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Abstract

NaYF4:Yb3*/Er®* and NaGdF4:Yb3*/Nd3* nanocrystals were prepared using a solution
combustion (SC) method and their properties were evaluated for potential use as photon
harvesters in photovoltaic solar cells (PSCs). The dopant concentrations were varied (10—
30 mol% Yb3*, 1-3 mol% Er®*/Nd3*), and the samples went through an annealing process
at 600 and 700 °C. The effect of doping and annealing on their structure, morphology,
photon absorbance, photoluminescence (PL), and thermoluminescence (TL) was

investigated.

The a-cubic and B-hexagonal phases of the nanocrystals was confirmed by X-ray
diffractometer (XRD). Changing the dopant concentration and annealing temperature,
respectively caused a distinct change in morphology (cubic to hexagonal and rod-like). It
was observed that photon absorption occurred in the range from visible to near infrared
(NIR), and bandgap values were greatly reduced. PL demonstrated upconversion (UC)
and effective transfer of energy from Yb3* to Er®* ions, and also from Yb3* to Nd* ions.
The UC Iuminescence was boosted by annealing the nanocrystals. The
thermogravimetric analysis (TGA) of the nanocrystals shed light on their stable
temperatures, while the defects within the materials were investigated using TL. The
kinetics involved in the electron trapping centres were found to be that of first order, and
the depth of the electron trapping centres was determined using the initial rise (IR)

method.

Key terms: Combustion; NaYF4; NaGdFa4; Upconversion; luminescence; ytterbium;

erbium; neodymium; morphology; bandgap



Acronyms

XRD - X-ray diffraction

EDX — Energy dispersive X-ray spectroscopy

SEM — Scanning electron microscope.

UV/Vis/NIR — Ultraviolet-visible near-infrared spectroscopy
PL — Photoluminescence

FTIR — Fourier transmission infrared spectroscopy

TGA — Thermogravimetric analysis

TL — Thermoluminescence

PCE- Power conversion efficiency
PV — Photovoltaic

UC — Upconversion

ESA — Excited state absorption

PA - Photon Avalanche

ETU - Energy transfer upconversion
RE — Rare-earth

UPL — Upconversion photoluminescence
QDS — Quantum dots

UCNCS - Upconversion nanocrystals
SPP - surface plasmon polariton
PSCs - Photovoltaic solar cells

SC — Solution combustion

CCD - Charge-coupled detector
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CHAPTER 1

Introduction
1.1 BACKGROUND

The South African energy crisis is a period in which the country is experiencing extensive
rolling blackouts due to a supply shortage that threatens to collapse the national system.
This started in the later months of 2007 and continues to this day [1-3]. This is due to the
annual rapid increase in energy consumption and infrastructure deterioration. As global
energy consumption rises, demand for natural resources such as natural gas, coal, and
petroleum will rise as well, negatively impacting the development of economies around
the world [4-5]. As a result, an alternative technology is required to be implemented, and

thus, several energy technologies are being investigated and developed.

The economy of South Africa, a developing nation, relies heavily on the energy-intensive
sectors of manufacturing and mining. South Africa has not been very efficient in its use
of energy, despite having some of the cheapest electrical supplies. Eskom, a state-owned
company, is South Africa's sole wholesale electricity supplier. Due to the rapid decline of
power plants and the depletion of coal, Eskom has acknowledged that electricity supply

will be severely constrained for at least the next five years [4].

Solar energy is regarded as the most widely available form of renewable energy on earth
because of its positive effects on the environment, the economy, and strategic planning.
As a result, its utilization for the generation of electricity is becoming increasingly
widespread across the globe [4—6]. The sun gives the earth a tremendous amount of
energy. In just one minute, the sun produces enough energy to power the entire world for
an entire year. It generates more energy in a single day than our current population would
consume in 27 years. The total amount of energy contained in all forms of fossil fuel is
equivalent to the amount of radiation coming from the sun that the earth is subjected to
over the course of three days [7]. The two primary technologies for converting solar
energy into electricity are photovoltaics (PVs) and solar thermal generators. Other



energy-supply technologies, including wind, power, and biogas, are also being
investigated for energy supply in some countries [4]. We can generate power, heat, and
fuel from sources of renewable energy using renewable energy technology [8]. Directly
or indirectly, the sun powers wind, water, waves, heat exchange, tidal waves, and
bioenergy technologies. Bioenergy systems are capable of transforming the solar energy
that is stored in plants, food waste, farm waste, forest waste, sewage, and algae into heat,
electricity, and fuel through a variety of different mechanisms. We can generate electricity,
heat, and cool our homes, and travel by land, sea, and possibly air, and all of these

activities can be done without the emission of greenhouse gases or other pollutants [9].

Solar energy is possibly the most readily apparent form of renewable energy source, so
it is imperative that we rapidly scale up the application of solar cell technology to produce
an adequate amount of power to maintain our future civilization. A pressing concern,
particularly considering the recent increase in oil prices and the ongoing damage to the
ecosystem of the planet because of the burning of fossil fuels [10].

1.2 PROBLEM STATEMENT

The incompatibility between the photon energy distribution and the bandgap values of the
relevant semiconductors is a major issue limiting solar cells' efficiency. The conversion of
sunlight's wavelength, that is, solar energy, to electrical energy is thought to be an efficient
way to lessen spectral mismatch losses. Some researchers are looking into using
semiconductors with UC properties to alter the light spectrum for PV cells. It is through
UC that photons whose energies are below the band gap of a solar cell are transformed

into photons with energies above the band gap, where they can be absorbed [16, 17].

Extending the spectrum of the sun's radiation to include the NIR wavelength is a critical
technique for boosting the power efficiency of PSCs in converting sunlight into electricity
[16, 17]. A lot of work is put into increasing solar cells' power conversion efficiencies
(PCE) and keeping them stable at high temperatures [18]. Many scientists have had
difficulty convincing themselves that expanding or reshaping the solar materials'

absorption spectrum is a good idea [19]. Since most PSCs materials have an energy band



of about 1.5 eV, the typical range of wavelengths for AM (air mass) 1.5 G (global) sunlight
condition is from 280 to 2500 nm. PV materials absorb the sun's photons in the range of
300 to 800 nm, but this merely constitutes about 45 % of the total solar spectrum. Since
photons in the NIR regions are not efficiently absorbed, PCE is hindered by the challenge
posed by the loss of energy. As more solar irradiation in the ultraviolet (UV) and NIR areas
is not fully utilized by light absorption materials in PSCs, NIR spectra have been used in
more research to enhance the features of PSCs [20-21]. It has been discovered that
PSCs can have their properties enhanced by converting photons with a NIR wavelength
into photons with a higher energy that can be absorbed by PSC materials and increase
the amount of photocurrent in the active layer [22]. As a results, the efficiency of the PSC
materials can have their absorption increased by using UC materials such as
nanocrystals of sodium yttrium tetrafluoride (NaYF4) and sodium gadolinium tetrafluoride
(NaGdF4) that have been doped with rare-earth ions (RE3* ions). UC nanocrystals
(UCNCs) doped with RE®* ions are widely regarded as the most efficient luminous
upconverting materials used in solar cells, due to their long luminous lifetimes and
exceptional optical stability [23]. Furthermore, upconverting nanocrystals that are
thermally stable are crucial for their potential in optical applications. As a result, in this
work, NaYFs and NaGdF4 doped with RE3* ions will be synthesized, and their properties

will be investigated for possible application in PSCs.

1.3 AIM OF THE STUDY

The aim of this study is to prepare upconverting NaYF4:Yb3*/Er3* and NaGdFa4:Yb3*/Nd3*
nanocrystals using solution combustion method so that they can be used as photon

harvesters in the NIR region of the solar spectrum for possible application in PSCs.

1.4 OBJECTIVES

e To synthesize NaYFa:Yb3*/Er®* and NaGdF4:Yb3*/Nd3* nanocrystals using solution

combustion method.



e To investigate the effect of dopant (10-30% Yb, 1-3%Er/Nd) concentration and
annealing temperatures (600 °C and 700 °C) on the structure, thermal stability,

and morphological characteristics of the NaYF4and NaGdF4 nanocrystals.

e To investigate the effect of dopant (10-30%Yb, 1-3%Er/Nd) concentration and
annealing temperature on the optical absorption (UV-VIS-NIR), PL and TL features
of the NaYF4and NaGdF4 nanocrystals.

e Analyse the obtained results for possible application is PSCs.

1.5 LAYOUT OF THE DISSERTATION

e Chapter 2 - this chapter gives an overview on the literature of PSCs, luminescent
UCNCs, RE®* ions, and energy transfer mechanisms.

e Chapter 3 - provides a thorough explanation of the synthesis method used in this
study to prepare nanocrystals and theory of research techniques.

e Chapter 4 - describes the experimental details on the SC synthesis of NaYF4,
NaGdFs, NaYFa:Yb®, Er3*, and NaGdFa:Yb®, Nd3*, as well as the structural,
elemental, and morphological analysis of the mentioned nanocrystals.

e Chapter 5 - provides optical and luminescent features of NaYFs4, NaGdFs,
NaYF4:Yb3*, Er®*, and NaGdF4:Yb3*, Nd3* nanocrystals.
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CHAPTER 2

Literature Review

2.1 PHOTOVOLTAIC (PV) CELLS

PV cells are electrical devices that use the PV effect to transform radiant energy into
usable current. Once exposed to light, they alter electrical properties like current, voltage,
or resistance [1-2]. Solar cells are PVs, regardless of whether the light source is natural

or artificial [3].

Solar cell production technology is built on the basis of three essential elements. The
semiconductor that turns light into electron-hole pairs by absorbing it, the junction that
isolates the electrons and holes, and the contacts that allow current to flow from the front
and back of the cell to the external circuit. Semiconductor choice defines the two primary
categories of technology as thin layers of other materials or crystalline silicon in a liquid
state [4-6].

Most solar cells have traditionally used crystalline silicon as the light-absorbing
semiconductor [4, 7 - 8]. Despite its low efficiency and thickness, this material is widely
used [9]. Its success can be rationalized on the basis that it makes use of process
technology developed for the microelectronics industry to fabricate solar cells with a

stable efficiency (11-16%) that is between 50% and 65% of the theoretical maximum [9].

Besides using solar cells for energy generation, they can be used as photodetectors, to
detect light or other forms of electromagnetic radiation that are closer to the visible range,
or as light intensity meters [9]. To be a feasible energy option, solar cell technology
research and development must address issues with cost reduction, improved PCE,
greater stability, and the use of plentiful and biocompatible raw materials [3]. For a PV

cell to operate, it needs to possess the following three qualities:



o Light absorption that results in electron-hole pairs.
o Separation of electron-hole pairs.

e The unassisted transfer of such carriers into an external circuit [10—11].

2.1.1 Photovoltaic effect

A PV cell generates voltage or electric current through a process known as the
"photovoltaic effect” when it is exposed to light. Due of this effect, the cells contained
within a solar panel are able to convert sunlight into electrical energy, making the panel
itself useful [12].

2.1.1.1 Photovoltaic effect process

PV cells are used to produce electricity from sunlight. These solar cells include a p-n
junction, which is a junction between p-type and n-type semiconductors. The difference
between n-type and p-type semiconductors is the primary material used to create the
chemical reaction during doping. Depending on the material used, the outer orbital will
have either five or three electrons making one negatively charged (n-type) and one
positively charged (p-type). This junction is necessary for the solar cells to function
properly. When these two semiconductors are combined, the electrons move to the p-
side, "which is the positive side", and the holes move to the n-side, "which is the negative
side." Due to this, an electric field is created in the area around the junction. Particles with
a negative charge are accelerated in one direction by this field, while those with a positive
charge are accelerated in the opposite direction [12].

Photons, the fundamental particles that make up light, are discrete bundles of
electromagnetic radiation, or energy [13]. Solar panels use a special kind of cell called a
PV cell to soak up the sun's rays [14]. Light of a specific wavelength must impart energy
onto a single atom of the semiconducting material located in the p-n junction for these
cells to function. The electrons in the material receive a controlled dose of energy. The
next step is for the electrons to enter a higher energy band called conduction band. The

valence band now has a "hole" through which the electron jumped. When energy is



added, electron motion creates a pair of charge carriers known as electrons and holes.
Electrons keep the semiconducting material stationary by forming bonds with
neighbouring atoms when they are not excited. On the other hand, these conduction-
band electrons are unrestricted in their motion when they are excited. Since the p-n
junction generates an electric field, electrons and holes naturally flow in different
directions from one another. The liberated electron is not attracted to the p-side, but rather
the n-side. An electric current is produced in the cell as a result of the electron’'s motion.
When an electron moves, a "hole" is left behind. Like the p-side, this hole can rotate, but
in a different direction. This causes a current to flow through the cell [12, 15-16]. Figure

2.1 provides a visual representation of the process that takes place in PV cells.
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Figure 2.1: A representation of the photovoltaic effect [12].




2.1.2 Photovoltaic cells generations

Names for solar cells are usually derived from the semiconducting material used to make
them. The aforementioned materials need to have specific properties so that they can
absorb solar energy. While some cells are designed for use in space, others are
constructed for use on the surface of the earth. Single-junction solar cells have just one
layer of light-absorbing material, while multi-junction solar cells have multiple layers and
different physical configurations to maximize light absorption and charge separation [1].
Performance and affordability of solar cells are used to classify them. First-generation PV
cells, which make up roughly 86 %, are the most frequently used technology during the
manufacturing of solar cells for commercial use. Typically, a crystalline silicon wafer with
a large area of linked p-type and p-n semiconductors is used to construct them (a p-n
junction diode). They are expensive to fabricate and have a wide spectral absorption
range, but the vast majority of the energy carried by photons with higher energies at the
blue and violet ends of the spectrum is converted to heat [18]. The second generation
reduces the amount of material needed for cell design by using thin-film semiconductor
deposits [19]. These solar cells enable the mounting of panels on light or flexible
materials, lower production costs, and a lower cost per watt, but they are hazardous and
less efficient than silicon solar cells [17]. Considering the Shockley-Queisser limit (which
describes the maximum solar energy conversion efficiency achievable for a particular
material and is the standard by which new PV technologies are compared), third-
generation solar cells are being considered as a cheaper and safer alternative to first-
and second-generation solar cells, however, the important challenge of this generation is
to reduce the cost of solar electricity. [20]. These materials might be organic or
nanostructured with high efficiency of more than 60% achieved by the use of different
charge carrier collecting methods [19]. More emphasis has been placed on charge carrier
mechanisms, charge collecting, and energy capture improvements in third-generation
PSCs. They can be printed on huge regions and adjustable substrates, and they are
cheap and easy to make. These new solar cell technologies include "dye-sensitized solar
cells (DSSCs), colloidal quantum dot solar cells, organic PVs, and solution-processed
bulk inorganic PVs" [21-23]. The fourth-generation solar cells produce a single

10



multispectral layer using a combination of polymers and nanoparticles [24]. These solar
cells have lower material prices, self-assembly, and greater conversion efficiencies;
however, they have lesser efficiencies than silicon solar cells and the same potential

degradation issues as polymer cells [18].

Photovoltaics
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Figure 2.2: Evolution of photovoltaic cells [17].

2.2 STRUCTURE AND FUNCTION OF PHOTOVOLTAIC CELLS

Whether they are installed in a power plant, a satellite, or a calculator, PV cells all have
the same fundamental design. An antireflection layer or optical coating allows light to
enter the device and reduces light loss from reflection; this layer also increases the
efficiency with which light from a solar cell is transmitted to its energy-conversion layers.
On the surface of the cell is where the antireflection layer is located. "This layer is an
oxide of silicon, tantalum, or titanium that is either spin-coated or vacuum-deposited.
Under the antireflection layer are three layers that are responsible for the conversion of
energy [11]. These layers are the top junction layer, the absorber layer, and the back
junction layer." The cell needs two more electrical contact layers so that electricity can be

conducted to an external load and then back into the cell. Only then will an electric circuit

11



be considered "complete” (see figure 2.3). The light-receiving side of a solar cell typically
has a grid-patterned electrical contact layer made of metal or another good conductor.
Since metal absorbs light, grid lines are as narrow and far apart as they can be without
stopping the flow of electricity. In the back electrical contact layer, there are no such polar
opposite requirements. It covers the entire back side of the cell structure, and its only
purpose is to act as an electrical contact. For the same reason that metal is such a good

electrical conductor, it is always used as the back layer [25, 27].

