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ABSTRACT

LaOCI:Bi®* phosphor powders were successfully prepared via the solid-state reaction method and
compared to LaOBr:Bi%*. Photoluminescence measurements revealed that the phosphors displayed
ultraviolet emission around 344 nm for LaOCI:Bi and 358 nm for LaOBr:Bi under excitations of
266 nm and 273 nm, respectively. The optimum Bi doping concentration and annealing
temperature were established as 0.7 mol% and 900 °C for both hosts. The scanning electron
microscopy data showed that the particles are randomly oriented flat thin plates with diameters
close to or larger than 100 nm. The chemical composition of the phosphor was studied by using
energy dispersive X-ray spectroscopy, while diffuse reflectance spectroscopy was employed to
study the absorption. The ultraviolet emission peaks were assigned to the 3P1 — Sq transition of
the Bi** ions, while additional relatively weak emissions in the visible range were attributed to Bi
clustering. LaOCI:Bi was found to undergo a little degradation while exposed to the atmosphere
for several months, while LaOBr:Bi was significantly less stable. The LaOBr:Bi phosphor was
also found to degrade rapidly under 254 nm ultraviolet excitation, while LaOCI:Bi did not degrade
under the same conditions. X-ray photoelectron spectroscopy measurements indicated that similar
surface changes occurred for both samples during UV-exposure, suggesting that the cause of
degradation is not primarily related to surface changes, but may be due to the greater probability
of forming non-radiative defects in the bulk of LaOBr having the smaller bandgap.

Luminescence properties of bismuth (Bi) doped lanthanum oxyfluoride (LaOF) were investigated
experimentally with samples prepared via the solid-state reaction method using ammonium
fluoride, lanthanum oxide and bismuth oxide as precursors. Energy dispersive X-ray spectroscopy
data showed that the samples were not completely stoichiometric and that the F/O ratio decreased
with increasing synthesis temperature. The X-ray diffraction data confirmed that the phosphor
powder crystallized in the tetragonal structure for lower synthesis temperatures up to 1000 °C.
When prepared at 1100 °C, the LaOF took the rhombohedral form which showed almost no
luminescence when doped with Bi. Therefore the investigation focussed on the tetragonal phase
of LaOF for which scanning electron microscopy data showed that the shape of the particles did
not change when it was doped with Bi. A single broad white luminescence emission band centred
at 518 nm was observed by exciting the phosphor at 263 nm. The optimum Bi doping concentration

was found to be LaixOF:Bix=0.005. This sample was stable when exposed to the atmosphere for up
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to six months, although its luminescence degraded slowly under a 254 nm ultraviolet lamp. XPS
data confirmed that the annealing at 1100 °C and exposure of the sample to UV radiation result in

segregation of the Bi®* on the surface of the sample.

Bi** doped LaOCI and LaOF phosphor thin films were successfully prepared via the pulsed laser
deposition technique in vacuum and different Argon (Ar) pressures. All peaks of the XRD patterns
of the films were consistent with the tetragonal structure of the LaOCI and LaOF, but in the case
of LaOF the signal was weaker and not all peaks were present, suggesting some preferred
orientation. The elemental composition of the films were studied by using energy dispersive X-
ray spectroscopy, while plan-view and cross-sectional scanning electron microscopy was used to
study the morphology of the films. Photoluminescence measurements revealed that the films
exhibited emission around 344 nm for LaOCI:Bi and 518 nm for LaOF:Bi under excitations of 266
nm and 263 nm, respectively. The emission peaks were attributed to the 3P1 — S transition of the
Bi®* ions. The luminescence from the LaOF:Bi sample was less intense compared to the LaOCI:Bi
sample prepared under the same conditions, which was also the case for powder samples. The
amount of ablated material present on the substrate was much less for LaOF:Bi compared to
LaOCI:Bi, which is attributed to the greater bandgap and hence weaker absorption of the laser
pulses for LaOF:Bi.

Lao.yYyO3 phosphor powders were prepared via the citric acid sol-gel combustion method and their
stability was checked after four months of storage in the atmosphere using X-ray diffraction. The
material, like La20O3, was prone to hydroxylation unless a high proportion of Y was added, which
also caused changes in the phases present. Based on its stability and single phase (cubic), the
composition LaosY 1503 was selected for further study with Bi doping. Under an excitation of 333
nm the phosphor presented two emission peaks located at 424 and 529 nm. This corresponded to
excitation of Bi** ions in the non-centrosymmetric C, symmetry sites. Blue (424 nm) emission
could be excited from the same samples when excited at 371 nm from Bi®** ions on the
centrosymmetric Se sites, which was similar in colour to the emission of Bi-doped La>Oz. The
optimum doping concentration for LaosxY1503:Bi powder was found to be x = 0.005. The
luminescence from this material was not as intense as that from Y2.xO3:Bix=0.005, but there was a
significant shift in colour as a result of the added La which meant that emission from the Bi®* ions

at the Se sites of the alloy was close to that of unstable La>Os on the colour chart.
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Bismuth (Bi®*") doped lanthanum gallate (LaGaOs) phosphor powder and thin films were
successfully synthesised via the citric acid sol-gel combustion synthesis and pulsed laser
deposition (PLD), respectively. Firstly the stability of La»yGayOz powders under ambient
conditions was assessed. The optical properties of Lai.xGaOz:Bix phosphor powders were then
investigated. X-ray diffraction data confirmed that the structure of LaGaOs belong to the
orthorhombic perovskite structure with Pbnm space group, while diffuse reflectance spectroscopy
data showed that the band gap energy of the LaGaOs host was 4.65 eV. Scanning electron
microscopy data showed that the grain size increased with increasing annealing temperature. There
was no change in the particle size and morphology when dopant was added to the host.
Photoluminescence (PL) and cathodoluminescence (CL) measurements indicated that the
phosphor presented efficient ultraviolet emission around 370 nm, which was attributed to
transitions between the 3P1 excited state and 'S ground state of the Bi** ions. The optimum Bi
doping concentration and annealing conditions for photoluminescence were found to be for Laj-
xGa03:Bix=0.003 and 1200 °C. Thin films of the optimized powder were prepared via PLD. The PL

and CL of the LaGaOs3:Bi** thin films were similar to the powder.
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Chapter one

General introduction

1.1. Overview

Luminescent materials, also known as phosphors, are materials that absorb energy and then emit
it in the form of light in the ultraviolet, visible or infrared regions [1]. Phosphor materials have
been widely applied in the field of new technology. The main applications are in light emitting
diodes (LEDs), light sources (e.g. fluorescent tubes), scintillators and displays [2].

Phosphors are usually composed of a host substance with a wide band gap, activated with little
quantities of impurity ions known as activators or luminescent centres, such as transition metal
and/or rare-earth ions. These luminescent centres have energy levels that can be excited directly
or indirectly by transferring energy. Generally, host substances must have good mechanical,
optical and thermal characteristics [3]. There are several types of host materials, such as sulphides,

oxides, silicates, halides, selenides, nitrides, oxyhalides or oxynitrides, etc.

In crystalline phosphors, the luminescent centres may arise from the crystalline defects such as
interstitial ions and atoms or ion vacancies or from activators that were intentionally inserted into
the host material. The luminescent centres which are produced from crystalline defects are known
as host-crystal centres, while the luminescent centres produced from activators are called activator
centres. Luminescent centres may be simple or complex. Simple luminescent centres are point
defects or single activator ions, while the complex centres are pairs or clusters of defects or
activator ions, often ions of different kinds [4].

Activator ions are divided into two types. The first type has energy levels that have weak
interactions with the host material. Most of the rare earth ions are typical examples of this type.
The low lying f orbitals are well shielded from their coordination environment, thus giving rise to
characteristic line emission spectra from the sharp f-f transitions. The second type of activator ions
interact strongly with the host lattice. Examples include Mn?*, Eu?* and Ce®" ions where d-
electrons are involved. The d-orbitals have a pronounced interaction with the crystalline host

lattice which lifts the degeneracy and leads to distinct energy states, giving rise to broad bands in




the spectrum. The luminescence of Bi®* ions is less intensively studied than the lanthanide and

transition metal ions and is of the second type, although it involves s electrons, not d electrons.

A thin film is a layer of substance prepared on a substrate (usually Si, glass) ranging in thickness
from a fraction of nanometres to several micrometres. Luminescence of the thin films receive much
attention from both scientific and technological viewpoints. The research interest in luminescent
thin films has been reflected in rapid developments in a variety of thin films applications like

devices, including flat-panel displays, light sources, solar cells and integrated optics systems [5].

Phosphor materials prepared in the form of thin films have many important advantages over
powder phosphors of the same composition because of their good thermal stability, good adhesion
to the substrate, good luminescence properties and higher image resolution from small grains [6].
There are several deposition techniques to prepare thin films, including electro-deposition, spin
coating, pulsed laser deposition (PLD), evaporation, sputtering method, spray pyrolysis, anodic

growth and chemical vapour deposition [7].

The stability of luminescent materials in application conditions is an important issue to move from
the laboratory to the industry level and then to general uses: phosphors used in photonic
applications must be stable under photon irradiation, and for the use in field emissive displays

(FEDs) must be stable under the electron beam irradiation as well.

In this research study, LaOCI, LaOBr, LaOF, LaYOs and LaGaOs powders and thin films have
been studied as phosphor host lattice, all activated with Bi. Stability, structural and optical
characteristics of the synthesized phosphors have been investigated experimentally using a variety
of analytical techniques, including: X-ray diffraction, ultraviolet—visible spectroscopy, scanning
electron microscopy, energy dispersive spectroscopy, photoluminescence spectroscopy,

cathodoluminescence spectroscopy and X-ray photoelectron spectroscopy.

1.2. Problem statement

Lanthanum oxyhalide compounds LaOX (X = Cl, Br and F) have attracted some research interest
because of their excellent electrical, magnetic, optical and luminescence properties [8]. In addition,
LaOF has high chemical stability, low phonon energy, high refractive and high transparency in the

NIR and UV-vis regions [9]. LaOX (X = CI, Br) compounds belong to the tetragonal PbFCI-type
2



crystal structure with space group P4/nmm (No. 129) [10]. In both structures the La** ions with
Cay site symmetry are bonded with four oxygen atoms (La-O) with the same bond length and five

halide atoms having two distinct La-X bond lengths [11, 12].

LaOX (X = ClI, Brand F) have already been used as a hosts material to produce phosphors emitting
a variety of colours, but mainly when activated with Nd** and Yb3* [13], Eu®** [14] and Sm** [15],
Tm3" and Ho®* [16]. LaOX (X = CI, Br) have also been of some interest in the blue emission when
activated with Bi®* ions [17, 18], but more studies are required for LaOX (X = Cl, Br) doped with
Bi. In addition, there have been no reports yet of LaOF doped with Bi.

For any phosphor to be used in an application, its stability under a particular application
environment is an important consideration. Initial work showed that while La>Oz3:Bi is a promising
phosphor material for blue light emission, it is unstable when exposed to the atmosphere. It
changes to lanthanum hydroxide which is a poor host material and it gives little or no luminescence
[19]. While this may have potential as an atmospheric exposure sensor, we wish to investigate
methods to stabilize the La>,O3 host. Initial efforts have considered replacing some O with S to
form La20,S:Bi, which we find to be stable but has a reduced luminescence [20]. In this work,
lanthanum oxyhalide LaOX (X = Cl, Br and F) and (La,M)203 (M =Y and Ga) phosphor powders
and thin films all doped with Bi* were prepared to compare their stability and suitability for
luminescence applications. Alloying La>Os with Y203 and Ga>Os have been reported in the
literature [21, 22]. We propose to investigate and compare these various means to stabilize
La>Oz:Bi.

For the systematic investigation, we firstly investigated the luminescent properties of LaOX (X =
Cl, Brand F), LaYO3 and LaGaOs activated by Bi** as phosphor powders prepared by solid state
reaction method and citric acid sol-gel combustion synthesis, respectively. Then LaOX (X = Cl,
F) and LaGaOs doped Bi were investigated as thin films by using the PLD technique. In order to
enhance the light output from the Bi®** ions, we need a systematic investigation of the crystal
structure and luminescent properties of our phosphors material. The stability, luminescence

properties, morphology and structure were investigated and discussed.



1.3. Research aims
The major aim of the research project is to study the effect of host anion or cation substitution on
the luminescence and stability of lanthanum oxide (La203) based phosphors doped with bismuth.

This goal is composed of various objectives which were addressed below:

1. Tosynthesize LaOX (X = Cl, Br and F) phosphor powders doped with Bi by using the solid
state reaction method.

1. To prepare LaGaOs and LaYOs phosphor powders doped with Bi by using the sol-gel
combustion method.

2. To study the stability of the LaOCI:Bi and LaOBr:Bi phosphor powders in the atmosphere
and under UV irradiation.

3. To compare LaOCI:Bi with LaOBr:Bi in terms of its luminescence and stability in the
atmosphere and when exposed to UV irradiation.

4. To study the luminescence characteristics of LaGaOz3:Bi and LaY Os:Bi phosphor powders.
5. To study the crystal structure of the phosphors and determining the crystallite size by X-

ray diffraction.

6. To study the morphology of the phosphors by scanning electron microscopy.

7. To determine the chemical composition of the phosphors by energy dispersive X-ray
spectroscopy.

8. Measuring the reflectance of the phosphors and determining the band gap from this data.

9. To prepare thin films of LaOX (X = Cl and F) doped with Bi by using the PLD technique.
10.  To prepare LaGaOs:Bi thin films by using the PLD technique.

1.4. Thesis layout

This thesis consists of ten chapters. Chapter (1) contains a general introduction about the work
and aims of the study. Chapter (2) includes background information on fundamentals of phosphors
and luminescence processes. Chapter (3) gives a brief description of the experimental techniques
that were used to synthesize the phosphors. Chapter (4) gives a brief theoretical description of the
characterization techniques of the phosphors. Chapter (5) presents the comparative study of the
photoluminescence and cathodoluminescence of Bi doped LaOCI and LaOBr phosphor powders.

Luminescence properties of LaOF doped Bi phosphor powder are reported in chapter (6). Chapter



(7) presents the Bi doped LaOCI and LaOF thin films grown by pulsed laser deposition. Stability
and Photoluminescence properties of La o5 Y1503 doped Bi phosphor powders are presented in
chapter (8). Chapter (9) presents the alloying La,O3 with Ga.Oz for stable Bi doped phosphor
powder and pulsed laser deposited thin films. Finally, a summary of the thesis as well as future
work are given in chapter (10). The last part of the thesis presents a list of publications from this

work.
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Chapter two
Background information

2.1. Fundamentals of phosphors

Phosphors, also known as luminescent materials, are any light-emitting materials when applying
an external electromagnetic radiation excitation source [1]. There are several types of excitation
sources such as electric field or voltage, photons, electrons, etc. Most luminescent materials are
inorganic and can be prepared in the form of powder or thin films [2]. Normally, the phosphor
matrix or host is either an insulator or semiconductor with a wide band gap, which is mostly
activated via small amount of activator ions (dopants), typically rare earth ions or transition metals
are used to act as a centre of the luminescence. An activator is an impurity ion that, when inserted
into the host material as a dopant, leads to a centre that can be excited to luminescence. Usually,
the concentration of the dopant is mainly low, because the concentration quenching phenomenon
occurs at high concentrations. In some cases, when the dopant ion displays weak luminescent
intensity, other impurity ions can be added, called co-dopants or co-activators (sensitizer), which
absorbs the energy and then transfer it to the original dopant (activator) to improve its
luminescence [2]. A sensitizer is therefore an impurity ion that is introduced into the host material

to transfer its energy of excitation to a neighbouring activator to cause luminescence.

(a) (b)
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Figure 2.1: Diagrammatic representation of the luminescence process: (a) activator (A) in a host
(H) and (b) sensitizer (S) and activator (A) in a host (H). (Reproduced from [3])
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Figure 2.1. Shows schematically the role of the activator and sensitizer in the luminescence process
[3]. In figure 2.1(a) the emission of light results from direct excitation of the activator atom
represented by A (the absorber) surrounded by the host lattice atoms, represented by H, while
figure 2.1(b) displays emission of light from A as a result of excitation of an energy transfer from

the co-dopant atom (the sensitizer) represented by S.

In general, the phosphors are represented by a formula such as LaOCI:Bi** (0.7 mol%), where
LaOCI represents the host, bismuth (Bi®**) represents the dopant or activator and (0.7 mol%)

indicates the concentration of the dopant per mole relative to the host matrix.

Generally, the host material should have characteristic properties such as good chemical and
structural stability as well as being transparent to the radiation source with which it is excited [4].
Actually, there are various types of host structure such as alkali-earth sulphides, alkali-earth
aluminates, rare-earth oxides, nitrides and oxysulphides, lanthanide oxyhalides, gallates and

silicates, etc.

2.2. Types of Light emission

Light is electromagnetic energy which ranges from radio waves to gamma rays [5]. Visible light
usually refers to electromagnetic radiation that can be detected by the human eye, which is located
between infrared (IR) with low energy and ultraviolet (UV) with high energy, having a wavelength
in the range from 400 nm to 700 nm as shown in figure 2.2. Light can be emitted usually by two

processes, namely luminescence and incandescence.



RADIO MICROWAVE INFRARED VISIBLE ULTRAVIOLET X-RAY GAMMA RAYS

1010 10107 10°-10* 10% 3107 10710 10*-10" 10"-10*
Low Frequency » Longer Wavelength

NZVAVAVAVAVAAVANAANNTTTT)

HighFrequency » Shorter Wavelength
10%10" 10'*-10" 10'*-10" 10"“-‘ 10“ 10'%-10" 10"-10* 10*-10*

m.mm

P S o P

Spoctrum

!nfnr'dugm I . . Ultraviolet Light

700 800 500
Wavelength (nm)

Figure 2.2: Electromagnetic radiation and the range of the visible spectrum that is detectable by

Frequancy (Hz) | Wavelength (m)

-~
<
e
3
L

s
&
o
®
3
z

the human eye [6].

2.2.1. Incandescence

Incandescence is the emission of light from a hot body due to the heat energy [7]. When an object
is heated with enough high energy, it will start to glow. In old incandescent light bulbs, which
consists of a tungsten wire, light is produced from heat when an electrical current passes through
the wire. When an iron rod is exposed to gas flames or heated in an electric stoves heater or a
flame, it will start to glow with a reddish colour, where the red-hot will change to orange and
yellow as it becomes hotter. The stars and sun glow via incandescence which releases both light
and heat because of the nuclear reactions in its core [8]. Figure 2.3 shows various types of

incandescence.
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Figure 2.3: Various types of incandescence (a) the rod of iron that glows red when heated in a
flame (b) an ordinary light bulb and (c) the sun [9, 10, 11].

2.2.2. Luminescence

Luminescence, which is also known as cold light, is the process of emitting light from any
substance when an external energy excitation source is applied. The phenomenon of luminescence
occurs due to the absorption of energy by electrons from the external excitation source, thus
jumping from the lowest energy level (ground state) to a higher energy level (excited state), where
the electrons will fall back to their ground level after a short relaxation time, and releasing their
energy in the form of light emission in the visible range [8].

The luminescence can be divided into two categories, fluorescence and phosphorescence,
depending upon how long the source continues to emit light after excitation (Figure 2.4).
Fluorescence is a rapid luminescence process in which emission from the material stops shortly
after the removal of the energy excitation source, whereas phosphorescence is a slow luminescence
process whereby the light emission continues to be emitted from the material for a few seconds,
minutes or even hours after the source of excitation has stopped. During fluorescence the emission
occurs from an excited singlet state and the decay is basically independent of temperature, while
in the phosphorescence the emission takes place from an excited triplet state and the decay of

phosphorescence exhibits strong temperature dependence [8].
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Figure 2.4: Energy level diagram showing absorption, emission, fluorescence and

phosphorescence processes [12].

2.3. Types of luminescence
There are different types of luminescence, each classified differently according to the excitation

method used, such as photoluminescence, cathodoluminescence and others.

2.3.1. Photoluminescence (PL)

PL is an optical process in which a substance gives emission of light by absorbing incident light
(i.e. photons, including ultraviolet light), whose energy is greater than the energy bandgap of the
host or the excited states if activator ions are present. The excited electrons later will return to the
ground state, accompanied by the emission of photons. The energy difference between PL
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emission and absorption is called the Stokes shift [13]. The PL emission spectrum is obtained by
drawing the the intensity of light emitted from the sample against wavelength when excited by an

appropriate source of excitation for continuous energy.

2.3.2. Cathodoluminescence (CL)

CL is the emission of light generated when the material is bombarded with high energy electron
beam irradiation. In fact, CL is the opposite process of the photoelectric effect in which electron
emission occurs through photons irradiation. CL occurs when high energy electrons beam impacts
on a substance that will promote the electrons from the valence band into the conduction band,
leaving behind a hole. When an electron and a hole recombine, it is possible for a photon to be
emitted. The energy may also be transferred non-radiatively to activators which can then emit
light. The energy (colour) of the photon, and the probability that a photon and not a phonon will
be emitted, depends on the material, its purity and its defect state [8]. The CL emission spectrum
is obtained by drawing the intensity of light emitted from the sample against the wavelength while

the sample is excited by the electron beam.

2.3.3. Other types of luminescence

Many other types of luminescence are possible, based on the source of energy converted to light:
bioluminescence is the emission of light generated by a living organism such as a firefly;
chemiluminescence is the emission of light results from a chemical or electrochemical reaction;
radioluminescence is the emission of light occurs due to exposing materials to ionizing radiation
like a, B or y rays; electroluminescence is the emission of light produced when an electric current
passes through a material; crystalloluminescence is the emission of light produced during
crystallization; thermoluminescence is luminescence activated thermally after initial irradiation
by other means such as a, B, v, UV or X-rays; mechanoluminescence is the emission of light
generated due to any mechanical impact on a solid; sonoluminescence is the emission of short
bursts of light from imploding bubbles in a liquid produced by high frequency sound waves or
phonons [14]; Triboluminescence is the emission of light produced when the bonds of a substance
are broken when crushed, scratched or rubbed; Fractoluminescence is the emission of light
produced when bonds in certain crystals are broken by fractures and Piezoluminescence is the

emission of light generated due to the action of pressure on certain solids [15].
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2.4. Bismuth

Usually, the rare-earth ions (e.g. Eu, Pr, YDb) are used as activators for luminescent materials
because of their intra-configurational 4f transitions [16]. However, the main group metal ions such
as Bi**, Pb?*, Sb* and TI* might also be useful luminescence centres [17]. Bismuth is a chemical
element with symbol (Bi) and atomic number 83. Bismuth is situated in group 15 of the periodic
table of elements and it is the heaviest element in this group with an atomic weight of 208.98 amu.
Bi atoms have an electronic configuration [Xe] 4f5d°6s?p3. Elemental bismuth may occur
naturally, although its oxides and sulphides form important commercial ores. Bi is non-radioactive
as well as non-toxic [18]. The melting point and boiling point of Bi are 271 °C and 1564 °C,
respectively. Bi has a large number of valence states (e.g. +3, +2, +1, 0, -2) in different host
structures [19]. The Bi®* trivalent state is usually the most stable valence state in most host
materials [20]. Normally, the emission bands of Bi** are located in the ultraviolet, blue, green, or
even red wavelength regions with differences in host materials. For instance, YBO3:Bi** [21] and
Y3AlsxGax012:Bi®* [22] display UV emission, La;03:Bi** [23] and La20,S:Bi [24] show blue
emission, BazScs0q:Bi®* [25] and YVO4:Bi®* [26] present green emission, ScVO4:Bi®* [27] and
Y, WOg:Bi®* [28] show red emission. The optical characteristic of Bi®* ions have been investigated
in various host structures [29]. They have an electronic ground state 1So in the 6s? configuration
and the excited 6s'6p* configuration consists of four energy level states, namely a triplet 3Py, 3P1,
3P, and a singlet P1. The transitions from 1Sy — 3Po and !So — 3P, are forbidden, while the
transition from 1So — P is allowed. The transition from So to 3P; becomes allowed due to mixing
of the *P1 and Py levels by spin orbit coupling [29]. Bi ions doped phosphor materials display
wonderful optical characteristics because of the large number of valence states and strong
interaction with the surrounding host structure. That is because of the outer electron orbitals of Bi
ions are not shielded from the surrounding environment [30]. For example, Bi®* ions activated with
phosphor materials give emission in the near ultraviolet and blue region as well as green regions.
Bi?* ions emit orange-red light. The Bi* ion or Bi° gives broadband near-infrared emission in the
range from 1000 to 1600 nm. The Bis®* cluster gives broadband near to mid infrared in the range
from 1000 to 3000 nm [31]. In all cases, the emission regions of these ions varied in different host
materials [29]. In this research study, the main focus of investigations is the spectroscopic property

of Bi*" as a dopant in phosphor materials.
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2.5. Lanthanum oxyhalides

The activated lanthanide oxyhalides LnOX (Ln =Y, La; X = F, Cl, Br) have been extensively
studied because of their use as X-ray intensifying phosphors and also have potential applications
in fluoroscopic screens, cathode ray tubes and lamps. Generally, the hygroscopic nature of the
lanthanide oxyhalides decreases with increasing the ionic size of lanthanide atoms (i.e., the smaller
the lanthanide, the, greater the hygroscopic nature of the substance) [32]. Lanthanum oxyhalides
LaOX (X = Cl, Br, and F) have found much interest from researchers because of their excellent
and unique magnetic, optical, electrical, and luminescent characteristics [33]. Lanthanum
oxyhalide compounds doped by cerium have been reported to be potential oxygen-dominated
phosphors. In the process of converting X-rays into visible light, these compounds are considered
to be superior due to their high conversion efficiency, and are popularly called X-ray image
converters [32]. In addition, lanthanum-based crystals are preferred to other compounds due to

their high detection efficiency.

