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ABSTRACT

Different concentrations of bismuth doped lanthanum oxide (La>xO3:Bix) phosphor powder
(x =0.001, 0.002, 0.003, 0.004, 0.006, 0.008 and 0.01) were synthesised by means of the sol-
gel combustion method at 250 °C using citric acid as the fuel. The product was annealed at
different temperatures and the luminescence properties were investigated. The maximum
photoluminescence (PL) emission was obtained for the sample which was doped with x =
0.002 and annealed at 1200 °C in air. The X-ray diffraction (XRD) analysis confirmed that all
samples crystallized in the La>O3 hexagonal phase. The scanning electron microscopy (SEM)
data showed that the grain size increased with increasing annealing temperature and the shape
of the grains changed from rectangular to more round, but faceted, after annealing at 1200 °C
in air. Energy dispersive X-ray spectroscopy (EDS) confirmed the chemical composition,
while diffuse reflectance spectroscopy was used to study the absorption of the Lar.xOz:Bix
samples. All the samples were absorbing in the ultraviolet range between 220 to 320 nm. The
band gap of the La>Os pure host sample was obtained from the reflectance data as 5.1 eV.
Excitation at a wavelength of 308 nm resulted in a single broad blue luminescence emission
band centred at 462 nm. The excitation and emission bands were attributed to transitions
between the So ground state and the 3P excited state of Bi®* ions, with a Stokes shift of 1.35
eVv.

It was found that the samples no longer exhibited PL after storage of several weeks. Further
XRD measurements revealed that the La,O3 had changed to La(OH)s. This is consistent with
reports that La,O3z can absorb moisture from the air and transform to La(OH)s, which was
observed to occur completely in about a week. Unlike for La>Os:Eu and La,O3z:Ho phosphors
for which the transformation reduced the luminescence, but did not quench it completely, the
luminescence of the degraded La>Os:Bi was negligible so that simply the presence of
luminescence can be used to indicate whether the transformation is not yet complete. This
may be useful to use PL to monitor the transformation of La>Os for other applications, e.g.
ceramics and catalysis. If the transformed samples were re-annealed in air at 800 °C for 2 h,
XRD results showed that the structure reverted completely to La>Oz and the blue PL emission
was once again observed, however at only about one third of the intensity as for freshly
prepared samples. For samples stored in a vacuum desiccator for one week, no change for

XRD and PL were observed. Therefore La2O3:Bi phosphor may have application as a



moisture sensor, because while the luminescence remains high it is evidence that it has not
been exposed to the atmosphere. Degradation was effectively slowed, but not eliminated, by

encapsulation of the phosphor in poly(methyl methacrylate) polymer.

Therefore Bi** doped lanthanum oxysulphide (La,02S) phosphor was synthesised to compare
its stability and suitability as a blue emitting phosphor material. Synthesis was performed via
the ethanol-assisted solution combustion method, followed by annealing for 2 h at 900 °C in
a reducing atmosphere (5% H. in Ar gas). XRD data confirmed that all samples crystallized
in the La20.S hexagonal lattice. SEM data showed that the particles aggregated and had
irregular shapes. EDS confirmed the chemical composition, although the Bi dopant could not
be identified since its expected peak position overlapped that of S. The samples, measured by
diffuse reflectance spectroscopy, were absorbing in the ultraviolet range between 220 to 350
nm. The band gap of the pure host La20.S was found to be 4.90 eV. Excitation at a
wavelength of 260 nm and 344 nm resulted in a single broad blue luminescence emission
band centred at 456 nm, which was attributed to transitions between the Sy ground state and
the 3P: excited state of Bi** ions. La;0.S:Bi phosphor was found to have a similar emission
colour as La»Oz:Bi, although less pure and closer to the centre of the Commission
International Eclairge (CIE) diagram. Although the emission intensity of La>O2S:Bi phosphor
was initially less than the La>,O2:Bi phosphor, it was found to be stable and therefore superior
for applications where the phosphor will be exposed to the atmosphere. La,0O2S:Bi phosphor
also exhibited persistent luminescence, which was attributed to the Bi®* ions acting as hole

traps and host defects acting as electron traps.

The cathodoluminescence (CL) of the Laz-xO3:Bix=0.002 and La>xO2S:Bix=0.002 phosphors was
compared and they were assessed for possible application in field emission displays (FEDs).
Since the phosphor is not exposed to the atmosphere such an application, bulk hydroxylation
of the La,O3:Bi cannot occur. However, electron-stimulated surface chemical reactions
caused by the electron beam are known to induce changes on the surface of phosphors that
can lead to CL degradation. Simultaneous CL and Auger electron spectroscopy (AES)
measurements were performed during long term exposure of the samples to an electron beam
to assess the CL degradation and chemical changes on the surface. X-ray photoelectron
spectroscopy (XPS) measurements were also made on the samples before and after CL
degradation. It was found that after a small amount of initial CL degradation, associated with

removal of contamination from the surface, the La>O3:Bi sample remained stable under the

Vi



electron beam and it may be suitable for use in FEDs. However, the La>0,S:Bi showed
continuous and severe CL degradation and is not suitable for CL applications. During
degradation AES measurements showed that there was a decrease in the surface
concentration of S, suggesting the formation of a non-luminescent La>Os surface layer which
was responsible for degradation. However, some S remained on the surface and XPS spectra
showed that a sulphate, possibly La,0>SO4, was present on the surface, which may have

contributed to the degradation.
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Chapter 1

Introduction

1.1. Overview

Luminescent materials, also called phosphors, are materials that can emit light when they are
excited by external sources of energy such as photons, electron beam, electric field, etc.
Phosphor materials have many applications in new technology such as light sources like

fluorescent tubes and light emitting diodes (LEDSs), displays and scintillators [1].

Usually phosphors consist of a host material having wide band gap, such as an oxide,
sulphide, silicate, selenide, halide, nitride, oxynitride or oxyhalide, doped with small amounts
of activator ions called luminescent centres, like rare-earth and/or transition metal ions. These
luminescent centres have energy levels that can be excited directly or indirectly by energy

transfer.

Activator ions can be classified into two types. The first type has energy levels possessing
weak interactions with the host lattice. Most of the lanthanide ions are typical examples of
this type. The low lying f orbitals are well shielded from their coordination environment, thus
giving rise to characteristics 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 are of the second type.

The stability of the phosphor under the application conditions is an inevitable issue for
moving from the laboratory to the industry level and then to the public uses: phosphors which
are used in field emissive displays (FEDs) must be stable under the electron beam irradiation,

and for the use in photonic applications it must be stable under photon irradiation as well.




In this research study LaOz and La>O»S phosphor powders have been investigated as
phosphor host materials, both doped with Bi. Structural and luminescence properties of the
prepared phosphors were studied experimentally by using different analytical techniques, i.e.
X-ray diffraction, ultraviolet—visible spectroscopy, scanning electron microscopy, energy
dispersive  spectroscopy, infrared spectroscopy, photoluminescence spectroscopy,
cathodoluminescence spectroscopy, X-ray photoelectron spectroscopy and Auger electron

spectroscopy.

1.2. Problem statement

Lanthanum oxide (La2O3) has attracted much research interest because of its prospect as
catalytic material and for thermal, chemical, electrical, magnetic, ceramic and optical
applications [2]. In addition, La20O3 has a high dielectric constant, high melting point, large
band gap, and low lattice energy while displaying good electrical properties [3]. La:Os is
recognized as having a relatively low cost compared to other rare earth oxides (Lu20s,
Gd20s3, etc.) and as an excellent host lattice material for activators [4]. It has been used as a
host lattice to produce phosphors emitting a variety of colours, but mainly when doped with
lanthanides ions such as Eu [5], Er [6] and Yb [7]. There has also been some interest in the
blue emission when doped by Bi%* ions [8], but more studies are required for La2Os doped
with Bi.

For any phosphor to be used in an application, its stability under a particular application
environment is an important consideration. The host La>,Oz has been found to be hygroscopic
and converted to a hydroxide within days after exposure to the atmosphere. Therefore Bi®*
doped lanthanum oxysulphide (La202S) phosphor was synthesised to compare its stability
and suitability as a blue emitting phosphor material. The crystal structure of La,O>S is similar
to that of La20s, and it can be described simply by the alternation of the anionic layers of
La>Oz [9]. This also means that sulphur atoms in La>O>S occupy three of the seven oxygen
sites in the La>Oz unit cell. However, La;0>S has been assessed as a phosphor host doped
with lanthanides ions such as Yb [10], Eu®* [11], Tb3* [12], but there have been no reports yet
of La,O>S doped with Bi. We consider adding Bi as an activator to improve the emission in
this host La;0-S.



1.3. Research aims

1. To prepare La;O3 phosphor powders doped with Bi using the sol-gel combustion
method.

2. To synthesize La20.S phosphor powders doped with Bi using the ethanol-assistant
solution combustion method.

3. To study the crystal structure of the phosphors and determining the crystallite size
with X-ray diffraction.

4. To study the morphology of the phosphors with scanning electron microscopy and a

scanning Auger electron microprobe.

5. To determine the chemical composition of the phosphors by energy dispersive X-ray
spectroscopy.
6. Measuring the absorption and reflectance of the phosphors and determining the band

gap from this data.

7. To study the photoluminescence properties of La>Os3:Bi and La>0.S:Bi phosphor
powders.

8. To investigate the cathodoluminescence degradation of La;Os:Bi and La>O.S:Bi
phosphor powders.

9. To study the stability of La,Oz:Bi phosphor powders in the atmosphere and in a
polymer composite.

10.  To compare La,0>S:Bi with La2Os:Bi in terms of its luminescence and stability, both
for photoluminescence in the atmosphere and for cathodoluminescence when exposed to an

electron beam in a vacuum chamber.

1.4. Layout of the thesis

This dissertation consists of eight chapters. Chapter 1 presents 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 and characterize the phosphors. Chapter
4 presents the luminescence properties of Bi doped La,Os powder phosphor. Stability of
La,03:Bi** powder phosphor prepared via sol-gel combustion method is discussed in chapter
5. Chapter 6 discusses the comparison study of La,0.S:Bi** with Laz0s:Bi* phosphor
powder. In chapter 7 cathodoluminescence degradation of La,O3:Bi*" and La,0.S:Bi*
powder phosphors are presented. Finally, a summary of the thesis as well as future work are

given in chapter 8.
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Chapter 2

Background information and applications of phosphors

2.1. Fundamentals of phosphors

Phosphors, also called luminescent materials, are solid compounds that will emit light, or
luminesce, when exposed to an external energy excitation source [1]. Excitation can be
according to different types of sources such as photons, voltage or electric field, etc.
Phosphors are mostly inorganic materials and are widely available in the form of powders,
but in some cases they may be in the form of thin films [2]. A phosphor consists of a host
lattice, which is normally either an insulator or semiconductor with a wide band gap, which is
usually intentionally doped with impurities (such as rare earth ions) to act as activators for
luminescence. Due to the concentration quenching phenomenon, the concentration of the

activator is generally low.