Since the majority of the energy in natural and artificial light is at visible wavelengths, the
absorber material in a solar cell should be capable of absorbing that kind of radiation.
Semiconductors are substances that absorb visible light very effectively. Since the layers
that make connections and form junctions are much narrower, a solar cell has a thickness
that is mostly similar to that of the absorber, which is a semiconductor that can help
absorb all visible light and has a thickness of a hundredth of a centimetre or less. Solar
cells often use semiconducting materials like "silicon, gallium arsenide, indium phosphide,

and copper indium selenide" [26, 27].

Semiconductors are a type of material whose ability to conduct electricity depends on
how much energy is available to excite electrons in the crystal lattice [28]. Crystalline
silicon is a popular semiconductor in the field of PVs. When enough photons are absorbed
by the surface of a crystal, the electrons in the crystal move from the valence to the
conduction band, causing the crystal to become electrically conductive. The term
"bandgap" refers to the minimum energy required to excite an electron that is stuck in its
bound state into a free state where it can participate in conduction. The voltage produced
by a PV cell is directly affected by the bandgap, an intrinsic property of semiconductors
[29]. How much of the sun's spectrum a PV cell is able to absorb is dependent on its
optical band gap (shown in Figure 2.4 below) [30]. If the bandgap is too large (wide
bandgap), most photons will not cause PV effect; if it is too low most photons will have
more than necessary energy to excite electrons across the bandgap, and the rest of

energy will be wasted. [29].
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Figure 2.4: Solar cell maximum efficiency as a function of material band gap, as
predicted by the Shockley—Queisser limit [29].
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The semiconductor's bandgap (Eg) determines a single-junction solar cell's maximum
conversion efficiency. Figure 2.5 shows a schematic of single-junction solar cell efficiency
loss mechanisms. To make solar cells work better, we need to deal with lattice

thermalization and photon transparency to sub-band gap photons [23].
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Figure 2.5: Single-junction solar cell loss mechanisms [23].
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When a photon with higher or equal energy than the band gap is absorbed by a
semiconductor, an electron-hole (charge carrier- the holes are called charge carriers
because they are mobile, moving from atom site to atom site.) pair (also known as an e-
h pair) with a higher energy is generated. The surplus energy is discharged as heat. This
particular type of loss is referred to as "thermalization loss." Photons whose energies are
lower than the band gap, on the other hand, are not absorbed by the semiconductor and
are instead allowed to pass through. It has been found that solar cells that have a band
gap that is narrow experience high thermalization losses, while solar cells that have a
band gap that is wide experience high transmission losses [23, 31-32]. Another method
by which energy is lost is through the recombination of e-h pairs that occur close to or at
the surface [33]. Maintaining high minority carrier lifetimes in the semiconductor material
can slow down this phenomenon. During transmission, heat loss and energy loss account

for approximately 70% of the total energy loss. This phenomenon is referred to as
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"spectral mismatch." This is primarily due to the fact that the solar spectrum and the band
gap in semiconductors have different wavelengths. [23].

To deal with spectral mismatch, semiconductors with a decreasing band gap are used to
make multi-junction solar cells with two to five junctions connected in series. The
efficiency of solar cells has increased dramatically thanks to multi-junction solar cells,
which almost double the efficiency of single-junction cells by using different wavelengths
to cover a large portion of the sun's spectrum. At their theoretical best, multi-junction solar
cells have been measured to be 43.5% efficient, which is significantly higher than the
efficiency of any other single-junction solar cell [23, 34]. Multi-junction solar cells, on the
other hand, are much harder to make than single-junction solar cells [35]. Since it is more
complicated, it costs a lot more to make, which makes it too expensive for widespread
use. As a result, most solar cells used today are single-junction cells. Researchers are
looking into many ways to make single-junction solar cells better at absorbing light,
separating charges, moving them, and collecting them. Even though there are many ways
to collect light from a wide range of the sun's spectrum, photon absorption technology still
needs to be improved so that highly efficient solar cells can be made [23]. Due to the way
active semiconductor materials absorb light, PSCs are only able to harness a small part
of the sun's electromagnetic spectrum, most of which falls within the visible spectrum. So,
photons that are below or above these threshold values don't make electricity [36]. The

PCE of PSCs could be greatly boosted if this energy were to be utilized.

Light photon wavelength conversions are a promising way to cut down on spectral
mismatch losses, which are thought to be the main reason why single-junction solar cells
lose most of their efficiency. Wavelength-dependent spectral converters have recently
been looked into as a way to boost the way single-junction solar cells convert light into
electricity. There are three different types of luminescence processes; quantum cutting,
downshifting, and UC that have the potential to improve the performance of solar cells
[37]. A single high-energy photon can be converted by quantum downconversion into
several lower-energy photons, achieving a conversion efficiency of more than 100% in
the process. High-energy photons can have some of their wasted energy recovered
through a process known as "downconversion," which also incorporates the technique of

"gquantum cutting [38]." Solar cells have the ability to absorb photons that have been
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downconverted, which helps to reduce the amount of energy that is wasted and increases
the conversion's overall efficiency [39]. One type of downconversion is the process of
downshifting, which transforms one high-energy photon that has been absorbed into one
with a lower energy level. This process takes place at sub-unity quantum efficiencies.
Quantum cutting and downshifting are connected in some way, but downshifting cannot
be any more efficient than 100% of the time [40]. Downshifting is the process of converting
shorter-wavelength UV light into longer-wavelength visible light, which solar cells respond
to most favourably [23]. The transformation of photons with low energy into photons with
high energy is referred to as the "UC process." It may be possible to convert light whose
energies are less than the gap between the bands of a semiconductor because of this
process. As a result, there would be a significant cut in the amount of energy that was
lost during transmission. According to research that was published in 2002 by Trupke,
Green, et al. [23], the process of upconverting sub-band gap light can have a significant
impact on the efficiency with which solar cells convert light into electricity. They
investigated a silicon solar cell system that had UC layers on the back of the device and
had two sides. When concentrated sunlight was utilized, the system achieved a maximum
energy conversion efficiency of 63.2%, whereas when non-concentrated sunlight was
utilized, the system only achieved an efficiency of 47.6%. Research on solar cells, which
convert light into electricity, has accelerated as a result of this model [23, 41-42]. The
present research looks at how the UC photoluminescent (UPL) NaYF4:Yb3* Er3* and
NaGdF4:Yb3 ,Nd3* nanocrystals can be used to make PSCs absorb more light and
increase their PCE. Due to the UPL materials, which are anti-Stokes materials
(luminescent materials which convert NIR laser light to visible light), can complete the UC
process by absorbing two or more photons of NIR or infrared light (IR) and putting out
one photon in the visible spectrum [42-44], these materials will be put in the active layer
of PV cells to help the solar cell absorb more light. Figure 2.6 shows how NaYF4:Yb3* Er®*

can be used in solar cells to change the wavelength of light.
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2.3 UPCONVERSION MECHANISM

UC is a form of photoluminescence that uses multi-photon absorption to convert NIR
excitation to visible light [23]. When two or more photons are absorbed one after the other,
the photon UC process takes place, and light is emitted at a wavelength that is shorter
than the excitation wavelength. Through various methods, this process occurs in both
organic and inorganic materials. Transition metals, actinides, and primarily RE3* elements
containing the lanthanide (Ln) series, yttrium, and scandium, as well as organic molecules
such as polycyclicaromatic hydrocarbons (PAHSs) that can achieve photon UC through
triplet-triplet annihilation, have all been observed to exhibit the UC phenomenon [46-49].

Some of the different UC luminescence mechanisms that were identified, either alone or
in combination, are "excited state absorption (ESA), photon avalanche (PA), and energy
transfer UC (ETU)" [47, 50-51]. In the case of ESA, excitation happens when a single ion

in its ground state absorbs several pump photons.
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Figure 2.7: ESA procedure flowchart [52].

When an ion is excited from its ground state to the higher energy level (E1), a second
pump photon moves the ion from Ei to the higher-lying state E2, which causes UC
emission before the ion decays back to its ground state. (See Figure 2.7.). As a
consequence of this, there will be emissions from a higher Ez level that have been
upconverted. In order for the extremely effective ESA to function, the ions' various levels
of energy must be constructed in the shape of a ladder. Only a select few lanthanide ions,
such as Er®*, Ho®*, Tm3*, and Nd®*, have energy levels that are structured in this manner;
however, at this moment, these ions are the ones that are prevalent emitters (activators)
in ESA-based UC nanomaterials. They also have an excellent excitation wavelength that
is comparable to the output of diode lasers that are available for purchase (at either 975
or 808 nm) [52, 53-54].

Transmission, emission, and the gradual increase in pump power intensity are the three
distinct nonlinear behaviours that are involved in the PA process. These three nonlinear
behaviours contribute to the process's increased complexity [55]. In almost every
instance, all three of these behaviours are followed by an essential pump threshold. In
the four-energy system depicted below (figure 2.8), the notations Eo, E1, E2, and E stand
for the ground state, the intermediate state, and the upper excited state, respectively [56].
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Figure 2.8: lllustration of the PA process [56].

An electron or ion becomes excited after absorbing excitation radiation. The transition
that occurs during absorption, moving from the ground state to the intermediate states, is
rarely resonant with excitation radiation, despite the fact that it is slightly higher than E-2.
The E2 stage is reached through the process of cross-relaxation. Electrons in the excited
state of E2 and electrons in the ground state of Eo are able to transfer their energy to one
another. This results in a total of two electrons existing in the E1 state. Excitation radiation
is absorbed by one of these electrons, which then causes it to transition into the E state.
After that, it engages in interactions with electrons in the Eo state and undergoes energy
transfer I, which results in the production of three electrons in the Ei1 state. In this
particular instance, the transition from E1 to E is in resonance with the radiation that was
responsible for causing the excitation. When the same things continue to happen over
and over again, the total of all of the electrons that are in the E state will increase by a
significant amount. When electrons move back to the Eo state, they send out photons with
a lot of energy. In short, the strong UC emission of the PA process is due to resonant
ESA, effective cross relaxation, and a large reservoir level population [57]. PA has some
problems, like a limited maximum output because of poor ground-state absorption and

the need for a lot of pump power to reach the threshold condition [47, 58].
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Both ETU and ESA achieve the metastable state by taking in two photons, one after the
other. ETU and ESA are different in that ETU uses two lanthanide ions while ESA only

uses one.

After the consumption of a pump photon, an excitation occurs in the ion 1 of the sensitizer,
which raises it from the ground state to the metastable level Ei. "Following the
consumption of energy, the sensitizer ion 1 returns to its ground state, denoted by the
letter G." lon 2 is then able to transition into its higher emission state E2 as a result of the
transfer of this energy from its ground state G to its excited state Ei1. For an illustration of
this, please refer to figure 2.9. The UC efficiency of the ETU UC process is significantly
influenced by the dopant concentration, which modifies the distance that separates
adjacent dopant ions. Due to the fact that the UC efficiency is directly proportional to the
dopant concentration, this is the result. "The UC efficiency in an ESA process is

unaffected by the concentration of the dopant because there is only one ion concentration

in play" [58].
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Figure 2.9: Energy transfer mechanism for upconversion process [59].
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2.4 LUMINESCENT MATERIALS

Materials that absorb incident solar radiation and then radiate it outward in the form of
photons are referred to as luminescent materials [60]. The Stokes Law governs the
behaviour of luminous materials such as "organic dyes and quantum dots (QDs)" [61—
64]. Materials that are used for downconversion absorb high-energy light and then send
out light with less energy (energy reduction). However, low-energy, long-wavelength NIR
light can be converted into higher-energy visible or UV light with the help of UCNCs. This
mechanism can also take the form of the UC luminescence (UCL) phenomenon, which is
also referred to as the anti-Stokes process [65—-69].

Nano-lasers, nanophosphors, biological nanolabels, and other photonic applications have
contributed to the sudden rise in popularity of the luminous nanopatrticles, as have near-
field microscopy applications such as temperature sensing and the identification of
surface plasmon polariton (SPP) waves. Doping nanoparticles with RE3* elements create
luminescence bands from the UV to the IR, as well as multi-color UCL. "Frequency UPL
of nanoparticles is essential in many contexts, including the detection of single-photon-
emitting photons (SPP), IR nanophosphors, nanolasers, nanolabels, and other
nanosensors." REs are comprised of 15 lanthanides, yttrium, and scandium. Due to their
remarkable 4f electron layout level of energy, REs are able to experience a bandgap
transition when the majority of the trivalent RE3* ions are excited from outside. This allows
REs to be used in a variety of applications. In addition, the secondary 5s25p°® shell that

surrounds the RE3* ions protect them from the surrounding environment [65].

2.5 LANTHANIDE-BASED UPCONVERTERS

Trivalent RE3* ions, such as Pr3*, Nd3*, Er®*, Tm3*, or Yb3*, are the active parts of most
popular UC phosphors. However, there are other types as well. The fact that the important
electronic states for spectroscopy are in the inner 4f shell of these ions explains why most
of the research in the field has been done on this small group of ions. The f states are not

very concerned with the specific structure of the host lattice because both their 5s and 6p
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shells engage in bonding (i.e., "the exact crystal field and, to a lesser extent, the local site
symmetry"). As a consequence of this, many of the excited f states persist for sufficient
amounts of time for UC procedures to be carried out. Auzel, Ovsyankin, and Feofilov all
independently discovered RE?* ions around the middle of the 1960s [70]. The mentioned
ions were the first to show UC [52, 71-72].

At room temperature, the vast majority of inorganic crystals do not exhibit UCL; rather,
the luminous centre is frequently provided by the dopants that are present in the crystal.
Therefore, a good lanthanide-based upconverter requires at least two things: (1) a very
stable host material to act as a shield, and (2) an efficient dopant ion to act as a light
source. Both of these things can be found in lanthanide compounds [73]. When the dopant
ion in sensitized luminescence is excited to a higher energy state, it emits radiation as a
result of the process. Radiation is produced as a byproduct of the process of exciting the
dopant ion in sensitized luminescence to a higher energy state. This process causes the
dopant ion to transition into a higher energy state. This occurs when the energy required
to perform the experiment is extracted from a dopant ion in a way that does not need the
use of radiation. The ion that releases the radiation is referred to as an "activator,” while
the ion that releases the energy is referred to as a "sensitizer." Even though UCL can be
seen in a large number of lanthanide activator—sensitizer combinations and most
crystalline composites can be used as hosts, UC only works well in a few carefully chosen

combinations of dopant and host [52].

2.5.1 Activators

In theory, most lanthanide ions are expected to emit UC emissions. The difference in
energy between every excited level and its lower-lying intermediate level must be close
enough to allow the absorption of photons and energy transfer steps needed in UC
processes to produce UC emissions that can be widely used. Some lanthanide ions
cannot be excited in this manner because their energy level structures are not beneficial.
As shown in Figure 2.11, Er®*, Tm3*, and Ho®* are right now the most prevalent types of
emitters found in UC phosphors. This is because their energy levels are set up like a
ladder. The energy gap between the various energy levels in Er®* is roughly the same,
leading to a very high UC efficiency. For example, the difference in energy between the
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41112 and 41152 levels of Erd*is the same as the difference between the “Fz2 and #1112 levels.
So, the energy levels of 4lis2, %li12, and “F72 can be used to make UC emission by
excitation at 980 nm. Also, because the difference in energy between the *Fo2 and “l132
states is in the same region, 980 nm excitation causes at least three distinct changes in
Er®* ions, which cause green and red light to be emitted after two photons are absorbed
[46, 52].

Laporte does not allow 4f—4f transitions, so if the excited light is not absorbed enough,
UCL isn't as bright, especially in thin samples of lanthanide-doped materials. In general,
the material's absorption can be improved by adding more lanthanide ions. But multi-
phonon relaxation that doesn't involve radiation can happen, and cross-relaxation makes
it much harder to use an extensive variation in the amount of dopants. The efficiency with
which energy is converted depends on a number of factors, including the number of
intermediate and emission levels and the rate of non-radiative multi-phonon relaxation
between energy levels. The multi-phonon relaxation rate constant knr is described by the

following equation (2.1) for lanthanide ion 4f levels.
ko o¢ €xp (—f =) (2.1)

where B denotes the empirical standard of the host, AE is the energy gap between the
occupied level and the following lower-lying energy level of a lanthanide ion, and hw is

the highest energy vibrational mode of the host matrix.

