typically, as the temperature of a material increases, its luminescence lifetime
decreases, resulting in a faster emission of light. Another important characteristic is
the spectral changes that occur with temperature shifts. For instance, it can be
observed as a decrease in luminescence intensity, a shift in peak wavelengths, or
changes in the emission band as the temperature varies. However, one of the most
effective and commonly used techniques in luminescent thermometry is based on the
luminescence intensity ratio between two emission peaks [10, 16]. This method is
particularly sensitive and widely applied in practice. By observing the changes in the
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Figure 1.
Diagram illustrating the potential impacts of an increase in temperature on luminescence. Adapted from Ref. [12].
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intensity ratio between two distinct peaks in the emission spectrum of luminescent
ions, researchers can accurately determine temperature variations. When these ions
are excited, they emit light from two energy levels separated by an energy difference
(AE), designated as thermal coupling levels (TCLs).

The FIR technique offers a significant advantage by using the intensities from two
closely spaced energy levels, known as thermally coupled energy levels (TCLs), to
monitor temperature. The intensity ratio changes with temperature are independent
of the source power since any variations in excitation power affect both levels equally.
This enhances the measurement sensitivity and sensor stability. TCLs are in a ther-
modynamically quasi-equilibrium state, offering several benefits over non-coupled
levels [20, 21]. First, the population of individual TCLs is directly proportional to the
total population. Second, the theory of relative changes in fluorescence intensity from
the two TCLs is well understood, making their behavior easier to predict. For FIR
techniques to be effective, the energy gap between TCLs should be within the range of
about 200-2000 cm ™}, which is satisfied by many rare-earth ions, such as Tm>*, Pr**,
Nd**, Sm**, Eu®*, Ho", Er**, and Yb>* [12]. As the temperature increases, the relative
intensity of light emitted from the higher energy level rises, forming the basis of the
fluorescence intensity ratio (FIR) method (green box in Figure 1). By observing the
ratio between two peaks in the emission spectrum, we can precisely determine
temperature. This approach is straightforward, versatile, and less susceptible to
experimental errors or misalignments, making it a preferred choice for accurate
temperature sensing method. The only constraint is that energy levels they contain
must be closely spaced [22].

The appeal of rare-earth-doped materials for temperature sensors has risen due to
their economical fabrication and the ease of excitation using low-cost diode lasers.
These materials contain multiple pairs of energy levels with small separations,
comparable to thermal energy. In practical sensor applications, these energy levels
are not only optically connected to the ground state but also have a high likelihood of
non-radiative transitions between paired levels [23].

In the field of luminescence thermometry employing lanthanides, the pivotal com-
ponent lies within the Er’* ion, with particular emphasis on its 4S;,, and *Hyy, levels,
which are prominently employed. As an example, Figure 2 exhibits a segment of the
erbium emission spectrum in an Er3+—doped YGG nano-garnet (Erg ;Hog 1:Y2 §GasO12).
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Figure 2.
Emission spectrum of a sample (an Ev’>*-doped YGG nano-garnet) at 300 K showcasing distinctive peaks
corvesponding to fluovescence emissions from evbium ions under the specified excitation condition.
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The 523-nm and 550-nm emission bands are attributed to transitions within Er**
ions, specifically from 2H,1/> to *I1s5 and from *S;), to 1155 energy levels, respec-
tively. A distinct advantage of FIR thermometry resides in its ability to easily discern
the sharp line emissions originating from these two levels. This clarity significantly
simplifies the identification process of the ’H,1/, and *S;), levels, particularly when
contrasted with scenarios where bands overlap, presenting challenges in their
differentiation.

At typical room temperature, there exists an equilibrium state between the *S3,
and *H,1); levels, and both levels undergo light emission, with the S5, level
displaying a notably stronger emission compared to the *Hjy/; level. These levels,
referred to as thermal coupling levels (TCLs), demonstrate a discernible energy
discrepancy (Ey;) of approximately 900 cm Y, as illustrated in Figure 3. Owing
to the narrow gap separating these levels, their population distributions
adhere closely to a Boltzmann distribution pattern as the temperature undergoes
fluctuations.

As temperature rises, there is a notable increase in emissions from the ’H,1/, level,
as depicted in Figure 4 [24]. The positions of the two bands remain constant while the
temperature increases. This rise in intensity is crucial for FIR thermometry analysis.
By comparing the intensities of these two emissions, precise delineation of the areas
corresponding to the *H;/, and *Hyy/, emissions is facilitated. These areas will be used
to obtain the FIR by the expression:

B Areapp‘()}

FIR 3)

 Areapy_ )

These delineated areas serve as the basis for determining the relative intensity,
which in turn allows for the calculation of the temperature of the environment. By
analyzing the ratio of their intensities, a calibration curve can be generated. The
methodology for determining temperature relies on meticulously assessing the rela-
tive intensities of the *S;/, and *Hyy/, emissions. This comparative analysis allows us to
precisely understand the temperature variations within the environment, aiding in
practical applications, such as optimizing thermal management systems or ensuring
proper operation of heating or cooling equipment. Therefore, the FIR technique
provides an effective method to calibrate optical temperature sensors [15],
improving measurement sensitivity and reducing the influence of varying
measurement conditions [23].
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Diagrams illustrating the enevgy levels and transitions utilized in the FIR method, focusing on thermally coupled
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Figure 4.
Diagram showing how emission bands in luminescent materials doped with erbium ions vary with temperature.
Adapted from Ref. [24].

2. Fundamentals

Lanthanide-doped materials hold a distinct position in photonics, thanks to the
exceptional spectroscopic properties exhibited by Ln>" ions in terms of luminescence
and amplification. The pivotal discovery of the bright red-emitting phosphor Y,05:Eu’
* at the dawn of the twentieth century marked a significant milestone in this field.
Furthermore, the introduction of the YAG:Nd>* laser in 1964 further emphasized
the crucial role of lanthanides in shaping modern photonic technologies. This is
attributed to their remarkable photoluminescence properties that stem from their
abundant energy level structure [25]. This rich energy level structure, depicted in
the Dicke diagram reprinted in Ref. [25], highlights the intricate electronic configura-
tions of lanthanides, contributing to their diverse and versatile photoluminescent
capabilities and distinctive characteristics that set them apart. Primarily, they show-
case exceptional spectroscopic properties. These include emitting sharp lines,
maintaining stable energy levels, and absorbing light across a broad spectrum, from
infrared to ultraviolet. Their electronic structure grants them insulation from external
influences within a host environment, ensuring that their transition energies remain
independent. This shielding effect preserves the positions of their energy levels,
minimizing any alterations when incorporated into a host matrix. Certain ions exhibit
luminescence in the visible or near-infrared spectral (NIR) regions when subjected to
UV irradiation. The emitted light’s color varies depending on the specific Ln>" ion
present. For example, Eu’* emits red light, Tb®>* emits green light, Sm** emits orange
light, and Tm>" emits blue light [26]. Yb**, Nd**, and Er’* ions are renowned for their
NIR luminescence. Additionally, Pr3*, Sm?", Dy3*, Ho**, and Tm?* ions also feature
transitions in the NIR region, while Gd3* emits exclusively in the ultraviolet (UV)
region [25].

2.1 Energy levels in lanthanide ions

Lanthanides (Ln) encompass a series of elements in the periodic table spanning
from cerium (Z = 58) to lutetium (Z = 71), succeeding lanthanum (Z = 57). They are
characterized by the progressive filling of their 4f orbitals within their electronic
configuration, ranging from [Ar]5s® 5p°® 4f* 6s” in cerium to [Ar]5s” 5p° 4f" 657 in
ytterbium. In their +3-oxidation state (commonly found in solids as Ln>*), lanthanides
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typically shed two electrons from the 6 s orbital and one from the 4f orbital, leaving
the 4f orbital partially filled. The electronic configuration of the Ln** ions is
represented by [Xe]4fY [25, 27].

The intense shielding of the 4f electrons by the complete 5s%, 5p°, and 6s* shells is a
defining trait of lanthanide ions, rendering them behaviorally akin to atoms. While
their energy levels exhibit stability transitioning from a free state to a solid matrix,
their spectroscopic characteristics, such as absorption and emission band widths, are
influenced by the host matrix’s nature. The arrangement of neighboring ions around
the lanthanide ion holds significance in various matrices, particularly in crystalline
versus disordered structures, where the former yields narrow bands due to uniform
crystal field effects, while the latter leads to widened bands owing to varied ligand
field energy levels. Heterogeneous broadening, characteristic of amorphous materials
like glasses, arises from the lack of periodicity and variation in the bonding environ-
ment. This variability affects the Stark sublevels, resulting in broad absorption bands.
This phenomenon is detailed in studies on glasses and luminescent materials doped
with rare-earth ions, where it is observed that the absence of periodicity in glasses
leads to variation in spectroscopic properties [28].

The shielding provided by the filled 5s and 5d shells, along with the partially filled
6s” shell, insulates lanthanide ions against external fields from the host medium,
thereby preserving the spectral characteristics of emission lines and minimizing dis-
tortions, akin to free ions.

The trivalent state of lanthanides holds several unique characteristics. These char-
acteristics encompass distinct spectroscopic properties, exemplified by sharp lines
observed in the Er** emission spectrum of Figure 2. Moreover, the independence of
energy levels from the host environment is illustrated in Figure 5, where the absorp-
tion spectra of Ho>" ions in two distinct hosts display identical configurations.

SGE

ﬂ Oxyfluoride Glass Ceramic
YVO; Crystal

Absorbance (%)

— T 1—— T
400 450 500 550 600 650 700
Wavelength (nm)

Figure 5.
Absorption spectra of an oxyfluoride glass-ceramic and yttrium orvthovanadate (YVO,) crystal doped with erbium
ions highlight the independence of energy levels from the host environment.
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Additional, lanthanide ions exhibit emissions ranging from infrared to ultraviolet, as
shown in the Dicke diagram [25]. Trivalent lanthanides also exhibit long emission
lifetimes and high quantum yields [25].

Energy from an electronically excited state dissipates through both radiative and
non-radiative means [20]. The emitted intensity correlates with the electron popula-
tion density (N) in excited states, and its temporal changes are governed by

B~ (ls + )N ) (4)

The rates of radiative (ki) and non-radiative (kyg) transitions determine the
processes of photon emission. Radiative de-excitation pathways lead to photon emis-
sion, while non-radiative pathways release vibrational energy. Consequently, the
electron population in the excited state and the luminescence intensity decay expo-
nentially over time, with a characteristic time constant (t) often referred to as the
lifetime of the excited state.

1

T=——— ©)
kg + kngr
The reciprocal of the radiative transition rate is known as the radiative lifetime or
natural lifetime, denoted as tg:

1
TR = a (6)

This quantity can often be accurately calculated from absorption and emission
spectra, as well as from the ratio of the measured lifetime to the internal quantum
efficiency of emission, also known as the quantum yield (n):

R =~ @)
n

Transition metals are well known for their characteristic d-orbital electronic tran-
sitions, which result in complex and varied spectra. Similarly, lanthanides possess
distinct f-orbital electronic configurations that lead to their own set of spectral fea-
tures. These differences lie once more in their distinctive electronic configuration. The
4f electrons of lanthanides are shielded by the 5s and 5p electrons. As a result, when
trivalent lanthanides are embedded within a host matrix, the influence of the host ions
is typically minimal [25].

To explore the complexities of the 4f configuration, Eu®* serves as an illustrative
example (Figure 6). The electronic configuration of Eu®* is [Xe] 4£°. Initially, inter-
actions between the core and the electrons yield a 4F® configuration, with europium
accommodating six electrons in its 4f shell. Subsequent introduction of electron
repulsion results in terms displaying significant splitting into J-levels, further accen-
tuated by spin-orbit interaction, which segregates these terms into distinct levels.
These properties are indicated by term symbols S, L, and ] in the notation 25+ 1LI-
Here, 2S + 1 denotes the spin multiplicity, L represents the total orbital angular
momentum, and J signifies the total angular momentum of the 4f electrons [25].

Because of the screening effect of 4f electrons, their interaction with the crystal
field of ligands is significantly weaker than their spin-orbit interaction. The crystal
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Figure 6.
Diagram illustrating the interactions causing the splitting of electronic energy levels of a Eu>* ion. Energy increases
as depicted upward in the diagram [29].

field causes only a slight change in energy, resulting in the splitting of levels into
multiple sublevels, known as the Stark effect. The maximum number of these Stark
sublevels is 2] + 1 [20]. However, the splitting and the specific number of sublevels are
influenced by the symmetry of the crystal field surrounding the Ln** ion and the
corresponding selection rules [20].

The selection rules for electric dipole transitions are derived from the Judd-Ofelt
(JO) theory. This theory provides a framework for understanding and predicting the
intensity of spectral lines in lanthanide ions by considering the interaction between
electronic states and the surrounding crystal field. It accounts for the otherwise for-
bidden transitions by introducing mixed parity states, which allow for electric dipole
transitions under non-centrosymmetric conditions. Consequently, the Judd-Ofelt (JO)
theory not only explains the occurrence of these transitions but also establishes the
criteria for their probabilities based on the symmetry and environment of the lantha-
nide ions.

The trivalent lanthanides can be treated as free ions, where the Hamiltonian
accounts for their behavior. The surrounding crystal field perturbs the system, con-
tingent upon crystal field parameters, inducing additional splitting. The J-levels can be
further split into sublevels because of the electric field of the matrix. However, due to
shielding, energy level positions weakly hinge on the host matrix, rendering transition
energies predominantly independent, as evidenced by the Dicke diagram [29].

Within the host matrix context, level splitting varies based on symmetry consid-
erations, often yielding diverse peak numbers. However, comprehending intensity
origins remains a challenge in lanthanide ion studies within the host matrix.

The metastable energy bands in Ln>* ions, influenced by factors like electronic
repulsion and spin-orbit coupling, contribute to the structured arrangement of energy
levels within these ions. This structured arrangement is crucial for understanding the
spectroscopic properties of lanthanide ions, particularly in materials like glasses and
luminescent materials doped with rare-earth ions. The JO theory, which provides a
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framework for analyzing the spectral properties of lanthanide ions, builds upon our
understanding of these structured energy levels. By elucidating the energies of various
multiplets and predicting important properties related to light emission, the JO theory
enhances our comprehension of optical materials, bridging the gap between funda-
mental energy level organization and practical spectroscopic analysis. Initially, in the
early twentieth century, scientists struggled to comprehend the spectral properties of
these ions. Although they recognized the sharp lines in their spectra, explaining why
they appeared was challenging due to their violation of certain rules in quantum
mechanics, like the Laporte rule.

In the 1940s, Raka developed his renowned algebra, laying the groundwork for
complex calculations facilitated by the advent of computers. Soon thereafter, a break-
through emerged: within non-centrosymmetric crystal fields, coupling between odd
and even parity states forced the creation of mixed parity states, effectively mitigating
the Laporte rule. So, in 1962, Judd and Ofelt made significant contributions by solving
the Schrédinger equation for the steady state of a many-electron system. This break-
through enabled them to successfully ascertain the energies of the respective *° * 'L;
multiplets, which are pivotal for comprehending the emission of light by Ln3* ions.
Additionally, their JO theory pioneered a fresh approach to forecast crucial properties
relevant to light emission analysis, marking a noteworthy advancement in the field of
spectroscopy [30]. Despite its inherent complexity, the JO theory enables the predic-
tion of crucial derived quantities, such as transition probabilities, branching ratios,
lifetimes, and quantum efficiencies, utilizing just three parameters (Q;, Q,, and Q3).
These parameters provide relevant information on the local environment of the rare-
earth ions [31], making JO theory a powerful tool in understanding and optimizing
optical materials.

2.2 Boltzmann equilibrium

When analyzing Ln**-doped materials, the FIR technique quantifies the emission
intensities originating from closely spaced excited states (also known as the
Boltzmann-type FIR method). It also evaluates intensities from electron transitions
ending at various Stark sublevels. This method is versatile, suitable for both down-
conversion and up-conversion emissions [20, 21]. By analyzing the fluorescence
intensities of two adjacent energy levels that are in thermal equilibrium and optically
coupled to a common lower level, temperature variations can be determined. These
levels are thermally coupled due to their high probability of non-radiative transitions.
The FIRs, which follow the Boltzmann distribution law, are calculated from the
emission peaks of these thermally coupled energy levels at different temperatures.
Two excited energy states of lanthanide ions are termed thermally coupled if the
energy gap between them is 2000 cm ™" or less. This proximity enables electrons to
transition between these states due to thermal energy. Consequently, both states share
the electronic population following Boltzmann’s distribution:

En
N, =Njexp | — 8
2 1€xXp ( %T (8)
N, and N; represent the numbers of electrons in the higher and lower excited
states, respectively. E,; denotes the energy difference between these states. The abso-
lute temperature (T) determines how electrons distribute between these states
according to Boltzmann’s distribution. This distribution explains the probability of
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electrons occupying different energy levels based on the thermal energy available at
temperature T. Consequently, the fluorescence intensity ratio (FIR) emitted from the
higher (I0) and lower (I;o) excited states can be estimated as follows:

Ly afghu, Ex Exn
FIR =20 — @2 [ 2 g, (2
Lo ofghv “P\ kT P\ kT ©)

Here, h represents Planck’s constant, g signifies the degeneracy (2] + 1) of the
energy states, A represents the rate of spontaneous emission, v denotes the emission
frequency, 2 and 1 refer to the “higher” and “lower” energy states, respectively, 0
denotes the ground state or an electronic level with lower energy than 2 and 1, and w§0
and wf; are the spontaneous emission rates of the E, and E; levels to the E, level,
respectively.

The log(FIR) exhibits a linear relationship with the reciprocal of temperature:

En 1

log(FIR) = log(B) — % T (10)

Thus, the values of log(B) and E,;/k can be experimentally determined from the
slope and intercept, respectively, of the linear fit of log (FIR) versus 1/T.

At colder temperatures, the higher energy state often remains unoccupied due to
electrons lacking sufficient energy to bridge the energy gap. Moreover, when energy
states are closely spaced, the non-radiative relaxation rate from the higher to the lower
energy state becomes significantly pronounced. Consequently, the FIR read-out
method has a temperature threshold proportional to E;;. This implies that lower
values of Ey; correspond to colder temperatures suitable for FIR measurements. As
temperature rises, the higher energy state sees an increasing population, leading to a
gradual rise in emission intensity from this state at the expense of reducing the
population in the lower energy state. As temperature rises, both emissions from the
higher and lower energy states decrease in intensity due to a phenomenon known as
temperature quenching. This reduction in intensity continues until one or both
emissions become so weak that they are no longer detectable. The upper temperature
limit for applying the FIR method depends largely on the phonon spectrum of the
material hosting the luminescent material and the specific lanthanide ion being
used. Essentially, the ability to accurately measure temperature diminishes as tem-
peratures approach these upper limits, mainly due to the increased uncertainties
associated with detecting weakened emissions. The FIR method allows for the use of
any emissions if they originate from two excited levels that are thermally coupled.
This flexibility enables the method to be applied to a wide range of materials and
experimental conditions, thereby enhancing its versatility in temperature sensing
applications.

3. The performance of a luminescence thermometer

To evaluate the effectiveness of thermometers, various parameters come into play
[20]. One key parameter is absolute sensitivity (Sgr), which quantifies the change in
FIR per temperature increment. However, perhaps more commonly considered is
relative sensitivity (Sg), which measures the change in FIR per temperature increment
relative to that FIR itself.

