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Abstract

The luminescent properties of yttrium oxyfluoride (YOF) phosphor doped and co-doped with
different ions (praseodymium (Pr3"), cerium (Ce®"), ytterbium (Yb®"), bismuth (Bi*") and
holmium (Ho**)) were investigated for c-Si solar cell application. The pyrolysis method with
trifluoroacetate (CF3COO) as precursor was used to synthesize all the powders. Investigations
were done on the crystal structure, the surface morphology, surface and optical properties. The
X-ray diffraction patterns exhibited a crystalline phase of stoichiometric rhombohedral YOF
(space group: R3m (166)) after annealing at 900 °C. The crystallite sizes for the YOF:Pr*
sample, decreased with an increase in Pr®* doping concentrations. During thermal
decomposition from CF3COO to YOF (600 °C to 900 °C), the scanning electron spectroscopy
(SEM) images showed an agglomeration of small particles (< 100 nm) that started to melt and
agglomerate to form bigger particles with sizes > 500 nm.

X-ray photoemission spectroscopy (XPS) high-resolution peak fits for the high Pr®* doped
sample (YOF: 0.5 % Pr") revealed two Pr oxidation states, Pr3* and Pr**. Annealing in air
caused the formation of a small amount of Pr**. The photoluminescent (PL) excitation spectra
showed an intense band at 250 nm with weaker bands at 456, 470 and 483 nm. The weaker
bands were ascribed to the 4f-4f 3Hs-3P,, 3Ha-1ls, 3P1 and *H4-3Po transition bands of the Pr3*
ion, respectively. The green Pr¥* PL emission was ascribed to the 4f-4f [3Po->H4] and [3Po-F2]
transitions at 498 nm and 659 nm, respectively. A YOF:Ce®*" sample was synthesized in order
to predict the value of the Pr3* 4f-5d level in the YOF host. The PL excitation and emission
results obtained showed that the lowest 4f-5d excitation of Pr3* in this host has to peak around
250 nm. The 250 nm band was therefore ascribed to the 4f-5d band of Pr** in the YOF host.

The optimum Pr3* concentration for the PL emission was recorded for the sample doped with
0.3 % of Pr¥*. Concentration quenching occurred through a cross relaxation process due to
dipole-quadrupole interactions. Near infra-red (NIR) emission for the 0.3 % Pr®* doped sample
during excitation of 250 nm showed multi narrow peaks in the range between 885 nm and 1120
nm that corresponded to the 3Py — 1G4 and the D2 — 3Fs, ®F4 transitions. The decay lifetimes

were calculated to be in the ps range.

YOF:Pr¥*, Yb® samples were investigated for down-conversion applications for c-Si solar
cells. The SEM images showed an agglomeration and melting of small particles to form bigger
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particles. XPS’s high-resolution peak fits for the high Pr3* co-doped Yb** sample (YOF: 0.3 %
Pr3*, 6 % Yb®") revealed two Pr oxidation states, Pr®* and Pr**. The presence of Pr** was due
to the annealing in ambient air. The deconvolution of the Yb 4d peak showed only the 4ds.,
peak that was ascribed to Yb3*. The Pr3* visible (VIS) emission’s excitation spectra showed an
intense 4f-5d band of Pr®* at 250 nm accompanied with weaker 4f-4f peaks at 456, 470 and
483 nm. These weaker 4f-4f peaks were ascribed to the 3Hs-P2, 3Ha-ls, 3P1 and 3Has-*Po
transition of Pr3*, respectively. The VIS green PL emission was due to the 4f-4f [3Pg — 3Ha]
and [3Po — 3F2] transitions at 498 nm and 659 nm, respectively. Quenching of the Pr3* green
emission was due to the energy transfer to Yb®* ions through the cross-relaxation mechanism
with a dipole-dipole interaction. The Yb3* IR emission’s excitation spectrum revealed a new
band at 225 nm that overlapped with the 4f-5d band of Pr*. The band at 225 nm was ascribed
to the charge transfer band of Yb*®" due to electron transfers from the O 3p® level to the 4f3
level of Yb®*". Excitation with 225 nm showed the typical Pr®* VIS emission and this confirmed
the nature of the 225 nm band as a charge transfer band. Excitation with 250 nm showed multi-
narrow peaks in the IR range between 885 nm and 1120 nm that corresponded to the Pr3* 3Pg
— 1G4 and D, — ®F3, 3Fa transitions and to the 2F7;, — 2Fsy, transition of Y. Upon excitation
of 225 nm, the IR emission showed only emission of Yb®* transitions with almost no traces of
Pr3* emission. The optimum IR emission for both excitations was recorded with a Yb** content
of 2 % and a constant Pr3* content of 0.3 %. The decay times for VIS and IR emissions were

calculated to be in the microseconds range.

The investigations of YOF:Bi®** were done at room temperature. Auger electron spectroscopy
results showed that Bi was homogeneously distributed on the surface of the sample. XPS
showed two doublet peaks for the Bi 4f region which were attributed to Bi** ions and Bi metal.
PL studies revealed an asymmetric broad ultraviolet (UV) emission band centered at 314 nm
that originated from the *P1 — S A band of Bi®*. The excitation band was a symmetric broad
band centered at 267 nm and corresponded to the So — 3P1 A band with a Stokes shift of 47
nm. This excitation overlapped with a metal to metal charge transfer band of Bi**. The optimum
concentration for maximum luminescence intensity was 0.4 mol % of Bi** and the quantum
yield of this sample was about 60 %. The decay curves of the prepared samples were also

investigated and the lifetimes were found to be in the microsecond range.

Bi®* was investigated as sensitizer for Ho®* emission in the YOF:Bi®**, Ho®*" phosphor in the

VIS and IR regions. The PL studies of YOF:Bi®**, Ho®* were investigated for energy transfer
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possibilities for IR emission. The morphology investigations revealed agglomerations of small
particles into bigger particles that developed during annealing. XPS high resolution peak fits
for the high concentration co-doped sample (YOF: 0.4 mol % Bi®**, 5 mol % Ho**) revealed
overlapping of Bi 4f and Ho 4d peaks with the Y 3d peak. PL excitation spectra showed an
intense 1S — 3P1 Bi®* band at 265 nm that dominated the 4f-4f Ho®* peaks at 360 nm and 449
nm. VIS PL emission was done upon 449 nm and 265 nm excitation. The UV emission that
peaked at 314 nm upon 265 nm excitation was ascribed to the *P1 — !So transition of Bi®*. The
emissions at 538 nm and 753 nm were ascribed to the °Fs,°S, — °lg and °F4,°S; — °l7 transitions
of Ho®*" with the optimum concentration of Ho®* obtained at 2 mol %. IR emission occurred
for both the 449 nm and 265 nm excitations, respectively. The IR emissions that peaked at 1014
nm and 1200 with weak emission at 1400 nm were ascribed to the °F4,°S; — ®lg, °ls — °ls and
°F4,°S; — °ls transitions of Ho®", respectively. The decay times for both Bi®** and Ho®" in the
VIS and IR regions were calculated to be in the microseconds range. A great enhancement of
the emission in the IR and VIS regions have been achieved. Despite the efficient energy
conversion in the Bi**, Ho®* system, enhancement of the energy flow from Bi®* to Ho®*" needs
to be considered. This will reduce the dissipated energy into many unnecessary manifolds of

Ho3* and direct it to the range of spectral absorption of Si-SC.

Tunable emission was achieved through Ho** co-doped Bi** doped YOF for optoelectronic
applications. Cathodoluminescent (CL) studies were investigated under electron beam
irradiation (5 keV) for both YOF: x mol % Bi®** (x = 0.3, 0.4, 0.5, 0.6, 0.8) and YOF: 0.4 mol
% Bi®*, x mol % Ho®* (x=0.8, 1.4, 2, 3, 4, 5) samples. The morphology investigations revealed
agglomerations of small particles into bigger particles that developed during annealing. XPS’s
surveys for the YOF: 5 mol % Bi** and the YOF: 0.4 mol % Bi®*", 5 mol % Ho®*" samples
revealed the presence of all elemental compositions. UV CL emission for the YOF:Bi®*
samples were ascribed to the %P1 — 1S transition of Bi** at 314 nm and the VIS emission at
624 nm to the 2P, (1) — 2P transition of Bi?*. Bi?* were created during CL excitation as a
result of ionization. The CL emission of the YOF:Bi®*, Ho®* samples in the UV and VIS regions
peaked at 316 nm, 540 nm and 624 nm and were ascribed to the 3P; — 1So, 5F4,%S; — °lg and
2P3, (1) — 2Py transitions of Bi®*, Ho®*" and Bi?*, respectively. The fitted International
commission on Illumination (CIE) coordinates of the YOF:Bi®**, Ho** samples showed a

tunable CL emission from green to yellow and orange.
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Chapter 1

Introduction

This chapter gives a general overview on thermalization and transparency losses of solar cells
(SC), spectral conversion and the yttrium oxyfluoride (YOF) host. It also gives the research

problem, the aims and the thesis layout.

1.1 Overview

The vast progress of the population on earth demands more energy and this gave rise to the
importance of solar energy. In the past few decades’ energy research has been focused on solar
energy as a suitable replacement for the current energy resources. According to literature, the
energy that reaches the earth, from the sun, is about 10 000 times more than what we benefit
from [1]. There is therefore still a wide field of research to be done to obtain high efficiency
solar energy. One mechanism that can assist in good energy conversion is photovoltaic devices
[2, 3].

A SC is a photovoltaic device that converts solar energy into useful energy like electricity [2].
A lot of research have been done on SCs as a solar converter by applying the photovoltaic
effect [4-8]. Single-junction monocrystalline and polycrystalline silicon (Si) systems currently
account for about 95 % of the photovoltaic market. The bandgap (Eg) of this kind of
semiconductor is 1.1 eV and this is equal to the energy of a photon with a wavelength of about
1100 nm [7]. The theoretical maximum efficiency of c-Si SC, according to the Shockley-
Queisser’s model with an Eg of 1.1 eV, is about 30 % [9]. This model is based on the principle
of the balance between the incident and escaping photons and extracted electrons [9]. Up to
date, the efficiency of the commercial SCs is not yet exceeding the Shockley-Queisser model’s
limit and the highest efficiency was recorded to be around 25 % for c-Si SC [10, 11]. The major
energy loss accounted for the SCs is due to lattice thermalization and transparency due to sub-
bandgap photons [8]. In figure 1, process (1) demonstrates lattice thermalization as a result of
a high energy incoming photon that created an electron-hole (e-h) pair. This photo-excited pair
lost its energy rapidly as heat within the cell [8]. Process (2) demonstrates the transparency of
the cell to the sub-bandgap photons. Process (3) shows the loss of energy through the
recombination of the photo-excited e-h pairs. Processes (4) and (5) show the energy lost due to

the junction and contact voltage.
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Figure 1: Energy-loss processes in a single-junction solar cell demonstrated by Richards
[8], (1) lattice thermalization, (2) transparency, (3) recombination, (4) junction and (5)

contact voltage loss.

Enhancement of the spectral response of the SC through certain mechanisms is considered to
be a major part of the recent SC research. The application of a suitable luminescent material to
the SC can convert the absorbed energy towards the energy range where the SC can absorb.
The down-conversion (DC) mechanism (also known as quantum cutting (QC)) was adopted to
reduce the energy loss caused by lattice thermalization. DC is where one absorbed high energy
photon like ultraviolet (UV) or a blue photon can be converted into two lower-energy photons
[10]. The downshifting (DS) mechanism is where one high energy photon is shifted to one
lower energy photon [11]. It is well known that for the DC mechanism the external quantum
efficiency can exceed unity, while for the DS mechanism it cannot exceed unity and the SC
will not overcome the Shockley-Queisser limit [8]. Both DC and DS mechanisms are mainly
used to overcome lattice thermalization losses by placing a suitable spectral converter layer on
top of the SC. The up-conversion (UC) mechanism was utilized to minimize the transparency
losses by applying a spectral converter to the bottom of the SC. UC is where two low energy
photons are absorbed and added together to emit one high energy photon [4]. This process is

based on using the non-absorbed photons [8].

A luminescent converter that is able to convert the absorbed photons to the SCs’ absorption
ranges is based on different types of inorganic materials [7]. The commonly used materials are
fluorides and oxides [7]. Luminescence of the material is based on suitable activator center ions
such as lanthanide (Ln®") and transition metals ions [7]. The praseodymium ion (Pr**) has
unique properties that result in emission in the spectral response range of about 1000 nm [7].

Enhancement of the Pr®* emission can be obtained through a suitable co-dopant ion such as



ytterbium (Yb®") [12-15]. A combination of different lanthanides with Yb®" in the form of Ln®*-
Yb®* (Ln®* = holmium (Ho®"), Eu®*, Er®*, Tb®", Nd®*, Dy** and Tm®*) was used in different
hosts and showed a high conversion efficiency [12-15]. The lanthanides act as a sensitizer that
transfers its energy to two Yb®* ions that act as activators. The transition metals can also be
used in combination with Yb3* or other lanthanide ions. Trivalent bismuth (Bi*) shows
promising properties as a suitable sensitizer when combined with other lanthanides [16].
Fluoride hosts such as YOF has good potential as a suitable host for luminescent centers that
might show the DC mechanism [17, 18]. A theoretical prediction done on fluoride hosts used

as down-converters showed that the efficiency can be increased up to 39 % [5, 6].

1.2 Research problem

Which host and luminescent co-dopant pair is the ideal spectral converter to apply to c-Si SC?
Would YOF doped with Pr¥* or Bi** and co-doped with Yb®" or Ho* be potential spectral
converters? Systematic investigations on the crystal structures and luminescent properties will
therefore be done. YOF has combined properties of fluorides and oxides and is therefore
considered as a suitable host material for SC applications [17, 18]. Some of these properties are
low phonon energies (400 cm™), low probability of multiphonon quenching and a wide
bandgap that is favorable for activator ions [17, 18]. These properties are also favorable for
near-infrared emission (NIR). Application of the fluoride hosts as luminescent converters has
been established by Piper et al. [19] in 1974. It is well known that the forbidden 4f-4f transitions
of Pr¥* has a low absorption cross-section while the dipole allowed 4f-5d transitions have
intense and broad absorption cross-sections [5]. An enhancement of the Pr¥* emission has also
been done by co-doping with Yb®" that yielded a high efficiency close to 200 % [7]. The co-
doping of Pr¥*-Yb®" has been investigated in multiple hosts where an energy transfer has
occurred from the sensitizer Pr3* to two activator ions Yb®" [12-15]. Investigation of Bi** as a
sensitizer for SC application was mainly done by co-doping either with Yb®" or other different
ions such as Ho** [20, 21, 22]. Bi®* is considered a favorable ion as a sensitizer due to the
broadband emission that originates from unique energy levels that allow Bi* to emit in the
absorption range of most of the lanthanide ions [16]. Amongst these ions, Ho®* is considered a
good choice as activator for NIR emission which emits in a wide range (1030 nm, 1200 nm
and 1350 nm) with a wide range of absorption [23]. The intense infrared (IR) emission of Ho®*
also depends on the host [24, 25].



This study focusses on investigations on the Pr3* and Bi®* ions in the YOF host. Investigations
of Pr** has been done in YOF basically on its behavior as a DS layer [26]. The luminescence
behavior of the Pr* ion in the NIR region for YOF host, will give a deep insight into its
suitability as a DC layer by selecting a proper activator ion. The Pr3*-Yb®" pair was selected to
improve the NIR emission of Pr3* through energy transfer from Pr* to Yb3*. Research has also
been done on the luminescence of Bi* [27]. Sensitization of Ho®** emission by using the broad
emission of Bi** through energy transfer was also investigated since most researches focused
on the DS behavior of this pair [20, 21].

1.3 The aim of the study:

o Synthesizing YOF:Pr¥*, YOF:Bi®*, YOF:Pr¥*-Yb*" and YOF:Bi**-Ho®*" by using the
pyrolysis method.

o Characterization and photoluminescent (PL) investigation of YOF:Pr®* for application
as a suitable DS layer.

o Systematic investigations on the position of the allowed 4f-5d transitions of Pr3*,

o Characterization and luminescent investigation on the origin of the UV luminescence
of Bi** in the YOF host.

o Characterization and luminescent investigation on the the effect of the Pr3*-Yb3* co-
doping pair as a DC pair.

o Characterization and luminescent investigation on the application of Bi®* as a sensitizer
for Ho®** emission focusing on the NIR emission and the nature of the energy transfer.

o Utilization of Ho®* cathodoluminescent (CL) emission with different concentrations of
Ho®* in the Bi®*-Ho®" system.

1.4 Thesis Organization

This thesis will be organized into nine chapters. Chapter 1 contains a brief description regarding
the overview and the explanation of the research problem. Chapter 2 contains the theoretical
basics and concepts based on the background of the research and research problem. Synthesis
method and characterization techniques will be addressed and shown with their principles in
chapter 3. Chapter 4 contains the systematic studies of Pr3* ions doped in the YOF host with
different concentrations and investigations on the position of the allowed 4f-5d transitions of
Pr3*. Chapter 5 contains DC investigations of the YOF:Pr¥*-Yb** co-doped phosphor for SC
enhancement as well as the energy transfer mechanism. Chapter 6 describes the PL



investigations of Bi®* in the YOF structure in order to explain the origin of the UV emission.
Chapter 7 contains NIR enhancement PL studies and the nature of the energy transfer
mechanism of Ho** co-doped YOF:Bi**. CL excitation and tunement of Ho®* emission as well
as the energy transfer mechanism controlling the quenching of the emission are investigated in
chapter 8. Chapter 9 contains the conclusion and the future work and Appendix A shows a
description of the Inokuti-Hirayama (I-H) model. Appendix B shows the published papers and
conference participation.
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Chapter 2

Literature Review

In this chapter the concepts necessary to understand the theoretical principles in this study are

addressed and explained.

2.1 Solar cells

The solar energy that reaches the earth in one hour is larger than the entire human energy
consumption in one year [1]. The challenges to replace fossil fuel with renewable energy
opened up a wide area of research for researchers to benefit from solar energy. Therefore, a
vast amount of research on renewable energy has been done on solar energy. Generating
electricity out of solar energy can be obtained through photo-voltaic cells [2, 3]. The main
principle of SC is therefore based on the photo-voltaic effect [2, 3]. In semiconductor materials,
excitation of electrons occurs from the valence band to the conduction band that is separated
with a Eg [4], see figure 1. An excited electron leaves a hole behind in the valence band that

moves towards the anode and the electron moves towards the cathode [5].

conduction band

conduction band

O —

valence band

valence band

cathode| n-type layer © p-n junction p-type layer anode

Figure 1: lllustration of the production of current during irradiance of solar light [5].

SCs can be designed from many types of materials but the most commonly used material now-
days is c-Si and it holds about 87 % shares of the SC market [5]. The Eg of c-Si is around 1.1

eV and can be modified through doping. When Si is doped with positive ions, like boron, it
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forms a p-type semiconductor whereas when it is doped with negative ions, like phosphorous,
it forms a n-type semiconductor [5]. A p-n junction is formed when a p-type and a n-type is
brought into contact. This causes diffusion of the electrons from the n-type to the p-type across
the p-n junction and creates an electric field. The achieved lab scale energy conversion
efficiency of c-Si SCs is about 25 % [6] and for solar panels the efficiency is only about 20 %
[5]. With these limited efficiencies there is still requirements to produce high purity Si SC and
this is making the production costly and the solar energy expensive. As a result, solar electricity

IS very expensive in comparison to the other sources of energy to produce electricity.

A high energy conversion efficiency is essential for a good SC. The ratio of the maximum
power (Pm) generated by a SC to the incident power (Pin) gives the maximum conversion
efficiency (1), eq. 1. Pin Is equivalent to the AM 1.5 irradiance spectrum whereas Py, is the

voltage at Pm (Vm) multiplied by the maximum current density (Jm) [7],

=P_m :]me :]scvoc FF (1)
Pin Pin Pin

Jsc are the short circuit current density, Voc the open circuit voltage and FF is the fill factor
describing the squireness of the current-voltage curve. High thermalization losses, where both
Voc and Vi are low, refer to low band gap materials. For high band gap materials, the values
Jm and Jsc are low due to sub-band gap losses [8]. The incident power can theoretically be
calculated with the following equation [8]:

Pin= "0 % AL eeeeeeeeeeeeeeeeeeeeee oo Q).

@ (A) is the photon flux density, the term @(A) % is equal to the spectral power density ( P(1)),

c is the speed of light and h is Plank’s constant.

Generation of e-h pairs mainly occurs through photons having energy higher than the Eq4 of the
material. The part of the absorbed incident energy, by the single junction SC, that is utilized in
energy conversion is given by equation [8]:

Z.G hc
_ofe T an

Paps = & —— 2
REEFTeY 2 da
Ac is the wavelength of the photons that correspond to the Eg of the SC. The rest of the photons
are lost due to thermalization of the absorber material. The part of the absorbed energy that is

accounted for as useful energy is given by:



P = 2o ar
T e Ea
Ec is the energy of the band gap. The total conversion efficiency combined with the spectral

mismatch is then written as [7, 8]:

1 2

----------------------------------

N = Pabs Puse = e @(D%dx I(fa Py %u
Part (1) of the above equation is the transmission loss and part (2) is the thermalization loss.
Both these losses are responsible for the spectral mismatch losses [7]. For small Eg the
dominant loss is the thermalization loss whereas, for wide Eg the dominant loss is the
transmission loss. The theoretical model proposed by Shockley-Queisser [9] suggested that the
conversion efficiency limit for single junction SCs is about 30 %. This means that almost 70

% accounts for transmission and thermalization loss.

2.2 Photon conversion processes

Photon conversion in general is a concept aiming to convert the solar spectrum to match the
absorption edge of SC devices. This is a different concept from the other concepts that only
focus on developing a semiconductor device to match the solar spectrum such as space-
separated QC and multiple exciton generation [10, 11]. Photon conversion processes can be
divided into three major types; DS, DC or QC and UC, see figure 2 [12]. UC in simplicity
occurs when two lower energy photons combine to form one high energy photon [12]. It
reduces transmission losses and it utilizes the principle of anti-stoke shifts. Stoke’s law states
that “the wavelength of the emitted light should be greater than the wavelength of the excited
spectrum” [12]. Recently, Trupke et al. [13] reported a maximum efficiency of about 47 % with
UC through the absorption of the SC and the generation of e-h pairs. We are not going to focus
on UC but more details can be found elsewhere [14]. DC and DS mechanisms are both utilized
to enhance the SC efficiency by placing a converter layer on top of the SC. DC is where one
high energy photon is converted into two lower energy photons and DS is where one high
energy photon is converted to one lower energy photon. More detailed information is given in

section 2.8 and 2.9 below.



Ultraviolet or Visible NIR

Soar ight - Y/ VAN .

Solar light

-

Down-shifting ~ Quantum-cutting Upconversion

NIR Visible or Ultraviolet

Reflection layer

Figure 2: Illustration of the three basic photon conversion processes [12].

2.3 Luminescent materials

Luminescence is a general term describing the glow of a material when exposed to an external
source of energy [12]. The type of luminescence is dependent on the type of the external
excitation source. A few examples are PL from electromagnetic radiation and CL from an
electron beam excitation. The phenomenon of luminescence can further be divided into two
general types named as fluorescence and phosphorescence. The main difference between both
types is related to their decay curves. Fluorescence materials have fast decay curves ( < 0.1 s)
and phosphorescence materials have slower decay curves (> 10 ms) [15]. The emission rate of
a fluorescent material is very fast (about 10® s1). For phosphorescence (emission after
excitation) the energy is not immediately radiated but instead it gets transferred to the triplet
with the same spin orientation as the ground state. The result is then a very slow emission (in
the order of seconds) [12, 15].

Luminescence can occur from inorganic or organic hosts [16]. The inorganic hosts in some
cases can emit due to some characteristics related to the host itself like the existence of
vacancies or defects [16]. Introducing some impurity ions as a dopant in the inorganic hosts
can also lead to an emission representing the electronic properties of these ions with different
emission characteristics. The selected dopants can be Ln®" ions or transition metal ions. To
yield the desired emission, the optimization of the dopant distribution is necessary to prevent
non-radiative processes and concentration quenching. Luminescence of the YOF host with
different dopant ions is addressed in this research study with the highlight on the possible
applications for c-Si SC.
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2.4 Lanthanides (Ln3")

The Ln®" ions are a set of elements in the periodic table characterized by 4f orbitals [12]. In
total there are 15 elements characterized with similar chemical nature starting from lanthanum
to lutetium. The term rare earth (RE) is also applicable to describe these elements (including
yttrium (Y®). In their most stable oxidation state they exist as trivalent ions. Extensive
investigations have been done on the Ln®" ions for their optical properties for many possible
applications [12]. The electronic configuration of the Ln3' ions are characterized by the
arrangement of electrons as 4f"5s?5p® (0 < n < 14). The electronic configuration of the 4f orbital
can be occupied by electrons according to the 14! = [n! (14 - n)!] distribution [17]. The 4f
orbital electrons are weakly affected by the crystal field of the ligand due to the shielding of
the outer 5s and 5p electrons. As a consequence, the electronic transitions of the 4f-4f levels of
the Ln%" ions will show sharp peaks in the absorption and emission spectra. The Laporte
selection rules explain that “the states with even parity can only be connected by electric dipole
transitions with states of odd parity, and odd states only with even ones” [17]. Transitions
within the 4f levels are forbidden with respect to the electric dipole transitions and allowed in
respect to the magnetic dipole or electric quadrupole radiation. Electric dipole transition as a

forbidden transition may occur but with low probability [17].

Perturbation of the 25*1L states of the RE3* ions by weak crystal interactions can cause further
splitting of the energy levels (stark levels), see figure 3. This type of splitting is weaker than
the spin-orbit splitting caused by the atomic forces and as a consequence, the optical absorption
and emission is similar to that of the free ions [17]. This similarity is the same even if doped in
different inorganic hosts or glass matrixes.

Systematic studies of the energy of the 4f levels of the Ln®* ions have been done by Dieke et
al. [18, 19]. A prediction of the energy levels of the Ln®* ions was depicted in a diagram, shown
in figure 4. This diagram allowed more investigation and studies on the Ln3* ions in recent
years. According to Dieke’s diagram, the thickness of the levels explains the degree of the
crystal field splitting as well as the location of the 25*1L; free ions approximated from the center

of the multiplet level.
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Figure 3: Schematic explanation of the splitting of the Ln3*:4f" electronic configuration

as a result of the atomic and the crystal field forces, adopted from [7].