Er3* and Tm3* have very wide energy gaps, as illustrated in Figure 2.10 (a—c), and
consequently low likelihoods of non-radiative transitions between different excited states
of the ions. According to the energy gap law, the UCNCs that are made with Er®* and
Tm3* as activators are the most effective ones, and this is widely known to this day

[52]. The proposed energy transfer mechanism is shown in Figure 2.10 (d) [52].
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Figure 2.10 Simplified energy level diagrams of typical (a) Er3*, (b) Tm3*, (c) Ho®* and

(d) energy transfer mechanism [52].

2.5.2 Sensitizers

Cross-relaxation severely restricts a variety of effective doping concentrations for doped
UCNCs. Excitation energy may be quenched as a result of high doping levels. To prevent
the quenching effect, the activator ion concentration should be kept low and well
controlled [74]. However, when viewed from a different perspective, low doping levels can
result in low pump light absorption, which in turn leads to high emission luminescence
efficiency. Sensitizers, which are strongly absorbing ions, are often added to the host
material to improve the absorption of phosphors that have been doped with lanthanides

and make sure that energy gets to the activator efficiently [52, 75-77].
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Co-doping a sensitizer that has a large cross-sectional area of absorption in the NIR
region can make UCL work much better. Co-doping the sensitizer with the activator is
often done to benefit from the efficient manner in which the ETU process operates
between the activator and the sensitizer. Most of the time, Yb3*-Er3* and Yb3*-Tm3* ions
are used as sensitizer-activator combinations. Yb3* has a simple energy level scheme,
with one excited 4f level of 2Fs2 (see Figure 2.11d). "The energy difference between the
41112 and #1152 and the 4F72 and 41112 states of Er3* and the energy separation between the
2F7;2 ground state and its ?Fs2 excited state of Yb3* are similar." This allows effective
energy transfer between the two ions [78]. Tm3* and Ho3* both work on the same premise.
Yb3* is ideal for use as a sensitizer for UC because of its optical properties. Most of the
time, Yb3" is co-doped into the lattice at high amounts (18-20 mol%), whereas the
activator concentration is kept low (2 mol%), which limits the loss of energy from cross-
relaxation [46, 52, 77].

2.5.3 Host Materials

The features of the host lattice and the manner in which it interacts with dopants have a
significant impact on the UC process in two different ways: (i) through the movement of
phonons and (ii) through the local crystal field [79]. The energy exchange interactions
between dopant ions are highly influenced by the host lattice, which promotes f-f
electronic transitions among lanthanide ions by perturbing the 4f wave function with
crystal fields. This is critical for energy transmission between lanthanide ions, which are
often characterized by narrow emission and absorption bands that make spectral overlap
difficult. The crystalline structure of the host material's lattice determines how far apart
the dopant ions are, their location in relation to each other, how many of them there are,
and what kind of anions are around them [80]. UCL has been seen in several lanthanide-
doped host materials, although highly effective emission requires low phonon energy and

a tiny lattice discrepancy between the dopants and the crystal lattice [65, 81].

A good host matrix should have low lattice phonon energy so that nonradiative losses are
kept to a minimum and radiative emission is increased [65, 82—84]. Most of the time, the

phonon energies of heavy halides like chlorides, bromides, and iodides are less than 300
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cm[85]. However, they absorb water, so they are not very useful. "Oxides are chemically
stable, but their phonon energies are often higher than 500 cm-! because of the stretching
vibration of the host lattice [52]. Fluorides, on the other hand, have low phonon energies
(350 cm) and good chemical stability, which makes them perfect host materials for UC
[52, 86]. Semiconductor nanocrystals, such as ZnS, have been proposed as UC host
materials alongside the aforementioned materials. Whether the lanthanide ions in these
nanocrystals are uniformly distributed in the host lattice or placed on the nanocrystals'
outermost layer is still unclear due to the size discrepancy between the host and dopant
ions" [52].

Since all trivalent lanthanide ions are the same size and have the same chemical
properties, inorganic compounds based on trivalent lanthanide ions are good hosts for
UC phosphors [87]. Crystal defects and lattice stress can be kept to a minimum by using
host lattices composed of cations like "Na*, Ca?*, Sr?*, and Ba?*, whose ionic radii are
comparable to those of the lanthanide dopant ions [52]." It is for this reason that Na* and
Ca?* fluorides are typically good host materials for UC phosphors. In conclusion, the best
host materials for UC are fluorides based on Na*, Ca?*, and Y3*. In comparison to
La203:Yb3* Er®* and La2(MoOa)3:Yb3*,Er¥*, NaYF4:Yb3 Er®* has a 20-fold higher UC
efficiency [52, 86].

"The crystal structure of the host material could have a big effect on how UC materials
behave optically. At this moment, hexagonal NaYFa (B-NaYF4) is considered to be the
most effective fluoride host material for green and blue UC phosphors. The efficiency of
UC in bulk materials composed of hexagonal-phase NaYFa4:Yb/Er is almost ten times
higher than that of cubic-phase materials [88]." It is possible to establish a direct
connection between the phase-dependent optical property and the various crystal fields
that are located around trivalent lanthanide ions in matrices that have varying degrees of
symmetry. In contrast to their counterparts with greater symmetry, hosts with low
symmetry have a tendency to make a crystal field around the dopant ions that has more
uneven parts than their counterparts with high symmetry. The electronic coupling
between higher electronic configurations and the 4f energy levels is improved by the
uneven parts. Due to this, there is an increased possibility that the dopant ions will move

from the f level to the f level. Additionally, the efficiency of the UC can be improved by
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decreasing the size of the host cations (or the volume of the unit cell), which strengthens
the crystal field that surrounds the dopant ions. This can be accomplished by decreasing
the volume of the unit cell. For instance, the UCL of NaYF4:Yb/Er in bulk is two times as
bright as that of NaLaFa:Yb/Er [52, 86-89].

2.6 THERMOLUMINESCENT MATERIALS

Thermoluminescence (TL) is a type of luminescence that occurs in particular types of
crystalline solids, such as "feldspar, lithium fluoride, calcium fluoride, calcium sulfate,
lithium borate, calcium borate, and potassium bromide [90]." When heated, these
materials emit light again after having previously absorbed energy from ionizing radiation
or electromagnetic radiation. Additionally, the substance must be translucent due to its
light emissions [91]. The basic principle of TL is that an insulating material contains
defects, impurities, and imperfections. During the excitation of the sample, these lattice
sites may acquire electrons and holes. Later, during heating, these charge carriers may
recombine and result in the emission of light in the form of a TL glow curve (see figure
2.12) [92-93].

TL materials have a vast range of uses in fields like environmental dosimetry, medical
research, and personal dosimetry. The characteristics of materials useful for a vast range
of applications in a variety of fields are changed by introducing a variety of RE impurities
into a variety of hosts. These materials can be exposed to a variety of beams, including
electron, neutron, X-ray, and B-ray beams. TL dosimetry is highly dependent on the
different radiation regimes and their dose-response range [94]. Lithium fluoride and
calcium fluoride are the two most popular TL materials used in dosimetry, both of which
contain an impurity or multiple impurities (such as manganese or magnesium) that
develop states that can trap electrons with high energy. Following irradiation, the impurity
enables the formation of electron traps within the crystalline lattice. The trapped electrons
are released when the crystal is heated, which ultimately leads to the production of light.
The radiation dose that the crystal receives has an impact on how much light is produced.
Figure 2.11 illustrates the TL mechanism [95-96]. An electron is captured in a trap site as

part of the activation process. The trap site needs to be deep enough to prevent the
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electron from being removed quickly at the storage temperature. lonizing radiation and
light both have the ability to activate. After the sample has been turned on, it is heated to
perform the readout. When the temperature reaches a certain point, the electrons
undergo a process known as thermal excitation, which causes them to move into the
conduction band. These conduction electrons are able to move freely around the lattice
until they come across a hole, which allows them to unwind and stop moving. The centre
of the hole is excited and emits if it has an emissive centre or is located near one. As an
alternative, the relaxation of the hole could be emissive [95]. A material with characteristic
TL signal can be proposed a dosimeter if it possess the linearity of signal with dose over
a wide range [97].
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Figure 2.11: Thermoluminescence mechanism [96].
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CHAPTER 3

Theory of Research Techniques and Synthesis
methods

3.1 INTRODUCTION

This chapter gives a high-level summary of the research methods that were used to
characterize the nanocrystals that were prepared. XRD, field-emission scanning electron
microscopy (FE-SEM), TGA, fourier-transform infrared spectroscopy (FTIR), ultraviolet,
visible, and near-infrared (UV-VIS-NIR) spectroscopy, TL spectroscopy, and PL
spectroscopy are the techniques that have been utilized. The crystalline phases and
crystallite sizes of the nanocrystals were determined with the assistance of the XRD. The
morphological and elemental features of the nanocrystals were investigated with the help
of a FE-SEM that was coupled with an energy dispersive spectroscopy (EDS). TGA
analysis was used to investigate the nanocrystals' ability to withstand high temperatures.
In order to identify the various functional groups that were present in the samples, FTIR
was utilized. Through the use of UV-VIS-NIR spectroscopy, the nanocrystals' absorbance
value was estimated. In order to record the UC spectra of the samples, PL was utilized.
The vibrational modes of the molecules were observed using Raman spectroscopy. The
defects in the nanocrystals were evaluated using TL spectroscopy.

3.2 SYNTHESIS OF POWDER NANOCRYSTALS

The preparation methods of UC nanocrystals have a strong influence on their luminescent
characteristics. The size, shape, and matching microstructure of luminous materials will
be affected by different preparation procedures, resulting in a wider range of applications.
The most widely utilized methods include thermal decomposition, hydrothermal, co-
precipitation, the sol-gel process, and the solution combustion method [1]. Among these
methods, solution combustion (SC) processing has been found to offer many advantages,

including high purity of the products, low energy requirements, relative simplicity, and
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rapid processing [2]. Due to the aforementioned advantages, the SC process was
employed in this study to synthesize the NaYFa:Yb3/Er®* and NaGdFa4:Yb3*/Nd3*
nanopowders. The fundamental concepts of the SC process are discussed in the

following section.

3.2.1 Solution combustion process

Solution combustion method (SC), also known as "self-propagating high-temperature
synthesis (SHS),” is an efficient and cost-effective method for the production of a variety
of oxide materials [3]. Compared to other methods of synthesis, exothermic combustion
processes are more energy-efficient because they can keep process temperatures high.
It also enables the efficient and cost-effective manufacturing of nanoparticles with the
phase compositions that are desired. This is made possible by its relatively low heating

rates of 350-600 °C, quick heating rates, and short reaction times.

The precursors for SC synthesis are mostly redox mixes. An organic molecule such as
urea, citric acid, or the polymer PVA (polyvinyl alcohol) serves as the reducing agent
(fuel). A metal salt, such as nitrate, is used as an oxidizing agent [4-5]. Water has
traditionally been the most often utilized solvent in the SC synthesis of powder materials
[6]. Recently, environmentally friendly solvents, such as ethanol and water, have gained
popularity for electronic applications; however, organic solvents, such as 2-
methoxyethanol and acetonitrile, are currently the most extensively employed for the
manufacture of oxide thin films for electronic applications [7]. The resultant solution is
heated to evaporate the solvent, and the exothermic reaction occurs when the ignition
temperature is reached. The nitrate ions oxidize the fuel during the combustion reaction.
The precursor elements are transformed into metal oxide, and the residual products of
the combustion reaction are gaseous H20, COz2, and Nz. In theory, this method may be
used for any metal ion [8-9]. The presence of a large amount of gas produced by
combustion causes large particles to disintegrate into nanoparticles [4]. Figure 3.1 below

illustrates a typical SC process.
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Figure 3.1: Schematic diagram of the solution combustion synthesis of nanocrystals.

3.2.2. Experimental details

3.2.2.1 Solution combustion synthesis of NaYF4 nanocrystals

The chemical reagents used in this study were graded analytically and applied directly
from Sigma-Aldrich without any additional purification steps. NaYFa4 was synthesized by
dissolving 4.06 g of Yttrium (Ill) nitrate hexahydrate [Y(NO3)3.6H20, 99.8%], 0.90 g
sodium nitrate (NaNOs, 99.0%), 1.57 g ammonium fluoride (NH4F, 99.99%), and 2.08 g
urea (98%) in 20 ml of ethanol (99.8%). The clear solution was poured into a crucible and
placed inside the furnace, which was preheated at 500 °C for 20 minutes. Once the
temperature of the product had returned to normal, it was crushed into a fine powder with
a mortar and pestle and annealed for 2 hours at 600 °C and 700 °C. Urea was used as a
fuel because it speeds up the rate of combustion and goes through a process of
decomposition that could help lower the temperature of combustion. The chemical

reaction involved in the growth of the NaYF4 nanocrystals is shown in equation 3.1 below.
H12N3015Y + NaNOs + 4NH4F — NaYF4 + H12N3015 +NO3s + 4NH4 (3.1)
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3.2.2.2 Solution combustion synthesis of Yb**-Er3* co-doped NaYF4 nanocrystals.

For the preparation of Yb3*-Er®* co-doped NaYFs with various Yb®" and Er3* doping
concentrations, stoichiometric amounts of Ytterbium (iii) nitrate pentahydrate [Yb(NO3)3
.5H20 299.9%] erbium (iii) nitrate pentahydrate [Er(NO3)s .5H20, 99.9%)], corresponding
to 10,20,30 and 1,2,3 mol% respectively doping levels were dissolved together with 4.07
g of Y(NO3s)s3 .6H20, 0.92 g NaNOs, 1.52 g NH4F, and 2.06 g urea in 20 ml of ethanol with
Constant agitation with the temperature set at room temperature for 30 minutes. The clear
solution was poured into a crucible and placed inside the furnace, which was preheated
at 500 °C for 20 minutes. After allowing the product to reach room temperature, it was
ground into a fine powder using a mortar and pestle and then annealed at temperatures
of 600 and 700 °C.

3.2.2.3 Solution combustion synthesis of NaGdF4nanocrystals

The combustion method was used to synthesize NaGdF4 nanocrystals by dissolving 3.54
g of gadolinium (iii) nitrate hexahydrate [Gd (NO3)3.6H20, 99 %], 0.68 g of sodium nitrate
(NaNO3 99.0 %), 1.15 g of ammonium fluoride (NH4F 99.99 %), and 2.07 g of urea (=298%)
in 20 ml of ethanol (299.8%), with constant stirring at room temperature for 30 minutes.
The clear solution was poured into a crucible and placed inside the furnace, which was
preheated at 500 °C for 20 minutes. After allowing the product to reach room temperature,
it was ground into a fine powder using a mortar and pestle and then annealed at
temperatures of 600 and 700 °C. The chemical reaction involved in the growth of the

NaGdF4 nanocrystals is shown in equation 3.2 below.

GdH12N3015 + NaNO3s + 4NH4F — NaGdF4 + H12N3O15 +NO3s + 4NHa (3.2)
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3.2.2.4 Solution combustion synthesis of Yb%*-Nd3* co-doped NaGdFs nanocrystals

For the preparation of Yb3*-Nd** co-doped NaGdFs with various Yb3* and Nd** doping
concentrations, stoichiometric amounts of Ytterbium (iii) nitrate pentahydrate [Yb(NO3)3
SH20 299.9%], neodymium (iii) nitrate hexahydrate [Nd(NO3)s .6H20, 99.9%,
corresponding to 10,20,30 and 1,2,3 mol% respectively doping levels were dissolved
together with 3.54 g of Gd(NOs3)s .6H20, 0.68 g NaNOs, 1.15 g NH4F, and 2.03 g urea in
20 ml of ethanol with vigorous stirring at room temperature for 30 minutes. The clear
solution was poured into a crucible and placed inside the furnace, which was preheated
at 500 °C for 20 minutes. After cooling the product to room temperature, it was crushed

into a fine powder with a mortar and pestle.