Figure 2.5: The unit cell of (a) LaOBr (COD number 9009169) and (b) LaOCI (COD number
1539093).

The LaOX (X = ClI, Br) hosts have wide band gaps, about 5.8 eV for LaOBr and 6 eV for LaOCI
[34]. Both compounds belong to the tetragonal PbFCI-type crystal structure with space group
P4/nmm (No. 129) [35]. Their crystal structures (Figure 2.5) were modelled with Vesta software
[36] using the CIF files obtained from the Crystallography Open Database (COD) [37]. In both
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structures the La®* ions with Cay site symmetry are bonded with four oxygen atoms (La-O) with

the same bond length and five halide atoms having two distinct La-X bond lengths [38].

Most often rare earth ions are added as activators, e.g. phosphors based on LaOCl and LaOBr have
been created by doping with Nd®* and Yb®** [39], Eu®* [40] and Sm3* [41]. However, the metal
ions which are located in the main group on the periodic table, like TI*, Pb?*, Bi** and Sb®*, may
also be useful activators for luminescence [42]. Sb** doping of LaOCI was reported by van Steensel
and Blasse [43], while Wolfert and Blasse reported the luminescence properties of Bi** doped
LaOCI [44] and LaOBr [45] several decades ago, observing two emission peaks in the ultraviolet

and visible regions.

Lanthanum oxyfluoride (LaOF) has attracted much research interest because of its high chemical
stability, low phonon energy, high refractive and high transparency in the NIR and UV-Vis regions
[46]. Lanthanum oxyfluoride has been synthesised by different methods, such as thermal
decomposition of lanthanum (I11) carbonate fluoride (LaFCOs3) in air [47], solid-state reaction
between ammonium fluoride (NH4F) and lanthanum oxide (La20s3) or lanthanum (I11) fluoride
(LaFs) and lanthanum oxide [48, 49], ball milling and calcination of a mixture of La>Oz and
polytetrafluoroethylene [50], annealing of LaFz in air [51], sol-gel method [52], decomposition of

lanthanum(I11) trifluoroacetate in boiling oleylamine [53].

Lanthanum oxyfluoride has various stoichiometries and structures [54, 55], particularly at high
temperatures, LaOF creates a fluorite-type crystal structure, in which lanthanum ions create a face-
cantered cubic order and the fluoride and oxide ions occupy the tetrahedral interstitial sites, while
at room temperature LaOF has either a rhombohedral or tetragonal crystal structure [56],
depending on the chemical composition and/or anion ordering. In the tetragonal crystal structure
the space group is P4/nmm (No. 129) and its structure is shown in figure 2.6 (a). Each La®" ion
with Cay site symmetry is bonded with four oxygen atoms (La-O) with the same bond length and
five halide atoms having two distinct La-F bond lengths. Figure 2.7 compares the tetragonal
structures of LaOF with LaOX (x = Cl, Br). The environment of the La*" ion is different despite
the same Cay site symmetry in both cases. In LaOCI there is a CI- ion directly below each La** ion
along the direction of the four-fold rotation axis and the CI- anions form double layers, whereas in

LaOF the F~ ions are relatively rotated so as to be directly below the O? ions and form only single
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layers. In the rhombohedral crystal structure figure 2.6 (b), the space group is R3m. Each La®* ion

has Cav symmetry and is coordinated with four oxygen ions and four fluorine ions [57].

Figure 2.6: The unit cells of LaOF (a) Tetragonal (b) Rhombohedral crystal structure, drawn
with the Vesta software [36].
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Figure 2.7: Comparison of the tetragonal structure of LaOF with LaOX (X = Cl, Br).
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2.6. LaGaOszand LaYOs3

Lanthanide metal oxides have been widely studied because of their applications in optical
electronics, radio electronics, nuclear and laser engineering, instrumentation, mechanical
engineering, metallurgy, chemical industry and medicine [58]. Alloying La>O3z with Y203 and
Ga>03 have many applications in devices that people use every day such as DVDs, computer
memory, rechargeable batteries, catalytic converters, cell phones, magnets, and fluorescent lamps
[59].

Lanthanum oxide or lanthanum gallate (LaGaOz) has attracted attention due to its potential use as
a substrate for solid oxide fuel cells and as host lattice for phosphor applications [60]. LaGaOz has
been assessed as a host material doped with various rare earth ions such as Sm®*, Ln**, Dy**, Eu®*
and Tb®" [61]. Bi®* doping of LaGaOs was reported by Jacquier et al. [62], while Srivastava [63]
reported the thermal quenching of Bi** luminescence in LaGaOs and explained the energy transfer

mechanism between Bi®* ions to host lattice-quenching centres.

Lanthanum gallate (LaGaOs3) belong to the orthorhombic type of structure with Pbnm space group
[64]. This is a distorted perovskite structure. The crystal structure (Figure 2.8) was modelled with
Vesta software [36] using the CIF files obtained from the Crystallography Open Database [37]. In
the LaGaOs structure, the La®* cations are bonded with eight oxygen atoms (La-O) with the same
bond length and the Ga®* cations are bonded with six oxygen (Ga-O) with the same bond length.
The site symmetry of the Ga*" site is Cj [65]. Figure 2.9 shows the phase diagram of the La2Os-
Gaz03 system from 200-1300 °C taken from [66].
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Figure 2.9. Phase diagram of the La>03-Ga203 system from 300-2700 °C [66].

The structure and optical properties of lanthanum yttrium oxide (LaYOs) have been studied in the

past for optical applications [67]. At low temperatures, LaYOsz has an orthorhombic structure,
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while at high temperatures LaY O3 has a monoclinic crystal structure [68]. Figure 2.10 shows the
orthorhombic perovskite crystal structure of the LaY O3 with space group Pna2: [69]. The crystal
structure was modelled with Vesta software [36] using a CIF file obtained from the
Crystallography Open Database [37]. The orthorhombic crystal cell of the LaY O3z composed of a
network of LaOg polyhedra linked to distorted Y Os octahedra. The bond distances of La-O and Y-
O range from 2.368-2.809 A and 2.227-2.2851 A, respectively [70]. LaYOs has been assessed as
a phosphor host material activated with rare-earth ions (Eu**, Sm®" and Th*") and post-transition
metal ions (Bi** and Pb?*) [70]. Figure 2.11 shows the phase diagram of the La,03—Y203 system
from 1000-2600 °C as reported in [71].

Figure 2.10: The unit cell of LaY Oz drawn with the Vesta software (COD number: 1521869).
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Figure 2.11: Calculated phase diagram of the La>03—Y 203 system from 1000—2600 °C. The phase

name abbreviations: L — liquid, X — high temperature cubic phase, H — high temperature hexagonal

phase, B — monoclinic phase, A — low temperature hexagonal phase, LYP — LaYOs3 perovskite
[71].

2.7. Applications of phosphors

Phosphor materials have been widely used in various technological applications such as back lights
for liquid crystal devices (LCD), light emitting diodes (LEDs), plasma display panels (PDP),
infrared detectors (upconversion phosphor), phosphorescent paints (persistent phosphors),
scintillators (detectors of X-ray and ionizing radiation), X-ray image intensifiers for photographic
film as well as storage phosphors in filmless radiography, display devices and lighting sources [72,
73]. Some of these applications are shown in figure 2.12. The main applications are in fluorescent
lamps and emissive displays. In addition, several X-ray detector systems are based on phosphor
materials as well [74]. Among these applications, white light emitting diodes (LEDs) are an

important potential application of phosphors.
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Figure 2.12: The application range of luminescent materials in different applications [75].

There are three main technological methods available to produce white light from LEDs, namely:

1. Combining several LED emitters with distinct colours such as the three primary colours,
namely red, green and blue (RGB) incorporated into a single device to create white light [76,
77].

2. Use of a single near ultraviolet (n-UV) LED chip are to excite red, green, and blue phosphors
for creating white light.

3. Use of a blue LED chip to excite a single yellow phosphor or mixed green and red phosphors

to produce white light [78].

Since the emission wavelength of Bi®* ions is dependent on the host and varies from UV to blue

and longer wavelengths, each of these possibilities may be feasible with Bi-doped phosphors.
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Chapter three
Preparation methods of phosphors

3.1. Introduction

In recent years phosphor preparation methods have been improved, which can control the size and
shape of particles. Phosphor materials have been prepared by different methods, such as solid-state
reactions [1], combustion synthesis [2, 3], sol-gel processing [4], precipitation [5],
mechanochemical grinding [6] liquid-phase method [7] and hydrothermal synthesis [8], etc.

Usually, the solid-state reaction method is used to prepare phosphor materials. In this method,
extensive mechanical mixing and high temperature annealing for a long period of time are required
[9]. Solid-state reaction method has many advantages such as higher purity of outputs, good
compositional control, widespread production, and solvent/surfactant-free processes.

The advantages of combustion synthesis are in its ability to produce well-crystallized, fine particle
size powders rapidly without extensive high temperature annealing and mechanical separation
steps. Grinding is often involved in the degradation of the intensity of the luminescent emission
by creating surface defects that quench the emission [10].

Due to their advantages, the sol-gel combustion and solid-state synthesis have been used in this

research study, and are discussed in further detail.

3.2. Sol-gel combustion method

The attraction of the sol-gel combustion synthesis is that it uses a unique combination of the
chemical sol-gel process and combustion method which requires relatively simple equipment and
produces samples in a short period of time [11]. Preparation of ceramic oxides using sol-gel
combustion synthesis provides, in a single step, a product with high purity, good homogeneity,
high surface area and low processing temperature [12]. Sol-gel combustion synthesis is based on
the gelling and subsequent combustion of an aqueous solution containing a nitrate of the desired
metals and an organic fuel (e.g. citric acid) and it yields a voluminous and fluffy product with a

large surface area [13]. Glycine and urea are also appropriate fuels since they are amino acids and
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can perform as a complexing agent of the metal ion and also act as fuel for the synthesis of oxide
powders. This method can directly reach the final powders, or in some cases, a calcination is
required [14].

In recent years, sol-gel process of ceramic has found much of interest because of its use to prepare
materials with specific electronic, mechanical and optical properties due to the chemistry and
microscopic structure of the solid that determines its characteristics. By this method the
composition and structure at the molecular level can be controlled [14]. Reference [15] gives a
brief, good description of the process. Figure 3.1 is a schematic diagram for the preparation of

LaGaOs:Bi powders by the citric acid sol-gel combustion process.

In the citric acid sol-gel combustion method, which is used in this research study to prepare
LaGaOs and LaYOs, the raw materials, which are usually a nitrate compound and a fuel (citric
acid), are dissolved in water. The mixed solution is then heated to transform the sol into a high-
viscosity gel. Increased gel temperature leads to an exothermic combustion process. After the
combustion is complete, the resulting powder colour was brown, which indicates that it contains
some remaining carbon because of the incomplete combustion of citric acid [16]. Heating the
resulting brown powder at different temperatures between 800 °C and 1400 °C produced the final
product (white powder), where the carbon impurity can be oxidized above 600 °C [16] and released

as gaseous COz.

Sol-gel combustion process has several advantages such as, good control of stoichiometry, low-
temperature and low cost process, high-quality nano/microcrystal and high purity product,
production capability of multicomponent oxides with single phase and high surface area [10]. The
exothermic reaction makes the product almost immediately and the product can be easily crushed
and ground into a fine powder without the need for sophisticated equipment.
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Lanthanum nitrate Gallium nitrate Bismuth nitrate Citric acid
La(NO,);-H,0 Ga(NO,);"H,0 Bi(NO,),-5SH,0 CH30,

1 1

»| Dissolved in deionized water I‘

l

Stirring at 80 °C for 2h

l

Transparent sticky gel

Y
Direct heating at 400 °C for 30 min

1

Brown powders

1

Crushing

1

Annealing at different temperatures for 2h in air

!

LaGaO,:Bi
fine white powder

Figure 3.1: Schematic diagram for preparation of LaGaOs:Bi powders by the citric acid sol-gel

combustion method.
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3.3. Solid-state reaction method

The solid-state reaction method or ceramic synthesis is a high-temperature synthesis method to
prepare luminescent material. The solid state reaction method is widely employed to prepare
complex oxides from a mixture of simple oxides, nitrates, carbonates, hydroxides, alkoxides,
oxalates, and other metal salts. The interaction of solids with each other is not done naturally at
room temperature, but samples must be heated to much higher temperatures until the reaction
occurs at a suitable rate. There are several factors on which the feasibility and rate of the solid-
state reaction depend, such as reaction conditions, structural characteristics of reactive materials,
surface area and interaction of solids and change of free thermodynamic energy associated with
interaction [17].

In the solid state reaction synthesis, which was utilized in this research study to synthesize LaOX
(X =ClI, Brand F) phosphor powder, the raw materials were lanthanum oxide with high purity and
ammonium chloride, ammonium bromide and ammonium fluoride which were used as a sources
of chlorine, bromine and fluorine, respectively. The required quantities of raw chemicals were
weighed, mixed and ground to a fine powder using an agate mortar and pestle. Sometimes, ethanol
or acetone were used as a mixing medium to get a homogeneous mixture. The ground powder was
transferred to alumina/porcelain crucibles and annealed at high temperature for a certain period of
time, followed by dry grinding.

Annealing at 900 °C for Sh

Mixing & grinding for 1h

La,04 ) ; '/ 2 ') » m‘—b g

Crucible
\ In acetone medium Grinding LaOCl:Bi

]
N —

Figure 3.2: Schematic diagram for preparation of LaOCI:Bi powders by the solid state reaction

NH,CI

synthesis.
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3.4. Pulsed-laser deposition (PLD)

In 1965, Smith and Turner used a pulsed ruby laser to deposit a thin film in a vacuum atmosphere
for the first time [18]. Four years later, thin films were produced from SrTiO3z and BaTiO3z powders
by using pulsed laser evaporation [19]. Since then, PLD has been commonly used for the
preparation of thin films of various metal oxides, complex metal oxides, insulators,
semiconductors, polymer and biological materials, borides, carbides and nitrides [20]. PLD is a
relatively new technique for depositing thin film using high-energy laser pulses to evaporate the
surface of the material target inside a vacuum chamber and condensing the steam on the surface
of the substrate to create a thin film layer with a thickness of up to a few micrometres [21]. The
PLD technique has a high ability to control the formation of thin-film, morphology, composition,
and growth process by adjusting the partial pressure of an ambient gas (e.g. oxygen). It can also
be tuned by varying the substrate temperature, the energy of the depositing flux, and the relative
and absolute arrival rates of atoms. Background gas and pressure can be varied as well, all of which
effect the growth of the film. Background gas can be used to decrease the kinetic energy of the

plume and to increase the number of chemical reactions between the plume and gas.

Most of the substances used in PLD have strong absorption in the ranges between 200 nm and 400
nm of laser wavelengths; which can easily achieve the energies required to convert a material into
a plasma [22]. The process of forming a thin film in the PLD technique generally involves five
basic stages (Figure 3.3):

Absorption of the laser by the target material.
Laser ablation of the target material and the formation of the plasma.
Plasma dynamics.

Deposition of the ablation material on the substrate.

ok~ WD E

Nucleation and growth of the required film.
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(1) Laser beam

(2)Solid target

(3)Region of laser-target
interaction

(4) Region of laser-plume
interaction

(5) Plume transport of gas
species

(6) Substrate

(7) Film

Figure 3.3: A schematic of the laser ablation process and its stages up to thin film formation [23]

The basic principles of PLD technique is quite simple, as shown schematically in figure 3.4. The
high-power pulsed laser beam focused on the surface of a target material to vaporize, ionize and
melt in either an ultrahigh vacuum chamber or in the presence of background gases (such as argon,
oxygen and nitrogen) [24]. When the laser beam hits the surface of a target material, if the absorbed
laser pulse has sufficient energy ablation will occur on the surface of the target. Ablation is the
removal of the material from the surface of a target by ionization or vaporization processes [25].
After that, a plasma plume forms from the target surface. This plasma plume expands along a
direction normal to the surface of the target. Then some of the evaporated plasma plume material
is deposited on the substrate which is mounted in front of the target to create a thin film [26]. The
laser beam is focused by a lens into a rotating target. The laser beam is incident on the target at an

angle of 45°.

Argon fluoride (ArF) and krypton fluoride (KrF) excimer lasers with the wavelength of 193 and
248 nm, respectively, or Nd:YAG lasers are usually used as the deposition energy sources. The
Nd:YAG laser is simple in maintenance and provides a compact system compared to an excimer

lasers. The excimer lasers have high flexibility in the repetition rate, high pulse energy in the
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ultraviolet range and high stability. The Nd:YAG 266 nm pulsed laser was used as the deposition
sources in this research study to ablate the phosphor pellets in vacuum, argon and oxygen
atmospheres. The laser energy (40 mJ/pulse), fluency and target-to-substrate distance fixed at 30
Hz, 1.7 J/cm? and 4.5 cm, respectively. The laser deposition time was 20 min and the substrate

temperature was fixed at 300 °C. The deposition chamber was evacuated to a base pressure of

5x107° mbar.
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Figure 3.4: Schematic diagram of the PLD process [27].

3.4.1 Advantages of PLD

PLD system has some outstanding advantages compared to other systems used to prepare thin
films deposition, like metalorganic vapour phase epitaxy (MOVPE), physical vapour
deposition and chemical vapour deposition (CVD), magnetron sputtering, sol-gel and spray
pyrolysis.

e PLD technology conceptually is a simple and flexible process in engineering design.

e The laser radiation evaporates the surface of the target and generally produces a film with

the same composition as the target [28].
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e PLD technique has a high ability to control the formation of thin-film, morphology,
composition, and growth process by altering the partial pressure of gas like ambient oxygen
pressure [21].

e The growth rate of the film can be controlled by varying the laser parameters, deposition
time, the distance between the target and the substrate, etc. [28].

e PLD is inexpensive compared to some other techniques e.g. a single laser device can serve
several vacuum systems and is able to produce multiple layers simply by switching
between many different targets [29].

e Areliably and high-quality sample can be grown in less than an hour, so the method is fast
[30].

e PLD isversatile. A very large range of substances can be prepared by PLD including metal
oxides, complex metal oxides, insulators, semiconductors, polymer and biological
materials, borides, carbides and nitrides. All that is needed is the desired composition
target. It differs from other thin film deposition techniques such as (CVD) and (MBE)

which require a different source of precursors for each component of the compound [20].

3.4.2. Disadvantages of PLD

Irregular particle size may occur on the surface of the film. This due to the presence of molten
substance (up to ~ 10 um) in the ablated substance [31]. There is a substantial splashing associated
with the laser ablation itself, which produces large drops or molecules of the target material on
the surface of the substrate, which is particularly dangerous because it will lead to the failure of

the device, from the industrial perspective [32].
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Chapter four
Theory of characterization techniques

4.1. Introduction

This chapter presents a brief description of the various research techniques used to characterize
the phosphor powders and thin films. These techniques include: X-ray diffraction (XRD) - to
study the crystalline structure and the phase quality of the samples prepared and to determine the
crystallite size; Scanning electron microscopy (SEM) - to study the surface morphology; Energy
dispersive spectroscopy (EDS) - to study the chemical composition of the samples; Ultraviolet-
visible spectroscopy (UV-vis) and diffuse reflectance spectroscopy (DRS) - to study the
absorption wavelengths and determine the bandgap of the materials; Photoluminescence
spectroscopy (PL) - to study the excitation, emission luminescence properties; and
Cathodoluminescence spectroscopy (CL) - to study the light emission of phosphors when

exposed to an electron beam.

4.2. X-ray diffraction (XRD)

X-rays were discovered in 1895 by Roentgen and are a form of electromagnetic radiation with
wavelength ranging from 0.1 up to 10 nm, located in the range between ultraviolet rays and gamma
rays. X-rays have a high ability to penetrate solid materials and give information about their
internal crystalline composition. X-rays have unique features, which can be used well in imaging,

scattering measurements and spectroscopy [1, 2].

The XRD technique was discovered by Von Laue in 1912. XRD can be used for identification of
the degree of crystallinity, analysis of lattice parameters, phase identification and crystallite size
determination. It can also be used to determine the crystalline structure of solid substances of
powders, thin films, fibres, sheets metals, organics, ceramics, polymers and electronic materials
[3]. The basic principles of this technique consists of the interaction between the incident X-ray
radiation and the sample material. The diffractometer for XRD consists of three main elements: an

X-ray source, a sample holder and an X-ray detector [4] as shown schematically in figure 4.1.
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Figure 4.1: The X-ray diffractometer (a) diagrammatic representation (b) Photograph of a

commercial system.

X-rays are usually produced either by synchrotron radiation or X-ray tubes. In an X-rays tube,
which is the primary source of X-rays used in laboratory instruments, X-rays are generated by
heating a tungsten filament to release electrons, which are accelerated towards a target anode.
When the incident electrons interact with the electrons in the core-shell of the anode material, X-
ray photons with energy characteristic of the anode substance are emitted. The characteristic
spectrum consists of different components, e.g. Ka and K are the most common components,
with a specific characteristic wavelengths. The most common material used as a target is Cu. The
wavelength (4) of Cu Ka radiation is 0.15406 nm. A monochromator can be used to select a single
wavelength from the source, or a nickel (Ni) B-filter can be used with Cu anode for this purpose.
Ni can absorbs X-rays below 0.15 nm and can be used to filter the KB X-rays from Cu [4], as

presented in figure 4.2.
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Figure 4.2: Copper X-ray radiation (a) before and (b) after passage through a nickel filter [5].

The interaction of incident X-rays with crystalline substance creates interference and some of the
incident beams are diffracted constructively by the crystalline phases of the substance when the
condition for Bragg’s law is satisfied, as shown in figure 4.3. The parallel X-rays are projected
onto crystal planes at an angle 0. The crystal planes diffract the rays and constructive interference
occurs when the difference in the path is equal to a whole number of wavelengths. Bragg’s law is

given by:
nA=2dsinf .............ooiiiiiii (4.1)
where n is an integer that indicates the order of the reflection, ¢ is Bragg angle and d is the inter-

planar distance. If the X-ray wavelength is known, the inter-planar distance can be obtained by

measuring the Bragg angle [6].
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incident beam diffraction beam

Figure 4.3: Schematic diagram showing the diffraction of X-rays from atoms and Bragg’s law.

There is a relationship between Miller indexes (hkl) and lattice parameters for each reflection plane
and the inter-planar distance (dn). For instance, for cubic structures with a lattice parameter a, it

can be formulated as [7].

a

dhkl = W ...............................

The crystallite size, D, can be determined from the broadened peaks of the XRD spectra via using
the Scherrer formula [8].

where 1 is the X-ray wavelength, g is the full width at half maximum (FWHM) of a diffraction
peak, 4 is the Bragg angle and K is a constant related to crystallite shape, normally taken as 0.9
[6]. The value of 5 in 26 axis of diffraction profile should be in radians. The & can be in radians or

degrees, since cosé corresponds to the same number.
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The average crystallite size and microstrain can be determined by using the Williamson-Hall

equation:

pcosf = % + 4¢ sinf (4.4)

where £ is the 26 full-width-at-half-maximum (in radians) for the diffraction peak at the angle 6,
K is the shape factor (taken as 0.94), A is the X-ray wavelength, D is the crystallite size and ¢ is
the microstrain [9]. If a plot is drawn with 4sin6 along the x-axis and fcos6 along the y-axis, then

the crystalline size can be estimated from the y-intercept and the strain € from the slope of the line.