On the other hand, the splitting of the 5d orbitals by the crystal field splitting is large if
compared to the spin-orbit splitting. The 5d levels interact with neighboring anion ligands and
this degenerates the 5d levels and shifts the whole 5d configuration (centroid shift) towards
lower energy. The 5d splitting therefore depends on the site symmetry of the crystal system.
The crystal field splitting and the centroid shift therefore determines the energy of the lowest
5d level. This phenomenon is known as a redshift or depression D. The D value determines the

color and the position of the 4f-5d transitions [8].
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Figure 4: Dieke energy-levels diagram of Ln3* ions [19].

2.5 lons with s? outer shell

This class of elements is considered as heavy metals. They easily form crystalline compounds
that can be applied in various applications. Among this class of s? elements, the elements with
6s? shell, as Hg, TI, Pb, and Bi, have an interesting configuration that allows them to be applied
as luminescent centers. These elements have an intense interconfigurational s — sp structure
in the vacuum ultraviolet (VUV) region. Its luminescence is not observed due to quenching by

the underlying excited states (*P1, 3P, P1 and 3Po) of the s? configuration [20]. Within these
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elements, Bi, with an electronic configuration of [Xe]4f**5d'%6s%6p®, can be introduced in
different hosts with different oxidation states such as 0, +1, +2, +3, +4 and +5. The nature of
different oxidation states of Bi arises from losing the p electrons and by forming the ns?
configuration in the valence shell [21]. We applied Bi®* as a luminescent center in our project.

2.6 Trivalent bismuth (Bi**) and its optical properties

Bi®* ions have been investigated extensively for many applications such as phosphors or
scintillation detectors as well as a spectroscopic probes for covalency [22]. The luminescence
of Bi®* is mainly in the UV and visible (VIS) regions so it attracted attention for various
applications. The optical features of the excitation and emission spectra of Bi* are broader in
comparison to the well-known f-f elements. The energy levels of Bi** are characterized with a
1S, ground state from the 6s? configuration. The 6s6p excited state is characterized with four
excited energy levels known as one singlet level, Py, and three triplet levels, 3P, *P1 and 3Py,
see figure 5 [22]. The energy transitions to the 'Sy ground state consist of two forbidden
transitions, 1So — 3P, (B band) and 'So — 3Py (D band). The first one can be allowed by
coupling with the asymmetric lattice vibrations whereas the later one is strongly forbidden. The
1Sy — 1Py (C band) transition is an allowed electric dipole transition and the 1S — 3P1 (A band)

transition becomes allowed due to the spin-orbit coupling [22].
1p,
3p,
3Py

3Po

13

Figure 5: Energy-levels diagram of Bi®* [22].

The absorption (excitation) and emission characteristics of Bi®* occur as broad bands. The
excitation occur in the UV region and the emission might occur in the UV and in the VIS
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regions. The excitation is usually ascribed to the 1Sy — 3P; transition. The allowed Sy — Py
level occurs at high energy and vary depending on the type of the ligand of the host. The energy
difference between the 1Sy — *P1 levels is approximately 45 700 cm™. This transition has an
energy separation of about 10 000 cm™ if compared to the 1Sy — 3P; transition. The position
and the energy separation is highly dependent on the host due to the sensitivity of Bi®* to the
environment of the host ligand [22]. Although the emission of Bi* mainly occur from the 3Py
level, in some cases emission might also occur from the forbidden ®Po level [23]. Emission
from the 3Pg level dominates at low temperature (10 K) with a long decay time (e.g. 390 ps)
whereas, at high temperature (room temperature) the emission is dominated by the 3P level
[21]. The radiative *P; — 1S emission has a typical decay time in the 10 to 10 s range. A

shorter decay time in the nano-second range may also occur in some systems [14].

2.7 Energy transfer mechanisms

Energy transfer is a process where the excitation energy absorbed by an ion called a donor is
transferred to a second ion called an acceptor. An emitted photon will be released after a certain
time. Generally, energy transfer mechanisms can be divided into four main types, see figure 6.
Process (a) is the resonant radiative energy transfer where the photons emitted by a donor is
re-absorbed by an acceptor and (b) is the non-radiative energy transfer between an absorber
and an emitter. Process (c) is the phonon-assisted energy transfer and lastly process (d) is cross-
relaxation between two identical ions [24]. The resonant radiative transfer implies a spectral
overlap between a donor’s emission and an acceptor’s absorption region. If radiative energy
transfer dominates in a system, the donor’s decay time will not vary significantly with acceptor
concentrations. In the case of non-radiative energy transfer a significant decrease in the decay
time of the donor will occur with increasing the acceptor concentrations. The radiative energy
transfer can be neglected in most inorganic systems as it requires a resonant condition between
the donor and acceptor [24, 25]. This requires that the energy difference between the ground
state and the excited state of the donor must be equivalent to that of the acceptor. With this
condition, a suitable interaction may occur between the donor and the acceptor through either

exchange or multipolar interaction [25].
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Figure 6: Illustration of different energy transfer mechanisms between two ions [24].

The exchange interaction, also known as Dexter energy transfer, depends on a sufficient
overlap of the wave function and only occurs at short distances (> 5 A). The multipolar
interaction, also known as Forster energy transfer, depends on the strength of the optical
transition and occurs at large distances (5 A <). If the difference is not large between the ground
state and the excited state of the donor and the acceptor, non-resonant energy transfer may
occur through assisted phonons. In respect to the distance dependency, the transfer rate for the
exchange interaction is exponential whereas, for the multipolar interaction it takes the
expression of R™ (n = 6, 8, 10 for electric interactions of dipole-dipole, dipole-quadrupole, and
quadrupole-quadrupole, respectively) [26]. According to the Dexter model, the energy transfer
rate between the donor and the acceptor can be written as:

Won =% (DA* | Hpa | D*A)? [ gp (E)ga(E)dE...(6).

(DA*| and |D*A) are the final and the initial states, respectively. The integral represents the
spectral overlap between the donor and the acceptor. The terms [ g, (E) and g4 (E) are the
normalized shape of the donor’s emission and the acceptor’s absorption spectra, respectively.

The above equation implies the enery transfer probability should drop to zero when the spectral
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overlap vanishes [26]. The square matrix element in the equation represents the distance-

dependent energy transfer between the donor and acceptor.

If there's a high energy mismatch between the donor and the acceptor (= 100 cm™), the energy
transfer may be assisted by one or more phonons [27]. According to Miyakawa-Dexter theory
[28], the probability of phonon-assisted energy transfer is written as:

WeaT (AE) = Wpat (0) e PRE e (7).

AE is the Eq between the electronic levels of the donor and acceptor, S represents a parameter
that is determined by the strength of the electron-lattice coupling and the nature of the phonon.
The cross-relaxation process in process (d), occurs through a diffusion process between the
activators’ levels when the levels involved are identical or it can lead to self-quenching if the

levels are different.

2.8 Down-conversion (DC)

DC in general occurs when a phosphor material is excited with a short wavelength photon and
that the emission is then divided into two longer wavelength photons [12]. Currently, this
process can refer to QC, quantum splitting, multiphoton emission or photon cascade emission
(PCE). Theoretically, the first evidence of DC was proposed by Dexter [29] in 1950. The first
experimental evidence of DC process was shown by Piper et al [30] and Somerdijk [31] in 1974
for a YF3:Pr3* system but not by using the Dexter model. The DC process was first proposed
to minimize the energy loss of c-Si SC due to lattice thermalization and thus enhancing its
efficiency [32]. The first DC couple was discovered for Gd**-Eu* in 1999 through a two-step
energy transfer process [33]. The first experimental DC results for a SC was discovered for the
Th**-Yb** couple through cooperative energy transfer from Th®" to Yb®* that corresponded to

Dexter’s model.

In general, the DC process can occur in different ways by utilizing one or different ions’ centers
as described in figure 7. A single QC process can occur in one ion through excitation to the
highest level of the ion that consists of more than two levels, see figure 7(a). This process was
investigated in a number of Ln®" ions such as Pr¥*, Ho®*" and Er®* through the absorption of
VUV, UV and VIS photons that were converted to NIR photons. The main problem of single
QC is the lack of high quantum yield through a combination of unwanted UV/VIS and non-
radiative emissions competing with the wanted NIR emission [32]. The second type of DC
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occurs through cross-relaxation or resonant energy transfer between two different ions as
depicted in figures (b) to (e). Figure 7(b) shows the cross-relaxation process between two ions
(process (1)) followed by the energy transfer from ion I to II (process (2)). Process (2) is then
followed by the emission from ion II. Figures (c¢) and (d) demonstrate the DC mechanism with
the onset of a single energy transfer between I and II that is followed by emission from both
ions. Figure (e) represents the cooperative energy transfer between ion I to a pair of ion II and

then emission occur from the II ion pair [32].

(a) (b) (c) (d) (e)
e T T 'y T
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Figure 7: Illustration of the NIR QC mechanisms adopted from [8]. (a) Single ion QC
through absorption of one photon and emission of two photons, (b) to (d) resonant energy
transfer from donor to acceptor leading to NIR QC and (e) NIR QC through cooperative

energy transfer.

The efficiency of energy transfer can be obtained through investigations by using the steady-
state measurement of time-resolved spectroscopy [34]. The energy transfer could be obtained

as a function of the dopant decay time as:

— — S Ix poace dt _ _ Tx%Acc
nET - nx%ACC - 1 ) fIO %Accdt B To%Acc ".""."(8)
nQE =MNMpon (1' 77ET) +2 NET ceeececceccccnccnnncaes (9).

| and Tt are the intensity and the decay time, respectively. x %Acc represents the acceptor
concentration and np,, is the donor efficiency (usually taken as 1) [12]. Another procedure

can also be used to determine the quantum yield. It is a process called the integrating sphere
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[35]. The obtained efficiency through the integrating sphere process is usually measured

relevant to a known standard.

2.9 Downshifting (DS)

DS is a process that is very close to the DC process. Instead of converting the high absorbed
energy photon to two lower energy photons, it converts it to one low energy photon [32]. The
simple explanation of the process is that the absorbed high energy photon non-radiatively
relaxes to a lower level and then radiatively relaxes further. In terms of quantum efficiency it
will therefore not exceed unity [32]. The non-radiative relaxation process from the excited state
to the emitted state is known as a stoke shift. DS materials normally absorb in the short
wavelength range of 300 — 500 nm [36]. According to literature, the internal quantum efficiency
of a SC can be enhanced up to ~ 10 % with a DS layer. The enhancement will not exceed the
suggested Shockley-Queisser limit. It is known that the ideal DS material has a good external
quantum efficiency that is close to unity and a large stoke shift. The advantage of a DS layer is

that it also minimizes the lattice thermalization process in the SC [8].

2.10 Host material

Inorganic host’s crystal structures for possible optical applications must consist of certain
properties. Some of these properties are the large Eq and chemical and thermal stability. A pure
host can also act as an emitting material through the Egq itself [16]. Some hosts can also emit as
a result of defects or other functional groups such as VO* 4, WO?* 4 or MoO4 [16]. Large Egq
materials are considered a good choice for doping with impurities such as Ln*' ions or
transition metal ions or s? ions. Doping can result in electronic levels of the ions inside the Eq

that can act as luminescent centers [14, 16].

Fluoride hosts have been considered a good choice for many DC, DS and other optical
applications [37]. Fluoride materials however have low chemical stability comparing to other
systems such as oxides. Such a problem can be overcome by merging the properties of the
fluorides and the oxides into the well-known oxyfluoride materials. RE oxyfluorides have
attracted the attention for many applications due to intrinsic properties [38, 39, 40]. One of the
RE oxyfluoride hosts is YOF.

The crystal structure of the YOF host (stoichiometric) exhibits a rhombohedral structure with

a space group of R3m (166) (a =3.797 A, ¢ = 18.89 A). The structure contains one site for the
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Y3 jon that is surrounded with 4 oxygen ions (O?%) and 4 fluorine ions (F), see figure 8. The
coordination in the structure is in an arrangement of a bi-capped trigonal antiprism with 6c-
Wyckoff positions and the symmetry of Y3 as Cav [41]. On the other side, there are other
phases of YOF structures known as non-stoichiometric structures. The concept of non-
stoichiometric comes from the non-equivalent number of O% and F ions inside the structure
and takes the form of YnOn1Fn+2 (n = 5 - 7) leading to structures like YsO4F7, YsOsFs, and
Y706F9 [42]. In contrast to the YOF structure these phases have orthorhombic structures [42].
During the phase transition and formation of YOF, Guang Chai [43] and his group have
explained how we can get different phases of stoichiometric and non-stoichiometric YOF
starting from yttrium fluoride (YFs3). Eloussifi et al. [44] have studied the decomposition of a
source of yttrium trifluoroacetate (Y (CF3COO)3) to form different phases of YOF accompanied

by releasing different gases.

0
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Figure 8: Crystal structure of YOF [41].

Studies of YOF for possible applications have been carried on for many years. Huilin He [45]
and his group have investigated a set of YOF:Er®* and GdOF:Er®* for mid-IR fluorescence and
as laser materials. Yang Zhang [46] and his group have extended their studies to more Ln®*
ions (Ln* = T3, Eu®", Tm®", Dy**, Ho®", Sm®") for field emission displays (FEDs). Fujihara
et al. [47] have also studied YOF doped with Pr3* thin films with an intense green emission at
498 nm for UV-light emitting diode (LED) optoelectronic applications. Studies of outer s?
shells have also been done by Blasse and Brill [48] by doping with Bi®* for UV emission and

excitation.
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Chapter 3

Preparation method & Characterization techniques

This chapter gives a general overview on the preparation method used in this study to prepare
the high quality powders. A brief description and principle of operation of the characterization

techniques used in this study are also given.

3.1 Pyrolysis method

Pyrolysis is a terminology that describes the thermal decomposition of materials at elevated
temperature in an inert gas or sometimes at ambient air. It has been widely used in synthesizing
high quality powders in nanometer scale [1]. The first evidence for thermal decomposition of
RE trifluoroacetate (CFsCOO) was done by Rillings during his investigation on Pr*, Er** and
Sm3" CF3COO to prepare LnFs and LnOF (Ln = Pr¥*, Er®" and Sm®") by annealing in air and
in vacuum [2]. Complexes of CF3COQ precursors were also used to prepare high performance
and high temperature superconductor coated layers for conductors and thin films using
chemical solution decomposition [3-5]. Various studies were done on the decomposition of the

CF3COOQ precursor to get different high crystalline phases through single sources [6-8].

Eloussifi et al. [8] have studied the process of decomposition of a source of commercial
Y(CF:COOQ)s. During their investigation on the decomposition process, different phases
formed with increasing temperatures. Different gasses were released with increasing
temperatures as different phases formed. The decomposition included four stages. The first
stage was the dehydration process that was accompanied with a mass loss, and this stage
occurred at low temperatures (> 200 °C). The second stage was the formation of YF3z at a low
temperature (~ 400 °C) that was accompanied with the release of (CF:CO)20, CO and CO2
gasses. The third stage occurred during an increase in temperature and it involved the formation
of a mid-structure known as non-stoichiometric yttrium oxyfluoride. This mid-structure had an
YnOn-1Fn+2 (n =5 - 7) form that lead to an Y¢OsFg structure with an orthorhombic phase [9].
The fourth stage resulted in the formation of stoichiometric YOF and occurred at 900 °C. A
further increase in temperature will however result in the replacement of fluorine ions with
oxygen ions and therefore the decomposition of YOF into cubic yttrium oxide (Y20z3). Rare

earth CF3COO can be synthesized by using metal oxides or metal carbonates. The starting
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oxides or carbonates react with trifluoroacetic acid (CFzCOOH) when it is mixed with distilled
water. After evaporation of the excess solvents the remaining powder can act as a precursor

that can decompose into different structures with annealing [10, 11].

For the purpose of this research study, we’ve first let Y203 react with a mixture of CFsCOOH
and distilled water to form the Y(CFsCOO)s starting precursor as in figure 1. Pyrolysis of the
prepared Y(CFsCOQ)s then resulted in the decomposition into orthorhombic YFs at low
temperature. Some compounds evaporated with increasing temperature such as (CFsCO)20,

CO, and COy, see the chemical reaction:
Y(CF3COOQO)3 — YFs3 + (CF3CO)0 + CO + COg2..........1.

With a further increase in the temperature, more oxygen ions were introduced inside the YF3
structure. This resulted in the decomposition of YF3 into a non-stoichiometric structure of
yttrium oxyfluoride known as Y¢OsFs, with an orthorhombic structure. The rhombohedral YOF
structure therefore formed by incorporating more oxygen ions from air into the structure during

increased temperatures. At higher temperatures (~1200 °C) the structure changed to cubic

Y20:s.

We can therefore divide the pyrolysis of Y(CFzCOO)s to different structures into five stages
[&]:

e Dehydration.

e Formation of YFs as a stable intermediate.

e Decomposition of YF3 to form a non-stoichiometric yttrium oxyfluoride.

e Formation of stoichiometric YOF.

e Decomposition of YOF into cubic Y203. The complete transformation was

obtained at 1200 °C.

25



0.005 mole of Y,0; dissolved in 5 ml distilled water

5 min stirring

Addition of 12.5 ml of CF;COOH

5 min stirring

h 4

Increasing temperature to 80 °C

45 min stirring

h 4

Y(CF;COO0); solid product after solvent evaporation

b 4

Grinding and annealing at 900 °C (5 °/min) in air for 2 hours

b 4

Grinding the obtained YOF and prepare for characterizations

Figure 1: Flow chart explaining the synthesis of YOF by using pyrolysis of

trifluoroacetate precursor.

3.2 X-ray diffraction (XRD)

3.2.1 Overview

XRD is a non-destructive technique used to analyze and to determine crystal phases, grain sizes
and lattice parameters of materials [12]. Max Von Laue discovered in 1912 that a crystalline
substance can act as a three-dimensional diffraction grating for x-rays with wavelengths similar
to the spaces between planes of a crystal lattice [12, 13]. When incident monochromatic x-rays
interact with the material, scattering of x-rays occur from the atoms of the material. This kind
of behavior is called diffraction [13]. The scattered x-rays can also experience constructive and
destructive interference. Almost 95 % of solid materials can be described as crystalline
materials [14]. The wavelengths of the x-rays are normally between 0.07 — 0.23 nm, that is very
close to the inter-planar spacing of most of the crystalline materials. The diffraction of x-rays
in crystalline materials appears as individual peaks at certain angles that correspond to the inter-
planar distances [15]. The XRD pattern can be described in terms of Bragg’s law.

3.2.2 Bragg’s law

Bragg’s law was named after the contribution of both Sir W.H Bragg and his son W.L Bragg

in 1913 [13]. Bragg’s law connected the diffraction angles of the incident x-rays with the inter-
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atomic distances. When the sample is bombarded with x-rays of a specific wavelength at a
certain angle, intense reflected x-rays are produced when the wavelengths of the scattered x-
rays interfere constructively. Constructive interference diffracts the x-rays with an angle equal
to that of the incident beam, see figure 2. Bragg’s law can be expressed as follow [13]:
NA=2d SIN0 wcovvriiiiniiiiiiiiiiiiiiiiiiiiinniciinncenes 2.

A is the incident x-ray wavelength, d is the inter-planar space between crystal planes of atoms,
ions or molecules. The integer number, n, represents the order of diffraction and 20 is the angle
between the diffracted and transmitted X-rays. The value of 20 is obtained from the

experimental measurement.

A C
Incident X-rays Diffracted X-rays
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Atomic-scale crystal lattice planes
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Figure 2: Schematic diagram showing Bragg’s law, adopted from [13].

A XRD pattern is obtained by a diffractometer. A typical diffractometer consists of an x-ray
tube, a sample holder and an x-ray detector, see figure 3(a). In the x-ray tube electrons are
emitted from a heated tungsten filament and accelerated by an electric potential to impinge on
a metal target. The interaction between the electrons and the metal target leads to the emission
of x-rays. Some of these x-rays have a wavelength characteristic of the target and some have a
continuous distribution of wavelengths between 0.05 nm and 0.5 nm [12]. This continuous
distribution contains multiple wavelength components like K, and Kg. K, consists of two parts,
Kai and Kq2, where Kq1 has a shorter wavelength and twice the intensity of K. Copper is the
most frequently used material for single crystal diffraction with CuK, = 0.154 nm. Filtering of
the monochromatic x-ray wavelengths by using a proper nickel filter for example, results in
the absorbance of the wavelengths bellow 0.154 nm, see figure 3(b). The filtered wavelengths
are focused towards the sample with an angle, 0, while the x-ray source and the detector are

rotated with 20 angles. The detector records the maximum intensities corresponding to each
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diffraction angle [12, 13]. Further correction of the obtained XRD results is done by correcting

the pattern with respect to K.
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Figure 3: a) Schematic diagram showing different components of the diffractometer,
adopted from [16] and b) a spectra of copper radiation with and without a nickel filter
[12].

The crystallite size of the samples can be obtained by using the Scherer equation for the
broadening of the diffraction peaks [17]. The broadening is a result from sample broadening as
well as the instrument broadening. It is useful to identify the nature of the broadening by
collecting the diffraction pattern from the line broadening of a standard material (e.g., silicon)
to be able to determine the instrumental broadening. The corrected Bnii is corresponding to the

diffraction peak of the material and can be calculated by using the relation

2 2
(Bhk|)2= (Bhkl)measured - (Bhkl)instrumental """"""" 3
kA
Bhx = Dogep """ttt e 4.

Bri represents the peak broadening or full width at half maximum (FWHM) corresponding to
the diffraction angle 6 and miller indices hkl. A represents the wavelength of the CuK, x-ray
radiation (0.154 nm), D is the crystallite size in nanometer and k represents the shape factor for
spherical shapes and is equivalent to 0.9 [18, 19]. All the XRD measurements of this study were
collected by using a Bruker D8 Advance diffractometer equipped with a copper anode (A =

0.154 nm). It was operated at a voltage of 40 kV and a current of 40 mA.
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3.3 Scanning Electron Microscopy (SEM) and Cathodoluminescence (CL)

3.3.1 (SEM)

The SEM technique is used to study the morphology of a sample’s surface. It produces an
image using electrons instead of light. SEM has various advantages such as a wide scan area
of the sample’s surface with good spatial resolution (depending on the different systems). The
principle of SEM is based on a beam of high energy electrons that are accelerated and focused
on the sample while passing through a combination of lenses and apertures in a column, see
figure 4. This generates a variety of signals from the surface of the specimen such as secondary
electrons, backscattered electrons (determine the crystal structure and orientation of minerals),
x-rays, visible photons, Auger electrons, diffracted backscattered electrons and heat [20]. These
signals reveal information from the sample that includes topography (texture), morphology
(particle size and shape), chemical composition, crystalline structure and orientation of the
materials. The sample is placed on a holder in a vacuum chamber and both the column and the
chamber are evacuated by various pumping. SEM scanning areas range from nanometers up to
a few microns depending on the type of study. Some SEM systems are also capable of doing
some element identification of samples by using Energy Dispersive X-ray Spectroscopy [20].
Secondary electrons are used to determine the morphology and topography of the sample.
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Figure 4: Schematic diagram of a SEM system and the generation of different signals

after electron interaction [20, 21].
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Backscattered electrons are important for showing the contrasts in composition for multiphase
samples [20, 22]. The SEM images for this study was recorded by using a JEOL JSM-7800F
SEM system.

3.3.2CL

Emission of photons from the surface of a material after irradiation of high energy electrons is
known as CL. These emitted photons cover a wide range of wavelengths in the UV, VIS and
NIR ranges. CL is mainly used to characterize the optical properties of materials in the
nanoscale. CL photons are a side product after irradiation of high energy electrons. In some
kinds of microscopy, a CL detector is attached to detect the emitted photons after irradiation
of high energy electrons. The recorded emission intensity is given as a function of the scanned
wavelengths. For a better response of the recorded emission, cooling of the sample stage may
be implied. The obtained emission of the sample gives intrinsic structural features of the sample
that correspond to each individual peak [21, 23]. CL analysis in this study were done by using
the same JEOL JSM-7800F SEM system equipped with a CL detector, Gatan Mono CL4. The
photons were detected inside the chamber and cooling of the chamber by liquid nitrogen was

necessary.

3.4 X-ray Photoemission Spectroscopy (XPS)

XPS, also known as Electron Spectroscopy for Chemical Analysis (ESCA), is mainly used to
investigate the elemental and chemical composition of a sample’s surface. The first
development of XPS was in the mid- 1960’s by Kai Sieghahn and his research group at the
University of Uppsala, Sweden [24]. A full and detailed description of XPS can be found in
various textbooks and literatures studies [25-28]. When a solid material is irradiated with
photons having sufficient energy (hv), photoelectrons will be released, based on the
photoelectric effect, having a kinetic energy given by [24]:

Ek=hv—EB— ceeviririiiiiiiiiiiiiiiiiiiiiiiiiinenns 5.

Ex is the kinetic energy of the released electrons, Eg is the binding energy of the state where
the electrons eject from and ¢ is the sample’s work function that is defined as the minimum
energy required to remove an electron from the material [15]. The intensity of the
photoemission peaks (1(Ex)) can also be determined as a function of the binding energy through
[15]:
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I(EK) = DOS(hv —EB =) eeveerernriernrninennrnennnnnn 6.
DOS(E) is the density of states as a function of the binding energy. The photoemission
spectrum therefore represents the energy distribution of the electron states in a solid, see figure
5. The sample and the analyzer are grounded together during the experimental procedure in
order to align their Fermi levels. It is then convenient to write the measured kinetic energy in

respect to the Fermi energy levels as [15]:
Ek:hU—EB—¢sp ........................................... 7.

@sp 1s the spectrometer’s work function. The binding energy can then be described as the energy
difference between the initial and final states after the photoelectron left the atom. There is a
dependency of the energy level of the core electron to the chemical state of the atom. Important
information can therefore be obtained through understanding the XPS data and by
distinguishing between the initial and the final state effects. The photoemission is due to the
final state and its nature. A change in the oxidation states has an effect on the binding energies,
which increase with increasing oxidation state and vice versa. The p, d and f levels of the atoms
can split during the ionization process resulting in piz, pss2, dap, dsp fs2 and f72. The ratio of

splitting for each orbital is 1:2, 2:3 and 3:4 for p, d and f, respectively [24].

00000 Li:ox
o O L, or 2s

Photon Photoelectron

O . Kor1ls

Figure 5: Schematic diagram of the production of a x-ray photoelectron [24].

In this research study high-resolution XPS was obtained with a PHI 5000 Versa-probe system.
The samples were irradiated with a 100 um diameter monochromatic Al K, x-ray beam (hv =
1486.6 eV) generated by a 25 W, 15 kV electron beam, in an ultra-high vacuum chamber (9 x
1071% Torr), that resulted in the ejection of photo-electrons. Some of these photo-electrons
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inelastically scattered through the sample towards the surface, while the rest of the electrons
escaped from the surface into the vacuum without energy loss [29, 30]. The ejected photo-
electrons were collected by an electron analyzer that measured their kinetic energy. The
analyzer produces spectra of intensity (number of ejected electron versus time) versus binding
energy (electron energy before leaving the atom). Each peak in the XPS spectrum corresponds
to a specific element [29, 30]. The pass energy was set to 23.5 eV giving an analyzer resolution
of <0.5¢eV.