3.2.2.5 Characterization of the nanocrystals

An X-ray diffractometer (Cu K, 45 kV, and 200 mA) from the Rigaku SmartLab was used
to determine the crystallite phase of the nanocrystals that were produced. An Oxford
Aztec 350 X-Max 80 electron dispersive spectrometer (EDS) was coupled with a JEOL
JSM-7800 F field emission scanning electron microscope in order to investigate
morphology. Fourier transform infrared spectroscopy (FTIR) spectra were obtained using
a SHIMADZU-IRTracer-100 instrument with a resolution of 4.0 cml and 10 scans. In
order to investigate the vibrational modes of molecules, an XploRA PLUS Raman
microscope was utilized. The quantification of absorbance was carried out with the
assistance of a PerkinElmer Lambda 1050 UV/Vis/NIR spectrophotometer. For the
purpose of measuring the UC of the samples, a Horiba, Jobin Yvon Fluorolog 3
Photoluminescence Spectrometer, and a continuous LED laser beam with a wavelength
of 980 nm were utilized. An investigation into the thermal stability of the
NaYF4:20%Yb3*,2%Er** and NaGdF4:20%Yb3*,2%Nd** samples was conducted by the
SDT (TGA) Q600 TA Instruments from room temperature to 700 °C with a nitrogen flow
rate of 60 ml/min and a heating rate of 10 °C/min. Measurements of TL were obtained
from a Ris TL/OSL reader of model DA-20 by utilizing the BG-B9 (2 nm) filter.
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3.3 CHARACTERIZATION TECHNIQUES

3.3.1 X-ray Diffractometer

X-ray diffraction (XRD) is a method for analyzing the crystal structure of substances [10].
It can also be used to distinguish between amorphous and crystalline substances,
ascertain grain size, determine solid composition, measure lattice constants, and
measure the degree of crystallinity [11]. An XRD analysis involves shining a collinear X-
ray beam of a known wavelength onto the sample and recording the angles at which the
beam diffracts. The crystallite size, size distribution, flaws, and strain of nanocrystals all
have an effect on the widths of the diffraction lines. Loss of long-range order causes the
line width to increase as crystallite size decreases relative to bulk crystals [12]. Crystallite
size can be determined using Scherrer's equation (equation 3.3) [13], but it only works for
particles on the nanometer scale and has no relevance for grains larger than about 0.1

m.

KA
BCOSO

(3.3)

where K is an arbitrary dimensionless shape factor that has a value relatively close to
one, and D denotes the average dimension of the crystallized domains, which may be
less than or comparable to the grain size. The shape factor typically ranges from about
0.89 to 0.91, depending on the specific shape of the crystallite being examined. X-rays
have different wavelengths (A) depending on their origin. After subtracting the
instrumental line broadening, the value that is left over for the line broadening at half the
maximum intensity (FWHM) is given in radians. Bragg's angle is denoted by 6 and is
measured in radians [13]. Figure 3.2 shows the general structure of the XRD system in

diagram form.
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Figure 3.2 Schematic representation of the X-ray diffractometer system [14].

3.3.2 Field-emission scanning electron microscopy

Scanning electron microscopy (SEM) is a way to make pictures of a sample by moving
an electron beam back and forth over it [15]. The technique can show information about
a material's surface and shape, and when the system is connected to an energy
dispersive X-ray spectrometer (EDS), it can also show information about the elements
that make up the material. FE-SEM uses a field emission source, which makes an image
that is clearer, has fewer electrostatic misalignments, and has a spatial resolution of less
than 2 nm. The main idea behind the system is that when an electron beam hits a surface,
it creates a splash of secondary electrons with much lower kinetic energies than the main

electrons that hit the surface [12].

Before SEM testing in most cases and also in this work, the sample is sputter coated with
gold, platinum, or carbon and placed on a stub for analysis. Sputter coating is a method
that can be used in conjunction with a high-voltage SEM to achieve superior results by
adding a layer of protection to the samples being examined. Coatings reduce the charging

in samples, making them easier to analyse. Both the operation of the instrument and the
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monitoring of the scanned images are carried out by a computer that is connected to the
device being scanned. "Following the formation of a vacuum, the specimen is fastened to
an exchange rod, and after that, the electron column is wired up to the scanning electron
microscope (SEM). Following the placement of the stub within the sample holder within
the electron column, the sample position must be adjusted to be straight, and the electron
column must be closed. After all of the necessary adjustments to the working distance
and magnification have been made, the controller is then used to take the images" [16].
Figure 3.2 depicts a simple SEM layout, which includes an electron gun, a magnetic lens
for forming the beam and limiting the amount of current in the beam, and detectors. A
system of ion optics focuses electrons produced by thermionic emission from an electron
gun down to a location on the sample (i.e., electromagnetic coils). The spot is moved
across the entirety of the surface of the sample using a set of scan coils, and the electrons
that are reflected back are then collected, amplified, and converted into a video signal.
As a result of this, a micrograph of the specimen is obtained in the form of a 2D plot of
the reflected spot [11].
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Figure 3.3 A simplified SEM layout [11].
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3.3.3 Thermogravimetric analysis

Thermogravimetric analysis (TGA) is a process that monitors the change in weight that a
sample undergoes in response to being heated uniformly in order to determine a
material's thermal stability and the quantity of volatile components [17]. It analyses the
composition, purity, decomposition processes, decomposition temperature, and
absorbed moisture content of the products [18]. TGA enables one to comprehend how
the mass of material changes with respect to both time and temperature. In this method,
the sample is heated from room temperature to a temperature of 1,000 degrees in either
nitrogen or air. Following this step, the amount of weight loss that occurs because of semi-
volatile chemicals, the breakdown of polymer chains, ash content, carbon black, and
moisture is measured. Loss of solvent due to surface absorption can be distinguished
from loss of solvent due to degradation and loss of solvent in the crystal lattice. In order
to determine interactions with the drug substance, between drug substances, and
between active ingredients and excipients or packaging materials, measurements are
done in environments where the levels of oxygen and humidity can be precisely controlled
[18-19]. Figure 3.4 below shows a picture of the TGA instrument.
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Figure 3.4 Schematic diagram of TGA setup [18].
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3.3.4 Fourier-transform infrared spectroscopy

Fourier transform infrared spectroscopy (FTIR) is a way to find out how solid, liquid, and
gaseous materials absorb, emit, and conduct light in the infrared spectrum. It is used to
figure out which functional groups are in a sample [20]. FTIR can be used to detect and
classify unknown substances, find impurities in a material, determine what additives are
present, and determine whether a material is degrading or oxidizing [8]. The FTIR
spectrum is captured between 4000 and 400 cm™ [20-21]. For FTIR analysis, an FTIR
instrument sends infrared light with a wavelength between 10,000 and 100 cm! through
a material. Some of the light is absorbed, and some of it passes through. Radiation is
taken in by the sample molecules, which change it into rotational and/or vibrational
energy. The signal that comes out of the detector is on a spectrum that goes from 4000
cm? to 400 cmt. This spectrum shows the molecular fingerprint of the sample. FTIR
analysis is a great way to identify chemicals because every molecule or chemical

structure has its own spectral fingerprint [22].

The components of a regular FTIR spectrometer are the "source, sample cell, detector,
amplifier, A/D converter, and computer.” After passing through the interferometer, the
radiation from the sources is picked up by the detector. Together, the A/D converter and
amplifier boost the signal and convert it to digital form. The Fourier transform is then
performed on the digital signal in the computer [21]. This FTIR spectrometer's operational

principles are depicted in Figure 3.5.
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Figure 3.5: An illustration showing the schematic layout of an FTIR spectrometer [21].

3.3.5 Ultraviolet, Visible, and near-infrared system

The optical characterization technique known as ultraviolet-visible-near-infrared (UV-Vis-
NIR) spectrophotometry [23] is used to measure the reflectance, transmission, and
absorption of light by both liquids and solids without causing any damage to them. Light
passing through a sample is measured against its initial intensity, lo. The transmittance is
denoted as a percentage (%T) and is calculated as the ratio of the input (I) to the output
(lo). The transmittance is used to figure out the absorbance (A) given by equation 3.4
below [24]:

%T
A = -log (ﬁ) (3.4)

There are three kinds of spectrophotometers: single beam, double beam, and split beam.
The intensity of light is measured by the single beam UV-Vis-NIR spectrophotometers
before and after the sample is placed. Split beam variations send one beam through a
control sample and the other through the sample being examined [24]. When determining

the amount of light that passes through solid samples, the integrating sphere is positioned
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in front of the sample. Light coming from an optical light source is allowed to pass into the
integrating sphere after passing through the sample. After that, the light is reflected off
the interior surface of the sphere and sent back toward the detector. It is possible to
measure both the overall transmittance and the direct transmittance. The diffuse
transmittance can be calculated using these two parameters as given by equation 3.5
below [25]:

Tditf = Toverall — Tdirect (35)

When determining the transmittance of a solid sample, an integrating sphere is
necessary, just as it is when measuring the sample's reflectance. The sample is kept in a
location that is posterior to the integrating sphere. The sample is responsible for reflecting
light coming from the optical light source; this light is then reflected by the interior surface
of the integrating sphere before it is detected by the instrument. In addition to the overall
reflectance, diffuse reflectance is also able to be evaluated. The following equation, which
can be used to calculate specular reflectance based on overall and diffuse reflectance

data, is given below [25]:

Rspec = Roverall — Radiff (3.6)
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Figure 3.6: Simplified diagram of the basic UV-Vis-NIR spectrophotometer components
[26].
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3.3.6 Photoluminescence Spectroscopy

Photoluminescence (PL) spectroscopy is a method for investigating the electronic
structure of materials without destroying them [27]. It is straightforward, adaptable, and
non-destructive [11]. In a typical PL experiment, photons with an energy greater than the
band-gap energy are used to stimulate a semiconductor. The semiconductor Bloch
equations can be used to describe the polarization created by the incoming light. After
the photons are absorbed, electrons and holes are created in the conduction and valence
bands, respectively, with finite momenta k. The excitations then go through an energy
and momentum relaxation process as they approach the band-gap minimum. Two
common mechanisms are coulomb scattering and phonon interaction. Finally, the
electrons recombine with holes, and photons are emitted [28-29]. Figure 3.7 depicts a
typical PL configuration. Sample preparation is minimal because the measurement does
not rely on electrical excitation or detection. This property makes PL particularly appealing
for materials with low conductivity or underdeveloped contact or connection technologies
[11].
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Figure 3.7: A typical PL measurement setup [11].
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3.3.7 Raman spectroscopy

The technique of Raman spectroscopy is a method that can be utilized to investigate the
chemical structure, phase and polymorphism, crystalline nature, and relations between
molecules. This investigation can be carried out in a variety of different ways. It is based
on the observation that light has the ability to change the chemical bonds that are already
present in a substance. Light from a high-intensity laser source is focused on a molecule,
causing the molecule to scatter the light. This is a technique for scattering light, and it
works by causing the molecule to scatter the light. Rayleigh, the phenomenon of scatter
occurs when the majority of the light that is scattered has the same wavelength (or colour)
as the laser source and, as a result, does not provide us with any information that is
helpful. This prevents us from drawing any conclusions from the information that is
provided by the scattered light. Due to the chemical nature of the analyte, Raman scatter
happens when a very little amount of light (usually 0.0000001%), gets scattered at several

wavelengths (or colours) [30]. Figure 3.8 below shows a typical Raman principle.
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Figure 3.8: A diagrammatic representation of the Raman principle [30].

The position of the peak and the relative peak strength make up the general Raman
spectra profile, which possesses a one-of-a-kind chemical imprint that is capable of being
utilized to detect and differentiate materials. Because the actual spectrum is often quite
complicated, it is possible to look through complete Raman spectral libraries for a match,
which helps identify chemicals [30]. A common Raman apparatus involves a laser beam
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with a linewidth of less than 1 nm being reflected from a 45° holographic notch filter (HNF),
then being focused on the sample by an objective lens after being expanded through a
telescope made of two lenses (usually 50 or 100). The same microscope objective is used
to gather Raman scatter from the sample, and the same HNF is employed to filter the
data. The sample is then moved to the spectrometer, where a liquid nitrogen or thermally
cooled CCD camera is used to take a picture of it [31]. The configuration that has been
demonstrated brings the illuminating green laser to a point on the sample (slit scanning
mode). The cylindrical lens can be taken off to change the line into a spot. A dichroic
mirror isolates the red Raman-shifted light from the green laser light and disperses it along
a vertical line on the two-dimensional charge-coupled detector (CCD) when a point on the
sample is irradiated. This allows the light to be analysed in two dimensions. When using
the slit-scanning mode, a large number of spectra are collected all at once. Every single
point along the line on the sample generates its own spectrum along the CCD [32]. The
operation of a Raman spectrophotometer is depicted in the diagram found in figure 3.9.
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Figure 3.9: Schematic diagram of Raman spectrophotometer [32].

3.3.8 Thermoluminescence spectroscopy
Thermoluminescence (TL) is described as the light that is emitted during the heating of a

solid after the substance has first absorbed energy during irradiation. High-energy
radiation such as X-rays and gamma rays, as well as ultraviolet, visible, and infrared light,

serve as substitute radiation sources. In actuality, the heating just acts as a catalyst to
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aid in the release of the absorbed energy, whereas the radiation serves as the energy
store. The distribution of electrons in various traps (from shallow traps to deep traps) is
affected by the radiation source, the radiation's duration, the time after it ends, and the
ambient temperature [33]. TL spectroscopy is a very effective technique used to examine
defects in materials, dating, personnel, clinical, environmental, and accidental dose
measurements. TL techniques are frequently used to assess the trap depth. It uses TL
as a probe to determine which types of radiation are absorbed by crystalline and non-
crystalline materials [34]. By carrying out a number of TL experiments with a wide range
of excitation temperatures and excitation durations and making use of the initial rise
analysis technique, one is able to ascertain both the depth and the shape of the trap
distribution. For such a trap depth probe, Smet et al. [33] listed the following steps to be

followed:

(a) Measuring the sample's thermal quenching in order to provide an accurate correction
to the TL data.

(b) Demonstrating the existence of higher-order kinetics by assessing the effect of the

dose on the TL glow curves.

(c) Taking readings of the TL glow curves following excitation at a number of different
temperatures (T). Utilizing the first-rise analysis will allow one to determine the overall
depth of the trap. The fact that the estimated trap depth fluctuates all the time as a function

of T is a strong indication that there is a continuous distribution of the trap depth.

(d) If the process of trapping is not triggered by heat, the area under the glow curves
created in step (c) can be utilized to determine the structure of the continuous trap depth
distribution. In the event that the trapping is activated by heat, the areas in question ought

to be changed first. Figure 3.10 depicts the experimental setup for measuring TL.
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Figure 3.10: Experimental setup for measuring thermoluminescence [33].
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CHAPTER 4

Effects of doping concentration and annealing
temperature on the structure of the solution
combustion synthesized NaYF,4 co-doped Yb3**-Er®* and
NaGdF, co-doped Yb3*-Nd3* nanocrystals.

This chapter discusses the structure, elemental properties, morphology, and thermal
stability of nanocrystals prepared by combusting NaYFs, NaGdFas, Yb3*-Er®* co-doped
NaYFs, and Yb3*-Nd3* co-doped NaGdF4. The structures of the nanocrystals were studied
to see how the amount of dopant and the temperature of annealing affected them.