28



Fundamental Concerns of Optical Fluovescence Intensity Ratio-Based Thermometry
DOI: http://dx.doi.org/10.5772 /intechopen.1005917

Both Sgjr and Sg can be derived from Eq. (9) as follows:

_O(FIR) _ Ey
SkR = F (FIR) (11)
5 L OFIR) 1 Ex @)

oT (FIR) kT>

Maximizing these parameters is crucial for optimal thermometer performance.
Even a slight temperature fluctuation can enhance sensitivity, indicative of a superior
thermometer’s ability to accurately detect temperature changes. Another important
metric in assessing thermometer performance is the limit of detection, denoted as
8T min. This metric is closely linked to the minimum temperature change that the
thermometer is capable of registering. In practical terms, 8Ty, represents the smallest
temperature variation that the thermometer can reliably detect and measure within its
operational range. It’s mathematically defined as follows:

S(FIR) 1
T min = —r ot —
" (FIR) Sg

~—

(13)

The term 8(FIR)/(FIR) represents the resolution limit or relative uncertainty of the
FIR, indicating the smallest detectable change in the fluorescence intensity ratio.
Enhancing this limit may require improving equipment and refining measurement
techniques. For example, increasing integration time and averaging measurements
can reduce experimental noise, thus improving resolution [16]. The uncertainty of the
FIR is expressed as follows:

§(FIR) \/(5AV€&1>H|O>>2 (5AV€&Z2>H|O)>2
= e (14)
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where Areapy_. o) and Area)y)_. o) represent the areas associated with the emissions
used to calibrate the thermometer and 5Area,;y_. oy and 5Areay)_|oy are their uncer-
tainties, measured as the standard deviations of these areas from multiple measure-
ments taken under uniform conditions [16].

In a recent investigation [16], the sensitivity of the sensor to temperature varia-
tions was explored using both Er’* and Ho>* ions co-doped in nano-garnet as the
emissive species. The FIR technique was employed for temperature detection across a
broad range, from 30 K to 540 K. The thermally coupled levels ’H,1/, and *S5, for Er**
ions and °S, and °F, for Ho®" ions were utilized in the temperature sensing mecha-
nism. This approach is significant, as few optical sensors are capable of effectively
covering both high and low temperature ranges.

Upon excitation of the sample with lasers, distinct emission bands corresponding
to both Er®* and Ho3* ions were observed, as shown in Figure 7. The emission bands
facilitated accurate temperature measurements through the FIR technique, demon-
strating the sensor’s efficacy in detecting temperature variations over a wide range,
thereby offering potential advancements in optical temperature sensing technologies.

Allowing for independent excitation of Er’* or Ho®* ions facilitates the calculation
of Sg for emissions from both ions (Figure 8).

For Er’* ions, the Sg was observed to increase notably from approximately 0.2%
K at 540 K to 1.3% K * at 200 K [16]. This dynamic underscores the sensor’s
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Figure 7.
Spectrum showing emissions from the sample when simultaneously excited at 385 nm and independently excited at
406 nm for Er3* ions, and at 473 nwm for Ho?" ions. Adapted from Ref. [16].
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Figure 8.
Relative sensitivity of the sensor for YGG nano-garnet, measured independently for erbium (red, dashed line) and
holmium (blue, solid line) transitions [16].

heightened responsiveness at lower temperatures, where even minor temperature
changes prompt significant variations in the fluorescence intensity ratio. Conversely,
at higher temperatures such as 540 K, the sensor exhibits a comparatively muted
response to temperature fluctuations, reflecting reduced sensitivity. Meanwhile, the
evaluation of Sg for Ho>* ions across temperatures ranging from 30 K to 300 K
revealed a peak sensitivity of about 0.4% K 'at 200 K [16]. This finding indicates
effective temperature sensing capabilities at lower temperature regimes for Ho>" ions,
albeit with sensitivity characteristics distinct from those observed for Er** ions.

4, Conclusion

Optical FIR-based thermometry emerges as a cutting-edge technology poised to
revolutionize temperature measurement across various disciplines. By leveraging the
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fluorescence properties of lanthanide ions, particularly erbium and holmium in doped
nano-garnets, researchers have advanced our understanding of temperature-sensitive
materials. The technology offers non-invasive and highly sensitive methods capable of
operating from cryogenic to high temperatures, making it invaluable in diverse appli-
cations from materials science to biomedical research. Challenges remain in enhancing
resolution and reducing experimental noise, yet ongoing advancements in material
design and measurement techniques promise continued innovation. Optical FIR-based
thermometry stands at the forefront of temperature sensing technologies, offering
profound implications for future scientific and industrial applications.
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Abstract

Scintillator materials are essential parts of X-ray imaging/detection for medical
diagnostics, non-destructive detection, security inspection, and space exploration.
Traditional commercial scintillators are limited by low luminescence efficiency and
afterglow effect. Perovskite (ABX3) quantum dots (PQDs), with the ability to convert
X-ray radiation into multi-color visible light, has emerged as a new class of competi-
tive scintillators, based on the advantages of high X-ray absorption coefficients, fast
luminescence, high luminescence efficiency, and low-cost wet chemical facile synthe-
sis on various substrates. Understanding the relationship between the structure and
luminescence of PQDs is essential for scintillator discovery and optimization. This
chapter first reviewed the work principle, materials selection, and key parameters
of indirect X-ray detectors, followed by the basic crystal structure, optoelectronic
properties, and synthesis methods for PQDs. Then the recent advances in perovskite
scintillators are comprehensively reviewed. Finally, we summarize the current chal-
lenge in perovskite scintillators with promising solutions and provide a perspective on
the future direction of this emerging scintillator.

Keywords: perovskite quantum dots, scintillator, X-ray indirect detector, X-ray
detector, X-ray imaging

1. Introduction

X-Ray radiation, uncovered by Wilhelm R6ntgen circa 1895, comprises a genre of
high-intensity electromagnetic radiation with extraordinary penetrative properties,
offering provisions for non-destructive inspection [1]. Operating in medical radiog-
raphy, photodynamic therapy (PDT), nuclear deterrence, and security audits, X-rays
have become an indispensable tool [2]. The operative principle of X-ray detection
hinges on tracking and disclosing the post-penetration diminishing of incident X-ray
radiation on specific subjects. For instance, the inspection of in-vivo organs renders
high-resolution imaging instrumental in clinical diagnostics, as does the exploration
of non-living matter for industrial and security purposes [3].
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The current X-ray detection machinations are bifurcated into two central catego-
ries: direct conversion, where X-ray quantum is translated to an electrical signal via
a semiconductor, or to a chemical signal via a film, and indirect conversion, where
the transformation is to low-energy photons (visible light) mediated by scintillating
materials [4, 5]. Presently, for X-ray imaging based on integrating detectors, there are
limited materials that can replace nano-scintillators in the consumer market, outside
of the selenium (Se) detector purposed for mammography. Even leading candidates
for direct conversion materials, such as CdTe and CdZnTe (CZT), wrestle with issues
such as a delay in response rate, coupled with temporal maladies like persistent
afterglow incited by electron entrapment. Consequently, manufacturing large-sized
wafers with diminished noise current yet high mobility-lifetime product (pit) remains
an arduous task, rendering the achievement of an acceptable price-performance ratio
for commercial applications a challenge (Figure1).

Conversely, scintillators pave the way to convert X-rays into visible light, known
as down-conversion, engendering the commercial utilization of affordable sens-
ing arrays such as photomultiplier tubes (PMT), avalanche photodiodes (APD),
amorphous-Si photodiode matrices, and charge-coupled devices. This manipulation
has generated a surge of research interest toward indirect conversion scintillating
materials for X-ray detection.

However, established scintillators such as Nal:T1, CsI:T1l, CAWO, (CWO),
Biy,Ge304; (BGO), Lu,SiOs (LSO), and Luy(; - x)Y2xSiOs (LYSO) necessitate further
enhancements. Despite their potent stopping power and heightened light emission,
qualifying them for commercial application in medical imaging devices, there is a
demand to streamline the manufacturing processes, circumvent persistent afterglow,
and discover novel electron-transition energy levels for adaptable scintillation.
Particularly in diagnostic radiology, the attainment of superior spatial resolution
while minimizing radiation exposure is a critical priority.

Thus, lead-halide perovskite nanocrystals-based X-ray sensors are an emerging
technology projected to have considerable application prospects in future radiog-
raphy, thanks to their accelerated fabrication, rapid response, and elevated spatial
resolution. Such halide perovskites typically present unique electronic character-
istics, including a diminished trap density, heightened charge-carrier mobility,
and an extended minority-carrier diffusion length, specifically in nanocrystal
morphology.

X-ray photons

Protective Al foil

scintillator

Pixel a-silicon
photodiode array

Figure 1.
Application of scintillator in X-ray detectors [6].
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CsPbCl;, despite demonstrating robust luminescence via free excitons upon
exposure to radiation with prompt nanosecond response, was marred by issues such
as intense self-absorption, decreased photoluminescence quantum yield (PLQY),
Pb toxicity, and overall fragility. However, following decades of research, efficacious
Pb-free scintillators, like double-perovskite, Cu, and Bi-based all-inorganic halide
perovskites, have shown encouraging scintillation behaviors.

This review outlines the fundamentals of scintillators, their quintessential
luminescence mechanisms, primary parameter performance, and the essential
considerations for selecting optimal scintillator materials. A robust comparison is
made between emerging perovskite quantum dot scintillators and traditional vari-
ants, emphasizing the merits, demerits, performance, and applications inherent to
perovskite quantum dot systems. Finally, the obstacles encountered by perovskite
quantum dots as a formidable contender in the realm of scintillator materials are
stressed.

2. Fundamentals and progress of scintillators
2.1 Scintillators and their luminescence mechanism

Scintillators are defined as materials capable of emitting ultraviolet or visible
light during the de-excitation phase having undergone stimulation by high-energy
photons or irradiated particles. Presently, a broad array of inorganic scintillators
is available, each embodying a distinct property. Concurrently, for Computed
Tomography (CT) applications, it is imperative that the corresponding inorganic
scintillators possess elevated density, augmented light yield, and minimal detection
limits.

The process of scintillator luminescence is considerably intricate [7, 8], an aspect
that has piqued extensive scientific curiosity, leading to persistent advancements.
During the interactions between high-energy photons and the electrons within
the lattice configuration, the conduction band experiences excitation, eliciting the
integration of high-energy electrons and concurrently leaving hole states within
the valence band. Upon surpassing the ionization threshold, the electron’s energy
provokes collision ionization, occasioning the generation of secondary electrons. If
the energy is inadequate to foster ionization, the electrons and holes will implement
energy reduction via lattice relaxation until they respectively migrate to the base
of the conduction band and the apex of the valence band. Consequently, these can
be bound to form excitons or traverse to the luminescent center to facilitate recom-
bination. Explicitly, the luminescence process in scintillators can be classified into
three operative phases: conversion, transfer, and lu-minescence, [9-11] as shown in
Figure 2.

2.2 Criteria for selecting scintillator materials

An ideal scintillator will have essential features such as a high light yield, acute
energy resolution, and swift time resolution. However, the reality demands that the
chosen scintillator must cater to specific application requirements. In the context
of CT imaging, the scintillator should exhibit strong X-ray absorption, minimal
self-absorption, excellent light yield, and a short lifetime, optimally paired with
the capacity for large-scale, arrayed production. This combination allows for the
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Figure 2.
The luminescence mechanism of an inovganic scintillator is divided into three stages: conversion, transfer, and
luminescence [11].

realization of superior quality imaging under low-dosage conditions. The probable
principles for selecting scintillators can be tabulated as follows:
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1. Potent absorption capability: a larger quantity of incident X-ray photons
absorbed by a scintillator translates to a higher conversion of hot electron-holes.
X-ray absorption coefficient depends on the material’s effective atomic number
(Zegr) and the density (p), hence, materials with a higher density and heavy
elemental composition are deemed desirable.

2. Substantial light yield: light yield (LY), indicative of the scintillator’s luminous
efficacy, is quantified as the number of photons emitted per MeV of ionizing
radiation [12]:

1000000

PE,

LY SQ. 1)

Where E, symbolizes the bandgap, f is a constant range between 2 and 3, S rep-
resents the transfer efficiency in the transfer process, and Q is the luminescence
efficiency. As per its definition, light yield hinges on the bandgap E,, the quality
of the crystal, and the photoluminescence quantum efficiency (PLQY). Aiming
for a high light yield mandates the chosen scintillator to possess a relatively nar-
row E, value, superior crystal quality, and a PLQY value as high as conceivable. An
enhanced light yield is also beneficial for attaining a lower detection limit and a
broader linear response, thereby improving the sensing efficiency.

3. Trivial self-absorption: self-absorption denotes a phenomenon where the
scintillation photons are reabsorbed by the crystal—preventing their emission.
Reducing self-absorption is a significant challenge in the field of scintillators.
Minimized self-absorption implies a larger Stokes shift, and self-trapped exciton
luminescent scintillators in this scenario possess an innate superiority.

4. Radioluminescence wavelength: the emission wavelength of a scintillator deter-
mines the photodetection coupling devices that can be selected. Ensuring minimal
loss in collecting scintillation photons requires that the spectral detection range of
the photodetector should overlap the emission range of the scintillation light.
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5.Rapid decay: a faster decay lifetime signifies a sharp photoelectric conversion
speed, imposing elevated time resolution of the scintillator detector. However,
faster decay of light emission, at times, becomes unfavorable in obtaining a
higher light yield. For CT imaging applications, a decay time (t) of less than
0.1 ms should suffice for this application requisites.

6. High stability: the stability of a scintillator pegs its usable life and serves as a
prerequisite for its application. It mainly encompasses physicochemical stability,
luminescent stability, and irradiation stability, which would accordingly impact
the structural stability of the scintillator, its light yield, and irradiation hardness
parameters.

7.0Other aspects, such as low detection limit, broader linear response, economical,
weak background radiation, upscaling potential, suitability for arrayed produc-
tion, and more. Lower detection limits imply enhanced sensitivity of the detec-
tor for low-dose X-rays. Also, cost efficiency remains a significant consideration
for practical applications.

Image quality parameters include spatial resolution, presenting the image’s
contrast and clarity within a specific spatial frequency range, generally quantified by
the modulation transfer function (MTF) deploying the edge method. Image quality
is generally regulated by the intrinsic properties of the scintillator, the detector, and
their coupling. We will principally discuss the scintillator’s influence.

3. Perovskite as promising scintillator materials

Perovskite is a promising material that is used in the field of solar cells, light-
emitting diodes, lasers, and photodetectors. This material has caught the attention of
scientists for its potential application as high-energy radiation detectors and scintilla-
tors due to their excellent light yield, mobility-lifetime product (pt), and X-ray sensi-
tivity [13]. The unique properties of perovskites come from their special structure.

3.1 The structure and stability of perovskite

Perovskite is a family of compounds that share the same crystal structure as
CaTiO; and are often represented by the ideal formula AMXj. In the area of pho-
toelectric, the cation A is typically an organic ammonium ion (CH;NH;"), a fluor
ammonium ion (CH(NH,)?*), or a cesium ion (Cs*), while the halide anion X is
represented by CI', Br™, I", and the metal cation B by Pb*, Ge*, Sn*, Cd**, Mn*,
and others [14]. These compounds form BXs* octahedral structures by coordinat-
ing metal cations B and halide anions X, which are interconnected through shared
vertices to create a three-dimensional network structure [15]. Halide ions X can also
be partially replaced by other halogen atoms, resulting in mixed perovskites like
ABCI,Br;_y, ABBr,l;_y, and others. The band structure of perovskite materials varies
depending on the chemical composition of ABXj, with the A-site cation being highly
ionized and contributing little to the band edge [16]. In contrast, the BX¢* octahedral
structure directly determines the band structure of perovskites [17].

The crystal structure of perovskite is highly flexible, but it needs to meet certain
conditions to keep stable. The definitions of Goldschmidt tolerance factor (t) and
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Figure 3.
Definitions of the structural factors t, p, n in a cubic phase perovskite crystal structure [18].

the octahedral factor (p) are shown in the Figure 3; both are used to describe the
stability of the perovskite structure [19]. Among them, t represents the degree of
distortion of the perovskite structure and is related to the ionic radii r of A, B, X,
satisfying the formula (1-1), p is directly calculated of the octahedral complex
BX¢*" as shown in the formula (1-2). Atomic packing fraction (n) can be described
by formula (1-3), where Vj, Vg, and Vx are atomic volumes of A, B, and X and

a is the lattice constant of the cubic cell. Wan-Jian Yin’s team studied 138 kinds

of perovskite compounds using first-principles calculations. They found a linear
correlation between decomposition energies and the descriptor (p + t)", indicating a
notable thermodynamic stability trend that can be used to predict stable perovskite
structures [18].

3.2 Synthesis method of fully inorganic perovskite quantum dots

The crystal quality of perovskite quantum dots is the most critical factor deter-
mining the efficiency of scintillator devices. Optimizing synthesis methods to achieve
control over the morphology, size, and structure of nanocrystals is also crucial.
Currently, there are several main methods for preparing perovskite quantum dots:

The hot-injection is the most classic synthesis method for quantum dots, which
involves rapidly injecting one type of precursor into a high-temperature solvent con-
taining other precursors and necessary ligands. After the injection of the precursor,
nucleation and growth occur rapidly. This method can produce high-quality crystals
with a narrow size distribution. The hot-injection synthesis method allows for the
control of the size, morphology, and structure of the growing nanocrystals, mainly
by controlling: (1) the reaction temperature at injection; (2) reaction time; (3) ligands
or activators; (4) precursor concentration; (5) the ratio of precursor components. As
illustrated in Figure 4a [21], the hot-injection method was first used in 2015 by the
Protesescu research group to synthesize perovskite CsPbXj; [22]. The primary method
involved synthesizing cesium oleate as a precursor, which was then injected into a
high-boiling solvent containing PbX, at temperatures ranging from 140 to 200°C. The
final nanocrystal size could be controlled by adjusting the temperature, thus tun-
ing the luminescence peak position based on the quantum size effect. Additionally,
by simply changing the proportion of halogens in PbX,, mixed halogen perovskite
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Diagram of (a) high-temperature hot-injection method; (b) room-temperature recrystallization method [20].

nanocrystals could be synthesized. Therefore, this method allows for complete and
fine-tuned coverage across the entire visible light spectrum.

When ions dissolve in a solvent, their concentration increases with the dissolution of
more ions until reaching equilibrium concentration. If the solution becomes supersatu-
rated and non-equilibrium, precipitation and crystallization will spontaneously occur
in the solution to restore balance. Moving the system from an equilibrium to a supersat-
urated non-equilibrium state can be achieved by controlling temperature, evaporating
some of the solvent, or mixing in another solvent with lower ion solubility. In chemical
synthesis, ligands are often used to further control the crystallization process, allowing
for nanoscale control of crystal growth, hence this method is known as ligand-assisted
reprecipitation in chemical synthesis. As shown in Figure 4(b), the ligand-assisted
reprecipitation method is widely used in the synthesis of perovskites. Typically, precur-
sors (like CsX, PbX;) and ligands are dissolved in a highly polar solvent such as DMSO
or DMF, thoroughly mixed and dissolved. Then, a small amount is dropped into a poor
solvent for perovskites (like toluene), causing nucleation and growth of perovskites due
to the instantaneous shift from a supersaturated non-equilibrium state to equilibrium.
This method can be proceeded in the air and is easier for scaleup. However, the size
distribution of quantum dots synthesized by this method is larger.