A low energy Ar" ion gun and low energy neutralizer electron gun were used to minimize
charging on the surface. Multipack version 8.2 software was utilized to analyze the spectra to

identify the chemical compounds and their electronic states using Gaussian-Lorentz fits.

3.5 Auger Electron Spectroscopy (AES)

AES is a phenomenon that was first introduced by Pierre Victor Auger in 1923 during his
studies of electron induced x-ray excitation in a Wilson cloud chamber. He did experiments
and theoretical explanations of the mechanism that were reported in his doctoral thesis in 1926
[31]. Later in 1953, Launder explained the possibility of doing surface analysis by determining
the characteristics of Auger peaks. He successfully observed secondary electron emission
during electron irradiation of solids [31], see figure 6. AES is an important surface analysis
technique that provides elemental information of the material. The Auger electrons have
relatively short inelastic mean free paths and the AES technique can detect all the elements
except H and He.

Emitted (Secondary) } Auger

Electron energy = AE - E, electron

Vacuum level — Auger
emission

Primary electron

w=E
energy =E, ool
L
1
. K X-ray X-ray
/ ' emission photon

Scattered
primary electron
energy = E,— AE

Figure 6: Schematic diagrams explaining the production of Auger electrons and of x-ray

emission, adopted from [32].
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The simplified description of the AES mechanism involves the removal of an electron from the
core level, K, through an incident primary electron. A second electron from the upper level L1
will relax to the K level to fill up this hole. The energy released during the relaxation will be
transferred to a third electron that will be released from the upper level L3, see figure 6. The

Auger electron’s kinetic energy is given by [15]:

Ekin = Ek - ELl - ELZ,3 - (l) .................................. 8,

where ¢ is the work function of the analyzer. The notation, K, represents the initial state
whereas L; and L3 are the final state transitions. According to Chung and Jenkins’
approximation an accurate expression of kinetic energy of the ejected Auger electron is given
by (Z+1) [32], where Z is the atomic number of a specific atom. This approach was based on
the assumption that the binding energy of all the electrons will increase the moment one
electron is removed. Thus, the properties are electrostatically similar to an atom that has an
atomic number greater by unity and this gives an expression [15, 32]:

. —nl
Ekln - EK - L2,3

N | =

1
[Ef, + EfH1]- 5 [Ef,, + Ef;;1- ¢ ...9.

The AES data of all the powder samples in this study and related SEM images were collected
using a PHI 700 Scanning Auger Nanoprobe with a 20 kV 10 nA beam voltage and current,
having a beam diameter of about 12 nm, in ultra-high vacuum at a pressure of 1.7 x 10°2° Torr.
This high energy electron beam was focused on the sample surface through electric lenses and
caused the ejection of the Auger electrons. A cylindrical mirror Auger analyzer was used to
detect the Auger electrons. The measured electrons were then displayed in a spectrum that
represented the intensity versus the kinetic energy of the emitted Auger electrons. Each peak

of the spectrum correspond to an individual element [33].

3.6 Photoluminescence (PL)

PL is a technique used to study the optical properties of a material based on its excitation and
emission. The optical properties depend on the electronic transitions of a certain material or
ions (e.g. transition metals or lanthanide ions) [34]. PL measurements can be divided into
steady state and time-resolved PL measurements. The main difference between the two types
are based on the nature of the study. The steady state measurements involve excitation and
emission spectra whereas time-resolved measurements obtain the decay curves [15, 34]. In PL

measurements the intensity distribution is given as a function of the wavelength. The excitation
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spectrum is recorded while monitoring a certain emission. The emission spectrum is recorded

through exciting the material with the individual excitation wavelengths.

g Monochromator

Emission
Monochromator

Figure 7: Schematic diagram of the typical components of spectrofluorometer.

Figure 7 shows the basic components of a PL spectrofluorometer. A beam of photons from a
light source passes through the first monochromater that selectively transmit a specific
excitation wavelength and is focused on the desired sample. The emitted light from the sample
is directed towards the emission monochromater and then directed to a photodetector. The
photodetector converts the emitted light to an analog electrical signal. This analog electrical
signal is then converted into a digital signal by using analog to digital converters and further
processing is done by using computer software. The obtained spectrum will be shown in terms
of intensity of the emitted light (proportional to the electrical signal generated) as a function of
the wavelength of the emitted light [15, 34, 35].

PL measurements for all the prepared samples in this study was done by using the Edinburgh
FLS980 instrument. For the lifetime measurements the system was equipped with an EPLED
257.4 nm excitation source or uF2 Microsecond Xe flash lamp source depending on the
measurement. The quantum yield measurements were done by using the same instrument

equipped with an integrating sphere.
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Chapter 4

Photoluminescence studies of a YOF phosphor synthesized by the pyrolysis
method

In this chapter PL studies of Pr®* doped YOF samples were investigated for SC applications.
Investigations were done to show that the intense excitation peak obtained at 250 nm was due to the 4f-
5d band of Pr3*. These investigations were done in order to contradict previous results reported by other

authors that attributed the 250 nm excitation peak to a charge transfer (CT) band of Pr**.

4.1 Introduction

The vast progress in the population and the demand for more energy with decreasing of
available energy resources opened up a large field of research for a new energy source. The
energy resources that are being used for the last decades are non-renewable energy such as
fossil fuels, coal petroleum and natural gasses. These energy resources are of great importance
to us since they can produce significant amounts of energy. One disadvantage is however that
they produce carbon dioxide that has a bad impact on the planet. [1]. SC are considered to be a
good resource of energy production that has faced many obstacles up until now in order to
increase the energy efficiency. For a c-Si SC some of these obstacles are the loss of energy

through thermalization, e-h recombination and transparency [2].

Single-junction monocrystalline and polycrystalline Si systems currently account for about 95
% of the photovoltaic market. The Eg of this kind of semiconductors is 1.1 eV and this is equal
to the energy of a photon with a wavelength of about 1100 nm [2]. According to the Shockley-
Queisser’s model the theoretical maximum efficiency of c-Si SC, with an Eq of 1.1 eV, is about
30 % [1]. This model is based on the principle of the balance between the incident and escaping

photons and extracted electrons [1].

The luminescence and spectroscopic properties of a Pr3* ijon is very dependent on the host. It
can result in red emission from the 1D level in Y203 [3], blue emission from the 3Po level in
YFs3 [4] or green emission from the 3Po to 3F2 and 3Ha levels in YOF [5]. In all three cases the
emission occurred via transitions to the 3Hs ground state. The Pr3* ion has been studied for
various applications such as FED, laser devices, scintillator application and other

optoelectronic devices [6]. It also has very promising potential as a DC and an UC material,
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depending on the host, for SC applications [5, 7, 8]. The intrinsic properties and different
emitting energy levels in the UV, VIS and IR regions make the Pr* ion a very suitable spectral

converter material [9, 10].

DC or QC is a mechanism where one high energy photon is converted into two low energy
photons. DC could result in energy efficiency above 100 % and it can reduce the thermalization
effect [11]. The DC mechanism can occur through PCE from a single lanthanide ion or by
energy transfer through different lanthanide centers [12, 13]. In the 1970’s the QC effect was
first observed in Pr3*-doped YFs with a quantum efficiency of about 140 % under the excitation
of 185 nm and up until now, QC had been reported in a variety of Pr¥*-doped fluorides and
several oxides [2]. Highly efficient PCE for Pr®* in the VIS region was reported in YF3 by Piper
et al. [14], Sommerdijk et al. [15] and S. Kuck et al. [16]. They have studied the luminescence
of Pr¥* in different fluoride host crystals including YFs, KMgFs, LuFs, BaMgF4 and PrFs.
They’ve showed internal theoretical quantum efficiencies with excitation wavelengths below
200 nm between 1.2 and 1.6 by using the Judd-Ofelt model. In spite of the high quantum
efficiency from a single Pr®* ion it cannot be used as lamp phosphors because the first step of

the photon cascade lies at about 400 nm and this is too far in the UV spectral region [16].

Oxyfluoride materials show promising host potential since they combine the main advantages
of oxides with fluorides, such as low phonon energy and low probability of multiphonon
quenching [17]. It is well known that the oxide materials are mechanically and chemically
stable and that they also have high phonon energies (larger than 500 cm™. The fluoride
materials however are chemically and mechanically unstable and they have lower phonon
energies [18, 19]. The phonon energy of YOF is equal to 400 cm™ comparing to that of YFs
that is ~ 350 cm™. In addition, the YOF is chemically and thermally more stable than YF3 [20].
YOF also has a wide band gap (~7.2 eV) that makes it suitable as a host lattice for optical
applications [21]. YOF has a rhombohedral structure (space group: R3m (166)), where each
Y3 jon is surrounded by four F~ and four O% atoms with one available site of Y3* that can be

occupied by the dopants [5].

The luminescence of YOF doped with Pr¥* was investigated as it is considered to be a

promising DC phosphor material for Si SC enhancement. There is no clear report on the
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possible luminescent mechanisms for the YOF:Pr3* phosphor and with this study the authors

aimed to better understand the behavior of the Pr3* ion in the YOF host.

4.2 Experimental

Pure YOF and Pr** doped YOF powder samples were prepared by the pyrolysis method with
CF3COO as precursor from a single source as described in chapter 3, section 3.1. The doped
YOF: x mol % Pr¥* (x = 0.07, 0.1, 0.2, 0.3, 0.4 and 0.5) samples were prepared by the same
method only by introducing praseodymium (Il1) oxide (Pr20s) in the starting materials. An
additional sample was also prepared by doping YOF with 1 mol % of cerium oxide (CeQOy).

The structure of the prepared samples was characterized by XRD using a Bruker Advance D8
diffractometer (40 kV, 40 mA) with Cu K, x-rays (A = 0.154 nm). SEM images were taken by
using the JEOL JSM-7800F SEM. High-resolution XPS was obtained with a PHI 5000 Versa-
probe system as was described in chapter 3, section 3.4. All measurements were performed at
room temperature. PL, NIR emission and life time measurements were done by using the
Edinburgh FLS980 instrument.

4.3 Results & Discussion

The crystal structure and phase formation were studied by using XRD. Figure 1(a) shows the
XRD patterns of the starting precursor, Y(CFsCOQ)s, the standard data of YFs (Space group
Pnma (62) (ICSD No. 74-0911)), YOF (ICSD No. 71-2100) and for the precursor annealed at
different temperatures. At 600 °C the precursor decomposed into crystalline orthorhombic YFs
with small impurity peaks of orthorhombic yttrium oxyfluoride (YsO4F7). At 700 °C and 800
OC, these small impurity peaks developed into YOF. Finally at 900 °C a pure rhombohedral
YOF structure (space group: R3m (166)) occurred without any noticeable impurities. The XRD
patterns have successfully showed the formation of the YOF structure starting from
Y (CF3COO)s. A further increase in the temperature will however result in small impurity peaks
of cubic Y20s. Figure 1(b) shows the XRD patterns of the standard YOF pattern (ICSD No.
71-2100), the different samples of YOF: x mol Pr¥* (x =0, 0.07, 0.1, 0.2, 0.3, 0.4 and 0.5) and
for the YOF: 1 mol % Ce®" sample. There is a slight shift of the diffraction peaks of the doped
samples towards the lower angles due to the difference of the ionic radii (Y3"=0.1019 nm, Pr3*
= 0.1126 nm and Ce* = 0.1143 nm). This confirmed that the Pr’* and Ce®" ions were

successfully incorporated into the host lattice.
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Figure 1: XRD patterns for the (a) Y(CFsCOO)s precursor annealed at different

temperatures and (b) of the YOF: x mol % Pr3* (x =0, 0.07, 0.1, 0.2, 0.3, 0.4, and 0.5) and

the YOF: 1.0 mol % Ce?®* phosphors.

The schematic illustration for the crystal structure of the YOF host is shown in figure 2. Each
Y3 ion is surrounded with four F and four O% ions that yields the 8 coordination Y** ion. The
Y3, 0% and F ions’ coordination in the structure is in an arrangement of a bi-capped trigonal
antiprism with 6¢ Wyckoff positions with the symmetry for the Y3* cation as Cay site symmetry.
The crystal structure of YOF can be derived from the cubic calcium fluorite structure with a
slight trigonal distortion [19, 22, 23].

40



Figure 2: The schematic illustration for the crystal structure of the YOF host. Each Y?3*
ion is surrounded with four F- and four O?% ions that yields the 8 coordination Y3* ion.
The crystal structure was drawn using Vesta software [24].

The estimation of the crystallite size of the prepared powders was done by using the Debye-
Scherer equation for the broadening of the diffraction peaks [25]. The effect of broadening is a
result from instrument broadening as well as the sample broadening. It is useful to identify the
nature of the broadening by collecting the diffraction pattern from the line broadening of a
standard material (e.g., Si) to be able to determine the instrumental broadening. The corrected
Brki is corresponding to the diffraction peak of the material and can be calculated by using the

relation,

2 2
Bhki= [(Bhkl)measured - (Bhkl)instrumental]""""""1

where, Bk represents the peak broadening or FWHM corresponding to the diffraction angle 0
and miller indices hkl, A represents the wavelength of CuK, of the x-ray radiation (1.54056 A),
D is the crystallite size in nanometer and k represents the shape factor for spherical shapes and
is equivalent to 0.9 [26, 27].

The crystallite sizes of the prepared samples that were calculated by using the Debye-Scherer

equation 2, for the diffraction peaks corresponding to the Miller indices, is given in table 1.
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The variation of the crystallite sizes is depicted in figure 3. The pure host’s crystallite size was
81.24 nm and it decreased with increasing doping concentration to 75.31, 73.32, 66.58, 65.22,
61.18 and 59.8 nm for the samples doped with 0.07, 0.1, 0.2, 0.3, 0.4 and 0.5 mol % of Pr3*
respectively. The decrease of the crystallite size with increasing doping concentrations

indicated a successful incorporation of Pr®* ions into the Y3* sites of the host.
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Figure 3: The variation of the crystallite size with Pr3* concentrations calculated using

Debye-Scherer equation of the crystallite size as a function of FWHM.

Table 1: The calculated crystallite sizes of the prepared samples by using the Debye-

Scherer equation.

Sample Crystallite size (nm) (£ 1)
YOF: 0 mol % Pr3* 81
YOF: 0.07 mol % Pr3* 75
YOF: 0.1 mol % Pr3* 73
YOF: 0.2 mol % Pr3* 67
YOF: 0.3 mol % Pr3* 65
YOF: 0.4 mol % Pr3* 61
YOF: 0.5 mol % Pr3* 60
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The surface morphology was investigated with SEM. The precursor powder showed non-
uniform morphology of big particles and flakes, see figure 4(a). During thermal decomposition
at 600 °C, figure 4(b), the morphology shows an agglomeration of small particles, < 100 nm.
At 700 °C these small particles started to melt and agglomerate more to form bigger particles
with sizes > 100 nm, see figure 4(c). The morphology of the sample annealed at 800 °C, figure
4(d) shows an increase in particle agglomeration and melt into bigger particles with sizes > 500
nm. The sample annealed at 900 °C, figure 4(e), shows an increase in bigger melted particles
having spherical and more longitudinal shapes with a width close to 500 nm and a length > 1
um. This change in morphology was reported by Z. Li et al. [28] during investigations done on
the pyrolysis method of YOF:Yb*', Er®* thin films and also by H. Eloussifi et al. [29] during
studies of thermal decomposition of the Y(CF3COO)s precursor. They’ve reported that the big
particles contain small grains that are randomly oriented. Figure 5 shows the SEM images for
the doped samples of YOF:Pr*. There is no apparent change in the morphology except for a

slight variation of the agglomerated particle’s sizes.
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Figure 4: SEM images of the YOF host annealed at different temperature for a) the
precursor powder, b) at 600 °C, c) at 700 °C, d) at 800 °C and e) at 900 °C.
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Figure 5: SEM images of YOF: Pr3* for the samples doped with different concentrations
of Pr¥*ion, a) 0.07, b) 0.1, ¢) 0.2, d) 0.3, &) 0.4 and f) 0.5 mol %.

XPS has been used to study the surface composition of the high concentration YOF: 0.5 mol
% Pr3* sample. All the XPS high-resolution peaks were corrected for charge compensation in
respect to the C 1s peak at 284.8 eV. The C contamination was ascribed to adventitious
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hydrocarbons on the surface [30]. Figure 6 shows the peak deconvolution of the a) Y 3d, b) O
1s, ¢) F 1s and d) Pr 3d peaks. The Y 3d peak, figure 6(a), can be deconvoluted into two binding
energy peaks at 157.1 eV and 159.1 eV that are due to the spin orbit splitting into the 3ds,> and
3ds2 peaks respectively. The O 1s peak, figure 6(b), shows two peaks at 529.1 eV and 531.4
eV. The F 1s peak shows one peak at 684.9 eV (figure 6(c)) and the Pr 3d peak shows two sets
of peaks for the 3ds> and 3ds2 peaks due to the spin orbit splitting (figure 6(d)) at 933.4 eV
and 953.8 eV and at 929 eV and 949.4 eV respectively.

The 157.1 eV peak of Y 3ds/, correspond well with other reported values for the Y 3ds,> peak
in the YOF structure [31, 32]. The peak of O 1s at 529.1 eV correspond to the oxygen peak in
the YOF structure and this was also reported by Rizhkof et al. [33]. The second peak at 531.4
eV can be ascribed to hydroxyl or carbonate groups [34]. The F 1s peak at 684.9 eV is also in
correlation with reported data for the YOF structure [33]. The two sets of fitted peaks for the
Pr 3d peak correspond to two different oxidation states of Pr3* and Pr**. The 933.4 eV and
953.8 eV peaks correspond to the Pr 3ds2 and Pr 3ds/2 peaks of Pr** respectively and the other
pair at 929 eV and 949.4 eV correspond to the Pr 3ds, and Pr 3d/, peaks of Pr3*. The separation
between the spin orbit splitting peaks is 20.4 eV. The obtained values for the Pr 3d peak are in
correlation with results obtained by Narula et al. [35], Matsumura et al. [36] and Sarma et al.
[37]. It is also in correlation with results obtained for a Pro.s0Zro.35Y0.0s02 system with the Pr
3d peak binding energies found at 933.9 and 953.5 eV for Pr** and at 929.5 and 949.8 eV for
Pr3* [38]. The presence of Pr** could have an effect on the PL results. The Pr** ions could have
formed during the synthesis process or during annealing where the O% ions replaced the F ions
to form the YOF structure. Schaefer et al. [6] and A. Guzik et al. [39] have ascribed a CT band
to hybridization of the Pr ion where one electron from the Pr ion is localized and the other
(delocalized) electron density is provided by the O 2p band through a Pr 4f — O 2p bond. The
Pr 3ds2 and Pr 3ds2 split due to the final state configurations of the 4f3L2 (L-hole on the O 2p
valence band) level. The splitting could also arise from the coupling between the 3d hole and
the outer unpaired 4f electron.
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Figure 6: XPS high-resolution peak fits for the a) Y 3d, b) O 1s, ¢) F 1s and d) Pr 3d peaks
in YOF: 0.5 mol % Pr3*,

XPS measurements were also done on the prepared precursor Y (CF3COQ)z doped with 0.3 mol
% of Pr3*. The survey scan consisted of all the main elements of the structure without any
contaminations (data not shown). All the XPS high-resolution peaks were also corrected for
charge compensation in respect to the C 1s peak at 284.8 eV. The high-resolution deconvoluted
peaks are shown in figure 7 for Y 3d, O 1s and F 1s. The Y 3d peak in figure 7(a) was
deconvoluted into two peaks at 158.6 eV for Y 3ds2 and 160.7 eV for Y 3ds;2. The O 1s peak
was deconvoluted into five peaks at binding energies of 529 eV, 531 eV, 532.1 eV and 533.9
eV in figure 7(b). In figure 7(c) the F 1s peak was deconvoluted into three peaks with binding
energy at 684.5 eV, 686.1 eV and 687.7 eV. The Pr 3d peak could not be detected due to nature

of the amorphous as-prepared precursor.
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The binding energies of the Y 3d peak at 158.6 eV for Y 3dss, is ~1.6 eV higher than our
recorded value for the YOF structure at 157 eV for Y 3ds2, and is ~ 0.5 eV lower than the
reported binding energy of YFsz at 159.1 eV for Y 3ds/2 [40]. We can therefore estimate that our
obtained binding energy for the Y 3d peak can be related to the yttrium ion in Y(CF3COO):s.
Investigations on the deconvoluted F 1s peak revealed more information on the type of the
species within the materials. J.H. Su et al. [32] reported on two F 1s peaks with binding
energies at 687.7 eV and 684.5 eV that they’ve related to a— CF3 group that represented a metal
CF3COO bond and a F-O bond respectively. We can therefore correlate our obtained 684.5 eV
and 687.7 eV peaks to the CFz and F-O bonds in Y(CF3COO)s respectively. The third fluorine
component obtained at 686.1 eV can be ascribed to a C-F ionic bond according to Y.M. Shulga
etal. [41]. They’ve explained this C-F ionic bond to the nature of the material with the existence
of the carbon within it. Our sample is not strongly ionic since the true ionic bonds have binding
energies of Ep (F 1s) = 684 eV — 686 eV. According to our data the C-F bond is therefore an
intermediate between an ionic bond and a covalent bond. The deconvoluted O 1s peak at 529
eV might be due to the formation of O% bond on the surface [42]. Whereas, the peak at 531 eV
can be ascribed to surface adsorbed oxygen species (O, OH) [43], while the peak at 532.1 eV
was assigned to the oxygen peak in Y (CFsCOO)z which matched the reported value of 532.1
eV [32]. The higher binding energy peak at 533.9 eV is a representative of the oxygen peak of
the heavily fluorinated material since we used CF3sCOOH as a solvent. The acid de-fluorinated
the Y(CF3COO)z and formed volatile fluoro-phosgene (COF2) during annealing [41].
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Figure 7: XPS high-resolution peak fits for the a) Y 3d, b) O 1sand c) F 1sin Y(Ace)s: 0.3

mol % Pr3+,

PL excitation and emission was done in order to investigate the possibility of a Pr** CT band
in our system. The PL excitation spectrum was recorded for the two emissions at 498 nm and
659 nm in figure 8(a) and (c) respectively. The excitation spectrum contains two different types
of transitions that correspond to a band around 250 nm and to the 4f-4f forbidden transition of
the Pr3* ion around 456 nm, 470 nm and 483 nm as depicted in the figures 8(b) and 8(d). The
4f-4f peaks correspond to the 3Ha-3P, *Ha-lls, 3P1 and 3Hs-3Pq transitions of the Pr3* ion,
respectively. From the excitation spectrum we can see that the band at 250 nm is located around
40 000 cm which is lower than the Pr3* 4f 1S, state, which is usually around 46 700 cm™ in
different hosts [44].
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The nature of a CT band usually appears as an intense and broad peak in the absorption,
excitation and reflection spectrum as a result of spin and dipole allowed transitions [45].
Fujihara et al. [5] reported on the position of the CT band for YOF:Pr3* thin films synthesized
by the pyrolysis method. They’ve reported that the CT band was located at 250 nm and that
there was also an intense green emission at 498 nm. The possible explanation for the occurrence
of the CT band, is the transition of an electron from a Pr** ion ligand in Pr**-O?%, to the Pr3* ion
in Pr3*-O' [44]. T. Balaji et al. [46] have done some fluorescence investigations on Ce** doped
YOF in order to exclude the possibility of relating the band at 250 nm (40 000 cm?) to the 4f-
5d band of Pr¥* in YOF. They’ve showed that the excitation band at 250 nm could be ascribed
to the 4f-5d transition of Ce3*. Dorenbos et al. [47, 48] have studied the spectral data for more
than 450 hosts doped with Ce®* and Pr** and concluded that we can predict the position of the
4f-5d level for any lanthanide ion doped in inorganic hosts based on the position of the 4f-5d
band of Ce** when doped in the same host. He concluded that the difference between the 4f-
5d levels of Pr3* and of Ce3* remained nearly constant (12 240 + 750 cm™). A YOF:Ce**
sample was synthesized to confirm Balaji et al.’s investigations on the existence of the 4f-5d
Pr3* band. The excitation and emission spectra are shown in figure 8(e). The broad excitation
spectrum showed a maximum peak around 362 nm (27 624.31 cm™) and the broad emission
spectrum showed two main peaks around 385 nm and 404 nm. The excitation band at 362 hm
was assigned to the 4f-5d transition of Ce®" and the two emission peaks to the 5d - ?Fs/, and
2F71 transitions at 385 nm and 415 nm respectively [49]. These results contradicted the values
obtained by Balaji et al. The value of the Pr3* 4f-5d band in YOF:Pr®* can now be predicted to
be around 251 nm (27 624.31 + 12 240 = 39 864.31 + 750 cm™); based on our excitation results
for the Ce® ion (figure 8(e). The excitation band at 250 nm in our system was therefore
attributed to the Pr3* 4f-5d band. Previous interpretation of this 250 nm CT excitation band
was therefore incorrect and a new well-founded interpretation is given. The 251 nm predicted
value is below the forbidden S (46 700 cm™) level. For efficient PCE to occur, the 4f-5d state
should be situated above the 1Sy state. [5, 14, 15, 16]. A.M. Srivastava [50] concluded that when
the 4f-5d level of the Pr* ion doped in different hosts, appeared below the forbidden *S level,
it could result to 4f'5d* — 4% emission. Emission from the 4f-5d levels are not always possible.
Fast non-radiative relaxation could occur to the forbidden 4f-4f transitions with narrow

emission from the intra-configurational transitions.
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Emission of the Pr3* ion in the YOF host consists of a combination of advantages from both
YF3 and Y203 hosts [17]. Figure 9(a) shows the PL emission for the YOF:Pr®* phosphor doped
with different concentrations, recorded in the 450 — 800 nm range upon 250 nm excitation. The
emission of the samples occurred using only the excitation band at 250 nm due to the low gain
emission from excitation using 4f-4f excitation. The emission spectrum originated from the
3Po—3Has56 and 2Po—3F2,34 transitions and from the weaker *D,—3H, and 3Po—3Hs levels of
Pr3* [24]. The dominant emission around 498 nm and 659 nm therefore corresponded to the
3Py—3H4 and *Po—>F, transitions of Pr* respectively, see figure 9(c). Figure 9(b) shows the
variation in intensity of the two dominating emissions (3Po-3Hs and 3Po-*F2) as a function of
Pr3* concentration. The presence of the 4f-5d band below the Sy level however also occurred
in hosts as in Y203:Pr3* [6] and SrAlSisN7:Pr** [51] with emission also from the 4f-4f states of
Pré*,
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Figure 9: a) PL emission of YOF: x mol % Pr3* (x=0, 0.07, 0.1, 0.2, 0.3, 0.4 and 0.5) under
250 nm excitation, b) the variation of 3Po and 3F2 emissions with Pr3* concentrations and
c) the schematic diagram of the possible luminescent transitions of Pr3*, based on Pr3*
transition in YFs [4].
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The Commission Internationale de 1’Eclairage (CIE) color coordinates for the YOF: 0.3 mol %
Pr3* phosphor under excitation at 250 nm is shown in figure 10. The CIE coordinate was
obtained using the Edinburgh FS5 fluorometer. The coordinates of the emitted phosphor are
situated in the blue-green region with values for x = 0.29584 and y = 0.42989.
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Figure 10: The plotted chromaticity coordinate for the YOF: 0.3 mol % Pr3* sample (the

inset shows the fluorescence emission of the sample under UV excitation (Aex=250 nm)).