XRD patterns were collected at the department of Physics of the University of the Free State using
a Bruker D8 Advance X-ray diffractometer equipped with a copper anode X-ray tube (figure 4.4).
The system was operated using a 40 mA filament current and a generator voltage of 40 kV to
accelerate the electrons. Moreover, a nickel filter was used to remove the Cu Kf X-rays.
Measurements were taken with a 26 step size of 0.02°. It is important to load the samples at the

same height, since otherwise small peak shifts may occur.
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Figure 4.4: The Bruker D8 Advance X-ray diffractometer at the Department of Physics of the

University of the Free State.

4.3. Scanning electron microscopy (SEM)

SEM is a technique widely used to analyse the microstructure and morphology of materials by
using a focused beam of electrons to scan the surface of the substance and provide images of the
topography and morphology of the sample [10]. Additional information about the elemental
composition of the substance can also be provided if the system is equipped with an energy
dispersive X-ray spectrometer (EDS), which will be described in the next section. The basic
principle of the SEM technique depends on the interaction between an incident electron beam and
a solid substance. During SEM measurements, the electron beam is generated from electron gun
and then focused and accelerated towards the surface of the substance by electromagnetic lenses
and is rastered by pairs of coils in the objective lens on the surface of the substance. Figure 4.5

displays a simple diagram of scanning electron microscopy. When the incident electrons interact
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with the surface of the material, various types of electromagnetic radiation and electrons are
generated from different depths including: secondary electrons, back-scattered electrons,
characteristic X-rays, cathodoluminescence, Auger electrons, specimen current and transmitted
electrons [11]. Figure 4.6 presents the main signals emitted as a result of electron beam interaction
with the surface of the sample. The secondary electrons and backscattered electrons are the most
important signals that are detected to produce SEM images. Secondary electrons are used
principally for topographic contrast in the SEM (i.e., for the visualization of surface texture and
roughness), while backscattered electrons are used for illustrating contrasts in compositions in

multiphase samples (i.e. for rapid phase discrimination) [12].

The SEM measurements in this research study were done by using a JEOL JSM-7800F scanning
electron microscope (figure 4.7) equipped with EDS. It provides extreme resolution of 0.8 nm at
15 kV and 1.2 nm at 1 kV and magnification from %25 to x1,000,000. A Schottky field-emission
gun was used to produce the electrons [13]. The SEM image collection in this study was done

with a 5 kV electron beam.

Electron
T P

Amplifier
. | ' X, Y scancoils
Objective l y

lens —\
Back-scattered TR ‘
electron detector \. l
’ Secondary
electron detector

-
Y A
‘4‘— Sample
—

detector *\B

Figure 4.5: Schematic diagram of a typical SEM [14].
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Figure 4.6: The signals produced from electron beam interaction with solid matter.

Figure 4.7: JEOL JSM-7800F system at the Centre for Microscopy at University of the Free State.
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4.4. Energy dispersive X-ray spectroscopy (EDS)

EDS is an analytical technique used to analyse elements in a sample. It is also used in conjunction
with scanning electron microscopy (SEM) to detect the X-rays emitted from the sample when it is
bombarded by an electron beam to describe the elemental composition of the material under

analysis. Features or phases as small as 1 um can be analysed [15].

When the sample is bombarded by the SEM's electron beam, this beam interacts with the atoms
inside the sample which become excited, resulting in the ejection of an electron from the inner
shell of the sample atom and leaving a hole behind. The resulting holes are filled by electrons from
a higher state, and a characteristic X-ray with specific energy related to the element of the atom is

emitted to balance the energy difference.

kicked-out ..
electron -7 -

radiation
energy

Figure 4.8: Schematic diagram of emitted characteristic X-rays in an atom [16].

The counts and energy of the emitted X-rays can be measured by using the EDS X-ray detector.
When an incident X-ray hits the detector device, it makes a charge pulse that is proportional to the
energy of the X-ray. The charge pulse is transformed to a voltage pulse by the sensitive
preamplifier of the charge. The signal then will send to a multichannel analyser where the pulses
are sorted by voltage. The energy (as specified from the voltage measurement) for each incident
X-ray is sent to a computer for display and further evaluation of the data. The X-ray energy
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spectrum against counts is assessed to determine the elemental composition of the sampled size
[17].

In this study the chemical compositions of the phosphor powders and thin films were obtained

using an X-MaxN80 detector from Oxford Instruments in the SEM as shown in Figure 4.7.

4.5. Ultraviolet-visible spectroscopy (UV-vis) and diffuse reflectance spectroscopy (DRS)

UV-vis is an optical spectroscopic technique that measures the intensity of light against the
wavelength after passing through a sample or reflecting from a sample surface. The UV region
ranges from 190 to 400 nm and the visible region from 400 to 800 nm [18]. The technique can
provide both quantitative and qualitative information. Transmission measurements can be made
for solid transparent samples or liquid samples, otherwise reflectance can be measured relative to
a standard with an integrating sphere accessory. Figure 4.9 shows an illustrative diagram of a dual

beam UV-visible spectrometer for liquid transmission measurements.
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Figure 4.9: Schematic of UV-vis spectrophotometer [19].
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In UV-vis the light source for UV measurements is usually a deuterium lamp and for visible
measurements it is a tungsten-halogen lamp. The two lamps can cover the range of wavelengths
of 200 — 800 nm. The wide range output from the light source is focused onto the diffraction
grating to obtain a monochromatic beam, since the incoming light splits into its component colours

of different wavelengths, like a prism but more efficiently [20].

For powder samples such as phosphor, the absorption and band gap values can be calculated by
using DRS measurements, which is usually used to measure the reflected light from the powder
samples. For a DRS measurement, the instrument must be equipped with an integrating sphere
coated with a white standard to collect the light reflected by the standard and the sample [21].
During the DRS measurements, the light from the source is split into two beams: one directed to
the detector as a reference and the second one directed to the sample. Some of the incident beam
is absorbed by the sample and the second part will be diffused and reflected. The sample is
positioned inside an integrating sphere that collects the diffusely scattered light by the sample. The
collected light eventually reaches the detector, which compares the collected light from the source
light to calculate the amount that has been absorbed. The Kubelka-Munk function

F(R) = &R (4.5)

2R,
can be applied to convert the diffuse reflectance (R.,) spectra to values F(R,,) proportional to the
absorption [22]. For direct band gap materials like LaOBr and LaOCI, a Tauc plot of [F(R,)hv]*/?
against hv can then be used to calculate the optical band gap energies by fitting a linear region and

extrapolating this to where it cuts the horizontal (energy) axis [23].

The Lambda 950 UV-vis spectrophotometer equipped with an integrating sphere that displays
reflectance close to 100% reflectance in the wavelength range from near UV to the near infrared
was used in this research study to obtain the diffuse reflectance spectra. The standard used was

spectralon. Figure 4.10 presents the UV-vis spectrophotometer used in this project.
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Figure 4.10: PerkinElmer Lambda 950 UV-vis-IR spectrometer at the Department of Physics,
University of the Free State.

4.6. Photoluminescence (PL) spectroscopy

PL spectroscopy is a non-destructive analytical technigue. In this technique, a substance is excited
from its ground electronic state to one of its excited electronic states, usually by using a UV light
or laser radiation. The luminescence is produced when the electrons return back to their normal
electronic ground state level and this can be recorded as a plot of the intensity of emitted light
against wavelength or energy [24]. The technique is usually used to record excitation and emission

spectra as well as luminescence lifetimes.

In PL spectroscopy, the incident light is absorbed by a sample and imparts excess energy into the
material in a process called photo-excitation. The photo-excitation causes the electron to jump
from its electronic ground state to one of the various vibrational states in the excited electronic
state. Non-radiative relaxation is accompanied with the emission of phonons, allowing the excited
electron to lose energy until it reaches the lowest vibrational state of the excited electronic state
[25]. When this electron returns to its initial state or to any luminescent centre from which the
electron was excited, the excess energy may be released as emission of photon (called a radiative
process) or it may return nonradiatively where the excess energy is transferred to another ion or
defect, or used to excite phonons (heat). The released energy emitted as light (photoluminescence)

corresponds to the energy difference between the two electron energy levels of the excited state
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and the ground state involved in the transition. The quantity of the emitted light is related to the
relative contribution of the radiative process. Figure 4.11 presents a schematic diagram of the PL

technique is presented as visualized with the Jablonski diagram.
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Figure 4.11: Schematic energy diagram presenting the excitation and emission involved in the

photoluminescence process.

The emitted light, in almost all cases, has less energy relative to the original light from the energy
source. Hence, PL spectra always possess a wavelength range that is longer than the wavelength
of the excitation source [24], with the difference referred to as the Stokes shift. Figure 4.12 is a
schematic diagram of the basic components of a PL spectrophotometer. This consists of the sample
exposed to the light for excitation, a monochromator used to select excitation wavelength, and a
detector used to observe the luminescence through another monochromator. Usually the angle
between the detection of the excitation light and the detector is 90° to prevent the scattered light
reaching the detector and a long-pass filter can also be placed between the sample and emission
monochromator to block scattered excitation light. The emission spectrum is obtained when the
excitation wavelength is kept fixed and the system scans through different wavelengths of emitted
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radiation [26], while the inverse process gives an excitation curve. The International Commission
for Illumination (CIE) coordinates of the emitted light was calculated using the GoCIE software
[27]. The software uses the photoluminescence emission spectrum to calculate the CIE
chromaticity coordinates of the phosphor materials. This software also illustrates the position of
the coordinates in the chromaticity diagram and the expected colour of the phosphor. As presented
in Figure 4.13, the vertexes of the triangle are the CIE coordinates of the three primary colours of
red, green, and blue. The CIE coordinate of the white light is centred in the middle area an equal-
energy point of (0.33, 0.33) [28].
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Figure 4.12: Schematic illustration of the basic components of a spectrophotometer.
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Figure 4.13: Diagram of the (CIE) chromaticity [28].

The photoluminescence properties of the powders and thin films in this study were measured by
using an FS5 spectrometer with a continuous 150 W xenon lamp (figure 4.14 (a)) and an FLS980
spectrometer with a continuous 450 W xenon lamp (figure 4.14 (b)) both from Edinburgh
Instruments and a He-Cd laser system with excitation wavelength equal to 325 nm and power of

26 mW (figure 4.14 (c)).
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Figure 4.14: (a) FS5 spectrometer (b) FLS980 fluorescence spectrometer (c) PL system with 325

nm He-Cd laser, at the Department of Physics, University of the Free State.
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4.7. Cathodoluminescence (CL) spectroscopy

Several substances display the CL phenomenon, which is the emission of photons (light) from a
sample when excited by the high-energy electron beam. This includes semiconductors, many
minerals and some organic compounds. The energy of the emitted photons in CL is typically 0.3
to 6 eV, covering the range of wavelengths from the UV to the near-infrared [29]. CL is the
opposite of the photoelectric effect in which electron emission is occurred by irradiation with
photons. CL is similar to PL but using electrons to excite the sample instead of photons. The
screen of a television cathode ray tube (CRT) monitor is the most common example of the CL

process [30].

CL emission occurs when a sample is bombarded by high-energy electron radiation. Energy from
the incident electron is absorbed by the substances causing the electrons to be excited and move
from the ground state (valence band) to the higher electronic state (conduction band), leaving a
hole in the valence band. When this electron returns to its valence band (direct band to band
recombination) or other luminescent centres (activator ions or structural defects), energy may be
released in form of photons (light). The energy of the photon and the probability that a photon will
be emitted or not depend on the substance, its purity and its defect state. Any non-metallic
substance or semiconductors can be examined in this case. In terms of band structure, classical
semiconductors, insulators, ceramics, gemstones, minerals, and glasses can be treated as well.

Figure 4.15 displays the process causing cathodoluminescence emission.

In this research study, the CL measurements were carried out by using a Gatan MonoCL4

accessory fitted to SEM in a vacuum of ~107° Torr and electron energy of 5 keV.
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Figure 4.15: CL mechanisms due to the recombination processes in insulators or semiconductors:
(a) recombination by direct band-to-band transition, (b) structural defects states in the forbidden

gap and (c) the impurity energy levels [31].

4.8. X-ray photoelectron spectroscopy (XPS)

XPS, also referred to as electron spectroscopy for chemical analysis (ESCA), is a surface-sensitive
quantitative spectroscopic technique commonly used to examine the chemical composition of the
surface of the substance. XPS provides a total elemental analysis, except for hydrogen and helium
because of their extremely low photoelectron cross sections and the fact that XPS is optimized to
analyse core electrons. Furthermore, XPS provides a quantitative elemental analysis of the top 1-
20 nm of solid surface. Information about chemical bonding and molecular orientation can also be
provided [32]. Figure 4.16 shows schematically the XPS method, which is based on Einstein’s
classic explanation of the photoelectric effect. The major components of an XPS spectrometer are
an X-ray source, electron energy analyser for the photoelectrons, electron detector and an efficient
pumping system for the high vacuum requirement. As presented in figure 4.17, when a material
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surface is bombarded by an X-ray photon having energy hv (where h is Planck’s constant and V is
the frequency), this may be absorbed by an electron from a core level which is therefore ejected
from the atom. The emitted electron should overcome the binding energy (BE) of the orbital in
which it was located in the atom before leaving the surface of the material. The amount of
remaining incident radiation energy determines the kinetic energy (KE) of the ejected electron.
Thus the binding energy of the electron can be identified from the energy of the incident radiation
and the kinetic energy of the electron, the binding energy determines the existing elements and the
oxidation status of those elements. The energy of the electron emitted is measured by using a semi

spherical electron analyzer. The KE of the ejected electron is given by

KE=hv—BE—@ ....c.oovrvn... (4.6)

where @ is the spectrometer work function. XPS is considered as a surface sensitive analytical
technique. Due to the very short path of the photoelectrons excited from the material, only the
electrons that are generated from the top few atomic layers of the surface can reach the detector.
Monochromatic X-rays are used as excitation sources. The most commonly used X-ray sources
are Mg Ko, and Al Ka [33]. X-ray photoelectron spectroscopy must be performed under ultrahigh
vacuum conditions (better than 1x10° Torr) in order to prevent scattering of photoelectrons and to

minimize contamination of the sample surface.
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Figure 4.16: Schematic diagram of an XPS system [34].
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Figure 4.17: Schematic diagram of the XPS process, showing photoionization of an atom by the
ejection of a 1s electron.
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4.8.1. Advantages and Disadvantages of XPS [35]

XPS has advantages such as

Nondestructive

e Surface sensitive (10-200 A)

e Elemental sensitivity (typically parts per 1000)
e All elements can be detected (except H and He)
e Quantitative

e Chemical bonding information

However, XPS also has some disadvantages such as
e Large analysis area (several mm?)
e Expensive ($200,000-$500,000/ instrument, $50-$500/ sample)
e High vacuum required(10® to 10~ Torr)
e Slow (many hours per sample)
e Charging and energy referencing can be a challenge
e Low resolution (0.1-1.0 eV)

The XPS measurements in this study were performed on a PHI 5000 Versaprobe-scanning ESCA
microprobe shown in figure 4.18. The XPS surveys were done with a 100 um diameter
monochromatic Al Ko X-ray beam generated by a 25 W, 15 kV electron beam. The sputtering was
done with 2 kV, 2 pA 1x1 mm raster-Ar ion gun of sputtering rate of about 14 nm/min. For high
resolution spectra the pass energy was generally set to 11 eV, giving an analyser resolution of less
than or equal to 0.5 eV. Multipack version 9 software was utilized to analyse the spectra to identify

the chemical compounds and their electronic states using Gaussian fits.
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Figure 4.18: PHI 5000 Versaprobe XPS system at the Department of Physics, University of the

Free State.
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Chapter five
Comparative study of the photoluminescence and cathodoluminescence of Bi

doped LaOCI and LaOBr phosphor powders

5.1. Introduction

Phosphor materials have many applications in modern technology such as light sources
(fluorescent tubes and white light emitting diodes), X-ray detectors and intensifying screens,
optoelectronic devices, displays and scintillators [1]. Lanthanum oxyhalide compounds, like
LaOCI and LaOBr, have attracted some research interest because of their excellent electrical,
magnetic, optical and luminescence properties [2]. These LaOX (X = Cl, Br) hosts have wide band
gaps, about 5.8 eV for LaOBr and 6 eV for LaOCI [3]. Both compounds belong to the tetragonal
PbFCI-type crystal structure with space group P4/nmm (No. 129) [4]. Their crystal structures
(Figure 5. 1) were modelled with Vesta software [5] using the CIF files obtained from the
Crystallography Open Database (COD) [6]. In both structures the La* ions with Cay site symmetry

are bonded with four oxygen atoms (La-O) with the same bond length and five halide atoms having
two distinct La-Cl or La-Br bond lengths [7].

Figure 5. 1: The unit cell of (a) LaOBr (COD ID: 9009169) and (b) LaOCI (COD ID: 1539093).

Most often rare earth ions are added as activators, e.g. phosphors based on LaOCl and LaOBr have
been created by doping with Nd** and Yb®* [8], Eu®* [9] and Sm** [10]. However, the metal ions
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which are located in the main group on the periodic table, like TI*, Pb?*, Bi®* and Sb®*, may also
be useful activators for luminescence [11]. Sb3* doping of LaOCI was reported by van Steensel
and Blasse [12], while Wolfert and Blasse reported the luminescence properties of Bi** doped
LaOCI [13] and LaOBr [14] several decades ago, observing two emission peaks in the ultraviolet
and visible regions. Phosphor materials doped with Bi ions display interesting and variable
luminescence characteristics because of the strong interaction of Bi ions with the surrounding host
lattice (since the outer electron orbitals of Bi ions are not shielded from the surrounding
environment [15], unlike in the case of the 4f electrons of rare earth ions) and due to the large
number of possible Bi ion valence states. Luminescent materials doped with Bi®* ions generally
emit in the near ultraviolet and blue regions. The optical characteristics of Bi®* ions have been
investigated in various host structures [16]. They have an electronic ground state 1S in the 6s?
configuration and the excited 6s'6p* configuration consists of four energy level states, namely a
triplet 3Po, 3P1, 3P2 and a singlet *P1. The transitions from 1So — 3P and 1So — 3P, are forbidden,
while the transition from 1So — *P; is allowed. The transition from So to 3P, becomes allowed due

to mixing of the 'P1 and *P1 levels by spin orbit coupling [16].

For any phosphor to be used in an application, its stability under a particular application
environment is an important consideration. In our previous work the host lanthanum oxide (La20z)
was found to be unstable and converted to the lanthanum hydroxide (La(OH)s3) after several days
when exposed to the atmosphere [17]. Therefore Bi** activated LaOCI and LaOBr phosphor
powders, having partial replacement of the oxygen anions with halide anions, were synthesised
and investigated. The photoluminescence (PL) intensities were optimized by varying the Bi doping
concentration and the annealing temperature. This work presents the PL excitation and emission
spectra of LaOCI:Bi** and LaOBr:Bi*" phosphor powders prepared by the solid state reaction

method and their luminescence properties and stability were compared.

5.2. Experimental
Powder samples of lanthanum oxyhalide (LaOX, X = CI, Br) were prepared via the solid-state

reaction method. According to the reaction

La;O3 + 2NH4X — 2LaOX + 2NH3 + H»0 (5.1)
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the molar ratio of the La,O3 to NH4X should be 1:2, but 25% excess NH4X was used during
synthesis. Before weighing, the La,O3 was annealed at 800 °C for 4 h in air to make sure it had
not converted to La(OH)s. To synthesize LaOCI, 1.1077 g of La2O3 (99.999%, Sigma Aldrich) and
0.4546 g NH4CI (99.999%, Sigma-Aldrich) were mixed in 10 ml of ethanol, while to synthesize
LaOBr the NH4Cl was replaced by 0.8324 g of NH4Br (99.999%, Sigma-Aldrich). The mixture
was ground thoroughly in an agate mortar with a pestle for 1 h. This mixed powder was transferred
to a porcelain crucible and annealed at a temperature between 700 °C and 1200 °C for 5 h in air.
The activator Bi®* is expected to substitute La®" ions since they have the same valence and similar
ionic radii [18], therefore to dope samples a suitable small quantity of La>Os was replaced by an
equal molar quantity of Bi.O3(99.999%, Sigma Aldrich).

The crystal structures were assessed using X-ray diffraction (XRD) measurements made with a
Bruker D8 Advance diffractometer. To produce the Cu Ka characteristic X-rays used, an electron
beam of current 40 mA was accelerated through 40 kV. The samples were examined using a JEOL
JSM-7800F scanning electron microscope (SEM) and the elemental composition was assessed by
means of its energy dispersive X-ray spectroscopy (EDS) attachment (X-MaxN80 detector) by
Oxford Instruments. Diffuse reflectance spectra were recorded using a Lambda 950 UV-vis
spectrophotometer from PerkinElmer with integrating sphere accessory. The PL properties of the
powders were measured at room temperature using an FS5 spectrometer from Edinburgh
Instruments, while the cathodoluminescence (CL) was measured using a Gatan MonoCL4
accessory fitted to SEM in a vacuum of ~10~° Torr and electron energy of 5 keV. The PL
degradation data were collected with an HR4000CG-UV-NIR CCD spectrometer using
Spectrasuite software while the phosphor powder was excited by a 254 nm emitting fluorescent
tube. The chemical state of the sample surfaces were analysed using X-ray photoelectron
spectroscopy (XPS) before and after degradation using a PH1 5000 Versaprobe system. The spectra
were obtained by using a monochromatic Al Ko X-ray beam (1486.6 eV) generated by a 25 W, 15
kV electron beam. The binding energy scale was shifted so that the C 1s peak of adventitious C
occurred at 284.5 eV to compensate for possible charging. Spectra were deconvoluted and fitted
using MULTIPACK software v.8.2.
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5.3. Results and discussion

5.3.1. Structure, morphology and chemical composition

Figure 5.2 shows XRD patterns of undoped LaOX (X = Cl and Br) powder samples annealed at
various temperatures between 700 and 1200 °C, together with reference data for LaOBr (JCPDS
card no. 471676) and LaOCI (JCPDS card no. 080477) both belonging to the tetragonal PbFCI-
type crystal structure with space group P4/nmm (No. 129). For LaOBr, Figure 5.2(a), annealing
in the lower temperature range from 700 °C up to 900 °C caused the formation of a pure LaOBr
phase, while annealing at 1000 °C and 1100 °C produced some La,O3 and annealing at the highest
temperature used (1200 °C) converted the LaOBr completely to La,O3 (JCPDS no. 050602).
Therefore 900 °C was identified as the optimum temperature for annealing LaOBr samples. For
LaOClI, Figure 5.2(b), annealing at temperatures from 700 °C up to 1100 °C produced the pure
LaOCI phase while annealing at 1200 °C caused the formation of some La>Os. This showed that
the LaOCI is more resistant to high temperature decomposition than LaOBr. The same temperature
chosen to anneal the LaOBr samples (i.e. 900 °C) was also used to anneal the LaOCI samples. The
XRD patterns of undoped and doped LaOX (0.7 mol% Bi) samples annealed at 900 °C are
compared in Figure 5.3. No additional diffraction peaks were detected after doping, indicating that

the Bi®" ions were successfully inserted in the LaOX host structure.
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Figure 5.2: XRD patterns of (a) LaOBr and (b) LaOCI phosphor powders annealed at different

temperatures.
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Figure 5.3: XRD patterns of (a) La1-xOBr:Bix and (b) Lai1xOCI:Bix powders (x = 0 and 0.007)
together with information from JCPDS card #471676 for LaOBr and #080477 for LaOCI.