The common representation of a phosphor is given by a formula such as La20s:Bi** (0.2
mol%), where La,Os represents the host, bismuth Bi** represents the activator and 0.2 mol%
indicates the concentration of the activator per mole relative to the host matrix.

Generally, a good host for luminescent ions must exhibit properties such as transparency for
visible and infrared light as well as good chemical and structural stability [3]. In fact, there
are different kinds of host materials such as alkali-earth aluminates, alkali-earth sulphides,

rare-earth oxides, lanthanide halides, nitrides and oxysulphides, gallates and silicates, etc.

Phosphors are used in several emerging advanced high technology applications today. The
applications of phosphors can be listed as: (1) lighting sources; (2) display devices; (3)
detectors and scintillators; and (4) other simple applications, such as luminous paint with long
persistent phosphorescence [4] Figure 2.1 illustrates some of these applications. Major
applications are in emissive displays and fluorescent lamps. In addition, some X-ray detector

systems are based on luminescent materials as well [5].
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Figure 2.1: The application range of phosphors in various applications [6].

2.2. Luminescence

Luminescence, also called cold light, is a process of light emission from any material when it
is excited using an external energy source [7] if the light is not emitted due to the high
temperature of the material, which would represent incandescence. Luminescence is due to
electrons being excited by the external source. They absorb the excitation energy and jump to
a higher energy level, where after short relaxation time the electrons will return back to their

ground state level, releasing their energy as light [7].

Luminescence can be classified into two categories, namely fluorescence and
phosphorescence, depending on the amount of time emitted light continues to glow (figure
2.2). Fluorescence is a fast luminescence process in which emission stops suddenly after the
excitation source has been removed, whereas phosphorescence is a slow luminescence
process whereby the light emission from a substance continues for a few seconds, minutes or

even hours after the excitation has ceased [7].
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Figure 2.2: Energy level diagram showing absorption, emission, fluorescence and

phosphorescence processes [8].

2.3. Types of luminescence

There are various types of luminescence, each classified differently according to the
excitation method used. For photoluminescence light emission is produced by absorption of
photons or light; cathodoluminescence is produced when an electron beam impacts on a
luminescent material; bioluminescence is generated by a living organism such as a firefly;
chemiluminescence  results from a chemical or electrochemical reaction;
radioluminescence occurs due to exposing materials to ionizing radiation like a, B or y rays;
electroluminescence is produced when an electric current passes through a material,
crystalloluminescence is produced during crystallization; thermoluminescence is
luminescence activated thermally after initial irradiation by other means such as a, 8, y, UV
or X-rays; mechanoluminescence is generated due to any mechanical impact on a solid and
sonoluminescence is the emission of short bursts of light from imploding bubbles in a liquid

produced by high frequency sound waves or phonons [9].



2.4. Band gap

In solid-state physics an energy range where no electron states can exist in a solid is called
anenergy or band gap. Materials having a band gap are referred to as
insulators or semiconductors and the band gap energy refers to the difference between the top
of the valence band and the bottom of the conduction band. The band gap energy of

insulators is larger than that of semiconductors [10].

Semiconductor materials have a filled valence band and an empty conduction band (Figure
2.3). Electrons from the valence band can be excited to the conduction band by either thermal
excitation or by optical absorption. When the electron returns to the valence band the energy

is released either as heat or as photons [11].

CB

j T
Optical £

Excitation 9

Energy

Figure 2.3: Band picture of a semiconductor showing the full valence band and empty

conduction band. The gap between these is called the band gap [11].

The band gap of a semiconductor is usually classified into two types: direct band gap and
indirect band gap, illustrated in figure 2.4. The minimal-energy state in the conduction band
as well as the maximal-energy state in the valence band, are each characterized in the
Brillouin zone by a certain k-vector. If each of the k-vectors are the same, it is called a "direct
gap", otherwise it is called an "indirect gap"”. In the direct band semiconductors the electron
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https://en.wikipedia.org/wiki/Electron

makes a direct transition from conduction band to valence band emitting a photon. In an
indirect semiconductors the electrons make transition from conduction band to valence band
passing through intermediate states giving up its energy to the crystal lattice, causing rise in
crystal temperature [4].

E
“ CB electrons ®)
I Energy gap
holes holes
VB k VB k

Wave vector Wave vector

Figure 2.4: Schematic diagrams for: (a) direct band gap and (b) indirect band gap

semiconductors.

2.5. Bismuth

The rare earth ions (e.g. Eu, Pr, Yb) are usually added as an activator for luminescence, but
the main group metal ions such as TI*, Pb?*, Bi** and Sb® may also be useful luminescence
centres [12]. Bismuth is a chemical element with symbol (Bi) and atomic number 83.
Bismuth is located 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] 4f145d'%6s?p®. Elemental bismuth may occur naturally, although its sulphides and oxides
form important commercial ores. The boiling point and melting point of Bi are 1564 °C and
271 °C, respectively. Bi is non-toxic as well as non-radioactive [13]. Bi has a large number of
valence states (e.g. +3, +2, +1, 0, -2) in various host materials [14]. The Bi®"* trivalent state is
normally the most stable valence state [14]. The luminescence properties of Bi®* ions have
been studied in different host materials [15]. The ground state of the Bi®* ion, having 6s2
configuration, is 1Sp and the excited 6s'6p® configuration has four energy levels, namely 3Py,
3Py, 3P, and P1. The optical transitions from Sg to 3Po and 3P, are spin forbidden, whereas the

transition from Sp to P is spin allowed. Mixing of the 'P; and ®P1 levels by spin orbit
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coupling makes the 3P; allowed [15]. Figure 2.5 shows the energy level diagram for the free
Bi®*.

P, Allowed
6s16p! P, "o Forbidden
L} - ‘ ‘
Excited states P *t,, enat® ** Allowed
Py \/.' Forbidden
* -
‘e *

6s? 1S,

Ground state

<

Bi¥*

Figure 2.5: Schematic diagram of the energy levels of the Bi%* ion.

Luminescent materials activated by Bi ions exhibit interesting optical properties due to a
strong interaction with the surrounding host lattice and the large number of valence states.
That is due to the outer electron orbitals of Bi ions are not shielded from the surrounding
environment [16]. For instance, luminescent materials doped with Bi* ions emit in the near
ultraviolet and blue region as well as green regions. Bi?* ions emit orange-red light. The Bi*
ion or Bi° emits broadband near infrared in the range from 1000 to 1600 nm. The Bis>* cluster
emits broadband near to mid infrared in the range from 1000 to 3000 nm [17]. In all cases,
the emission regions of these ions varied with variation of the host materials [15]. In this
research study, the main focus of investigations is the spectroscopic property of Bi* as a
dopant in phosphor materials.

2.6. Lanthanum oxide (La203) and lanthanum oxysulphide (La202S)

Generally, a good host for luminescent ions must exhibit some special properties, such as to
be transparent for visible and infrared light and, among others, to have a good chemical and
structural stability. Lanthanum oxide (La2O3) has attracted much research interest because of
its prospect as catalytic materials and for thermal, chemical, electrical, magnetic, ceramic and
optical applications [18]. Lanthanum oxide is recognized as a relatively low-cost material
compared to other rare earth oxides (Lu203, Gd20s3, etc.) and an excellent host lattice for
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luminescent materials [19]. La,O3 among rare earth oxides has the largest band gap of 4.3 eV
[1], besides the lowest lattice energy, with high dielectric constant (approximately 27) [18].
La>O3 has p-type semiconductor properties. Its resistivity decreases when the temperature
increasing and it has an average room temperature resistivity of 10 kQ-cm [20]. La203 is very
sensitive to atmospheric conditions: it can react relatively quickly with the water and carbon

dioxide of the atmosphere to form new stable hydroxide and carbonate phases [21].

The lanthanide (La-Lu) oxysulphides have been extensively studied as host materials for
phosphors, due to their high chemical stability, high thermal stability, large light absorption
properties and wide band gap (4.6-4.8 eV), insolubility in water and high luminescence
efficiency [22]. Lanthanum oxysulphide (La.O-S) has been extensively studied because of its
potential applications for luminescent devices, high-performance magnets, catalysts, and
other functional materials based on the optical, electronic, magnetic, and chemical
characteristics. [23]. La2O>S with high chemical stability and high thermal stability is known
as an excellent host material for luminescence applications [24]. It is a semiconductor
material [25] with a wide band gap of 4.6 eV [26].

The crystal structures of La,Os3 and La;0>S are shown in figure 2.6. Both La;O3 and La;0,S
belong to the hexagonal crystal family (trigonal crystal system) with space group P3m1 (No.
164) [27]. In Laz03 the La®* ions are bonded with seven oxygen atoms, while for La20,S the
La3+ ions are bonded to three sulphur atoms and four oxygen atoms [28]. Thus the crystal
structure of both La>,O>S and La»Os3 are similar and can be described simply by the alternation
of the anionic layers of La>Os [29]. This also means that sulphur atoms in La>O,S replace

three of the seven oxygen sites in the La>Ogz structure.
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Figure 2.6: The unit cell of (a) La,O3 and (b) La202S drawn with the Vesta software [30].