The optimum intensity occurred at 0.3 mol % of Pr3*, see figures 8(a) and (c). The decrease in
intensity after 0.3 mol % can be ascribed to concentration quenching of the Pr3* ion [52].
Concentration quenching is a well-known behavior for Pr3* doped inorganic hosts [7, 53].
Concentration quenching usually occurs at low Pr3* concentrations (maximum 0.4 mol %) due
to the unique properties of the Pr* energy levels [54]. Concentration quenching can occur
through three main mechanisms, 1) multi-phonon relaxation to the D level, 2) cross-
relaxation between Pr3*-Pr3* ion pairs and 3) energy transfer to the killer sites [55, 56]. For the
multi-phonon relaxation process to occur the equivalent number of phonons required to bridge
the energy gap between the 3Py and D2 levels must be lower than 4-5 phonons, the primary
emission will then act as a de-excitation mechanism [57]. It is well known that the phonon

energy of YOF is about 400 cm™ [22] and that the energy gap between the 3Po and D, levels
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are approximately 3794 cm™. This implies that 9.5 phonons are required to bridge the energy
gap between them. The multi-phonon relaxation process can however be neglected as the
probability of the process to occur decreases when the phonon energy of the host decreases
[58]. The second possibility for concentration quenching of the ®Po emission is a cross-
relaxation process. This possibility suggests that there are cross-relaxation channels and that
the 1D. level can be populated through the [*Po,*Ha] — [ ®He,'D2] levels. These levels show
weak emissions at 614 nm and 692 nm and can also be found in other hosts like in
BaGd2(Mo004)4 [59] and in KPb,Cls:Pr3* [8]. The dominating emission in these hosts are from
the 3Po—3Ha4,°F, levels and these are the same levels as in our structure. The first cross-
relaxation channel is where the electron relaxes to the lower *Hg level from the 3P, level and
where a part of its energy is then transferred to the neighbor ion in the ground state 3Ha to 1D,
[60]. The population of the D, level can then yield the population of the 1G4 and 3F3, 4 levels
and quenching of the 1D level therefore occurred through the cross-relaxation process with the
[1D2, ®Ha] — [*Ga, 3Fs 4] transitions [61]. We can therefore assume that concentration quenching

in our system occurred through the cross relaxation process.

In order to explain the type of interaction that is responsible for concentration quenching in our
system, it is necessary to calculate the critical distance between two activator ions. The critical
distance is the distance that control the type of the energy transfer between two activators.
According to Blasse et al. [62], concentration quenching resulted from the radiative energy
transfer between two activators and can be expressed in terms of the critical concentration X

and can be estimated using the following relation:

V is the volume of the host lattice and we assume that there is no change in the volume and
that it is equal to 235.85 A3 [63]. X is the critical concentration and N is the number of the ions
in the host that can be replaced by the dopant and it is equal to 6 [5]. For the present work the
critical concentration was found to be X¢= 0 .003 and the critical distance was then calculated
by using the above equation to be 29.25 A. This value is different to the reported value of 31 A
for a YOF:Pr3* thin film structure [5] and this difference could be due to the nature of the
powder comparing to the thin films. According to Dexter’s theory, exchange interaction occur
between activator ions at a distance of about 5 A. It is therefore useful to obtain the critical

distance between the activator ions since the exchange interaction is responsible for energy
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transfer of forbidden interactions. Above this value the interaction is related to multipolar
interaction [64]. According to our calculations of the critical distance, we can therefore
conclude that the type of interaction in our YOF:Pr3* structure is a multipolar interaction. The
third type of concentration quenching can therefore be neglected in our system, since the
critical distance is large and the transfer of energy to killer sites (one activator to another) would

not occur [65].

We can now further investigate what type of multipolar interaction is responsible for the non-
radiative energy transfer or concentration quenching in our system. Dexter’s theory indicated
that multipolar interactions were responsible for quenching of emission from the 3P or 'D;
levels [66]. The strength or the type of the multipolar interaction (Q) can be determined from
the change of the emission intensity through the relation:

=k(1+ I E) TR 4.

C is the activator concentration, Q = 6, 8 or 10 for dipole-dipole, dipole-quadrupole and
quadrupole-quadrupole interactions, respectively, k and 3 are constants for the same excitation
conditions for a given host material. This relation can be reduced for a high concentration

beyond the critical concentration (Cc) to yield the relation below

k' is a constant [67, 68] and C is the dopant concentration that is greater than the critical
distance. Figure 11 shows the plot of log(l/C) versus log(C), the value of the slope (that is equal
to -2.53566) and the estimated Q value is 7.6 which is close to 8. We can therefore predict that
the quadrupole-dipole interaction is responsible for the concentration quenching. The same
type of multipolar interactions between Pr3* ions were also reported in other systems like in
YPO4:Pr¥*, where the quenching of the D, emission was due to the quadrupole-dipole

interaction [69].
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Figure 11: The plot of log(1/C) versus log(C) in the YOF:Pr3* phosphor.

The prepared samples were also investigated for NIR emission. The NIR emission for the 0.3
mol % Pr®* doped sample is shown in figure 12(a). The NIR emission is very low compared to
the green emission (data not shown) and future investigations will be done in order to enhance
the NIR emission. The emission of the sample during excitation of 250 nm shows multi narrow
peaks in the range between 885 nm and 1120 nm that corresponded to the 3Py — 'Gs (most
intense at 907 nm) and the D, — 3Fs, 3F, transitions. J. Holsa [24] theoretically investigated
the emission of YOF:Pr3* and attributed the narrow emission of the Pr* ion due to the crystal
field splitting of the 3Po-2, I, 'D2, *F2.4 and *Ha.s levels into 39 sub-levels (crystal field has 58
components). It is therefore appropriate to ascribe these narrow peaks to originate from the 3Pg
and !D; levels. This behavior of splitting of the NIR emission levels into narrow peaks was
also investigated by E. Cavali et al. [70] for a YAG:Pr3* system with an emission that originated
from the 'D; level to the 3F..4 level. J. Cybinska et al. [71] explained the same behavior in a
K.PrCls powder with a dominant emission that originated from the 3Po and *Is levels to the Ga
level. Figure 12(b) shows the excitation of the sample monitored for the emission peak at 907
nm. The excitation spectrum contains the same broad band at 250 nm and it contains the 4f-4f

transitions of the Pr®* ion.

The NIR emission of YOF:Pr3* is within the effective response range for Si SC and revealed a
DS mechanism. DS is where a system absorbs a short wavelength photon (UV or blue) and
convert it to a long wavelength photon without increasing the number of photons [72]. As a
consequence, the quantum yield can therefore not be greater than 100 % [2]. YOF:Pr3* is

therefore an appropriate candidate to enhance the spectral response of Si SC.
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Figure 12: a) PL NIR emission of the doped sample with 0.3 mol % of Pr3* under
excitation of 250 nm and b) the excitation of the sample by monitoring the emission at
907 nm.

The fluorescence decay curves for the prepared YOF:Pr3* samples were recorded under 250
nm excitation with a pulsed Xenon lamp. The emission of the *Po —3H. transition was
monitored and is shown in figure 13. The decay curves show a clear non-exponential curve
behavior which is consistent with the suggested cross-relaxation process in our system. The
non-exponential decay curves were fitted using a bi-exponential equation:
1(t) = Ao+ A1eXP(-t/11) + A2XP(-t/T2)ceeeeeenrenreecreercnsennennns 6,

where I(t) is the PL intensity, T1 and T2 are emission decay times, and A1 and Az are their
relative weights [52]. The calculated lifetimes t1 and T2 were depicted in table 2 in order of us.
According to literature the lifetimes of Pr®* doped materials are in the range of nanoseconds up
to 50 ps [52]. In the present investigation the decay time is in the range of 26.9 us to 16.7 us
for the 0.07 mol % doped concentration sample up to the 0.5 mol % doped sample. This is in
good agreement with previously reported values for decay lifetimes calculated for
GdsGasO12:Pré* [61] and LaAlO3z:Pré* [73].
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Figure 13: Emission decay curves of the 3P0 —3Ha4 transition for the YOF:Pr3* doped

samples (dex =250 nm, dem = 498 nm).

Table 2: The calculated lifetimes for the prepared YOF:Pr3* samples.

Sample T1/ ps T2/ ps | T/ ps
YOF: 0.07 mol % Pr3* 23.25 30.68 26.9
YOF: 0.1 mol % Pr3* 21.84 27.93 24.4
YOF: 0.2 mol % Pr* 19.12 | 27.25 | 246
YOF: 0.3 mol % Pr3* 12.38 2327 | 215
YOF: 0.4 mol % Pr3* 10.45 23.10 20.8
YOF: 0.5 mol % Pre* 6.74 20.16 16.7

4.4 Conclusion

The YOF:Pr¥* phosphor was successfully synthesized using the pyrolysis method with
trifluoroactate as precursor. XRD results showed a high crystallinity of the powder as
rhombohedral YOF (space group: R3m (166)) after annealing at 900 °C. XPS investigations
showed two sets of fitted peaks for the Pr 3d peak that correspond to two different oxidation
states for Pr 3d, Pr®* and Pr**. PL results showed 4f-4f emission of Pr3* under excitation of a
broad band around 250 nm. The 4f-4f emission confirmed that Pr3* ions were successfully
incorporated into the Y3* ions’ positions of the YOF host lattice. The nature of the broad
excitation band at 250 nm was ascribed to the 4f-5d transition of Pr3* based on PL excitation

and emission results obtained from a YOF:Ce®* sample. The YOF:Ce3* sample was specifically
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synthesized to confirm the existence of the Pr3* 4f-5d level in order to contradict previous
investigations that attributed the 250 nm excitation band to a Pr** CT band. The optimum Pr3*
concentration for PL emission was recorded for the sample doped with 0.3 % of Pr** as
concentration quenching occurred at higher concentrations through cross relaxation processes.
The low intensity NIR emission of YOF:Pr3* is within the effective response range for Si SC
and revealed a DS mechanism. YOF:Pr®* is therefore an appropriate candidate to enhance the
spectral response of Si SC. The decay life times revealed the order of the life times in the range
of us which is consistent with other reported values of Pr** doped materials. The current
investigations done on the YOF:Pr3* phosphor material revealed a promising material for

optoelectronic applications such as for UV-LED, SC and scintillators [5, 6, 7, 8, 9].
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Chapter 5

Down-conversion of YOF: Pr3*,Yb®" phosphor

This chapter reports on the DC investigations of the YOF:Pr3*-Yb** co-doped phosphor for SC
enhancement as well as the energy transfer mechanism. A new excitation band at 225 nm was
ascribed to a CT band of Yb®* that existed due to the transfer of electrons from the O? 3p® level
to the 4f level of Yb?".

5.1 Introduction

In recent years, the field of SC enhancement drew a lot of attention due to the limited efficiency
produced by SC. Low energy photons that are not absorbed by the SC inhibits the generation
of e-h pairs and this is known as sub-band gap transparency [1]. On the other side, the absorbed
photons with energies much higher than the Eq of the SC result in supra-band gap photons that
loses their energy through heat and this is known as thermalization loss [1]. The majority of
the loss in solar energy is therefore due to the thermalization process. This can be reduced by
using a suitable luminescent converter to convert the absorbed high energy photons, like UV

or blue, into two lower energy photons and this is called QC or DC.

The DC process can occur through a PCE process with energy transfer between a pair of
lanthanide ions [2, 3]. The first evidence of the QC effect was observed in Pr3* doped YFs with
a QE of about 140 % under the excitation of 185 nm. QC has since been reported in a variety
of Pr¥* doped fluorides and several oxides [3]. Highly efficient PCE for Pr®* in the VIS region
was reported in YF3 by Piper et al. [4], Sommerdijk et al. [5] and S. Kuck et al. [6]. They have
studied the luminescence of Pr* in different fluoride hosts including YFs, KMgFs, LuFs,
BaMgF4 and PrFs. They’ve showed internal theoretical quantum efficiency with excitation
wavelengths below 200 nm between 1.2 and 1.6 by using the Judd-Ofelt model. In spite of the
high quantum efficiencies from a single Pr®* ion it cannot be used as lamp phosphors because
the first step of the photon cascade lies at about 400 nm and this is too far in the UV spectral
region [6].

A combination of Ln®" ion pairs have been investigated in the form of RE — Yb®*
(RE = Pr¥*, Th®*, Tm®") that showed a QC process with a high efficiency [7, 8]. Since Yb**

ions have a single F7, excited state around 10 000 cm, the emission of Yb®* can efficiently
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be absorbed by c-Si SC [1]. Absorption of the excitation energy by the sensitizer ions yields
emission of two Yb3* activator ions [3]. This process implies that the excited level of the
sensitizer must be twice the energy of the Yb** ions and that there must be an intermediate
level with the same energy as for the Yb** ions. Applying Pr®* ions as sensitizer ions will allow
for the transfer of the excitation energy to the activator ions [3]. Pr®* ions have been considered
good co-doping ions due to the suitability of the energy levels to the Yb®* ions. The 3P level
of the Pr3* ions are situated around 20 000 cm™ and the 1G4 level around 10 000 cm™ [1]. After
excitation the Pr3* ion can transfer its energy from the 1G4 — 3Ha level to the 2F7;, — 2Fs2 Yb®*
level. Excitation to the Pr3* ions and population of the *P; manifolds, result in emission of two

NIR photons through two Yb?*" ions.

This research study is an extension of our previous work done on the luminescence of Pr®* ions
in the YOF host. Investigation is therefore done on the suitability of the energy levels between
Pr3* and Yb** ions for possible DC.

5.2 Experimental

Pure YOF and Pr®* doped YOF powder samples were prepared by the pyrolysis method with
CF3COO as precursor from a single source as described in chapter 3, section 3.1. The doped
YOF: 0.3 mol % Pr¥*, x mol % Yb%" (x =1, 1.5, 2, 2.5, 3, 4, 5 and 6) samples were prepared
by the same method with only introducing ytterbium (l11) oxide (Yb203) in the starting

materials.

The structure of the prepared samples was characterized by XRD using a Bruker Advance D8
diffractometer (40 kV, 40 mA) with Cu K, x-rays (A = 0.154 nm). SEM images were taken by
using the JEOL JSM-7800F SEM. High resolution XPS was obtained with a PHI 5000 Versa-
probe system as was described in chapter 3, section 3.4. All measurements were performed at
room temperature. PL, NIR emission and decay time measurements were done using the
Edinburgh FLS980 instrument.

5.3 Results & Discussion

Figure 1 shows the XRD results of the high concentration YOF: 0.3 mol % Pr3*, 6 mol % Yb®*
co-doped sample compared to the YOF: 0.3 mol % Pr3* single doped and the pure host samples.

All the patterns showed a pure rhombohedral YOF structure (space group: R3m (166)), without
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any noticeable impurities, after annealing at around 900 °C in air atmosphere [9]. The sample
doped with 0.3 mol % of Pr* ions showed a shift in the diffraction peaks towards the lower
angles due to the difference in the ionic radii of the Y3* (0.1019 nm) and Pr* (0.1126 nm) ions
as reported in our previous work on YOF:Pr3* [9]. This shift might be a caveat since we have
not used a crystal standard during the measurements. Co-doping with Yb®" resulted in a further
shifting of the diffraction peaks towards the lower angles, Yb®* (0.114 nm). We have to mention

there were no additional peaks even after 6 mol % of Yb®* doping.

a) ——YOF: 0.3 mol % Pr*, 6 mol % Yb*]
J oo g
m o
b~ ——YOF: 0.3 mol % Pr
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Figure 1: XRD pattern of the host material, of YOF: 0.3 mol % Pr3* and of YOF: 0.3 mol
% Pr3*, 6 mol % Yb** and b) the effect of doping on the diffraction peak of YOF.

The morphology and the effect of different Yb** ions’ concentrations on the morphology were
investigated by using SEM. Figure 2 represents the variation of the morphology with different
concentrations of YDb%* ions. The morphology of the surface showed a variation of
agglomerated, angular, melted particles. The increase in Yb®" concentrations did not affect the
morphology. The authors previously reported the agglomeration and melting of the particles
during their investigations of the YOF:Pr3* phosphor [9]. This was also reported by Z. Li et al.
[10] during their investigations on the pyrolysis method of YOF:Yb%*, Er®* thin films. The same
behavior was also reported by Eloussifi et al. [11] upon investigations of the decomposition of

YOF into different structures.
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Figure 2: SEM images representing the variation of the morphology of the YOF:Pr3*, x
Yb3 samples for x = (a) 1, (b) 1.5, (c) 2, (d) 2.5, (e) 3, (f) 4, (g) 5 and (h) 6 mol % of Yb?*.

XPS was used to investigate the compositional and elemental distribution of the YOF: 0.3 mol
% Pr3*, 6 mol % Yb3* sample. All the fitted high-resolution peaks were corrected for charge
compensation to the C 1s peak around 284.8 eV. The presence of C contamination was due to
adventitious hydrocarbons on the surface [9]. Figure 3 shows the peak deconvolution of the (a)
Y 3d, (b) O 1s, (c) F 1s, (d) Pr 3d and (¢) & (f) Yb 4d peaks. The Y 3d in fig. 3(a) was
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deconvoluted into two binding energy peaks at 157.1 eV and 159.1 eV that were due to the
spin orbit splitting into the 3ds and 3dz. peaks, respectively. The O 1s peak shows two
deconvoluted peaks at 529.1 eV and 531.4 eV, see figure 3(b). The F 1s peak shows one peak
at 684.9 eV (figure 3(c)) and the Pr 3d peak shows two pairs of peaks for the 3ds2 and 3ds.2
peaks due to the spin orbit splitting (figure 3(d)) at 933.4 eV and 953.8 eV and at 929 eV and
949.4 eV, respectively. In figure 3(e), the deconvolution of the Yb 4d peak was difficult to
implement due to the overlapping with two wide peaks related to the Y 3d peak at 172.2 eV
and 199 eV. The only detected part of Yb 4d was the spin orbit splitting 4ds,> peak at around
185 eV, fitted in figure 3(f). The 4dz» peak was situated inside the wide peak at 199 eV.

The 157.1 eV peak of Y 3ds/. corresponded well with other reported values for the Y 3ds» peak
in the YOF structure [9, 12, 13]. The peak of O 1s at 529.1 eV was ascribed to the oxygen peak
in the YOF structure and this was also reported for the YOF structure [9, 14]. The second peak
at 531.4 eV was due to presence of hydroxyl or carbonate groups [15]. The F 1s peak at 684.9
eV correlated well with the reported data for the YOF structure [9, 14]. In our previous study
on YOF:Pr¥*, we also reported on the presence of two oxidation states for the Pr 3d peak as
Pr3* and Pr**. Figure 3(d) therefore shows the 933.4 eV and 953.8 eV peaks that corresponded
to the Pr 3ds/2 and Pr 3ds/2 peaks of Pr** and the other pair at 929 eV and 949.4 eV corresponded
to the Pr 3ds2 and Pr 3da/» peaks of Pr3* with a separation between each pair of about 20.4 eV.
The obtained binding energy values for the Pr 3d peaks were in correlation with results in
literature for Pr3* and Pr** [9, 16-19]. The Pr** ions might have formed during the synthesis
process or annealing where the O% ions replaced the F~ ions to form the YOF structure. The
deconvolution of Yb 4ds/» was reported in other systems at around 185 eV and this was well in
correlation with our obtained value. [20, 21].
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Figure 3: XPS high-resolution peak fits for the (a) Y 3d, (b) O 1s, (c) F 1s, (d) Pr 3d peaks
and (e) & (f) Yb 4d full spectrum and its fit, respectively in YOF: 0.3 mol % Pr3*, 6 mol

% Yb?*.
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The PL studies on the prepared samples were done for the VIS and the IR regions.

5.3.1 Visible (VIS) Emission
Figure 4 shows the VIS excitation spectrum of the prepared YOF: 0.3 mol % Pr®*, x mol %

Yb?* samples as a function of the Yb® ions’ concentrations (x =0, 1, 1.5, 2, 2.5, 3, 4, 5 and 6),
obtained for emission at 498 ((a) and (b)) and 659 nm ((c) and (d)). The excitation spectra

consisted of two parts. The first part was a broad band centered at 250 nm that was ascribed to
the allowed 4f-5d band of Pr3* ions according to Saeed et al. [9], figures 4(a) and (c). The

second part was related to the 4f-4f transition of Pr3* jons that peaked around 456 nm, 470 nm

and 483 nm. These peaks corresponded to the 3Hs — 3Pz, *Hs — llg, %P1 and 3Hs — 3Po

transitions of the Pr3* ion, respectively [3], figures 4(b) and (d). Co-doping with Yb®" ions

gradually resulted in quenching of the Pr3* excitation with an increase in the Yb** concentration

from 1 mol % up to the 6 mol %.

Intensity (arb. units)

Intensity (arb. units)

a) YOF: 0.3 mol % Pr”’, x Yb™ YOF: 0.3 mol % Pr”’, x Yb™ b)
4f-5d ——0 mol % Yb** ——0 mol % Yb"
——1.0 mol % Yb™ @ | —1.0mol % Yb*
——1.5 mol % Yb™ = ——1.5mol % Yb™ A,, =498 nm
——2.0 mol % Yb™ 5 |—20mot% Yb* e e
——2.5mol % Yb™ = ——2.5 mol % Yb™ e
——3.0 mol % Yb™ ; ——3.0 mol % Yb™
3+ e 0, 3+
A =498 nm 4.0 mol % Yb @ 4.0 mol % Yb;.
- ——5.0 mol % Yb™ € |——50mol%Yb
——6.0 mol % Yb™ £ |——6.0mol % Yb" i
e 3,058 H-P,
H,-P 4
—' 4 2
4141 el e -
v bd L} v L) v L) v
200 250 300 350 400 450 500 425 450 475 500
Wavelength (nm) Wavelength (nm)
c) YOF: 0.3 mol % Pr**, x Yb™ YOF: 0.3 mol % Pr”’, x Yb™ d)
4f-5d ——0mol % Yb™ ——0mol % Yb"
——1.0 mol % Yb™ 2 |—10mol%Yp”
——1.5mol % Yb™ g ——1.5mol % Yb™ A,,=659 nm
——2.0 mol % Yb™* g |—20mol% Yb* W 2
——2.5 mol % Yb™* = | —25mol% Yb* (MU
A, =659 nm ——3.0 mol % Yb" 5 ——3.0mol % Yb™
——4.0 mol % Yb™ 2 | —40mol% Yb**
——5.0 mol % Yb** g |—50mol% Yb*
——6.0 mol % Yb™ £ | ——6.0mol % Yb" .
£ ., ;
H-P 0
4 2
A1 ] o e e -t =P
v - L] v L} v 1 v
200 250 300 350 400 450 500 425 450 475 500

Wavelength (nm)

Wavelength (nm)

Figure 4: VIS 4f-5d PL excitation of YOF:Pr®*, Yb? for different concentrations of Yb3*

monitored at a) 498 nm and c¢) 659 nm emission, b) and d) shows the 4f-4f excitation.
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Figure 5(a) shows the VIS emission spectrum at different Yb®" co-doping concentrations. The
emission of the samples consisting of multi-narrow emission peaks that originated from
different levels of Pr3* ions. The emission spectra were due to the 3Po — 3Has6 and 3Po — 3F234
transitions and from the weaker D, — ®Ha and 3Po — 3Hs levels of Pr* [9, 22]. The dominant
emission around 498 nm and 659 nm corresponded to the 3Py — *Hs and Py — 3F; transitions
of Pré*, respectively. The highest emission was recorded for the singly doped sample with 0.3
mol % of Pr3* ions. As was the case for the excitation, an increase in the Yb** concentrations,
up to 6 mol %, also gradually quenched the Pr3* emission. This can be attributed to energy
transfer from the Pri* ions’ energy levels to the Yb®" ions’ levels. Figure 5(b) shows the
variation of the intensity of the dominant 3Py — 3H. emission as a function of Yb3*

concentration.
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Figure 5: a) VIS PL emission of YOF: 0.3 mol % Pr3*, x mol % Yb?®" for different
concentrations of Yb?®* ions under 250 nm excitation and b) the variation of 3Po — 3Ha

emission with Yb3* concentrations.

Investigation on the concentration quenching of the Pr3* emission can be referred to as non-
radiative energy transfer from Pr3* to Yb®* in our system. From Dexter’s theory for the energy
transfer expression of multipolar interactions and Reisfeld’s approximation, we can determine

the type of the multipolar interaction through the relation [23-26]:

S
o 3 eeeeeeeeeeeeeeseeessessnesssnessnassnsesnessnsssnessnassnnnees 1.
n

Where 1o and 1 are the quantum efficiencies of Pr** in the absence and the presence of Yb®*.
C is the total concentrations of Pr3* and Yb®* and s is the type of the multipolar interaction and
takes the value 6, 8 and 10 for dipole-dipole, dipole-quadrupole and quadrupole-quadrupole

interactions, respectively. The efficiencies’ ratio, no/ 1, can also be expressed in terms of the
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intensities’ ratio, Iso/ Is [25, 26] A plot of the two terms lso/ Is and C¥® will determine the type of
the multipolar interaction as in figure 6. According to our fits done for the different values of s
(6, 8 and 10), the best fit was obtained with s = 6, figure 6(a). This allowed us to assign the
type of interaction to dipole-dipole interaction. This type of interaction for the Pr3*-Yb®* system

has previously been reported by other researchers in various crystal systems [27, 28, 29].
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Figure 6: Dependence of Pr3* lIso/ls on a) (Cei*+vp®")®3, b) (Crr¥*+vb*)® and c)

(CPr3++Yb3+)1O/3.