3.3 Classification and applications of perovskite scintillator materials

Traditional scintillators have consistently served as the gold standard in perfor-
mance evaluation for nascent scintillating materials. Herein, they are classified into
three cardinal sub-categories: single-crystal, oxide-based, and organic scintillators.
Single-crystal scintillators and oxide scintillators normally require high vacuum and
high-temperature processing. Organic scintillators offer advantages such as ease of
synthesis, low cost, and shorter decay times of approximately 1 ns [23, 24]. However,
complexities emerge due to their low density (around 1 g cm™>) and low effective
atomic number (Z), leading to a drastically reduced detection efficiency for high-
energy X-rays [25]. Furthermore, organic dyes exhibit a heightened susceptibility
to photobleaching and quenching effects from oxygen, significantly impeding their
utilization across various applications.

Over the past few years, perovskite materials, due to their distinctive attributes such
as a high photoluminescence quantum yield (PLQY), swift decay time, substantial
atomic number, easily tunable luminescence color, and straightforward, cost-effective
preparation methods, have been identified as potential scintillator materials [26, 27].
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Based on the composition and morphological properties of perovskite, perovskite
scintillators can be categorized into the following groups: single-crystal scintillators,
two-dimensional (2D) scintillators, and perovskite quantum dots (PQDs) scintillators.

3.3.1 Single crystal (SCs) scintillators

As previously stated, the quality of the scintillating material is a critical deter-
minant in gauging the sensitivity of X-ray detectors. Therefore, excellent scintil-
lators should ideally exhibit characteristics such as significant volume resistivity,
diminished dark current, superior crystallinity, and fewer trapping states, which
will enhance the pt value. Notably, an optimal perovskite SC demonstrates small
trap states and no grain boundaries, subsequently reducing the likelihood of carrier
scattering and thus accelerating the carrier migration rate, ultimately enhancing the
overall performance of the device [7].

Additionally, beneficial attributes such as considerable thickness, high density,
effective energy response, and a broad absorption cross-section of perovskite SC
scintillators have demonstrated enormous potential in X-ray detection. However,
the implementation of traditional high-temperature furnace growth techniques for
SC scintillators presents challenges including not only high production costs but also
inducing doping gradient that leads to uneven light output and a decrease in resolu-
tion, precluding large-scale production.

3.3.2 Two-dimensional scintillators

Two-dimensional scintillators represent nanoscale materials, facilitating free-elec-
tron movement across only two dimensions. The transition from 3D to 2D structures
boosts the quantum confinement effect within perovskite scintillators, producing
several unique features [3]:

1. Efficacious scintillation under ambient conditions. Conventionally, substantial
3D perovskites barely facilitate impactful room-temperature scintillation owing
to low exciton binding energy engendering prominent thermal quenching. In
contrast, for identical materials, 2D structures typically possess higher exciton
binding energy than their 3D counterparts, thereby mitigating luminescence
efficiency interferences from phonons. Deep exciton energy levels consequently
endow them with thermal quenching resistance at room temperature.

2. Swift response and minimal decay. Quantum wells intrinsic to 2D perovskites
confine electrons and holes instigated by ionizing radiation, augmenting the
overlap of the electron-hole wave function. This sole electronic characteristic
amplifies exciton oscillator strength while mitigating 2D perovskites’ exciton
radiation lifetime.

3. Exceptional environmental stability against ionizing radiation. Layered 2D
halide perovskites’ stability lies in their unique architecture, featuring inorganic
semiconductor layers enveloped by copious insulating organic ones. The exis-
tence of potent hydrogen bonds among inorganic and organic units and hydro-
phobicity characteristic to organic spacers bestows onto scintillators superior
resistance against humidity and radiation intensity. Additionally, 2D scintil-
lator synthesis can achieve exceptional thinness to meet X-ray micro-imaging
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requirements, assisting in mitigating response time delays and efficiency losses
provoked by the self-absorption effect. 2D scintillators are envisaged for future
extensive applications [28].

3.3.3 Quantum dots scintillators

Standing in contrast to previously mentioned material structures, PQDs manifest
amplified quantum confinement effects, due to unique electronic structures, result-
ing in superior scintillation performance. Moreover, due to quantum confinement
effects, nanocrystal scintillators generate excellent luminescent efficiency. In recent
years, Halide PQDs scintillators have been extensively studied for their easy-to-man-
ufacture nature, tunable bandgap within the visible light spectrum, and high X-ray
absorption coefficients [1].

The wet chemical solution processibility and controllable thickness of PQDs
scintillators make them ideal candidates for flexible or large-area panel detectors
within imaging technologies. Furthermore, PQDs solutions can function as inks
within manufacturing processes. Regarding X-ray scintillation applications, materi-
als’ tolerance to high-power X-ray radiations is fundamental in constructing medical
detectors. Various all-inorganic halide perovskites have steered an increasing research
interest in scintillation applications, attributed to their swift response and high detec-
tion efficacy toward X-rays.

The emerging nanoscale perovskites possess commendable manufacturability
when fabricating scintillating thin films, favoring the construction of flexible devices.
Furthermore, owing to quantum and small-size effects, perovskite PQDs scintillators
showcase a unique set of electromagnetic and extensively extended optical charac-
teristics. It is notable that while material downsizing to the nanoscale can augment
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Scintillator materials and application fields used in X-ray indirect detectors [29].
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scintillation performance immensely, it might concurrently induce a reduction in
effective mass density, thereby curtailing the X-ray stopping power. Fortunately,
researchers have devised effective solutions to this predicament through novel manu-
facturing methodologies. For instance, integrating nanocrystals with glassy media has
realized high stability and high-resolution X-ray imaging.

Although PQDs scintillators have observed widespread use in detection and imag-
ing, several leaps persist toward achieving practical applications. Numerous technical
issues await solutions—structural optimization, detection efficiency improvement,
and cost reduction to name a few. Typically, thicker active materials facilitate effective
X-ray photon absorption; however, inefficient carrier collection could compromise
device sensitivity. Furthermore, despite PQDs scintillators’ potential for conjunction
with silicon detectors, strong re-absorption phenomena inherent between them result
in decreased silicon detector efficiency (Figure 5) [30].

4. Progress in the development of perovskite quantum dot scintillators

Perovskite single crystals’ luminescent yield at ambient conditions is relatively low
(less than 1000 photons/MeV) [31, 32], gaining merit solely at lowered temperatures
[33]. Research postulates that perovskite single crystals undergo considerable thermal
quenching at room temperature, leading to non-radiative recombination of most
carriers rendering low luminescent yield [34].

Leveraging quantum confinement effects, Asai’s research team [28, 35] fabricated
two-dimensional perovskites. This approach enhanced the exciton binding energy of
the crystals, subdued thermal quenching, and led to the creation of various “quantum
scintillators” exhibiting ultrafast responses. Koshimizu’s team further advanced
these two-dimensional perovskite scintillators by synthesizing the quintessential
(Phe),PbBr, crystals, Phe = CsHs(CH,),NH;. They realized sub-nanosecond time
resolutions scintillator with decay lifetime of 7.4 ns [36], and a luminescent yield of
14,000 photons/MeV [37].

The team also explored the influence of disparate organic groups and inorganic
ions on the scintillator attributes [3]. Noteworthy members of the two-dimensional
perovskite scintillators family include (EDBE)PbCl, [31], (PEA),PbBr, [38], and
(BA),PbBr, [39], all exceeding a luminescent yield of 10,000 photons/MeV and
exhibiting nanosecond decay lifetimes. Some exploratory studies leveraged the
incorporation of fluoride atoms [40], organic groups [41], or alternative metallic ions
[42, 43] to enhance these two-dimensional perovskite scintillators with satisfactory
progress. Lead-free two-dimensional perovskite scintillators have surfaced as a novel
research direction. Successful material synthesis [43] followed the replacement of
Pb** with Sn*", effectively demonstrating imaging [4].

In 2015, Protesescu et al. [22] first pioneered the synthesis of inorganic perovskite
nanocrystals (CsPbX3, X refers to halide) with near 90% photoluminescence quan-
tum efficiency (PLQY). This material structure reinforced the quantum confinement
effects, displaying high luminescence rates and minimal non-radiative recombina-
tion, thus serving as a highly efficient light-emitting material. Research teams
recognized the material’s potential for scintillation and studied CsPbXj inorganic
perovskite nanocrystals for X-ray imaging applications, resulting in elementary
indirect X-ray imagers [11]. Exemplarily, the green-emitting CsPbBr; demonstrated
the best performance, prompting researchers to explore X-ray imaging performances
based on this scintillator (Figure 6) [44].
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Figure 6.
(a) Ultrasensitive X-ray sensing and radi-ography using CsPbBr; nanocrystals. (b) Image of the sample under X-ray [6].

PQDs scintillators exhibit several significant challenges: (1) A pervasive deficiency
of methodologies allowing for the large-scale fabrication of scintillator films; (2)
compromised stability, which manifests in performance degradation when subjected to
heat and humidity in the ambient environment; (3) limited imaging resolution with the
inherent opacity of thick films persistently hampering their overall imaging efficacy.

To solve these challenges, researchers have studied various solutions. Wang et al.
[45] disclosed a room-temperature process for fabricating high-content CsPbBr;
nanosheet colloidal scintillators by directly mixing varied amount of CsPbBr; QDs
with acrylate-based resin, the resulting 200 um thick CsPbBr; QD-resin layers were
laminated with 100 pm thick barrier films on both sides as a water vapor barrier
(as shown in Figure 7), varied polymer and resins have been applied as matrix for
PQDs follows this advancement. Similarly, based on the “emitter-in-matrix” design
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principle, Cao et al. [1] prepared CsPbBr;@Cs4PbBrg with emissive CsPbBr; QDs
embedded inside a solid-state Cs4PbBr¢ host is subjected to X-ray sensing and imag-
ing. The Cs4PbBr¢ matrix not only enhances X-ray absorption but also dramatically
improves the stability of CsPbBr; QDs. The low absorption of Cs,PbBrs matrix to the
emission from CsPbBr; NCs enables efficient light output, as shown in Figure 8.

In recent years, an innovative research trend has surfaced, involving the in situ
growth of perovskite nanocrystals within vitreous matrices [45, 47], thus presenting
an exciting potential for X-ray scintillators. Such an approach considerably bolsters
nanocrystal longevity and attains a commendable imaging resolution, approximately
15 Ip/mm. Taking this a step further, a notable innovative solution was proposed by
aresearch team [48] who dissolved CsPbBr; nanocrystals in an organic solvent, the
resultant transparent solution was then used for imaging, representing significant
strides in the field, as shown in Figure 9.

Recently, Wu et al. [3] successfully implemented a suction filter method for the
preparation of an ultra-thin transparent perovskite nanocrystal scintillator film.

Barrier Film (100 pm)

Barrier Film (100 pm)

Figure7.

(a) Schematic representation of the sample structure with the CsPbBr; QDs mixed in resin between two barrier
films. Image of 15% CsPbBr; QD concentration in resin under (b) visible light and (c) UV-light excitation [46].

(@) CsPbBr,@Cs,PbBrg ;" CsPbBr, nanocrystal @ Cs,PbBr; matrix

Figure 8.
Schematic view of the band gap of the CsPbBr; core and the Cs,PbBrs matrix [1].
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Figure 9.
Schematic diagram of CsPbBr; liquid scintillators and corresponding imaging demonstration [48].

Incorporating Ce** ions as dopants leads to a considerable surge in light yield, enabling
aresolution as high as 862 nm for X-ray micro-imaging. With continuous investiga-
tions being carried out in the field, some scientists [49] have identified a critical deficit
impeding the efficacy of direct band gap perovskite scintillators—self-absorption.
Introducing efficient energy transfer in PQDs film could successfully restrain self-
absorption to a very low degree. PQDs with varied particle size have varied conduction
band (CB) and valence band (VB) positions, an X-ray absorption layere composed of a
wider sized distribution of QDs was prepared by Li et al. [26]. The scintillator perfor-
mance of PQDs mixture with different sizes but at an appropriate ratio was studied.
The successful engineering of absorption-emission overlapping of varied size CsPbBr;
QDs avoids the emission loss by reabsorption essentially and ensures the maintenance
of high quantum yields of CsPbBr; QDs. The engineered CsPbBr; QDs also show more
efficient radiative recombination than conventional QDs due to more efficient charge
transfer between varied size CsPbBr; QDs. Instead of using varied size QDs, Gandini
etal. [50] fabricated a nanocomposite scintillator by embedding CsPbBr; QDs together
with conjugated organic dyes into the PMMA matrix. As shown in Figure 10, the
highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) levels of the organic dye and CsPbBr; QDs were perfectly matched, providing
an effective energy/charge transfer channel. The emission spectrum of CsPbBr; QDs is
directly overlapped with the main absorption spectrum of the dye, where the emit-
ted photons from CsPbBr; QDs could further excite the dye molecule, thus reducing
the self-absorption of CsPbBr; QDs. This induced energy transfer between organic
molecules and perovskite can effectively increase the utilization efficiency of photons.

Recently, a research team [51] conducted an analysis of CsPbBr; nanocrystal scin-
tillator films, aiming to determine the optimal thickness to minimize the influence
of self-absorption effects. This strategic move found a harmonious balance between
X-ray absorption, light yield, and imaging resolution.

Pioneering luminescent principles beyond band gap recombination has moti-
vated significant academic inquiries. A luminary example is a rare-earth ion orbital
electron transition-based double perovskite scintillator; Cs,NaTbClg as reported by
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Figure 10.
(a) Self-absorption effect of CsPbBr; g5 (b) CsPbBr; is coupled with organic luminescent materials to form
plastic scintillators [50].

Hu et al. [52]. Despite recording an exceptional light yield of up to 46,600 photons/
MeV, the prolonged decay period and severe afterglow may preclude a direct applica-
tion within real-time X-ray or CT imaging systems.

Furthermore, consequential exploration involves applying diverse element
doping to establish multi-modal luminescent scintillators [53] and cerium-doped
double perovskite scintillators [54]. Besides this, Zhu and colleagues [55] reported
on a lead-free double perovskite scintillator [Cs,Agg ¢Nag 4Iny.;Bi,Clg], based on
the promising principle of self-trapped exciton (STE) luminescence. Fueling high
light yield coupled with a sizeable Stokes shift, the decay duration of this variety of
scintillators is markedly shorter, substantially lower than the luminous lifetime of
rare-earth ions.

Finally, diminutive halide scintillators leveraging STE luminescence are gradually
capturing research attention. They include, prominently, Rb,CuBr; [56] and Cs;Cu,ls
[57], both of which demonstrate an enormously high light emission power, marking
them out as a vanguard family of scintillators.

5. Challenges and remedies in perovskite QDs scintillators
implementation

Over recent years, extensive research has been carried out on metal halide
perovskite scintillators for application in X-ray detection and imagery. Despite this,
a multitude of technical hurdles persist, preventing these from practical utilization.
These obstacles predominantly encompass reducing self-absorption and amplifying
luminescent efficacy, bolstering stability, curtailing production expenses, optimiz-
ing production on a larger scale, curbing light scattering, and augmenting imaging
resolution [58, 59].

1.Improving light yield: the light yield of the scintillator is inversely proportional
to the band gap, so adjusting the bandgap by halogen replacement or B site
doping is an efficient way to increase the light yield. Other strategies, including
modulation of the exciton confinement effect, minimization of self-absorption
in PQDs, constructing energy-transfer channel, and defect modification are also
widely studied to improve the light yield.
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Many strategies could be adopted to restrain the self-absorption of scintillators.
For instance, reducing the scintillator’s thickness may considerably mitigate the
efficiency losses and response time due to self-absorption. Rare-earth ions (e.g.,
Eu’*, Yb*, Tb*) exhibit intrinsic 4f-4f transitions with large Stokes shifts, intro-
ducing these ions into perovskite structures could effectively enlarge the Stokes
shift of perovskite scintillators, which leads to a decent scintillation efficiency.
Another strategy to lower the self-absorption of the perovskite scintillators is to
mix them with molecules with matched energy levels. During the charge transfer
of the scintillating processes, the transport charge carriers can be captured by
both defects and impurities in the crystal lattices, which can lead to an increase in
non-radiative recombination. Therefore, improving crystal quality and reducing
defects in the scintillator (such as impurity doping and surface passivation) are
also important strategies to enhance the scintillating performance. Furthermore,
an appropriate integration of halogen elements could serve to proliferate light
transmission and minimize self-absorption effects [60, 61].

2.Elevating stability. The stability quandaries of metal halide perovskite scintil-
lators include both chemical resilience and tolerance to radiation. The primary
issue of chemical stability pertains to the sensitivities of perovskites to environ-
mental stimuli such as water, light, and heat. As for radiation tolerance, it refers
to the ability of perovskites to endure high-energy radiation. Given the good
defect tolerance of perovskites, disruptions in their ionic characterization could
easily lead to surface defects. Hence, attempts to enhance perovskite stability
may focus on two fronts—augmenting innate structural stability by amending
the composition of perovskites and improving crystal development, and deploy-
ing chemical strategies to passivate surface anomalies.

3. Mitigating costs and enabling large-scale production. The inherent solubility of metal
halide perovskites makes them amenable to mass synthesis. Yet, many issues, such as
compatibility, efficiency retention upon large-scale expansion, and alignment with
extant processing and manufacturing apparatus, linger before they can be adapted to
practical usage. Prior literature suggests that merging perovskite nanocrystals with
polymeric materials—using polymers as substrates, coating materials, or as a growth
medium—presents as an efficacious strategy to realize large-scale fabrication.

4. Restraining light scattering to augment imaging resolution. A challenge that
metal halide perovskites confront pertains to the diminution of imaging resolu-
tion as a consequence of light scattering. This phenomenon prompts a photon
cross-talk among neighboring luminescent centers, marking a decrement in
resolution [62]. Moreover, internal light scattering within the scintillator can
result in impaired transparency, hence impacting the imaging resolution. Varied
strategy such as waveguide effect and circularly polarized radioluminescence
could better confine the propagation directions of emission photons. In addition,
resourceful avenues must be explored to suppress light scattering in nanocrys-
tals—for example, by enhancing the crystallinity and dispersion of nanocrystals,
obviating nanocrystal congregation, or regulating the size distribution of nano-
crystals to facilitate homogeneous crystallization.

Fabricating all-inorganic perovskite quantum dots into composite materials is
an effective method to enhance their performance. As early as 2012, Kojima et al.
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Figure 11.
HAADF-STEM image of (a) CsPbBr;@MOF-PCN-33, (b) TEM image of CsPbBr;@PCN-33(Fe) with the dark
dots are CsPbBr; QDs. Scale bars: a, 25 nm; b, 10 nm [65].

synthesized MAPbBr; nanocrystals in situ within mesoporous Al,O; or ZrO, tem-
plates, utilizing the mesoporous confinement to limit the growth of the nanocrystals,
eventually producing highly luminescent and stable PQDs with a particle size of about
5nm [63]. It is precisely because of the solubility processing characteristics of PQDs
that they can be easily combined with mesoporous inorganic templates. Combining
metal halide perovskites with inorganic mesoporous oxides can significantly enhance
their stability, but the preparation process is usually complex, and the manufacturing
cost is high. Moreover, the optical performance of PQDs is impaired, hindering their
further practical application [64].