Lanthanum oxide has many potential uses and applications e.g. to develop ferroelectric
materials, such as La-doped BisTizO12 and (PbxZr1-x) TiOs, which represent new materials for
non-volatile ferroelectric memories [31]. In optical materials La,Oz is often used to dope
optical glasses to improve their refractive index, chemical durability and mechanical strength.
The presence of the La,O3 in the melt glass leads to increasing transition temperature of the
glass from 658 °C to 679 °C [32]. The addition also leads to a higher value of density, micro
hardness, and refractive index of the glass. La,Os with oxides of tantalum, tungsten and
thorium improves the resistance of the glass from attack by alkali. La;Os is widely used as
piezoelectric, galvanothermy and thermoelectric materials and also as an important catalyst
support in automobile exhaust-gas convectors [33]. La2O3z is used to produce phosphors for
X-ray imaging intensifying screens and also used in dielectric and conductive ceramics [20].
In addition, various optical applications of La>Os are in infrared-transmitting glass ceramics
and as an additive to various transparent ceramic laser materials to improve their optical
properties [34]. Furthermore, La>Os-based glasses have been considered as an ideal material
for broadband optical fibre amplifiers. Luminescent materials formed by doping La>Os have
many potential applications in cathode ray tubes, field emission displays, plasma display
panels, and vacuum fluorescent display devices [35]. Lanthanum oxysulphide has significant
applications such as for television picture tubes, up-conversion phosphors, catalysts, oxygen

storage and solid-state lasers [26].

2.7. Preparation methods of phosphors
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2.7.1. Sol-gel combustion method

The novelty of the sol-gel combustion synthesis is that it uses a unique combination method
of the chemical sol-gel process and combustion which requires relatively simple equipment
and produces samples in a short amount of time [36]. Synthesis of ceramic oxides via the sol-
gel provides in a single step a product with high purity, good homogeneity, high surface area
and low processing temperature [37]. The 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 (citric acid) and it yields a voluminous and fluffy product with a
large surface area [35]. Figure 2.7 is a schematic diagram for the preparation of La,Os:Bi
powders by the citric acid sol-gel combustion process. A brief, good description of the
process is given by [38]: In the citric acid sol-gel combustion method, 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 convert the sol into a high-viscosity gel. Increasing the
temperature of the gel causes an exothermic combustion process to occur. After completion
of combustion, the colour of the resulting powder was brown, which suggests that it
contained some residual carbon due to the incomplete combustion of citric acid [39].
Annealing the resulting brown powder at different temperatures between 800 °C and 1400 °C
produced the final product (white powder), since the carbon impurity can be oxidized above
600 °C [39] and released as gaseous COx.

La(NO;);.6H,0
P—— P . s
: Dissolved Distilled Heating & stirring N e
—”; > - > & =
Mixing jroteg 80°C < \"4,
Fuel- Citric acid Gel TeMhation

La,0;:B*

Heating =

(Combustion)

Furnace

Ee:l '- ?
:77 3 C / )
-
La,0;:Bi powder (A A) Annealing powder (BA) Crushed After combustion

Figure 2.7: Schematic diagram for preparation of La>O3:Bi powders by the citric acid sol-gel

combustion method.
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2.7.2. Ethanol-assisted solution combustion (EASC) method

The ethanol-assistant solution combustion (EASC) method is an efficient route to synthesize
nanocrystalline materials due to its advantages such as low process temperature, low-cost
method, and reduced time consumption. The EASC method is based on the interaction
between rare earth nitrate and organic fuel thiourea (NH2CSNH) or thioacetamide
(CH3CSNHy). In the EASC method the raw materials are dissolved in an ethanol-water
solution medium. The ethanol, used as an assistant fuel, could dissolve rare earth nitrates and
inexpensive thioacetamide organic fuel was used as a source of sulphur. Moreover, during
heating ethanol is ignited in the first instance, which leads to a combustion decomposition
reaction between the rare earth nitrate and organic fuel and rare earth oxysulphide formed
rapidly [40]. Figure 2.8 is a schematic diagram for the preparation of La,0.S:Bi powders by
the EASC method.

La(NO,);.6H,0

- - Dissolved Distilled Heating & stirring
— S— water &
Mixing 80°C
CH,CSNH, EtOH

-

Bi(NO,),.5H,0

(Dopant) L aZ 0 ZS : B i3+ (com:::l:ogn)

ﬁ Furnace
) \ e
La,0,S:Bi powder (A A)  Annealing La,0,S:Bi powder (B A) Crushed After combustion

Figure 2.8: Schematic diagram for the preparation of La>O>S:Bi powders by the ethanol-
assistant solution combustion method.
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Chapter 3

Theory of characterization techniques

3.1. Introduction
This chapter is a brief description of different techniques of research used to characterize the

presented powder phosphors. These techniques include:

1. X-ray diffraction (XRD) - to determine the crystalline structure and the phase quality
of prepared samples and to estimate the crystallite size;

2. Scanning electron microscopy (SEM) - to determine the surface morphology;

3. Energy dispersive spectroscopy (EDS) - to determine the chemical composition of the
samples;

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

- to detect the absorption wavelengths and the bandgap of materials;

5. Fourier transform infrared spectroscopy (FTIR) — to determine the vibration modes in
order to identify impurities;

6. Photoluminescence spectroscopy (PL) - to determine the excitation, emission and
lifetime luminescence properties;

7. Auger electron spectroscopy (AES) - to determine the elemental composition of the
sample surface;

8. Cathodoluminescence spectroscopy (CL) - to determine the light emission of samples
when exposed to an electron beam;

9. X-ray photoelectron spectroscopy (XPS) - to investigate the atoms in the surface of

samples and identify their oxidation states.

3.2. X-ray diffraction (XRD)

The discovery of X-rays was by the German physicist Wilhelm Conrad Roentgen at the
University of Wirzburg in 1895 [1]. X-rays are a form of electromagnetic radiation in the
range between gamma rays and ultraviolet rays and which have a wavelength ranging from
0.1 up to 10 nm in the electromagnetic spectrum [2]. X-rays have the ability to penetrate into

solid substances and yield information about their internal crystalline structure.
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XRD is a technique that can be used for identification of the degree of crystallinity, analysis
of lattice parameters, phase identification and crystallite size determination [3]. The basic
principles of this technique consist in the interaction between a projected X-ray beam and
target substances. The diffractometer for XRD is made up of three main elements: an X-ray

source, a sample stage and an X-ray detector [3] as presented in figure 3.1.

A detector

.............. 20

X-ray source Sample stage X-ray detector

Figure 3.1: The X-ray diffractometer (a) diagrammatic representation (b) Photograph of a

commercial system.

The X-rays are generated in a cathode ray tube (X-ray source) by heating a filament to
produce electrons, which are accelerated toward a target material (sample stage). When the
incident electrons interact with the electrons in a core shell of the target material,
characteristic X-rays will be emitted. The characteristic spectrum consists of various
components e.g. Ko and Kf3 are the most common components with a specific characteristic
wavelength. The most common material used as a target is Cu. The wavelength (4) of Cu Ka
radiation is 0.15406 nm. A monochromator is often used to select a single wavelength from
X-ray spectra. A nickel (Ni) B-filter is used for this purpose. Ni can absorbs X-rays below

0.15 nm and can be used to filter the Kp X-rays from Cu [3], as shown in figure 3.2.
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Figure 3.2: Copper radiation (a) before and (b) after passage through a nickel filter [4].

The interaction of incident X-rays with crystalline material produces constructive
interference, and some incident beam is diffracted by the crystalline phases of the material
when the condition for Bragg’s law is satisfied, as presented in figure 3.3. The parallel X-rays
are projected onto crystal planes at an angle 6. 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 equation is given by:
nA=2dsinf ...................o (3.1)
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 [5].
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Figure 3.3: Schematic diagram showing the diffraction of X-rays from atoms and Bragg’s
law [6].

There is a relationship between Miller indexes (hkl) and lattice parameters for each reflection
plane and the inter-planar distance (dna). For example, for cubic structures with a lattice
parameter a, it can be formulated as [7]

a

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

The crystallite size, D, can be estimated from the broadened peaks of the XRD spectra by

using the Scherrer equation:

where 4 is the X-ray wavelength, g is the full width at half maximum (FWHM) of a
diffraction peak, & is the Bragg angle and K is a constant related to crystallite shape, normally
taken as 0.9 [7]. The value of B in 26 axis of diffraction profile should be in radians. The
can be in radians or degrees, since the cosé corresponds to the same number.

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 3.4). 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 Kj3
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 small peak shifts may occur.
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Figure 3.4: The Bruker D8 Advance X-ray diffractometer at the Department of Physics of the
University of the Free State.

3.3. Scanning electron microscopy (SEM)

SEM is a technique that can be used for analysing the microstructure and morphology of
samples. In this technique, a focused beam of electrons is used to scan the sample surface,
providing images of that sample [9]. This provided images to give information about the
topography and morphology of the sample [9]. Additional information about elemental
composition of the material can be provided too if the system is equipped with an energy
dispersive X-ray spectrometer (EDS), which is described in the next section. The principle of
the SEM technique is based on the interaction of an incident electron beam with the solid
specimen. During SEM measurements, the electron beam is generated from electron gun and
then focused and accelerated towards the surface of the sample by electromagnetic lenses and
is rastered by pairs of coils in the objective lens over the sample surface. Figure 3.5 shows a
simple diagram of scanning electron microscopy. When the beam of electrons hits the
sample, different types of electromagnetic waves and electrons are produced from various
depths including: secondary electrons, back-scattered electrons, characteristic X-rays,
cathodoluminescence, specimen current and transmitted electrons [10]. Figure 3.6 shows the
regions from which different signals are detected. 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
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of surface texture and roughness), while backscattered electrons are used for illustrating

contrasts in compositions in multiphase samples (i.e. for rapid phase discrimination) [10].

The SEM measurements in this study were performed on a JEOL JSM-7800F scanning
electron microscope (figure 3.7) equipped with EDS. The SEM image collection was done
with a 5 kV electron beam. Some SEM images were also collected using a PHI 700 nano

scanning Auger electron microprobe (NanoSAM) system with a 20 kV electron beam.
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Figure 3.5: Schematic diagram of a typical SEM [11].
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Figure 3.6: The signals produced from electron beam interaction with solid matter [12].

Figure 3.7: JEOL JSM-7800F system at the Centre for Microscopy at University of the Free
State.
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3.4. Energy dispersive X-ray spectroscopy (EDS)

The EDS is a technique used for chemical microanalysis, it is also used in conjunction with
scanning electron microscopy (SEM) to detect the X-rays emitted from material sample as
bombarded by an electron beam to characterize the elemental composition of the volume

under analysis. Features or phases as small as 1 um or less can be analyzed [13].

Once the sample is bombarded by the SEM's electron beam, an electron is ejected from the
inner shell of the sample atom. The resulting electron holes are filled by electrons from a
higher state, and an X-ray is emitted to balance the energy difference between the two
electrons' states. The X-ray energy is a characteristic of the element from which it was

emitted.