5.3.2 Infrared (IR) emission

IR characterization was done on the samples with different Yb3" co-doping concentrations,
figure 7. The excitation spectra in figure 7(a) were recorded while monitoring the 907 nm
(according to our previous report) main IR Pr3* emission [9]. The excitation spectra in figure
7(b) were recorded for the 971 nm main Yb%" emission. The excitation spectra monitored at
907 nm emission consisted of the characteristic Pr* excitation bands. It showed a broad 4f-5d
band around 250 nm with smaller peaks at 456 nm, 470 nm and 483 nm due to the 4f-4f

transitions [9, 22]. The excitation spectra in figure 7(b) also consisted of the Pr3* excitation
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bands as well as a new higher intensity band around 225 nm that overlapped with the Pr®* band

around 250 nm.
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Figure 7: IR excitation of YOF:Pr®*, Yb? for different concentrations of Yb** monitored

at a) 907 nm and b) 971 nm emission.

The nature of the 225 nm band can be explained on the basis of 5 hypotheses. This band might
be due to (1) some impurity ions such as Eu?*, (2) reduction of Yb®* to Yb?*, (3) the absorption
of the YOF host, (4) the 4f-5d band of Yb®* or (5) the presence of a Yb** - 0% CT band [30].
It is well known that both Eu?* and Yb?" are considered as luminescent centers and have
emission characteristics of VIS emission with an excitation due to the 4f-5d transition [31, 32].
To be able to confirm our 1 hypothesis, PL have been done in the 300 — 800 nm VIS range.
Figure 8 shows the typical Pr3* visible 4f-4f emission recorded upon 225 nm excitation [30].
No Eu?* or Yb?* emission peaks were observed. This confirmed that Eu?* and Yb?* ions were
not present in the system. We therefore excluded the 1% and 2" possibilities of our hypothesis.
In the authors’ previous report on YOF:Pr®* [9], there was no emission observed that was
related to the YOF host. This excluded the 3" possibility. Dorenbos et al. [33, 34] have
suggested a model to predict the position of the 4f-5d band of Ln®" ions based on experimental
studies of 450 different hosts depended on the position of the 4f-5d band of Ce**. Saeed et al.
[9] have done an investigation on the luminescence of YOF:Ce®* to predict the position of the
4f-5d band of Pr3*. The recorded 4f-5d band of Ce3* was found to exist around 362 nm (27 600
cm™). According to the Dorenbos model the difference between the 4f-5d band of Ce** and
Yb?*" remained almost constant (38 000 + 750 cm™). The predicted value for the 4f-5d band of
Yb®" was therefore calculated to be at around 65 600 + 750 cm™ (152 + 6 nm). The nature of
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the 225 nm band to be related to the 4f-5d band, the 4™ possibility, was then also excluded. The
only possibility left was the CT band of Yb®*.

——YOF: 0.3 mol % Pr*, 6 mol % Yb®*

Intensity (arb. units)
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Figure 8: Visible PL emission of YOF: 0.3 mol % Pr3*, Yb3* upon excitation of 225 nm.

The energy of a CT band of a specified ion can be determined on the basis of the value of the
electronegativity of the ions. Jorgensen et al. [35] have introduced an empirical formula to
predict the position of the CT band as follow:
ECT = [xopt(mM) - 30pt(X)] X 30 000 M cereninninininieeeneenenene 2.

ECT is the energy of the CT band, yopt(M) is the optical electronegativity of the anion x where
the electron is transferred to and yopt(X) is the optical electronegativity of the ion metal. The
above equation can be rewritten in respect to the position of the CT band of Eu®* in the same
host as follow [30]:

Evb-0 = [1opt(EU) - 3opt(Yb)] X 30 000 cM™ + EEu-Ovrerrnrennnennn Q3).
Eew-o and Eve-o are the CT energy of Eu* and Yb®", respectively. yopi(Eu) and yopt(Yb) are the
optical electronegativities of Eu®* and Yb®*, respectively. The optical electronegativities were
obtained from literature to be Eu* = 1.377 and Yb®" = 1.415 [36]. The calculated CT band for
Yb®" was about 41 200 + 3000 cm™* (243 + 25 nm). The estimated value with the given error
therefore allowed us to ascribe the band around 225 nm to be the CT band of Yb3*. This result
was also confirmed by our XPS results for the highest co-doped YOF: 0.3 mol % Pr®*, 6 mol
% Yb** sample. The XPS results did not show any existence of Yb?*. The CT band at 225 nm
therefore exist due to transfer of an electron from the O% anion’s 2p°® orbital to the 42 orbital
of Yb®. It can be written as Yb% — O% [30]. The presence of the CT band of Yb%* was also
reported before by Wang et al. [30].
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IR emission was recorded for all the samples upon excitation of 250 nm as well as with 225

nm. Figure 9(a) shows the typical broad 2F7> — ?Fs;> Yb3* ions’ emission of the samples excited

with 250 nm with the main emission around 971 nm [37, 38]. The emission also contained sharp

emission peaks of Pr3* that corresponded to the *Po — 1G4 and D2 — ®F4 transitions at 907 nm

and 1074 nm, respectively [9, 39, 40]. During excitation of 225 nm the emission originated only

from the %Fs;z — 2F72 Yb®" transition, figure 9(b). This confirmed that the band at 225 nm was

more related to Yb®" excitation. The optimum co-doping concentration of Yb®* for the IR

emission was recorded for both excitations to be 2 mol %, see figure 9(c). The emission

drastically decreased beyond the 2 mol % Yb®*" concentration and was attributed to

concentration quenching for the Yb** emission [3]. Quenching of Yb®" emission can be

explained by interactions that occurred between the neighboring Yb** ions [41, 42, 43].
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Figure 9: IR emission of YOF:Pr?*, Yb? for different concentrations of Yb3* excited at a)

250 nm and b) 225 nm. ¢) The variation of IR emissions with Yb3* concentration.
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The florescence decay curves were recorded to extract more information on the energy transfer
process from Pré* to Yb®* ions for the VIS and the IR emissions. The decay curves of the
samples showed double and triple non-exponential decay curves. Figure 10 shows the recorded
VIS decay curves of the 3Po — 3Has (498 nm) transitions of Pr3* ions. The double and triple
non-exponential decay curves can be expressed as the following equations [44]:

I(t) = Ao+ A1eXP(-t/T1) + A2EXP(-t/T2)ceeeerurnriernrienasnreenannes 4

1(t) = Ao+ Arexp(-t/t1) + A2exp(-t/12)+ AeXP(-t/T3)eeereeerenss 5,
where I(t) is the PL intensity, t1, T2 and 3 are the emission decay times, and A1, A2 and Az are
their relative weights [45]. According to literature, the lifetimes of Pr* doped materials are in
the range of nanoseconds up to 50 microseconds (us) [43]. In the present investigation, the VIS
decay times of the 3Po — 3Ha transition were in the 21.4 to 7.5 us range for the 0.3 mol % single
doped Pr3* concentration sample up to the 6 % Yb®*" co-doped sample. This is in good
agreement with previously reported values for decay lifetimes calculated for the 3Py — 3Hq
emission [37, 38, 46, 47].
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Figure 10: The measured decay times of the Pr3* 3Py — 3H4 transition upon excitation of

250 nm and emission of 498 nm.

The energy transfer efficiency (77t xsvb) and the total efficiency between Pr3* and Yb®* (yxvevb)
can be calculated from the theoretical expressions [1, 44]:

-1 -1 -1
Lxo6¥b™ To%v¥b _ q _ Ix%vb

MNtr x%Yb = 1 1 cceccecccsccsescessesseccncseosens 6
Tx%Yb Tx%Yb
Nx%Yb = NPr (1- Ntrx2%6Yb) T 2 NPr Ntr x%YD eeveevereeresnreesasarnenns 7,
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where Towvb and Txwvb represents the decay time in absence and in the presence of Yb3",
respectively. ner and nvb are the quantum efficiency of Pr¥* and Yb®" and both of them were
normalized to unity where the non-radiative relaxation was ignored [44]. The obtained visible
decay times in the order of microseconds as well as the corresponding efficiencies are depicted
in table 2.

Table 2: The obtained decay time of 3Po — 3H4 and the corresponding efficiencies

calculated using equations (6) & (7) as a function of Yb** concentrations.

YOF: 0.3 mol % Pr3*, xmol % | 11/ ps | T2/ ps | T3/ ps | T/ pus | Ntrxveyb %0 | Mxoevb %0

Y3+
0 10.74 | 22.87 | — 21.4 — —
1 6.7 19 — | 15.87 25.8 125.8
15 6.1 | 181 — 1454 32 132
2 573 | 1751 | — 1338 37 137
2.5 5 1566 | — |11.72 45 145
3 466 | 16.86 | — |11.57 46 146
4 21 | 749 | 19.23 | 111 48 148
5 203 | 7.38 | 19.76 | 10.8 50 150
6 198 | 625 | 181 | 75 65 165

The decay times of the IR emission were also investigated for both *Po — 1G4 and 2Fs; — 2F7p
transitions of Pr3* and Yb?*, respectively. The IR decay times were recorded under excitation
of 250 nm for Pr¥* and 225 nm for Yb®". The recorded decay times were depicted in figure
11(a) and (b) for ®Po — G4 and 2Fs; — 2F7/2 emissions, respectively. The calculated IR decay
times of Pr3* and Yb®* were depicted in table 3 in respect to an increase of Yb3* concentrations
from 0 mol % up to 6 mol %. The decrease of the decay time of the 907 nm emission as a
function of Yb®* indicated that non-radiative energy transfer occurred from Pr3* to Yb**. This
lead to the quenching of the Pr3* VIS emission. The decrease in the decay time of Yb%*
indicated that energy transfer occurred between the Yb®* ions. The recorded decay times for

both transitions were also reported for different Pr3*- Yb®" co-doped systems [37, 38, 46, 47].
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Figure 11: The measured decay times of a) 3Po — 1Ga (907 nm) and b) 2Fs2 — 2F72 (971
nm) transitions upon excitation of 250 nm and 225 nm, respectively.

Table 3: The obtained decay times of both 3Po — 3Hs4 and ?Fs2 — 2F72 transitions as a

function of Yb3* concentrations.

YOF: 0.3 mol % Pr3*, x mol % Yb3* | ©/ ps T/ ps
%Po — 1G4 | 2Fsi2 — *Fn

0 85.1 —

1 80.8 686.4
1.5 79.3 617.5
2 71.6 507.5
2.5 70.5 447.6
3 69.7 388.6
4 66.1 290.6
5 63.8 204.1
6 52.5 161.5

The proposed energy level diagram and luminescent mechanism is therefore illustrated in
figure 12. Excitation of 225 nm to the CT band of Yb3* ions relaxed non-radiatively to the 4f-
5d band of Pr3* that resulted in a further non-radiative relaxation to the 3P, level of Pre*.
Excitation of 250 nm to the 4f-5d band Pr® also relaxed non-radiatively to the *Po level.
Population of the 3Po level then resulted in Pr3* emission that corresponded to the *Po — 3Ha
and *Po — 3F; transitions. Energy transfer then occurred from the 3Po level of Pr3* to the Yb®*
levels through a two-step resonant energy transfer process that resulted in the 2Fs;; — 2F72 IR

emission. The first step occurred through the cross-relaxation mechanism according to the [Po
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(Pr¥%) + 2F7 (YD) — 1G4 (Pr*") + 2Fsi2 (Yb*)] process. The second step involved the de-
excitation of the energy in the 1G4 level to the *Ha ground state. This resulted in the transfer of
energy to a second Yb®* ion and occurred through [*Gs (Pr¥*) + 2F72 (Yb®") — 3Has (Pr¥) +
2Fspp (YB3H)]. This two-step resonant energy transfer process was applicable for both excitations
of 225 and 250 nm [45]. Cooperative energy transfer cannot be neglected since the 3Po level of
Pr3* were situated at an energy approximately twice of the ?Fs; Yb®* level. The cooperative
process occurred through the [*Po (Pr3*) — ?Fs2 (Yb3*) + ?Fs2 (Yb3*)] process that resulted in
emission of two IR photons. Quenching of the emission at 1074 nm might have been due to the
cross-relaxation process [*D2 (Pr**) + 2F72 (Yb3*) — 3F4 (Pr®") + 2Fsp2 (Yb®)], that favored 971
nm emission of Yb®" [48, 49]. Sufficient energy transfers therefore occurred from Pré* to Yb**

ions.
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Figure 12: Proposed energy level diagram for the YOF: Pr3*, Yb®* phosphor.

5.4 Conclusion

The YOF:Pr, Yb phosphor was successfully synthesized using the pyrolysis method with
CF3sCOO as precursor. XRD results showed a rhombohedral YOF structure (space group: R3m
(166)) after annealing at 900 °C. XPS peak deconvolutions showed the presence of both Pre*
and Pr** for the Pr 3d peak. It also showed only the Yb 4d peak of Yb3*. Visible PL results

78



showed 4f-4f emission of Pr¥* upon 250 nm excitation. The IR excitation showed the typical
Pr3* 4f-5d band as well as the 4f-4f transitions upon 907 nm emission of Pr*. The existence of
a new band at 225 nm during 971 nm emission of Yb** was interpreted in respect to YOF:Ce**.
Theoretical investigations were also done in order to determine the nature of the 225 nm band
and it was attributed to be a CT band of Yb®*. IR emission was due to Pr¥* and Yb** transitions
upon excitation of 250 nm. Only emission due to the Yb3* transitions was detected during
excitation of 225 nm. Quenching of the Pr3* IR emission during excitation of 225 nm was due
to the cross-relaxation [*Dz (Pr¥*) + 2F72 (Yb®) — 3F4 (Pr®*) + 2Fs;2 (Y0®")] process that favours
the 971 nm Yb** emission. The optimum Yb3* concentration for IR emission was recorded for
the sample co-doped with 2 mol % of Yb®*" as concentration quenching occurred at higher
concentrations through cross relaxation processes. The obtained IR emission of YOF:Pr¥*,Yb®*
was within the effective response range for Si SC. YOF:Pr*Yb®" is therefore an appropriate
candidate for Si SC enhancement. The decay times were in order of ps which is consistent with

other reported values of Pr3*,Yb** doped materials.
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Chapter 6

Photoluminescence Studies of Bi** Doped YOF Phosphor

PL investigations on Bi** doped YOF was done in this chapter. Bi®* is considered to be the
most promising ion for a variety of applications such as FEDs, white light emitting diodes and
NIR QC. Results obtained in this chapter showed that the YOF:Bi** phosphor is therefore an
appropriate candidate for optoelectronic applications such as for UV-LED, SC and scintillators
and that it can be applied as a sensitizer with other Ln** ions.

6.1 Introduction

YOF is considered to be a promising host for many lighting applications since it combines the
benefits of both Y203 and YF3z. Some of these benefits are its low phonon energy of ~400 cm-
1 (compared to YFs (350 cm™) and Y203 (>500 cm™)), good optical transparency and high
chemical and thermal stability [1, 2]. YOF is also considered an excellent host for DC and UC
applications and has already been used in optoelectronic devices, SC, bioimaging, biodetection
and photocatalysis [3, 4]. YOF doped with Ln®" ions emits in various wavelength ranges e.g.
the blue region if it is doped with thulium ions, the yellow region if doped with Dy®* ions, the

green region if doped with Th®" ions or the red region if doped with Eu®* ions [5].

The electronic configuration of Bi ([Xe]4f*5d6s%%p?) allows it to exist in different oxidation
states such as 0, 1+, 2+, 3+ and 5+ [6, 7]. Bi®* is considered to be the most promising ion for a
variety of applications due to the high stability if compared to the other oxidation states [8].
These applications include FEDs, white light emitting diodes and NIR QC if co-doped with
Ln®* ions [9, 10]. Bi** doping in inorganic materials has significant applications as luminescent
materials. This is due to the unique optical properties that allow Bi** to emit in different
wavelength ranges such as in the blue, yellow and UV ranges as in CasZrGesO12:Bi*",
LazShO7:Bi*" and YBOs:Bi®", respectively [11, 12, 13]. Bi** emission is highly dependent on
the host lattice [14]. The electronic structure of the free Bi** ion consists of different energy
levels with a ground state 'Sp and different excited states due to the triplet (*Po, 3P1 and °P2) of
the excited configuration 6s6p together with one singlet higher energy P; state [15, 16]. The
lowest excitation transition 1So — 3Py is strongly forbidden. The So — 3P1 (A band) transition

becomes allowed due to the spin orbit coupling. The So — 3P, (B band) transition is also

82



allowed due to the induced coupling with unsymmetrical lattice vibration modes. The high
energy So — !P1 (C band) transition is an allowed electric dipole transition [17, 18, 19]. Bi®*
can easily be doped into the YOF host to replace the Y3* ion, due to the close ionic radius (Bi**
= 0.117 nm, Y* = 0.1019 nm, for coordination number 8) [20]. If Bi** is doped in yttrium
compounds it replaces the Y** ions and can yield multiple emissions. Cavalli et al. [21]
investigated the utilization of the host material Y (PxV1-x)O4:Bi®" with tuning emission ranges
from blue to yellow. They ascribed the ability to tune the emission to be dependent on the
composition and the excitation wavelengths. UV emission has been investigated in 8-
coordinated garnet hosts by Setlur and Srivastava [18]. They found UV emission bands that
originated from the 3P1 and 3Py levels to the !So ground state upon excitation to the 'So — 3P;
level. Chen Lei et al. [13] ascribed a UV emission to occur from either the excitation to the 'P;
or 3Py levels, from the 1So ground state with a strong emission when excitation occurred to the
3P, level comparing to emission due to excitation to 'P1. They’ve also explained the presence

of two Y?*" sites for Bi®* to occupy.

Previous studies on the luminescence of Bi** ion doped in oxyhalide materials like YOF:Bi®*
and YOCI:Bi** were done by Blasse and Brill in 1968 [14]. They ascribed the nature of the
luminescence of these oxyhalides to emission that originated from the 3P; level to the So
ground state level for both hosts around 330 nm and 400 nm, respectively. They also reported
the absence of the !Sp — P1 excitation band due to the limitation of the instruments.

To the best of the authors’ knowledge, no systematic studies on the luminescence of YOF:Bi%*
and specifically on Bi®* as a activator in the YOF system has been done. This work therefore
investigated the luminescence of the YOF:Bi* phosphor with excitation to the *P; level.
Clarification was also obtained on the existence of a MMCT band as it seems to be present in

most of the inorganic hosts doped with Bi®* ions [22, 23].

6.2 Experimental

Pure YOF and Bi®* doped YOF powder samples were prepared by the pyrolysis method with
trifluoroacetate as precursor from a single source as described in chapter 3, section 3.1. The
doped YOF: x mol % Bi®* (x = 0.2, 0.3, 0.4, 0.5, 0.6 and 0.8) samples were prepared by the

same method with bismuth (l11) oxide added to the starting materials.
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The structure of the prepared samples was characterized by XRD using a Bruker Advance D8
diffractometer (40 kV, 40 mA) with Cu K, x-rays (A = 0.154 nm). SEM images were taken by
using the JEOL JSM-7800F SEM. High resolution XPS was obtained with a PHI 5000 Versa-
probe system as was described in chapter 3, section 3.4. All measurements were performed at
room temperature. PL, NIR emission and decay time measurements were done using the
Edinburgh FLS980 instrument. The quantum yield measurements were done by using the same

instrument equipped with an integrating sphere.

6.3 Results & Discussion

The XRD patterns of the prepared phosphors showed the crystalline phase of YOF, see figure
1(a), with a rhombohedral structure (space group: R3m (166)) [A. W. Mann, D. J. M. Bevan,
Acta Cryst. B26 (1970) 2129] as confirmed by a standard card file (ICSD No. 71-2100). The
difference in the ionic radius of Y3* for coordination number 8 (0.1019 nm) and Bi®* (0.117
nm) [20] caused a slight shift in the peaks towards lower angles with increased doping
concentrations. This kind of behaviour was also reported during investigations done on zinc
oxide doped with manganese for which it was reported that the shifting of the diffraction peaks
towards lower angles was attributed to compressive stress and expansion of the lattice
parameters [24]. The schematic illustration for the crystal structure of the YOF host is shown
in figure 1(b). Each Y** ion is surrounded with four F~ and four O ions that yields the 8
coordination for Y** ions. The Y®, O% and F ions are coordinated in the structure in an
arrangement of a bi-capped trigonal antiprism with 6¢c Wyckoff positions with the symmetry
for the Y3* cation as Cay site symmetry. The crystal structure of YOF can be derived from the

fluorite cubic structure with a slight trigonal distortion [25, 26].
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Figure 1(a): XRD patterns for the YOF: x Bi®* phosphors annealed at 900 °C and (b) the
schematic illustration for the crystal structure of the YOF host. The crystal structure was

drawn by using Vesta software [27].

The estimation of the crystallite sizes of the prepared powders was done by using the Scherrer
equation for the broadening of the diffraction peaks [28]. The broadening of the diffraction
peaks can result from both instrumental broadening as well as sample broadening. Instrumental
broadening can be obtained by collecting the diffraction pattern and the line broadening of a
standard material (e.g. Si single crystal). The corrected broadening (Bnk) corresponding to the

diffraction peak at a specified hkl index of the material can then be calculated using

2 2
(ﬁh“)z = (Bhkl)measured - (Bhkl)instrumentab""""'"1'

This is related to the crystallite size according to the Scherrer equation

where, Bhki represents the peak broadening or FWHM corresponding to the diffraction angle 6
and Miller indices hkl, A represents the wavelength of Cu K, X-ray radiation (0.154 nm), D is
the crystallite size in nanometers and k represents the shape factor and is approximately 0.9 for

spherical shapes [29, 30].

The crystallite sizes of the prepared phosphors were calculated by using Scherrer equation (2)

with the diffraction peaks and corresponding Miller indices and are given in table 1. The
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variation of the crystallite sizes is depicted in figure 2 and decreased from 81 nm for the host
down to 41 nm for the samples doped with 0.8 mol % of Bi*. An increase in the doping
concentration resulted in the broadening of the FWHM of the XRD peaks, therefore the result
is a decrease in the crystallite size. This behaviour might be due to the increase in the lattice

strain caused by an increase in the dopant concentration.

Crystallite size (nm)

0 —
0.0 0.2

04 06 08 1.0

Bi’* Concentration (mole %)

Figure 2: The variation of the crystallite size with Bi®** concentrations.

Table 1: The crystallite sizes of the prepared samples obtained by using the Scherrer equation.

Sample Crystallite size (nm) (x 1)
YOF: 0 mol % Bi** 81
YOF: 0.2 mol % Bi®* 72
YOF: 0.3 mol % Bi®* 61
YOF: 0.4 mol % Bi** 56
YOF: 0.5 mol % Bi®* 52
YOF: 0.6 mol % Bi®* 46
YOF: 0.8 mol % Bi** 41
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The morphology of the prepared samples was investigated by using SEM and is shown in figure
3. The host sample showed an agglomeration of spherical small particles into bigger particles,
see figure 3(a). Li et al. [31] reported the same morphology during investigations done on
samples prepared using the pyrolysis method of YOF:Yb3*, Er** thin films. Eloussifi et al. [32]
investigated thermal decomposition of the Y(CFsCOO)3z) precursor and the same kind of
morphology was reported. Figures 3(b) to 3(g) show an increase in agglomeration of the

spherically shaped particles with an increase in the dopant concentration.

Figure 3: SEM images of the YOF:Bi** phosphors prepared by the pyrolysis method, (a) 0,
(b) 0.2, (c) 0.3, (d) 0.4, (e) 0.5, (f) 0.6 and (g) 0.8 mol %.

87



AES studies and SEM images were also done on five different areas on the YOF: 5 mol % Bi®*
high concentration sample in order to clarify the identity of the smaller particles and bigger
agglomerations. Figure 4(a) shows the SEM image with five different areas marked with a blue
pointer and figure 4(b) shows the corresponding AES spectra. All the areas clearly showed
AES peaks for Y, O, F and Bi. The AES peaks around 82 eV, 134 eV, 1606 eV, 1750 eV and
1827 eV were ascribed to Y. The C, O and F peaks were situated at 277 eV, 514 eV and 658
eV, respectively [33]. The Bi peaks were located at 105 eV and 1894 eV. The presence of C
was attributed to contamination due to adventitious hydrocarbons and is considered to be a
common impurity in fluoride compounds [33]. With the AES results it was concluded that Bi

was homogeneously distributed on the surface of the sample.
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Figure 4 (a): SEM image of the YOF: 5 mol % Bi** phosphor prepared by the pyrolysis
method indicating the different AES analysis areas (1), (2), (3), (4) and (5) and (b) the

corresponding AES spectra for each area.

XPS has been used to study the surface composition of a YOF: 5 mol % Bi®* high concentration
sample due to the difficulties of detecting Bi®*" at low concentrations. All the XPS high-
resolution peaks were corrected for charge compensation in respect to the C 1s peak at 284.8
eV. The C contamination was ascribed to adventitious hydrocarbons on the surface [34]. The
high-resolution peaks were deconvoluted and analyzed with Multipak software v. 8.2. Figure
5 shows the peak deconvolution of the (a) Y 3d, (b) O 1s and (c) F 1s peaks. The Y 3d peak,
figure 5(a), can be deconvoluted into two main binding energy peaks of Y 3d at 157.1 eV and
159.1 eV that were due to the spin orbit splitting into the 3ds;2 and 3ds peaks, respectively.
The energy ranges of the Y 3d and Bi 4f peaks overlap. Therefore, two additional pairs of peaks
were also fitted in the Y 3d peak range that corresponded to Bi 4f peaks. The Bi 4f peaks were
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situated at 158.7 eV and 164 eV for the first pair and at 156.5 eV and 161.8 eV for the second
pair. The lowest binding energy peak in each pair was related to the 4f7 spin orbit splitting
peak and the highest binding energy peak to the 4fs> peak. The O 1s peak, figure 5(b), shows
two peaks at 529.1 eV and 531.4 eV. The F 1s peak shows one peak at 685 eV (figure 5(c)).