4.1 INTRODUCTION

UC nanocrystals and their synthesis have, in recent times, garnered a significant amount
of attention due to the variety of applications that may be possible with them in biolabeling,
solar device sub-band gap energy adjustment, and security printing, with a special
emphasis on RE-doped UC nanocrystals. The extremely high UC efficiencies, the
capability to change colour purity by adjusting doping concentrations, and the peculiar
phenomena brought on by surface effects in nanoscale UC nanocrystals have recently
been the subject of a few fundamental studies [1-4]. These studies aim to explain the
causes of these characteristics. RE®* ions that have undergone an UC can be
incorporated into host materials such as "halides (including iodides, bromides, and
chlorides), oxides, oxysulfides, fluorides, vanadates, and phosphates" [5—8]. To achieve
the highest possible level of stability in both air and water, the host matrices must not be
hygroscopic [9]. In addition to this, they should have "low phonon frequencies" to cut down
on losses caused by relaxation paths that do not utilize radiation [10]. Halides such as
"lodides, bromides, and chlorides absorb water, and despite the fact that their phonon
frequencies are relatively low (300 cm?), they have very few applications. The host matrix

of the oxides possesses phonon frequencies that are greater than 500 cm™ and is
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chemically stable. Additionally, the host matrix has a high number of phonons. Fluorides,
in contrast to other host matrices, have good chemical stability, a low phonon frequency
(between 300 and 500 cmt), and are easy to disperse in a colloidal state when combined
with water and a number of "nonpolar solvents, such as hexane, ethanol, chloroform,
toluene, and dimethyl sulfoxide" [11]. As a consequence of this, fluoride hosts, particularly
alkaline RE tetrafluoride (AREF4), are the hosts that are utilized most frequently for UC
emission [6-8]. These materials are suitable for use in integrated optical devices,
including solar cells, low-cost NIR diodes, and planar optical amplifiers, because they can
combine two or more low-energy photons to produce detectable higher-energy photons.
Materials with a low rate of electron-hole recombination are thought to make the greatest
hosts for RE3* ions to increase UCL because they can minimize multi-phonon non-

radiative relaxation [5].

The majority of lanthanide ions are capable of undergoing UC from NIR to visible light;
regrettably, when pump concentrations are low, only a few trivalent lanthanide ions (like
Er3* and Tm®*) can undergo extremely effective UC (980 nm excitation) [12]. The most
frequently studied UC nanocrystals to date are Yb3*-Er3* or Yb3*-Tm3* co-doped NaYF4
nanocrystals [15—-16]. These nanocrystals are also widely acknowledged as possessing
the highest levels of luminescence of all fluorescent materials [14], making them the best
candidates for use in PV cells. NaYF4:Yb3*,Er®* nanocrystals are mostly utilized in solar
cells as photon absorption enhancers, and NaYF4 in the nanoscale size range is well-
known as a very effective host matrix for green and blue UC [5, 13]. "Due to its strong
photochemical stability, low phonon energy (350 cm™), high levels of transparency in the
UV, visible, and NIR ranges, and ability to control energy transfers between the Ln3* ions,
NaGdFs makes a great host material for achieving the UC and down-shifting
luminescence of Ln® dopants" [15]. At room temperature, NaYFs and NaGdFa
nanocrystals exist in two polymorphs, namely, hexagonal and cubic, which are excellent
luminous host matrices for the UC-process [5, 16]. Kim et al. [16] reported that fluoride
compounds, such as NaYF4/NaGdFa: Er®*Yb3*, are especially effective materials that
emit green radiation after being excited by IR light. In the NaYF4 and NaGdF4 hosts, the
RE dopant ions (Er3*, Ho®*, or Yb®*) substitute Y3* [6].
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NaYF4:Yb3 Er®* and NaGdF4:Yb3*,Nd** UC nanocrystals can be synthesized using a
variety of techniques, including co-precipitation, hydrothermal, solvothermal processing,
thermal decomposition, sol-gel, combustion, and flame synthesis [17-18]. However, the
majority of these synthesis techniques demand a number of difficult steps, expensive
equipment, and specific experimental conditions. The advantage of combustion synthesis
over alternative processes is the affordability with which NaYFa4:Yb3*,Er®* nanocrystals
may be produced since the process does not need expensive equipments. Additionally,
the combustion synthesis method enables the production of homogeneous, crystalline,
multi-component, fine powders with shorter processing times and lower temperatures
(i.e., a few minutes or even seconds). On the other hand, the high reaction rate typically
causes the products’ crystallinity to decrease and adds enduring by-products that impair
brightness. It is often necessary to perform an appropriate post-treatment to eliminate
these occurrences without resulting in excessive crystal growth [19]. In 2016, Roh et al.
[20] successfully synthesized the NaYF4:Yb®*,Eré* via a hydrothermal method and then
added them as a mesoporous layer capable of upconverting to CHsNH3sPblz PSCs). The
PCE of the PSCs based on the layer of upconverting mesoporous material was 16.0%.
This represents an improvement of 13.7% over the efficiency of conventional TiO2-
nanocrystal-based PSCs [19]. The NIR sunlight-collecting ability of the PSCs was 14.1%.
This demonstrates how hexagonal NaYF4:Yb®*,Er3* nanoprisms boost photocurrent by
extending the PSC's absorption range via UPL. The core-shell NaYF4:Yb3* Er3*/NaYFa
nanocrystals were prepared in 2018 by Huang et al. [21] using the thermal decomposition
technique. The produced nanoparticles demonstrated an improvement in the UCL after
being excited at 980 nm due to the superior surface defect reduction and spatial

separation of doped ions that the nanoparticles possessed.

The UCNCs include an activator, a sensitizer, and a matrix substance in their
construction. The activator serves in this capacity as the light centre. Sensitizers are
utilized to absorb energy before transferring that energy onto activator ions. The matrix
material, in general, does not contribute to the transmission of energy; rather, it serves as
a fixed dopant ion and provides the appropriate crystal field for the luminous centre [22—
23]. The UC process is dependent on a number of various processes, some of which are

"(i) the absorption of the excitation energy by the sensitizer, (ii) the transfer of energy from
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the sensitizer to the activator, (iii) the excited activator's radiative transitions, and (iv) the
luminescence quenching” [19, 24—-26]. For instance, in B-NaGdFa4:Yb3*, Ln3* (where Ln =
Er3*, Tm3*, or Ho*), Ln®* performs the role of the activator, Yb3* fulfils the function of the
sensitizer, and B-NaGdFa fulfils the function of the matrix material [9]. Yb3* is known to be
an outstanding sensitizer (energy donor) with two distinct ground and excited states that
are separated by 980 nm and correspond to the states 2Fz2 and 2Fsp2, respectively.
Typically, NIR laser is used to excite Yb3*, and energy is then transferred to an activator

(energy acceptor), improving visible or NIR emission [17].

In this study, we look at how the UC properties of NaYFs and NaGdF4 nanocrystals
change when the concentrations of Yb3*-Er¥* and Yb3-Nd3** and the annealing
temperatures are changed. Different techniques have been used to study the structure,

shape, molecular functional groups, and elements.

4.2 RESULTS AND DISCUSSION

4.2.1 XRD studies

Figure 4.1(a-c) displays the XRD patterns of the as-prepared and annealed NaYF4 and
NaYF4:Yb3* Er®* nanocrystals. Er®* was held constant while varying Yb3* and also Yb3*
held constant while varying Er3*. For the as-prepared nanocrystals in Figure 4.1(a) and
annealed at 600 °C samples Figure 4.1(b), the diffraction peaks were observed at angles
(208) of 17.19°, 28.56°, 30.79°, 34.73°, 40.17°, 43.59°, 47.50°, 52.99°, 53.83°, 55.09°,
61.14°,62.11°, 65.05°, 69.84°, 70.96°, and 77.56° corresponding to the reflection of (100),
(110), (101), (200), (111), (201), (210), (002), (300), (211), (102), (112), (220), (202),
(311), (212), and (302) crystal planes, respectively. The diffraction peaks mentioned
above matched the standard JCPDS data with card number 00-064-0156 quite well. The
as-prepared and the samples annealed at 600 °C were confirmed to exhibit the hexagonal
B-NaYFsphase. On the other hand, NaYF4:Yb3* Er®* nanocrystals annealed at 700 °C in
Figure 4.1(c), shows the diffraction peaks observed at angles (20) of 28.62°, 29.76°,
30.57°, 33.00°, 38.64°, 43.15°, 47.76° 53.41° 56.41° 59.28° 69.55° and 76.82°
corresponding to the reflection of (111), (110), (101), (200), (111), (201), (220), (300),
(311), (222), and (400), and (302) crystal planes, respectively, matching well with the

64


https://link.springer.com/article/10.1007/s10854-020-03689-w#Fig1

standard JCPDS data, card number 00-006-0342. These samples confirmed the
formation of the a-cubic of the nanocrystals. Diffraction peaks (100), (210), (002), (211),
(102), (202), (212), and (112) vanished after the samples were annealed at 700 °C. This
may be because material has recrystallized at high annealing temperatures, resulting in

a significant grain growth, which could account for the disappearance.
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Figure 4.1. XRD patterns of Yb3*-Er3* co-doped NaYFs nanocrystals (a) as-prepared, (b)
annealed at 600 °C, and (c) annealed at 700 °C.

Figure 4.2(a-c) displays the XRD patterns of the as-prepared and annealed NaGdF4 and
NaGdF4:Yb3* ,Nd3* nanocrystals. Nd** was held constant while varying Yb3* and also Yb3*

held constant while varying Nd3*.

The diffraction peaks for the as-prepared samples were observed at angles (20) of 17.01°,
27.73°, 30.15°, 36.15°, 42.94°, 46.76°, 48.14°, and 52.87° corresponding to the reflection
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of (100), (110), (101), (200), (201), (210), (022), and (211) crystal planes, respectively.
The diffraction peaks for all the samples annealed at 600 °C and 700 °C were observed
at angles (20) of 17.01°, 27.73°, 30.15°, 36.15°, 39.36°, 42.94°, 46.76°, 48.14°, 52.87°,
59.55°, and 61.52° corresponding to the reflection of (100), (110), (101), (200), (111),
(201), (210), (022), (211), and (220) crystal planes, respectively. All samples verified the
formation of the B-hexagonal phases of the nanocrystals. The as-prepared samples data
matched with the data of the standard JCPDS card number 01-082-4236, while the
annealed samples data matched with the data of the standard JCPDS card number 00-
027-0699. The impurity peaks were observed in the as-prepared sample (marked with*).
Those peaks are due to the short reaction time [27]. Upon annealing the nanocrystals at
600 °C and 700 °C, an additional diffraction peak was observed in comparison to the as-
prepared nanocrystals and the diffraction peak at an angle (20) of 52.87° disappeared.
The disappearing and adding of the diffraction peaks observed when the nanocrystals
were annealed may be because the material have recrystallized at high annealing
temperatures, resulting in a significant grain growth, which could account for the
disappearance and addition of the diffraction peaks. Some of these grains accumulate in
one direction (preferred orientation) as a result of recrystallization due to annealing. This
suggests that the substance's crystalline structure has changed. Either the phase
dissolves in a multiphase mixture or it has lost its crystal structure and turned amorphous
[27].
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Figure 4.2. XRD patterns of (a) the as-prepared, (b) annealed at 600 °C, and (c) annealed
at 700 °C NaGdFs and Yb3*-Nd3** co-doped NaGdF4 nanocrystals.

The peaks of the diffraction pattern become more prominent, broaden, and shift as the
NaYFs4 and NaGdF4 hosts are doped. Since dopant atoms swap out a few of the atoms
that make up the host when introduced into the host structure, the structure compresses
or expands [28]. The size of the dopant influences the peak shift in the XRD diffraction
peaks (see figure 4.3 (a), (c) and figure 4.4 (a-c)). If the dopant is smaller than the base
metal, it takes up an interstitial position, shifting the lattice structure and decreasing the
d-spacing between the atoms [29]. Figures 4.3 and 4.4 demonstrate the diffraction peak
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shift to either lower or higher diffraction angles for as-prepared and annealed NaYF4 and

NaGdF4 nanocrystals upon doping.

When the peak shifts to greater angles, the host structure contracts, and vice versa.
Furthermore, the shift in diffraction peaks represents an increase or decrease in lattice
parameters, owing mostly to the variations in ionic radii between the principal elements
and the dopant ions, showing that the dopant ions have been absorbed into the host
lattice in a successful manner [29-30]. If the particles are nanoscale in size, the diffraction
peak will be exceedingly diffuse and broad because the structure of the particles will be

considerably reflected in their highly disordered surface structure [31].
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Figure 4.3: Diffraction peak shift analysis of Yb3*-Er®* co-doped NaYF4 nanocrystals.
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Figure 4.4: Diffraction peak shift analysis of Yb3*-Nd3** co-doped NaGdF4 nanocrystals.
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4.2.2 Crystallite size, lattice parameters and strain analysis.

The Debye-Scherrer equation (1) [31] was employed to compute the crystallite size of the
samples, which uses the width of the peak at half of its greatest height (FWHM) of wide-
angle X-ray scattering.

091
D= 3C0s6 (4.1)

where A is the X-ray source's wavelength, 3 is the full-width at half maximum in radians,

and 6 is the angle of Bragg's diffraction.

The crystallite size, FWHM, lattice strain, and lattice parameters of the diffraction peaks
for the as-prepared and annealed samples were determined for both NaYF4 and NaGdFa4
nanocrystals. Varying the dopant concentrations and annealing temperatures,
respectively either increased or decreased the crystallite sizes of the nanocrystals. The
increase in the crystallite sizes may be due to the enhanced incorporation of Yb3* ions
into the Y3* and Gd®* sites of the NaYF4 and NaGdF4 host lattices. The decrease in
crystallite size indicates a reduction in the crystalline quality of the NaYFa4 with Yb3*-Er3*
and the NaGdF4 with Yb3*-Nd3* doping (indicated in table 4.1 and 4.2). This indicates that
changing dopant concentrations and annealing temperatures, respectively have a huge
effect in the crystallite sizes of the nanocrystals [32—33]. The lattice strains of the

nanocrystals were estimated using equation (2) [31]:

- B
& 4tan0@

(4.2)

€ - the lattice strain and B - the full width at half maximum. The lattice parameters for the

cubic structures were determined using the equation (3) [35]:

1 h?  k? 12
_ = il _— 4.3
dnki a t b2 t c? (4.3)

and for the hexagonal structures, the lattice parameters were determined using the
equation (4) [34]:
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4 h? +hk + k? 12
L ( )+ — (4.4)

dhkl B c?
Where the interplanar spacing (d) was determined from the equation (5) [28]:

Zdhkl Sine =nlcuka (45)

The estimated crystallite sizes of the nanocrystals, lattice strains, and lattice parameters
are shown in Tables 4.1 and 4.2, and the relationships between the dopant concentrations
and crystallite size, as well as lattice strains indicating that high level of doping
concentration increases the lattice strain and high annealing temperatures reduces the

lattice strain, are shown in Figures 4.5 and 4.6.
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Table 4.1: Crystallite size, strain and lattice parameters at for Yb3*-Er3* co-doped NaYF4 nanocrystals.

Crystallite Lattice Lattice Lattice

Sample name 28 (°) size strain parameters | parameters

(nm) (x10?) a=b (R) c @A)
As-prepared samples
NaYFsundoped 17.19 5.58 0.21 2.62 5.24
NaYFa:Yb3*(10%),Er3*(2%) | 17.19 7.25 0.16 2.62 5.24
NaYF4:Yb3+(20%),Er3*(2%) | 17.19 6.05 0.19 2.62 5.24
NaYF2:Yb3(30%),Er3*(2%) | 17.19 5.18 0.23 2.62 5.24
NaYF4:Yb3(20%),Er3*(1%) | 17.19 6.30 0.19 2.62 5.24
NaYFa:Yb3*(20%),Er3+(3%) | 17.19 5.18 0.22 2.62 5.24
Annealed at 600 °C samples
NaYFsundoped 17.19 4.84 0.24 2.62 5.24
NaYFa:Yb3*(10%),Er3*(2%) | 17.19 6.59 0.18 2.62 5.24
NaYFa:Yb3(20%),Er3*(2%) | 17.19 5.80 0.20 2.62 5.24
NaYF2:Yb3(30%),Er3*(2%) | 17.19 4.83 0.24 2.62 5.24
NaYFa:Yb3*(20%),Er3*(1%) | 17.19 5.37 0.22 2.62 5.24
NaYF4:Yb3(20%),Er3*(3%) | 17.19 5.00 0.23 2.62 5.24
Annealed at 700 °C samples

NaYFsundoped 47.76 3.75 0.12 3.53 3.53
NaYFa:Yb3*(10%),Er3*(2%) | 47.76 5.15 0.09 3.53 3.53
NaYFa4:Yb3+(20%),Er3*(2%) | 47.76 5.28 0.09 3.53 3.53
NaYF4:Yb3*(30%),Er3*(2%) | 47.76 5.03 0.09 3.53 3.53
NaYF4:Yb3*(20%),Er3+(1%) 47.76 4.79 0.10 3.53 3.53
NaYF4:Yb3+(20%),Er3*(3%) 47.76 5.03 0.10 3.53 3.53
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Table 4.2: Crystallite size, strain and lattice parameters at for Yb3*-Nd3* co-doped NaGdF4 nanocrystals.