Figure 5.4 presents the Williamson—Hall plots for the Lai1.xOBr:Bixand Lai1.xOCI:Bix (x = 0 and

0.007) samples. The average crystallite size and microstrain were determined by using the equation
p cosf = I% + 4¢ sinf (5.2)

where £ is the 26 full-width-at-half-maximum (in radians) for the diffraction peak at the angle 6,
K is the shape factor (taken as 0.94), 1 is the X-ray wavelength, D is the crystallite size and ¢ is
the microstrain [15]. The crystallite size of the LaOBr pure host estimated by using the intercept
of the Williamson—Hall linear fit was 31 nm, while for the doped sample (x = 0.007) it was 26 nm.
The plots for the LaOBr pure host and doped samples had slopes representing the microstrains of

1.1+0.3% and 1.2 £ 0.3 %, respectively, so a significant difference could not be determined. For
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the LaOCI pure host the crystallite size was 25 nm and that of the doped sample (x = 0.007) was
24 nm. The plots for the LaOCI pure host and doped samples had slopes of 0.2 £ 0.2 % and 0.3 +
0.2 %, respectively, which are much smaller than for the LaOBr.
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Figure 5.4: Williamson—Hall plots for (a) Lai-xOBr:Bix and (b) LaixOCI:Bix powders (x =0 and
0.007).

Figure 5.5 shows SEM images of La1.xOCI:Bix (left) and La1.xOBr:Bix (right) phosphor powders
annealed at 900 °C for various doping concentrations. The images show that the particles appear
to be randomly oriented flat thin plates, with diameters which are close to 100 nm or larger. This
significantly exceeds to the crystallite size obtained from XRD (~20-30 nm), which suggests that
each particle consists of several grains. The flat growth of the particles may be as a result of the
layered crystal structure (Figure 5.1). It is noted that the crystallites of rare earth oxybromides are
small and very brittle due to the easy cleavage along the ab-plane [19], which suggests that the

thin dimension is perpendicular to the elemental layers in the structure.
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Figure 5.5: SEM images of LaixOCl:Bix (left) and La:xOBr:Bix (right) phosphor powders
annealed at 900 °C: (a, €) x =0, (b, f) x =0.003, (c, g) x =0.007, and (d, h) x = 0.01.
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The EDS spectra of the undoped LaOBr and LaOCI samples (figure 5.6(a, c)) confirmed the
presence of all the expected host elements (La, O, and Br or CI), together with a small quantity of
C that probably originated from the carbon tape that was used to mount the samples. The presence
of Ir is due to coating the samples with this metal to improve conductivity and prevent charging in
the SEM. The EDS spectra from the doped samples (figure 5.6(b, d)) were similar to the host
samples. Although Bi X-rays of energy 2.419 keV may be expected at the energy indicated by the
position of the blue lines in Figure 5.6(b, d), this was not observed in either sample, probably due
to the low Bi concentration in even the sample with maximum doping (x = 0.01) considered in this
study. For the La:1xOCI:Bix the expected Bi peak position also overlaps with the low energy side

of the Cl peak which would make detecting it challenging.
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Figure 5.6: EDS spectra of (a) LaOBrand (b) LaixOBr:Bix=0.01 (C) LaOCI (d) LaixOCl:Bix=0.01
phosphor powders annealed at 900 °C.
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5.3.2. Diffuse reflectance spectra

Diffuse reflectance spectroscopy was used to study the absorption properties of the LaOX (X = Br
and CI) undoped host lattices and the effects of the Bi dopant when inserted in the LaOX host
lattices, as presented in Figure 5.7(a, b). The reflectance spectra of Lai-xOBr:Bix samples (figure
5.7(a)) show two absorption bands, located at around 255 nm and 308 nm. The reflectance spectra
of the La1xOCI:Bix samples (figure 5.7(b)) also presented two absorption bands, centred at around
247 nm and 300 nm. The absorption increases with increasing Bi concentration. Based on PL
excitation spectra to be presented later (figure 5.8), the absorption bands at shorter wavelengths
centred at around 255 nm and 247 nm correspond to the absorption of Bi®* ions, while the longer
wavelength absorption bands at around 308 nm and 300 nm may correspond to Bi-induced defects
or Bi-clusters. To calculate the band gap energy of LaOX host lattices, the Kubelka-Munk function

(1-R)?
2R

F(R) = was applied to convert the undoped host diffuse reflectance spectra to values
proportional to the absorption [20]. For direct band gap materials like LaOBr and LaOCI, a Tauc
plot of [F(R)hv]*/? against hv can be used to calculate the optical band gap energies by fitting
a linear region and extrapolating this to where it cuts the horizontal (energy) axis [21]. Such plots
are presented in Figure 5.7(c, d) for the LaOBr and LaOCI, from which the band gap energies were
estimated to be 5.38 eV and 5.76 eV, respectively. Donghyeon et al. [22] studied the diffuse
reflectance spectra of LaOCI and LaOBr and found the bandgap energies to be 5.53 eV and 5.35
eV, respectively. Shweth et al. [23] calculated the band gap energies of LaOCI and LaOBr to be

5.76 eV and 5.30 eV, respectively, which are in better agreement with our results.

77



1004 100+
— 804 = LaOBr pure host ~ 804 e 1.2a0Cl pure host
< : = La, OCI:Bi
S = La,_ OBr:Bi_g 497 L A, By 007
8 cod e=La, OBr:Bi,_, E 60 La, OCLEBi_,,,
= =
— e
2 3
= 404 = 404
T )
& &
20 204
0 L] L L] L] v L] u L) L] v L] L)
200 300 400 500 600 700 800 200 300 400 500 600 700 800
Wavelength (nm) Wavelength (nm)
3 1.5
(c) LaOBr pure host (d) LaOClI pure host
wn
< 1.04
2
=
—
=
=
va 5.76 eV
& .54
=]
T 3 ¥ T d T T ' T
6 2 3 4 5 6
ho (eV) ho (eV)

Figure 5.7: (a, b) Diffuse reflectance spectra of La;-xOBr:Bix and La1-xOCI:Bix pure hosts and
activated samples. (c, d) A Tauc plot to determine the direct band gap energy for LaOCl and LaOBr

pure hosts.

5.3.3. Photoluminescence

Figure 5.8(a, c) display the PL excitation and emission spectra of LaOCI and LaOBr doped with
different Bi concentrations annealed at 900 °C, while Figure 5.8(b, d) present similar data for
samples annealed at different temperatures for a fixed doping concentration (x = 0.007). The
position of the excitation and emission bands from the Bi* ions depend on the host material. Two
excitation peaks are centred at 235 nm and 266 nm for LaOCI:Bi and at 235 nm and 273 nm for
LaOBr:Bi. Blasse and Bril [11] found similar excitation peaks for LaOCI:Bi and attributed the

lower energy (longer wavelength) excitation peak to 1So — 3Py transitions (A band) of the Bi®*
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dopant ions and the shorter wavelength (higher energy) excitation peak to the 'So — P transitions
(C band). To better understand the origin of such excitation peaks, Wang et al. [24] established an
empirical relationship between the energies of the A band (!So — 3P1) and C band (*So — P1),
namely Ec = 3.236 + 2.290(Ea— 2.972)%8% for values in eV. If the A band excitation transitions
for LaOCI:Bi and LaOBr:Bi occur at 266 nm (4.66 eV) and 273 nm (4.54 eV), then the
corresponding C band energies are predicted at 6.82 eV (182 nm) and 6.60 eV (188 nm),
respectively. These values are far from the observed higher energy excitation peak at 235 nm,
indicating that they do not correspond to the C band transitions.

Alternatively, the metal-to-metal charge transfer (MMCT) energy between the Bi®* ions at the La®*
cations of the host can be estimated using Emmct = 55 000 - 45 500y/d (in cm™) [25], where ¥ is
the electronegativity of the host cations and d is the distance between the Bi** and host cations (in

A), which can be obtained from d = dhost + % (r (Bi*") — r (La3*)) where dnost is the distance between

La%* ions in the host. By using y = 1.3 from previous work [26],  (Bi**) = 1.03 A and r (La3") =
1.032 A [27], as well as draoci = 4.109 A and diaosr = 4.145 A (figure 5.1), the MMCT excitation
for LaOCI:Bi and LaOBr:Bi can be expected at 40 600 cm™ and 40 700 cm™, i.e. with negligible
difference and both corresponding to ~245 nm. The observed higher energy excitation bands both
occur at 235 nm, which are therefore attributed to MMCT transitions rather than to the C band as
in early work [11]. For comparison, in our previous work [26] the MMCT between the Bi®* ions

at the La>" cation of the La»O3 host was established to be 250 nm.

The emission (figure 5.8) consisted of two peaks, a strong one in the UV and a weak band in the
visible range. Since it was not easy to directly judge the positions of the less intense, longer
wavelength peaks accurately, Gaussian fitting (figure 5.9) was used. Fitted peaks were found at
344 nm (3.60 eV) and 450 nm (2.75 eV) for LaOCI:Bi and at 358 nm (3.46 eV) and 450 nm (2.75
eV) for LaOBr:Bi. Here the emission peaks centred at 344 nm and 358 nm were attributed to the
3p; — 1Sy transition of the Bi®* ions in LaOCI and LaOBr. For comparison, La2O3:Bi has a broad
blue emission located at 462 nm which was attributed to the transitions from the 3P; to the 1So level
[26]. Wolfert and Blasse [13, 14] observed two emission peaks in LaOCI:Bi and LaOBr:Bi, one
in the UV region and the second in the visible region. They attributed the first to isolated Bi** ions

and the second to BiOCI-rich or BiOBr-rich phases. Similarly, Van Steensel and Blasse [12]

79



ascribed the low energy peak in LaOCI:Sh** to an antimony-rich oxychloride phase. Therefore the
weak, longer wavelength emission observed in the visible region near 450 nm in this study is

attributed to clustering of Bi ions.

Figure 5.10(a, c) shows the maximum PL intensity of the shorter wavelength UV emission bands
as a function of Bi doping concentration of Lai.xOCI:Bix and La:xOBr:Bix, respectively: the
maximum emission occurs for x = 0.007 for both. The PL intensity decreased above that
concentration, due to concentration quenching. The PL emission intensity as a function of
annealing temperature for La;-xOCI:Bix=0.007 and Lai1-xOBr:Bix=0.007 is shown in Figure 5.10(b, d).
Data for LaOBr:Bi is only given between 700 °C and 900 °C since higher temperature annealing
resulted in the formation of La,Os. Annealing at 900 °C gave the highest intensity while
maintaining the pure phase and is considered optimal. For the La;-xOCl:Bix samples, which were
more resistant to high temperature annealing, the PL emission intensity increased to its maximum

for annealing at 900 °C and decreased gradually for higher temperatures.
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Figure 5.8: (a) Excitation and emission spectra of LaixOCIl:Bix doped with different Bi

concentrations, annealed at 900 °C. (b) Excitation and emission spectra of Lai-xOCI:Bix=0.007

annealed at different temperatures. (c) Excitation and emission spectra of La;-xOBr:Bix doped with

different Bi concentrations, annealed at 900 °C. (d) Excitation and emission spectra of Las.

xOBTr:Bix=0.007 annealed at different temperatures.
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Figure 5.9: Gaussian fitting of the emission bands of (a) Lai-xOCl:Bix=0.007, excited by 4.66 eV

(b) La1xOBr:Bix=0.007, excited by 4.54 eV.
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Figure 5.10: Emission peak intensity as a function of (a) Bi concentration and (b) annealing
temperature of LaOCI:Bi, as well as emission peak intensity as a function of (c) Bi concentration

and (d) annealing temperature of LaOBr:Bi.
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Figure 5.11 compares the intensities of the excitation and emission spectra of Lai-xOCI:Bix=0.007
powder phosphor directly with LaixOBr:Bix=0.007, both annealed at 900 °C. The emission spectrum
of the LaOCI:Bi was stronger and broader than the corresponding emission spectrum of LaOBr:Bi.
The PL emission spectrum of LaOBr:Bi is centred at 358 nm, significantly red-shifted in
comparison to the PL emission of LaOCI:Bi which is centred at 344 nm. The luminescence from
the LaOBr:Bi sample was less intense compared to the LaOCI:Bi sample prepared under the same

conditions with equal doping.
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Figure 5.11: PL excitation and emission spectra of Lai-xOBr:Bix=0007 and Lai-xOCI:Bix=0.007,
annealed at 900 °C.

5.3.4. Cathodoluminescence
Figure 5.12 compares the PL and CL emission spectra of the (a) Lai-xOCI:Bix=0007 and (b) Lai-

xOBTr:Bix=0.007 phosphor powders. The PL emission was excited by 266 nm for La;-xOCI:Bix=0.007
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and 273 nm for La1.xOBr:Bix=0.007, While the CL emission was measured in a vacuum of the order
of 10°— 107® Torr and electron energy of 5 keV. The PL and CL emission spectra have been
normalized because the intensities measured from the two systems cannot be directly compared.
In Figure 5.12(a) the PL emission spectrum of Lai.xOCl:Bix=0.007 IS centred at 344 nm, slightly
blue-shifted in comparison to the CL emission spectrum which is centred at 354 nm. The difference
between CL and PL might be due to the large energy difference of the incident electrons (5 keV)
compared to the excitation photons (4.66 eV) and hence the different mechanisms for the
excitation. In our previous work [28] we also reported a red-shift for CL emission compared to PL
for La,0O3:Bi and La,0>S:Bi. No shift was observed in the position of the peaks between the CL
and PL for the La1xOBr:Bix=0.007 as presented in Figure 5.12(b). A future study carefully examining
the possible small emission shifts of Bi doped compounds for PL and CL may give further insight.
The CL and PL emission spectra of LaOX:Bi (X = Cl and Br) phosphors had approximately the

same broadness.

(a) Lal-\OCl:Bi\=0.007 (b)
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Figure 5.12: Normalized CL and PL emission spectra of (a) Lai-xOCl:Bix=0007 (b) Lai-
XOBr:Bix=0.007-

Figure 5.13 shows the CL emission spectra for (a) LaixOCI:Bix and (b) La:-xOBr:Bix samples for
different doping concentrations. For LaOCI:Bi the CL emission intensity decreased with
increasing Bi concentrations, while the opposite trend occurred for LaOCI. In neither case was the
maximum CL intensity obtained for the same doping concentration which was found to be optimal

for PL emission intensity. This emphasizes that the luminescence properties observed for
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phosphors in PL studies cannot necessarily be expected to also be applicable when excited by other
mechanisms. The different trends observed for the CL emission intensity with Bi doping
concentration was unexpected. Although a simple explanation cannot be offered at this time, it
might be related to the different stabilities of the hosts or Bi diffusion during high energy

excitation.
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Figure 5.13: CL emission spectra of (a) Lai-xOCI:Bix and (b) La:xOBr:Bix, doped with different

Bi concentrations, annealed at 900 °C.

5.3.5. Stability of the phosphors and PL degradation under UV light

Figure 5.14(a, c) compares the XRD patterns of the Lai-xOCl:Bix=0.007 and LaixOBr:Bix=0.007
powder phosphors when freshly prepared and after 8 months of storage exposed to the atmosphere.
The XRD patterns of both compounds changed over time. However, the bromide had a bigger
change compared to the chloride and was therefore less stable. The LaOX (X = Cl and Br) powders
phosphor are therefore unstable when exposed to the atmosphere for several months. It has
previously been reported that LaOBr suffers from poor stability in moist environments [29] and
while it is significantly less stable than LaOCI, the chloride-based host also degrades over time
when stored. The new XRD peaks do not match La>,O3 or La(OH)s and the degradation products
have not been identified. Figure 5.14(b, d) present the corresponding PL emission spectra. It was

observed that the PL emission decreased for both samples after storage, but the effect was much
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stronger in the less stable bromide for which the luminescence intensity decreased to only about

30% of the initial value and shifted slightly to shorter wavelength.
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Figure 5.14: (a, ¢) XRD patterns of freshly prepared LaixOCI:Bix=0.007 and Lai-xOBr:Bix=0.007
powders initially and after 8 months, when exposed to the atmosphere and re-annealed samples.
(b, d) PL emission spectra of freshly prepared Lai1.xOCI:Bix=0.007 and Lai1.-xOBr:Bix=0.007 powders

initially and after 8 months and re-annealed samples.
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When the samples were re-annealed at 900 °C in air for 5 h, the XRD data suggested that the host
structures reverted completely back to LaOCl and LaOBr. While the PL emission intensity for re-
annealed LaOCI:Bi returned to almost its original level, the strong increase in the emission from
re-annealed LaOBr:Bi was insufficient to return it to having emission comparable to a fresh
sample. This may be due to some residual defects which act as quenching sites remain despite the
phase purity suggested by the XRD results. Alternatively, this may be caused by segregation of Bi
ions to non-luminescent metallic Bi nanoparticles during annealing and therefore a decrease in the

Bi®* concentration.
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Figure 5.15: PL degradation curves of LaixOCI:Bix=0.007 and Lai-xOBr:Bix=0.007 exposed to 254

nm UV radiation at room temperature.

Long term storage therefore established that the LaOCI:Bi was not completely stable, while the
LaOBr:Bi was significantly unstable. To further investigate the stability of the phosphors, their
degradation under a 254 nm UV light which could simultaneously serve as a PL excitation source
was tested. Figure 5.15 presents the degradation curves of the PL emission peak intensities for Las-
xOCl:Bix=0.007 and Lai1xOBr:Bix=0.007 at room temperature for 48 h. To ensure that possible long
term changes in the excitation lamp intensity did not affect the results, the reflected signal was also
monitored and used for reference. For La1-xOCl:Bix=0.007, the PL intensity was fairly constant, while
in the case of La1xOBr:Bix=0.007 the PL intensity continuously decreased. This shows that exposure
to UV light significantly accelerated the degradation of the bromide host. XPS was used to
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compare the surface chemical states of samples having undergone UV light exposure with un-
exposed samples. The binding energy of the small C 1s peak attributed to surface hydrocarbons on

the surface [30] is not shown, but was universally adjusted to 284.5 eV to compensate for charging.

Un-degraded LaOCI:Bi Degraded LaOCI:Bi
(a) Ols (e)
) )
- ‘E
5 S
2 =
5 g
i
& £
£ =
g g
8 2
= =
540 538 536 534 532 530 528 526 524 522 540 538 536 534 532 530 528 526 524 522
Binding Energy (eV) Binding Energy (eV)
(b) Cl2p [11) Cl2p
_ -
£ z
= 5
- =]
£ =
= Cl2py, La 4p,, = Cl2py, La dps,
& &
g E
z satellite peak F] satellite peak
] 2
= =
‘ .
208 206 204 202 200 198 196 194 192 190 188 208 206 204 202 200 198 196 194 192 190 158
Binding Energy (eV) Binding Energy (eV)
() (3] . Bidf
b= =
S 5
£ £
8 3
& Z
= ‘®
g g
2 2
= =
172 170 168 166 164 162 160 158 156 154 152 172 170 168 166 164 162 160 158 156 154 152
Binding Energy (eV) Binding Energy (eV)
(d) 3dy La3d (h) 3d;, La3d
—_ 3d5!2 —_
@ @
- =
= =
- =
< £ v
o =
< I
Z z
= =
= =
@ <
2 2
= =
- =
865 860 855 850 845 840 835 830 825 865 860 855 850 845 840 835 830 825
Binding Energy (eV) Binding Energy (eV)
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1s (b) CI 2p (c) Bi 4f (d) La 3d, with corresponding data for a degraded sample (e to h).
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Figure 5.16(a, €) display the O 1s high-resolution XPS spectra for the un-exposed and exposed
La:1-xOCl:Bix=0.007, respectively. Both spectra can be deconvoluted into two peaks, located at 529.1
for O in LaOCI and at 531.7 eV for O associated with hydroxyl (OH) groups [31]. The relative
intensity of the second peak was greater for the UV-exposed sample (figure 5.16(e)), which
indicates that the exposure of the sample to the 254 nm UV radiation increased the proportion of
hydroxide and full-width-at-half-maximum (FWHM) of the peaks in the sample, even though the
intensity of the PL emission was not reduced. The CI 2p region shown in Figure 5.16(b, f) can be
deconvoluted into two peaks located at 198.6 eV and 200.2 eV which were attributed to spin-orbit
splitting into the 2pa;2 and 2p1» peaks, respectively [32]. The binding energy ranges for Cl 2p and
La 4ps2 peaks overlap, therefore two additional peaks were also fitted in the Cl 2p binding energy
range which corresponded to the La 4ps peak at 195.1 eV and a satellite peak at 196.5 eV [30].
Please note that the 4p12 La peak (213 eV) is outside the measured range and not shown. However,
the FWHM of the peaks has increased for the sample exposed to the UV radiation. Despite the low
Bi doping concentration (x = 0.007), XPS data for the Bi 4f peak was clear and is shown in Figure
5.16(c, g). Each spectrum consists of two pairs of spin-orbit split peaks having a separation of 5.3
eV, with the lower binding energy (4f72) components at 156.8 eV and 158.9 eV. The lower binding
energy corresponds to Bi® atoms, while the higher binding energy corresponds to Bi®* ions which
are expected to substitute La®* ions in the host. The presence of the Bi® (metallic) was the result of
Bi®* segregation on the surface of the sample and its reduction to Bi° [33]. The FWHM of peaks
has increased and the intensity of the peaks corresponding to Bi® atoms was less for the UV-
exposed sample. The XPS spectrum of the La 3d binding energy region shown in Figure 5.16(d,
h) is complex due to a variety of fitting challenges discussed in our previous work on La;Osz [17].
For the purpose of comparison here, we made a simple fit with Shirley background and two pairs
of spin-orbit split peaks, having 3ds, components at 834.1 eV for the main peak and 838.4 eV for
the satellite peak [34], while the 3ds> components are located at 16.8 eV higher energies. The
FWHM of peaks has increased for the UV-exposed sample.
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Figure 5.17: High resolution XPS peaks deconvolution of La;-xOBr:Bix=0.007 (a) O 1s (b) Br 3d (c)
Bi 4f (d) La 3d for un-degraded. Similar peaks are presented from (e to h) for LaixOBr:Bix=0.007
degraded sample.
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Figure 5.17(a, e) show O 1s high-resolution XPS spectra for the un-exposed and exposed Laj-
xOBr:Bix=0.007, respectively. The origin of the peaks is similar to that in LaOCI:Bi. The relative
intensity of the second peak was greater for the UV-exposed sample (figure 5.17(e)), which
indicates that the exposure of the sample to the 254 nm UV radiation increased the proportion of
hydroxide as well as the FWHM of the peaks in the sample. The Br 3d region presented in Figure
5.17(b, f) can be deconvoluted into two main peaks centred at 68.9 eV and 70.0 eV which were
attributed to the spin orbit splitting into the 3ds;2and 3ds/2 peaks, respectively [32, 35]. The FWHM
of the peaks has increased for the sample exposed to the UV radiation. The Bi 4f region is presented
in Figure 5.17(c, g) and the spectra consist of two pairs of spin-orbit split peaks having separation
of 5.3 eV, with the lower binding energy (4f7,2) components at 156.8 eV and 159.1 eV. The origin
of the peaks is similar to that in LaOCI:Bi, although the intensity is low as apparent from the poor
signal-to-noise ratio and showing that the concentration of Bi on the surface is lower compared to
the case of LaOCI:Bi. The presence of the Bi® (metallic) was the result of Bi®* segregation on the
surface of the sample and its reduction to Bi° [33]. The intensity of the peaks has slightly decreased
for the UV-exposed sample. For the La 3d region shown in Figure 5.17(d, h) the spectra can be
deconvoluted into two pairs of spin-orbit split peaks having a separation of 16.8 eV, the 3ds
components at 834.2 eV for the main peak and 838.5 eV for the satellite peak. The origin of the
peaks is similar to that in LaOCI:Bi. Although the UV-exposed samples show some small
differences compared to the un-exposed samples, e.g. an increase in the O peak related to
hydroxide and a slight broadening of the anion peaks which may be due to a greater disorder, these
changes are similar for both LaOCI:Br and LaOBr:Bi and therefore do not provide a clear picture
explaining why the LaOBr:Bi exhibits degradation while the LaOCI:Bi does not under UV
radiation. This suggests that changes may occur in the bulk and may possibly be related to the
creation of point defects which act as non-radiative recombination centres in the LaOBr:Bi which

has a lower bandgap.