The EDS X-ray detector measures the relative abundance of emitted X-rays versus their
energy. The detector is typically a lithium-drifted silicon solid-state device. When an incident
X-ray strikes the detector, it creates a charge pulse that is proportional to the energy of the X-
ray. The charge pulse is converted to a voltage pulse by a charge-sensitive preamplifier. The
signal is then sent to a multichannel analyser where the pulses are sorted by voltage. The
energy (as determined from the voltage measurement) for each incident X-ray is sent to a
computer for display and further data evaluation. The spectrum of X-ray energy versus counts
is evaluated to determine the elemental composition of the sampled volume [14].

In this study the chemical compositions of the powders were obtained using an X-MaxN80

detector from Oxford Instruments in the SEM as presented in Figure 3.7.

3.5. 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 [15]. The
technique can provide both quantitative and qualitative information. Figure 3.8 shows an

illustrative diagram of a UV-visible spectrometer.
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Figure 3.8: Schematic of UV-vis spectrophotometer [16].

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 [15].
Transmission as well as absorption can be measured for liquid samples or transparent solid

samples.

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 [17]. 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
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can be used to convert the diffuse reflectance measurements to values proportional to the
absorption [18]. For an indirect band gap material such as La,O3 a Tauc plot of [F(R,,)hv]*/?
versus hv can then be used to determine the optical band gap by fitting a linear region and

extrapolating this to where it cuts the horizontal (energy) axis [26].

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 3.9 shows the UV-Vis spectrophotometer used in this

study.

Figure 3.9: PerkinElmer Lambda 950 UV-Vis-IR spectrometer at the Department of Physics,

University of the Free State.

3.6. Fourier transform infrared spectroscopy (FTIR)

FTIR is an analytical technique that can be used to identify the functional groups present in
organic and inorganic compounds by measuring their absorption of infrared radiation over a
range of wavelengths [20]. Infrared radiation is invisible electromagnetic radiation just
below the red colour of the visible electromagnetic spectrum, with wavelength range from
700 nmto 1 mm [21].
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The FTIR spectrometer consists of infrared source, an interferometer, a sample compartment,
a detector and a computer. The source generates infrared radiation. This energy beam passes
through a slit which controls the amount of radiation projected to the substance, and finally to
the detector. The resulting interferogram signal exits the interferometer and enters the sample
compartment. This is where particular frequencies of energy which are uniquely
characteristic of the sample are absorbed. The beam passes into the detector for final
measurement and the measure signal is digitized and sent to the computer where the Fourier
transform takes place. The final infrared spectrum is then presented to the analysis for

evaluation.

Powder samples for FTIR can be mixed with potassium bromide (KBr) which is transparent
in the infrared to form a fine powder which is then compressed into a thin pellet to be
analyzed. The thickness of the pellet and the ratio between the KBr and the powder sample
can affect the peak intensity and broadness. It is important to dry the sample properly to
avoid broad band signals in the spectrum coming from water. FTIR spectra of the powders in
this work were obtained using a Thermo Scientific Nicolet 6700 FT-IR instrument, for which
pellets were prepared by mixing 0.002 g of sample with 0.2 g of KBr (heated in a drying oven

at 70 °C for 12 h to eliminate moisture).

3.7. Photoluminescence (PL) spectroscopy

PL spectroscopy is a non-destructive analytical technique. In this technique, the material is
excited from its ground electronic state to one of its excited electronic states, usually by using
a UV light or laser beam. Resulting luminescence is produced when the electrons fall back to
the ground electronic state and this can be recorded as a plot of the intensity of emitted light
versus wavelength or energy [22]. The technique is usually used to record emission and

excitation 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 ground electronic 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 [23]. 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
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as emission of photon, hence called a radiative process, or may not for a nonradiative process.
The released energy emitted as light (photoluminescence) corresponds to the energy
difference between the two electron energy levels of the excited state and the ground state
involved in the transition. The quantity of the emitted light is related to the relative
contribution of the radiative 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 [22]. Figure 3.10
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. The emission spectrum
obtained when the excitation wavelength is kept fixed and scans through the emitted radiation
[24]. The International Commission for Illumination (CIE) coordinates of the emitted light

was calculated using the GoCIE software [25]

The photoluminescence measurements were carried out by using a Cary Eclipse fluorescence
spectrophotometer equipped with a 150 W xenon flash lamp as an excitation source,
operating in fluorescence mode or phosphorescence mode (figure 3.11 (a)). Other steady-
state and lifetime measurements were performed using a FLS980 fluorescence spectrometer
from Edinburgh Instruments (figure 3.11(h)).

Many
wavelengths One
——

. —_— Excitation wavelength Sample
Light source | |
monochromator

Rex

Luminescence at
many wavelengths

Emission
monochromator

2 One
em | wavelength

detector

Figure 3.10: Schematic illustration of the basic components of a spectrophotometer.
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Figure 3.11: (a) Cary Eclipse fluorescence spectrophotometer. (b) FLS980 fluorescence

spectrometer, at the Department of Physics, University of the Free State.

3.8. Auger electron spectroscopy (AES)

AES is an analytical technique commonly used to investigate the elemental composition and
the chemical state of the atoms on the surface of a solid material. Auger electrons are emitted
when a focused electron beam bombards the sample and ejects an electron of the inner shell
of the atom. This vacancy must be refilled by an electron from a higher energy level (L>3).
When the higher energy electron fills the hole, the release of energy is transferred to an
electron in an outer orbit electron. That electron has sufficient energy to overcome the
binding energy and the work function to be ejected with a characteristic kinetic energy. The
ejected electron is referred to as an Auger electron after Pierre Auger who first discovered it
in 1925. Figure 3.12 shows a schematic diagram of an Auger emission process in a solid.

Furthermore, the kinetic energy (Exin) of an Auger electron is given by

Exin=Exk—ELi—Ez—® ...l (3.5)
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where the symbol K represents the initial state (the ground state), L1 and L3 represent the
final state transitions and ® is the work function of the analyser material. Equation 3.5 does
not take into account the transition energies between the core holes (K) and double ionized
states (L2,3). So, for approximation, the following is used to include the transition probability,

which was developed by Jenkins and Chung [26].

Exin = Ek(Z) — 0.5[EL1(Z) + EL1(Z+1)] — 0.5[EL23(Z) + EL23(Z+1)] - D ........ (3.6)

where Z is the atomic number of the atom involved. AES is a surface sensitive technique.
This is due to the relatively short inelastic mean free path for Auger electrons. AES is widely
used to provide information about the composition of surfaces of the solid materials. AES can
detect all elements except H and He [27]; because the Auger process is a three-electron

process these cannot be detected because both have less than three electrons.

AES surface analyses required the sample to be inserted into an ultra-high vacuum (UHV),
usually at a base pressure of 107 Pa or less. The reason is the surface composition should
remain unchanged (clean) during the experiment. UHV guarantees the high quality of AES
results. AES can be used to determine the depth profile by recording Auger peak to peak
height (APPHSs) of Auger signals as a function of sputter erosion depth. Surface mapping is
also possible by AES.

Fjected K electron Ejected Auger electron

Py 0
Incident h
radiation : “,
L — 00— —00-0000— —00-00-0c—L;shel
"'._ Internal :
" transitions
-—o—¢ *~——o —0——L, shell
6—o ov ® *—o K shell

Figure 3.12: Schematic diagram of electron transitions in the case of Auger electron

emission.
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The Auger measurements in this study were carried out in an UHV chamber at the base
pressure of 1.3x10® Torr with a PHI model 549 system (figure 3.13). The powder was
irradiated with a beam of electron with energy of 2.5 keV and a beam current of 4 pA. Also a
PHI 700 Nano scanning Auger electron microprobe (NanoSAM) with a 20 kV, 1 nA electron

beam was used to analyse the surface elemental composition.

Figure 3.13: PHI Model 549 AES unit at the Department of Physics, University of the Free
State.

3.9. Cathodoluminescence (CL) spectroscopy

Many materials exhibit the phenomenon of CL, which is the emission of a photon (light)
from a specimen when excited by an 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 [28]. CL is
the inverse of the photoelectric effect in which electron emission is induced by irradiation
with photons [29]. CL is similar to PL but using electrons to excite the substance instead of
photons. The most common example of the CL process is the screen of a television cathode
ray tube (CRT) monitor.

CL occurs when a material is bombarded by a high energy electron beam. Energy from the
incident electron is absorbed by the materials causing electrons to be excited 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
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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 material, its purity and its defect state. Any non-
metallic material 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 3.17 shows the process causing cathodoluminescence emission.

In this study, an Ocean Optics PC2000 spectrometer attached with PHI model 549 AES was
used to collect the CL data. OOl Base32 computer software was utilized to record and plot
the data. The CL measurements were carried out by using an electron beam which had a

working voltage of 2.5 keV and a beam current of 4 pA.
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Figure 3.17: 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 [30].

3.10. X-ray photoelectron spectroscopy (XPS)

XPS, also popularly known as electron spectroscopy for chemical analysis (ESCA), is a
surface-sensitive quantitative spectroscopic technique widely used to investigate the chemical
composition of the surface of the material. XPS provides a total elemental analysis, except for

hydrogen and helium. Furthermore, XPS provides a quantitative elemental analysis of the top
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1-20 nm of solid surface. Information about chemical bonding and molecular orientation can
also be obtained [31]. The XPS method, shown schematically in Figure 3.18, is based on
Einstein’s classic explanation of the photoelectric effect. As shown in figure 3.19, when a
material 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
identifies the elements present and the oxidation state of that element. The energy of the
emitted electron, which is characteristic of the atom from which the electron originated and
its environment, is measured by a hemispherical electron analyser. The KE of the ejected

electron is given by

KE=hv—BE—® ...oocovveven.... (3.7)

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 Ka, and Al Ka [32]. X-ray photoelectron spectroscopy
must be performed under ultrahigh vacuum conditions (greater than 1x10® Torr) in order to

prevent scattering of photoelectrons and to minimize contamination of the sample surface.
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Figure 3.18: Schematic diagram of an XPS system [33].