Crystallite Lattice Lattice Lattice
Sample name 20 (°) size strain parameters | parameters
(nm) (x103) a=b (A) Cc@)
As-prepared samples
NaGdF4undoped 27.73 1.13 0.94 2.63 0.69
NaGdF4:Yb3+(10%),Nd3(2%) | 27.73 1.24 1.29 2.63 0.69
NaGdF4:Yb3+(20%),Nd3(2%) | 27.73 0.88 1.41 2.63 0.69
NaGdFa:Yb3*(30%),Nd3*(2%) | 27.73 0.78 1.40 2.63 0.69
NaGdF4:Yb3*(20%),Nd3+(1%) | 27.73 0.96 0.95 2.63 0.69
NaGdF:Yb3(20%),Nd3*(3%) | 27.73 1.55 0.70 2.63 0.69
Annealed at 600 °C samples
NaGdFs undoped 42.71 1.81 0.52 2.28 2.28
NaGdF:Yb3*(10%),Nd3*(2%) | 42.71 2.16 0.52 2.28 2.28
NaGdFa:Yb3+(20%),Nd3(2%) | 42.71 2.57 0.37 2.28 2.28
NaGdF4:Yb3+(30%),Nd3(2%) | 42.71 2.10 0.44 2.28 2.28
NaGdF4:Yb3(20%),Nd3*(1%) | 42.71 1.81 0.52 2.28 2.28
NaGdF4:Yb3(20%),Nd3*(3%) | 42.71 0 0 2.28 2.28
Annealed at 700 °C samples

NaGdFs undoped 55.28 1.52 0.39 2.28 2.28
NaGdF4:Yb3(10%),Nd3*(2%) | 55.28 1.50 0.49 2.28 2.28
NaGdFa:Yb3*(20%),Nd3(2%) | 55.28 1.04 0.83 2.28 2.28
NaGdFYb3(30%),Nd3*(2%) | 55.28 1.68 0.39 2.28 2.28
NaGdFa:Yb3*(20%),Nd3(1%) | 55.28 1.93 0.44 2.28 2.28
NaGdFa:Yb3+(20%),Nd3*(3%) | 55.28 2.23 0.49 2.28 2.28
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4.2.2 FE-SEM and EDS and elemental mapping analysis

Figures 4.7-4.12 show FE-SEM images of the as-prepared and annealed undoped and
Yb3*-Er3* and Yb3*-Nd** doped NaYFsand NaGdF4, respectively. In Figures 4.7—4.9, the
concentration of Er3* ions were held constant at 2 mol% while the concentration of Yb3*
ions was changed from 10 to 30 mol%. Again, the concentration of Yb3* ions was kept
constant at 20 mol% while that of Er3* ions was changed from 1 to 3 mol% when doping
the NaYF4 host.

In the process of varying the dopants' concentrations, the samples exhibited a dramatic
difference in morphologies. Figure 4.7(a) displays the undoped NaYFs4, showing
spherical-like nanocrystals, whereas Figures 4.7(b) and (c) show that increasing the Yb3*
ion dopant concentration leads to a combination of spherical-like and growing rod-like
morphologies. Figure 4.7(d) shows a mixture of rods and cubic structures at the highest
doping concentration of Yb3* (30 mol%). When the Er®* ion concentrations were increased
from 1 to 3 mol% (as shown in Figure 4.7(c-f)), the morphology changed to an irregular
shape, then to rods, and finally to spherical at the highest Er3* ion concentration (3 mol%).

Figure 4.7: FE-SEM images of the undoped and Yb3" — Er¥* co-doped NaYFs
nanocrystals, before annealing.
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Upon annealing the samples at 600 °C, as shown in Figure 4.8(a-f), the undoped NaYF4
nanocrystals displayed a highly agglomerated rod-like morphology (see Figure 4.8(a)).
Thereafter, the formation of hexagonally shaped morphology was observed for
NaYF4:10%Yb3*,2%Er** and NaYF4:20%Yb3*,2%Er3* as it appears in Figure 4.8(b-c),
with NaYF4:30%Yb3*,2%Er®* showing clearer cubic structured morphology in Figure
4.8(d). Again, when changing the Er®* ion concertation from 1 to 3 mol% (depicted in
Figure 4.8(c-f)), the morphology evolved to irregular particle shape with combinations of
spherical, and traces of hexagonal shapes at the Er3* concentration of 3 mol%. As the
dopant changes and the annealing temperature increases, the structure and morphology
changes. High level of doping decreases the particle sizes. This confirms what was
observed in XRD.

Figure 4.8. FE-SEM images of the undoped and Yb3* — Er®** co-doped NaYF4

nanocrystals, annealed at 600 °C.

Figure 4.9(a-f) depicts the annealed samples at 700 °C. The undoped NaYFs and the
samples where Yb3* was varied (10—-30 mol%) revealed the formation of a non-uniform
morphology with pores. The observed pores are due to the gases that come out of the
surface during the combustion process and the high annealing temperatures. When Er3*
was varied (1-3 mol%), the NaYF:20%Yb3*,1%Er3* sample showed a spherical
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morphology, whereas the NaYF4:20%Yb3*,3%Er3* sample showed a cubically structured
morphology. All samples annealed at 700 °C showed agglomeration of particles, which
could be attributed to the high annealing temperature and weak magnetic interactions
between the particles [36]. The particle sizes of the nanocrystals decreased with an

increase in annealing temperatures.

Figure 4.9. FE-SEM images of the undoped and Yb3* — Er®* co-doped NaYF4

nanocrystals, annealed at 700 °C.

In figures 4.10-4.12, the concentration of Nd3* ions were maintained at a constant level
of 2 mol%, while the concentration of Yb3* ions was varied from 10 to 30 mol%. Again,
the concentration of Yb3* ions was kept constant at 20 mol%, while that of Nd3* ions was
changed from 1 to 3 mol% when doping the NaGdFs4 host. A distinct variation in
morphologies is observed in the process of altering dopant concentrations and annealing
temperatures. As shown in Figure 4.10, all as-prepared nanocrystals have a non-uniform

irregular morphology.

78



Figure 4.10: FE-SEM images of the undoped and Yb3 — Nd*' co-doped NaGdFa

nanocrystals, before annealing.

The undoped NaGdF4 and the NaGdF4:10% Yb3*,2% Nd3* samples exhibit a non-uniform
irregular morphology after being annealed at 600 °C, whereas the
NaGdF:20%Yb3",2%Nd3*,  NaGdF4:30%Yb3*,2%Nd3*, NaGdF4:20%Yb3*,1%Nd>*,
NaGdF4:20%Yb3*,3%Nd3* samples exhibit a cubic morphology (see figure 4.11).
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Figure 4.11. FE-SEM images of the undoped and Yb3 — Nd3* co-doped NaGdFs

nanocrystals, annealed at 600 °C.

When the annealing temperature was increased to 700 °C, an irregular shaped
morphology with agglomeration was observed for all the nanocrystals as shown in figure
4.12. These results suggest that altering the concentrations of the dopants Yb®* and Er3*
on NaYFs and Yb®* and Nd* on NaGdFs, as well as the annealing temperatures,
significantly affects the morphology of the NaYF4 and NaGdF4 nanocrystals. As confirmed
by XRD results, the crystal structure was greatly affected by the annealing temperatures,

and this discovery is consistent with the FE-SEM results.
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Figure 4.12. FE-SEM images of the undoped and Yb3 — Nd3* co-doped NaGdF4
nanocrystals, annealed at 700 °C.

EDS studies were further conducted to evaluate the elemental composition of the
manufactured nanocrystals. As illustrated in Figure 4.13 (a-b), expected elements like
sodium (Na), yttrium (Y), fluorine (F), ytterbium (Yb), and erbium (Er) were confirmed.
Figure 4.14(a-b) shows the expected elements like sodium (Na), gadolinium (Gd), fluorine
(F), ytterbium (Yb), and neodymium (Nd). For both the undoped NaYF4 and NaGdF4 as
well as the Yb3*-Er®* co-doped NaYFs and the Yb3*-Nd%* co-doped NaGdFs, the
corresponding elemental mappings of Na, Y, F,Yb, and Er elements in NaYF4 and Na,
Gd, F,Yb, and Nd elements in NaGdF4 nanocrystals are shown in Figures 4.15 and 4.16.
Elemental mapping was done to show the distribution of the elements across the surface

of the nanocrystals.
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Figure 4.16. Elemental mapping of the Yb3* — Nd®* co-doped NaGdF4 nanocrystals.
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4.2.3 Thermogravimetric (TGA) analysis

To investigate the stability of the samples, the as-prepared NaYF4:20%Yb3*,2%Er®* and
NaGdF4:20%Yb3*,2%Nd3* nanocrystals were analysed using TGA. This was done to
observe the stability temperatures of the samples. Figure 4.17 shows the TGA curve of
the NaYF4:20%Yb3*,2%Er* nanocrystals, indicating a total weight loss of 10.23% in the
temperature region from 20 to 690 °C. The initial drop in weight of 3.01% in the range 20—
400 °C is ascribed to the water loss [37—-38]. The evaporation of the nitrates present on
the nanocrystals' surface is responsible for the second, more extreme loss of 7.22% in
the range 450-680 °C [37].
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Figure 4.17: Thermogravimetric analysis (TGA) curves of NaYF4:20%Yb3* 2%Ers*

nanocrystals.
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The TGA curve of the as-prepared NaGdF4:20% Yb3*,2% Nd3* nanocrystals is shown in
Figure 4.18, revealing a total weight loss of 5.43 % in the temperature range from 10 to
690 °C. The initial 0.78% loss of weight at temperatures ranging from 10 to 400 °C is
attributed to water loss [37—-38]. The second, more severe loss of 4.01 % and the third
loss of 0.64 % between 450 and 660 °C are both attributed to the evaporation of nitrates
that are present on the nanocrystal surface [37]. This showed the stability temperatures

of the nanocrystals. The stable nanocrystals are crucial for optical application.
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Figure 4.18: Thermogravimetric analysis (TGA) curves of NaGdF4:20%Yb3*,2%Nd3*

nanocrystals.

4.2.4 FTIR and Raman Analysis

The vibration modes of molecules in manufactured nanocrystals were studied using FTIR
spectroscopy in the wavenumber range of 500 to 200 cm™ (Figures 4.19 and 4.20). Figure
4.19(a) shows the FTIR spectra of the undoped NaYFs, NaYF:10%Yb3*,2%Er3*,
NaYF4:20%Yb3*,2%Er®*, and NaYF4:30%Yb32%Er®* nanocrystals, Figure 4.19(b)
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Transmittance (%)

shows the comparison of the NaYF4:20%Yb3*,2%Er3* as-prepared, annealed at 600 °C
and annealed at 700 °C. All the samples exhibited the same spectral pattern. The
presence of the RE3*—F stretching vibrations in the nanocrystals is confirmed by the peak
at ~834 cm [39]. The peaks at ~1120 and ~2075, and ~2339 cm™ are assigned to the
C-O stretching vibration of the carboxyl groups. The bands at ~1380 and ~1645 cm™ are
attributed to the symmetric and asymmetric stretching vibrations of the carboxylate
anions, implying the strong -COO-RE3?* complex formation on the nanocrystals surface.
The broad band exhibited by the nanocrystals at around 3463 cm is assigned to the O-
H stretching vibration [40]. Figure 4.19(b) indicates that increasing the annealing
temperature on NaYF4:20%Yb3*,2%Er®* nanocrystals increase the transmittance %.

These results confirm that the dopants have been successfully embedded in the NaYFa4
host.
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Figure 4.19. FTIR spectra of (a) as-prepared Yb3*-Er®* co-doped NaYFs nanocrystals
and (b) comparison of annealed nanocrystals at 600 °C and 700 °C.

Figure 4.20(a) below shows the FTIR spectra of the undoped NaGdFs,
NaGdF4:10%Yb3*,2%Nd3*, NaGdF4:20%Yb3*,2%Nd**, and NaGdF:30%Yb3*,2%Nd3*
nanocrystals and Figure 4.20(b) shows the comparison of the NaGdF4:20%Yb3*,2%Nd3*
as-prepared, annealed at 600 °C and annealed at 700 °C. All the samples exhibited the

same spectral pattern. The presence of the RE3®*-F stretching vibrations in the
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nanocrystals is confirmed by the peak at ~640 cm™ [39]. The peaks at ~1116 and ~2077,
and ~2416 cm™ are assigned to the C-O stretching vibration of the carboxyl groups. The
bands at ~1398 and ~1638 cm* are attributed to the symmetric and asymmetric stretching
vibrations of the carboxylate anions, implying the strong -COO-RE?** complex formation
on the nanocrystals surface. The broad band at around 3456 cm™ is assigned to the O-H
stretching vibration [40]. When the nanocrystals are annealed at 600 °C and 700 °C, the

transmittance % increases with an increase in the annealing temperature, as indicated by
Figure 4.20(b).
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Figure 4.20. FTIR spectra of (a) as-prepared Yb3*-Nd3** co-doped NaGdF4 nanocrystals

and (b) comparison of annealed nanocrystals at 600 °C and 700 °C.

To discover the non-radiative relaxations, the vibrational modes of the synthesized
nanocrystals were studied. Figure 4.21(a-c) illustrates the Raman spectra of the as-
prepared NaYF4:x%Yb3* 2%Er®* (x = 10, 20, and 30) and NaYF:20%Yb3*,2%Er3*
annealed at 600 °C and 700 °C nanocrystals. The clear and distinct peaks between 150
and 750 cmt, and 1000 cm™ of the hexagonal phase nanocrystals (as-prepared and the
NaYF4:20%Yb3*,2%Er®* annealed at 600 °C) are attributable to the lattice of the NaYF4

vibrational characteristics. The Na-F pair of atoms' vibrational frequencies are assigned
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Intensity (a.u)

to peaks between 460 and 770 cm-1. The occurrence of the -OH band between 1300 and
1400 cm is clearly visible in the as-prepared sample NaYFa4:Yb3*(10%),Er®*(2%), and
is assigned to the phonon frequencies of Y-OH. Induced strain could be the cause of the
difference in peak intensity [41]. The NaYF4:20%Yb3*,2%Er3* nanocrystals annealed at

700 °C shows two dominant broad bands around 366 and 750 cm™.
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Figure 4.21: Raman spectra of NaYF4:10%Yb3*,2%Er®*, NaYF4:20%Yb3*,2%Er3*, and
NaYF4:30%Yb%*,2%Er3* nanocrystals (a) as-prepared (b) NaYF4:20%Yb3* 2%Er*
annealed at 600 °C (c) NaYF4:20%Yb3*,2%Er®* annealed at 700 °C.
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The Raman spectra of undoped and Yb3*-Nd3* doped NaGdF4 nanocrystals in the wave
range 200 to 1500 nm are shown in Figure 4.22. The dominant high intensity peaks
between 200 and 490 cm™ are attributed to the B-NaGdFa4:xYb3* xNd** nanocrystals'
lattice phonon modes [42]. The peaks between 461 and 763 cm™ are assigned to the
vibrational frequencies of Na-F [41-42]. The peaks between 905 and 1168 nm that are
increasing with an increase in Yb3* concentrations are assigned to the vibrational bands
of ytterbium nitrates [43]. The band at 1378 cm™ is attributed to the phonon frequencies
of Y-OH [41]. The peak intensity increased, and the peaks shifted after annealing the
samples at 600 and 700 °C. This means that the fraction of substance in the samples
contributing to the vibrational mode increased with an increase in annealing temperatures
[42]. The chemical bond length of the molecules, which causes electron cloud migration,
is linked to the observed shifting of the Raman peaks towards a lower or higher
wavenumber [43]. A movement to a higher wavenumber is brought on by a shorter bond
length, whereas a shift to a lower wavenumber is brought on by a longer bond length [38].
Raman spectra confirm the structural behaviour of the synthesized samples. These
results support the related XRD data indicating the hexagonal and cubic phases for the

respective nanocrystals.
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Conclusion

NaYF4:Yb3* Er®* and NaGdFa4:Yb3*,Nd®* nanocrystals were successfully synthesized by
the solution combustion method, and the influence of the concentration of the dopants
and the annealing temperature on the structure, morphology, and optical properties were
examined. Both NaYFa4:Yb3* Er3* and NaGdF4:Yb3*,Nd3* nanocrystals were annealed at
600 and 700 °C, respectively. For the NaYFa:Yb3* Er®* nanocrystals, XRD analysis
indicated the hexagonal phase for the as-prepared and the nanocrystals annealed at 600
°C and the cubic phases for the 700 °C annealed nanocrystals. While for the
NaGdF4:Yb3* ,Nd3* nanocrystals, XRD analysis indicated the hexagonal phase for all

prepared nanocrystals.