5.4. Conclusion
Bi doped LaOCI and LaOBr were successfully synthesized by the solid state reaction method.

XRD data confirmed that both LaOCI and LaOBr phases belong to the tetragonal crystal structure.
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SEM images showed that the particles were aggregated and had irregular plate-like shapes. The
reflectance spectra showed two absorption bands, located at 255 nm and 308 nm for LaOBr:Bi and
247 nm and 300 nm for LaOCI:Bi. The absorption bands at shorter wavelengths centred at around
255 nm and 247 nm correspond to the 'Sy — 3P1 absorption of Bi** ions, while the longer
wavelength absorption bands at around 308 nm and 300 nm may result from Bi-induced defects
or Bi-clusters. The band gap energies were estimated to be 5.38 eV for LaOBr and 5.76 eV for
LaOCIl. The ultraviolet emission peaks were assigned to the *P; — Sp transition of the Bi** ions,
while additional relatively weak emissions in the visible range were attributed to Bi clustering.
The PL emission intensity of LaOCI:Bi was about double that of LaOBr:Bi powder phosphor.
LaOCI:Bi was found to be slightly unstable when exposed to the atmosphere for several months,
while LaOBr:Bi was significantly less stable. The long term degradation was accompanied by a
change in XRD patterns. The LaOBr:Bi phosphor was also found to degrade rapidly under 254 nm
ultraviolet excitation, while LaOCI:Bi did not degrade under the same conditions. XPS data of the
UV-exposed LaOCI:Bi and LaOBr:Bi showed an increase in the concentration of hydroxide on the
surface of both the samples and broadening of the peaks associated with the anions. Since only the
luminescence of the LaOBr:Bi degraded during UV-exposure, while the LaOCI:Bi did not, the
similar changes in XPS results for both samples may indicate that the degradation is not due to a
surface reaction, but may be due to non-radiative defects forming more easily in the bulk of LaOBr

which has a smaller bandgap than LaOCI.
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Chapter six
Luminescence properties of Bi doped LaOF phosphor powder

6.1. Introduction

The luminescence characteristics of Bi** ions have been studied in many different host lattices [1]
and exhibited wonderful optical characteristics because of their strong interaction with the
surrounding host lattice [2]. Bi** ions have 'S ground state in the 6s? configuration and four
excited energy levels in the 6s'6p! configuration, namely a triplet 3Po, 3P1, 3P, and a singlet P;.
The transitions from 1Sy — 3P and So — 3P, are forbidden, while the transition from Sg — !P; is
allowed. The transition from 1S, to 3P1 becomes allowed due to mixing of the P; and 3P; levels by
spin orbit coupling [1]. Phosphor materials activated with Bi®* ions generally emit in the near-
ultraviolet or blue regions, so hosts such as lanthanum oxyfluoride (LaOF) that are conducive to

Bi®* emission at longer wavelengths are less common and therefore of particular interest.

LaOF has potential as a phosphor host material because of its high chemical stability, low phonon
energy, high refractive index and high transparency in the near infrared, visible and ultraviolet
regions [3]. LaOF has been synthesized by different techniques such as the thermal decomposition
of lanthanum (111) carbonate fluoride (LaFCOs3) in air [4], the solid-state reactions between
ammonium fluoride (NH4F) and lanthanum oxide (La203) or lanthanum(lll) fluoride (LaFs) and
La2O3 [5, 6], ball milling and the calcination of a mixture of polytetrafluoroethylene and
La20s [7], annealing of LaFz in air [8], the sol-gel method [9] and the decomposition of lanthanum

(1) trifluoroacetate in boiling oleylamine [10].
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Figure 6.1: The unit cells of LaOF. (a) Tetragonal crystal structure (COD number: 7037053) and
(b) Rhombohedral crystal structure (COD number: 9009071).

LaOF has various stoichiometries and structures [11, 12]. At high temperatures LaOF has a cubic
fluorite-type structure, while at room temperatures LaOF has either a rhombohedral or tetragonal
crystal structure [13] depending on the chemical composition and/or anion ordering. If the
fluorine ratio relative to oxygen is excessive in the compound, the ordering occurs along the [001]
direction resulting in a tetragonal distortion, but if the compound contains excess oxygen the
ordering occurs along the [111] direction resulting in a rhombohedral lattice [14]. Both tetragonal
and a rhombohedral crystal structures were modelled with Vesta software [15] using the CIF files
obtained from the Crystallography Open Database (COD) [16]. In the tetragonal crystal structure
the space group is P4/nmm (no. 129) and its structure is shown in figure 6.1(a). Each La%" ion
with Cay site symmetry and is coordinated with four oxygen ions (La-O) with the same bond
length and four fluoride ions (La-F) having the same bond lengths [17, 18]. This structure is
different to the other lanthanum oxyhalides LaOX (X = Cl, Br). Although the structures have the
same space group, the F~ ions are smaller than the CI" or Br™ ions and do not form double layers
and the orientation of the La-X bonds relative to the La-O bonds when viewed along the Z axis
is rotated 45 degrees. In the rhombohedral crystal structure, shown in Figure 6.1(b), the space
group is R3m (no. 166). Each La* ion has Cs, symmetry and is coordinated with four oxygen
ions and four fluorine ions [9, 17], with one of each type of anion lying along the three-fold

rotation axis.
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LaOF has been used as phosphor host doped with Er®* and Yb?* [18], as well as Bi** and Eu®*
[19]. In this work the photoluminescence (PL) excitation and emission spectra of LaOF:Bi®*
phosphor powders prepared by the solid state reaction method were investigated and discussed.
The PL intensity was optimized by varying the Bi doping concentration and the annealing
temperature. The stability of the optimized LaOF:Bi*" phosphor when exposed to UV radiation

was also assessed.

6.2. Experimental
Powder samples of lanthanum oxyfluoride (LaOF) were synthesized using the solid-state reaction

method. According to the reaction

LaxO3 + 2NH4F — 2LaOF + 2NH3 + H20 (6.1)

the molar ratio of the La,O3 to NH4F should be 1:2, but 25% excess of ammonium fluoride was
used during synthesis. Before weighing, the La>O3 was annealed at 800 °C for 4 h in air to make
sure it had not converted to La(OH)s. To synthesize LaOF, 1.3032 g of La>Oz (99.999%, Sigma
Aldrich) and 0.3704 g NH4F (99.999%, Sigma-Aldrich) were mixed in 10 ml of ethanol. The
mixture was ground thoroughly in an agate mortar with a pestle for 1 h. This mixed powder was
transferred to a porcelain crucible and annealed at a temperature between 700 °C and 1100 °C for
5 h in air. The Bi dopant is expected to substitute La®* ions since they have the same valence and
similar ionic radii [20], therefore to dope samples a suitable small quantity of La>Os was replaced
by an equal molar quantity of Bi2O3(99.999%, Sigma Aldrich).

The crystal structures were assessed using X-ray diffraction (XRD) measurements made with a
Bruker D8 Advance diffractometer with Cu Ko, X-rays created by an electron beam of current 40
mA accelerated through 40 kV. The samples were examined using a JEOL JSM-7800F scanning
electron microscope (SEM) and the elemental composition was assessed by means of energy
dispersive X-ray spectroscopy (EDS) with an Oxford Instruments X-MaxN80 detector. The

photoluminescence (PL) properties of the powders were measured at room temperature using an
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FS5 spectrometer from Edinburgh Instruments. The International Commission for Illumination
(CIE) coordinates of the emitted light was calculated using the GoCIE software [21]. The PL
degradation data were collected with an HR4000CG-UV-NIR CCD spectrometer using
Spectrasuite software while the phosphor powder was excited by a 254 nm emitting fluorescent
tube. The chemical state of the sample surfaces were analysed using X-ray photoelectron
spectroscopy (XPS) before and after degradation using a PHI 5000 Versaprobe system. The spectra
were obtained by using a monochromatic Al Ka X-ray beam (1486.6 eV) generated by a 25 W, 15
kV electron beam. The binding energy scale was shifted so that the C 1s peak of adventitious C
occurred at 284.5 eV to compensate for possible charging. Spectra were deconvoluted and fitted
using MULTIPAK software v.8.2.

6.3. Results and discussion

6.3.1. Structure, morphology and chemical composition analysis

Figure 6.2(a) presents XRD patterns of undoped LaOF powder samples annealed at different
temperatures between 700 and 1100 °C, together with reference data for different phases of LaOF
(JCPDS cards no. 0050470 and no. 0060281). Annealing in the lower temperature range from 700
°C up to 1000 °C caused the formation of a pure tetragonal LaOF phase, while annealing at the
highest temperature used (1100 °C) produced two XRD diffraction peaks, 006 and 018, which are
characteristic of the rhombohedral structure. The tetragonal phase is more likely with excess
fluorine and the rhombohedral phase with excess oxygen [13, 14]. Since the samples were
synthesized with excess fluorine the tetragonal phase may be expected, while the conversion to the
rhombohedral phase for high temperature annealing in air shows the loss of fluorine and its
replacement by excess oxygen under such conditions. The annealing temperature of 1000 °C was
identified as the optimum temperature for annealing the LaOF samples based on later PL

measurements.
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Figure 6.2: XRD patterns of LaOF phosphor powders (a) annealed at different temperatures (b)
doped with different Bi concentrations and annealed at 1000 °C, together with information from
JCPDS cards no. 0050470 and 0060281.

Table 6.1: Crystallite sizes calculated from the Scherrer equation.

Bi concentration (x) Crystallite size (nm)

0 60
0.001 62
0.003 64
0.005 62
0.007 62
0.009 63
0.01 64

Figure 6.2(b) shows the XRD patterns of La;-xOF:Bix (x = 0, 0.001, 0.003, 0.005, 0.007, 0.009
and 0.01) phosphor powder samples annealed at 1000 °C. The addition of Bi did not result in a
change of the tetragonal LaOF phase. The crystallite size D was determined from the full-width
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LcosO

at half-maximum £ of the main 101 diffraction peak using the Scherrer formula [22], D =

where 1 is the X-ray wavelength and # is the Bragg angle. The other diffraction peaks are
overlapping double peaks, so it is hard to determine their broadening and hence they are not
suitable for analysis using the Scherrer equation. The results are summarized in Table 6.1 and
show that the doping had little influence of the crystallite size of the pure host (~60 nm).

Figure 6.3 shows SEM images of the LaixOF:Bix phosphor powders doped with various Bi
concentrations, annealed at 1000 °C. The images show that the shape of the particles of the LaOF
pure host is similar to the doped samples, which means that the addition of the Bi did not affect
the morphology of the particles. The EDS spectrum of the LaOF pure host sample confirmed the
presence of all the host elements (La, O, and F) as expected, together with a small quantity of C
that probably originated from the carbon tape that was used to mount the samples and adventitious
C due to the atmosphere and handling. The presence of Ir is due to coating the samples with this
metal to improve conductivity and prevent charging in the SEM. The EDS spectrum of the sample
doped with high Bi concentration (x = 0.01) is similar to the LaOF pure host sample except for the
additional very small peak near 2.5 keV attributed to the Bi dopant. No other elements were

detected in the samples, indicating that the La:«OF:Bix phosphors were pure.
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Figure 6.3: SEM images (left) and EDS spectra (right) for LaixOF:Bix phosphor powders
annealed at 1000 °C (a, e) x =0, (b, f) x =0.003, (c, g) x = 0.005 and (d, h) x = 0.01.

Figure 6.4 shows the EDS spectra of the Lai-xOF:Bix=0.00s phosphor powders annealed at various
temperatures, with quantification of the host elements shown as insets. Figure 6.4(f) illustrates
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that the ratio of the fluorine decreased with increasing annealing temperatures, while the ratio of
oxygen increased. This explains why the tetragonal structure converted to the rhombohedral

structure when the annealing temperature was very high (i.e. 1100 °C).
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Figure 6.4: EDS spectra of Lai1xOF:Bix=0.00s phosphor powders annealed at various temperatures
(a) 700 °C, (b) 800 °C, (c) 900 °C, (d) 1000 °C, and (e) 1100 °C. (f) Atomic % of O and F as a
function of annealing temperature.
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6.3.2. Diffuse reflectance spectra

The absorption properties of the LaOF pure host material and the effects of the Bi dopant when
inserted in the host lattice were studied by using diffuse reflectance spectroscopy, as shown in
figure 6.5. The reflectance spectrum of Lai.xOF:Bix=0.005s Sample annealed at 1000 °C (blue line)
shows two absorption bands, located at around 245 nm and 290 nm. The absorption band at the
shorter wavelength (245 nm) is attributed to the absorption of Bi®* ions, while the absorption band
at the longer wavelength at around 290 nm may correspond to Bi-induced defects or Bi-clusters.
The pure host shows high reflectance over the entire measured range, with only weak absorption
below 350 nm which is not strong enough to correspond to band-to-band host absorption, but may
be from defects or impurities. This implies that the band gap is large, greater than the upper limit
for our instrument capable of measuring to 200 nm (~6.2 eV). Suresh et al. [23] studied the diffuse
reflectance spectra of LaOF:Sm>" and found the band gap energy of a LaOF pure host to be 4.08
eV. Xiangyu Yan et al. [24] determined the band gap energy of LaOF to be 5.56 eV. These other
researchers who obtained lower band gaps may have interpreted defect or impurity absorption as
host absorption or the differences in band gap values may be due to the different preparation

methods which influence the particle size, morphology and defects.
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Figure 6.5: Diffuse reflectance spectra of LaOF pure host and La1-xOF:Bix=0.005 annealed at 1000
°C and 1100 °C, respectively.
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The reflectance of La1.xOF:Bix=0.005 annealed at 1100 °C (red line) is also shown in figure 6.5 and
differs greatly from the sample annealed at 1000 °C, having much broader absorption starting
already in the visible range and extending through the UV. This difference is attributed to the phase
change of the LaOF host when annealed at 1100 °C, which also results in quenching of the

luminescence to be presented next.

6.3.3. Photoluminescence analysis
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Figure 6.6: (a) Excitation and emission spectra of Lai;-xOF:Bix doped with various Bi
concentrations, annealed at 1000 °C. (b) Emission peak intensity as a function of Bi concentration.
The inset shows the CIE diagram with colour coordinates of the sample x = 0.005. (c) Excitation
and emission spectra of Lai.xOF:Bix=0.005 annealed at various temperatures. (d) Emission peak

intensity as a function of the annealing temperature.
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Figure 6.6(a) presents the PL excitation and emission spectra of La:-xOF:Bix doped with various

Bi concentrations annealed at 1000 °C. A broad white emission band centred at 518 nm was

observed when excited at 263 nm. The excitation and emission were attributed to the 'So <> 3Py

transition of Bi*" ions, matching the assignment of Yang and Park [19] who studied the PL of
Lao.9900.65F1.7:Bi. Figure 6.6(b) shows the PL emission intensity as a function of Bi doping
concentration, with the maximum occurring for x = 0.005. The luminescence intensity decreased
at higher concentrations due to concentration quenching. The quenching occurs because of
migration of energy between the activators and may occur for low dopant fractions from 0.001 to
0.01 [25] due to strong interaction between the Bi®* ions. The inset shows the chromaticity
coordinates X = 0.30 and Y = 0.38 of the La1.xOF:Bix=0.005 powder phosphor determined using the
GoCIE software [21].

Figure 6.6(c) shows the PL spectra for samples annealed at different temperatures, while Figure
6.6(d) shows the emission peak intensity as a function of the annealing temperature. The
luminescence intensity increased with increasing annealing temperature up to 1000 °C, while the
luminescence of the sample annealed at 1100 °C was negligible in comparison. Annealing at 1100
°C produced the rhombohedral phase of LaOF rather than the tetragonal phase obtained at lower

temperatures, so the effect is clearly associated with the host crystal phase.

Although there is no obvious reason why the rhombohedral phase should not be conducive to
efficient luminescence of Bi®* ions, it is possible that defects in the F-deficient rnombohedral phase
act as non-radiative recombination centres. To further explore the reason for the quenching of
luminescence after annealing above 1000 °C, XPS measurements of the host samples annealed at
1000 °C and 1100 °C were compared.

Figure 6.7 presents the high resolution XPS spectra of the La 3d, O 1s and F 1s binding energy
regions of the undoped LaOF host material after sputter cleaning. The La 3d binding energy region
contains two pairs of spin-orbit split peaks, having their lower binding energy 3ds>, components
near 834 eV for the main peak and 838 eV for a satellite peak [26]. The F 1s spectrum exhibited a
single peak near 685 eV [27], while the O 1s spectrum near 530 eV is more complex. The main O
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1s peak due to the lattice oxygen of LaOF has additional bands on the higher binding energy side

related to defects and contamination that result in the broad asymmetrical structure. Fitting and

deconvolution of these spectra were not performed because they did not show strong differences

despite the change in crystal phase as revealed by XRD. Note that more details and deconvolution

of the components of the O 1s peak will be discussed later in Figure 6.12 in the context of the

degraded samples.
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Figure 6.7: XPS spectra for LaOF host annealed at 1000 °C in the binding energy regions of (a)
La 3d, (b) O 1s (c) F 1s. Similar spectra are shown in (d, e, f) for the LaOF host annealed at 1100

°C.
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Figure 6.8 shows the XPS high-resolution spectra of the Bi 4f binding energy region for the doped
La:-xOF:Bix samples annealed at 1000 °C and 1100 °C. The data corresponds to two different
doping concentrations (x = 0.005 and x = 0.01) and spectra are given both before (red line) and
after (blue line) sputter cleaning the surface. Note that the vertical scale of each part is different
and, for the weakest signal in Figure 6.8(a) before sputtering, the additional peak near 169 eV is
due to a small amount of sulphate (S) contamination [28]. Predictably, the Bi signal from the
samples with higher doping concentration (x = 0.01) is much stronger. However, it should be noted
that for the lower doped sample (x = 0.005) the Bi signal is significantly higher for the sample
annealed at 1100 °C than 1000 °C, even after it is reduced by sputter cleaning.

Z @ 2O
5 =
£ £
g g
= =
— —
175 170 165 160 155 150 175 170 165 160 155 150
Bind]ng Energy (eV) Binding Energy (eV)
zl A ECY
£ =
= -
. =
z £
- - w
g 5
= =
—
175 170 165 160 155 150 175 170 165 160 155 150
Binding Energy (eV) Binding Energy (eV)

Figure 6.8: High-resolution XPS spectra of Bi 4f in La1.xOF:Bix annealed at 1000 °C with (a) x=
0.005 and (b) x = 0.01. Similar spectra are shown in (c, d) for samples annealed at 1100 °C. The

red and blue lines are data before and after sputter cleaning the surface, respectively.

Each Bi spectrum consists of two spin-orbit pairs having separation of 5.3 eV, with the lower 4f7»
binding energy components near 156.7 eV and 158.6 eV. The smaller of these two binding energies
corresponds to metallic Bi, which is the result of Bi** segregation to the surface of the sample and
its reduction to Bi° [29]. The higher binding energy corresponds to Bi®* ions substituting La* ions
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in the LaOF host, although Bi2O3 due to oxidation of metallic Bi on the surface is also likely to
contribute. The XPS results reveal much enhanced Bi segregation to the surface at the higher
annealing temperature, with stronger signals and improved signal-to-noise ratio. Jafer et al. [30]
studied the effect of heating temperature on YOz doped Bi phosphor powders and attributed the
increase of the XPS peak counts of the Bi 4f peak to the segregation effects of the dopant to the
particle surface. This segregation may be further enhanced due to the instability related to the phase
change from the tetragonal to the rhombohedral structure. The dramatic decrease in the
luminescence of the sample annealed at 1100° is therefore attributed primarily to a significant
reduction in the Bi** ion concentration in the bulk material due to its segregation to the surface,

where it can exist as metallic Bi or oxidize to form Bi,Os.

6.3.4. Stability of LaOF:Biand PL degradation under UV irradiation
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Figure 6.9: (a) XRD patterns of freshly prepared LaixOF:Bix=0.005 powders initially and after 6
months, when exposed to the atmosphere. (b) PL emission spectra of La:.xOF:Bix=0.005 excited at

263 nm exposed to the atmosphere for 6 months.

Figure 6.9(a) shows the XRD patterns of the freshly prepared Lai-«OF:Bix=0.005 phosphor powder
and after 6 months of storage exposed to the atmosphere. The XRD patterns of the phosphor did
not change over this time. Figure 6.9(b) shows that the PL emission spectra for the samples after

storage are similar to the freshly prepared sample. This shows that the chemical structure and
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optical properties of the Lai.xOF:Bix=0.005 phosphor powder were stable when exposed to the
atmosphere for several months. For comparison, the LaOX (X = ClI, Br) doped Bi were found to

be unstable when stored for several months.

Figure 6.10 illustrates degradation of the PL emission intensity of the Lai.-xOF:Bix=0.005 powder
sample over time when exposed to a 254 nm UV source (which also served as the PL excitation
source). The emission decreased slowly but continuously when the sample was exposed to the UV
light at room temperature for ~42 h. XPS measurements were made to investigate the degradation
and Figure 6.11 compares the XPS high resolution spectra of samples before (left) and after (right)
exposure to the 254 nm excitation source for ~42 h, for different binding energy regions associated
with the C 1s (contamination), La 3d, O 1s, F 1s and Bi 4f electrons. Spectra measured before (red)
and after (blue) sputter cleaning are presented. As expected, the main C 1s peak, attributed to
hydrocarbons on the surface [31], decreased substantially after the sputter cleaning. The small C
peak located at around 290 eV is due to the C in carbonates [32]. The XPS spectra of the La 3d
shown in Figure 6.11(b and g) and the F 1s spectrum shown in Figure 6.11(c, h) are similar to what
was already discussed in Figure 7 and are enhanced after sputter cleaning due to the removal over

surface contamination to which the XPS technique is very sensitive.

N

PL intensity (arb. units)
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Figure 6.10: PL degradation curve of LaixOF:Bix=0.005 €xposed to 254 nm UV radiation at room

temperature.
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Figure 6.11: XPS spectra for un-degraded LaixOF:Bix=0.005 in the binding energy regions of (a) C
1s, (b) La 3d, (c) O 1s (d) F 1s, (e) Bi 4f, with corresponding spectra for the degraded sample (f to

J). The red and blue curves are the measurements before and after sputter cleaning, respectively.
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Figure 6.11(c, h) show the O 1s XPS high-resolution spectra for the original and degraded La;-
xOF:Bix=0.005, respectively. Deconvolution of the O 1s spectra into the different peaks for the
sputter cleaned sample is shown in Figure 6.12(a, c), which are composed of three peaks. The peak
centred at 528.8 eV is related to crystal lattice oxygen in the LaOF network, while the peak at
530.5 eV is due to O atoms in the vicinity of O vacancies in the structure [28, 33]. The third peak
located at 531.9 eV can be ascribed to hydroxyl (OH) or carbonate groups [24, 27] which is due

to contamination.
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Figure 6.12: Deconvolution of the XPS spectra of Lai-xOF:Bix=0.005 in the binding energy regions
of (a) O 1s (b) Bi 4f. Similar spectra are shown in (c, d) for the degraded sample.

Despite the low Bi doping concentration (x = 0.005), the XPS peaks in the spectra for the Bi 4f
binding energy region are clear in Figure 6.11(e, j). They consist of two pairs of spin-orbit split
peaks which have been interpreted earlier with reference to Figure 6.8. Each Bi spectrum consists
of two spin-orbit pairs having separation of 5.3 eV, with the lower 4f7,> binding energy components
near 156.7 eV and 158.6 eV. As pointed out earlier, the smaller of these two binding energies
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corresponds to metallic Bi, which is the result of Bi** segregation to the surface of the sample and
its reduction to Bi° [29]. The higher binding energy corresponds to Bi®* ions substituting La* ions
in the LaOF host, although Bi,O3 due to oxidation of metallic Bi on the surface is also likely to
contribute. The additional peak at ~169 eV is due to S which can be ascribed to sulphate [28]
contamination from the environment and these peaks were effectively eliminated by sputter
cleaning. The sputter cleaning also affected the intensity of the Bi peaks, although the general form
was not drastically altered as was the case in Figure 6.8. Deconvolution of the Bi 4f spectra into
the different peaks for the sputter cleaned sample is shown in Figure 6.12(b, d). It is observed that
the XPS intensity of the Bi 4f peak for the degraded sample has increased, due to the Bi®*
segregation on the surface of the sample as a result of UV radiation. The relative size of the higher
binding energy Bi** component for the degraded sample increased and is dominant, indicating that
after Bi segregated to the surface it probably oxidized to form Bi2Oa.