Besides inorganic encapsulation, organics include polymers and metal-organic
frameworks (MOFs). Polymers, with their network structure built on polymer
chains, can provide a natural level of nanoscaffold for the growth of nanocrystals, so
in situ crystallization processes can be used to prepare PQDs nanocomposite as shown
in Figure 11. However, when selecting polymers, the following points should be
considered: they should have the same solvent solubility as the perovskite precursors
to ensure effective and thorough mixing; strong interactions should be established
between the polymer and perovskite; the polymer should have compatible dielectric
properties with the device to be assembled; and it should have a certain size of pore
structure.

6. Summary and outlook

This comprehensive review has examined the development and current state of
perovskite quantum dot scintillators, speculating also on the potential for future
advancements. Traditional scintillators, though foundational to the field, display
shortcomings that perovskite counterparts have the potential to amend, including
cost-efficiency, moisture resistance, and detection capabilities.

The advent of perovskite single-crystal, two-dimensional, and nanocrystalline
scintillators has opened up new avenues in the realm of X-ray detection and imaging,
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attributable to their excellent photoluminescent quantum yield, efficient lumines-
cence, achievable fabrication, and an adjustable bandgap in the visible light spectrum.
Considerations regarding high ut value maintenance and structural optimization,
however, remain paramount.

Significant progress and breakthroughs have been seen in the development of vari-
ous types of perovskite quantum dot scintillators, from the pioneering fabrication of
two-dimensional perovskites, demonstrating distinct photoluminescent properties, to
the potential of lead-free two-dimensional perovskite scintillators, exhibiting promis-
ing synthesis capabilities and photoluminescent quantum efficiency.

Despite the significant progress made, there are still numerous technical chal-
lenges hindering the practical utilization of metal halide perovskite scintillators.
These primarily include achieving high luminescent efficiency while minimizing self-
absorption, ensuring ultra-fast response times and attenuation, maintaining stability,
managing production costs, adapting for large-scale production, reducing light scat-
tering, and enhancing imaging resolution. Innovative solutions are thus necessitated
to address these challenges, with potential leadways including thickness reduction
of the scintillator, the introduction of defect passivation and interface modification,
halogen elements, structural stability enhancements, and the utilization of polymeric
materials for scalable production.

In conclusion, the exploration and optimization of perovskite quantum dot scintil-
lators for X-ray imaging and dose monitoring represent an emerging research field.
Flexible scintillator films broaden the application of bendable X-ray imaging, releas-
ing the frequency and related risk for radiation damages, enabling more accurate
real-time dose monitoring for radiotherapy and tomography.
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Chapter 4

Sol-Gel Synthesis of Gd,05:Nd**
Nanopowders and the Study of
Their Luminescent Properties

Amir Moussaoui, Dmitry V. Bulyga, Natalia K. Kuzmenko,
Alexander 1. Ignatev, Sergey K. Evstropiev
and Nikolay V. Nikonorov

Abstract

The synthesis of gadolinium oxide nanopowders doped with neodymium
(Gd,05:Nd**) 30 nm in size was carried out using the citrate sol-gel method that
included the simultaneous stabilization of nanoparticles using citric acid and poly-
vinylpyrrolidone (PVP). This study proposes and assesses a sol-gel synthesis process
that involves the use of two different organic stabilizers with different thermal
stabilities. Citric acid and polyvinylpyrrolidone were used as organic modifying
components, playing a double role in the synthesis process, that is, acting as stabiliz-
ers of forming nanoparticles in colloidal solutions and serving as fuel additives in
the process of heat treatment of materials. The structural and optical properties of
Gd,05:Nd** were investigated using photoluminescence, FTIR spectroscopy, DTA/
TG, scanning electron microscope (SEM), and XRD analysis.

Keywords: sol-gel synthesis, absorption spectrum, luminescence, nanoparticle,
Gdz()g!l\](PJr

1. Introduction

Nanocrystalline materials based on gadolinium oxide (Gd,0s) are characterized by
high luminescent properties and thermal and chemical stability and are promising for
various optical, environmental, and medical applications [1].

Liquid methods are often used to synthesize Gd,O; nanocrystals: sol-gel process [2];
polymer-salt method [3]; precipitation [4]; hydrothermal method [5]; spray
pyrolysis [6], etc. The synthesis process has a substantial influence on the crystal struc-
ture and luminescent characteristics of gadolinium oxide nanoparticles. Wet chemical
processes are straightforward, efficient, and often used in the production of oxide
ceramic materials [7]. Using wet chemical techniques enables a substantial reduction
in the temperature required for the synthesis of oxide nanoparticles, consequently
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accelerating the technical process. Gd,O; nanocrystalline powders are synthesized using
wet chemical techniques, such as sol-gel or modified Pechini method, and have a stable
cubic crystal structure, which is the preferred crystalline form of Gd,0s [8].

The sol-gel process, which is widely known and used to obtain various materials,
provides their high homogeneity and relatively low synthesis temperatures [9-12].
Thus, in [13], the formation of Gd,0; crystals was observed when gels were heat-treated
to a temperature of only 400°C, which is significantly lower than the temperatures of
technological processes traditionally used in the production of oxide optical materials.

The citrate sol-gel method based on the introduction of citric acid into the initial
solutions followed by their heating and formation of homogeneous gels is used to
create luminescent nanomaterials based on gadolinium oxide [14].

Citric acid and polyvinylpyrrolidone (PVP) play a dual role in the synthesis pro-
cess, acting as stabilizers of the formed nanoparticles in colloidal solutions and acting
as fuel additive in the process of heat treatment of materials [15, 16].

Citric acid forms chelate compounds with metal ions in solutions and is used to
form oxide nanophosphors [15, 17]. During sol-gel synthesis, citric acid molecules
undergo evolution at the stage of heating the initial solution and gel formation and
completely decompose at T > 175°C [18], that is, temperatures significantly lower than
the decomposition temperatures of metal nitrates [19]. For this reason, citric acid is
an effective but relatively low-temperature stabilizer of oxide nanoparticles.

PVP is a soluble organic polymer used to stabilize various nanoparticles [20-22].
Thermal decomposition and oxidation of PVP occur at temperatures of 300-550°C,
close to the decomposition temperatures of metal nitrates and the formation of oxide
nanoparticles. The presence of PVP in the initial solutions has a significant effect on
the size and properties of the formed nanoparticles [8, 22]. Compared to citric acid,
PVP is a stabilizer that acts at higher temperatures and has a direct role in the forma-
tion of oxide nanoparticles.

The aim of the present work is to develop a low-temperature citrate sol-gel syn-
thesis of Gd,05:Nd’* nanopowders with simultaneous application of two organic
stabilizers (presented in the table), to study the evolution of nanoparticle structure
during their formation and to investigate the luminescent properties of the obtained
nanopowders.

2. Materials and methods

Aqueous solutions of gadolinium (Gd) and neodymium (Nd) nitrates, citric acid,
and PVP were used as starting materials. Aqueous solution of the components was
obtained by dissolving powdered reagents in distilled water under vigorous stirring.
The mixture of specified volumes of component solution was performed at room
temperature. The chemical composition of the obtained liquid mixtures is given in
Table 1. The mixed solutions were heat-treated at 70°C with stirring.

The processes of material evolution during sol-gel synthesis in the present work
were studied via infrared (IR) spectroscopy, differential-thermal and thermogravi-
metric (DTA-TG), scanning electron microscope (SEM), and XRD analysis.

IR spectra were captured using FTIR spectrometer Bruker ALPHA; DTA-TG
analysis was performed using STA 449F1 Jupiter (Netzsch). The MIRA3 TESCAN
scanning electron microscope was used to investigate the morphology of the acquired
oxide particles. XRD analysis was carried out using diffractometer Rigaku Ultima IV.
The average crystallite size was estimated using the Scherrer equation.
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Sample number Concentration, wt.%

Solution Powder

‘Water Gd(NO3)3 Nd(NOs)3 Citric acid PVP Gd,05 Nd

1 87.74 415 0.05 2.80 5.26 99 1

Table1.
Chemical composition of materials.

The photoluminescence spectra of obtained powders in the wavelength range
of 250-800 nm were investigated using a Perkin-Elmer LS 50B luminescence
spectrometer.

The study of emission properties of materials was carried out on an experimental
setup including a laser source on a YAG:Nd crystal (wavelength A = 532 nm) generat-
ing pulses with duration 7 = 10 ns and energy E = 30 mJ. Acton-300 monochromator
(Acton Research) and InGaAs-photodetector ID-44 (Acton Research) were used
to record emission spectra. During the research process, Gd,03Nd** powders were
tightly fixed in the space between two plane-parallel polished quartz glass plates,
with the thickness of the nanopowder layer between the plates being 150 pm. Laser
radiation was focused into a spot with a diameter of about 130 pm on the surface of
the plates.

3. Results and discussion
3.1 FTIR spectra

Figure 1 displays the infrared absorption spectra of the wet gel 1. The wide and
strong absorption band within the 3300-3500 cm ™" range is linked to the stretching
vibrations of O-H groups. The strong absorption band at 1631 cm™ in the wet gel is
attributed to the presence of citrate anions and PVP molecules, which cause vibra-
tions in the carbonyl group C— -O. Prior to the heat treatment, the gel contains nitrate
anions, which is why the absorption band at 1360 cm™ is attributed to NO; anions.
Additionally, it is important to mention that the wet gel has a weak peak at 537 cm ™,
which could be attributable to the vibrations of the Gd-O bond.

Previous investigations have shown comparable results in the production of
Y,0;:Eu materials with a similar structure via the citrate sol-gel method [23]. The
spectra of cubic Y,0; crystals exhibited an absorption band at a wave number of
560 cm™, corresponding to the vibrations of the Y-O bond. This absorption band was
identified after drying the gels at 100°C, and its intensity increased with increasing
temperatures throughout the heat treatment of the materials [23].

3.2 DTA/TG analysis

Heating of the gel during the heat treatment process leads to the decomposition of
citric acid, metal salts, and PVP, as well as the formation and growth of oxide crys-
tals. Figure 2 displays the results of the DTA-TG analysis, which reveals the various
processes that take place during the heat treatment of the gel. Figure 2a shows that,
during the heating of gel, there is a stepwise decrease in the sample mass accompa-
nied by several exothermic effects (Figure 2b).
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O-H
C= 3364 cm™

0.8 1

Absorbance

460 960 1460 1960 2460 2960 3460
Wavemunber, cm-1

Figure 1.
Absorption spectrum of composite gel in the IR spectral region.
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Figure 2.
Results of the thermal gravimetric (a) and differential thermal (b) analyses of the processes occurving during heat
treatment of the gel.

The removal of residual water from the material determines the loss of sample
mass and small heat absorption at the initial stages of heat treatment (20-150°C).
Citric acid decomposes at a temperature of 175°C, causing a noticeable decrease in the
sample mass and the release of heat.

The most significant variations in sample mass changes and exothermic effects are
observed in a wide temperature range of 340-850°C. At temperatures of 340-550°C,
decomposition of metal nitrates and PVP occurs, accompanied by the significant
release of heat and gaseous products.

3.3 XRD analysis

Figure 1 displays the X-ray diffraction (XRD) patterns of Gd,03:Nd>* nanocrystal-
line powders. The powder only comprises peaks that are indicative of the cubic Gd,05
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structure. Both the amorphous and parasitic crystalline phases, as well as the halo,
were absent in the XRD patterns.

Referring to the results presented in Ref. [8], the addition of PVP in the
initial solution significantly accelerates the formation of the crystalline phase
(Figure 3).

The average size of the Gd,0; nanocrystals was determined using the Sherrer
equation [24]: d = kM (B cos 0), where k is the Sherrer constant (k = 0.9), A is the x-ray
wavelength (A = 0.15406 nm) for Cu Ka, f is the full width at half maximum of the
corresponding XRD peak, and 0 is the Bragg angle. The average crystallite size of
Gd,0; was determined to be around 30 nm. According to the findings shown in Ref.
[8], the addition of PVP has slight impact on the overall decrease in the average size of
the nanocrystals.

3.4 SEM analysis

Figure 4 displays SEM images of Gd,03:Nd** nanocrystalline powder at resolu-
tion 20 pm (Figure 4a) and 5 pm (Figure 4b). The powder is composed of highly
aggregated nano-sized Gd,03:Nd*" crystals of around 30 nm in diameter. Based
on the scanning electron microscope (SEM) image, the average diameter of Gd,0;
nanocrystals is consistent with the value obtained by calculating it using the
Scherrer equation.

The higher magnification image (Figure 4b) reveals that the powder is more
widely dispersed and comprises small particles, including thin micro-plates. The
inclusion of PVP in the sol-gel process results in a material with a highly dispersive
form.

3.5 Luminescence in UV spectral range

The luminescent properties of the synthesized powders in the UV spectral range
are mainly determined by electronic transitions occurring inside the crystalline
matrix of Gd,0;. These transitions are comprehensively explained in [25]. The UV
luminescence excitation spectra (Figure 5a) exhibit bands with peak wavelengths of
238, 257, 268, and 282 nm. The investigation reported in [26] examined comparable
luminescence excitation spectra in Gd,03:Eu’** nanophosphors produced by thermo-
chemical and hydrothermal synthesis methods.

T=10009C Crystal size 30 nm

Intensity, a.u.

30 40
2-Theta scale, degrees

Figure 3.
XRD patterns of the Gd,0;:N** nanocrystalline powders.
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Figure 4.
SEM images of Gd,O;:N&* nanocrystalline powder at vesolution 20 ym (a) and 5 ym (b).

The strongest band with a maximum of A,y = 238 nm is linked to the °p., — 83,
transition of Gd** ions inside the crystalline matrix of Gd,0s, according to [25]. The
band with a maximum of Ap.x = 268 nm corresponds to the electronic transition
83, = ®15/5_17/ of Gd** ions in the crystalline matrix of Gd,O; [27]. The charge trans-
fer band with a maximum A,y = 257 nm between oxygen ions and Eu** ions is given
in [27]. Upon excitation with a wavelength of Aexc = 238 nm, the synthesized powders
exhibit luminescence in the ultraviolet region of the spectrum. This luminescence is
caused by electronic transitions occurring inside the crystalline matrix of Gd,0;, as
seen in Figure 5b.

The experimental findings obtained in this study demonstrate that the use of two
stabilizers in the sol-gel process has no impact on the ratio of band intensities exhib-
ited in the luminescence excitation spectra and practically has no effect on the shape
of the photoluminescence spectrum in the UV region of the spectrum.

238 nm a) b)

Intensity, a.u.
PL intensity, a.u.

230 240 250 260 270 280 300 320 340 360 380 400
Wavelength. nm Wavelengt.h. nm

Figures.
Luminescence excitation spectrum (wavelength of the luminescence 309 nm) of Gd,O;:Nd?* powder (a);
photoluminescence spectrum (wavelength of the luminescence excitation 238 nm) of Gd,O;Nd** powder (b).
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Figure 6.
Photoluminescence spectrum (lex = 980 nm) of Gd,OzNdP* powder in the NIR region.

3.6 Luminescence in IR spectral range

The intense luminescence observed in the synthesized powder in the near infrared
spectral region is determined by electronic transitions of the Nd** ion-activator. The
photoluminescence spectrum of the synthesized Gd,03Nd** powder is shown in
Figure 6. The three groups of luminescence bands observed in the spectrum, located
at wavelengths of 940, 1064, and 1360 nm, are associated with the electronic transi-
tions of Nd**ions *Fs/, = ‘I, *F32 = “Liyjp and *Fzo — Lz, respectively. The most
intense luminescence peak of neodymium ions with a maximum at Ay,x = 1064 nm
corresponds to the electronic transition *Fi = T

Analysis of the results from experiments is shown in Figure 6. The results pre-
sented in Ref. [28] indicate that Gd,05:Nd>* materials synthesized by the polymer-salt
process have photoluminescence spectra that are comparable to powders produced
by other liquid methods. The reason for this phenomenon may be attributed to the
fact that the luminescent properties, which are determined by the f-f electronic
transitions of Nd**, are not significantly impacted by changes in the structure of their
immediate surroundings.

4, Conclusion

Neodymium-doped gadolinium oxide nanopowders, with an average crystal
size of around 30 nm, were synthesized using the citrate sol-gel method, using two
organic stabilizers simultaneously. The evolution of nanoparticle structure during
their formation has been studied, and the luminescent properties of the obtained
nanopowders have been investigated. Citric acid and polyvinylpyrrolidone were used
as modifying organic stabilizers, which acted as stabilizers of the formed Gd,05;:Nd**
nanoparticles in colloidal solutions, and also played the role of “combustible” addi-
tives in the process of heat treatment of materials. The data of infrared spectroscopy,
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differential-thermal, and thermogravimetric analyses showed that the formation of
Gd,0; nanoparticles starts at the raw gel stage, and the evolution process develops
during drying and heat treatment of materials. The XRD data analysis reveals that
the powder only consists of peaks that are typical of the cubic Gd,Os structure. The
SEM investigation demonstrates that the inclusion of polyvinylpyrrolidone has a
substantial impact on the structure of the synthesized powder. It effectively separates
the individual nanoparticles within the produced powders, resulting in a distinct
morphology. The obtained Gd,05:Nd** nanopowders showed intense photolumi-
nescence in the ultraviolet and near-infrared spectral regions. The study shows that
PVP addition has no influence on luminescence spectra of powders synthesized. The
results obtained can be used in the development of technology for the production of
bulk ceramics for disc laser elements, in the creation of luminescent nanopowders for
nanothermometry in medicine, as well as in the development of technology for the
synthesis of various composite luminophores.
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Chapter 5

Upconversion Luminescent
Nanoparticles and Their Biomedical
Applications in Imaging

Dalia Chdvez-Garcia and Mario Guzman

Abstract

Nanomaterials offer promising solutions for chemotherapy challenges, addressing
issues like cytotoxicity and biocompatibility. In cancer clinical protocols, biomedical
imaging is vital, providing insights into tumor morphology. Luminescent nanomate-
rials or nanoparticles (LNPs), particularly effective for diseases like cancer, possess
controllable properties like size (usually <100 nm), surface charge, and external
functionalization. LNPs interact with biological systems at systemic and cellular
levels. Cellular uptake is crucial, allowing selective targeting of cancer cells through
overexpressed surface receptors such as transferrin receptor (TfR), G-protein coupled
receptor (GPCR), folate receptor (FR), epidermal growth factor receptor (EGFR),
lectins, and low-density lipoprotein receptor (LDLR). LNPs can accumulate in
subcellular compartments, playing a pivotal role in drug delivery. Studies explore
LNPs’ internalization into cells, investigating their potential to deliver cargoes like
DNA, siRNA, miRNA, and small-molecule drugs. This review highlights the latest
advancements in LNPs and their biomedical applications. Despite these promising
developments, comprehensive nanotoxicological assessments are crucial for a better
understanding of LNPs’ behavior in biological systems, paving the way for future
clinical applications.