The XPS measurements in this study were performed on a PHI 5000 Versaprobe-scanning
ESCA microprobe shown in figure 3.20. 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 depth
profile and sputtering were 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 3.19: Schematic diagram of the XPS process, showing photoionization of an atom by

the ejection of a 1s electron [26].
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Figure 3.20: PHI 5000 Versaprobe XPS system at the Department of Physics, University of
the Free State.
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Chapter 4

Luminescence properties of Bi doped La>Os powder phosphor

4.1. Introduction

Generally, a good host for luminescent ions must exhibit properties such as transparency for
visible and infrared light as well as good chemical and structural stability. The rare earth
oxides have attracted much research interest because of their prospective use as catalytic
materials and for their excellent thermal, chemical, electrical, magnetic, ceramic and optical
properties [1, 2]. Among all rare earth metal oxides, lanthanum oxide (La20s) is recognized
as having a relatively lower cost compared to other rare earth oxides (e.g. Lu203, Gd>0z) and
as being an excellent host lattice for luminescent ions [3]. La2O3 belongs to the hexagonal
crystal family (trigonal crystal system) with space group P3m1 (No. 164) [4] and its
structure is shown in figure 4.1. Each La®" ion has equivalent surroundings, with Csy site
symmetry and coordination number seven (three O% ions being slightly further than the other
four) [5].

Figure 4.1: The unit cell of La203 drawn with the Vesta software [6].

La>O3 has various optical applications such as in infrared transmitting glass ceramics [7] and
as an additive to various transparent ceramic laser materials to improve their optical
properties [8]. It has also been assessed as a phosphor host doped with Eu [9], Bi [10], Er [11]

and Yb [12] ions. Rare-earth ions are usually used as activators for luminescent materials due
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to their intra-configurational 4f transitions [13]. However, main group metal ions such as TI,
Pb?*, Bi** and Sb® may also be useful luminescence centres [14]. The luminescence
properties of Bi®* ions have been studied in different host materials [15], particularly Y203
[16]. For blue-emitting La>,O3:Bi phosphor thin films it has been reported that the excitation
spectrum consisted of two bands, the main excitation band around 302 nm and a weak band
around 250 nm, associated with the 6s>-6s6p transitions in Bi** [10]. However, a third
excitation peak located at 225 nm was reported by Tadatsugu Minami et al. [17]. The ground
state of the Bi®** ion, having 6s? configuration, is 1S and the excited 6s'6p* configuration has
four energy levels, namely 3Py, 3P1, ®P2 and P1. The optical transitions from S to 3P and 3P,
are completely spin forbidden, whereas the transition from S to P is spin allowed. Mixing
of the P; and 3P levels by spin orbit coupling makes the 3P allowed [18]. In this work, blue
emitting Bi doped La>O3 powders (La>xO3:Bix) were synthesized by the sol-gel combustion
method and assessed as potential phosphor materials. Excitation and emission at 308 nm and
462 nm were attributed to transitions between the 1So ground state and 3P1 excited state with a
Stokes shift of 1.35 eV. The blue emission could also be excited at 250 nm and the nature of
this excitation was considered so that an energy level scheme for La»xOs:Bix could be
constructed. The luminescence intensity was optimized by varying the Bi doping
concentration and the annealing temperature. The low value of the optimal doping
concentration (x = 0.002) and a decrease in the average lifetime measured with an increase of
doping concentration suggest that there is a strong interaction between the Bi* ions.

4.2. Experimental

Powder samples of La>.xO3:Bix were prepared via the citric acid sol-gel combustion method
[19]. For the undoped host sample 2.5980 g of lanthanum nitrate (La(NO3)3-6H20, 99.999%,
purchased from Sigma Aldrich) and 2.5216 g of citric acid monohydrate (CsHsO7-H-0O,
99.5%, analytical grade, purchased from Sigma Aldrich) were completely dissolved in 20 ml
of deionized water. Since Bi is known to form the stable oxide Bi»O3 composed of Bi®* ions
and the ionic radii of Bi** and La®* ions are similar (no value is tabulated by Shannon [20] for
VII coordinated Bi**, but for VI coordination the ionic radius of Bi®* is 0.103 nm and that for
La* is 0.1032 nm [20]), so the Bi dopant was expected to be incorporated by substitution of
La. Therefore an appropriate amount of La(NO3)3-6H>O was replaced by an equal amount of
bismuth nitrate (Bi(NO3)3.5H20, 99.999% purchased from Sigma Aldrich), which was first

dissolved separately in 5 ml of distilled water mixed with 0.125 ml of 70% concentrated
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nitric acid and then introduced drop-wise to the above solution. The molar ratio of metal ions

to citric acid was 1:2, consistent with the reaction
[4-2x]La(NO3)3 + [2x]Bi(NO3)s + 8CsHzO7 — 2LazxO3:Bix+ 6NO + 48CO + 32H,0 + 3N,

where the waters of hydration have been neglected for simplicity. The reaction beaker was
heated at 80 °C under vigorous stirring for 3 h, after which about 10 ml of gel remained. This
was placed in a furnace set to 250 °C where it burnt with a white flame. The resulting product
was a brown powder. The final La>«xO3:Bix powders were obtained after annealing for 2 h,
either in air or a reducing atmosphere (5% H2 in Ar gas) at different temperatures between
800 °C and 1400 °C. Samples were stored in a vacuum desiccator to prevent absorption of

moisture from the air and the formation of lanthanum hydroxide.

The phase composition was characterized by X-ray diffraction (XRD) measurements using a
Bruker D8 Advance diffractometer. The Cu Ko X-ray source was operated at an accelerating
voltage of 40 kV and a current of 40 mA and emitted characteristic X-rays with wavelength
0.154 nm. Diffuse reflectance spectra were recorded using a Lambda 950 UV-vis
spectrophotometer from  PerkinElmer with integrating sphere accessory. The
photoluminescence (PL) properties of the powders were measured at room temperature using
a Cary Eclipse fluorescence spectrophotometer equipped with a 150W monochromatized
xenon flash lamp as an excitation source, operating in fluorescence mode. A JSM-7800F
scanning electron microscope (SEM) was used to analyse the particle morphology. The
chemical composition was determined by energy dispersive X-ray spectroscopy (EDS) using
an X-MaxN80 detector from Oxford Instruments in the SEM. Surface elemental composition
analysis was carried out using a PHI 700 Nano scanning Auger electron microprobe
(Auger/NanoSAM) with a 20 kV, 1 nA electron beam. Decay curves were measured using an
FLS980 fluorescence spectrometer from Edinburgh Instruments with an EPLED light source
of fixed wavelength 304 nm, bandwidth 10 nm and pulse time less than 1 ns. The
International Commission for Illumination (CIE) coordinates of the emitted light was
calculated using the GoCIE software [21]
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4.3. Results and discussion

4.3.1. Structural, morphology and chemical composition analysis

The XRD patterns of La>xO3:Bix powder samples having x = 0, 0.002 and 0.01, annealed in
air at 1200 °C, are shown in figure 4.2(a), together with data from JCPDS card #05-0602 for
La,O3. The good match of all the observed peaks revealed that La,Os with its hexagonal
crystal structure had been successfully synthesized. No extra diffraction peaks due to
impurities were detected, suggesting that the Bi** ions were successfully incorporated in the
La>O3 host structure. Also, no obvious shifting of the peak positions was observed while the

Bi concentration increased. The average crystallite size D was estimated from the full-width

0.914
Bcos@’

at half-maximum g of the diffraction peaks using the Scherrer equation [22], D =

where 1 is the X-ray wavelength and 6 is the Bragg angle. The results are summarized in
Table 4.1 and show that the average crystallite size for the La>Os pure host and doped

La>O3:Bix powders (x =0, 0.002 and 0.01) were almost the same (~87 nm).
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Figure 4.2: (a) XRD patterns of La,O3 and La>.xO3:Bix powders (x = 0.002 and 0.01)
together with JCPDS card #05-0602 for LaOs. (b) Magnified view of the 011 main
diffraction peak.
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Table 4.1: Crystallite sizes calculated from the Scherrer equation.

Diffraction Crystallite size (nm)
peak La203 Laz2-xO3:Bix=0.002 Laz-xO3:Bix=0.01
100 96 92 94
002 89 85 87
011 96 93 90
012 88 88 86
110 84 88 88
103 78 81 83
112 77 84 85
201 82 88 87
Average 86 +7 87+4 88 +3

Figure 4.3 shows SEM images of the La>Os3 host powders that were annealed at (a) 800 °C
and (b) 1200 °C in air. The grain size increased with increasing annealing temperature. The
shape changed from rectangular to more round, but faceted. Figure 4.3(c) is the SEM image
of the doped Laz-xO3:Bix=0.01 annealed at 1200 °C. The grain size and shape are similar to the
undoped sample annealed at the same temperature, but the doped sample had some steps on
the grains. Figure 4.3(d) shows similar steps observed with poorer resolution for a SEM
image taken using the NanoSAM system, which allowed Auger spectra such as that in figure
4.3(e) to be collected from various positions on the surface. Only La, O and adventitious C
Auger peaks were observed at various positions near the step, showing that Bi was not
enriched as part of the surface near the step structure, although it may be present at a
concentration below the detection limit. Although the origin of the steps on the surface of the
grains of the doped material is unclear, they may be associated with the much lower melting
point of Bi,O3 (817 °C) [23] compared to La,03 (2350 °C) [24].
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Figure 4.3: SEM images of the La>Os host powder annealed at (a) 800 °C and (b) 1200 °C in
air. SEM images of La»xO3:Bix=0.01 annealed at 1200 °C in air taken with (c) the JEOL SEM
(d) NanoSAM. (e) Auger spectrum of LaxO3:Bix=001 annealed in air at 1200 °C,

representative of all points near the step edge.

The EDS spectrum shown in figure 4.4(a) of the undoped sample confirmed the presence of
La 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 EDS spectrum of the doped sample in
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figure 4(b) is similar except for the additional small peak near 2.5 keV attributed to the Bi

dopant.
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Figure 4.4: EDS spectra of (a) La;0Oz and (b) Laz-xO3:Bix=0.01 phosphor powders annealed at
1200 °C in air.

4.3.2. Diffuse reflectance spectra and band gap calculation

Diffuse reflectance spectroscopy was used to study the absorption properties of the La.O3
pure host and the effects of Bi when incorporated in the host lattice, as shown in figure 4.5(a).
For the host as well as doped samples the diffuse reflection (R.,) decreased dramatically
below 250 nm, which was attributed to absorption above the band gap. An absorption band
centered at 308 nm was only present in the doped samples and it increased with increasing Bi

concentration. Therefore it was attributed to absorption by the Bi** ions. The Kubelka-Munk

— 2 .
function F(R,) = % can be used to convert the diffuse reflectance measurements to

o)

values proportional to the absorption [25]. For an indirect band gap material such as La>Os a
Tauc plot of [F(R.)hv]'/? versus hv can then be used to determine the optical band gap by
fitting a linear region and extrapolating this to where it cuts the horizontal (energy) axis [26].
Such a plot is shown in figure 4.5(b) for the La>O3 host, from which the band gap was
estimated to be 5.1 eV. In addition, the band gap of La,O3z has been reported by several
groups as summarized in Table 4.2. Although the values vary quite considerably, the result

obtained here correlates well with more recent measurements reported since 2014.
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Table 4.2: Band gaps of La2Os reported from various experiments.