6.4. Conclusion

Lanthanum oxyfluoride doped Bi was successfully prepared via the solid-state reaction synthesis.
The XRD patterns revealed that the phosphor powder crystallized in tetragonal and rhombohedral
structures depending on the annealing temperature. The SEM images showed that the shape of the
particles of the LaOF pure host is similar to the doped samples. The EDS spectra confirm that the
ratios of the oxygen and fluorine changed by changing the annealing temperatures. A broad white

emission centred at 518 nm was observed when excited at 263 nm, which was attributed to the
3P1—!So transition of the Bi** ions. The emission intensity was measured as a function of Bi doping

concentration, with the maximum occurring for x = 0.005. The LaOF:B1 phosphor powder was
found to be degraded under 254 nm ultraviolet excitation, while it was found stable when exposed
to the atmosphere for several months. XPS data confirmed that the annealing at 1100 °C and
exposure of the sample to UV radiation result in segregation of the Bi®* on the surface of the

sample.
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Chapter seven

Bi doped LaOCI and LaOF thin films grown by pulsed laser deposition

7.1. Introduction

The activated lanthanide oxyhalides (LnOX: Ln = La, Y, Gd and X = ClI, F, Br) are of interest
because of their use as X-ray intensifying phosphors and they also have potential applications in
fluoroscopic screens, cathode ray tubes and lamps. In particular, lanthanum oxyhalides (LaOX)
have found much interest from researchers because of their excellent and unique magnetic, optical,
electrical and luminescent characteristics [1, 2]. Phosphor powders of LaOCIl and LaOF doped
with Bi have shown potential as stable phosphor materials. Although both these compounds have
the same tetragonal PbFCI-type crystal structure with space group P4/nmm (No. 129) [3, 4], Figure
7. 1 shows that the environment of the La®* ion is different despite the same Cay Site symmetry in
both cases. In LaOClI there is a Cl" ion directly below each La®* ion along the direction of the four-

fold rotation axis and the CI™ anions form double layers, whereas in LaOF the F ions are relatively

rotated so as to be directly below the O% ions and form only single layers.

Figure 7.1: The unit cell of (a) LaOCl and (b) LaOF modelled with Vesta software [5] using CIF
files obtained from the Crystallography Open Database [6], number 1539093 for LaOCI and
number 7037053 for LaOF.
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The luminescence properties of Bi** ions in a variety of host materials have been investigated
widely [7]. The ground state of the Bi** ion is 1So, while the excited configuration consists of four
energy levels, namely 3P, ®P1, 3P2 and 'P1. The optical transition from Soto Py (C-band) is a spin
allowed transition. The transition from 1So to ®P1 (A-band) is allowed because of the mixing of the
P, and 3P; levels by spin-orbit coupling. The transition from So to P, (B-band) is forbidden, but
can be possible by coupling with unsymmetrical lattice vibrational modes. The transition from Sg
to 3Pg is strongly forbidden [8]. Bi®* ions substitute La®" ions in doped samples (due to their similar
ionic radii and equal valence) and the difference in environment has a strong effect on the Bi®*
luminescence. While LaOCI:Bi powder emits in the ultraviolet, the emission of LaOF:Bi powder

is strongly red-shifted into the visible range with much greater Stokes shift.

Thin film phosphors have significant advantages compared to common powder forms, e.g.
relatively large thermal stability, structural density, better coherence with the basic substrates and
effective thermal dissipation for high energy operation [9]. Pulsed laser deposition (PLD) has been
commonly used for the preparation of thin films of various metal oxides, complex metal oxides,
insulators, semiconductors, polymer and biological materials, borides, carbides and nitrides [10].
PLD is a relatively new technique for depositing thin films using high energy laser pulses to
evaporate the surface of the material target inside a vacuum chamber and condensing the vapour
on the surface of a substrate to create a thin film layer with a thickness of up to a few micrometres
[11]. The PLD technique has a high ability to control the formation of thin films, morphology,
composition and growth process by varying the partial pressure of a gas in the deposition chamber
and selecting the substrate temperature [12]. Thin films of LaOCI formed by evaporation of LaBs
on NaCl [13] and sol-gel LaOF [14] have been studied some time ago. The aim of this work is to
investigate the properties of LaOX (X = Cl, F) crystalline thin films doped with Bi prepared by
using the PLD technique in a vacuum and different argon (Ar) pressures. Ar was selected since it
IS a non-reactive gas, rather than oxygen which may have unintentionally oxidized the oxyhalide
materials during deposition. The influence of the pressure of the background Ar atmosphere on
the structural and optical properties of the thin films was studied, while keeping other experimental
parameters such as substrate temperature, target to substrate distance and deposition times

constant.
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7.2. Experimental

To create a target for the laser ablation, powder samples of La1.xOCI:Bix and Lai.xOF:Bix were
first prepared via the solid-state reaction method. For the oxychloride the optimum synthesis
temperature was 900 °C with doping concentration x = 0.007, while for the oxyfluoride the
corresponding values were 1000 °C and x = 0.005. These powders were pressed using a hydraulic
press to make target pellets which were annealed at 900 °C for 8 h in air to remove all adventitious
water containing species that may be present and then transferred to the chamber of the PLD
system and positioned on a rotating target holder. Annealing of the target pellets was found to be
vital to prevent them from breaking apart to emit a powder of the material inside the PLD

deposition chamber under the action of the laser.

Si (100) substrates were cleaned in an ultrasonic bath using acetone, ethanol and finally using a
distilled water bath consecutively for 15 min each. The cleaned substrates were then blown dry
with nitrogen gas. The PLD system was pumped to a base pressure of 5 x 10° mbar (~ 0.04 mTorr)
and a thin film was deposited under these conditions (referred to as ‘vacuum’). Additional films
were created in a similar way, except that the deposition chamber was pumped to base pressure
and then back-filled with Ar to a pressure of 10, 20 or 40 mTorr. A frequency quadrupled Nd:YAG
pulsed laser emitting at 266 nm was used to ablate the targets. The laser energy (40 mJ/pulse),
fluency and target-to-substrate distance fixed at 30 Hz, 1.7 J/cm? and 4.5 cm, respectively. The

deposition time was 20 min and the substrate temperature was fixed at 300 °C.

The crystal structures were assessed using X-ray diffraction (XRD) measurements made with a
Bruker D8 Advance diffractometer. To produce the Cu Ka characteristic X-rays used, an electron
beam of current 40 mA was accelerated through 40 kV. The samples were examined using a JEOL
JSM-7800F scanning electron microscope (SEM) and the elemental composition was assessed by
means of its energy dispersive X-ray spectroscopy (EDS) attachment (X-MaxN80 detector) by
Oxford Instruments. The PL properties of the films were measured at room temperature using an

FLS980 spectrometer from Edinburgh Instruments with a continuous 450 W xenon lamp.
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7.3. Results and discussion

7.3.1. Structure, morphology and chemical composition analysis

Figure 7.2 shows the XRD patterns of (a) LaOCI:Bi and (b) LaOF:Bi thin films deposited in
vacuum and different Ar pressures, together with the powders that were used to make the PLD
targets. For the LaOCI:Bi shown in Figure 7.2(a) all peak positions matched well with the
corresponding powder. The XRD signal from the LaOF:Bi thin films was comparatively weaker,
as can be seen by the greater relative signal-to-noise ratio in Figure 7.2(b). The thin film of
LaOF:Bi produced in vacuum displayed the three most intense peaks corresponding to the powder.
For the other samples created in Ar environments, the diffraction peak at 26.7° dominated the XRD
patterns, indicating some preferential orientation of the (101) plane. As the Ar gas pressure
increased, the intensity of the 101 diffraction peak increased, suggesting an increase in the
thicknesses of the films. The sample grown in 10 mTorr Ar also displayed several sharp additional
diffraction peaks (marked with asterisks, *). These peaks were also found for a clean substrate
having no deposited film and are due to the weak (forbidden) Si 200 peak near 33° and also some
Si 400 peaks for weak X-rays of different wavelengths due to tungsten (W) contamination of the
Cu anode [15].

The LaOF:Bi film deposited in 10 mTorr Ar showed the thinnest layer on the surface of the
substrate, compared to the films deposited in 20 and 40 mTorr Ar as well as in vacuum. As a result
of the poor coverage and gaps between the particles evident from the SEM images, the peaks
related to Si in the structure for both the XRD pattern and EDS spectrum are more pronounced
than for the other samples. While the Ar background gas can reduce the kinetic energy of the
ablated particles in the plume before reaching the substrate, it is not clear why the thinnest layer

was formed for the 10 mTorr Ar sample.
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Figure 7.2: XRD patterns of (a) LaOCI:Bi and (b) LaOF:Bi thin films deposited in vacuum and

different Ar pressures, together with the powders from which PLD target was made.

The average crystallite sizes for the LaOCI:Bi and LaOF:Bi thin films were determined using the

Scherrer equation [16], D = ;C'—:je, where 4 is the X-ray wavelength and 4 is the Bragg angle. The

results are tabulated in Table 7.1 and show that the average crystallite size for the LaOCI:Bi for
the film deposited in a vacuum is smaller than those deposited in different Ar pressures and the
average crystallite size increased with increasing Ar pressure. The opposite trend was obtained for
LaOF:Bi where the average crystallite size of the film deposited in a vacuum is greater than those
deposited in different Ar pressures and decreased with increasing Ar pressure. This indicates that
LaOCI and LaOF do not perform similarly during laser ablation and PLD. Both the lower atomic
mass and higher chemical reactivity of F [18] compared to Cl may cause it to interact more strongly
with the Ar background gas and thereby limit the amount to F reaching the substrate, which could

account for the small crystallite size for LaOF:Bi and its decrease with Ar pressure.
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Table 7.1: Crystallite sizes (hm) calculated from the Scherrer equation.

Base pressure

Ar gas pressure

Film
~0.04 mTorr 10 mTorr 20 mTorr 40mTorr
LaOCI:Bi 27 32 34 36
LaOF:Bi 20 18 16 12
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Figure 7.3: Plan view and cross sectional SEM images as well as EDS of LaOCI:Bi thin films

deposited (a) in vacuum and with different Ar pressures of (b) 10, (c) 20 and (d) 40 mTorr.
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Figure 7.3 presents the plan-view and cross-sectional SEM images and EDS spectra of the
LaOCI:Bi thin films. The images show that the particles had different spherical sizes for the film
deposited in a vacuum. The films deposited in different Ar pressures had particles of different
spherical sizes as well as flower-like shapes with platelets. The cross-sectional images of the thin
films were similar and clearly revealed the presence of spherical particles and flower-like shapes
in the morphology. The EDS spectra of the films are similar to the powders, indicating good
transfer of stoiciometry from the target to thin film during PLD. The presence of Si in the EDS
spectra was due to the Si (100) substrate. Changing of Ar pressure did not effect on the chemical

composition of the films.
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Figure 7.4: Plan view and cross sectional SEM images as well as EDS of LaOF:Bi thin films

deposited (a) in vacuum and with different Ar pressures of (b) 10, (c) 20 and (d) 40 mTorr.

Figure 7.4 presents the plan-view and cross-sectional SEM images and EDS spectra of LaOF:Bi
thin films. Note that the magnification is greater than in Figure 7.3 for LaOCI. Particles of spherical
shape with distinct sizes were observed. The cross-sectional images were similar and confirmed

the presence of spherical particles in the morphology. It is clear from the SEM images that the
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films consisted of much less material than for the corresponding films of LaOCI. The EDS spectra
of the films are similar to the powder, indicating that the stoiciometry is retained from the target
to thin film during PLD. The EDS spectra of the thin films also show the Si peak from the substrate.
This is much more prominent for the films of LaOF than for the films of LaOCI and the Si peak
dominates the EDS spectrum of the LaOF film deposited at an Ar pressure of 10 mTorr, which
also showed XRD peaks due to the Si substrate (figure 7.2(b)). The relative size of the Si EDS
peak decreased for the LaOF films grown at higher Ar pressures of 20 and 40 mTorr, but these
films still consist of very little material. The thickest LaOF film, which can be observed for the
cross-sectional SEM image and has the smallest Si EDS peak, was created under vacuum PLD
conditions. Therefore the presence of a background gas to reduce the kinetic energy of ablated

material before reaching the substrate was not beneficial for the growth of LaOF films.

7.3.2. Photoluminescence analysis

Figure 7.5(a, b) display the PL excitation and emission spectra of the LaOCI:Bi and LaOF:Bi
powder samples with emission bands at around 344 nm and at 518 nm under excitations of 266
nm and 263 nm, respectively. These excitation and emission peaks have been attributed to the
transitions between the P, excited state and 1Sp ground state of the Bi* ions. Figure 7.5(c, d) show
the PL excitation and emission spectra of the thin films. While the form of the PL emission of the
LaOCI and LaOF:Bi thin films matched that of the powders. The films deposited in vacuum for
both compounds showed the lowest intensity. This is unexpected for the LaOF:Bi films since for
this material the film grown in vacuum was the thickest. For the LaOCI:Bi thin films deposited in
Ar the PL emission intensity increased with increasing Ar gas pressures, while the PL intensity for
the LaOF:Bi thin films deposited in Ar increased with the increase of the Ar gas pressures up to
20 mTorr and then decreased with a further increase in Ar gas pressure. However, the emission of
LaOF:Bi deposited in vacuum showed a shoulder peak at around 380 nm, which may originate
from defect emission. This emission has been attributed to individual ionizing oxygen vacancies
in LaOF, which results from the recombination of a photogenerated hole with an electron
occupying an oxygen vacancy [18, 19]. The presence of a high concentration of such defects in
the LaOF:Bi film formed in vacuum could increase non-radiative recombination pathways for

excited Bi®* ions and quench their luminescence.
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Figure 7.5: PL excitation and emission spectra of the La;-xOCl:Bix=0.007 and Lai-xOF:Bix=0.005 (&,
b) for the powders and (c, d) PLD thin films deposited in vacuum and different Ar pressures,

respectively.

Figure 7.6(a) displays the PL emission spectra of the LaOCI:Bi and LaOF:Bi powder samples,
which are compared in Figure 7.6(b) to the intensities and wavelengths of the emission for the best
LaOCI:Bi and LaOF:Bi thin films, produced under Ar pressures of thin film 40 and 20 mTorr,
respectively. The emission spectra of the LaOCI:Bi powder and film was narrow and at shorter
wavelength than the corresponding emission spectra of LaOF:Bi. For both powder and films, the
luminescence from the LaOF:Bi samples was less intense compared to the corresponding

LaOCI:Bi samples.
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Figure 7.6: PL emission spectra of (a) LaOCI:Bi and LaOF:Bi powders, and (b) PLD thin films
of each material exhibiting the strongest emission (i.e. produced with Ar pressures of 40 mTorr
for LaOCI:Bi and 20 mTorr for LaOF:Bi).

While PLD worked well to produce thin films of LaOCI:Bi, the quality of the LaOF:Bi films which
were created was less good. The layers were much thinner and less material was deposited. A
reason for this may be the different bandgaps of LaOCI and LaOF. We determined the band gap
of LaOCI powder to be 5.76 eV (~215 nm). The bandgap of LaOF was difficult to measure with
our instrument, which only measures down to 200 nm, but is expected to be greater than that of
LaOCI since the bandgap of LnOX increases as X varies from | to Br to Cl to F [20, 21]. In both
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cases the bandgap of the materials is greater than the energy corresponding to the 266 nm PLD
laser photons which will limit strong absorption. Since the bandgap of LaOF is bigger than that of
LaOCI, it will absorb the PLD laser light even less effectively and therefore the laser pulse energy
will be spread through a greater volume, so the material is less heated and not as much is ablated.
This indicates that the PLD laser wavelength, relative to the bandgap of the target material, can

have a strong influence on the quality of thin films produced by PLD.

7.4. Conclusion

Bi doped LaOCI and LaOF phosphor thin films were successfully synthesized by the PLD
technique. XRD data confirmed that both LaOCl and LaOF phases belong to the tetragonal crystal
structure. The SEM images of LaOCI show that the particles had different spherical sizes for the
film deposited in a vacuum. The films deposited in different Ar pressures had particles of different
spherical sizes as well as flower-like shapes with platelets. The SEM images of LaOF show that
the particles had spherical shape with distinct sizes. The LaOF films consisted of much less
material than for the corresponding films of LaOCI. The EDS spectra of the films are similar to
the powder. Photoluminescence measurements revealed that the films exhibited emission around
344 nm for LaOCI:Bi and 518 nm for LaOF:Bi under excitations of 266 nm and 263 nm,
respectively. These excitation and emission peaks have been attributed to the transitions between
the 3P1 excited state and 'So ground state of the Bi** ions. For both powder and films, the
luminescence from the LaOF:Bi samples was less intense compared to the corresponding
LaOCI:Bi samples.
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Chapter eight
Stability and photoluminescence of Bi doped (La Y).Os phosphor powders

8.1. Introduction

The interest in post-transition metal ions such as TI*, Pb?*, Bi** and Sb** has been increasing over
the past decade because of their potential as low cost alternatives to the rare earth ions for
luminescence applications, which can be used in high-energy physics, low pressure lamps, X-ray
imaging devices and scintillation [1, 2, 3]. Bi** ion doped phosphor materials display useful
tuneable optical characteristics because of the strong interaction with the surrounding host
structure [4, 5]. The ground energy level of the Bi®* ion is 'Sp, having a 6s? outer electron
configuration, whereas the excited state 6s6p* configuration consists of the four energy levels

3Py, 3P1, 3P2 and P1. The optical transition from Sy to 1Py is allowed, but generally of high energy
corresponding to the vacuum ultraviolet range. The transition from *So to 3P; becomes allowed
through the mixing between P and 3P1 levels by spin orbit coupling and is generally responsible

for luminescence, while the optical transitions from 1Sy to 3Po and P, are spin forbidden [6].

The addition of relatively low proportions of La2Os to Y203 as a sintering aid was pioneered by
Rhodes et al. [7, 8, 9] in the 1980s and is still an area of research [10]. Y203 doped with Nd and
mixed with varying amounts of La>Oz as a sintering aid was investigated as a means of producing
transparent ceramics, although luminescence measurements were not reported [11]. (La,Y)203
materials with varying proportion and phases dictated by the annealing temperature were
investigated for catalysis application [12]. LaYOs doped with Sr and having the orthorhombic
perovskite structure is of interest as a high temperature proton conducting material for solid oxide
fuel cells [13, 14]. (La,Y)203 was compared to yttrium garnet compounds for their suitability as
hosts for Yb doped infrared lasers, although very few details of the material were provided [15].
LaYOs doped with Bi and Th was investigated for application as near infrared reflectance
pigments, but luminescence measurements were not included [16]. The photoluminescence of 1
mol% Bi doped LaY O3z with an orthorhombic perovskite structure was measured by Taikar et al.
[17], who found blue emission at 493 nm for excitation at 330 nm. For any phosphor to be used in

an application, its stability under the particular application environment is an important
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consideration. In previous work it was demonstrated that La,O3 doped with Bi is a potentially
useful blue emitting phosphor emitting at 462 nm when excited at 308 nm [18]. The host, however,
was converted to La(OH)s within a few days when exposed to the atmosphere [19] and must
therefore be protected from air exposure. In contrast to La>Os, the host Y20z is stable and Bi doped
Y203 has been investigated by several other researchers (e.g. see the review in [5]). Due to the two
possible symmetry sites (C2 and Se) of Y in cubic Y203 which may be occupied by the Bi dopant,
the luminescence of Y203:Bi is more complicated than that of La>Os:Bi (for which La has a single
site with a Csy symmetry) and multiple excitation wavelengths would generally be required to
excite the Bi*" ions in the different sites, while shifts in emission could occur when the excitation
varied slightly. The stability of interlanthanide perovskites to withstand oxygen and carbon dioxide
is positively reported [20], so that perovskite LaY O3 with equal proportions of La and Y is not
expected to degrade during storage in the atmosphere. The aim of this work was to investigate the
mixed (La,Y)203:Bi phosphor system as a possible material that shows stability in the atmosphere

and to investigate its structure and luminescence properties.

8.2. Experimental

Powder samples of La,.yYyO3 with varying cation proportion (y) were prepared via citric acid sol-
gel combustion synthesis [21], in order to investigate their structure and gauge their stability when
exposed to the atmosphere. The precursors were lanthanum nitrate (La(NO3z)3-6H20, 99.999%),
yttrium nitrate (Y(NO3)3-6H20, 99.999%) and citric acid (CeHgO7-H20, 99.5%), which was used
as a fuel for combustion. The molar ratio of metal ions to citric acid was 1:2.

These were mixed with 40 ml of distilled water in a glass beaker. The reaction beaker was heated
at 80 °C under vigorous stirring for 3 h, after which about 20 ml of gel remained. This was
transferred to a porcelain crucible which was placed into a muffle furnace maintained at 250 °C
for 30 min. The combustion reaction created white fumes and a white powder was formed as the
product. This as-prepared powder was annealed for 2 h in air at different temperatures between
1000 °C and 1400 °C. To dope samples with Bi, an appropriate small amount of La(NO3)3-6H>0
was substituted by an equal amount of bismuth nitrate (Bi(NOz)3.5H20, 99.999%).

X-ray diffraction (XRD) measurements were performed in order to ascertain the crystal phase of

the materials produced. A D8 Advance diffractometer from Bruker with Cu Ko X-rays (40 kV, 40
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mA) was used. The samples were also examined using a JEOL JSM-7800F scanning electron
microscope (SEM) and the elemental composition was assessed by means of its energy dispersive
X-ray spectroscopy (EDS) attachment (X-MaxN80 detector) by Oxford Instruments. The
photoluminescence (PL) properties of the powders were measured at room temperature using an
FS5 spectrometer from Edinburgh Instruments. The International Commission for Illumination

(CIE) coordinates of the emitted light was calculated using the GoCIE software [22].

8.3. Results and discussion
8.3.1. Structure and stability of undoped (La,Y)203
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Figure 8.1: XRD patterns of (La,Y)203 phosphor powders with different La and Y ratios. (a)
Freshly prepared samples. (b) After being exposed to the atmosphere for 4 months.

Figure 8.1(a) presents the XRD patterns obtained from freshly prepared La,.,YyOs powder

phosphors with varying proportion of La and Y, annealed at 1200 °C after combustion synthesis.
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Besides at the extremes corresponding to y = 0 (La203) and y = 2 (Y203) for which the patterns
matched well with the hexagonal and cubic phases expected of these materials. Most of the XRD
patterns were complicated because of the possibilities of mixed phases as well as potential shifting
of the lattice parameters of each phase with varying composition. The La>O3-Y203 pseudobinary
phase diagram has been investigated and revised numerous times over the past sixty years. While
early efforts were misleading, e.g. greatly retarded progress of the development of non-porous
single phase Y203 doped with La as a sintering aid [23], improved diagrams were published in the
mid-1970’s [24, 25] which eliminated the proposed but erroneous stoichiometric phase
La15Y050s3. Progress up to 2005 was reviewed by Chen [26] and subsequently Fabrichnaya et al.
have further modelled this pseudobinary phase diagram and published several refinements between
2006 and 2013 [27, 28, 29, 30].
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Figure 8.2: Reported phases of LaxyYyO3 as determined by XRD for material (a) cooled from
1300 °C based on data in Table 3 of Ref. [25] where the small fractions have been added to indicate
instances where very weak XRD reflections were noted; (b) cooled from 1400 °C based on the
description in Ref. [31]; and (c) at 1500 °C based on the description in Ref. [32]. Part (d) shows
the experimental XRD patterns of A: orthorhombic and B: monoclinic LaYOg, reproduced from

[25] without alteration, © Journal of the Ceramic Society of Japan, under Creative Commons CC
BY-ND 4.0 (https://creativecommons.org/licenses/by-nd/4.0/).
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The La,03-Y203 pseudobinary phase diagram shows that solid LazyYyOs exists in six distinct
phases, designated by X, H, A, B, C and P. Of these X and H only occur at high temperature and
are not retained even after rapid quenching, so they do not occur in samples at room temperature.
The phases A, B and C correspond respectively to the well-known hexagonal, monoclinic and
cubic phases of rare-earth oxides [33], with pure La>,O3 having the hexagonal A structure and pure
Y203 having the cubic C structure. The monoclinic B structure occurs for several rare-earth oxides
with intermediate ionic radius and can also occur for the mixed oxide LaoyYyOs. Additionally, an
orthorhombic (distorted perovskite) structure occurs when the proportions of La and Y are almost
equal (y=1) and LaYOsiis classified as one of eleven known and recently reviewed interlanthanide
perovskite materials [20]. Figure 8.2 shows the wide overlap of phases which have been reported
as a function of composition in a number of studies. Some differences can be attributed to the
different temperatures associated with the data, while generally the complexity of the system is
exhibited. Figure 8.2(c) was derived from current work to extend the La>O3-Y203 pseudobinary
phase diagram to the ternary La2O3-Y203-Nd.O3 system [32] and the phase ranges reported at 1500
°C suggests that two aspects of the 2013 pseudobinary phase diagram of Fabrichnaya et al. [30]
may require further consideration: firstly, there is disagreement whether the orthorhombic
perovskite phase LaYOz exists in a narrow composition range y = 0.96 — 1.04 or instead as a
stoichiometric phase with y = 1; and secondly, the composition at the boundary of the hexagonal
and hexagonal+monoclinic phase fields at 1500 °C (1773 K) is much lower in the phase diagram

(y =~ 0.24) compared to the recently published data (y = 0.42).