Keywords: rare earth, upconversion luminescent, near-infrared, biological imaging,
nanotoxicological assessment

1. Introduction

Nanomaterials possess unique physical properties, including magnetic,
optical, mechanical, and electrical properties, which are influenced by quantum
mechanics, such as electron configuration and confinement. These properties are
closely linked to the size of materials produced at the nanoscale [1]. Traditionally,
one-photon imaging technique that detects light emission in the visible spectra
(400-700 nm) has been commonly used for in vivo optical imaging. However, in
the past decade, the near-infrared (NIR-I; 700-900 nm) spectra has gained promi-
nence due to the high light scattering coefficient of live tissues and their autofluo-
rescence. Moreover, there is a growing interest in optical imaging in the second
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near-infrared (NIR-II; 1000-1700 nm) spectra, utilizing fluorescent or lumines-
cent probes based on various materials, including inorganic quantum dots (QDs),
polymer-encapsulated organic dyes, and nanoparticles [1, 2]. Researchers have
developed luminescent upconversion nanoparticles (UCNPs) for NIR-I bioimaging
of disease models in live mice, enhancing visualization of molecular and biological
processes, as well as aiding molecular targeting-based therapies and diagnosis [3-5].

LNPs also known as phosphors or nanophosphors are solid materials capable of
converting various forms of energy into electromagnetic radiation, typically in the
visible range. However, they can also emit radiation in the infrared (IR), X-ray, or
ultraviolet (UV) regions [6]. Particularly, UCNPs have the ability to convert NIR
energy into visible light. Some types of UCNPs have a combination of Yb ions with
other lanthanide ions. The Yb** ion possesses an energy-level scheme characterized
by a single excited 4f level of ’f ¢, [2]. It exhibits an absorption band centered at
980 nm, attributed to the °F 5, — °F s, transition. This absorption band resonates
with multiple f-f transitions in upconverting lanthanide ions such as Tm**, Ho>", and
Er*. Consequently, the Yb** ion is widely employed as a sensitizer. Furthermore, the
luminescence of Yb** falls within the range of 960-1040 nm, making it a potential
candidate for activators in NIR-II probes.

This review aims to showcase different studies involving UCNPs in bioimaging for
both in vivo and in vitro applications. In the subsequent section, we will delve into
the various types of luminescent nanomaterials to enhance our understanding of the
underlying quantum processes involved.

2. Luminescent nanomaterials

Different types of luminescence phenomena exist based on the source of the
excitation thus:

* Photoluminescence: This occurs when the nanomaterial is excited by electro-
magnetic energy, such as ultraviolet or infrared radiation.

* Cathodoluminescence: Excitation takes place when the nanomaterial is exposed
to a beam of high-energy electrons.

* Triboluminescence: Mechanical energy triggers luminescence in the
nanomaterial.

* Electroluminescence: Application of an electric voltage excites the nanomaterial,
leading to luminescence.

* X-ray luminescence: Luminescence is induced when the nanomaterial interacts
with X-rays.

* Chemiluminescence: Luminescence arises from a chemical reaction.
The luminescence of a material involves several physical processes:

1.Energy absorption: An activator ion or another ion, known as a sensitizer,
absorbs the energy and transfers it to the host lattice or the activator ion.

68



Upconversion Luminescent Nanoparticles and Their Biomedical Applications in Imaging
DOI: http://dx.doi.org/10.5772/intechopen.1005378

2.Energy emission: The activator ion releases the absorbed energy, resulting in
visible spectrum emission.

3. Relaxation to the ground state: The material returns to its ground state through
non-radiative processes.

4.Interaction between luminescent centers: Energy transfer occurs between differ-
ent luminescent centers.

These processes collectively contribute to the luminescent properties exhibited
by nanomaterials. The host lattice plays a significant role in the luminescent process
as its optical properties can vary. The ion absorbing the energy can exhibit different
spectral properties depending on the host lattice, primarily influenced by factors
such as covalency. Higher covalency leads to a reduction in electron interactions,
causing electronic transitions between energy levels to shift to lower energy levels.
For instance, the Eu’* ion commonly employed in LMN exhibits a higher energy
absorption band when situated in the fluoride YF; compared to the covalent oxide
Y,0;. Consequently, greater energy is required to excite Eu’* when it is in a fluoride
compared to a covalent oxide [6, 7]. In this review, the focus will be on upconversion
luminescent nanomaterials (UCNPs). Downconversion luminescent nanomaterials
(DCNPs), on the other hand, require higher excitation energies, such as UV energy,
and emit in the visible range. In contrast, UCNPs emit at higher energy wavelengths
in the visible range and are excited by lower energy sources, such as near-infrared
(NIR) radiation. Various types of upconversion processes exist [8]:

* Energy transfer, known as the APTE effect (Addition de Photons Par Transfers
d’Energie), where ions sequentially transfer their excitation energy to another
ion that can emit from a higher energy level.

* Two-step absorption, which involves a single ion with dual absorption.

* Cooperative sensitization, where two ions simultaneously transfer their excita-
tion energy to another ion, leading to emission from the excited level.

* Cooperative luminescence, where two ions combine their excitation energy to
emit a single quantum.

* Second harmonic generation (frequency doubling), which doubles the frequency
of the incident light without involving any absorption transitions.

* Two-photon absorption, where two photons are simultaneously absorbed with-
out an intermediary energy level, and emission occurs from the excited energy
level.

These different processes contribute to the unique upconversion luminescence
observed in nanomaterials. Tables 1-3 showcase various types of upconversion lumi-
nescent nanomaterials (UCNPs) utilizing different host lattices, with the trivalent Yb
ion serving as a sensitizer.

Research on the development of UCNPs has been ongoing for over 20 years and
continues to progress. Numerous researchers have dedicated their efforts to exploring
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Host lattice Sensitizer ion Activatorion Emission (s) (nm) Reference
Oxides
Y,0, Yb Er 660 [9, 10]
Y,05 Yb Ho 549,666 [11,12]
Lu,0; Yb Er, Tm 662,477,490 [13, 14]
Y,05 Yb Er, Tm 550,660 [15, 16]
Gd,0; Yb Er 600, 660 [17,18]
La,0; Yb Er 530,549,659,672 [19]
Oxysulfides
Y,0,S Yb Er 520-560,650-700 [20, 21]
Y,0,S Yb Tm 450-500,650,690 [22,23]
Gd,0,8 Yb Er 520-580,650-700 [23,24]
Oxyhalides
GdOF Yb Er 521,545,656 [25, 26]
YOF Yb Er 525,545,656 [27, 28]
Table 1.
UCNP detailed with NIR excitation. Oxides, oxysulfides, and oxyhalides.
Host lattice Sensitizer ion Activatorion Emission (s) (nm) Reference
Phosphates
LaPOy Yb Er 535-556 [29, 30]
LuPO, Yb Tm 476 [31]
Molybdates
La,(MoO,); Yb Er 519,541 [32,33]
La2(MoOy); Yb Tm 472,647 [34]
Tungstates
NaY(WO4), Yb Er 526,553,660 [35,36]
NaY(WO04), Yb Tm 476,647 [12, 35, 36]
Gallates
Gd3GasOrp Yb Tm 454,484,640-680 [37,38]
Vanadate
YVO, Yb Er N/A [39, 40]
Table 2.

UCNP detailed with NIR excitation. Phosphates, molybdates, tungstates, gallates, and vanadates.

and identifying UCNPs with optimal luminescent properties in specific host lattices.
Tables 1-3 present a comprehensive overview of the various types of UCNPs created
using different host lattices and dopant ions.
The intensity of luminescence in different combinations of ions is influenced
by both the host lattice and ion doping. It is important to note that high doping
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Host lattice Sensitizerion Activatorion Emission (s) (nanometers) Reference
Fluorides
LaF, Yb Er 521,545,659 [41, 42]
LaF; Yb Tm 475,698,800 [19, 43]
LaF; Yb Ho 541,643 [44, 45]
YF; Yb Er 411,526,552,664 [44, 46]
YF; Yb Tm 347,636,454,477 [47, 48]
LuF; Yb Tm 481 [49, 50]
NaYF, Yb Er 525,547,660 [27,51, 52]
NaYF, Yb Tm 450,476,800 [53,54]
NaYF, Yb Ho 541 [55]
LiYF, Yb Tm 361,450,479,647 [56]
NaGdF, Yb Ho 541,647,751 [57]
KY;Fo Yb Er 522,545,656 [58, 59]
KGd,F; Yb Er 525,552,666 [59]
BaYFs Yb Tm 475,650,800 [60-62]
Table 3.

UCNP detailed with NIR excitation for fluorides.

does not necessarily guarantee high luminescence. The energy transfer process
between ions is governed by several factors, such as the crystal structure of the
host lattice, which determines the distance and spatial arrangement of the doping
ions. Therefore, the host lattice should have a low phonon energy and a close lattice
match with the dopant ions. These characteristics help minimize non-radiative
losses and maximize radiative emission [63-65]. The successful utilization of
UCNPs in biomedicine relies on careful selection of nanoparticles, considering
factors such as size, shape, ease of functionalization, and tendency to agglomer-
ate, among others. These factors are crucial for ensuring optimal performance and
compatibility with biomedical applications.

A wide variety of luminescent nanoparticles (NPs) can be utilized for biomedi-
cal applications, distinguished by the chemical nature of their host lattice. Different
systems include sulfides (ZnS, CaS, BaS, SrS) [63], oxides (ZnO, Fe;0,) [64], and
lanthanides oxides [65]. These systems exhibit strong emission spectra ranging from
450 to 700 nm, achieved by incorporating trivalent lanthanide ions such as Yb, Er,
and Tm. More specific details regarding these combinations can be found in Table 1.

Table 2 highlights less commonly used host lattices, including phosphates, molyb-
dates, tungstates, gallates, and vanadates. It is worth noting that oxides, in general,
tend to exhibit greater stability. However, molybdate hosts have a small optical band
gap, which can result in thermal quenching, limiting their suitability in certain
applications. Table 3 focuses on fluorides, such as CaF [66] and lanthanides fluorides
[67]. These types of host lattices are popular due to their advantageous properties.
However, one disadvantage is that it can be more challenging to obtain nanocrystals
with sizes smaller than 50 nm using these host lattices.

Several of the mentioned systems offer not only luminescence but also
additional exciting features. For instance, Fe;0, nanoparticles exhibit magnetic
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properties [64], making them highly valuable for more efficient targeting of cancer
cells. Gold nanoparticles supported on TiO, show a photo-thermal response [68],
allowing for applications in targeted photothermal therapy. CeO, nanoparticles
exhibit antimicrobial behavior providing potential applications in combating
microbial infections [69]. Additionally, inorganic nanoparticles with high surface
area and porosity, such as those based on certain materials, can improve the ability
to carry drugs [70]. The chemical nature of inorganic nanoparticles directly influ-
ences their functionalization, enabling specific modifications for desired applica-
tions. Furthermore, the crystal properties of these inorganic nanoparticles are
crucial for understanding and controlling their luminescent behavior in synthe-
sized materials. A comprehensive understanding of both the chemical and crystal
properties is vital in harnessing the full potential of these materials for various
applications.

2.1 Synthesis of the nanoparticles

Achieving high-quality UCNPs requires careful control over their composition,
size, shape, and crystalline phase. The synthesis process plays a critical role in attain-
ing these desired characteristics. The most popular synthesis methods for UCNPs
are based on the “bottom-up” approach, commonly known as wet chemistry. This
approach involves chemical reactions in a liquid solution to form nanocrystals. Wet
chemistry methods offer advantages in producing uniform nanocrystals, allowing for
precise control over particle size and minimizing agglomeration.

By employing the bottom-up approach, researchers can carefully manipulate
reaction parameters such as precursor concentrations, reaction time, temperature,
and choice of solvent to achieve the desired properties of UCNPs. This control over
the synthesis process enables the production of UCNPs with tailored characteristics,
facilitating subsequent functionalization and integration into specific applications
[71]. The LNPs, in general, can be synthesized in the same way, no matter if they are
DCNP or UCNP.

2.1.1 Sol-gel method

The sol-gel process is a synthesis method that involves the hydrolysis and
polycondensation of metal alkoxides (or halides) as precursors. This process is
conducted at relatively low temperatures; however, to improve the crystallinity of
the resulting nanomaterials, calcination at high temperatures is often required. The
high luminescence efficiency of the nanoparticles can be attributed to this post-
calcination step.

Several researchers have explored the sol-gel process for the synthesis of lumines-
cent nanoparticles. For example, Taxak [72] utilized tartaric acid-assisted Y,05:Eu**
DCNPs using this method. Talane et al. [73] prepared TiO,:Er’* UCNPs through
the sol-gel process. Chavez et al. [10] also employed the sol-gel method to produce
tartaric acid-assisted UCNPs with two different host lattices: Y,0; and Gd,0s. In their
study, Y(NOs); and Gd(NO;); were used as precursors, along with doping precursors
Yb(NO;);3 and Er(NOs)s. The Y,0; nanoparticles required higher calcination tempera-
tures of up to 1200°C.

However, one drawback of the sol-gel process is the need for higher calcination
temperatures, which can be a limitation in terms of energy requirements and poten-
tial impact on the material or substrate being used.
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2.1.2 Thermal decomposition

Thermal decomposition is another synthesis method that can yield high-quality
UCNPs with controlled size and desirable shapes [74]. This method involves two
steps. In the first step, organic precursors are dissolved in high-boiling point organic
solvents along with surfactants. In the second step, the precursors are decomposed
at elevated temperatures. Organic acid compounds such as trifluoroacetate, acetoac-
etate, and oleate, among others, can serve as precursors in this process.

Boyer et al. [75] demonstrated the synthesis of NaYF, UCNPs co-doped with Yb/
Er or Yb/Tm using thermal decomposition with metal trifluoroacetate precursors in
the presence of oleic acid and octadecene. Oleic acid not only acted as a solvent but
also as a passivating ligand to prevent agglomeration of the UCNPs.

It is important to note that there are certain disadvantages associated with this
method. The use of toxic or expensive precursors can be a limitation in some cases,
and it is necessary to handle them with care. Additionally, the cost of the process itself
can be relatively high due to the requirements of elevated temperatures and the use of
specialized equipment.

2.1.3 Hydrothermal method

The hydrothermal method is a widely used technique to produce luminescent
nanoparticles with high crystallinity. This method involves using solvents, either
hydrophilic or lyophilic, at high temperatures inside autoclaves to create autogenic
high pressure. The elevated temperature and pressure promote the solubility and
reordering of precursors, resulting in the formation of high-quality nanoparticles.

The hydrothermal method typically operates at relatively low reaction tempera-
tures, allowing for precise control over the morphology of the nanoparticles. Lin et al.
developed an effective method for producing nanoparticles with different shapes
based on rare earth elements. They discovered that the addition of trisodium citrate
as an organic additive, the choice of fluoride source, and the pH value of the initial
solution greatly influenced the shape of the nanoparticles [76].

However, it is worth noting that there are limitations to this method. Nanoparticles
produced via hydrothermal synthesis generally cannot be smaller than 10 nm in size.
Additionally, some hydrothermal reactions may require prolonged heating periods to
complete the synthesis.

2.1.4 Coprecipitation method

Coprecipitation is indeed a commonly used method for synthesizing ultrasmall
NPs. It offers advantages such as simplicity, low cost, and does not require complex
equipment or procedures. In coprecipitation, the simultaneous precipitation of
multiple components allows for the formation of nanoparticles.

Typically, a subsequent heat treatment step is required to improve the crystallinity
of the synthesized NPs. This heat treatment is commonly performed at temperatures
ranging between 400 and 600°C.

In a study by Yi et al. [77], they synthesized LaF;Yb*, Er*/Ho*/Tm* UCNPs
with a very small particle size of 5.4 + 0.9 nm. They utilized ethylenediamine tetraace-
tic acid as a chelating reagent in the coprecipitation process. Overall, coprecipitation
is a versatile and straightforward method for producing ultrasmall nanoparticles, and
subsequent heat treatment can enhance their crystallinity and properties.
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2.1.5 Combustion synthesis

Combustion synthesis is a highly exothermic reaction method, typically per-
formed within a temperature range of 500 to 3000°C. Despite its tendency to cause
agglomeration during the process, several authors have successfully utilized this
method for the synthesis of upconversion nanoparticles (UCNPs).

In a study by Pendey et al. [78], Y,0; co-doped with Ho*" and Yb** was synthesized
using combustion synthesis, resulting in high green emissions. Although agglomera-
tion can occur during combustion synthesis, these methods remain widely used for
the production of UCNPs in biomedical applications. Researchers often personalize
and refine their synthesis methods to achieve spheroidal nanoparticles with reduced
agglomeration. Surfactants are sometimes incorporated into the process to improve
the quality and shape of the nanoparticles. These efforts aim to enhance the overall
performance and applicability of the synthesized UCNPs.

The following Table 4 presents a summary of the various methods explained.
These are not the only methods that may exist; we are presenting the most common
ones used by researchers.

2.2 Functionalization of nanoparticles

The functionalization of nanoparticles plays a crucial role in the development of
materials for cancer treatment. This process involves modifying the surface of the
nanoparticles to make them compatible with biological systems and enable specific
targeting of cancer cells.

To achieve this, the nanoparticles are made biocompatible by attaching a chemical
group that facilitates the binding of various ligands. These ligands are designed to
specifically bind to overexpressed receptors on cancer cells, such as the folate recep-
tor (FR), transferrin receptor (TfR), epidermal growth factor receptor (EGFR),

Method Advantages Disadvantages References
Sol-gel It is performed High calcination temperatures [72,73]
at relatively low
temperatures
Thermal It can result in high- The utilization of toxic or costly [74,75]
decomposition quality UCNPs with precursors entails careful handling
precise control over their precautions and incurs elevated
size and shapes expenses
Hydrothermal It can produce high LNPs cannot be smaller than 10 nm in [76]
crystallinity size. Certain hydrothermal reactions
may necessitate prolonged heating
periods to achieve complete synthesis
Coprecipitation Simple, low cost, and Heat treatment is required to improve [77]
does not require complex the crystallinity
equipment
Combustion Fast and highly It has a tendency to cause agglomeration [78]
synthesis exothermic reaction of the LNPs during the process
method
Table 4.
Synthesis of LNPs.
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G-protein coupled receptor (GPCR), low-density lipoprotein receptor (LDLR),

and lectins, among others. Figure 1 illustrates the basic concept of UCNPs and the
functionalization process that enables them to target specific cells. The first step
involves the synthesis of UCNPs using the upconversion process. Then, the nanopar-
ticles are functionalized to make them biocompatible and capable of binding to
specific ligands. Finally, the functionalized UCNPs can bind to the desired cancer
cells, allowing for targeted delivery or imaging applications. This functionalization
process is essential for enhancing the selectivity and effectiveness of cancer treatment
by enabling nanoparticles to specifically interact with cancer cells while minimizing
interactions with healthy cells.

Figure 1 illustrates the fundamental procedure required to functionalize UCNPs
for targeting specific cells. For example, folic acid (FA) is one of the chemical groups
commonly used to modify the surface of nanoparticles due to the overexpression of
folate receptors (FR) in many human cancer cells [79, 80]. The presence of FR makes
folic acid an attractive ligand for targeted drug delivery to cancer cells.

Polyethylene glycol (PEG) is another widely used chemical group for nanoparticle
functionalization. PEG functionalization enhances the biocompatibility of nanopar-
ticles due to the hydrophilic nature of the PEG molecule [81]. The presence of PEG
on the nanoparticle surface reduces non-specific interactions and helps to increase
circulation time in the body.