Band gap (eV) | Technique Year Reference
3.6 UV-vis transmission 2008 28
5.84 UV-vis transmission 2009 27
5.3 Spectroscopic ellipsometry 2009 29
518+0.2 XPS
) o 2014 30
5.20 UV-vis transmission
5.20 - 5.55 XPS 2017 1
5.0 UV-vis reflectance 2017 26
120 3
\(a) La,O; pure host (b)
100+ Sk ad
VY
X 804 —— La, 05 pure host c’;‘ 24
E = La,03:Bi 4002 =
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Figure 4.5: (a) Diffuse reflectance spectra of La2Os pure host and doped samples annealed at

1200 °C in air. (b) A Tauc plot to obtain the indirect optical band gap of undoped La,Os.

4.3.3. Photoluminescence (PL) analysis

Figure 4.6(a) shows the PL excitation and emission spectra of the La>Os doped with different
Bi concentrations annealed at 1200 °C in air. Blue emission was observed at 462 nm, for
which the excitation spectra consisted of two peaks at 250 nm and 308 nm. We did not
observe the excitation peak at 225 nm as reported in [17]. As mentioned in the introduction,
the Bi®* ion has four excited states (3Po, ®P1, 3P- and Py, in increasing energy as shown in
figure 4.7) of which transitions to the 3Po and P, levels are not allowed. In early work,
Boulon [31] measured similar luminescence spectra and assigned the two excitation peaks to
transitions from the 'So ground state to the 'P: and 3P: energy levels. The lower energy
excitation peak observed in this work (308 nm, 4.03 eV) is similarly assigned to the 'Sp —

3P, transition, but the higher energy excitation peak (250 nm, 4.96 eV) requires more careful
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consideration. Lili Want et al. [32] considered a large number of Bi** doped materials and
obtained a quantitative relationship between the energies of the co-called A band (*So — >P1)
and C band (!So — *P1), namely Ec = 3.236 + 2.290(Ea — 2.972)°%% for values in eV. This
predicts that if the 1S — 3P; excitation occurs at 308 nm in La;Os, then the 1Sy — P;
excitation may be expected near 5.64 eV (220 nm). However, the observed higher energy
excitation band in figure 4.6(a) occurs at a longer wavelength (250 nm) and a comparison
between the reflectance of the pure host and doped samples in figure 4.5(a) also shows
evidence of absorption near 250 nm. Many materials doped with Bi** have been reported to
exhibit a metal to metal charge transfer (MMCT) from the Bi®* ion to cations of the host,
which can be considered as a transition from the Bi** ground state (*So) to the host
conduction band (see figure 4.7). Boutinaud [33] evaluated many hosts doped with Bi* ions
and showed that the energy of the MMCT absorption, in hosts where the cation coordination
exceeded 4, was predicted to an accuracy of +3 000 cm by the equation Emmct = 55 000 - 45
500y/d (in cm™), where y is the electronegativity of the host cations and d is the distance
between the Bi®* and host cations (in A). Using his values y = 1.3 and d = 3.98 A predicts that
for Laz-xO3:Bix the MMCT excitation may be expected at 40 000 + 3 000 cm™ i.e. 250 + 20
nm. This matches perfectly with the higher energy excitation band measured in this study,
which is therefore assigned to the MMCT band rather than to the C band.

The single broad band of blue emission, shown in figure 4.6(a), which was centered at 462
nm (2.68 eV) was attributed to radiative transitions from the 3P; excited state back to the 'So
ground state, with a Stokes shift of 1.35 eV. For comparison, Y20z3:Bi has two emission bands
located at 407 and 495 nm which are attributed to Bi®* ions in two different sites of the host
lattice [34]. The single emission in our results indicates that only one site occurs for Bi®* ions
in the La>O3 host, which is consistent with Bi substituting for La in the crystal structure
where all the La sites are equivalent. Figure 4.6(b) shows the emission intensity as a function
of Bi doping concentration, with the maximum occurring for x = 0.002. Above that
concentration the luminescence intensity decreases, which can be ascribed to concentration
guenching. When concentration quenching occurs due to 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 [35], suggesting a strong interaction
between the Bi** ions. The PL emission intensity as a function of annealing temperature, for
annealing in air between 800 °C to 1400 °C, is shown in figure 4.6(d). The blue PL intensity

increased as the annealing temperature was increased, reaching a maximum at an annealing
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temperature 1200 °C and then decreased with a further increase of the temperature. The
luminescence intensity may be expected to increase with annealing temperature due to
improvement of the crystalline quality and elimination of defects. Alternatively, in a study of
the effect of annealing temperature on Bi doped Y203 powders [34] the increase of the
luminescence intensity with annealing temperature up to a maximum value was attributed to
segregation effects of the dopant to the particle surface, while quenching at higher
temperatures was caused by evaporation loss of the dopant from the sample surface. The
optimum annealing temperature for La>-xO3:Bix (1200 °C) found in this study was lower than
that reported for Y2.xO3:Bix (1400 °C) [34].
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Figure 4.6: (a) Excitation and emission spectra of Laz-xOs:Bix doped with different Bi
concentrations, annealed in air at 1200 °C. (b) Emission peak intensity as a function of Bi
concentration. (c) Excitation and emission spectra of La».xO3:Bix=0.002 annealed at different

temperatures. (d) Emission peak intensity as a function of the annealing temperature.
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Figure 4.7 shows a schematic diagram of the energy levels involved in the optical properties
of Lax-xO3:Bix which was constructed using data measured in this work. The band gap, from
the diffuse reflection results, was taken as 5.1 eV. The bottom of the S level, used as the
reference (zero) level, was located at 4.96 eV below the conduction band based on the
measured energy of the MMCT excitation, which meant that it was located quite close to the
valence band. The curve representing the 3P1 energy level was located in the band gap with
its minimum being offset so that the excitation and emission between the 1Sp and *P1 matched
the experimental data (4.03 eV and 2.68 eV respectively). The position of the *P; band, not
observed in this study, was located at its predicted position of 5.64 eV. While the position of
the 3P, level was not known and it was placed randomly between the *P1 and *P; levels, the
3Py level has been reported to act as a non-radiative electron trap 371 cm™ (0.046 eV) below
the 3P1 level [33] and was placed appropriately.
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Figure 4.7: Energy level diagram for Bi doped LazO:s.

The decay curves of La,xOz:Bix powder phosphors are shown in Figure 4.8. Although the
sample with lowest doping (x = 0.001) showed a single exponential decay, the samples
having higher Bi concentration deviated from simple exponential decay curves. For
consistency, all the curves were fitted by a double exponential decay model

I(t) = Ao + Arexp(-t/t1) + AzeXp(-t/t2) .oovevenennnn.n. 4.1)
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where 11 and 12 are the short- and long-decay components, Ao is the background and A: and
A; are the fitting constants. The average lifetimes (tave) Were obtained using tave = (A11% +
Axt?)/(Arta + Arti) and are given with the fitting data in Table 4.3. The average lifetime
decreased with increasing the Bi** doping concentration, which can be ascribed to energy
migration between the Bi%* ions which also led to the concentration quenching at increased

doping levels discussed earlier.
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Figure 4.8: Fluorescence decay curves of La>.xO3:Bix phosphor powders annealed at 1200 °C

(excitation 304 nm, emission 462 nm).

Table 4.3: Fitting parameters for the decay curves and average lifetimes of La»«O3:Bix

powder phosphors.

Bi concentration (x) | A1(%) | T1 (ns) | A2(%) | T2 (nS) | Tave (NS)
0.001 11 115 89 276 268
0.002 20 118 80 273 258
0.003 24 105 76 269 251
0.004 34 119 66 272 244
0.006 36 91 64 260 232
0.008 46 89 54 252 215
0.01 48 79 52 241 203
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Figure 4.9(a) presents the chromaticity coordinates of La»xO3:Bix=0.002 powder phosphor
under excitation of 308 nm, determined using the GoCIE software. Its blue colour has
chromaticity coordinates X = 0.15 and Y = 0.17. Figure 4.9(b) compares the PL excitation
and emission of La>xO3:Bix=0002 powder phosphor annealed at 1200 °C in air with that
annealed in a reducing atmosphere (5% Hz and 95% Ar gas mixture). Annealing Ba;P>07 in a
reducing (CO) atmosphere at 1100 °C was reported to change the valence state of Bi* ions to
Bi2* and Bi° [36]. Lower valence (Bi?*) ions, although they are difficult to stabilize, have
been reported to give orange-red emission [37], but no additional luminescence bands or shift
in emission wavelength were observed for the reduced sample. The blue (Bi**) luminescence
from the reduced sample was less intense compared to the sample annealed in air, which may
be due to reduction of some Bi®* ions to non-luminescent Bi atoms [38] or to enhanced
evaporation loss of Bi from the surface when annealed in the reducing atmosphere.
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Figure 4.9: (a) CIE coordinate diagram for La>xO3:Bix=0.002 powder phosphor. (b)
Comparison of the excitation and emission spectra of La>;O3:Bix=0.002 annealed at 1200 °C in

air and in reducing atmosphere (5% H2 and 95% Ar gas mixture).