The Y 3ds/2 peak at 157.1 eV correlated well with other reported values for the Y 3ds/, peak in
the YOF structure [35, 36]. The O 1s peak at 529.1 eV corresponded to the oxygen peak in the
Y OF structure and this was also reported by Rizhkof et al. [37]. The second O 1s peak at 531.4
eV can be ascribed to hydroxyl or carbonate groups [38]. The F 1s peak at 685 eV was also in
correlation with reported F 1s XPS data for the YOF structure [37]. The two pairs of fitted
peaks for the Bi 4f peak corresponded to the Bi** and Bi metal oxidation states. The 158.7 eV
and 164 eV peaks corresponded to the Bi 4f, and Bi 4fs;, peaks of Bi**, respectively and the
other pair at 156.5 eV and 161.8 eV corresponded to the Bi 4f7;2 and Bi 4fs/, peaks of Bi metal
[39, 40]. The separation between the spin orbit splitting peaks was 5.31 eV. The presence of the
Bi metal therefore is due to the segregation of Bi** on the surface of the material and its
reduction to Bi [39].
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Figure 5: High resolution XPS peaks of YOF:5 mol % Bi®* for the (a) Y 3d, (b) O 1s and
(c) F 1s peaks.
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The PL excitation and emission spectra were systematically studied for the prepared YOF:Bi®*
phosphors in order to determine the luminescent nature of Bi* in the YOF host. The transition
bands !So — 3P1,1So — 3P, and 1So — P; are known as the A, B and C bands. Excitation in
the Bi** ion depends on the positions of the energy levels. In general, excitation can either be
to the 3P1 (A band) or to the 'P; (C band). The So — 3P, (B band) is not allowed due to the

absence of coupling with unsymmetrical lattice vibration modes [17, 18, 19].

YOF: x Bi*

0 mol % Bi**

— 0.2 mol% Bi**
—0.3 mol % Bi*
——0.4 mol % Bi**
— 0.5 mol % Bi™
—0.6 mol % Bi**
—0.8 mol % Bi**

?Lem =314 nm

Intensity (arb. units)

220 240 260 280 300 320 340
Wavelength (nm)

Figure 6: PL excitation of YOF: x Bi®* (x = 0.2, 0.3, 0.4, 0.5, 0.6 and 0.8 mol %) at Aem=

314 nm emission.

The excitation spectrum consisted of one broad band centered at 267 nm that ranged from 240
— 300 nm, see figure 6. Blasse and Brill [14] have studied the luminescence of YOF:Bi®* with
an excitation band at 265 nm and they ascribed it to the A band of Bi**. The positions of the A
band in the UV range have also been investigated in other hosts [13, 18]. Chen Lei et al. [13]
studied YBOs:Bi®" and reported on the A band situated at 265 nm. The broad peak at 267 nm

in figure 7 can therefore be ascribed to the A band transition.
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Figure 7: (a) PL emission of YOF: x Bi** (x = 0.2, 0.3, 0.4, 0.5, 0.6 and 0.8 mol %), lex =
267 nm and (b) the variation of the %P1 — !So emission as function of the Bi®*

concentration.

The emission spectra under 267 nm excitation is shown in figure 7(a). A broad band in the 280
— 410 nm region centered at 314 nm was observed. Blasse and Brill [41] also studied the
luminescence of Bi* in Y2SO4 with the presence of two excitation bands. They ascribed the
first excitation band to the edge of the excitation due to the 1Sy — P; transition and the second
band due to the So — 3P transition at 264 nm of Bi**. They also reported a broad emission
band centered at 310 nm with a Stoke shift of about 47 nm. These results correlate well with
the emission band obtained in figure 7(a) and therefore the emission band centered at 314 nm
can then also be attributed to the 3P1 — Sy transition, with a Stokes shift of about 47 nm. This

transition was also reported in other systems such as YBO3:Bi** [13] and Y2Sn,07:Bi®* [42].

The emission intensity increased gradually with increasing Bi** content from 0.2 mol % up to
the optimum concentration of 0.4 mol %, then decreased as depicted in figure 7(b). This
behaviour is a well-known phenomenon in Bi®** doped inorganic hosts and is called
concentration guenching [43], due to the excitation being transferred in the crystal to non-
emitting defects (killer centres). The concentration quenching of Bi®*" emission varied in
different hosts, e.g. in Ba2Mg(BOs)2:Bi** it occurred for the 0.1 mol % concentration sample
[44], for CaSb,06:Bi®** at 0.75 mol % [45] and for Ca14Al10Zns03s:Bi** at 1 mol % [46]. The
critical distance, R, can be estimated in order to confirm the type of interaction responsible for
concentration quenching. The critical distance is the distance where the transfer probability is
equal to the inverse of the intrinsic lifetime [47]. Blasse et al. [48] explained the behaviour of

the concentration quenching as a non-radiative transfer of energy between two activator ions
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and that the critical distance can be obtained through the transfer probability. They also
reported that the critical distance can be obtained as a function of the critical concentration, X,

by using the following equation [48]:

where V is the volume of the host lattice unit cell and equal to 235.85 A3 [49] and N is the
number of ions in the host unit cell that can be replaced by the dopant and it is equal to 6 [50].
In this procedure, it is assumed that the critical concentration equals the optimum concentration
corresponding to the maximum emission intensity. This is a rough approximation allowing to
get limited quantitative information. With the experimental value of Xc, the critical distance
was then calculated to be 2.7 nm. This calculated value for the critical distance of Bi** was in
good agreement with other reported values such as 3.1 nm for the Cai4Al10Zns03s:Bi®* system
[44], 2.7 nm for the Cas(BOs)2:Bi** system [51] and 2.1 nm for Cas(BOs)sF:Bi®** [52]. It can be
concluded that the critical distance is affected by the crystal structure and different sites. The
existence of the migration of energy from one activator to another and eventually to Killer
centres (eg. Impurity ion or defect) usually occurs at small distances between the dopant ions
[53]. Since the exchange interaction is active only for short interionic distances, it can be
proposed that the multipolar interaction is the dominant quenching mechanism in the YOF:Bi®*

system.

Further investigations can also be done on the type of multipolar interaction responsible for the
emission quenching based on a report of Van Uitert that was modified by Ozawa [54, 55]. The
suggested equation was first modified to analyse rare earth ions and then it was extended for
other types of ions. The equation can be used to determine the strength of the multipolar
interaction from the change in the emission intensity with concentration [55]. The strength of

the multipolar interaction (s) can be expressed as follows:

T C 107 ) R 4.

C is the activator concentration, I/C is the intensity per activator concentration, s = 6, 8 or 10
for dipole-dipole (d-d), dipole-quadrupole (d-q) and quadrupole-quadrupole (g-g) interactions

respectively, k and B are constants for the same excitation conditions for a given host material.

When the condition BC§ > 1 is satisfied (which will occur at high concentration), equation (4)

reduces to:
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where k is a constant [54, 56] and C is the dopant concentration greater than the critical
concentration. A plot of log(l/C) versus log(C) was obtained with a linear fit and is shown in
figure 8. The value of the slope (-2.6) corresponds to —s/3 and was used to obtain the value for
s as 7.8 (close to 8) and the type of the multipolar interaction was then identified as the d-q
interaction. According to Dexter’s theory the non-radiative energy migration will be enhanced
with increasing concentration and lead to emission quenching [43]. We suggest the same
assumption to occur in our system with mixing of the orbitals which might be 6s+6p of Bi®*.
The d-q interaction was also identified during investigations in other systems doped with Bi®*

such as the vanadate compounds (Y,Lu,Sc)VO4:Bi®* [57].
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Figure 8: The plot of log(l/C) versus log(C) for the YOF:Bi** phosphor.

Depiction of excitation and emission peaks was done in figure 9 in order to extract more
information on the nature of the emission band. The depiction of the two bands was done in
the energy scale. In figure 9(a) the excitation peaked as a single broad peak at 267 nm with
FWHM around 31 nm. The FWHM value was reported to be as large as 32 nm for the excitation
of Bi** [8]. Figure 9(b) shows the UV asymmetric emission band that peaked at 314 nm with
FWHM around 36 nm.
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Figure 9: (a) The excitation band of YOF: 0.4 mol % Bi3* monitoring the emission at 314
nm and (b) the emission band excited with 267 nm.

The mechanism of the excitation of YOF:Bi®* can be explained by estimating the position of
the MMCT band in respect to the 'Sp — 3P1 A band transition. Systematic studies of the
existence of the MMCT band in the excitation spectrum of Bi®* was first done by Boutinaud
[58]. He proposed an empirical model to predict the position of the MMCT band in any host
doped with Bi®* based on experimental data of numerous hosts doped with Bi®* ions. He
collected structural properties from the Inorganic Crystal Structure Database and compiled the
shortest distances (dnost) between the metal (M™ = Y3* ion) site and the cation site for Bi*. The
position of the MMCT band considering the metal Y3* can be predicted by the following

expression with an accuracy of 3000 cm™ (26 nm) [58]:

MMCT (cm™) = ke [XCN (Bi*") - agy: X“" ¥ +)]

CN = 8 is the coordination number of the Bi** ion. CN’ = 8 is the coordination number of the
metal ion to which CT occurred. ken' = 41 044 cm™ [58] was a constant depending on the value
of CN'. The ycn = 1.29 and yon = 1.34 values are the optical electronegativity for both the Y3*
and the Bi®* ions respectively [57]. The constant aSh. is an adjustable parameter dependent on
CN and CN’ and reported by Boutinaud to be 1.11 [58]. The value of dcorr is the corrected value
that accounted for the effect of anion relaxation subsequent to Bi** doping. The distance
between Bi®* and the M™ ions given by the separation of their sites in the host lattice is
therefore corrected by the difference of the Bi** and M™ crystal ionic radii (r). The expression
to obtain deor, for the crystal radii, r (Bi**) = 0.131 nm and for r (Y3*) = 0.1159 nm, was dcorr =
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AHost + % [r (Bi**) —r (Y3*)]. The value for duost was obtained from literature to be 0.3102 nm

and corresponds to the experimental value [59] and dcorr Was then calculated to be 0.318 nm.
The MMCT band was then finally calculated to be situated at approximately 36 500 + 3000
cm™ (274 £+ 26 nm).

According to Amer and Boutinaud [60], we can differentiate between the A band and the
MMCT band by predicting the position of the A band as well. Prediction of the A band is
dependent on the nephelauxetic ratio factor (he) and the position is given through the relation
[60]:

Ea (X, cm?) = 23970 + 50051 €XP (215) wvvvvvrresrrerennraneon 7,

he is the nephelauxetic ratio factor and for our system we estimated it as 0.819 based on the
experimental data for the yttrium oxyhalides [61]. Estimation of the he value was determined
with the constraints of the ligand type of the host; according to Jorgenson [62, 63] the he
increases in the sequence of the ligand type (nephelauxetic series) as F > ClI-> Br > I > 0* >
SZ. As an example, the he value for KaF, KCI, KBr and Kl is 0.249, 0.456, 0.494 and 0.629,
respectively. The ratio of the he value between each consecutive ligand in the nephelauxetic
series of the same metal in one group is almost comparable to the ratio of a metal in different
groups to the other metals with a slight variation (e.g. ratio of he““'/heX" = 1.54 and heKB'/h <!
= 1.1). Applying this argument, allow us to estimate he value for YOF. The obtained he value

for YOF was based on this constrains and the difference for different ligand types as well as

heCl™
=15,

the values of YOBTr (he = 1.349) and YOCI (he = 1.229) with an estimated ratio of

since the ratio he°®'/he"C¢! = 1.1 [61]. The estimated value for he was difficult to calculate
since some required parameters were not presented (e.g. refractive index, dielectric coefficient
and average energy gap). The predicted value for the A band is about 35 300 + 3000 cm™ (283
+ 26 nm) with a difference |Eexp(Bi**)-Ea(X)| of about 2200 cm™ (17 nm). The energy
difference |Eexp(Bi")-MMCT(Bi®")| is about 1000 cm™ (7 nm) where Eex, represents the
experimental excitation value. According to the energy difference between the experimental
excitation value and the roughly calculated values for both the A and MMCT bands, we can
therefore consider that the excitation is more likely to be due to the MMCT band. This
estimation is within the terms of the given error where MMCT = 36 500 + 3000 cm™ (274 +
26 nm) and Ea = 35 300 + 3000 cm™ (283 + 26 nm). This suggests that the MMCT band is

slightly laying above the A band. We could not detect another band in the excitation spectrum
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that might be ascribed to the A band. This motivated us to investigate more in depth the nature
of the emission. Considering the Stokes shift of the emission and the fact that MMCT emitters
have large stoke shifts [60], we were able to resolve this by looking to the energy difference
IMMCT(Bi®*")-Ea(X)-AStokes| which has been suggested by Amer and Boutinaud [60].
According to this model, the maximum energy difference of about 4000 cm™ (32 nm) is related
to the A band emitter whereas, the minimum energy difference for MMCT is about 7500 cm™
(52 nm). The calculated energy difference according to the previous equation is about 4400
cm™ (35 nm) and this value is slightly above the 4000 cm™ (32 nm) limit and allows us to
consider that our system is intermediate between the A band emitters and the MMCT emitters.
On the basis of the Stokes shift value which is a characteristic of A band emitters, we can
consider our emission to originate from the A band. This corresponded well with the model
suggested by Amer and Boutinaud. According to the two models of the excitation energy
differences |Eexp(Bi*)-Ea(X)| and |Eexp(Bi*")-MMCT(Bi®*")| and the Stokes shift expression
IMMCT(Bi®")-Ea(X)-AStokes|, a final suggestion can therefore be made that the MMCT band
is slightly lying above A band. During the excitation process to both the MMCT and the A
band, the energy transferred non-radiatively from the MMCT to the A band and consequently
the emission is only due to the A band. See figure 10 for the proposed energy level and

mechanism controlled the luminescence of YOF:Bi®*.

MMCT
3P,
/7 3P,
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Figure 10: Proposed energy level diagram and luminescent mechanism of Bi®* doped in
YOF.
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The fluorescence decay curves for the prepared YOF:Bi* samples are depicted in figure 11.
The decay curves showed a clear non-exponential profile. This behaviour is consistent with the
multi-component of the Bi** emission. The non-exponential decay curves were fitted using a
bi-exponential equation [64, 65]:

1(t) = Ao+ A1eXp(-t/T1) + A2XP(-t/T2)eeererrernrnrrennriesasnsnennns 8

<T>= (A1 T5+A2 TE)/(AL T1H A2T2) wenneeeerenneeenrrerrnneeeennnnns 9,
where I(t) is the PL intensity, < t > is the average decay time, 11 and T2 the emission decay
times and A; and A; are their relative weights [64]. The calculated lifetimes t1 and t2 were in
the order of microseconds and depicted in table 2. This is in good agreement with previously
reported values for decay lifetimes calculated for CasAi.06:Bi**, Sm®* [66] and
Sr2Ys(Si04)s02:Bi®*, Eu®* [67]. The lifetimes of Bi®* doped materials were reported to be in
the range of nanoseconds up to microseconds [59]. The ns? ions is sensitive to the surrounding
ligands [14] and any presence of defects in the host will affect the position of both the ground-
excited levels [68]. Thus, we might suggest that the shortest decay time was related to the Bi®*

ions locally perturbed by defects.
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Figure 11: Decay curves of the 3P1 — 1So transition for the YOF:Bi3* doped samples (Jex
=267 nm, Jem = 314 nm).
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Table 2: The calculated decay times for the prepared YOF:Bi3* samples.

Sample T1/ ps T/ ps | <T>/ps
YOF: 0.2 mol % Bi** | 0.40 1.18 1.11
YOF: 0.3 mol % Bi** | 0.37 1.21 1.14
YOF: 0.4 mol % Bi** | 0.34 1.17 1.09
YOF: 0.5 mol % Bi** | 0.27 1.1 1
YOF: 0.6 mol % Bi** | 0.26 1.1 0.97
YOF: 0.8 mol % Bi®* 0.3 1.1 0.98

The fluorescence quantum yield (1) of the YOF:Bi** (0.4 mol %) prepared sample was
measured using the FLS980 system equipped with the integrating sphere and is shown in figure
12. The absolute quantum yield (n) is the number of the emitted photons (N*™) to the number
of the absorbed photons (N*) and can be expressed as:

Nem
1]=W ...............................................................

The scatter and emission of the sample was recorded for the direct excitation method [69] and

the absolute quantum yield (npexc) can be written as:

Ep—Ey
D o tittttttereeteestestestantaseaeeseastaneaseeneanaanannes 11
TDExc SA—Sp N

with Eg()) the emission record of the sample, Ea()L) the emission record of the reference, Sa(A)
is the scatter record of the reference and Sg(A) the scatter record of the sample. This data is
depicted in figure 12 and the quantum yield was found to be 60 %. This quantum yield value
is very suitable for sensitizer application with other luminescent ions through energy transfer

mechanisms.
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Figure 12: The measured quantum yield using the integrated sphere for the YOF: 0.4 mol
% Bi®** sample with Aex= 267 nm.

6.4 Conclusions

The YOF:Bi®* phosphor was successfully synthesized by using the pyrolysis method. XRD
results showed a high crystallinity of the powder, with a rhombohedral YOF structure (space
group: R3m (166)), after annealing at 900 °C. The crystallite sizes as calculated by the Scherrer
equation decreased from 81 to 41 nm with increasing doping concentration. SEM images
showed an agglomeration of spherically shaped small particles into bigger particles for the host
sample. The particles started to form bigger agglomerated particles with an increase in the
dopant concentration. AES results confirmed that Bi was homogeneously distributed on the
surface of the sample. Two pairs of peaks could be fitted to the XPS data for the Bi 4f peak.
The peaks were attributed to Bi** and Bi metal. PL studies revealed a broad UV emission band
centered at 314 nm that originated from the 3P1 — 1Sy A band with a symmetric excitation of
267 nm that corresponded to the So — ®P1 A band of Bi®**. In order to explain the excitation
and emission mechanism, investigations and theoretical calculations were done to predict the
MMCT band. The MMCT excitation band was calculated to be situated at approximately 36
500 + 3000 cm (274 + 26 nm) that was in the same range than the A band. The emission peak
at 314 nm was attributed to the 3P1 — Sy A band transition. During excitation to the MMCT
band and to both the A band levels, non-radiative decay occurs from the MMCT to the emitting

3P, level. The interconfigurational nature of the transition and the presence of defects could
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result in the broadening of the excitation and emission peaks. The decay times obtained were
in the microsecond range and showed the presence of Bi®* centres perturbed by nearby defects.
The measured quantum yield was measured to be 60 % by using the integrating sphere.
According to the PL investigations the YOF:Bi®** phosphor is therefore an appropriate
candidate for optoelectronic applications such as for UV-LED, SC and scintillators, or to be

applied as a sensitizer with other Ln®" ions.
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Chapter 7

Infrared emission enhancement through Ho*" co-doped YOF:Bi®*" Phosphor

In this chapter IR emission were enhanced through Ho®* co-doped Bi®* doped YOF for SC
applications. PL studies were investigated for energy transfer possibilities for IR emission.
It was shown that the Bi**-Ho®" co-doped Y OF phosphor is an appropriate candidate to enhance

the spectral response of Si SC.

7.1 Introduction

Bi®* has a [Xe]4f“5d'°6s? electronic configuration that ensure it to be considered as one of the
most important luminescent ions due to the wide range of emission in the UV and VIS regions
[1, 2, 3, 4]. Bi*" is well known to have excited electronic levels responsible for different
emissions. It is characterized with three triplet energy levels known as ®P2, *P1 and 3Po and one
high energy level known as !P; with a 'Sp ground state [5]. Transitions from the 'Sy ground
state to the 3P; and 3P, excited states are forbidden but can become allowed due to spin orbit
coupling and to coupling with unsymmetrical lattice vibrational modes [5]. Transitions to the
3Py excited level is strongly forbidden and the 'P; level is a spin allowed transition [5]. Various
energy transfer investigations where the energy is transferred from Bi®* to different
luminescent ions (Bi*" is utilized as a sensitizer for the emission) have already been done by
other authors [4-8]. There are also various reports where Bi* sensitize other RE ions in different

systems such as oxides, phosphates, molybdates, vanadates, tungstates and nibobates [9-19].

Ho®* is considered as one of the best co-doping ions due to its wide spectral absorption [6, 20].
Ho®* is characterized with a wealth of energy levels leading to many luminescent states due to
the complexity of the 4f'° energy level system [6]. Malinowski et al. [21] explained that Ho®*
can be utilized for different applications such as infrared lasers, medical applications and
remote sensing. Peri$a et al. [22] studied Ho®*" as a DS, co-doped in Yb** doped YOF. The
system showed strong green emission around 540 nm and two weak emissions in the red region
around 663 nm and 754 nm that were ascribed to the °F4, °S; — °lg, °F5 — °lg and °F4, °S; —
®17 electronic transitions, respectively. Yang Zhang and his group have also studied the

luminescence of YOF:Ho®" and they showed that the dominate green emission around 545 nm
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for the S, — ®lg transition was due to the 450 nm excitation that was ascribed to the °lg — °F1,
5Gg transition [23].

This research study is an extension of our previous work done on the luminescence of
YOF:Bi**. Investigation is therefore done on the suitability of the energy levels between Bi®*

and Ho3* ions for possible energy transfer and sensitization of the VIS and NIR emissions.

7.2 Experimental

Pure YOF and Bi**, Ho®*" co-doped YOF powder samples were prepared by the pyrolysis
method with CF3COO as precursor from a single source. The pyrolysis method used was
reported in our reported work on Pr¥* doped YOF [24]. The doped YOF: 0.4 mol % Bi*', x
Ho* (x = 0.8, 1.4, 2, 3, 4 and 5 mol %) samples were prepared by the same method with only
introducing holmium (111) oxide (H0203) in the starting materials, see chapter 3, section 3.1.

The structure of the prepared samples was characterized by XRD using a Bruker Advance D8
diffractometer (40 kV, 40 mA) with Cu K, x-rays (A = 0.154 nm). SEM images were taken by
using the JEOL JSM-7800F SEM. High resolution XPS was obtained with a PHI 5000
Versaprobe system as was described in chapter 3, section 3.4. All measurements were
performed at room temperature. PL, NIR emission and decay time measurements were done
by using the Edinburgh FLS980 instrument.

7.3 Results & discussion

Figure 1 shows the XRD results of the high concentration YOF: 0.4 mol % Bi**, 5 mol % Ho**
co-doped sample compared to the YOF: 0.4 mol % Bi** single doped and the pure host samples.
All the patterns showed a pure rhombohedral YOF structure (space group: R3m (166)), without
any noticeable impurities, after annealing at around 900 °C in air atmosphere [24]. The sample
doped with 0.4 mol % of Bi* ions showed a shift in the diffraction peaks towards the lower
angles due to the difference in the ionic radii of the Y3 (0.1019 nm) and Bi** (0.117 nm) ions,
as reported in our previous work on YOF:Pr*. It was reported that the difference in the ionic
radii between Pr3* (0.1126 nm) and Y** (0.1019 nm) resulted in a slight shift towards the lower
angles [24]. Co-doping with Ho®* resulted in no further shifting of the diffraction peaks, Ho®*
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(0.1015 nm). We have to mention there was no additional peaks even after 5 mol % of Ho®*

doping.

— YOF: 0.4 mol % Bi**, 5.0 mol % Ho®'

L A A i

——YOF: 0.4 mol % Bi*"

L 10 g |

——YOF: 2.0 mol % Ho*'

. l i |

] —— YOF Host

Intensity (arb. units)

. 1L . |

YOF 01-071-2100
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20 (deg.)
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Figure 1: XRD pattern of the host material, of YOF: 0.4 mol % Bi®* and of YOF: 0.4 mol

% Bi3*, 5 mol % Hod".

Morphology investigations on the prepared samples with different Ho** ions’ concentrations
were done by using SEM. The variation of the morphology is depicted in figure 2. The
morphology of the surface showed a variation of agglomerated melted particles. The increase
in Ho®*" concentrations did not affect the morphology. The authors previously reported the
agglomeration and melting of the particles during their investigations of the YOF:Pr3*
phosphor [24]. This was also reported by Z. Li et al. [25] during their investigations on the
pyrolysis method of YOF:Yb3*, Er¥* thin films. The same behavior was also reported by

Eloussifi et al. [26] upon investigations of the decomposition of YOF into different structures.
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Figure 2: SEM images representing the variation of the morphology of the YOF: Bi®*,
Ho3®* samples for (a) 0.8, (b) 1.4, (c) 2, (d) 3, (e) 4 and (f) 5 mol % of Ho®".

Investigations on the surface elemental composition were done on the high co-doped sample
YOF: 0.4 mol % Bi**, 5 mol % Ho®" by using XPS. A correction for charge compensation of
the high-resolution peaks was done in respect to the C 1s peak at 284.8 eV. The contaminated
C on the surface was due to the adventitious hydrocarbons [24]. Figure 3 shows the
deconvoluted peaks for (a) Y 3d, (b) O 1s and (c) F 1s. Deconvolution of the Y 3d peak in
figure 3(a) yielded two peaks due to the spin orbit splitting at 157.1 eV and 159.1 eV that
corresponded to the 3ds/2 and 3ds/2 peaks, respectively. The energy ranges of Y 3d, Bi 4f and
Ho 4d peaks overlap. The Y 3d peak therefore also contained the peaks ascribed to the spin
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orbit splitting of Bi 4f at 156 eV and 161.31 eV, 4f7;» and 4fs)2, respectively and it contained
the Ho 4d peak at 159.3 eV. In figure 3(b) the O 1s peak showed two components at 529 eV
and 531.3 eV. Figure 3(c) shows the F 1s peak situated at 685 eV.

The obtained values for the Y 3d peak correlated well with previous reported values and in our
previous work on YOF: Pr3* [24, 27, 28]. The O 1s peak at 531 eV was ascribed to the O peak
related to the YOF structure whereas the peak at 529 eV was ascribed to the presence of
hydroxyl or carbonate groups [24, 29]. The obtained F 1s peak was also in correlation with
reported values for YOF [24, 29]. The fitted peaks for Bi 4f were well in correlation with other
reported values for YOF: Bi®* [30, 31, 32]. The Bi 4f peaks were ascribed to Bi metal on the
surface of the sample. The presence of Bi metal was due to the segregation of Bi®* to the surface
of the material and its reduction to Bi [32]. Bi 4f peaks of Bi metal were detected even at low
concentrations of Bi®* whereas, Bi 4f peaks of Bi®* were started to appear at high concentrations
of Bi®*, this was also confirmed for other samples (data not shown). The fitted Ho 4d peak was

in correlation with the reported value [33, 34].
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Figure 3: XPS high-resolution peak fits for (a) Y 3d with Bi 4f and Ho 4d, (b) O 1s and
(c) F 1sin YOF: 0.4 mol % Bi®*, 5 mol % Ho?*.
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PL studies on the prepared samples were done for the VIS and the IR regions.