The size of nanoparticles also plays a significant role in their biodistribution and
targeting efficiency. Cheng et al. [82] conducted research on in vivo targeted drug
delivery using nanoparticles for prostate tumors. They found that the nanoparticle
size had a significant impact on the biodistribution of targeted and non-targeted
nanoparticles in an organ-specific manner. This study highlights the importance of
nanoparticle size in achieving effective targeted drug delivery.

Overall, the functionalization of nanoparticles with chemical groups like FA and
PEG enables targeted drug delivery and enhances their biocompatibility, making
them suitable for biomedical applications. Manson et al. [83] conducted a study on

Upconversion
luminescence
hv,

hv,

Cell receptors

e

ICNP) Functionalized UCNP

Figure 1.
Image shows the basic procedure needed to functionalize UCNPs to target specific cells.
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the capping density of PEG on gold nanoparticles (AuNPs) and its impact on the
surface properties of the nanoparticles in various solutions. The study revealed that
the PEG-coated nanoparticles exhibited significantly increased stability, facilitating
their production in different media. This enhanced stability is essential for ensuring
the nanoparticles’ functionality and performance in various applications.

In another study by Maldiney et al. [84], the effect of optical detection using
PEGylated lanthanide-doped luminescent nanoparticles (NPs) emitting in the near-
infrared (NIR) window was investigated in healthy and tumor-bearing mice. The
researchers found that the tissue distribution of the nanoparticles was highly depen-
dent on the surface coverage of PEG as well as the core diameter of the nanoparticles.
They concluded that PEG coverage led to a homogeneous and well-distributed
presence of highly stable particles throughout the animal, highlighting the impor-
tance of PEGylation for achieving effective and stable distribution of nanoparticles in
biological systems.

These studies emphasize the significance of PEG functionalization in enhancing
the stability, production, and distribution of nanoparticles in various media and
biological systems. PEGylation plays a crucial role in ensuring the biocompatibility,
stability, and targeted delivery capabilities of nanoparticles, making them valuable
tools in biomedical applications.

Silica (SiO,) coating is another effective method for functionalizing nanoparticles.
Wang et al. [41] conducted a study on UCNPs coated with silica (LaF3: Yb, Er@SiO,)
in zebrafish embryos. They found that a high dose of fluoride UCNPs (> 200 pg/mL)
could lead to malformations, delayed hatching rate, and impaired embryonic and
larval development. The study highlights the importance of carefully considering the
dosage and potential toxicity of nanoparticles, even when they are functionalized
with silica coatings. While functionalization can improve the biocompatibility and
stability of nanoparticles, it is crucial to ensure that the dosage used does not have
adverse effects on biological systems. This underscores the importance of conducting
thorough toxicity assessments and dose optimization studies when utilizing function-
alized nanoparticles in biological applications.

Polyethyleneimine (PEI) is indeed a commonly used method for functional-
izing nanoparticles. When combined with small-interfering RNA (siRNA), it offers
a powerful strategy for targeted therapy in various diseases. siRNA is a synthetic
double-stranded RNA molecule consisting of approximately 21 nucleotides. It is
designed to trigger a specific and sequential degradation of target mRNA through
the RNA interference (RNAi) mechanism. This functionalization approach provides
a potential strategy for silencing mutated or defective genes that contribute to vari-
ous human diseases. Buchman et al. [85] developed a new method for the covalent
attachment of PEI for siRNA delivery. They demonstrated that nanoparticles func-
tionalized with this approach exhibited thermodynamic stability, efficient binding to
siRNA molecules, and sustained silencing effects even after storage for at least 1 year.
This research highlights the potential of PEI-based functionalization for effective
and long-term delivery of siRNA, enabling targeted gene silencing for therapeutic
purposes.

Polyvinylpyrrolidone (PVP) and polyacrylic acid (PAA) are indeed commonly
used for the functionalization of nanoparticles. Wang et al. conducted research on the
functionalization of upconversion nanoparticles (UCNPs) NaYF,Yb, Er with various
coatings including PEG, PVP, PAA, and PEI with -COOH and -NH, groups [27, 53].
These functionalized nanoparticles have shown great potential for applications in
biomedicine. In another study by Liu et al. [86], PAA functionalization of UCNPs
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with -COOH and -NH, groups was employed for immunoassays. The functionalized
UCNPs demonstrated high sensitivity for biosensing and exhibited high contrast for
bioimaging applications.

The use of PVP, PAA, and other functionalization agents allows for the modi-
fication of nanoparticles’ surface properties and facilitates their interactions with
biological systems. These functionalized nanoparticles have shown promise in various
biomedical applications, including drug delivery, biosensing, and bioimaging, due to
their enhanced biocompatibility and tailored surface properties.

In the study by Yang [87], NaREF4 nanoparticles (NPs) co-doped with Nd-Lu and
Y were obtained using a phase-transition process. This process involved the use of
sodium dodecylsulfate (SDS) as an amphiphilic surfactant within the same reaction
system. As a result, hollow-structured NPs were generated in situ. These hollow-
structured NPs have unique properties and can be easily synthesized using electron-
beam lithography on solid NPs. They exhibited good biocompatibility, making
them suitable for biomedical applications. In the study, the NPs were tested for drug
storage and delivery, as well as for cancer therapy drug carrier studies. The hollow
structure of these NPs provides opportunities for drug encapsulation, controlled
release, and targeted delivery. This research contributes to the exploration of novel
nanomaterials for drug delivery systems and holds potential for advancements in
cancer therapy.

Folic acid is an essential vitamin involved in various metabolic reactions, includ-
ing the synthesis of purine and pyrimidine bases. Due to the high demand for these
bases in rapidly proliferating tumor cells, FA is required in larger quantities by cancer
cells. Moreover, several types of cancer cells, such as ovarian and uterine cancer cells,
exhibit overexpression of folate receptors at higher rates compared to normal cells.
This makes FA an excellent targeting molecule for cancer cells in both in vitro and in
vivo applications.

Suvorov et al. reported a non-invasive method using FA-functionalized nanopar-
ticles (NPs) conjugated with photosensitizers (PS) for photodynamic therapy
(PDT) of cancer. In this approach, the PS is taken up by the tumor, and upon local
irradiation with light of a specific wavelength, active oxygen forms, including singlet
oxygen, are generated. These active oxygen species cause cell death in the tumor cells
and surrounding tissue, leading to therapeutic effects [88, 89]. Overall, the use of
FA-functionalized NPs holds great promise for targeted drug delivery and therapeutic
applications, offering the potential for enhanced cancer treatment outcomes while
minimizing off-target effects on healthy cells.

In a study conducted by Xie et al. [90], the self-assembly abilities of Brome mosaic
virus (BMV) capsid proteins were investigated in the aprotic polar solvent dimethyl
sulfoxide (DMSO), which differs from the typical aqueous buffers used in previous
studies. The researchers observed that the BMV capsid proteins retained their abil-
ity to self-assemble in DMSO, enabling the encapsulation of nanoparticles and dye
molecules that are more soluble in organic solvents, such as f-NaYF4-based UCNPs
and BODIPY dye. Surprisingly, the assembly process demonstrated robustness and
adaptability across a wide range of DMSO concentrations. Particularly interesting
was the finding that cargos with poor stability in aqueous solutions could be easily
encapsulated at high DMSO concentrations and subsequently transferred to aqueous
solvents, where they maintained stability and functionality for an extended period of
several months. This study underscores the potential of utilizing alternative solvents,
such as DMSO, for virus assembly and encapsulation, opening up new avenues for the
development of functional nanomaterials.
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Ensuring the biocompatibility of functionalized NPs is a critical consideration for
their use in biomedical applications. Additionally, minimizing particle aggregation
is important to maintain the circulation of NPs within the human body and their
efficient delivery to targeted cancer cells. Numerous studies have focused on achiev-
ing efficient functionalization of NPs, resulting in successful uptake of NPs by cells
and improved biocompatibility.

Indeed, the coating and functionalization of nanoparticles can pose challenges
such as agglomeration. To overcome this issue, surfactants are commonly employed to
reduce agglomeration and achieve adequate coating, ensuring the biocompatibility of
the nanoparticles and facilitating their successful penetration into cells. Surfactants
act by stabilizing the nanoparticles, preventing them from clumping together, and
promoting their dispersion.

In addition to surfactants, mechanical methods such as sonication are often utilized
to enhance the dispersion of nanoparticles before functionalization. Sonication involves
the application of high-frequency sound waves, which create cavitation bubbles that
implode, exerting shear forces and promoting the breakup of particle aggregates. This
mechanical treatment helps to disperse the nanoparticles more effectively, enhancing
their stability and facilitating subsequent functionalization processes.

By utilizing surfactants and employing mechanical methods like sonication,
researchers aim to minimize agglomeration and achieve better dispersion and coating
of nanoparticles. These strategies contribute to improving the biocompatibility of
nanoparticles and their ability to interact with target cells, ultimately enhancing their
potential for biomedical applications.

3. Bioimaging with nanomaterials

Bioimaging is a powerful technique that enables the visualization of various
biological structures and their functions with high resolution. It offers a level of detail
that surpasses traditional imaging methods such as X-ray or magnetic resonance
imaging (MRI). Bioimaging can be conducted on living organisms, providing insights
into dynamic processes and interactions within the body, or on i vitro cell cultures to
study cellular behaviors and molecular processes.

In the context of in vivo bioimaging, it allows researchers to non-invasively
observe and track biological phenomena in real time within living animals. This
includes imaging specific tissues or organs, studying the progression of diseases,
monitoring therapeutic responses, and exploring the biodistribution and pharmaco-
kinetics of drugs or nanoparticles.

For in vitro bioimaging, cell cultures can be examined under various microscopy
techniques to investigate cellular structures, protein localization, gene expression,
and cellular responses to external stimuli. This enables researchers to gain a deeper
understanding of cellular processes, cell-cell interactions, and the effects of various
interventions.

Bioimaging techniques encompass a wide range of methods, including fluorescence
microscopy, confocal microscopy, multiphoton microscopy, positron emission tomog-
raphy (PET), single-photon emission computed tomography (SPECT), and more. Each
technique offers specific advantages and capabilities, allowing researchers to tailor
their imaging approach to the specific biological question or experimental setup [91].

In summary, bioimaging plays a crucial role in advancing our understanding of
biological systems, both in vivo and iz vitro. It provides detailed visualizations of
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structures and processes, enabling researchers to unravel the complexities of biology
and contribute to advancements in fields such as medicine, drug development, and
basic biological research [87, 92, 93].

3.1In vitro cellular imaging

In vitro cellular imaging provides an intuitive visualization of physiological pro-
cesses and interactions among cells, proteins, and molecules [94]. Researchers have
utilized laser scanning upconversion luminescence (UCL) microscopy systems, such
as the one developed by Yu and colleagues [95], for cellular imaging with UCNPs. The
unique anti-Stokes emission modality of UCNPs, which differs from single-photon
and two-photon emissions, presents a challenge for cellular imaging due to out-of-
focus upconversion emissions. To overcome this, a reverse excitation dichroic mirror
and confocal pinhole technique were employed in the microscopy system.

The common incubation concentration of UCNPs with cells for cellular imaging
typically ranges between 10 and 200 pg/mL. Hu et al. developed cellular imaging using
PEG-OH LaFs5: Yb, Ho UCNPs [45]. They achieved good cell membrane permeability with
KB cells, enabling the UCNPs to serve as bioimaging probes. The UCNPs exhibited strong
intracellular upconversion emissions within the wavelength range of 545 to 645 nm.

The effect of coated UCNPs on cellular uptake and imaging has been studied by
various researchers. Jin et al. [96] investigated cubic NaYF,: Yb, Er/Tm UCNPs coated
with different polymers for cellular imaging They synthesized PVP-UCNPs, PAA-
UCNPs, and PEI-UCNPs using polyvinylpyrrolidone (PVP), polyacrylic acid (PAA),
and polyethyleneimine (PEI), respectively. Based on imaging results, they found that
PEI-UCNPs exhibited more effective intracellular uptake. This finding aligns with
areport by Tsang et al. who obtained similar results in their study with HeLa cells.
The significant cell uptake of PEI-UCNPs is attributed to the electrostatic attraction
between the amino groups (-NH,) on PEI and the cell membrane [97].

These studies highlight the importance of surface coatings and their impact on cel-
lular uptake and imaging performance of UCNPs. The choice of coating material can
significantly influence the cellular uptake efficiency, allowing for enhanced imaging
capabilities and better understanding of cellular processes.

Figure 2 depicts an example of how the in vitro cellular imaging appears with confo-
cal microscopy of cervical (HeLa) and breast (MCF-7) adenocarcinoma cell lines [98].

3.2 In vivo tumor imaging

In vivo tumor imaging is crucial for understanding the mechanism of drug func-
tion. To address the limitations of UCNP applicability in in vivo imaging, researchers
have explored the use of UCNPs doped with Tm?* and Er’* ions. These UCNPs offer
better performance for deep tissue imaging. De la Rosa et al. highlighted that the opti-
mal excitation wavelength for UCNP, around 980 nm, coincides with the absorption
band of water, leading to potential tissue heating. However, when UCNP is e Raman
micro-spectroscopy excited at 915 nm wavelength, optical excitation of Yb** can still
occur without interference from water [99-101].

UCNPs have several advantages for in vivo imaging. They can be designed to emit
fluorescence under specific excitation wavelengths, allowing for targeted activation
and detection of disease-specific tissues. Xiong et al. [102] functionalized UCNPs
with FA and demonstrated significant upconversion luminescence signals in mice
tumors after intravenous injection.
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Figure 2.
Cellular localization of fluorescence Y203:Eu’*-FA nanoparticles in cancer cells. Cervical (HeLa) and breast
(MCF-7) adenocarcinoma cell lines incubated with LNPs-FA (ved). DAPI depicts nuclear staining in blue [98].

Gadolinium-based UCNPs, where Gd* ions are incorporated into the host lattice,
offer both magnetic resonance imaging (MRI) and luminescence contrast, enabling
multimodal imaging. Similarly, UCNP NaLuF4: Yb, Tm can act as dual contrast agents
for computerized tomography (CT) and upconversion luminescence in lymphatic
imaging. Zeng et al. [103] employed tri-modal imaging combining radionuclide label-
ing with MRI- or CT-capable UCNP PEG-BaGdFs: Yb/Er for in vivo tumor diagnosis.

One challenge of UCNP is their relatively low brightness, which can be attributed
to narrow excitation bands, low absorption cross-sections, and surface-induced
quenching effects. Researchers have addressed these issues by manipulating the host
structure through the addition of dopant ions or by modifying the NP surface with
molecules or materials that enhance light absorption, such as dyes and plasmonic
materials [4]. High-resolution in vivo imaging is desirable for achieving detailed
spatial resolution. Hilderbrand et al. [104] studied the use of Y,0;: Yb, Er UCNPs
for in vivo vascular imaging in mice, demonstrating clear images of vessels and long
circulation of UCNPs for up to 2 hours post-injection.

UCNPs offer significant advantages in bioimaging for both iz vive and i vitro
applications. They provide tissue autofluorescence-free imaging and improved spatial
resolution due to reduced scattering at longer wavelengths. Ongoing research efforts aim
to address the challenges and improve the utilization of UCNPs in bioimaging [105].

4. Cellular uptake and toxicology of nanoparticles

4.1 Toxicology of nanoparticles

With the increased use of UCNPs, concerns have been raised regarding their
potential impact on human health and biological systems. Consequently, numerous
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studies have been conducted to assess the uptake of UCNPs into cells or tissues and
evaluate their potential toxicity.

Several assays are commonly employed to assess the cytotoxicity of NPs in cells,
such as the MTT assay. This assay measures cell viability by assessing the ability of
cells to convert the yellow tetrazolium salt (MTT) into a purple formazan product
through mitochondrial activity. Positive and negative controls are used to determine
total cell death and cell survival, respectively. Cells are incubated with UCNPs at
various concentrations for specific incubation periods, and the cell viability is then
measured using an ELISA reader or a similar method that quantifies the color change
[106]. For example, Shan et al. [107] performed a biofunctionalization study on
NaYF,: Yb, Er UCNPs. They coated the UCNPs with a layer of SiO, and introduced
amino and carboxyl groups. The UCNPs were incubated with cells at a concentration
of 1 mg/mL for 9 days. Their results showed that UCNPs functionalized with amino
groups exhibited 96.2% cell viability, while those functionalized with carboxyl groups
exhibited 92.8% cell viability, indicating msinimal toxicity.

In addition to the MTT assay, other assays are employed to evaluate potential
toxic effects of UCNPs, such as assessing reactive oxygen species (ROS) generation,
apoptosis, necrosis cell death assays, and genotoxicity using the comet assay. These
assays provide valuable insights into the potential biological impact of UCNPs and
help assess their safety profile.

Reactive oxygen species (ROS) are highly reactive molecules that can cause oxida-
tive damage to biological macromolecules, leading to functional impairment. ROS
are generated during cellular respiration and play important roles in various physi-
ological processes, including cell development, differentiation, oxidative stress, and
cell death. The formation of ROS by nanoparticles is one of the mechanisms through
which nanoparticles can exert toxicity [108].

Many studies have investigated the generation of ROS by nanoparticles as a means
to evaluate their biocompatibility. One commonly used method for detecting ROS
and reactive nitrogen species (RNS) is the reaction of 2,2,6,6-tetramethylpiperidine
(TEMP) with superoxide radicals (O%), which can be detected using X-band elec-
tron paramagnetic resonance (EPR). However, this method can be costly compared
to using fluorescent probe molecules. Another limitation of the EPR method is
its inability to react with a wide range of reactive species. In addition to the EPR
method, there are other techniques available for detecting and quantifying ROS, such
as fluorescence-based probes. These probes can selectively react with specific ROS
species, providing a more comprehensive assessment of ROS generation and their
potential effects [109].

Overall, investigating the generation of ROS by nanoparticles is an important
aspect of assessing their toxicity and biocompatibility. The choice of detection
method depends on various factors, including the specific ROS species of interest, the
sensitivity required, and the cost-effectiveness of the method.

Flow cytometry is a powerful technique for analyzing cell health and assessing
compound cytotoxicity. It provides a detailed and comprehensive analysis of various
cellular parameters, including cell viability, apoptosis, and necrosis. Flow cytometry
utilizes fluorescently labeled probes and antibodies to measure specific cellular mark-
ers and characteristics [110].

Cell death can be assessed by flow cytometry through the detection of apoptosis
and necrosis markers. Apoptosis is a programmed cell death process characterized by
specific morphological and biochemical changes, such as membrane blebbing, DNA
fragmentation, and caspase activation. Necrosis, on the other hand, is a form of cell
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death typically associated with cellular damage and disruption, leading to the release
of cellular contents. To discriminate between apoptotic and necrotic cell death,
specific fluorescent markers can be used. For example, Annexin V is commonly used
to detect early apoptotic cells by binding to phosphatidylserine exposed on the outer
leaflet of the plasma membrane. Propidium iodide (PI) or 7-aminoactinomycin D
(7-AAD) can be used to assess necrotic cells by detecting the loss of plasma membrane
integrity [111-113].