137



a1

~

»
.‘
&

.'o

"/‘
3 - ).

N /.
» @
%
&

‘.
-
»

Figure 8.3: Cubic crystal structure of LaYOs drawn with the Vesta software [34].

An additional consideration is that nanomaterial of the LaYOs (y = 1) composition may
unexpectedly crystallize in the cubic C phase, as first reported by Yamaguchi [35] and again
rediscovered by Dordevic et al. who studied Sm [36] and Eu [37, 38] doped material. This
metastable phase cannot be accommodated in the equilibrium phase diagram and undergoes a non-
reversible change to the orthorhombic structure when annealed at 1210 - 1250 °C [35]. It is
illustrated in Figure 8.3. To model the crystal structure, cubic structure of La>O3z was taken from
[39] as a starting point. The lattice parameter adjusted to that given for LaY Oz by Yamaguchi [35],
namely a = 10.906 A. Half of the La®* ions need to be replaced by Y3* ions. Since the 32 La®** ions
in the unit cell are distributed over two sites, namely 24 in the C; sites and 8 in the Sg sites, there
is no a priori manner to do this. Dordevic et al [37] modelled their XRD data for LaYOs:Eu and
gave refined structural parameters showing that the smaller number of centrosymmetric Se sites
are favoured by La®" ions. However, there is still a mixture of ions at both sites and their occupancy
may have been affected by the strong Eu®* doping concentration. For simplicity we created a model
in which Y** replaces La®* randomly over the two sites: therefore the occupancy of both of the La

sites was halved and additional Y was added at the same sites with 50% occupancy.

With an increase of the Y content up to y = 0.8, mixed phases of the monoclinic and orthorhombic

structure (see Figure 8.2(d)) were observed. Both orthorhombic and cubic structures were observed
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when the concentration of Y increased from 1 up to 1.4. Pure phases of LaYOzs cubic structure

were observed when the proportion of Y increasedtoy =1.5and y = 1.6.

Figure 8.1(b) displays the XRD patterns for the same samples after being exposed to the
atmosphere for 4 months during storage. By comparing the patterns with the standard for La(OH)3
(JCPDS card #05-0685), mixed phases of the oxide and hydroxide were observed wheny < 1.2,
while at the higher concentrations 1.24 <y < 1.6 the powders were found to be stable. This shows
that in addition to the hexagonal phase of La,Os being unstable in the atmosphere and forming a
La(OH)s, the monoclinic and orthorhombic phases of LaxyYyOs were also susceptible to
hydroxylation, i.e. La2O3 was not effectively stabilized by alloying with a small proportion of
Y203. In this work LaosY1503 was therefore chosen to study further due to its high chemical
stability. The PL was investigated and optimized by varying the Bi doping concentration and the

annealing temperature.

8.3.2. Structure and morphology of Bi doped LaosY1503

Figure 8.4 shows the XRD patterns of Lao.sxY1.503:Bix phosphor powder samples activated with
different Bi concentrations (x = 0, 0.001, 0.003, 0.005, 0.007, 0.01 and 0.012) and annealed at
1200 °C for 2 h in air. Although Figure 2 suggests the probability of encountering a mixture of
orthorhombic and cubic phases for the host alloy with composition y = 1.5, the experimentally
observed crystal structure corresponded to a single phase cubic material (both for the doped
material shown in Figure 8.4 and the pure host shown in Figure 8.1(a)). Since single phase cubic
material can occur for nanomaterial with Y content as low asy = 1, i.e. LaYOs [35-38], although
the present result was unexpected from data obtained in phase diagram studies, it is in line with
other experimental observations. No other diffraction peaks were detected due to impurities,
indicating that the Bi** ions were successfully inserted in the LaosY1503 host lattice. No shifting
in the positions of the peaks was detected when the Bi concentration was increased.
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Figure 8.4: XRD patterns of LaosxY1503:Bix powders annealed at 1200 °C. The standards for

different possible phases of LaYOs are shown on the top and bottom.

Figure 8.5 displays the SEM images for the LaosY1.503 pure host phosphor powders and doped
samples which were annealed at 1200 °C. Figure 8.5(a) is the SEM image for the LaosY 1503 pure
host. The shape of the particles was cubic. Figure 8.5(b, ¢ and d) are the SEM images for the doped
samples for which the shape of the particles changed from cubic to more round when Bi was

inserted in the host structure.

140



Figure 8.5: SEM images of the LaosY1503:Bix phosphor powders annealed at 1200 °C (a) x = 0,
(b) x =0.003, (c) x =0.005 and (d) x = 0.01.

Figure 8.6(a) shows the EDS spectrum of the Laos5Y1.503 pure host sample. All the elements were
detected in the sample as expected (La, Y, O), together with a very small quantity of C that
probably coming from the citric acid precursor used in the sol-gel combustion synthesis, or
possibly could result from the carbon tape that was used to mount the samples. Figure 8.6(b) shows
the EDS spectrum for the LaosY1503:Bix=0.01 doped sample. The spectrum is similar to the undopd
sample. Although Bi X-ray of energy 2.419 keV may be expected as indicated by the position of
the blue line in Figure 8.6(b), this was not detected, probably due to the low Bi concentration in
even the sample with maximum doping (x = 0.012) considered in this work. The EDS data show
that the atomic percentages of the La o5Y 1503 pure host were La 9%, Y 23% and O 68%, while
for the doped sample were La 11%, Y 26% and O 63%. The expected amounts in LagsY 15 Oz are:
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La 10%, Y 30% and O 60%. The results show that the La was as expected, while the Y a little

lower and the O a little higher than expected.
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Figure 8.6: EDS spectra of (a) LaosY1503 pure host (b) LaosxY1503:Bix=0.012 phosphor powders
annealed at 1200 °C.

8.3.3. Photoluminescence analysis

Figure 8.7(a) shows the PL excitation and emission spectra for Laos-xY1503:Bix phosphor powder
doped with various Bi concentrations, annealed in air at 1200 °C for 2 h. The PL emission intensity
as a function of Bi doping concentration is presented in Figure 8.7(b). Figure 8.7(c) presents the
PL excitation and emission spectra of Laos-xY1503:Bix=0.005 annealed at different temperatures.
Two emission peaks were observed centred at 425 nm and 529 nm when the phosphor was excited
by 333 nm. The PL emission intensity increased with increasing Bi concentration until x = 0.005,
then decreased above that concentration due to concentration quenching which occurred due to
migration of energy between the dopants. Appreciable quenching may occur for low dopant
concentrations of 0.001 to 0.012 mol% [40]. Figure 8.7(d) shows the PL emission intensity as a
function of annealing temperature, for annealing in air between 1000 °C to 1400 °C. The intensity
of emission increased with the increasing the heating temperature, reaching the maximum at a

heating temperature 1200 °C and then decreased with a further increase in temperature. The
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emission intensity might be expected to increase as the heating temperature was increased because
of an improvement in the crystalline quality and removal of defects. Jafer et al. [41] studied the
effect of heating temperature on Y203 doped Bi phosphor powders and attributed the increase of
the emission intensity with heating temperature up to a maximum value to segregation effects of
the dopant to the particle surface, while the quenching of the luminescence at higher heating

temperatures was due to evaporation loss of the dopant from the surface of the sample.
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Figure 8.7: (a) Excitation and emission spectra of LaosxY1503:Bix doped with different Bi
concentrations, annealed in air at 1200 °C. (b) Emission peak intensity as a function of Bi
concentration (x). (c) Excitation and emission spectra of LaosxY1.503:Bix=0.005 annealed at different

temperatures. (d) Emission peak intensity as a function of the annealing temperature.
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Figure 8.8: Excitation and emission spectra of Laos-xY1.503:Bix=0.005 and Y2.xO3:Bix=0.005 related
to Bi (a) in C; site and (b) in S site.

Since the LapsY1503 in this study has the same cubic crystal structure as Y203, Figure 8.8
compares the PL excitation and emission spectra for Laos.xY1503:Bix=0.005 powder phosphor
directly with Y2.xO3:Bix=0.00s, both annealed in air for 2 h at 1200 °C. In these cubic structures the
lanthanide ions have two sites, with point symmetry C, and Sg, that Bi®* ions may substitute, giving
rise to a double set of excitation-emission curves for the Bi** luminescence which is well known
for Y203:Bi [5]. Figure 8.9(a) compares the materials for excitation of Bi** in the C site. While
this occurs for Y2xOs:Bix=0005 at 327 nm with emission at 505 nm, the excitation band of the
Laos5Y1503:Bix=0.005 in at 333 nm with emission 529 nm. The Stokes shift for emission in the Sg
site is much smaller as shown in Figure 8.9(b). Both materials have the excitation maximum at
371 nm. The PL emission spectrum of Y203:Bix=000s iS at 408 nm, while that of
LaosY1503:Bix=0.005 occurs at a slightly longer wavelength of 424 nm. For comparison, Bi doped
Gd203 has emission at 505 nm from the C site and at 418 nm from the Se site [42]. La,Oz:Bi has
a broad blue emission located at 462 nm [18] which is therefore intermediate between the emission
wavelengths of 529 nm and 424 nm obtained from LaosY1503:Bi in this work. The luminescence
from the LaosY1503:Bix=0.005s Sample was less intense compared to the Y2.xO3:Bix=0.005 Sample for
both sites. Therefore, unless the small differences in emission wavelength are useful, the unalloyed
host Y203 which is also stable may be better suited for phosphor applications than LaosY150:s.
The decrease of emission intensity for the alloyed host compared to the pure host may be to mixing

disorder and the associated strain that could enhance non-radiative recombinations.
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phosphor powders.

Figure 8.9 shows the chromaticity coordinates of Laos.xY1.503:Bix=0.005, Y2xO3:Bix=0.005 and Lao-
xO3:Bix=0.002 phosphor powders, annealed at 1200 C in air for 2h, The LaosxY1503:Bix=0.005 and
Y 2-x03:Bix=0005 in Cz site showed white colour and blue colour in Sg site. The Laz.xO3:Bix=0.002
shows blue colour located between Sg and Co sites of Laos.xY1503:Bix=0.005 and Y2.xO3:Bix=0.00s.
The excitation wavelengths and chromaticity coordinates X and Y for all compounds are

summarized in table 8.1.

Table 8.1: Excitation wavelengths and chromaticity coordinates.

Material Excitation (nm) X Y
) Se 371 0.20 0.20
Laos-xY1503:Bix=0.005
C 333 0.30 0.39
_ Sé 371 0.16 0.05
Y 2-xO3:Bix=0.005
C 327 0.24 0.38
Laz-xO3: Bix=0.002 308 0.16 0.18

145



8.4. Conclusion

Lao.yYyOs was successfully synthesized via the citric acid sol-gel combustion method. Material
with composition LaosY1503 was single phase with cubic crystal structure and was stable after
being exposed to the atmosphere for four months. SEM images showed that the shape of particles
changed from cubic to more round when Bi was doped in host structure. EDS of the Laos5Y1503
pure host and doped samples confirmed the presence of the host elements as expected, although
the Bi dopant was not detected because of its low concentration. The PL of Laos.xY1503:Bix
excited at 333 nm consisted of a broad emission from 350 nm to 800 nm that consisted out of two
peaks centred at 424 nm and 529 nm which has a maximum intensity for x = 0.005. This emission
was attributed to Bi®** ions in C; sites of the host. Bi** also occupied the Se sites for which blue
emission at 424 nm was obtained for excitation at 371 nm. Although the luminescence from the
Laos5-xY1.503:Bix=0.005 Sample was less intense compared to Y2.xO3:Bix=0.005, there was a significant
colour shift and the emission from Bi®** ions at the Se site was close to that emitted by unstable
La>O3:Bi .
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Chapter nine
Alloying Bi doped La>0O3 and Ga>Os for stable phosphor powder and pulsed

laser deposited thin films

9.1. Introduction

Bismuth (Bi) ions doped in phosphor materials display interesting and variable luminescence
characteristics because of the strong interaction of Bi ions with the surrounding host lattice [1].
For any phosphor to be used in an application, its stability under a particular environment is an
important consideration. In our previous work, the host lanthanum oxide (La>0O3) was found to be
unstable and converted to lanthanum hydroxide (La(OH)3) after a few days when exposed to the
air [2], making it unsuitable for photoluminescence (PL) applications unless the phosphor is
protected from the atmosphere. With the goal to obtain similar luminescence as produced from
La,O3 doped with Bi, but to improve the stability of the phosphor, we have previously alloyed
La>Os with the rare-earth oxide Y2Ozs. In the present work, we chose to investigate alloying with
Ga203. Gallium (Ga) is a post-transition metal like Bi, but has a much smaller ionic radius. For VI
coordination the ionic radius of Bi®* is 0.103 nm and that for La®>" is 0.1032 nm. In comparison,
Y3* ions have radii of 0.090 nm, while for Ga®* the ionic radius is only 0.062 nm [3]. Although
Ga*" is a trivalent ion like the others mentioned and therefore forms compounds with the same
stoichiometry (e.g. Ga203), its electron configuration is [Ar]3d*® which is optically inert and this
makes it suitable for a phosphor host ion. This is in contrast to Bi%* ions with configuration
[Xe]4f*5d6s?, where the s? electrons make them optically active. Based on the relative sizes of
the ionic radii, when Bi** is doped in (La,Ga).0s material the Bi** ions are expected to substitute
La%* ions rather than Ga** ions.
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Figure 9.1: The unit cells of (a) La.Oz (b) f-Ga203 (COD ID: 2004987) (c) LasGa209 (COD ID:
2104432) and (d) LaGaOs (COD ID: 1526869). All crystal structures were modelled with Vesta
software [4] using CIF files from the Crystallography Open Database [5] except for La;Os [6].

La203 belongs to the trigonal crystal system with space group P3m1 (No. 164) [7] and its unit cell
is presented in Figure 9.1(a). Each La3* ion has equivalent surroundings, with Csy site symmetry
and coordination number seven (three O% ions being slightly further than the other four) [8]. Ga.03
has several various polymorphs, namely a, £, y, 0 and ¢ [9]. f-Ga20s is the most stable form under
normal conditions and has monoclinic crystal structure with space group C2/m. The unit cell of -
Ga>03 shown in Figure 9.1(b) consists of two inequivalent Ga sites (with tetrahedral and octahedral
coordination) and three inequivalent O sites (two of which are three-fold coordinated and the other
four-fold coordinated) [10]. The pseudobinary phase diagram for La,.y,GayOs is given by
Zinkevitch et al. [11] and contains two compounds with specific mixed cation stoichiometry,
namely La;Ga;Og (y = 2/3) and LaGaOs (y = 1). The monoclinic crystal structure of LasGa>Og
with P21/c space group [12, 13] is shown Figure 8.1(c), while LaGaOz has an orthorhombic crystal

structure with Pbnm space group [14] as presented in Figure 9.1(d). This is a distorted perovskite
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structure consisting of a three-dimensional sub-lattice of corner bonded GaOs octahedra and the
La3* ions are each bonded to twelve oxygen atoms [15]. Although it is common for minerals with
the formula ABO3 to take the perovskite structure, this is not always the case, e.g. when the cations
are both large. This limits the known interlanthanide perovskites to only eleven known cases [16]
of which six involve La paired with the smallest rare earths, namely Lu, Yb, Tm, Er, Ho and Y.
Therefore LaY Oz is on the limit of materials crystalizing in the perovskite structure. However, due
to the small size of the Ga** ion, the compound LaGaOs is among the typical materials that exhibit
the perovskite structure and this provides impetus to studying the (La,Ga)203 system in addition

to our earlier effort with (La,Y)20a.

LaGaOs has previously been assessed as a host material doped with various rare earth ions such as
Yb® and Er®* [15], Sm®*" and Th®*" [17] to study the luminescence properties, colour rendering
properties and superior stability under an electron beam. Bi** doping of LaGaOs was reported by
Jacquier et al. [18] almost half a century ago, while Srivastava [19] reported the thermal quenching
of Bi*" luminescence in LaGaOs and explained the energy transfer mechanism between Bi®* ions
to host lattice-quenching centres. In this work La>Os alloyed with varying proportions of Ga>O3
was investigated to assess its stability against degradation to a hydroxide by using X-ray
diffraction. From this investigation it was decided to alloy La>O3 and Ga20s in equal proportions
to form LaGaOs and study the luminescent properties of this material doped with Bi in powder
and thin film form. Pulsed laser deposition (PLD) can transfer the material without changing its
stoichiometry from the ablation target to a growing film [20]. LaGaOs:Bi films were deposited on
a Si substrate in vacuum and different oxygen atmospheres at a substrate temperature of 300 °C

for 20 min. The luminescence properties, morphology and structure were assessed.

9.2. Experimental

9.2.1. Powder preparation

Powder samples were prepared via the citric acid sol-gel combustion synthesis. To prepare the
pure host, LaGaO3, 2.5980 g of lanthanum nitrate (La(NOz3)3-6H-0, 99.999%), 2.6085 g of gallium
nitrate (Ga(NO3)3-H20, 99.999%), 2.5216 g of citric acid monohydrate (CsHsO7-H-0, 99.5%) and

40 ml of distilled water were mixed in a glass beaker. The citric acid monohydrate functioned as
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a fuel for combustion and the molar ratio of metal ions to citric acid monohydrate was 1:2. All
chemicals were purchased from Sigma Aldrich. The reaction beaker was heated at 80 °C under
vigorous stirring for 2 h, after which about 20 ml of gel remained. This was transferred to a
porcelain crucible which was placed into a muffle furnace maintained at 250 °C for 30 min. The
combustion reaction created white fumes and a white powder was formed as the product. This
powder was annealed for 2 h in air at different temperatures between 900 °C and 1400 °C prior to
characterisation. The proportion of La and Ga could easily be varied by changing the amounts of
the precursor nitrates used. Since the Bi dopant was expected to be incorporated by replacement
of La, for doped samples an appropriate amount of La(NOz3)s3-6H.O was substituted by an equal
amount of bismuth nitrate (Bi(NO3)3.5H20, 99.999%).

9.2.2. Thin film preparation

The thin films were created from La1xGaOs:Bix=0.03 powder which was found to be the optimum
doping concentration for maximum luminescence intensity. To make a target for laser ablation, 7
g of this powder phosphor was pressed without binders into a pellet ~1.5 cm in diameter by using
a hydraulic press at a pressure of 75 tons for 2 h and then annealed at 900 °C for 8 h. Si (100)
substrates were cleaned in an ultrasonic bath using acetone, ethanol and finally distilled water
consecutively for 15 min each. The cleaned substrates were blown dry with nitrogen gas and loaded
in the PLD chamber at a distance 4.5 cm from the target. The PLD chamber was evacuated to a
base pressure of 5x10° mbar (i.e. 0.04 mTorr). The fourth harmonic of a Nd:YAG laser was used
to ablate the target using 266 nm wavelength pulses of duration ~6 ns each having energy of 40
mJ at a rate of 30 Hz. From the estimated size of the focussed laser spot on the target, the energy
density was 1.7 J/cm?. The deposition time was 20 min and the Si substrate temperature was fixed
at 300 °C. Samples prepared in this way are described as having been produced in vacuum. To
prepare other thin films in an oxygen environment, after evacuation of the PLD chamber O gas
was back-filled to a pressure of either 10, 20 or 40 mTorr before ablation began. A background
atmosphere of oxygen gas was chosen rather than a non-reactive gas since the material being

ablated is already an oxide.
9.2.3. Characterization

The phase composition was characterized by X-ray diffraction (XRD) measurements using a

Bruker D8 Advance diffractometer. The Cu Ka X-ray source was operated at an accelerating
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voltage of 40 kV and a current of 40 mA and emitted characteristic X-rays with wavelength 0.154
nm. XRD patterns were measured with a step of 0.02° between 26 = 10° and 80° for the powders
and 26 = 20° and 60° for the thin films. A JSM-7800F scanning electron microscope (SEM) was
used to analyse the particle morphology. Inside the SEM the chemical composition was determined
by energy dispersive X-ray spectroscopy (EDS) using an X-MaxN80 detector from Oxford
Instruments. Diffuse reflectance spectra were recorded using a Lambda 950 UV-vis
spectrophotometer from PerkinElmer with a spectralon integrating sphere accessory. The
photoluminescence (PL) properties of the powders were measured at room temperature using an
FS5 spectrometer from Edinburgh Instruments, while the PL spectra for the thin films were
measured with a He-Cd laser PL system with a 325 nm excitation wavelength. The
cathodoluminescence (CL) was measured using a Gatan MonoCL4 accessory fitted to SEM in a

vacuum of ~10° Torr and electron energy of 5 keV.

9.3. Results and discussion

9.3.1. Structure and stability of La>Os alloyed with Ga;0s

Figure 9.2(a) shows XRD patterns of freshly prepared powders with different proportions of La
and Ga, i.e. Lax.yGayOs, annealed at 1000 °C, together with La;O3 and data from JCPDS card
#371433 for LasGa209 on the bottom and data from JCPDS card #411103 for f-Ga,0O3 and
#241102 for LaGaOs on the top. With an increase of the Ga concentrations fromy = 0.2 up to 0.3,
mixed phases of La>O3 and LasGa>,O9 were observed when compared the standards. For y = 0.4
and 0.53, the material exhibited the crystal structure of LasGa>Og, which are lower values than the
theoretical value of y = 2/3 corresponding to this phase. With an increasing of the concentrations
of Ga from y = 0.64 up to 0.88, mixed phases of the LasGa.O9 and the orthorhombic perovskite
LaGaOs were observed. When y = 0.94 and 1, the material exhibited the crystal structure of
LaGaO:s.
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\Figure 9.2: XRD patterns of La,.yGayOz phosphor powders doped with different proportions of
La and Ga. (a) freshly prepared samples, with the standard for La>Os below and the standards for
LasGa>09, LaGaOs and S-Ga203 above. (b) After being exposed to the atmosphere for 4 months.
The standard for La(OH)s is shown at the bottom.

Figure 9.2(b) presents the XRD patterns of the samples exposed to the atmosphere for 4 months.
By comparing the patterns with the standard for La(OH)s (JCPDS card #05-0685), mixed phases
of the oxide and hydroxide were observed when the amount of Ga was y = 0.2 or 0.3. At higher

concentrations of Ga from y = 0.4 up to 1, the powders were found to be stable under atmosphere.

9.3.2. Characterization of LaGaOs:Bi phosphor powders

Figure 9.3(a) displays the XRD patterns of LaixGaOs:Bix powders doped with various Bi
concentrations annealed at 1200 °C, together with information from JCPDS card #812304 for
LaGaOz3. The structure corresponds to that of the orthorhombic LaGaOs (distorted perovskite)
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discussed earlier and no additional diffraction peaks were detected after Bi doping. Also, no
shifting of the peak positions was observed when the Bi concentration increased, confirming that
the Bi®* ions substituted for La%* ions of very similar ionic radius. Figure 9.3(b) shows the XRD
patterns of Lai1xGaOz:Bix=0.003 annealed at different temperatures between 800 °C and 1400 °C.
Annealing in the lower temperature range from 800 °C up to 900 °C produced mixed phases of
La20s3 and f-Ga203, while annealing at higher temperatures from 1000 °C up to 1400 °C formed

a single LaGaOs phase material.
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Figure 9.3: XRD patterns of (a) Lai1xGaOs:Bix powders phosphors doped with different Bi
concentrations annealed at 1200 °C, together with information from JCPDS card #812304 for
LaGaO:s. (b) LaixGaOs:Bix=0.003 annealed at different temperatures.
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Figure 9.4: SEM images (left) and EDS spectra (right) for La;-xGaOz:Bix phosphor powders
annealed at 1200 °C (a) x = 0, (b) x = 0.003, (c) x =0.005 and (d) x = 0.01.
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Figure 9.4 presents the SEM images and EDS spectra of the Lai.xGaOz:Bix phosphor powders
doped with different Bi concentrations, annealed at 1200 °C. The shape of the undoped particles
was similar to that of the doped samples. The grain size increased when the Bi was inserted in the
host structure. The addition of Bi has been reported to lower the activation energy for grain growth
of LiZnTi ferrite ceramics, which therefore enhances grain growth [21]. The EDS spectrum of the
LaGaOz pure host sample shows the peaks corresponding to La, Ga, and O, together with a very
small quantity of C that probably originated from the citric acid precursor used in the sol-gel
combustion synthesis, or possibly could result from the carbon tape that was used to mount the
samples. The presence of Ir on the samples is due to coating with this metal to improve
conductivity and prevent charging of the sample in the SEM. The EDS spectra of the La1.xGaOs:Bix
(x = 0.003, 0.005 and 0.01) samples were similar to the host sample and the Bi was not detected
because of its low concentration. No other elements were detected in the samples, indicating that

the La:1xGaOs:Bi phosphors were pure.