4.4. Conclusion

La>-xO3:Bix has been successfully synthesized via the sol-gel combustion method. The XRD
patterns confirmed the formation of the pure La>,O3 hexagonal phase. SEM images showed
that the grain size increased with increasing annealing temperature. The diffuse reflectance
spectra for the doped sample showed two absorption bands, one located at 308 nm and
another at shorter wavelengths (250 nm and less). The band located at 308 nm was only
present in the doped samples and was therefore attributed to absorption by Bi®* ions. The

shorter wavelength absorption was due to the MMCT absorption of the Bi** ions and the
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indirect band gap absorption. From reflectance data of the pure host sample the band gap of

La>O3 was found to be 5.1 eV. A broad band of blue fluorescence emission centered at 462
nm was observed when excited at 308 nm, which was attributed to the 3P1—!So transition of

Bi* ions. The emission intensity was measured as a function of Bi doping concentration, with
the maximum occurring for x = 0.002. The concentration quenching at this relatively low
doping concentration was attributed to strong interaction of the Bi** ions allowing energy
migration between them, which also was responsible for the decrease in the average lifetime
observed with increasing doping concentration. The reported properties show that Laz-xO3:Bix
can be used as a blue emitting phosphor and clarify the energy level diagram for this material.
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Chapter 5
Stability of Bi doped La>Oz powder phosphor and PMMA composites

5.1. Introduction

Lanthanum oxide (La2Oz) is an important industrial material which is used extensively for
catalysts, in the glass industry, for metal alloys (particularly rechargeable battery alloys) and
for ceramics [1]. La2Os has also been investigated as a phosphor host for lanthanide ions [2].
However, La,O3 must be handled with consideration due to its sensitivity to the atmosphere,
since it reacts relatively quickly with the moisture (water) in the air to form lanthanum
hydroxide (La(OH)s) and can also react with atmospheric carbon dioxide in the presence of
moisture to form carbonates [3]. Although a number of reports of the poor stability and
atmospheric degradation of undoped La>Os have been published previously [4, 5, €], this
important factor is only occasionally considered in papers dealing with La>O3 phosphors (e.g.
for La,O3:Eu [7, 8] and La203z:Ho [9]). In other phosphor studies of La,Os it is often
neglected (e.g. recently [10, 11, 12, 13]) and requires further attention. Research papers for
applications of La>Os other than phosphors also generally neglect its instability in the
atmosphere and its reaction with water, most notably ongoing research on the biological
effects of La,O3 [14, 15, 16] where an important consideration for understanding the
interactions must be the initial transformation of La,Os to La(OH)s in an aqueous

environment [17].

In this work blue emitting La>O3:Bi phosphor powder was prepared by the sol-gel
combustion method [18]. The product was annealed at 1200 °C and then exposed to
atmosphere at 20 °C and 40% relative humidity for 7 days to assess its environmental
stability. Although the La>Osz powder converted to La(OH)s within a few days, which was
studied by X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR),
photoluminescence (PL) and X-ray photoelectron spectroscopy (XPS), this could be
prevented by simply storing the samples in a vacuum desiccator; or the crystal structure
transformation could be easily reversed by annealing, which was investigated. Degradation of
the La Oz powder could be effectively slowed, but was not completely eliminated, by
encapsulation in poly(methyl methacrylate) (PMMA) polymer. Unlike for La>Os:Eu [7, 8]
and La>03:Ho [9] phosphors for which the transformation of the host from oxide to hydroxide
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affected the luminescence, but did not quench it entirely, the luminescence of La>Os:Bi was
completely quenched. Simply the presence of its luminescence can be used to indicate that
the transformation is not yet complete, which may be useful in monitoring the possible
transformation during other applications of La2Os, e.g. ceramics and catalysis.

5.2. Experimental
A powder sample of La>xO3:Bix=0002 Was prepared by the citric acid sol-gel combustion
method [18] according to the reaction (neglecting waters of hydration)

[4-2x]La(NO3)3 + [2X]Bi(NO3)s + 8CeHgO7 — 2La»xOz:Bix+ 6NO + 48CO + 32H.0 + 3N>

where the Bi was assumed to substitute for La and the concentration was chosen for optimal
luminescence based on our previous work [19]. An additional sample with higher Bi
concentration (x = 0.01) was used for the XPS studies because low dopant concentrations are
generally difficult to detect using this technique. Chemicals were used as purchased from
Sigma Aldrich, with the purity of the nitrates being 99.999% and the citric acid being 99.5%.
Following the combustion reaction, the resulting powder was first annealed in air at 1200 °C
for 2 h prior to initial characterization. The environmental stability was studied by leaving the
freshly prepared powder in the open atmosphere for 7 days at 20 °C and 40% relative
humidity, during which time PL and XRD measurements were performed almost daily to

investigate the hydroxylation process

La>,0O3 + 3H,0 — 2La(OH)a.

Scanning electron microscopy (SEM), FTIR and XPS measurements were performed only on
the freshly prepared samples and after exposure to the atmosphere for a number of days
(degraded samples). A portion of the freshly prepared sample was stored in a vacuum
desiccator, instead of open to the atmosphere, to assess the effectiveness of this precaution in
preventing hydroxylation. In addition, part of the degraded sample was re-annealed at various
temperatures between 500 and 800 °C to investigate the reversal of the effects of

hydroxylation.

Part of the freshly prepared Laz-xOs:Bix=0.002 powder was encapsulated in PMMA polymers as
follows: either 5 g, or 10 g, of PMMA was dissolved in 20 ml of chloroform and then 0.5 g of
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Laz-xO3:Bix=0.002 in 10 ml of chloroform was added. The mixed solution was kept in a bath
maintained at 50 °C with continuous stirring using a magnetic agitator for 1 h until the
solution turned into a transparent sticky gel. The gel was dried by direct heating on a hot plate
maintained at 150 °C for 12 h. The resulting products were white films of composite material.

The phase composition of samples was characterized by XRD measurements using a Bruker
D8 Advance diffractometer for which the Cu Ka X-rays (A = 0.154 nm) were generated at an
accelerating voltage of 40 kV with a current of 40 mA. The luminescence was measured at
room temperature using a Cary Eclipse fluorescence spectrophotometer equipped with a 150
W xenon flash lamp. A JSM-7800F SEM was used to analyse the particle morphology. FTIR
spectra of the powders were obtained using a Thermo Scientific Nicolet 6700 FT-IR
instrument, for which pellets were prepared by mixing 0.002 g of sample with 0.2 g of KBr
(heated in a drying oven at 70 °C for 12 h to eliminate moisture). The electronic states and
chemical compositions were analysed using a PHI 5000 Versaprobe XPS 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. Scans were generally recorded with a pass energy of 23 eV (or 59
eV for the Bi dopant) after 2 min of sputter cleaning with a 2 kV Ar ion gun and Multipack
software was used to analyse the different binding energy peaks using Gaussian fits. To
compensate for charging, the binding energies were referenced to the C 1s peak of
adventitious C at 284.5 eV as standard.

5. 3. Results and discussion

The XRD pattern of the freshly prepared La,xOs:Bix=0.002 powder is shown in figure 5.1(a),
together with data from JCPDS card #05-0602 for La>Os. The good match of all the observed
peaks revealed that La»Os, with its hexagonal crystal structure, had been successfully
synthesized with no impurity phases. From the Scherrer equation [20], using the average of
eight diffraction peaks, the crystallite size was estimated as 87 £ 4 nm as shown in Table 5.1.
The sample was exposed to the atmosphere at 20 °C and 40% relative humidity and
remeasured daily for 5 days, for which the results are also given in figure 5.1(a). By
comparing the patterns with the standard for La(OH)sz (JCPDS card #05-0685), it was
observed that mixed phases of the oxide and hydroxide existed with an increasing proportion
of hydroxide from days 1 to 4, and that on day 5 (i.e. 120 h) the XRD pattern no longer
contained any visible peaks from the oxide i.e. the sample had been completely transformed

to La(OH)3z:Bi. The average crystallite size of the hydroxide was estimated as 22 + 4 nm, as
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shown in Table 5.1. Note that when the freshly prepared sample was stored in a vacuum
desiccator, it did not show any perceptible degradation over a similar period, as shown by
figure 5.1(b). Fleming et al. [5] examined the reactivity of lanthanum oxide powders in air
and reported that La>Oz3 rapidly transformed to La(OH)s after exposure to atmosphere for 24
h at room temperature. Mendez et al. [6] studied the hydroxylation of La>O3z nanoparticles
and reported a complete transformation to La(OH)3 after 80 h. Long et al. [21] studied the
stability of La>Os produced by an ethanolamine-nitrate combustion process and reported that
La>O3 changed completely to La(OH)s after 24 h. In this study, the conversion time (120 h)
was slightly longer than previous reports. Although this may have been as a result of doping,
this is considered unlikely, because Mendez et al. [7] also reported on the hydroxylation of
La>Oz:Eu nanoparticles and found complete hydroxylation after 35 h, which was shorter than
the time they had reported for undoped samples. During the transformation from oxide to
hydroxide the average crystallite size was significantly reduced (from ~87 to ~22 nm),

showing that several crystallites of La(OH)3z were formed from each crystallite of La2Oz.
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Figure 5.1: (a) XRD patterns of freshly prepared La,xO3:Bix=0.002 powder initially and on
subsequent days, when exposed to the atmosphere. The standards for La>Os and La(OH)z are
shown on the bottom and top, respectively. (b) XRD patterns of the same sample stored in a

vacuum desiccator.
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Table 5.1: Crystallite sizes calculated from the Scherrer equation.

Freshly prepared sample (oxide) Degraded sample after 5 days (hydroxide)
Diffraction peak | Crystallite size (nm) Diffraction peak Crystallite size (nm)
100 92 100 27
002 85 110 21
011 93 101 24
012 88 200 27
110 88 201 21
103 81 211 12
112 84 220 23
201 88 311 21
Average 87+4 Average 22 +4
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Figure 5.2: (a) PL emission spectra of freshly prepared La»xO3:Bix=0002 initially and on
subsequent days, for 7 days. (b) Peak intensity as a function of time. (c,d) PL emission

spectra and intensity as a function of time for the phosphor stored in a vacuum desiccator.
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Figure 5.2(a) shows the PL emission spectra of the freshly prepared La>xO3:Bix=0.002
phosphor powder initially and over time. The phosphor powder produced a broad band of
blue fluorescence emission centred at 462 nm, when excited by 308 nm which was attributed
to transitions from 3P; to 1Sg levels in Bi* ions [22]. It was observed that the PL emission
decreased daily and there was negligible remaining luminescence after 7 days. Figure 5.2(c)
presents the PL emission of the freshly prepared sample stored in a vacuum desiccator, with
figure 5.2(d) showing the peak intensity as a function of time. The PL intensity did not
change, indicating that the phosphor does not degrade measurably when stored in a vacuum

desiccator and that the phosphor can be stored effectively in this manner.

- S

Figure 5.3: SEM micrographs of (a) freshly prepared La>Oz and (b) degraded sample after 5

days.