In addition to flow cytometry, Raman micro-spectroscopy has emerged as a non-
invasive and label-free technique for studying cell death processes. Raman spectros-
copy measures the vibrational frequencies of molecular bonds, providing information
about the biochemical composition and structural changes within cells. By analyzing
Raman spectral shifts associated with specific cellular components, such as proteins,
lipids, and nucleic acids, researchers can differentiate between different modes of cell
death, including apoptosis and necrosis [114, 115].

The study conducted by Brauchle and et al. [116] aimed to investigate induced
apoptosis and heat-triggered necrosis in Saos-2 and SW-1353 cells using Raman
micro-spectroscopy at room temperature. Raman micro-spectroscopy is a label-free
technique that allows for the analysis of biochemical composition and structural
changes within cells. In the study, the researchers exposed the cells to specific stimuli
to induce apoptosis and heat-triggered necrosis. They then performed Raman micro-
spectroscopy measurements on the cells to analyze the resulting spectral shifts associ-
ated with these different cell death processes. By examining the Raman spectra of the
cells, the researchers were able to identify distinct biochemical signatures associated
with apoptosis and necrosis. Apoptotic cells exhibited characteristic spectral changes,
such as alterations in protein conformation and nucleic acid content. On the other
hand, heat-triggered necrotic cells displayed different spectral features, including
changes in lipid composition and membrane integrity. The use of Raman micro-spec-
troscopy in this study allowed for the discrimination and identification of different
modes of cell death, providing valuable insights into the biochemical changes associ-
ated with apoptosis and necrosis. This non-invasive and label-free technique offers
the advantage of studying complex cell-death-related processes in a continuous and
real-time manner, without the need for exogenous labels or probes. Overall, the study
by Brauchle and colleagues demonstrated the utility of Raman micro-spectroscopy
in elucidating the biochemical characteristics and dynamics of cell death processes,
contributing to a deeper understanding of these important biological events.

The combination of Raman micro-spectroscopy with other techniques, such as
fluorescent microscopy, allows for a more comprehensive understanding of complex
cell-death-related processes. This approach enables continuous and non-invasive
monitoring of cell death events, providing valuable insights into the underlying
mechanisms and dynamics of cell response to cytotoxic stimuli.

The genotoxicity testing is crucial for evaluating the potential harmful effects of
chemicals on the genetic material of cells. The comet assay, also known as the single-cell
gel electrophoresis assay, is a widely used technique to assess DNA damage and genotox-
icity. It involves exposing cells to a test substance and then subjecting them to electro-
phoresis, which causes fragmented DNA to migrate away from the nucleus, creating a
“comet” shape. The comet assay allows researchers to measure various types of DNA
damage, including single-strand breaks, double-strand breaks, and alkali-labile sites.
By comparing the extent of DNA damage in treated cells with untreated control cells,
the genotoxic potential of a chemical can be determined. The assay can be performed on
different cell types, including in vitro cultured cells or even in vivo tissues [117-119].
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PDT is a treatment that utilizes non-toxic dyes called photosensitizers (PS)
and harmless visible light to generate reactive oxygen species (ROS), by damag-
ing biomolecules and killing cells. While PDT has primarily been developed as
a cancer therapy, it can also be used as an antimicrobial approach for localized
infections. However, the limited tissue penetration of the longest wavelength used
for exciting PS poses a challenge. To address this, Hamblin [120] investigated
the use of UCNPs to enable the use of deeper-penetrating near-infrared light for
PDT. Specifically, NaYF4 nanoparticles doped with Yb** and Er’* or Tm** and
Er’* have been attached to PS, allowing NIR light energy to be transduced into
ROS, leading to cell killing and tumor regression. Various advancements have
been made, including the use of dye-sensitized UCNPs, UCNPs coupled with PS,
and the exploration of synergistic drug molecules or techniques. Additionally,
the combination of upconversion PDT with different bioimaging modalities has
shown promise. However, further research is needed to optimize the drug-delivery
capabilities of UCNPs, improve quantum yields, enable intravenous injection
and tumor targeting, and ensure safety at required doses before potential clinical
applications can be realized.

Nigoghossian et al. [121] focused on evaluating the cytotoxicity, genotoxicity,
and mutagenicity of UCNPs incorporated into a 3D-printed composite scaffold with
upconversion luminescence for potential biomedical applications. Their system
combined the polymer PCL, UCNPs-apatite, and a photosensitizer for PDT in
stimulating bone repair. The authors used low concentrations of lanthanide ele-
ments in their study and reported no toxicological effects, indicating that the UCNPs
incorporated into the scaffold did not induce significant cytotoxicity, genotoxicity,
or mutagenicity.

Similarly, Doronkina et al. [122] worked with NaYF,: Er,Yb UCNPs functionalized
with NH,-FA and studied erythrocyte aggregation, genotoxicity, and DNA damage.
Their findings indicated no genotoxicity or DNA damage associated with the UCNPs.
It is important to note that specific results and conclusions may vary depending on
the experimental conditions, nanoparticle characteristics, and cell types used in each
study. Each study contributes to our understanding of the potential effects and safety
profile of UCNPs in various biological systems.

Table 5 presents the cell viability and surface coating of various UCNP studied by
different authors across different types of cells.

Most of the authors reported more than 90% cell viability with functionalized
UCNPs, thereby confirming their biocompatibility with the cells under study. These
authors utilized several of the techniques mentioned earlier to assess cell viability.

4.2 Cellular uptake of nanoparticles

To corroborate the cellular uptake of NPs for in vitro applications, several tech-
niques can be employed to evaluate it. These techniques provide insights into the
internalization and localization of NPs within cells. Some commonly used techniques
include:

* Flow cytometry: Flow cytometry allows for the quantitative analysis of NPs
uptake by cells. It involves labeling NPs with fluorescent dyes or using fluores-
cently labeled antibodies to detect and quantify the internalized NPs in indi-
vidual cells. This technique provides information about the percentage of cells
that have taken up NPs and can also assess the uptake efficiency.
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Host Sensitizer/ Surface coating/ Cell type Cell viability Reference(s)
lattice Activator Modification

NaYF, Yb, Er PEI-FA BMS cells 1 ~100% [123]

>90%
NaYF, Yb, Er SiO2 - carcinoembryonic HeLa N/A [124]
antigen (CEA) HOS 92.6%
NaYF, Yb, Er Si02 BMS cells 91.10% [125]
NaYF, Yb, Er Si02 skeletal myoblast 93.30% [126]
NaYF, Yb, Er CaF2 shells Hela >90% [127]
NaYF, Yb, Er Ab-siRNA3 SK-BR-3 cells 98.60% 92.50% [128]
NaYF, Yb, Er Si02 human 96.20% [107]
osteosarcoma
NaYF, Yb, Er No functionalization HeLa Not reported [128]
LaF; Yb, Ho mPEG5 KB cells 4 >85% [129]
NaYF, Yb, Tm PAA KB cells >94% [103]
Y20, Yb, Er SiO2 -FA HeLa, MCF7 >90 [130]
NaYF, Yb, Er HS-PEG HeLa Not reported [131]
HS-DNA
NaYF, Yb, Er AMPA, APTES, DHCA CHO-K1 cells >95% [132]
with POEGA-b-PMAEP
(MAEP)
Tables.

Surface modification and cell viability of UCNP reported by several authors.
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Confocal microscopy: Confocal microscopy is a high-resolution imaging tech-
nique that allows for the visualization of NPs within cells. By using fluorescent
labels or intrinsic luminescence properties of the NPs, confocal microscopy
provides spatial information about the distribution and localization of NPs in
cellular compartments.

Epifluorescence microscopy: Epifluorescence microscopy is another imaging
technique that utilizes fluorescence to visualize NPs within cells. It provides a
wider field of view compared to confocal microscopy but with lower spatial
resolution. It can be useful for qualitative assessments of NPs uptake and
distribution.

Fluorometric quantification: This technique involves measuring the fluorescence
intensity of NPs, either in cell lysates or supernatants, using a fluorescence plate

reader or spectrofluorometer. It allows for the quantitative determination of NPs
uptake by cells and can be used to assess the cellular internalization over time.

Laser scanning microscopy: Laser scanning microscopy, such as laser scanning
confocal microscopy or multiphoton microscopy, provides high-resolution imag-
ing capabilities to visualize NPs within cells. It offers the advantage of optical
sectioning and 3D imaging, enabling detailed analysis of NPs distribution in
different cellular compartments.
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The selection of the appropriate technique depends on the specific characteristics
of the NPs, the cellular system being studied, and the research objectives. Researchers
may choose one or a combination of these techniques to gain a comprehensive under-
standing of the cellular uptake of NPs and their localization within cells [133].

The laser scanning microscope is a traditional fluorescence technique with the
use of fluorescent biomarkers and dyes, but this method lacks the axial (z-axis)
resolution to precisely detect the locations of intracellular NPs [134]. This limitation
is overcome by employing confocal microscopy, which lends itself to two methods,
namely confocal laser scanning microscopy and spinning disk confocal laser micros-
copy (CLSM). CLSM is widely used in biological research for high-resolution imag-
ing. It employs point illumination and a pinhole aperture to eliminate out-of-focus
light, resulting in improved axial resolution. The sample is scanned sequentially by a
laser beam, and the emitted fluorescence light is collected through the same objective
lens. By using a pinhole to block out-of-focus light, only the in-focus fluorescence
from the focal plane is detected, providing sharper images and better localization of
NPs within the cell.

Spinning disk confocal microscopy (SDCM) is another variant of confocal micros-
copy that utilizes a spinning disk with multiple apertures instead of a pinhole. The
spinning disk contains an array of microlenses and pinholes, which allows simul-
taneous illumination and detection of multiple points in the sample. This enables
faster image acquisition and is particularly advantageous for capturing rapid cellular
processes or live cell imaging. Both CLSM and SDCM provide improved z-axis resolu-
tion compared to traditional fluorescence microscopy, enabling the precise detection
and localization of intracellular NPs. Researchers can choose between these methods
based on their specific experimental requirements, such as imaging speed, sample
type, and the need for live cell imaging [135].

The advantages of using UCNPs are the narrow emission spectrum, high expres-
sion, and long-term observation in comparison with the dye molecules that presented
photo-bleaching, and they are not suitable for long-term observation by using
fluorophores. Chatterjee and collaborators [121] reported the first use of NaYF4: Yb,
Er UCNPs for cellular imaging functionalized with PEI and conjugated with FA. They
worked with human HT29 adenocarcinoma cells and human OVCAR3 ovarian carci-
noma cells and confirmed the internalization of the UCNP into both types of cells, the
UCNPs emitted in green under a confocal microscope equipped with a 980 nm laser.

Confocal microscopy is an essential imaging technique for visualizing and analyz-
ing the labeled cancer cells, allowing for high-resolution imaging and precise localiza-
tion of the UCNPs within the cells. It provides researchers with valuable information
about the cellular distribution and interaction of UCNPs with specific targets, aiding
in the understanding of cancer biology and facilitating the development of targeted
therapies.

The study conducted by Chao Wang and collaborators in 2011 [124] focused on
the functionalization of UCNPs with polyethylene glycol (PEG) and the subsequent
loading of the anticancer drug doxorubicin (DOX) onto the UCNPs. The loading
of DOX onto the UCNPs was achieved through simple physical adsorption using
a supramolecular chemistry approach. One of the key aspects of this study was
the control of DOX loading and release from the UCNPs, which was achieved by
manipulating the pH conditions. They observed that the dissociation rate of DOX
from the UCNPs increased in an acidic environment, which is favorable for controlled
drug release within the intracellular environment. The intracellular delivery of DOX
by the functionalized UCNPs was demonstrated through imaging using a confocal
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microscope. This technique allowed the researchers to visualize and confirm the suc-
cessful delivery of the drug to the targeted cells. This study highlights the potential of
functionalized UCNPs as drug carriers for intracellular drug delivery.

The ability to control drug release in response to specific conditions, such as pH,
offers opportunities for targeted and controlled drug delivery systems with reduced
side effects. The use of confocal microscopy for imaging provides valuable insights
into the cellular uptake and intracellular distribution of the drug-loaded UCNPs [5].

For in vivo applications several authors reported internalization and visualization
of UCNP with different techniques. The limit for cell detection via UCNPs imaging
is a relevant parameter to determine the sensitivity of the in vivo imaging technique
by UCNPs. Liu and coworkers [120] proved that the 800 nm emissions from UCNPs
consisting of sub-10 nm hexagonal NaLuF4: Yb can penetrate through a whole black
mouse with a depth of ~2 cm, under excitation with a 980 nm laser using a confocal
microscope. Also, they reported the study of lymphatic drainage in various parts
of the body, for the diagnosis and treatment of cancer. They developed a UCNP of
LaF3: Yb, Tm and applied it for lymphatic system imaging in vivo with a high signal-
to-noise ratio (~33) of the UCNP signal (em = 800 nm). An intense UCNP signal
was observed from the removed lymph node, whereas no obvious UCNP signal was
detected from the area outside of the draining lymphatic system.

Epifluorescence microscopy is a useful technique for imaging thick samples,
particularly those that are over 10 pm deep. However, it has some limitations, such as
the potential for high background signal due to intense illumination and excitation
of molecules outside the focal plane. Despite this, several authors have successfully
utilized epifluorescence microscopy for bioimaging with UCNPs.

One study by Mrazek and colleagues [107] introduced a modification to the epi-
fluorescence microscope that enabled quantitative widefield imaging of UCNPs. They
incorporated a tandem microlens array, a moving diffuser, and a telescope into their
setup. By adjusting the top-hat area to the field of view, they achieved a high level of
illumination profile homogeneity, reaching approximately 98%. This modified illumi-
nator was combined with the epifluorescence attachment of the microscope, allowing
for easy switching between observation of UCNPs and traditional fluorescent dyes.

In another study by Yang and colleagues [129], a quantitative fluorescence image
analysis based on multicolor UCNPs was developed for the detection of ochratoxin A
and zearalenone. They first obtained a clear image of the UCNPs using near-infrared
(NIR) excitation. Then, with the appropriate filters and detection methods, they
were able to detect the presence of the target analytes using the fluorescence signals
emitted by the UCNPs. These studies demonstrate the successful utilization of
epifluorescence microscopy for imaging UCNPs and their applications in quantitative
analysis. The modifications made to the microscopy setup and the careful selection
of excitation and detection parameters contribute to enhancing the sensitivity and
accuracy of the imaging process.

Flow cytometry is indeed a powerful technique for the analysis of cellular inter-
nalization of fluorescently labeled NPs. It allows for the quantitative measurement
of the proportion of cells that have taken up the labeled NPs. Flow cytometry utilizes
laser-based excitation and detection of fluorescence signals emitted by the labeled
NPs, providing a high statistical analysis of a large number of cells. One of the main
advantages of flow cytometry is its ability to analyze a large population of cells
rapidly, providing statistical data on the percentage of cells that have internalized the
NPs. It can also provide information on the level of NP uptake within individual cells
by measuring the fluorescence intensity.
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However, it is important to note that flow cytometry has its limitations. One of
the main drawbacks is its relatively low resolution, which makes it challenging to
study the precise localization of NPs within different cellular compartments. Flow
cytometry primarily provides information on whether the NPs have been internal-
ized by the cells, but it cannot determine their specific subcellular localization or
membrane-bound interactions. Therefore, while flow cytometry is an excellent
method for the detection and quantification of cellular internalization of NPs, it is
often complemented by other techniques such as fluorescence microscopy or electron
microscopy to gain more detailed information about NP localization within cells and
their interactions with cellular structures.

Juarez-Moreno et al. analyzed the internalization of UCNPs functionalized with
FA in B16-F10 melanoma cancer cells, and for negative control they used the L929
cell line because it does not have folic acid receptors on the membrane. The uptake
of FA-UCNPs into cells was determined in terms of cell granularity, also known as
intracellular complexity, which was detected by the side scatter beam (SSC-H) of the
flow cytometer. They compared the internalization of the UCNPs into 2D and 3D cell
arrays and concluded that the internalization of the nanoparticles was concentration
dependent. The internalization of FA-UCNPs was higher in melanoma B16-F10 cells
in a 3D conformation than in 2D cultures [130].

Indeed, the unique properties of UCNPs make them highly attractive for bioim-
aging applications. UCNPs offer several advantages over conventional biomarkers
and therapeutic agents, making them promising candidates for various biomedical
applications. However, further research is still needed to fully understand the behav-
ior of UCNPs in complex biological systems, especially in live animals. This includes
studying their biodistribution, pharmacokinetics, long-term toxicity, and clearance
mechanisms. Comprehensive nanotoxicological assessments are crucial to ensure the
safe use of UCNPs in biomedical applications.

By gaining a deeper understanding of the behavior and potential risks associated
with UCNPs, researchers can develop strategies to optimize their properties, improve
their biocompatibility, and minimize any potential adverse effects. This knowledge
will contribute to the development of safe and effective UCNPs for various biomedi-
cine applications, including bioimaging, drug delivery, and theranostic.

Overall, UCNPs hold great promise in the field of biomedicine, but continued
research and evaluation are necessary to unlock their full potential and ensure their
safe and efficient use in clinical settings.

5. Conclusions

In summary, upconversion nanoparticles (UCNPs) exhibit great promise in the
realms of bioimaging and theranostic applications, thanks to their efficient near-infra-
red-triggered emissions, large anti-Stokes shifts, high sensitivity, and biocompatibility.
Despite their potential, several challenges necessitate attention for optimal utilization:

1. Emission Properties: The surface properties of UCNPs can impact emission
ratios, leading to monochromatic emissions. Addressing this involves refining
the synthesis process by selecting appropriate host lattices and activators.

2.Quantum Yield and Deep Tissue Imaging: Low quantum yields of Ln** ions
limit UCNPs’ applications for deep tissue imaging. Strategies involve enhancing
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upconversion efficiency through doping UCNPs and exploring alternative
activators like Yb*".

3. Expansion to Other Biological Models: While promising iz vitro and small animal
studies, UCNPs’ application in diverse biological models, such as plants or large
animals, is limited and requires further testing.

4.Tumor Targeting and Intravenous Injection: Improving targeting capabilities to
specific tumor tissues and enabling intravenous injection would enhance preci-
sion in cancer therapy.

5.Drug Delivery and Therapeutics: Optimizing UCNPs as carriers for therapeutic
molecules requires focusing on controlled release, stimuli-responsive behavior,
and multi-functional payloads for targeted therapies.

6.Imaging and Sensing Modalities: Integrating UCNPs with various bioimaging
techniques and sensing platforms could improve diagnostic capabilities and open
new avenues for biosensing.

7.Scalability and Cost-effectiveness: Streamlining synthesis methods for scalable
and cost-effective manufacturing is crucial for widespread adoption.

8. Multifunctional Platforms: Exploring integration with other nanomaterials or
technologies could lead to the development of multifunctional platforms with
enhanced properties.

9. Overheating Issue: Exploring alternative excitation wavelengths, such as 880 nm
NIR, and optimizing activator choices, especially Yb*, can mitigate the over-
heating issue associated with the typical 980 nm laser.

10. Nanotoxicological Assessment: Further analysis and a comprehensive approach
considering LNPs architecture, cell biology, and predictive computer-aided tools
are necessary for a deeper understanding of nanotoxicity.