The XRD patterns revealed that doping NaYF4 and NaGdF4 leads to a shift in diffraction
peaks, a broadening, and a change in peak intensities. The nanocrystals demonstrated
different morphologies, including spherical, cubic, hexagonal, non-uniform, irregular, and
porous, as dopant concentrations (10-30 mol% of Yb3*, 1-3 mol% of Er®*, and Nd**) and
annealing temperatures were changed. TGA analysis showed the stability temperatures
of the NaYF4:20%Yb3*,2%Er®* and the NaGdF4:20% Yb3*,2% Nd3* samples, with two
weight losses of 3.01% and 7.22% in the wave ranges 20-400 °C and 450-680 °C for
the NaYF4:20%Yb3*,2%Er3* sample, and three weight losses of 0.78 %, 4.01 %, and
0.65 % in the wave ranges of 10-400 °C and 450-660 °C for the NaGdF4:20% Yb3*,2%
Nd3* sample which are all assigned to the water loss and the evaporation of the nitrate

ions.

FTIR spectra showed the expected vibrational modes of the NaYF4, NaYFa4:Yb3* Er3*,
NaGdF4, and NaGdF4:Yb3*,Nd3* nanocrystals. An increase in the intensity was noted in
the FTIR spectra of the NaYF4:20%Yb3",2%Erd* and NaGdF4:20%Yb3*,2%Nd3*
nanocrystals. Raman spectra revealed the clear and distinct peaks between 150 and 750
cm?, and 1000 cm? of the hexagonal phase nanocrystals (as-prepared and the
NaYF4:20%Yb3*,2%Er** annealed at 600 °C), which were attributed to the host lattice
NaYFs vibrational characteristics. For the NaGdFa4:Yb3*,Nd3* nanocrystals, Raman
spectra revealed the peaks assigned to the lattice phonon modes of the -

NaGdFa:xYb3* xNd3* nanocrystals between 200 and 490 cm™, vibrational frequencies of
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Na-F between 461 and 763 cm, vibrational bands of ytterbium nitrates between 905 and
1168 cm, and phonon frequencies of Y-OH at 1378 cmX. Upon annealing the samples
at 600 °C and 700 °C, the enhancement in the peak intensity and also the shifting of the

peaks was observed. The Raman results agreed well with the XRD data.
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CHAPTER 5

Optical and thermoluminescence studies of
the NaYFs4:Yb3 Er3* and NaGdF4:Yb3t Nd3*
nanocrystals.

5.1 INTRODUCTION

Luminescence is described as the emission of electromagnetic radiation (light) in the
range between UV and IR from solid materials known as phosphors when activated by
some type of external energy [1]. It involves the emission of light at a longer wavelength
(the emission wavelength) after a chemical molecule absorbs light at a particular
wavelength [2]. Luminescence can be categorized in different ways, such as
"photoluminescence, cathodoluminescence, radioluminescence, thermoluminescence,
electroluminescence, triboluminescence, sonoluminescence, chemiluminescence, and
bioluminescence," depending on the excitation source [1, 3]. RE-doped nanophosphors
are essential optical and luminous materials for solar cell applications. This is due to the
fact that they can go through the UC mechanism process. Studies of the optical behaviour
of such materials offer information regarding the interactions between the dopant and the
surrounding matrix, as well as energy transfer [4]. The PL (UCL), TL, and optical
absorption characteristics of the prepared nanocrystals are examined and discussed in

this chapter.

5.2.1 Photoluminescence (PL) analysis

Figure 5.1(a-b) depicts the UPL emission spectra of the as-prepared NaYF4 nanocrystals
doped with various concentrations of Yb3* (10 — 30 mol%) and Er®* (1 — 3 mol%) in the
wavelength range from 400 to 800 nm under the excitation wavelength of 980 nm. Figure
5.1(b) shows the UPL spectra while varying the sensitizer. All the samples showed the
same spectra and the upconversion luminescence phenomenon, which was first seen by
Auzel et al. [5]. The UPL emission spectra shows three significant emission bands at ~483

nm (green light), ~542 nm (green light), and ~665 nm (red light), which are assigned to
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4H1172-%11572, 4S32—*l152, and *Fare—*l152 transitions of erbium, respectively [5-6]. Red
emission was found to have a greater relative increase in intensity than green emission
when the concentrations of Er — Yb were varied. This might be because only a small
number of Er3* ions emit green light at the Hi12 and #Ss2 levels, while more Er3* ions

remain at the red emission level of 4Fg2 [7].

Changing the concentration of the sensitizer (Yb3*) from 10 to 30 mol% while holding the
activator (Er®*) at 2 mol% as shown in figure 5.1 (b) allowed for an analysis of the influence
of concentration on the UCL and energy transfer mechanism in the Yb3*-Er3* co-doped
NaYF4 nanocrystals. Increasing the Yb3* concentration from 10% to 20% in figure 5.1 (b)
resulted in a greater luminescence intensity, indicating efficient energy transfer from Yb3*
to Er®* ions; however, increasing the concentration to 30% resulted in a lesser
luminescence intensity, illustrating the concentration quenching effect. The concentration
guenching effect that occurred when Yb3* was increased to 30% might be due to the fact
that an increase in the doping concentration of ions in nanocrystals results in a greater
number of photon sensitizers and emitters, a shorter distance between the activator and

the sensitizer, and an overall brighter emission.

However, as was observed when the concentration of Yb3®" was raised to 30%,
concentration quenching dominates with great amounts of dopants. As a result, this can
diminish the effectiveness of the sequential transfer of energy. As a consequence of this,
the proper doping concentration management in the particular host governs their ability
to leverage the transfer of energy process and, ultimately, their luminescence

effectiveness [8].
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Figure 5.1. (a) Upconversion emission spectra of Yb3*-Er3* co-doped NaYF4 nanocrystals
when excited by 980 nm laser beam (b) Upconversion emission spectra while varying

concentrations of the sensitizer Yb3*.

To investigate how temperature affects the UCL of NaYF4, the UPL for unannealed, 600
°C annealed, and 700 °C annealed NaYFa4: x% Yb3*, 2% Er3* (x = 10, 20, and 30%)
samples was plotted together and their intensities were compared (See Figure 5.2(a-c)).
The annealing of the nanocrystals enhanced the UCL. From these results, we observe
that increasing concentrations of Yb®* increase the luminescent intensity of the
nanocrystals, but increasing the concentration above the concentration threshold reduces
the UPL intensity of the nanocrystals due to concentration quenching as indicated by
figure 5(b), whereas increasing the annealing temperature enhances the PL intensity of
the nanocrystals (see figure 5.2 below). Therefore, by carefully adjusting the annealing
temperature and doping concentrations, the effectiveness of the photoluminescent

materials can be improved.
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Figure 5.2. Up-conversion PL spectra of (a) NaYF4:10%Yb3*,2%Er*, (b)

NaYF4:20%Yb3*,2%Er®* and (c) NaYF4:30%Yb3*,2%Er3*, showing how the annealing

temperature affects the luminescence intensity.

Figure 5.3 illustrates the UPL emission spectra of the NaGdF4 nanocrystals in their as-
prepared state, doped with varying concentrations of Yb3* (10—30 mol%) and Nd** (1-3
mol%) in the wavelength range of 400—900 nm under the excitation wavelength of 980
nm. As shown in Figure 5.3(a-b), all samples revealed the same pattern. Excited by light
at 980 nm, all Yb**-Nd** co-doped NaGdFs samples showed six significant sensitized

upconversion bands centered at 485, 542, 620, 660, 709, and 830 nm, which correspond
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2P32—4Fs2, and *Fsz2—*le2 respectively [9]. Several investigations have demonstrated
that activator and sensitizer dopant concentrations significantly impact UPL [10]. To study
the effects of Yb3* on the UPL spectra of the NaGdF4, Yb3* was changed from 10% to
30% while Nd3* was held constant at 2%. The luminescence intensity of the nanocrystals
decreased when Yb3* was increased from 10% to 20% but increased when the
concentration was increased to 30%. The observed luminescent intensity decrease
demonstrates the concentration quenching effect [8]. This may be due to the fact that
surpassing the concentration threshold makes the sequential transfer of energy process
less effective [11].
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Figure 5.3. (a) The spectra of upconversion emission from Yb3+-Nd3+ co-doped

NaGdF4 nanocrystals excited by a 980 nm laser beam (b) Changing the amount of Nd3*.

To examine how temperature affects the UCL of NaGdFs4, the UPL for unannealed,
annealed at 600, and 700 °C NaGdF4: x% Yb®*, 2% Nd3** (x = 10, 20, and 30%) samples
were plotted together and their intensities were compared (See Figure 5.4(a-c)). The UPL
intensity increased with an increase in the annealing temperatures for the
NaGdF4:10%Yb3*,2%Nd3* and NaGdF4:20%Yb3*,2%Nd3* nanocrystals, and for the
NaGdF4:30%Yb3*, 2%Nd3*, the UPL intensity decreased when the nanocrystals were
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annealed. From these, it was observed that the annealing of the nanocrystals enhanced
the UCL of the NaGdF4:10%Yb3*,2%Nd3** and the NaGdF:20%Yb3**, 2%Nd** but
decreased the UPL for the NaGdF4:30%Yb3*-Nd3*. This might be because increasing the
annealing temperatures for samples that are highly doped and showing concentration

guenching does not improve the luminescence intensity.
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Figure 5.4. Up-conversion PL spectra of (a) NaGdF410%Yb3*,2%Nd3*, (b)
NaGdF4:20%Yb3*,2%Nd3*, (c) NaGdFs:30%Yb3*,2%Nd**, showing the effects of

temperature in the luminescent intensity of the nanocrystals.
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5.2.2 Proposed energy-transfer mechanism

Figure 5.5 displays the energy levels of the Yb3* and Er3* ions as well as the transfer of
energy processes during stimulation at 980 nm. The prepared samples are all showing
ETU. The ETU is a UPL by Yb®*-Er®* in which a low-phonon-energy host is needed to
prevent the first excited state (the Er®* 4112 level) from rapidly relaxing without emitting
radiation. The low phonon energy of NaYF4 accounts for the presence of UPL in these
samples [12]. Due to their equal (+3) charge, Yb3* and Er®* ions doped in the NaYFa4 host
lattice will replace the Y3* site in the NaYFa4:Yb,Er mixture. The absorbing of two photons
one after the other in this combination is the foundation of the optical process. As a
sensitizer, the Yb3* ion absorbs and transfers NIR photon energy to the Er3* ion in two
stages, the excited and intermediate states, respectively. The Er3* ion then experiences
multiphonon relaxations that shift its highly excited states into less excited ones,

producing radiative emission in the visible spectrum between 500 and 700 nm [5].

Under 980 nm excitation, the Yb3*ion can be raised from its ground state to the 2Fs2 level
by the absorption of the first photon, which subsequently transfers the energy to the Er3*
ion. In the event that the “l112 level is already occupied, this transfer of energy can
promote the Er®* ion from the “li52 level to the “l112 level, and from the “l112 level to the
4F712 level via a different ETU process (or a second 980 nm photon). Green emissions are
produced when the Er3* ion relaxes nonradiatively to the ?He2, Hi12, and #Ss2 levels
(®H1r2 — “l152 and 4Sz2 — “l1s2). If, on the other hand, the ion relaxes even more and

occupies the 4Fg2 level, red emission (*Fo2 — “l15/2) results [13].
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Figure 5.5: Mechanism of Yb3* to Er®* energy transfer under stimulation at 980 nm.

Figure 5.6 displays the Yb3* and Nd3* energies as well as the energy transfer processes
under excitation at 980 nm. The ETU is present in all the prepared samples. A low-
phonon-energy host is needed for the ETU, a UPL by Yb3*-Nd?*, to prevent the rapid non-
radiative relaxation of the first excited state (the Nd3* —#Dazy2 level). The occurrence of
UPL in these samples is explained by the low phonon energy of NaGdF4 [10]. Yb%* and
Nd** ions doped in the NaGdFs host lattice will replace the Gd3** site in the
NaGdF4:Yb®* ,Nd3* combination due to their equal (+3) charge. The sequential absorption
of two photons in this combination is the foundation of the optical process. As a sensitizer,
the Yb3*ion absorbs and transfers NIR photon energy to the Nd3* ion in two stages, called
the excited and intermediate states, respectively. After then, multiphonon relaxations
convert the Nd3* ion's highly excited states to lower excited states, causing radiative
emission in the 500—-700 nm visible spectrum [5]. Under 980 nm excitation, the first
photon's absorption can raise the Yb3* ion from its ground state to the ?Fs2 level and
subsequently transfer the energy to the Nd®* ion. This energy transfer can promote Nd3*

ions from the “l1s2 level to the #4112 level and from the “l112 level to the *Fr72 level via
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another ETU process (or a second 980 nm photon) if the Dz level is already occupied.
Green emissions (*Dzz2—*l1s12, *G72—*lar2, *G72—*111/2, and *Gz2—*1152) originate from
the Nd3* ions relaxing nonradiatively to the Gz levels. If the ion relaxes any further, it

can occupy the 2Pz2 and *Fz12 levels and emit red light (2P32—*Fs/2, and *Fai—*la2) [13].
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Figure 5.6: Mechanism of Yb3* to Nd3* energy transfer under stimulation at 980 nm.

5.2.4 UV-Vis-NIR analysis

Figure 5.7 depicts the UV-Vis absorption spectra of undoped NaYFs and Yb3*-Eré* co-
doped nanocrystals. The absorption peak occurs in the 250—-1800 nm wavelength range.
The nanocrystals exhibit six characteristics peaks of Er3* at ~487, 520, 654, 802, 972 and
1526 nm corresponding to electron transitions of *lis2 — 4F7i2 (~ 487 nm), 4152 — *H112
(~ 520 nm), 4152 — 2For2 (~ 654 nm), *l15:2 — 4lo2 (~ 802 nm), and *l152 — 4l13;2 (~ 1500
nm), respectively [14]. The absorption peak in the NIR wavelength range (972 nm)
corresponds to the intense ?F7;2 absorption band of Yb3*, which overlaps with the 4112

absorption transition of Er3* [15].
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Figure 5.7. Absorption spectra of (a) Yb3*-Er¥* co-doped NaYFs nanocrystals and (b)
direct bandgap evaluation using Tauc plot.

The spectra of the UV-Vis absorption of the undoped NaGdFs and Yb3*-Nd3* co-doped
NaGdF4 nanocrystals in the wavelength range 250 to 850 nm are shown in Figure 5.8
below. The nanocrystals displayed five absorption peaks of Nd3* at ~ 295, 510, 573, 740,
and 796 nm assigned to the band-to-band transitions of NaGdF4, 4l152 — 4F7/2 (<510 nm),
#1512 — 4S52 (=573 nm), 41152 — 4For2 (~740 nm), and “4l152 — 4lei2 (~796 nm), respectively
[16]. Broad absorption in the visible region extending towards the NIR region was
observed for all the doped samples. This means that these nanocrystals will make it

possible for the PSCs to absorb light in the NIR range.
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Figure 5.8. Absorption spectra of (a) Yb3*-Nd** co-doped NaGdF4 nanocrystals and (b)

direct bandgap evaluation using Tauc plot.

The absorption spectra illustrate that Er3* and Yb®* are well embedded into the lattice
structure of NaYFs, and Yb3* and Nd3* are also well incorporated into the host lattice of
NaGdF4 [17-19]. When the dopant concentrations were changed, a peak shift towards
the higher wavelength was seen to be taking place. This might be because of the growth
in the crystallite sizes of the nanocrystals. The absorption peak wavelengths are shifted
toward the long wavelength range, and the absorption peaks are often greater in larger
conjugated systems [17].