7.3.1 Visible (VIS) Emission

The 0.4 mol % Bi®* concentrated doped sample was previously shown by the authors to be the
optimum sample for PL, article in preparation. Figure 4 shows the VIS excitation spectra of
the prepared YOF: 0.4 mol % Bi®*, x Ho®" samples as a function of Ho®" ions’ concentrations
(x=0,0.8, 1.4, 2, 3, 4, 5 mol %). Figure 4(a) shows the Bi** excitation spectra with increasing
Ho** co-doped concentrations. The Bi®* spectra showed a broad band centered at 265 nm that
was characteristic to the !Sp — 3P; transition of Bi*" according to our previous work on
YOF:Bi**. Figure 4(b) shows the Bi®* and the Ho®" excitation spectra with increasing Ho** co-
doped concentrations. The 4f-4f transitions of Ho®* peaked around 348 nm, 360 nm, 383 nm,
419 nm, 449 nm and 483 nm. These peaks corresponded to the °ls — °G2,°Gs, °ls — °Gs,3Hs,
Slg — °Gy, ls — 5Gs, °ls — °F1,°Gg and °ls — °F,°Fs transitions of the Ho®* ion, respectively
[35] The Bi®* excitation first decreased with 0.8 mol % Ho®* then it increased from 0.8 mol %
to 2 mol % and then it decreased again to 5 mol %. The Ho®" excitation increased to 2 mol %
and then it decreased to 5 mol %. This indicated that energy was transferred from Bi* to Ho®"
and that the 2 mol % Ho®" co-doped sample was the optimum concentrated sample. The overlap
between the emission of the YOF: 0.4 mol % Bi®* and the excitation of the YOF: 2 mol % Ho®**
sample is shown in figure 4(c). This clearly showed that energy transfer can occur from Bi** to
Ho®".
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Figure 4: (a) and (b) show the effect of Ho®* on the excitation parts of Bi®* and Ho®*
monitoring 314 nm and 538 nm emissions, respectively and c) the overlap of the emission

and excitation of Bi** and Ho®", respectively.

Figure 5 shows the VIS emission spectra of Bi*" and Ho®" at different Ho®*" co-doping
concentrations and excitation. The Bi®* emission, figure 5(a), consisted of a broad band that
peaked around 314 nm and this was consistent with our previous work on YOF:Bi%*. This broad
band corresponded to the %P1 — 1S transition. The Bi** emission increased up to 2 mol % Ho
co-doped and then it decreased again. The emission of Ho®", figure 5(b) and (c), with both the
265 nm and 449 nm excitations consisted of multi-narrow emission peaks that originated from
different levels of Ho®* ions. The emission spectra were due to the 5F4,%S; — 5lg and °F4,°S; —
%17 transitions with weaker emissions from the °Fs — °lg levels of Ho* [35, 36]. The dominant
emission around 538 nm and 754 nm corresponded to the °F4,°S; — %l and °F4,°S; — °I7
transitions of Ho%*, respectively. The weaker emission at 663 nm were attributed to the 5Fs —

%Ig transition [35, 36]. The emission of Ho** during both the 265 nm and 449 nm excitation
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showed an increase in the emission up to 2 mol % of Ho3* and then it decreased gradually with
increasing concentration. The decrease after 2 mol % was due to concentration quenching
behavior [21]. The increase in the Ho®*" up to 2 mol % can be attributed to energy transfer from
the Bi** ions’ energy levels to the Ho* ions’ as in figure 4(b). Figure 5(d) shows the variation
of the intensity of different emission transitions as a function of Ho®" concentration. Despite
the presence of Bi metal which was confirmed by XPS investigation, it is well known Bi metal

has no emission [37].
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Figure 5: (a) PL emission of Bi®* for different concentrations of Ho3* ions under 265 nm
excitation, (b) & (c) the Ho®*" emission for 265 nm and 449 nm excitations, respectively

and d) the variation of different emissions for different excitations.

Investigation of the energy transfer between Bi®* and Ho®" was done based on the theory of
energy transfer between sensitizer and activator. If we neglect the energy transfer through the
movement of the charge carriers, the energy transfer occurred through either radiative transfer
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through emission of the sensitizer (Bi**) and reabsorption of the activator (Ho*) or through
non-radiative transfer followed by resonance between emitter and absorber. Efficiency of
energy transfer is related to the spectral overlap between sensitizer and activator. Significant
overlap between the sensitizer and the activator result in magnification of the activator emission
[38]. The major participants in non-radiative transfer are multiple interactions and exchange
interaction [38]. The probability of non-radiative transfer by multiple interaction can be

represented by [38]:
Psa1 ¢ QA Esa/Ts RGy = USA ESA cevininieiininiiiiiinieninnee. 1.

Qa is the absorption region of the activator, Esa is the energy overlap of the activator absorption
and sensitizer emission, ts is the radiative decay time and Rg, is the critical distance between

sensitizer and activator.

In the case of YOF:Bi**, Ho*, the overlap area between the Bi** emission and Ho®" excitation
is not significant. This resulted in pumping into the 3He level instead of the main 5F; and °Gg
excitation levels of Ho®". This might be the reason for the decrease in the Bi®* emission from
the single doped sample to the introduction of the 0.8 mol % Ho** doped sample and for the
increase in the Bi** emission with increased Ho®* ions concentration up to 2 mol %. The
plausible explanation is therefore that at low concentrations of Ho®*, the radiative energy
transfers between Bi®* ions competed with the non-radiative energy transfer to Ho®*. The result
was then that a small amount of energy was transferred to Ho®" and this lead to the increase in
the Bi* emission up to 2 mol %. In any sensitizer-activator system, the energy transfer depends
on the probability of transfer but also on the back energy transfer from activator to sensitizer

or/and the probability of energy transfer amongst the sensitizers [39].

To explain the possibility of back energy transfer from Ho®** to Bi®*, we looked into the Bi®*
excitation spectra recorded in figure 4(a), while monitoring the Bi®* emission at 314 nm. Ho*"
excitation was not detected in the Bi®* excitation region. This did not eliminate the possibility
of back energy transfer from Ho®* to Bi**. If the probability of energy transfer amongst the
sensitizers increased, excitation of sensitizers, followed by one or several other sensitizers,
occurred before energy was transferred to the activator [39]. These transfers between sensitizers
were followed by a small amount of absorption energy as a result of relaxation of lattice and
guenching sites [39]. Therefore, the reduction of the energy transferred from sensitizer to

activator is a result of energy transferred between sensitizers [39]. At high Ho®*" concentrations,
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the probability of transferring between sensitizers was reduced and as a result the Ho®* emission
was enhanced. This was also confirmed by the coexistence of the *P1 — Soemission in the
excitation spectra when the °F4,°S; — °lg emission of Ho** where monitored. The energy was

therefore partially transferred from Bi®* to Ho*".

7.3.2 Infrared (IR) emission

An investigation on the IR emission for the YOF: 0.4 mol % Bi%*,Ho®" system was done with
different Ho®*" co-doping concentrations. Figure 6 shows the excitation spectra for the IR
emission monitored around 1200 nm of Ho®* emission [36]. The excitation spectra showed the
same excitation for the visible emission that consisted of 4f-4f transitions of Ho** and a broad
band ascribed to Bi®" excitation with optimum concentration of Ho** about 3 mol %. The
excitation broad band around 265 nm was ascribed to the So — 3P transition of Bi®*. The 4f-
Af excitation transitions of Ho®" peaked at 334 nm, 348 nm, 360 nm, 383 nm, 419 nm, 449 nm
and 483 nm. These peaks corresponded to the °ls — °Gy, °ls — °Gg3, °ls — 3Hs, °ls — °Gy, °ls

— 5Gs, °ls — °F1, °Gg and °ls — °F», °F3 transitions of the Ho®* ion, respectively [35].

YOF: 0.4 mol % Bi**, x Ho™

0 mol % Bi*’, 2.0 mol % Ho™"
——0.8 mol % Ho™’
o 1 ——1.4 mol % Ho"
——2.0 mol % Ho™
——3.0 mol % Ho™
—— 4.0 mol % Ho™
——5.0 mol % Ho™

Intensity (arb. units)

225 300 375 450 525
Wavelength (nm)

Figure 6: Infrared excitation of YOF: 0.4 mol % Bi®*, x mol % Ho?® for different

concentrations of Ho®* monitored at 1200 nm.
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The IR emission spectra were recorded upon 265 nm and 449 nm excitation wavelengths into
Bi®* and Ho®" levels, respectively, see figure 7(a) and (b) [36, 40]. The emission consisted of a
range of characteristic Ho®* peaks centered at 753 nm, 1014 nm, a broad sharp peak centered
at 1200 nm and lastly a weak peak around 1400 nm. These emission peaks were ascribed to the
SF4,5S2 — Sl 5F4,°S2 — Olg, °ls — °lg and °F4, °S; — °ls transitions of Ho®*, respectively [36,
39, 40]. A comparison of the IR emission between the two different excitations of 449 nm and
265 nm, for the sample doped with 3 mol % of Ho%*, was depicted in figure 7(c). Figure 7(d)
shows the variation of the intensity of the IR emission for both the 449 and 265 nm excitations
as a function of Ho* concentrations. A significant enhancement in the Ho** emission occurred
upon 265 nm excitation compared to the 449 nm excitation. This confirmed that energy transfer
occurred from the Bi* to the Ho®" energy levels. We have to mention that we did not detect
any emission ascribed to Bi** since it is not an IR emitter [37].

YOF: 0.4 mol % Bi*", x Ho>" a) b) YOF: 0.4 mol % Bi**, x Ho®"

——0 mol % Bi*, ;{.n mol % Ho®* —— 0.8 mol % Ho™
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———2.0 mol % Ho™"

———3.0 mol % Ho™"

——4.0 mol % Ho™ i
——5.0 mol % Ho™" =

e
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Figure 7: IR emission of YOF: 0.4 mol % Bi**, x mol % Ho? for different concentrations
of Ho®* excited at (a) 449 nm, (b) 265 nm, (c) a comparison between the YOF: 0.4 mol %
Bi®*, 3 mol % Ho®* sample’s °ls — °lg emission at 449 nm and 265 nm excitation and (d)

the variation of the °1s — °ls emission as function of different Ho3* ions concentration.
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The decay time for the prepared samples were recorded to extract more information on the
energy transfer between Bi** and Ho®*. The decay times were recorded in the VIS as well as in
the IR region. All samples showed doublet and triplet components of decay. Figure 8(a) and
(b) show the VIS decay times of Bi®* and Ho®* for the *P1 — S and °F4,%S, — ®lg transitions
that peaked around 314 nm and 538 nm, respectively. Generally, the doublet and triplet decay

components can be expressed as [41, 42]:

1(t) = Ao+ A1eXp(-t/T1) + A2XP(-t/T2)eeererrernrnrrennriesasnsnennns 2
1(t) = Ao+ Asexp(-t/t1) + Azexp(-t/t2)+ AseXP(-t/T3).ceenrieensess 3,
and the average decay time for doublet and triplet components can be expressed as:
<T>= (A1 T3+A2 T3)/(AL T1H A2T2) ceverrnerrnnrerrerneennnneenns 4
<T>=(A1T3+A2 15 + A3 T3)/(AL T1+ A2 T2 + A3 T3) cevereeeeennnnl5.

I(t) is the PL intensity, < t > is the average decay time, 11, T2 and 13 are the emission decay
times, and A1, A2 and As are their relative weightages [43]. According to our previous report
on YOF:Bi*" the decay time of 3P1 — 1Sy transition was in the order of a few us. The measured
decay time for all the samples were in range of ps. This is in good agreement with previously
reported values for decay times calculated for the 3P; — !Sq and °F4,°S, — °Is emissions [1-4,
20, 21]. A decrease in the *P1 — 1S transition indicated that energy transfer occurred from Bi®*
to Ho®* whereas, the decrease in the °F4,°S; — °lg indicated that energy transfer occurred

between the Ho®" ions.

100000 100000
a) YOF: 0.4 mol % Bi°*, x Ho®* b) YOF: 0.4 mol % Bi*", x Ho®
3p 0 ——0 mol % Ho** X % Ho™
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Figure 8: (a) The measured decay times of the Bi®* 3P1 — S transition upon excitation
of 265 nm and emission of 314 nm and (b) decay times of Ho®" 5F4,5S> — ®lg transition

upon excitation of 449 nm and emission of 538 nm.
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Table 1: The obtained decay time of the *Po — 1So level of Bi®* and of the °F4,°S2 — °lg
level of Ho®* calculated by using equations (4) & (5) and their corresponding average as

a function of Ho®* concentrations in YOF.

0.4 mol % 3p; — 1Sy 5F4,5S2 — lg
Bi**, x mol %
Hod* Ti/ps | T2/ ps [T/ ps | <T>/ps | Ti/ps | T2/ps |/ ps | <T>/ps
0 0428 | 1.183 | — 1.102 — — — —
0.8 0.276 | 1.038 | — 0.976 39.6 | 1179 | 223.8 | 195.2
1.4 0.261 | 0.994 | — 0.907 38.0 | 103.8 | 200.6 | 162.6
2.0 0.226 | 0.948 | — 0.873 36.7 91.9 | 183.8 | 140.0
3.0 0.227 | 0.927 | — 0.840 30.6 83.0 | 182.7 | 119.0
4.0 0.222 | 0.910 | — 0.804 25.3 72.3 | 180.9 | 1015
5.0 0.222 | 0.900 | — 0.786 21.2 59.1 | 170.8 | 78.2
0 mol % Bi®*, — — — — 38.5 941 | 1855 | 136.4
2.0 mol %
Hod*

The decay times of the IR emission were also investigated for both the °F4,%S; — °ls and °ls —
SIg transitions of Ho®". The IR decay times were recorded under excitation of 449 nm. The
recorded decay times were depicted in figure 9(a) and (b) for °F4,°S; — ®lg and °ls — °ls
transitions of Ho>* emissions, respectively. The calculated IR decay times for both transitions
were depicted in table 2 in respect to an increase of Ho3* concentrations from 0.8 mol % up to
5 mol % and for the individual sample doped with only 2 mol % of Ho®". The decrease in the
decay time of the 1014 nm emission as a function of Ho®*" indicated that energy transfer
occurred between the Ho®" ions. This led to quenching of the Bi®* UV emission. The decay
time of °ls — °lg at 1200 nm increased for low Ho®*" concentrations up to 2 mol % and then it
decreased again up to 4 mol % after which it then increased again at 5 mol %. The decay curve
of the °F4,°S, — Sl transition indicated a short rising time that indicated that some processes
were responsible for the population of this level [44]. Population of the °l level can occurred
through a °Sy, °Is — °I7, °l7, °le cross relaxation process [45]. The recorded decay times for both
transitions were in ps and this was also reported for different Ho®" doped and co-doped systems

[44, 46, 47].

115




100000 100000

a)  YOF: 0.4 mol % Bi*", x Ho" 1) YOF: 0.4 mol % Bi*, x Ho™
——2.0 mol % Ho™ ——2.0 mol % Ho™

——3.0 mol % Ho™
——0 mol % Bi*', 2.0 mol % Ho**

——3.0 mol % Ho™*
——0 mol % Bi*, 2.0 mol % Ho™

100004 | 100004 * o

A, = 1200 nm
A, =449 nm

5F 5s .5'

4@ T2 e

A= 1014 nm

log Intensity (arb. units)
log Intensity (arb. units)

" e i 1000 v T v T v T v T v T v
0 500 1000 1500 2000 0 2000 4000 6000 8000 10000 12000

Time (us) Time (us)

Figure 9: The measured decay times of a) °Fs,°S2 — °ls (1014 nm) and b) °ls — °1s (1200

nm) transitions upon excitation of 449 nm.

Table 2: The obtained decay times of both the °Fs,°S2 — °ls and °ls — °lg transitions as a

function of Ho®** concentrations in YOF.

0.4 mol % %F4,°S2 — °le ®lg — °ls
Bi%*, x mol %
Hod* Ti/ps | T2/ ps [T/ ps [ <T>/ps |T/ps | T/ps | T/ ps | <T>/ps
0.8 79.1 ]198.6 | 243.1 | 196.1 166.3 | 1268.2 | 1920.7 | 1734.5
1.4 53.3 | 144.1 | 205.6 | 161.5 137.5 |1396.2 | 2014.5 | 1769
2.0 40.2 |125.1 | 251.9 | 1435 209.4 | 374.1 |1724.6 | 1727
3.0 315 |853 |183.6 | 1164 1975 | 204.3 | 1698.5 | 1698.2
4.0 26.1 | 77.7 |193.4 | 102 80.2 | 746 1699.3 | 1678.1
5.0 20.3 | 529 |1584 |79.8 911 | 777.8 |1754.5]| 1692
0 mol % Bi®*, | 40.1 | 110.9 | 192.7 | 136.2 1279 | 1458.3 | 1840.9 | 1714
2.0 mol %
Hod*

The proposed energy transfers and luminescent mechanism from Bi®* to Ho®* can be explained
based on both the VIS and IR emissions, see figure 10. During excitation into the 3Py level of
Bi®* a fast radiative emission occurred leading to UV emission of Bi®* ions. Partial energy was
transferred to Ho®* *Hs and °Gs energy levels and this was followed by multiple non-radiative
transitions that populated the 5F4 and °S; levels of Ho®*". Population of the °F4 and 5S; levels
lead to VIS radiative emissions from the °F4,°S, — °lg and °F4,°S; — °I7 transitions. Population

of the °Fs level was achieved through non-radiative relaxation from the excited °F4 and °S;
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levels where radiative emission occurred to the °Is ground level at 663 nm. Emission also
occurred in the IR region through the °F4,°S; — °ls and °ls — °lg transitions at 1014 nm and
1200 nm, respectively. Population of the ®Ig level occurred through the Sz, °ls — ®I7, %ls cross-
relaxation process that was responsible for the long decay time of the I — °Is emission. The
same energy transfer mechanism occurred during excitation of 449 nm except that pumping
occurred to the °Gg and °F1 levels in which non-radiative transition occurred to the °F4 and °S;

levels. Characteristic Ho®* emission therefore occurred to different levels in the VIS and IR

regions.
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Figure 10: Proposed energy level diagram for the YOF: 0.4 mol % Bi%*, x mol % Ho%*
phosphor.

7.4 Conclusion

The YOF: 0.4 mol % Bi**, x mol % Ho®" phosphor was successfully synthesized using the
pyrolysis method with CF3COO as precursor. XRD results showed a high crystallinity of the
powder as rhombohedral YOF (space group: R3m (166)) after annealing at 900 °C. XPS
investigations showed an overlap of Bi 4f and Ho 4d peaks in the Y 3d peak. Visible PL results

showed both the 3P; — 1Sy emission of Bi®* and the 4f-4f transitions of Ho®* under excitation
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of 265 nm and 449 nm. The broad excitation band that peaked at 265 nm was ascribed to the
1Sy — 3P; transition of Bi®** whereas, the excitation peak at 449 nm was ascribed to the °lg —
°F1, °Gs transition of Ho®*". The UV (250 — 450) emission part at 314 nm originated from the
3p; — 1S, transition of Bi*. The green (450 — 800 nm) emission part that peaked at 538 nm
and 753 nm originated from Ho%* and were ascribed to the °F4,°S, — 5lg and 5F4,°S; — 517
transitions of Ho**. The optimum Ho>" concentration for visible PL emission was recorded for
the sample co-doped with 2 mol % of Ho®*". The IR emission was recorded for both 449 nm
and 265 nm excitations with optimum concentration of about 3 mol % of Ho**. The IR emission
that peaked at 1014 nm and 1200 nm were ascribed to the °F4,°S, — ®lg and °ls — ®lg transitions
of Ho®*. Population of the °lg level might occur through the °S, °ls — °I7, °l7, °ls cross-
relaxation process. The decay times for all emissions were in order of us. The Bi**-Ho** co-
doped YOF phosphor is therefore an appropriate candidate to enhance the spectral response of
Si SC. Despite the efficient energy conversion in the Bi®*, Ho®" system, enhancement of the
energy flow from Bi®** to Ho®" needs to be considered. This will reduce the dissipated energy
into many unnecessary manifolds of Ho®*" and direct it to the range of spectral absorption of Si-
SC.
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Chapter 8

Tunable Ho®** co-doped YOF:Bi** emission through cathodoluminescence

In this chapter results were obtained that can be used to tune the YOF:Bi®**, Ho** phosphor’s
emission. CL studies were done under electron beam irradiation (5 keV) for both YOF: x mol
% Bi** (x =0.3, 0.4, 0.5, 0.6 and 0.8) and YOF: 0.4 mol % Bi**, x mol % Ho®** (x = 0.8, 1.4, 2,
3, 4 and 5) samples. The Bi** single doped and Bi**-Ho®*" co-doped Y OF phosphor is therefore

an appropriate candidate for optoelectronic applications such as for UV-LEDs and scintillators.

8.1 Introduction

Phosphor materials can be used for flat panel displays such as FEDs, plasma display panels,
vacuum fluorescent displays and electroluminescent displays [1]. Other optical applications
that involve semiconductors and/or phosphor materials, such as light-emitting diodes (LEDS),
have lately gained a lot of research attention due to low energy consumption, long lifetimes
and ecofriendly characteristics [2, 3]. Phosphor materials must have good energy efficiencies
in order to reduce power consumption for flat panel displays or LEDs applications, for example
[4]. Recently, several researchers investigated rare earth materials as potential candidates for
various optical applications [5-8]. Investigations on the ns?- ions, like Bi** have also been done

for optical applications for many years [9-11].

Bi®* is one of the ns2-sp ions, such as Pb?*, Sn?* and Sh*" [9]. Bi®* has an [Xe]4f'45d'°6s?
electronic configuration due to the loss of electrons in p shell of elemental Bi [12]. This allows
Bi®* to be applied in a variety of applications due to its intrinsic energy levels. The energy
levels are characterized with a single 'S ground state and multiple excited levels [9]. The
excited levels consist of one excited 'P; state and a triplet excited state known as 3P, °P1 and
3Po. The 1So — Py transition is a spin allowed transition. The transitions 'So — Pz and 1Sp —
3P, are forbidden but can become allowed due to induced coupling with unsymmetrical lattice
vibration modes and spin orbit coupling, respectively [9]. The 1Sy — 3P transition is strongly
forbidden. Ho®" is considered as one of the best choices for a co-doping ion for luminescent
applications because of its wide spectral absorption [13, 14]. Ho®" is characterized with
numerous energy levels that result in various luminescent states due to the complexity of the

4110 energy level system [13].
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CL studies of YOF doped with various rare earth ions have been carried out for many years
[15, 16]. YOF has a large band gap (~ 7.2 eV) and a low phonon energy (~ 400 cm™) that makes
it a suitable host for different types of ions [17]. Zhang and his group have done various studies
on the CL of different lanthanide ions (Th®*, Eu®*, Tm3*, Dy**, Ho%*", Sm**), single or co-doped,
in YOF with different morphologies that showed promising behavior for FEDs, fields of solid
state light, color displays, anti-counterfeit and luminescent labels [15, 16]. CL of Bi** has been
investigated in different hosts as a single doping or co-doped with lanthanide ions that showed
promising performances for different applications such as fabrication of near-ultraviolet/blue
InGaN-based LEDs and FEDs [10, 11, 18].

Our previous PL studies on YOF:Bi®*" and YOF:Bi®*, Ho** (chapter 7) revealed an intense
ultraviolet and green emission for both phosphors and an enhancement of the NIR emission for
the co-doped sample. The present research is an extension of the work done on the PL of
YOF:Bi** and YOF: Bi®*, Ho®*. It involves the CL investigations of YOF:Bi** and YOF:Bi®*,
Ho®* for possible application for FEDs, LEDs and other optical applications.

8.2. Experimental

Pure YOF and Bi®** and Ho®** co-doped YOF powder samples were prepared by the pyrolysis
method with trifluoroacetate as precursor from a single source. The pyrolysis method used was
previously reported in our research done on YOF:Pr®* [17]. The doped YOF: 0.4 mol % Bi%*,
x mol % Ho®*" (x = 0.8, 1.4, 2, 3, 4 and 5) samples were prepared by the same method with only
introducing Ho20s in the starting materials.

The structure of the prepared samples was characterized by XRD using a Bruker Advance D8
diffractometer (40 kV, 40 mA) with Cu K, x-rays (A = 0.154 nm). SEM images were taken by
using the JEOL JSM-7800F SEM. High resolution XPS was obtained with a PHI 5000 Versa-
probe system as was described in chapter 3, section 3.4. All measurements were performed at
room temperature. The CL emission spectra were measured using a Gatan MonoCL4 equipped
to the JEOL JSM-7800F system in a vacuum of the order of 10°-10"° Torr and with an electron
beam energy of 5 keV.
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8.3. Results & discussion

Figure 1 shows the XRD results of the high Ho®** concentration (YOF: 0.4 mol % Bi®**, 5 mol
% Ho%") co-doped sample, the YOF: 0.4 mol % Bi®** and YOF: 2 mol % Ho®*" single doped
samples compared to the pure host sample. Both the 0.4 mol % Bi** and the 2 mol % Ho®"
doped samples were previously determined by the authors to be the optimum singly doped
concentrations [articles in preparation]. All the patterns showed a pure rhombohedral YOF
structure (space group: R3m (166)), without any noticeable impurities, after annealing at
around 900 °C in air atmosphere [17]. A small shift towards the lower angles of the diffraction
peaks was a resulted from doping with 0.4 mol % of Bi%*. This shift might be due to the
difference in the ionic radii of the Y3* (0.1019 nm) and Bi** (0.117 nm) ions and this also
occurred after doping with Pr3* ions as was reported in our previous research done on YOF:Pr3*
[17]. There was no extra shift observed in the diffraction peaks after doping and co-doping with
Ho®* as the ionic radii of Ho** was 0.1015 nm. We have to mention that wasn’t any additional

peaks even after doping with 5 mol % of Ho®*.
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Figure 1: XRD pattern of the host material, of YOF: 2 mol % Ho®*, of YOF: 0.4 mol %
Bi%* and of YOF: 0.4 mol % Bi®*, 5 mol % Ho®".
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SEM was used to investigate the prepared samples’ morphology. The variation of the
morphology is shown in figure 2. The morphology of the surface showed a variation of
agglomerated melted particles for the host as well as for the Ho*" and Bi** doped and co-doped
samples. The Ho®* single doped sample, figure 2(b), shows big agglomerated particles and the
Bi* single doped sample, figure 2(c), shows smaller agglomerated particles. The Ho®*" and Bi®*
co-doped sample, figure 2(d), shows the same morphology as for the Bi®* single doped sample,
figure 2(c). Co-doping with Ho®*" and the increase in the Ho** concentrations did not affect the
morphology. The authors previously reported on the agglomeration and melting of the particles
during their investigations of the YOF:Pr3* phosphor [17]. This kind of morphology was also
reported by Z. Li et al. [19] and Eloussifi et al. [20] during their investigations on the pyrolysis
method of YOF:Yb®*, Er®* thin films and of the thermal decomposition of YOF, respectively.