Overall, the field of UCNPs for bioimaging and chemotherapeutic delivery holds
enormous potential. By addressing the challenges mentioned and conducting further

research, the development of next-generation nano-engineered LNPs with enhanced
properties and translational potential for clinical applications is within reach.
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Chapter 6

The Future Applications for
Luminescent Material in
Optoelectronics and Wearable
Devices

Reza Zavei Moghadam and Amir Hossein Farahani

Abstract

Optoelectronic devices, such as LEDs (light-emitting diodes) and OLEDs (organic
light-emitting diodes), have a promising future with luminescent materials. These
materials play a crucial role in enhancing device performance, efficiency, and func-
tionality. Advances in luminescent materials, including quantum dots, perovskites,
and organic dyes, are driving innovations in displays, lighting, sensing, and com-
munication technologies. The future holds potential for even more efficient and
versatile optoelectronic devices with the continued development of novel luminescent
materials and fabrication techniques. Flexible and wearable devices are one of the
future usages for luminescent materials compatible with flexible substrates. Future
research may focus on enhancing the durability, stretchability, and comfort of these
devices, opening up new opportunities in wearable technology, smart textiles, and
flexible displays. This could involve optimizing the spectral characteristics, stability,
and energy efficiency of luminescent materials to meet the demanding requirements
of wearable devices.

Keywords: optoelectronic devices, light-emitting diodes, luminescent materials,
quantum dots, wearable devices

1. Introduction

Optoelectronic devices that harness light energy have revolutionized various
fields, from telecommunications to sensing and imaging [1]. The advent of lumines-
cent materials, particularly two-dimensional (2D) materials, has opened new avenues
for optoelectronics, LEDs, infrared photodetectors, and wearable photovoltaics [2].
Spectroscopy is closely associated with luminescence, which is the examination of
matter’s general laws that govern radiation absorption and emission [3]. The three
primary modes of luminescence are fluorescence, phosphorescence and chemilu-
minescence. Photoluminescence can be classified into two types: fluorescence and
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phosphorescence. In photoluminescence, the glow of a substance is caused by light,
while in chemiluminescence, the glow is caused by a chemical reaction. Fluorescence
and phosphorescence are dependent on the absorption and emission of light by
substances, with longer wavelengths at lower energy levels and time is the most
significant divergence [4-6]. Fluorescence results in an immediate emission, which
is typically detectable only if the light source is continuously powered on. On the
other hand, phosphorescent materials can store the absorbed light energy for a while
and then re-emit the light, resulting in a persistent afterglow even after the light has
disappeared [7]. The mechanism for relaxing the excited state is similar to that of
fluorescence, but chemiluminescence is characterized by the unique generation of
excited states. Unlike exothermic reactions, which release energy in the form of heat,
certain chemical reactions produce electronically excited products. When the excited
state is relaxed by luminescence due to the emission of photons, it is called chemilu-
minescence. When a biological enzyme catalyzes a reaction, it is called biolumines-
cence, even though the mechanism is the same [8].

2. The role of luminescent materials in optoelectronics

In the realm of optoelectronics, luminescent materials play a crucial role in
the generation, manipulation, and detection of light. They are used to fabricate
light-emitting diodes (LEDs), lasers, and photodetectors. Luminescent materials
used in LEDs emit light of a specific wavelength when an electric current is passed
through them. This property allows for the production of highly efficient and
long-lasting lighting sources. In addition, luminescent materials are employed in
lasers to achieve precise control over the emitted light, enabling applications in
telecommunications, medical treatments, and scientific research [9]. Moreover,
luminescent materials find application in photodetectors, which convert light
into electrical signals. These devices are essential in various industries, including
aerospace, automotive, and security systems. Luminescent materials enhance the
sensitivity and response time of photodetectors, enabling them to detect light at
low levels and rapid speeds. The ability to integrate luminescent materials into
optoelectronic devices has revolutionized the field and opened up new avenues for
technological advancements [10]. Figure 1 shows the mechanism of (a) LED with
white color and (b) RGB-LED.

TTrT 1111

posphor
mixture

@)

Figure 1.
Mechanism of providing light-emitting diode with white color. (a) Combination of three red-green-blue (RGB)
LEDs and (b) mixing of different luminescent materials to generate the white color.
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3. Applications of luminescent materials in wearable devices

The integration of luminescent materials into wearable devices has brought about
a paradigm shift in the way we interact with technology. Luminescent materials offer
unique properties that make them ideal for wearable applications. One such applica-
tion is in flexible displays. This study demonstrates the great potential of photochro-
mic fibers in wearable human-machine integration and advances the field of wearable
human-computer interaction [11], where luminescent materials are used to create
vibrant and energy-efficient screens. These displays can be seamlessly integrated into
clothing or accessories, providing users with real-time information and enhancing
their overall experience and medicine, as like as photomedicine for curing the cancers.
The high potential of QLED to accelerate the adoption of photomedicine is expected
to broadly cover multiple healthcare markets, including cancer treatment, peri-
odontics, dermatology (especially cosmetic dermatology), and chronic wound and
ulcer treatment [12]. The luminescent spectra of the 22 pm B-Si layered sample and
the 31 ym B-Si layered sample are displayed in Figure 2a and b, respectively. Upon
observing the figures, it becomes apparent that B-Si exhibits a strong visible emis-
sion at room temperature; however, the emitted spectrum shows slight variations.
In Figure 3a, there are two distinct emission peaks. The first peak represents a sharp
UV-blue emission ranging from 380 to 500 nm, while the second peak corresponds to
abroader red emission centered on 650 nm. The inset of Figure 2a displays a camera
image that captures a similar emission pattern. On the other hand, Figure 2b only
exhibits a single emission peak in its photoluminescence spectra, which corresponds
to the UV-blue emission. This observation is further confirmed by the camera image
shown in the inset. The number of photoluminescence peaks in a spectrum provides
valuable information regarding the diameter or crystal size of nanostructures [13].

Furthermore, luminescent materials are employed in the development of smart
textiles [15], which can monitor vital signs, detect environmental conditions, and
even generate power. By embedding luminescent materials into the fabric, wearable
devices can become more responsive and adaptive to the wearer’s needs [16]. One
of the most promising aspects of these luminescent materials is their sensitivity to
temperature changes [17]. When exposed to different temperatures, the gels exhibit a
distinct shift in their emission color. This makes them potentially useful as tempera-
ture sensors in various applications. For instance, luminescent materials can be used
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Figure 2.

Luminescence spectra of transferred B-Si NSs on flexible substrate [13].

103



Luminescence — Basic Concepts and Emerging New Applications

10 mm
—

Figure 3.

Luminescence images of the sensor foil. Left: temperature gradient imaged through a Chroma 580 bandpass
filter. Right: oxygen partial pressure for the same sensor foil imaged through an RG 650 nm long pass filter at an
excitation wavelength of 366 nm [14].

to create sensors that change color in response to temperature or chemical changes,
alerting the wearer to potential dangers or providing valuable feedback [17]. Figure 3
represents the luminescence images of the sensor foil where the left picture shows
temperature gradient imaged through a Chroma 580 bandpass filter and right picture
shows oxygen partial pressure for the same sensor foil imaged through an RG 650 nm
long pass filter at an excitation wavelength of 366 nm [14].

Damaged wear

Subtrate Subtrate

Functional Coating

Damaged wear

Subtrate Subtrate

Figure 4.
Schematic diagrams showing luminescent particles code posited as top layer in (a) or interlayer in (b), and the
coating appearance in the damaged area.
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The unique properties of these luminescent materials make them ideal can-
didates for a variety of sensing applications. For instance, they could be used as
coatings to monitor the structural integrity of pipes, cables, and other underwater
structures critical to offshore energy operations. In addition, they could be used to
detect chemical variations in liquids or to observe velocity gradients in fluid flow
experiments [18, 19]. In the survey that Y. Hel, S.C. Wang, and their colleagues
have done before, it shows the luminescent material does not scatter any light in
visible width waves, but it emits in UV light. For the coating in Figure 4a, the
vanishing of luminescence under UV light is a sign of coating damage and may
require recoating. By comparison, the attention of colorful light in Figure 4b sug-
gests that the active coating is worn away [14].

4. Advancements in luminescent materials for optoelectronics and
wearable devices

The field of luminescent materials is constantly evolving, with research-
ers and industry players striving to improve their properties and performance.
Recent advancements have focused on enhancing the efficiency, stability, and
tunability of luminescent materials. One such breakthrough is the develop-
ment of perovskite-based luminescent materials as pointed in previous sections,
which have shown exceptional performance in optoelectronic devices. These
materials offer high quantum efficiency [20], narrow emission peaks [21], and
excellent long-term stability [22], making them promising candidates for future
applications.

Additionally, the integration of luminescent materials with nanotechnology
has opened up new possibilities for optoelectronics and wearable devices [23].
Nanomaterials, such as quantum dots, exhibit unique size-dependent luminescent
properties, allowing for precise control over the emitted light. These materials can be
incorporated into flexible substrates [24], enabling the development of bendable and
stretchable optoelectronic devices. Furthermore, the use of nanomaterials enhances
the efficiency and color purity of luminescent materials, making them highly desir-
able for displays and lighting applications [12]. Luminescent materials can produce
with various techniques; some of them are shown in Table 1.

Techniques Extract from Reference
Bioluminescence Luciferase [25]
Chemiluminescence Enthalpy of the reactions [26]
Crystalloluminescence Formation of bonds between the atoms [27]
Electroluminescence Passing of electric current [28]
Cathodoluminescence Photons [29]
Radioluminescence Ionizing radiations like a, B, or y rays [30]
Sonoluminescence Small bubbles in a solvent on excitation by ultrasonic waves [28]
Thermoluminescence Eating crystalline materials [31]
Table 1.

The luminescence producing techniques.
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4.1 Circularly polarized luminescence (CPL)

One of the advancements in luminescent materials for optoelectronics is circularly
polarized luminescence (CPL). Traditionally, circularly polarized light can be gener-
ated from unpolarized light through the physical method (Figure 5(a)). The emitted
unpolarized light is first converted into linearly polarized light by the linear polarizer,
and then further decomposed into left or right circularly polarized light through
the quarter-wave plate. During this indirect physical process, at least 50% of energy
will be lost [14]. Therefore, it is urgent to develop novel luminescent materials that
can directly generate circularly polarized light. But in a new method referred to the
geometric property of an object and Chiral luminophore, the direct polarized light
can be produced with decreasing the lost energy as shown in Figure 5(b) [32].

4.2 Perovskite quantum dots (PQDs)

Perovskite-based materials have emerged as promising candidates for optoelec-
tronic applications due to their high photoluminescence quantum yield, tunable
bandgap, and low-cost fabrication. PQDs offer excellent color purity and high bright-
ness, making them suitable for displays and lighting [33]. Most studies have focused
on colloidal quantum dots (QDs) due to their high photoluminescence (PLQY),
tunable wavelength, and thin emission wavelength. Using the quantum confinement
effect, the emission color of quantum dots can be controlled depending on the size
and content of the quantum dots. These advantages make QDs useful in solar cells,
lasers, light-emitting diodes (LEDs), and bioimaging [33].

4.3 Flexible and stretchable luminescent materials

The development of flexible and stretchable luminescent materials is crucial for
wearable optoelectronic devices. Recent progress in materials engineering, including
stretchable polymers, elastomers, and nanocomposites, has enabled the fabrica-
tion of wearable displays, health monitors, and smart textiles with conformal and

", Excitation

Achiral Non-polarized
Luminophore light
Achiral
Luminophore

Linear polarized
light

L-CP Light

R-CP Light
Figure 5.

Two techniques for producing circularly polarized light. (a) Traditional method and (b) circularly polarized
luminescence.
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(a)

Figure 6.
(a) Fibrous OLEDs handwoven into clothing and (b) fibrous multicoloved phOLEDs woven into everyday

clothing [35].

stretchable light-emitting components [34]. Wearable displays that can adapt to the
contours of the human body are of great interest for real-time visual expression and
communication [35]. Figure 6a shows an electronic textile for wearable displays with
DC-powered LEDs with luminous efficiency that you can compare with traditional
OLEDs on glass [36]. On the other image, Figure 6b shows an electronic textile for
wearable displays with phOLED, which has higher internal efficiency and lower driv-
ing voltage compared to OLED [37].

4.4 Bioinspired luminescent materials
Inspired by natural photonic structures, researchers have developed biomimetic lumi-

nescent materials with enhanced light extraction efficiency and color-tuning capabilities.
These materials, often based on photonic crystals, structural colors, and animals (insects)

Sensor

Laser

Enhanced luminescence by bio-inspired optical structures L

Figure?7.
Image of optical structures and applications to LEDs, lasers, and sensors to improve the luminescence observed by
living organisms [24].
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Figure 8.

The hind wings of the Troides magellanus butterfly exhibit a uniform yellow color in sunlight and an increasing
yellow-green color under ultvaviolet illumination. Scanning electron microscopy (SEM) cross-sectional and side-
view images show that the ridge structures with triangular cross sections are set as a lattice structure, with each
ridge having a sevies of lamellae [39]. (B) Hoplia Correa beetle exhibits a purple-blue color. The scales covering
the elytra are composed of alternating membranes of pure and mixed porous air cuticle layers, forming a periodic
photonic structure [40]. (C) Fireflies can velease bright light from their abdomens, which have complicated
optical structuves. Ventral scale mismatch improves emission extraction [41]. (D) The corneal surface of a moth
eye is lined with nano pill structures—veflective construction increases light input [24, 42].

found in nature as shown in Figure 7, hold promise for applications in displays, lighting,
and sensing [38]. The structures of some insects as Troides magellanus butterfly, Hoplia
Correa beetle, fireflies, and moth eye are shown in Figure 8 with their SEM images [24].

5. Challenges and future perspectives

The cost of luminescent materials can be a barrier to their implementation in
large-scale applications. Some luminescent materials, such as rare-earth elements,
are expensive and difficult to source. This restricts their use to niche markets and
high-end devices. To drive widespread adoption, efforts are underway to develop
cost-effective alternatives and scalable manufacturing processes (Figure 9) [43].

5.1 Challenges
5.1.1 Efficiency enhancement

Efficiency in luminescent materials refers to the ability to convert energy into
light effectively. Advances in materials design and engineering can improve this by
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Figure 9.
The challenges and future perspectives of luminescence materials.

optimizing factors such as quantum yield, lifetime, and energy transfer processes.
For instance, incorporating efficient energy transfer mechanisms or minimizing
non-radiative decay pathways can enhance overall efficiency. This is crucial for
applications like solid-state lighting and displays where energy consumption and
performance are key considerations [44].

5.1.2 Stability

Stability is essential for the long-term performance and reliability of luminescent
materials, especially in practical applications where exposure to various environmental
factors is inevitable. Research focuses on developing materials with robust chemical and
physical properties to withstand degradation over time. Strategies include designing
materials with high chemical and thermal stability, encapsulating sensitive components,
and exploring novel protection mechanisms to prevent degradation [45]. Some of the
stable luminescence are PTM [45], K,BaCa(POy,), [46], and so on as shown in Figure 10.

5.1.3 Mechanism undevstanding

Understanding the fundamental mechanisms behind luminescence is crucial for
optimizing material design and performance. This involves studying the processes
involved in light emission, such as electron transitions, energy transfer mechanisms,
and material interactions. Advanced spectroscopic techniques and theoretical model-
ing are used to elucidate these mechanisms, providing insights into how to control
and manipulate luminescent properties at the molecular and nanoscale levels [47].

5.2 Future perspectives
5.2.1 Display technology

Luminescent materials play a key role in display technology, offering advantages
such as high brightness, wide color gamut, and energy efficiency. Organic light-
emitting diodes (OLEDs) and quantum dot-based displays are prominent examples.
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Optical properties of PTM-3NCz. (a) Chemical structure. (b) Boundary molecular orbital. (c) Comparison of
photostability between PTM and PTM-3NCz. (d) Photograph of PTM and PTM-3NCz in dilute cyclohexane
solution under UV light [45].

Ongoing research focuses on improving device efficiency, lifespan, and manufactur-
ability, as well as exploring new display concepts such as flexible and transparent dis-
plays for emerging applications in wearables, automotive, and augmented reality [48].
An example of this application is given in Figure 11.

5.2.2 Lighting

Luminescent materials are revolutionizing the lighting industry by enabling
energy-efficient and environmentally friendly lighting solutions. Solid-state lighting
technologies, such as LEDs and phosphor-converted LEDs, utilize luminescent mate-
rials to generate light with high efficiency and color quality. Research aims to further
enhance efficiency, color rendering, and spectral control while reducing costs and
environmental impact, driving the adoption of these technologies in general lighting
applications [49].

5.2.3 Biomedical imaging
In biomedical imaging, luminescent probes offer advantages such as high sen-
sitivity, multiplexing capability, and noninvasiveness, making them valuable tools

for diagnostics and research. Fluorescent dyes, quantum dots, and upconversion
nanoparticles are commonly used for applications such as fluorescence microscopy
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Figure 11.

(. a% Schematic illustration of the fabrication process of PLTs and the as-prepared fibrous membrane under

UV light ivvadiation. (b) Application of CsPbBr3@HPBCD@PFOS composites in patterned display, white
light-emitting diodes (WLEDs) and wearable optoelectronics. SEM (YAG back-scattered electron detector)
images of the (c) control fiber and (d) CsPbBr3@HPPCD fiber. (¢) TEM image showing the CsPbBr3@HPpCD
fiber without or with PFOS coating as indicated. Note: The top half of the CsPbBr3@HPSCD@PFOS fiber was
selectively etched by n-hexane to expose the inner CsPbBr3@HPPCD. (f) Close-up TEM image of the CsPhBr3@
HPBCD@PFOS fiber. Inset: HRTEM image of the CsPbBr3 crystal.

(as shown in Figure 12(a)), molecular imaging, and drug delivery tracking. Ongoing
research focuses on improving probe specificity, biocompatibility, and imaging
depth for applications in disease diagnosis, drug development, and personalized
medicine [51]. Figure 12(b) shows a cell that has been pictured by wide-field fluores-
cence microscope.

5.2.4 Materials science and nanotechnology

Materials science and nanotechnology play pivotal roles in advancing luminescent
materials and their applications. Researchers explore novel synthesis methods, nano-
structuring techniques, and hybrid material systems to tailor luminescent properties
for specific applications. Key areas of focus include improving material stability,
enhancing quantum efficiency, and achieving precise control over optical properties.
These advancements drive innovation across various fields, from electronics and
photonics to healthcare and energy, opening up new opportunities for luminescence-
based technologies [46].
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(a) Anatomical representation of the wide-field fluorescence microscope setup. (b) Fluorescence microscope image
of a cell, where the mesh of keratin average filaments is shown in green, actin filaments in red, and nuclear

DNA in blue [50].

6. Conclusion

The applications of luminescent materials in optoelectronics and wearable devices
are vast and promising. From leveraging the unique optical properties of 2D materials
in LEDs and photodetectors to harnessing wavelength conversion and emission prop-
erties for sensing and imaging, these materials offer exciting opportunities. However,
challenges remain, including improving quantum efficiency prediction, developing
environmentally benign materials, and enhancing material lifetime and scalability. As
the demand for energy-efficient lighting, innovative sensing functions, and advanced
optoelectronic devices continues to grow, the luminescent materials market is poised
for substantial expansion. Overcoming the hurdles through data-driven approaches,
composition and nanoarchitecture engineering, and photonic engineering will be cru-
cial in unlocking the full potential of these materials in next-generation technologies.
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