Figure 9.5 displays the SEM images of the LaixGaOs:Bix=0.005 phosphor powders after being
annealed at different temperatures. Figure 9.5(a) shows the sample annealed at 900 °C for which
the small particles aggregated and had irregular shapes. When the annealing temperature was
increased to 1100 °C, the particles were agglomerated to each other and nearly rounded. Annealing
at a higher temperatures of 1200 °C and 1300 °C, shown in Figure 9.5(c, d), created a homogeneous
microstructure with large elongated particles. Figure 9.5(¢e) presents the sample annealed at the
highest temperature of 1400 °C, exhibiting a larger and rounder shape due to extensive grain
growth.
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Figure 9.5: SEM images of the LaixGaOs:Bix=0005 phosphor powders annealed at different
temperatures (a) 900 °C, (b) 1100 °C, (c) 1200 °C, (d) 1300 °C, and (e) 1400 °C.
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Figure 9.6: (a) Diffuse reflectance spectra of LaGaOz pure host and doped samples annealed at
1200 °C. (b) A Tauc plot to obtain the indirect optical band gap of undoped LaGaOs.

Figure 9.6(a) presents the diffuse reflectance spectra of the LaGaOgz pure host and LaixGaOz:Bix
phosphor powders doped with different Bi concentrations, annealed at 1200 °C. The reflectance
spectra of the doped powder samples showed three absorption bands centered at around 210 nm,
250 nm and 310 nm. The absorption band centered at 210 nm was also observed for the undoped
sample and was attributed to absorption above the band gap. The absorption bands centered at 250
nm and 310 nm were only present in the doped samples and was therefore attributed to absorption

by Bi®* ions. To estimate the bandgap of the undoped host material, the Kubelka-Munk formula

_ 2
(12;:”) was used to transform the diffuse reflectance data to values proportional to the

=)

F(Rs) =

absorption [22]. For an indirect band gap [23] material like LaGaOs, plotting [F(Ro)hv]*/?
against hv can be used to obtain the optical band gap by fitting a linear region and extrapolating
this to where it cuts the horizontal axis [24]. Such a plot is presented in Figure 9.6(b), from which
the band gap was determined to be 4.65 eV. Preetam et al. [25] previously determined the band
gap of the LaGaOs pure host to be 3.59 eV, although our results show that it is much larger.
Bingcheng et al [23] determined the band gap of LaGaOs to be 4.48 eV, while Jian et al. estimated
the optical band gap for LaGaOs to be 4.40 eV [26]. The differences in band gap values may be
due to the different preparation methods which influence the particle size, morphology and defects.
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Figure 9.7: (a) Excitation and emission spectra of LaixGaOz:Bix doped with different Bi
concentrations, annealed at 1200 °C. (b) Emission peak intensity as a function of Bi concentration.
(c) Excitation and emission spectra of La;-xGaOs:Bix=0.003 annealed at different temperatures. (d)

Emission peak intensity as a function of the annealing temperature.

Figure 9.7(a) presents the PL excitation and emission spectra of LaixGaOs:Bix doped with
different Bi concentrations annealed at 1200 °C, while Figure 9.7(c) shows the PL spectra of Las-
xGa0s:Bix=0.003 annealed at different temperatures. Figure 9.7(b) displays the PL emission intensity
as a function of Bi doping concentration. The maximum emission occurred for x = 0.003. The PL
emission intensity decreased above that concentration because of concentration quenching, which
occurred because of migration of energy between the activators as a result of electric dipole or
quadrupole interactions. Appreciable quenching may occur for low dopant concentrations from
0.001 to 0.01 mol% [27], indicating a strong interaction between the Bi** ions. Figure 9.7(d) shows
the PL emission intensity as a function of annealing temperature, for annealing between 900 °C to
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1400 °C. The intensity of emission increased with the increasing the heating temperature, reaching
the maximum at a heating temperature 1200 °C and then decreased with a further increase in
temperature. The emission intensity might be expected to increase as heating temperature increases
because of improved the crystalline quality and removal of defects. Jafer el al [28] studied the
effect of heating temperature on Y»03 doped Bi phosphor powders and attributed the increase of
the emission intensity with heating temperature up to a maximum value to segregation effects of
the dopant to the particle surface, while the quenching of the luminescence at higher heating
temperatures was due to evaporation loss of the dopant from the surface of the sample. The
optimum annealing temperature found for La1xGaOs:Bix phosphor powders in this work (1200
°C) is the same as that reported for La-xO3:Bix [29].

Two excitation bands have been observed which are centred at 250 nm and 305 nm. The longer
wavelength (lower energy) excitation band is attributed to the !So — 3P transitions, while the
excitation band at 250 nm (4.96 eV) may be due to the So — *P; transition (C band) or metal-to-
metal charge transfer (MMCT) between the Bi®* ions at the La®* cation of the host. Jacquier et al.
[18] found similar excitation peaks for LaGaOs:Bi and attributed the higher energy excitation peak
to the transition from Sp to 'P1 or to mixture of both transitions 'So — 'P; and 1So — 3P,. Satya
Kamal et al. [30] studied the luminescence of LaGaOs:Bi**,Cr3* and attributed the higher energy
excitation band to the charge transfer transition from 0% to Ga*". In our previous work on La,O3:Bi
[29] the excitation band at 250 nm was attributed to the metal-to-metal charge transfer (MMCT)
transition between the Bi** ions at the La3* cation. To better understand the origin of the excitation
peak at 250 nm (4.96 eV), Wang et al. [31] found a relationship between the energies of the A
band (!So — 3P1) and C band (!So — *P1), namely Ec = 3.236 + 2.290(Ea— 2.972)%8% for values
in eV. If the A band excitation transition for LaGaOs:Bi occurs at 305 nm (4.06 eV), then the
predicted C band energy would be 5.69 eV (218 nm). Alternatively, the MMCT energy can be
determined according to Emmcr = 55 000 - 45 500y/d (in cm™) [32], where y is the electronegativity
of the host cations and d is the distance between the Bi®** and host cations (in A). By using x = 1.28
and d = 3.87 from [32], The MMCT excitation for LaGaOs: Bi can be expected at 39951 cm™ (250
nm). This value matches well with the higher energy excitation band measured in this work, which
is therefore attributed to the MMCT band rather than to the C band or the charge transfer transition

from O?" to Ga®*. The single broad band of ultraviolet emission which is centred at 370 nm can be
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attributed to transitions from the 3P excited state back to the 1So ground state. For comparison,
Samuel et al. [33] studied the PL of LaGaO3:Bi**, Th*" and attributed the excitation peak at 309

nm to 1So — *P1 and the emission peak at 372 nm to the transition *P; — !So of Bi** ions.
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Figure 9.8: PL excitation and emission spectra of LaixGaO:Bix=0.003 and La-xO3:Bix=0.002,
annealed at 1200 °C.

For comparison, La>03:Bi has a single broad band of blue emission centred at 462 nm which is
attributed to %P1 — Sp transitions of the Bi**ions [29]. Figure 9.8 compares the PL spectra of Lay-
xGaO0:Bix=0.003 powder phosphor directly with Laz.xOs3:Bix=0002, both annealed at 1200 °C. Both
compounds have almost similar excitation bands centred at 250 nm and 305 nm. Although the PL
emission intensity of LaGaOs:Bi was both more intense as well as stable when exposed to the
atmosphere for several months, compared to the PL of La>Os:Bi which degrades over several days,
the emission spectrum of the LaixGaO:Bix=0003 Was narrower and shifted compared the
corresponding emission spectrum of La»xOs3:Bix=0002. The blue PL emission band of Lay.
xO3:Bix=0002 IS centred at 460 nm, at significantly longer wavelength in comparison to the PL

emission of La1.xGaO:Bix=0.003 Which is centred at 370 nm in the UV range.

164



) : 2 2
= T = | La, GaogBi 2}
= | La, GaO,:Bi et =) X z
= z = |=——900°C Z
z x=0.000 g . g
L2 x=0.003 = = +1100°C =
e : < H 3
= x=0.005 S 1200°C
2 | = x=0.01 ™ T R > 900 1000 1100 1200 1300 1400
o X=U. Bi concentration (x) = — 1300°C Anncaling temperature (°C)
o= :
@« 7]
= = | =—1400"C
=z 2
=) =
- — - -
- -
O @

325 350 375 400 425 450 325 350 375 400 425 450
Wavelength (nm) Wavelength (nm)

Figure 9.9: (a) CL emission spectra of Lai-xGaOz:Bix doped with different Bi concentrations,
annealed at 1200 °C. The inset shows the maximum CL intensity as a function of Bi®*
concentration, (b) CL emission spectra of La1.xGaOz:Bix=0.003 annealed at different temperatures.

The inset shows the maximum CL intensity as a function of annealing temperature.

Figure 9.9 presents the CL emission spectra of the La;.xGaOs:Bix samples measured with the Gatan
system connected to the SEM for an electron energy of 5 keV. The CL emission is centred at 370
nm, similar to the PL emission. Figure 9.9(a) shows the CL emission spectra of Lai-xGaOs:Bix
doped with different Bi concentrations, annealed at 1200 °C. The inset shows the maximum CL
intensity as a function of Bi®* concentration. The CL intensity increased with increasing Bi
concentration and the sample doped with maximum Bi concentration used (x = 0.01) had the
highest CL intensity. Figure 9.9(b) presents the CL emission spectra of LaixGaOz:Bix=0.003
annealed at different temperatures between 900 °C and 1400 °C. The CL intensity initially
increased up to the sample annealed at 1300 °C and then decreased, as shown by the inset of Figure
9.9(b). The optimum synthesis parameters for maximum CL emission therefore do not match those
found for PL (x = 0.003 and 1200 °C).
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Figure 9.10: Normalized comparison of the PL and CL emission spectra of Lai-xGaOs:Bix=0.003.

Figure 9.10 displays the CL and PL emission intensities of the Lai.xGaOs:Bix phosphor powders.
The PL emission was excited by 305 nm, while CL emission was excited with an electron beam
of 5 keV energy. The PL and CL emission spectra have been normalized because the intensities
measured from the CL and PL systems cannot be directly compared. The CL emission spectrum
was significantly broader than the PL emission spectrum. The full width at half-maximum
(FWHM) of the PL emission band was 43 nm, while for CL emission band it was found to be 53
nm. There is small shift in the wavelength position of the peak maxima between the PL and CL
from 370 nm to 374 nm. These differences can be attributed to the large energy difference of the

incident photons compared to the electrons and hence the different mechanisms for the excitation.

9.3.3. LaGaOs:Bi phosphor thin films

The La1xGaOs:Bix=0.003 annealed at 1200 °C powder was used to create a target for PLD from
which thin films were grown as already explained in the experimental details. Figure 9.11 shows
the XRD patterns for the La1.xGaOs:Bix=0.003 thin films on Si substrates deposited in vacuum and
different O2 gas pressures, together with the pattern for the powder from which the PLD target was
produced. The films all had the same crystal structure as the powder, indicating good transfer of

stoichiometry from the target to the films and no preferential orientation of growth on the substrate.

166



The broad peak centered at around 29° corresponding to amorphous SiO2 which might have come

from the heated Si substrate and O> background gas [34, 35].
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Figure 9.11: XRD patterns of La1-xGaOz:Bix=0.003 thin films deposited in vacuum and for various

O gas pressures.

Figure 9.12 shows the plan-view and cross-sectional SEM images and EDS spectra of the Lai-
xGa03:Bix=0.003 phosphor thin films. Particles of different sizes with spherical shapes were
observed. The cross-sectional images of the thin films were similar and clearly reveal the presence
of spherical particles in the morphology. The cross-section of the film deposited in vacuum showed

that the thickness of the film was not uniform, but ~1.2 pm at the maximum points.
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Figure 9.12: The plan-view and cross-sectional SEM images as well as EDS spectra of Las-
xGaO03:Bix=003 thin films prepared (a) in vacuum and in Oz pressures of (b) 10 (c) 20 (d) 40 mTorr.

The corresponding thickness of the samples fabricated in Oz gas decreased to ~0.7 pum or less and
appear to become less for increasing O pressure. The EDS spectra of the films are similar to the
powders, indicating good transfer of stoiciometry from the target to thin film during PLD, except
the Ga peak which is lower compared to the O peak in all cases. This indicates some loss of Ga
during PLD, possibly because Ga has a lower boiling point than La and does not adhere to the
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substrate equally well. The presence of Si on the sample shown in Figure 13 (c) is due to the Si

substrate.

Figure 9.13(a) shows the PL emission spectra of La;-xGaOz3:Bix=0.003 thin films measured with a
325 nm He-Cd laser. The film deposited in vacuum showed less intensity compared to those
deposited in an oxygen atmosphere, for which the emission intensity decreased as the O, pressure
increased. Figure 9.13(b) displays the CL emission spectra for the same samples measured with
the Gatan system connected to the SEM for an electron energy of 5 keV. The form of the CL
emission from the thin films was similar to that obtained earlier from the powder (Figure 9.10).
Like for PL, the film deposited in vacuum showed less intensity compared to those deposited in
oxygen atmosphere and, for the samples prepared in oxygen, the emission intensity decreased as
the O pressure was increased. All the thin film samples displayed a similar crystal structure as

well as PL and CL emission spectra as the powder samples.
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Figure 9.13: (a) PL and (b) CL emission spectra of La1.xGaO3:Bix=0.003 thin films.

9.4. Conclusion
Bi doped LaGaOs was successfully synthesized by the citric acid sol-gel combustion synthesis.
XRD data confirmed that the structure of LaGaOs belonged to the orthorhombic crystal structure.

SEM images showed that the grain size increased with increasing annealing temperature. The
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diffuse reflectance spectra for the doped sample showed three absorption bands centered at around
210 nm, 250 nm and 310 nm. The absorption band centered at 210 nm was also observed for the
undoped sample and was attributed to absorption above the band gap. The absorption bands
centered at 250 nm and 310 nm were only present in the doped samples and was therefore
attributed to absorption by Bi* ions. From reflectance data of the pure host material the band gap

of LaGaOs3 was found to be 4.65 eV. A broad UV emission centred at 370 nm was observed when
excited at 305 nm, which was attributed to the *P1—'So transition of Bi*" ions. The emission

intensity was measured as a function of Bi doping concentration, with the maximum occurring for
x = 0.003. The shift in the wavelength position of the peak maxima between the PL and CL from
370 nm to 374 nm was attributed to the different mechanisms for the excitation. All thin film
samples had the same crystal structure as the powder. The cross-section of the film deposited in
vacuum showed that the thickness of the film was not uniform, but ~1.2 um at the maximum points.
The corresponding thickness of the films fabricated in Oz gas decreased to ~0.7 um or less and
appeared to become less for increasing O2 pressure. The PL and CL emission spectra of the thin
films samples were similar to those obtained from the powder. The film deposited in vacuum
showed less intensity compared to those deposited in an O, atmosphere, for which the emission
intensity decreased as the pressure increased.
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Chapter ten

Conclusions and future work

10.1. Summary of the results

The stability and luminescent properties of LaOX (X = Cl, Brand F) and LaGaOs, LaY O3 activated
by Bi®* have been successfully investigated as phosphor powders prepared by solid state reaction
method and citric acid sol-gel combustion synthesis, respectively. Then LaOX (X = Cl, F) and
LaGaOs doped Bi were investigated as thin films by using the PLD technique. The major aim of
this research project is to study the effect of host anion or cation substitution on the luminescence
and stability of lanthanum oxide (La»O3) based phosphors doped with bismuth (Bi).

The XRD data confirmed that both LaOCI and LaOBr phases belong to the tetragonal crystal
structure. SEM images showed that the particles were aggregated and had irregular plate-like
shapes. The reflectance spectra showed two absorption bands, located at 255 nm and 308 nm for
LaOBr:Bi and 247 nm and 300 nm for LaOCI:Bi. The absorption bands at shorter wavelengths
centred at around 255 nm and 247 nm correspond to the 'Sg — 3P; absorption of Bi®* ions, while
the longer wavelength absorption bands at around 308 nm and 300 nm may result from Bi-induced
defects or Bi-clusters. The band gap energies were estimated to be 5.38 eV for LaOBr and 5.76 eV
for LaOCI. The ultraviolet emission peaks were assigned to the 3P1 — 1Sy transition of the Bi®*
ions, while additional relatively weak emissions in the visible range were attributed to Bi
clustering. The PL emission intensity of LaOCI:Bi was about double that of LaOBr:Bi powder
phosphor. LaOCI:Bi was found to be slightly unstable when exposed to the atmosphere for several
months, while LaOBr:Bi was significantly less stable. The long term degradation was
accompanied by a change in XRD patterns. The LaOBr:Bi phosphor was also found to degrade
rapidly under 254 nm ultraviolet excitation, while LaOCI:Bi did not degrade under the same
conditions. XPS data of the UV-exposed LaOCI:Bi and LaOBr:Bi showed an increase in the
concentration of hydroxide on the surface of both the samples and broadening of the peaks
associated with the anions. Since only the luminescence of the LaOBr:Bi degraded during UV-
exposure, while the LaOCI:Bi did not, the similar changes in XPS results for both samples may
indicate that the degradation is not due to a surface reaction, but may be due to non-radiative
defects forming more easily in the bulk of LaOBr which has a smaller bandgap than LaOCI.
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The X-ray diffraction data of LaOF confirmed that the phosphor powder crystallized in tetragonal
and rhombohedral structures, depending on the annealing temperature. The EDS spectra confirmed
that the ratios of the oxygen and fluorine changed by changing the annealing temperature. A broad

white emission centred at 518 nm was observed when excited at 263 nm, which was attributed to
the *P1—!So transition of Bi** ions. The emission intensity was measured as a function of Bi doping

concentration, with the maximum occurring for x = 0.005. The LaOF:Bi phosphor powder was
found to be degraded under 254 nm ultraviolet excitation, while it was found stable when exposed
to the atmosphere for several months. XPS data confirmed that the annealing at 1100 °C and
exposure of the sample to UV radiation result in segregation of the Bi®** on the surface of the

sample.

Bi doped LaOCI and LaOF phosphor thin films were successfully synthesized by the PLD
technique. XRD data confirmed that both LaOCI and LaOF phases belong to the tetragonal crystal
structure. The SEM images of LaOCI show that the particles had different spherical sizes for the
film deposited in a vacuum. The films deposited in different Ar pressures had particles of different
spherical sizes as well as flower-like shapes with platelets. The SEM images of LaOF show that
the particles had spherical shape with distinct sizes. The LaOF films consisted of much less
material than for the corresponding films of LaOCI. The EDS spectra of the films are similar to
the powder. Photoluminescence measurements revealed that the films exhibited emission around
344 nm for LaOCI:Bi and 518 nm for LaOF:Bi under excitations of 266 nm and 263 nm,
respectively. These excitation and emission peaks have been attributed to the transitions between
the 3P:1 excited state and 'So ground state of the Bi** ions. For both powder and films, the
luminescence from the LaOF:Bi samples was less intense compared to the corresponding

LaOCI:Bi samples.

Lao.yYyOs was successfully synthesized via the citric acid sol-gel combustion method. Material
with composition LaosY1503 was single phase with cubic crystal structure and was stable after

being exposed to the atmosphere for four months. SEM images showed that the shape of particles
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changed from cubic to more round when Bi was doped in host structure. The PL of Lags.
xY1503:Bix excited at 333 nm consisted of a broad emission from 350 nm to 800 nm that consisted
out of two peaks centred at 424 nm and 529 nm which has a maximum intensity for x = 0.005.
This emission was attributed to Bi** ions in C; sites of the host. Bi®* also occupied the Se sites for
which blue emission at 424 nm was obtained for excitation at 371 nm. Although the luminescence
from the Laos-xY1503:Bix=0.005 Sample was less intense compared to Y2xO3:Bix=0.005, there was a
significant colour shift and the emission from Bi** ions at the S site was close to that emitted by
unstable La>Os:Bi.

Bi doped LaGaOs was successfully synthesized by the citric acid sol-gel combustion synthesis.
XRD data confirmed that the structure of LaGaOz belonged to the orthorhombic crystal structure.
SEM images showed that the grain size increased with increasing annealing temperature. The
diffuse reflectance spectra for the doped sample showed three absorption bands centred at around
210 nm, 250 nm and 310 nm. The absorption band centred at 210 nm was also observed for the
undoped sample and was attributed to absorption above the band gap. The absorption bands
centred at 250 nm and 310 nm were only present in the doped samples and was therefore attributed
to absorption by Bi** ions. From reflectance data of the pure host material the band gap of LaGaOs

was found to be 4.65 eV. A broad UV emission centred at 370 nm was observed when excited at
305 nm, which was attributed to the *P;—!So transition of Bi*" ions. The emission intensity was

measured as a function of Bi doping concentration, with the maximum occurring for x = 0.003.
The shift in the wavelength position of the peak maxima between the PL and CL from 370 nm to
374 nm was attributed to the different mechanisms for the excitation.

10.2. Suggestions for future work

1. Trying to solve the problem of the hygroscopic nature of the La>O3 by preparing La203:Bi thin
films by using sol-gel spin-coated and PLD and making a layer of PMMA polymer on their
surfaces and then comparing their luminescence stability to La>Oz3:Bi.

2. Encapsulating the La2Os in a polymer for applications, thereby shielding it from the

atmosphere.

3. Studying the energy transfer between the Bi and other rare earth ions e.g. Yb, Eu in the LaOX
(X=Cl, Br, and F) and LaGaOs3, LaYOz and LaGdOs hosts.
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4. Preparing LaGaOCI and LaGaOF doped with Bi powders by using solid state reaction method
and comparing the results with the LaOCI, LaOF and LaGaOs3 powders in this work.

5. Preparing LaYOs and LaOBr doped with Bi thin films by using sol-gel spin-coated and PLD
and comparing the results with the powders results.

6. Preparing LaOX (X=Cl, F) and LaGaOs and LaGdOs doped Bi thin films by using sol-gel spin-
coated and comparing the results with the PLD thin films in this work.

7. Preparing La20.S> host doped with the Bi and comparing the results with LaOX (X=CI, Br
and F) hosts.

8. Alloying other oxide hosts such as Sc,Oz and Nd.Os with La,Os and doped with Bi and
comparing the results with LaGaOs, LaYOs, and LaGdOs host.

9. To characterize the phosphors produced during this work using thermoluminescence.

10.3. Publications

1. Babiker. M. Jaffar, H. C. Swart, H.A.A. Seed Ahmed, A. Yousif, R.E. Kroon. Comparative
study of the photoluminescence and cathodoluminescence of Bi doped LaOCI and LaOBr
phosphor powders. Submitted to Journal of Luminescence.

2. Babiker. M. Jaffar, H. C. Swart, H.A.A. Seed Ahmed, A. Yousif, R.E. Kroon. Luminescence
properties of Bi doped LaOF phosphor powder. Submitted to Optical Materials.

3. Babiker. M. Jaffar, H. C. Swart, H.A.A. Seed Ahmed, A. Yousif, R.E. Kroon. Bi doped LaOClI
and LaOF thin films grown by pulsed laser deposition. Submitted to Journal of Luminescence.

4. Babiker. M. Jaffar, H. C. Swart, H.A.A. Seed Ahmed, A. Yousif, R.E. Kroon. Stability and
photoluminescence of Bi doped (La Y)203 phosphor powders. Submitted to Optical Materials.

5. Babiker. M. Jaffar, H. C. Swart, H.A.A. Seed Ahmed, A. Yousif, R.E. Kroon. Alloying Bi
doped La>0s and Gax0s for stable phosphor powder and pulsed laser deposited thin films.

Submitted to Journal of Luminescence.

178