0. 0nn ) P - - SEM WD 1 mm

Figure 2: SEM images representing the variation of the morphology of the (a) YOF host,
(b) YOF: 2 mol % Ho**, (c) YOF: 0.4 mol % Bi®* and (d) YOF: 0.4 mol % Bi®*, 5 mol %
Ho®".

Surface elemental composition was done by XPS on the high co-doped YOF: 0.4 mol % Bi®*,

5 mol % Ho%* sample as well as for an additional YOF: 5 mol % Bi** sample. Figures 3(a) and
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(b) show the survey scan for both the YOF: 5 mol % Bi®** and YOF: 0.4 mol % Bi®**, 5 mol %
Ho3* samples, respectively. Both samples showed the Y 3d, O 1s, F 1s and Bi 4d peaks. Bi 4f
and Ho 4d peaks overlap with Y 3d peaks. The XPS high-resolution Y 3d peak fits were done
by the authors with the previous PL investigations of YOF: 0.4 mol % Bi®*, 5 mol % Ho®*" and
it showed that the obtained Bi 4f and Ho 4d peak positions’ correlated well with other reported
values [21-24]. The presence of only Bi metal was due to the segregation of Bi®* to the surface
during annealing and its reduction to Bi metal [22]. Bi 4f peaks of Bi metal were detected even
at low concentrations of Bi** whereas, Bi 4f peaks of Bi** were started to appear at high
concentrations of Bi®*, this was also confirmed for other samples (data not shown). The
presence of the C 1s peak was due to the presence of C contamination on the surface due to

adventitious hydrocarbons [17].
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Figure 3: XPS survey scans showing the Y 3d, O 1s, F 1s, Bi 4f and Ho 4d peaks in the (a)
YOF: 5 mol % Bi®* and in the (b) YOF: 0.4 mol % Bi%*, 5 mol % Ho?* sample.

The prepared YOF:Bi®" and YOF:Bi®", Ho*samples’ emission were investigated by CL.
Figure 4(a) shows the normalized CL spectra for the YOF: x mol % Bi®** (x = 0.3, 0.4, 0.5, 0.6,
0.8) sample. The CL spectra consisted of the characteristic Bi** broad band emission ascribed
to the 3P1 — 1S transition at around 316 nm [25]. This emission also correlated well with the
PL emission results from the authors’ previous investigation of YOF:Bi®", that peaked at 314
nm. An additional broad emission was detected around 624 nm. Bi?* usually emits in the red
region due to the ?Ps (1) — 2Py transition [26, 27]. Bi?* has an electronic configuration of
[Xe]4f45d96s2p! with a 2P1/, ground state and a 2P first (1) excited state derived from 6s%6p*
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[26, 27]. The P32 level can split into Psz2 (1) and 3Psz2 (2) levels due to the crystal field splitting
effect [26]. The intensity ratio of Bi?* to Bi** emission is shown in figure 4(b). The intensity
ratio increased gradually from 0.3 mol % concentration up to the optimum concentration of 0.5
mol % and then it decreased for the highest 0.6 and 0.8 mol % concentrations. In figure 4(c) a
comparison of the normalized PL and CL emissions of the YOF: 0.4 mol % Bi** sample is
shown in the 200 — 800 nm range that confirmed that Bi?* emission only existed for the CL
irradiation due to the crystal disturbance [28]. Despite the presence of Bi metal that was
confirmed by XPS investigation, it is well known that Bi metal has no emission [9]. Further

XPS investigations will be done after CL irradiation in order to show the Bi?* binding energy

peaks.
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Figure 4: (a) CL emission of Bi®* for different concentrations of Bi®* ions under 5 keV
electron beam irradiation, (b) the intensity ratio of the relative Bi®*/Bi®* emission for
different Bi®* concentrations and (c) the normalized PL and CL emission of the YOF: 0.4

mol % Bi®* sample.
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The broadening of the CL spectra for some of the samples in figure 4(a) might be due to defects
that were created inside the structure. A distortion in the crystal lattice can appear as a peak
shift or as a broadening in the CL emission peaks [28]. This will then result in changes in the
crystal field’s parameters that causes a variation in the excited state energy or it can create non-
radiative electron transitions [28]. The presence of the Bi?* emission might therefore be due to
the disturbance in the host lattice that resulted from the high electron energy excitation of the
excitation source. The photon energy of PL excitation sources are usually in the order of eV
while CL excitation sources (electron beam) is in the order of keV [29]. PL excitation sources
usually only excites the dopant ion while CL excitations might excite the band gap of the host
material as well as the dopant ion. In CL excitation, the primary electrons will cause ionization
and creates many secondary electrons. The secondary electrons will create more electron — hole
pairs [29]. It is known that Bi** segregate to the surface during annealing [30, 31]. During
electron beam irradiation the Bi®* on the surface, will therefore be ionized and give rise to Bi?*.
The high excitation energy caused the electrons to be excited to the 1S/, level that will relax to
the *Pa;2 (1) level through multi-relaxation and cause the red emission in the CL spectra. The
presence of Bi?* during CL investigation is well known for Bi** doped in different hosts and
was also investigated by other researchers in other systems such as CaO:Bi®* [26] and with X-
Ray excitation as in YPO4:Bi** [27].

Further CL investigations were done on a single doped YOF: 2 mol % Ho®" and a co-doped
YOF: 0.4 mol % Bi**, x mol % Ho®*" (x = 0.8, 1.4, 2, 3, 4 and 5) sample. Figure 5(a) shows the
normalized CL and PL spectra of the YOF: 2 mol % Ho®* sample. It shows the main emission
peak around 540 nm that were ascribed to the °F4,°S; — °Ig transition of Ho®* for CL [32, 33].
It was noticed that the CL emission did not show the red emission of Ho®*" if compared to the
PL emission. This might be due to the CL excitation mechanism as described above. The
obtained CL spectra for all YOF: 0.4 mol % Bi%*, x mol % Ho>" co-doped samples showed the
same typical emissions of Bi®* and Bi?* at 316 nm and 624 nm, respectively, see figure 5(b)
[32, 33]. The existence of the Ho®*" emission was due to the °F4,°S, — °lg transition at 540 nm
and this indicated a possible energy transfer between Bi®** and Ho®*. Figure 5(c) shows the
intensity ratios of the relative Bi?*/Bi** and Ho%*/Bi** intensities as a function of Ho®** co-
doping concentrations. The intensity ratio of Ho%*/Bi®" indicated that an energy transfer
occurred from Bi®* to Ho®" as was shown with the decrease in the Bi®* intensity in respect to
increase in Ho®* emission. The optimum Ho** concentration for the YOF: 0.4 mol % Bi®*, x

mol % Ho®" sample was obtained for the 4 mol % Ho®*" co-doped sample. The decrease to 5
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mol % of Ho3* concentration was due to concentration quenching [26, 27]. In contrast to the
Ho3*/Bi** intensity ratio, the Bi?*/Bi** ratio showed a fluctuation in the ratio and this can be
explained based on the nature of Bi** emission in different systems where Bi** is highly
influenced with the surrounding ligands and the effects of co-doping [34, 35]. This also explains
that the Bi?* emission was less influenced by the presence of Ho®*" and also confirmed the
presence of Bi?* on the surface. In the present YOF:Bi%*, Ho®* system, a plausible reason for
the slight fluctuation might therefore be due to presence of Ho®* and that some defects were

created during co-doping and electron beam irradiation.
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Figure 5: (a) The normalized CL and PL emissions of YOF: 2 mol % Ho?®**, (b) CL
emission of YOF: 0.4 mol % Bi®*, x mol % Ho®* (x = 0.8, 1.4, 2, 3, 4, 5) under 5 keV
electron beam irradiation and (c) the variation of the relative Bi**/Bi** and Ho?/Bi®*

intensity ratios for different Ho®* concentrations.

The Commission Internationale de I’Eclairage (CIE) color coordinates for the YOF: 2 mol %
Ho®" and YOF: 0.4 mol % Bi**, x mol % Ho*" (x = 0.8, 1.4, 2, 3, 4 and 5) phosphors under
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electron beam irradiation at 5 keV are shown in figure 6 and tabulated in table 1. The CIE
coordinates was obtained by using the Edinburgh FS5 fluorometer. The CL emission of the

phosphors showed tunable emission from green to yellow and orange.

Table 1: CIE X and Y coordinates of the YOF: 2 mol % Ho3* and the YOF: 0.4 mol %
Bi%*, x mol % Ho®* samples (x = 0.8, 1.4, 2, 3, 4 and 5).

No. Sample X Y
1 YOF: 2 mol % Ho** | 0.29 | 0.64
2 0.8 0.43 | 0.43
3 1.4 0.45 | 0.47
4 2 0.40 | 0.52
5 3 0.39 | 0.52
6 4 0.37 | 0.56
7 5 0.39 | 0.50

0.9

0.64 " 7

CIEY

o 1 L)
0 0.2 0.4 0.6 0.8
CIE X

Figure 6: The plotted chromaticity coordinates for the YOF: 2 mol % Ho®*" and YOF: 0.4
mol % Bi®*, x mol % Ho%* (x = 0.8, 1.4, 2, 3, 4 and 5) samples under 5 keV electron beam

irradiation.

Based on the obtained emissions for both the YOF:Bi®* and YOF:Bi®*, Ho®*" samples we can

propose a possible mechanism for the energy transfer between Bi* and Ho®*. Figure 12 shows
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the proposed energy levels for Bi?*, Bi®* and co-doped with Ho®* and the possible energy paths
for both YOF:Bi®* and YOF:Bi**, Ho®*". During electron beam irradiation at 5 keV, in the
YOF:Bi** system, the high excitation energy will result in an excitation of the host itself.
Relaxation of the energy will result in excitation of Bi** and then emission through the P; —
1S, transition, see figure 12. Some of the energy will then relax to some defect levels created
within the band gap that caused the broadening in the Bi** CL emission. The presence of the
Bi?* emission was a result of high energy electron irradiation. Excitation to the S/, excited
level of Bi?* caused a multi-relaxation to the splitted *Pz2 (1) level and finally resulted in 2Pz
(1) — 2Py, emission at 624 nm. In the YOF:Bi**, Ho®*" sample the same process occurred in
the system for Bi®* and Bi?* emissions. The excitation energy will excite both Bi** and Ho*".
Energy will be transferred from Bi** to Ho®" that was explained by the decrease of Bi®*
emission while Ho®*" emission increased with increasing Ho®" ions concentration. The
significant decrease (quenching) of the Bi** UV emission and the increase in the Ho®* green
emission at high Ho®* concentrations resulted in tuning of the emission from UV to orange, to
yellow to green. According to the author’s previous YOF:Bi**, Ho** PL investigations, the
energy is transferred from Bi®* to the *Hs level of Ho®** in which multi-relaxation occurred to
populate the 5F4 and °S; levels. Population of both the °F4 and 5S; levels was followed by

radiative emission to the °ls ground level that is represented by °F4,°S; — °lg emission [13].
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Figure 12: Proposed energy level diagram of the YOF: x mol % Bi®* (x=0.3, 0.4, 0.5, 0.6
and 0.8) and YOF: 0.4 mol % Bi®*, x mol % Ho*" (x = 0.8, 1.4, 2, 3, 4 and 5) phosphors
for (a) Bi** and (b) Bi** and Ho®*.
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8.4. Conclusion

The YOF: x mol % Bi** (x = 0.3, 0.4, 0.5, 0.6 and 0.8) and YOF: 0.4 mol % Bi%*, x mol %
Ho3* (x = 0.8, 1.4, 2, 3, 4 and 5) phosphors were successfully synthesized using the pyrolysis
method with trifluoroactate as precursor. XRD results showed a high crystallinity of the powder
as rhombohedral YOF (space group: R3m (166)) after annealing at 900 °C. XPS survey
investigation for both YOF: 5 mol % Bi®*" and YOF: 0.4 mol % Bi®*, 5 mol % Ho®*" samples
showed the C 1s, Y 3d, O 1s, F 1s and Bi 4d binding energy peaks with Bi 4f and Ho 4d in the
same energy range as Y 3d. CL results for the YOF: x mol % Bi*" samples showed both the
3p; — 1S, emission of Bi®* at 316 nm and the ?Psj2 (1) — 2Py transition of Bi%* emission at
624 nm. Bi?* was a result from ionization due to the high electron energy radiation. The YOF:
0.4 mol % Bi®*, x mol % Ho®* co-doped samples showed ultraviolet (UV) (250 — 450 nm) CL
emission at 316 nm that originated from the 3P; — S, transition of Bi**. The green (450 — 580
nm) CL emission that peaked at 540 nm originated from the °F4,°S, — °lg transition of Ho®".
The red (580 — 800 nm) CL emission that peaked at 624 nm was ascribed to the 2Pz (1) —
2Py, transition of Bi?*. The optimum Ho®* concentration for visible CL emission was recorded
for the sample co-doped with 4 mol % of Ho®*. The fitted CIE coordinates showed tunable
emission for different YOF: 0.4 mol % Bi®**, x mol % Ho®*" co-doped samples from green to
yellow and orange. The Bi®* single doped and Bi**-Ho?" co-doped Y OF phosphor is therefore

an appropriate candidate for optoelectronic applications such as for UV-LEDs and scintillators.
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Chapter 9

Conclusions and future work

This chapter contains the general conclusion of the results obtained as well as future work for

the current research study.

9.1 Conclusion

The research presented in this thesis described the synthesis of the phosphor powders and the
related structural, elemental and optical investigations for a set of luminescent ions doped in
the YOF host. The obtained phosphors showed good optical behavior and the Pr3*-Yb** and
Bi**-Ho®" couples are definitely possible candidates for ¢c-Si SC enhancement.

YOF doped with different lanthanide ions (Pr*, Ce3*, Yb%*, Bi** and Ho®*) were successfully
synthesized by using the pyrolysis method with CF3COO as precursor. XRD results showed a
high crystallinity of the samples as stoichiometric rhombohedral YOF (space group: R3m
(166)) after annealing in air at 900 °C for 2 hours. The crystallite sizes decreased with
increasing doping concentrations. During the thermal decomposition to form YOF (600 °C to
900 °C), the SEM image showed an agglomeration of small particles (< 100 nm) that started to

melt and agglomerate to form bigger particles with sizes > 500 nm.

XPS investigations showed two sets of fitted peaks for the Pr 3d peak that correspond to two
different oxidation states for Pr 3d, Pr3* and Pr**. PL results showed 4f-4f emission of Pr3*
under excitation of a broad band around 250 nm. The 4f-4f emission confirmed that Pr®* ions
were successfully incorporated into the Y3* ions’ positions of the YOF host lattice. The nature
of the broad excitation band at 250 nm was ascribed to the 4f-5d transition of Pr®* based on PL
excitation and emission results obtained from a YOF:Ce®" sample. The YOF:Ce*" sample was
specifically synthesized to confirm the existence of the Pr3* 4f-5d level in order to contradict

previous investigations that attributed the 250 nm excitation band to a Pr** charge transfer band.

The optimum Pr®* concentration for PL emission was recorded for the sample doped with 0.3
% of Pr¥ as concentration quenching occurred at higher concentrations through cross

relaxation processes. The low intensity NIR emission of YOF:Pr¥* is within the effective
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response range for Si-SC and revealed a DS mechanism. YOF:Pr3* is therefore an appropriate
candidate to enhance the spectral response of Si-SC. The decay life times revealed the order of
the life times in the range of pus which is consistent with other reported values of Pr** doped
materials. The current investigations done on the YOF:Pr®* phosphor material revealed a

promising material for optoelectronic applications such as for UV-LED, SC and scintillators.

The YOF:Pr¥*, Yb** phosphors were investigated for DC applications for Si-SC. XPS peak
deconvolutions showed the presence of both Pr3* and Pr** for the Pr 3d peak. It also showed
only the Yb 4d peak of Yb®*. Visible PL results showed 4f-4f emission of Pr¥* upon 250 nm
excitation. The IR excitation showed the typical Pr®* 4f-5d band as well as the 4f-4f transitions
upon 907 nm emission of Pr3*. The existence of a new band at 225 nm during 971 nm emission
of Yb®" was interpreted in respect to YOF:Ce®". Theoretical investigations were also done in
order to determine the nature of the 225 nm band and it was attributed to be a charge transfer
band of Yb*'. IR emission was due to Pri* and Yb3* transitions upon excitation of 250 nm.
Only emission due to the Yb®* transitions was detected during excitation of 225 nm. Quenching
of the Pr¥* IR emission during excitation of 225 nm was due to the cross-relaxation [*D; (Pr®*)
+ 2F72 (YD) — 3F4 (Pr¥) + 2Fsp2 (Yb3Y)] process that favors the 971 nm Yb®* emission. The
optimum Yb** concentration for IR emission was recorded for the sample co-doped with 2 mol
% of Yb®" as concentration quenching occurred at higher concentrations through cross
relaxation processes. The obtained IR emission of YOF:Pré*Yb®*" was within the effective
response range for Si SC. YOF:Pr3* ) Yb®" is therefore an appropriate candidate for Si SC
enhancement. The decay times were in order of ps which is consistent with other reported

values of Pr¥*Yb*" doped materials.

AES results confirmed that Bi was homogeneously distributed on the surface of the YOF:Bi®*
sample. Two pairs of peaks could be fitted to the XPS data for the Bi 4f peak. The peaks were
attributed to Bi** and Bi metal. PL studies revealed a broad UV emission band centered at 314
nm that originated from the *P; — !So A band with a symmetric excitation of 267 nm that

corresponded to the 1Sp — 3P1 A band of Bi®".

In order to explain the excitation and emission mechanism, investigations and theoretical
calculations were done to predict the MMCT band. The MMCT excitation band was calculated
to be situated at approximately 274 £ 26 nm that was in the same range than the A band. The

emission peak at 314 nm was attributed to the 3P; — So A band transition. During excitation
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to the MMCT band and to both the A band levels, non-radiative decay occurs from the MMCT
to the emitting 3P level. The interconfigurational nature of the transition and the presence of
defects could result in the broadening of the excitation and emission peaks. The decay times
obtained were in the microsecond range and showed the presence of Bi®* centres perturbed by
nearby defects. The measured quantum yield was measured to be 60 % by using the integrating
sphere. According to the PL investigations the YOF:Bi** phosphor is therefore an appropriate
candidate for optoelectronic applications such as for UV-LED, SC and scintillators, or to be
applied as a sensitizer with other Ln®" ions.

The YOF: 0.4 mol % Bi®*", x mol % Ho®*" (x = 0.8, 1.4, 2, 3, 4 and 5) were investigated for a
possible enhancement of IR emission of Ho**. XPS investigations showed an overlap of Bi 4f
and Ho 4d peaks in the Y 3d peak. Visible PL results showed both the %P1 — Sp emission of
Bi®* and the 4f-4f transitions of Ho* under excitation of 265 nm and 449 nm. The broad
excitation band that peaked at 265 nm was ascribed to the 'So — 3P; transition of Bi®* whereas,
the excitation peak at 449 nm was ascribed to the °ls — °F1, °Gg transition of Ho®*". The UV
(250 — 450) emission part at 314 nm originated from the 3P1 — S, transition of Bi**. The green
(450 — 800 nm) emission part that peaked at 538 nm and 753 nm originated from Ho®" and
were ascribed to the °F4,°S, — °lg and °F4,°S, — °I7 transitions of Ho®**. The optimum Ho%*
concentration for visible PL emission was recorded for the sample co-doped with 2 mol % of
Ho%*. The IR emission was recorded for both 449 nm and 265 nm excitations with optimum
concentration of about 3 mol % of Ho®*. The IR emission that peaked at 1014 nm and 1200 nm
were ascribed to the °F4,°S; — °lg and °ls — °Ig transitions of Ho**. Population of the °lg level
might occur through the °Sy, °Is — °l7, °17, °ls cross-relaxation process. The decay times for all
emissions were in order of ps. The Bi**-Ho®*" co-doped YOF phosphor is therefore an
appropriate candidate to enhance the spectral response of Si SC. Despite the efficient energy
conversion in the Bi**, Ho®* system, enhancement of the energy flow from Bi®* to Ho®*" needs
to be considered. This will reduce the dissipated energy into many unnecessary manifolds of

Ho%* and direct it to the range of spectral absorption of Si-SC.

The YOF: x mol % Bi*" (x = 0.3, 0.4, 0.5, 0.6 and 0.8) and YOF: 0.4 mol % Bi®*, x mol %
Ho* (x = 0.8, 1.4, 2, 3, 4 and 5) phosphors were also investigated under electron beam
irradiation (5 keV). XPS survey investigation for both the YOF: 5 mol % Bi** and YOF: 0.4
mol % Bi**, 5 mol % Ho®*" samples showed the C 1s, Y 3d, O 1s, F 1s and Bi 4d binding energy
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peaks with Bi 4f and Ho 4d in the same energy range as Y 3d. CL results for the YOF: x mol
% Bi®* samples showed both the *P1 — 1Sg emission of Bi** at 316 nm and the 2Pz (1) — %P1z
transition of Bi?* emission at 624 nm. Bi?* was a result from ionization due to the high electron

energy radiation.

The YOF: 0.4 mol % Bi®*, x mol % Ho*" co-doped samples showed UV (250 — 450 nm) CL
emission at 316 nm that originated from the *P1 — 1S transition of Bi** under 5 keV electron
beam irradiation. The green (450 — 580 nm) CL emission that peaked at 540 nm originated
from the °F4,°S; — °lg transition of Ho®*. The red (580 — 800 nm) CL emission that peaked at
624 nm originated was ascribed to the 2Ps, (1) — 2P1 transition of Bi?*. The optimum Ho®**
concentration for visible CL emission was recorded for the sample co-doped with 4 mol % of
Ho®*. The fitted CIE coordinates showed tunable emission for different YOF: 0.4 mol % Bi®*,
x mol % Ho%* co-doped samples from green to yellow and orange. The Bi%* single doped and
Bi**-Ho®*" co-doped YOF phosphor is therefore an appropriate candidate for optoelectronic

applications such as for UV-LEDs and scintillators.

9.2 Future work
This research study investigated possible DC candidates as luminescent layers. Additional
investigations are, however, needed on the enhancement of SC as well as on the application in
UV-LEDs:
e Detailed investigation of the luminescence of Ce3* in the YOF host for possible
application as a sensitizer.
e Investigation of more luminescent ions like Sm*" or Tm** in YOF host aiming at the
Si-SC enhancement.
e Detailed XPS investigation on the YOF:Bi®* and YOF:Bi®*, Ho®" samples after electron
beam irradiation during CL measurements.
e Investigation of different co-doping combinations for Si-SC enhancement.
e Preparing thin films of the obtained phosphors to examine their performance on Si and

on Si-SC substrates and to study the energy efficiencies.
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Appendix A

Inokuti-Hirayama (1-H) model

Another way to calculate the critical distance is by using the I-H model.

The I-H model is a model that can be used to determine information such as the type of
multipolar interaction (s), the energy transfer parameter (a), the critical distance (Rc) and the
critical concentration (Co) [1]. The aim here is to calculate the critical distance. The decay

function according to the I-H model can be expressed as follows [1]:

I®) = o exp [ — « (é)g] ........................................... ).

I(t) is the intensity at time t of the sample, lo is the intensity at time t = 0, to is the lifetime of
the sample, a is the macroscopic parameter which determine the effect of the multipolar
interaction on the decay curve, s is the type of the multipolar interaction and can have values
of 6, 8 and 10 for dipole-dipole, dipole-quadrupole and quadrupole-quadrupole interactions
respectively. Figure 1 shows the emission decay curve for the YOF:0.4 mol % Bi%* sample and
a theoretical least squares fit done by using the I-H equation 1 with multipolar interaction value
s = 8 for dipole-quadrupole interaction. All the other samples were fitted by using the value s
= 8 for the multipolar interaction (not shown).

The critical distance (Rc) can be determined from an expression for a [1]:

o = %”r(l -%) CA R ettt eeteeeeeeeteeeeeeeeseseeesseeseeesaneas Q).

I'(1 -%) is a gamma function as a function of the multipolar strength s and Ca is the

concentration of the ions per cm®. The value of the gamma function for the multipolar

interaction s = 8 takes the value 1.43 for dipole-quadrupole interaction [1].
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Figure 1: Emission decay curve for YOF: 0.4 mol % Bi** (dem = 31 800 cm™?) and a

theoretical fit using the Inokuti-Hirayama equation.

Ca can be obtained through the relation [2]:

where p is the density of the host lattice (5.18 g/cm®), Na is Avogadro’s number, C is the
concentration in mole percent and Mn, (123.903 g/mol) is the molar mass of the host lattice [3,

4]. In order to obtain Rc a linear fit for a versus 4?” (- %)CA for all the samples, with the slope

equal to R¢® were done and is shown in figure 2. The slope was obtained to be around 2.10x10"

21 cm? and R was then calculated to be 1.28 nm.
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Figure 2: A plot of a versus %" ra- %)CA for all the samples, with a linear fit.

The critical concentration was then calculated for the Rc value by using a derived equation 4:

This equation is derived from the I-H model’s equation 1 [1] and was found to be 1.38 x10%°
cm3. This corresponded to 0.45 mol %. The increase in o with increasing dopant concentration
corresponded to more energy being transferred between the Bi* ions. Although the same type

of interaction for the 0.4 mol % sample was also obtained from Van Uitert’s report (chapter 6,

3V
4TTXcN

section 6.3) the value for R¢ obtained by equation R, = 2| |3 was different [5]. It is

therefore concluded that it is more accurate to obtain the critical distance by using the I-H
model since the I-H model depends on analysing the decay curves accompanied with the energy
transfer mechanism in the system. Van Uitert’s model determined the type of the interaction

based on the crystal structure and the emission intensity.

The I-H model is characterized as a continuum approximation to relate the donor-acceptor
distances in a random distribution in the sample and to calculate the average donor emission
[1]. Whereas, the VVan Uitert model is directly related to changes in the emission intensity of
the acceptor’s concentration [6, 7]. Interpretation of the decay curves is difficult as it involves

many modes. Interpretation of the decay curves by using the I-H model can give clear
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information on the dependencies of the donors and acceptors in the system that are only valid
for multi-components. Van Uitert’s model can give only limited information in terms of the
type of multipolar interaction and it is very difficult to analyze the decay time by using this
model. Van Uitert’s model is only true if the decay function is a single exponential without

interactions between RE ions [6, 7].

Table 1: The calculated values for the concentration per cm® (Ca), the macroscopic
parameter (o) and the decay time (o) obtained from I-H model for YOF:Bi®*.

x mol % Bi** | 1o (V4 Ca x10% cm
0.2 15 0.275 0.5055
0.3 1.45| 0.421 0.7582
0.4 1.4 0.72 1.012
0.5 1.4 1.15 1.263
0.6 1.36 1.435 1.516
0.8 1.3 1.847 2.022
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