The optical bandgap values were determined for both the undoped, and doped materials
based on optical spectrum absorption using the Kubelka-Munk equation provided by
equation 5.1 [20]:

a __ (1-R)?

FR)Z5 = — (5.1)

Where a = (1-R) is the molar absorption coefficient, s is the scattering factor, and R is the
reflectance of materials. For the direct allowed transitions using the Tauc plot, the
bandgap energy can be obtained by extrapolating the slope of the Tauc plot to (ahv)? =0
[21].
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(ahv)? = A (hv - Eg) 5.2

where F(R) is proportional to a since s is only slightly dependent on the wavelength [20],
A is the proportionality constant, hv is the energy of a photon, and Eg is the direct
bandgap. As shown in figures 5.7(b) and 5.8(b), the band gap of the samples was found
by plotting (hv)? as a function of photon energy and extrapolating the linear part of the

curve to absorption equal to zero [21].

The band gap of the nanocrystals changed as the amount of dopants changed. This could
be because the ratio of the number of states to the amount of energy depends on the
chemical composition of the material. If the chemical composition changes, at the very
least, the ratio of the number of states to the amount of energy should also change.
Doping changes the chemical make-up because dopants are impurities. There can't be a
rule that says the bandgap will get smaller when impurities are added to the way the
energy of the allowed states is spread out. Dopants are commonly referred to as
impurities that allow shallow states in the bandgap. When there is a lot of doping, the
shallow levels have low ionization energies, which makes the dopant states form a band.
If this band is close to the edge of the valence or conduction band, the bandgap will get
smaller. [22-23]. Since the Fermi level's shift to the conduction band has taken up some
of the lowest states in the conduction band, the band gap has grown. This makes it harder
to move from the valence band to the conduction band [24, 25]. The bandgap gets bigger
as the size of the nanocrystals' crystallites gets smaller [26, 27]. The results of this study
also showed that this is true. Through annealing, the optical band gaps of the nanocrystals
were made smaller. This shows that the conductivity goes up directly in line with the
temperature of annealing [28]. This gives the nanocrystals a better chance of being used
as the electron transport layer in photovoltaic solar cells, where they can absorb low-
energy NIR photons and turn them into high-energy visible light that PV materials can
absorb to make more photocurrent. Figures 5.7(b) and 5.8(b) show how the optical
bandgaps of all nanocrystals were estimated, and Tables 5.1 and 5.2 show approximated

band gap and absorption edge wavelengths for both undoped and doped nanocrystals.
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Table 5.1. Estimated absorption edge wavelength and band gap for undoped and doped NaYFs
nanocrystals.

Sample name Absorbance wavelength Estimated bandgap

(nm) (eV)

As-prepared samples

NaYF4:10%Yb3*,2%Er3* 517 3.84
NaYF4:20%Yb3*,2%Ers* 521 3.81
NaYF4:30%Yb3*,2%Ers* 524 3.79
NaYF4:20%Yb3*,1%Ers* 535 3.71
NaYF4:20%Yb3*,3%Er3* 519 3.82
Annealed @ 600°C
NaYF4:10%Yb3*,2%Ers3* 541 3.67
NaYF4:20%Yb3*,2%Ers3* 537 3.69
NaYF4:30%Yb3*,2%Ers3* 541 3.76
Annealed @ 700°C
NaYF4:10%Yb3*,2%Ers3* 538 3.69
NaYF4:20%Yb3*,2%Ers* 550 3.61
NaYF4:30%Yb3*,2%Ers3* 546 3.63

Table 5.2. Estimated absorption edge wavelength and band gap for undoped and doped NaGdF4
nanocrystals.

Sample name Absorbance wavelength Estimated bandgap

(nm) (eV)
As-prepared samples

NaGdF4:10%Yb3*,2%Nd3* 574 3.45

NaGdF4:20%Yb3%,2%Nd3* 573 3.46

NaGdF4:30%Yb3%,2%Nd3* 578 3.43

NaGdF4:20%Yb3*,1%Nd>* 576 3.44

NaGdF4:20%Yb3*,3%Nd>* 588 3.37
Annealed @ 600°C

NaGdF4:10%Yb3*,2%Nd>3* 586 3.38
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Intensity (a.u)

NaGdF4:20%Yb3*,2%Er3* 582 3.41

NaGdF4:30%Yb3*,2%Er3* 591 3.36
Annealed @ 700°C

NaGdF4:10%Yb3*,2%Nd>3* 594 3.34

NaGdF4:20%Yb3*,2%Nd>3* 597 3.32

NaGdF4:30%Yb3*,2%Nd>3* 599 331

5.2.5 Thermoluminescence analysis

Figure 5.9(a-d) below shows the TL glow curves of the NaYFs and
NaYF4:20%Yb3*,2%Er®* as-prepared and annealed at 700 °C, respectively. The glow
curves were recorded when the samples were exposed to gamma rays with doses
ranging from 0.74 to 47.46 Gy and a heating rate of 1 °C/s. The glow peaks were seen at
104 °C for the undoped samples, 73 °C, 154 °C, 238 °C, 374 °C for the
NaYF4:20%Yb3* 2%Er3*, 61 °C, 152 °C, and 342 °C for the NaYF:20%Yb3*,2%Er3*

annealed at 700 °C with the intensity increasing as the irradiation source dose increased.
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Figure 5.9: TL glow curves of (a) NaYF4 as-prepared, (b) NaYF4 annealed @700 °C, (c)
NaYF4:20%Yb3*,2%Er** as-prepared, (d) NaYF4:20%Yb3*,2%Er** annealed @700 °C.

Figure 5.10(a-d) below shows the TL glow curves of the NaGdFs and
NaGdF4:20%Yb3*,2%Nd3* as-prepared and annealed at 700 °C, respectively. The glow
curves were recorded when the samples were exposed to gamma rays with doses
ranging from 0.74 to 47.46 Gy and a heating rate of 1 °C/s. The glow peaks were seen at
106 and 164 °C for the NaGdF4 as-prepared, 71 °C, 106 °C, and 390 °C for the NaGdF4
annealed at 700 °C, 68 °C, 129 °C, and 387 °C for the NaGdF4:20%Yb3*,2%Nd>*, 69 °C,
179°C, 141 °C, and 380 °C for the NaGdF4:20%Yb3*,2%Nd** annealed at 700 °C with

the intensity increasing as the irradiation source dose increased.
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Figure 5.10: TL glow curves of (a) NaGdF4 as-prepared, (b) NaGdF4 annealed @700 °C,
(c) NaGdF4:20%Yb3*,2%Nd3* as-prepared, (d) NaGdF:20%Yb3*,2%Nd3* annealed

@700 °C.
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Figures 5.9 and 5.10 clearly shows that doping and annealing the nanocrystals have huge
effects in the TL glow curves. For the undoped NaYFs4 samples, no peak shift was
observed when the sample was annealed, indicating that the systems operate on first-
order kinetics [29]. For the doped samples, peak shifts towards lower and higher
temperatures were observed when the as-prepared samples were annealed. This could
be due to cluster formation after annealing the sample. Variations in trapping and
recombination kinetics result from the formation of trap clusters as opposed to randomly
distributed defects. The elimination and introduction of defects that resulted from
annealing may also contribute to the peak shift [30]. The presence of various trapping
levels, which can be categorized as shallow trapping, intermediate trapping, or deep
trapping, is evidenced by the appearance of new glow peaks in the higher temperature
region after host doping [31]. Furthermore, the increase in intensity with dose suggests
that more of the traps responsible for the glow peaks were filled, resulting in the release
of charge carriers upon heat stimulation [29]. The appearance and disappearance of
peaks and increase in the peak intensities when the nanocrystals are annealed may be
attributed to the re-arrangement of the available electronic energy levels. This may
change due to the phase transformation or the change in the size of the particles [30]. It
is worth mentioning that annealed NaYF:20%Yb3*, 2%Er3* and

NaGdF4:20%Yb3*,2%Nd3* are proper candidates of TL dosimetry applications.

To calculate the activation energy of trapped electrons, the initial rise (IR) technique was
applied to the samples' glow curves after being exposed to 47.4 Gy of beta particle
irradiation (see Figure 5.11 for an example). The Garlick-Gibson equation (Equation (5.2))
is used in the IR method. This method does not rely on any sort of kinetic order for the

low temperature regions of the glow curve, as shown in Figure 5.11(a-b).
I(t)ae BKT (5.2)

where E and k stand for the electrons' activation energy and the Boltzmann constant [5].
Because electron traps are disrupted at low temperatures, this method makes use of
those regions' glow peaks. The points were measured between 5 and 15% (Ic) of the glow
curve's maximum intensity (IMAX) [6]. Because above a critical temperature Tc, the

assumption of a constant number of trapped electrons becomes erroneous, the rule of
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Intensity (a.u)

thumb states that the initial rise portion chosen should not exceed 10-15% of the peak

intensity [8]. The slopes of the fit lines in the initial rise method plots (Fig. 5.11(a) and (b))

[10] give the activation energy of the electrons from the electron trapping centers. Tables

5.3 and 5.4 show the estimated activation energies for the samples from the IR method,

and Figure 5.11 shows how the activation energy for all the samples was estimated using

this technique.
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Figure 5.11. (a) a recording of the NaYF4 glow curve at 23.7 Gy; (b) a linear fit of the

NaYF4 glow curve using the initial rise method

Table 5.3. Estimated activation energies for undoped and doped NaYF4 nhanocrystals.

NaYF4

NaYF.@700 °C
NaYF4:20%Yb3",2%Er3*
NaYF4:20%Yb3* 2%Er3*@700 °C
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0.50+0.018



Table 5.4. Estimated activation energies for undoped and doped NaGdF4 hanocrystals.

Name of sample Estimated activation energy (eV) ‘
NaGdF4 0.56+0.011
NaGdF,@700 °C 0.52+0.002
NaGdF4:20%Yb3%,2%Nd3* 0.60+0.008
NaGdF4:20%Yb3",2%Nd** @700 °C 0.59+0.016
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Conclusion

The UPL analysis indicated the effective transfer of energy from Yb3* to Er3* in the NaYF4
nanocrystals when the Yb3* concentration was increased from 10 to 20% and showed
concentration quenching when Yb3* was increased to 30%. Two green and one red UC
emissions centred at ~483, 542, and 665 nm attributed to 2H112-4l15/2, *Sz;2—?l152, and
4Fa2—*l1572 transitions of Er®*, respectively, were observed under 980 nm laser excitation
for all Yb3*-Er®* co-doped NaYFs4 samples. Annealing the nanocrystals showed an
improvement in the UCL intensities from UPL analysis. Also, energy transfer was
observed in NaGdFa from Yb®* to Nd3* when Yb®* concentration increased from 10 to
30% and showed concentration quenching when Yb3* was at 20%. Under laser excitation
at 980 nm, four green and two red UC emissions centred at 485, 542, 620, 660, 709, and
830 nm, respectively, were seen for all Yb3*-Nd** co-doped NaGdFs samples. These
emissions were attributed to “4Ds2—%is2, 4Gre—*az, *Gr2—112, 4Gr2—%1502,
2P32—*Fsp2, and *Fsz2—*lg2 transitions of Nd3*, respectively. The synthesized nanocrystals
showed upconverted emissions in the visible and NIR spectral ranges through the ETU
mechanisms when excited by a 980 nm laser. These bands of emission correspond to
the PSCs' absorption range. This means that the PSCs are well-suited to efficiently
absorb these emissions and produce the photocurrent when stimulated by a 980-nm
laser. The UV-Vis analysis of the NaYF4 doped samples revealed that the nanocrystals
exhibit six characteristics peaks centred at ~487, 520, 654, 802,972, and 1526 nm
ascribed to 4l1si2 — *F72 (~ 487 nm), 4l152 — *Hi12 (~ 520 nm), 4l1s2 — 2For2 (~ 654 nm),
4152 — o2 (~ 802 Nm), 4152 — 41172 (~972) and 4l1s:2 — 4132 (~ 1500 nm) transitions of
Er3* respectively. The absorption peak at ~972 nm attributed to the 2F72 transition of Yb3*
overlaps with the “l11/2 absorption transition of Er3*. Five absorption peaks assigned to
Nd3* were observed in the NaGdFs nanocrystals at ~295, 510, 573, 740, and 796 nm
assigned to *l1si2— 4F72 (<510 nm), *l15/2 — 4Ssr2 (<573 nm), 41152 — *For2 (~740 nm), *l15/2
— 4o2 (=796 nm), and band to band transitions of NaGdF4 respectively. The band gaps
of the nanocrystals decreased when the samples were annealed, indicating a rise in the
conductivity of the nanocrystals with an increase in annealing temperature. These

nanocrystals showed an absorption in the NIR, which makes them good candidates to
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extend the absorption of the PSCs to the NIR region. The proposed energy transfer
mechanism suggests an energy transfer from Yb3* to Er®* ions, and UPL confirmed this
phenomenon. TL studies revealed that doping the hosts causes the appearance of new
peaks, and annealing the samples leads to peak shifts either to lower or higher
temperatures. We determined that the dominant electron kinetics from stimulated
luminescence were of first order and used the IR method to calculate the depth of the
corresponding electron trapping centres. The annealed NaYF4:20%Yb3*,2%Er®* and
NaGdF4:20%Yb3*,2%Nd3* were found to be the proper candidates of TL dosimetry
applications, whereas the peak located at 104 °C for the TL glow curve of NaYF4 annealed
at 700 °C and the one located at 106 °C for the TL glow curve of as-prepared NaGdFa,

could be useful for afterglow (AG) or persistent luminescence dosimetry applications.
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CHAPTER 6

Summary and Future works
6.1 CONCLUSION

This research explains the solution combustion route of synthesizing undoped NaYFa,
Yb3*-Er3* co-doped NaYFs, NaGdFs, and Yb3*-Nd3* co-doped NaGdFs4 nanocrystals
synthesized at different doping concentrations and annealed at 600 °C and 700 °C. The
properties, such as the crystallite phases, structural, morphological, elemental, thermal
stability, optical absorption, and luminescence properties, were characterized using
techniques such as XRD, SEM-EDS, Raman, FTIR, TGA, UV/VIS/NIR, PL, and TL

spectroscopy.

This study is focused on the effects of varying dopant concentrations and annealing
temperatures on the phases, structural, morphological, elemental, and optical properties

of the nanocrystals. Findings from this research are outlined below:

The UC products NaYFs and NaGdF4 doped with RE3* ions can be successfully prepared
via the combustion method using urea as a fuel. The crystal phases of the nanocrystals
were observed from XRD studies and confirmed by Raman analysis. The morphological,
chemical, and elemental compositions of the nanocrystals were investigated using SEM-
EDS. Phonon vibrations in the prepared samples were studied using FTIR spectroscopy.
Stability temperatures and weight losses in the doped samples was observed using TGA
analysis. A PL study on the prepared samples revealed the presence of energy transfer
between the RE dopants and the NaYF4 and NaGdF4 hosts and concentration quenching
when the dopant concentration exceeded the threshold concentration. The optical
properties of the samples were investigated using UV/Vis/NIR spectroscopy; a change in
the absorption band edge due to doping and annealing was observed, indicating that the
band gap of the prepared NaYF4 and NaGdF4 nanocrystals could be tuned; the band gap
was estimated using the Kubelka-Munk relation. The UCL of the nanocrystals was
enhanced by increasing the annealing temperatures. Defects in the nanocrystals were

studied using TL spectroscopy. We can conclude that with careful variation of sensitizer-
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activator doping concentration and thermal treatment, these materials stand a good
chance as both light intensity amplifiers and photon absorption efficiency enhancers in
PSCs because they can absorb more light overall and increase the efficiency of photon

harvesting by emitting visible light after absorbing NIR light.

6.2 FUTURE WORK

In this study, NaYF4 and NaGdF4 were co-doped with Yb-Er and Yb-Nd, respectively. In
the future, more studies can be done to stabilize the NaGdF4 materials. The next step will
be an investigation into the viability of using these nanocrystals in the active layer of PSCs
as NIR photon absorbers to enhance the cells' absorption and performance. Therefore,
the fabrication of a solar cell device is necessary for evaluating the potential of these

nanocrystals as photon absorption boosters.
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