The surface morphology of the freshly prepared La>Os powder phosphor and the degraded
sample after 5 days was compared using SEM as shown in figure 5.3. The particles of La,O3
had an irregular shape and the average particle size was estimated to be about 620 nm, which
is larger than the crystallite size estimated from XRD. Therefore each particle contains many
crystallites. Figure 5.3(b) shows the morphology of the degraded sample. It consisted of
smaller grains (about 485 nm) which were agglomerated, but fractures were present. The
volume of La;Os has been reported to increase significantly (~40-60% [5]) as it absorbs
moisture and transforms to a hydroxide, which is considered as a possible cause of the
fracturing. At the same time, the XRD results of this study showed that there was a
significant reduction of the crystallite size. As a result of these opposing effects, the change
in morphology during the transformation is expected to be complex. The origin of the small

bright particles on the surface of the grains could be small pieces of material that resulted
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from the breaking of particles when the sample was crushed. As the particles break, they

might result in tiny fragments as seen in this image.
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Figure 5.4: FTIR spectra of (a) freshly prepared La,Oz and (b) degraded sample after 5 days.

The FTIR spectra of the freshly prepared La,O3 powder and a degraded sample are shown in
figure 5.4. The FTIR spectrum of the fresh sample in figure 5.4(a) revealed several
absorption bands in the range 500 — 4000 cm™. Denning and Ross [23] measured the infrared
absorption of La;Oz (taking care to avoid degradation) and reported peaks at 242, 386 and
435 cm, which are all outside the range of the present measurement. Also spectra of La,Os
measured in the range 400 — 4000 cm™ only showed absorption at the edge near 400 cm™
[24]. This indicates that all of the peaks in figure 5.4(a) are due to impurities in the La;Os.
The absorption bands centred at 1391 and 1485 cm™ can be attributed to the presence of
carbonates [25, 26, 27]. Although carbonates may form during degradation, since La>Oz can
react with the CO> in the air, this was unexpected for the freshly prepared sample and instead
the carbonates are likely to have been formed during synthesis using the combustion method
with organic fuel and not have been completely eliminated by annealing, although being
present in low enough concentration not to result in XRD peaks. The bands at 654 and 3615
cm™! are due to bending and stretching modes of La-O-H groups [28], showing that even for
the freshly prepared sample some hydroxide was present. This could have formed in the short
time in contact with the environment, while mixing with KBr to form the pellet for

measurement may also have introduced some moisture despite the precaution of drying the
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KBr. In comparison to the fresh sample, the degraded sample showed similar carbonate peaks
but much stronger absorption at 654 and 3608 cm™* associated with the hydroxyl groups,
revealing that degradation was mainly as a result of interaction of moisture from the
atmosphere and that reaction with CO, was limited. The degraded sample also contained an
absorption band at 3450 cm™ not present in the fresh sample, which may result from the
stretching mode of adsorbed water or from hydroxycarbonate phases [28] These observations
confirmed the hydroxide formation after exposed to air as found by XRD (figure 5.1(a)), but
showed that the XRD results were limited in that carbonate phases were below its detection

limit.

Photoelectron spectra of lanthanum compounds are very complex [29] because
photoionization of La®>" ions creates not only La*" ions with a 3d core hole (state I), but also
La3* ions having a 3d core hole and a 4f electron transferred from neighbouring ligands (state
I1). The state Il, which has higher binding energy than state I, splits into antibonding (lla) and
bonding (Ilb) components [30] which are described as satellite peaks. Additionally, a
plasmon peak also generally occurs at higher binding energy. All four of these peaks occur as
doublets due to spin-orbit coupling, which causes 3ds and 3ds> peaks having area ratio 3:2.
Therefore four doublet peaks may occur for each bonding state of La®* ions in the sample.
Furthermore, when using an Al Ko X-ray source for XPS, the broad La M4sN4sN4s Auger
electron peak overlaps the higher binding energy region where the La 3ds» peaks occur and
should ideally be subtracted before XPS fitting, as done by Sunding et al. [30]. Figure 5.5(a)
and (e) show the measured La 3d binding energy regions for the freshly prepared and a
sample degraded for 7 days, respectively, with the spin-orbit splitting of doublets being 16.8
eV. Amongst the background fits provided by the Multipak software, the Shirley background
is the best, but still inadequate since it cuts through the measured spectrum near ~842 eV,
which was also the case for Ogugua et al. [31]. The broad Auger band, which elevates the
measured counts in the higher binding energy range (down to roughly 640 eV), hampers the
background fitting algorithms, therefore we only fit the binding energy region less than 842
eV. This excludes all the La 3ds> peaks, as well as the La 3ds> plasmon peak, leaving only
the La 3ds state I, lla and Ilb peaks per unique site of La®" ions in the sample. Although not
all the La ions in La,O3 and La(OH)s are in equivalent environments, this is neglected and we
consider only La ions in the oxide or hydroxide as possible states, therefore fitting six
possible peaks. We further constrained the fitting model by fixing the binding energy

separations based on the data of Sunding et al. [30] which are given in Table 5.2.
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Figure 5.5: XPS spectra of freshly prepared La>xO3:Bix=0.01 (2) La 3d (b) fit of lower binding
energy part of the La 3d region (c) O 1s (d) Bi 4f. Similar spectra are shown in (e-h) for the
degraded sample.

Figure 5.5(b) shows the resulting fit for the freshly prepared sample, for which the total areas
corresponding to the oxide and hydroxide related peaks were found to be 89% and 11%,
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respectively, which is consistent with La>O3z having a small amount of initial degradation due
to a short exposure to the atmosphere when loading the sample. Figure 5.5(f) shows a fit
using the same peak positions and widths for the degraded sample. The total of the hydroxide
related peaks was 31%, which is higher than for the fresh sample although a value close to
100% was expected since the XRD and PL results had indicated a complete conversion of the
degraded sample from oxide to hydroxide. This unexpected result may be due to limitations
of the model used or challenges in fitting the six unresolved and closely separated peaks,
while the X-ray beam or high vacuum environment may also cause the surface layer to
convert from hydroxide to oxide [30]. Further work will be required for a better
understanding to overcome the challenges of applying the La 3d XPS data for differentiating
between La oxide and hydroxide. Instead, Fleming et al. [5] considered using the O 1s peak.

Table 5.2: Peak positions and areas for the freshly prepared and degraded samples.

La20s La(OH)s
| la b | la b
Binding energy (eV) 832.8 834.0 837.7 833.0 834.9 836.9
Shift relative to
2,03 | state (6V)" - 1.2 4.9 0.2 2.1 4.1
Area (%): fresh 21% 40% 28% 0 0 11%
sample Total: 89% Total: 11%
Area (%): degraded 0 40% 29% 20% 2% 9%
sample Total: 69% Total: 31%

“Fixed from the data of Sunding et al. [30].

Fleming et al. [5] modelled the O 1s binding energy region in terms of two peaks separated
by 2.0 eV, with the lower binding energy peak attributed to O in La,Os and the higher
binding energy peak for O in La(OH)z. Although this gave a plausible explanation of their
data, Sunding et al. [30] reported that La>Os alone produced two O 1s peaks having this
separation and that La(OH)s produced an additional single peak at an intermediate binding
energy. Note that Fleming et al. [5] had found both peaks in their sample which they had
freshly removed from the oven and immediately placed in the XPS machine, but attributed
the second peak to a reaction with atmospheric moisture and formation of some hydroxide
during this short exposure time. In the crystal structure of La>Os there are two possible La-O
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bond lengths of ~2.34 and 2.71 A, which differ significantly by about 15%, while in La(OH)3
the possible La-O bond lengths are almost the same, namely 2.593 and 2.596 A [32]. This
gives a physical basis for the more complex model proposed by Sunding et al. [30] and
therefore this was used to fit our measured data presented in figure 5.5 (c) and (g) for the
fresh and degraded samples, respectively. In both cases the fitting indicated a mixture of
oxide and hydroxide material, but as expected the middle peak corresponding to the
hydroxide phase was much larger for the degraded sample than the freshly prepared one.
Considering the surface sensitivity of the XPS technique, the presence of some hydroxide in
the freshly prepared sample may be attributed to partial hydroxylation of the surface during
the short time the sample was exposed to the atmosphere, while the unexpected remaining
peaks associated with oxide in the degraded sample could be due to conversion of hydroxide
to oxide on the surface due to the X-ray beam in the high vacuum environment [30]. These
factors create significant uncertainty and mean that the XPS results can only be interpreted
qualitatively. Figures 5.5 (d) and (h) show the Bi 4f binding energy regions for the freshly
prepared and degraded samples, respectively. These can be fitted by two pairs of doublets,
each having the expected spin-orbit separation of 5.3 eV [33]. The energy separation between
the two doublets is almost 2 eV, while the Bi 4f7,2 binding energy in different oxide materials
generally lies in a much smaller range of ~1 eV (between ~159-160 eV [33]). Therefore Bi**
ions substituting La®* ions in different sites of La,Oz or La(OH)s are extremely unlikely to
have such a large binding energy difference. The Bi 4f binding energy of metallic Bi°® is ~2
eV less than for Bi,O3 [34], suggesting that one of the doublets corresponds to Bi®* ions and
the other corresponds to metallic Bi nanoparticles. Such nanoparticles may have been formed
by segregating Bi during annealing when the samples were initially annealed during
preparation, or possibly as a result of Ar ion sputter cleaning of the samples. The co-existence
of Bi2Os and metallic Bi nanoparticles in pulsed laser deposited thin films which was

reported by Eom et al. [35] produced similar XPS results.

Figure 5.6 presents XRD patterns of the degraded sample and portions of it that were re-
annealed at different temperatures between 500 °C and 800 °C in air for 2 h. Annealing at
500 °C did not remove all hydroxide phase from the phosphor, but when the temperature
increased to 600 °C the structure changed to pure La;Os phases. The peaks became sharper
(FWHM decreased) by increasing the annealing temperature, indicating that the crystallite

size increased by increasing the annealing temperature. No measurements were made above
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800 °C, since for that temperature the XRD data indicated good crystallinity and that the

structure had reverted completely to La,Os.
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Figure 5.6: XRD pattens of the degraded sample and portions of it which were re-annealed at

Counts (arb. units)

different temperatures in air for 2 h.

Figure 5.7 (a) shows PL emission spectra of portions of the degraded sample which were re-
annealed at temperatures between 500 °C and 800 °C in air for 2 h. The PL emission intensity
increased with increasing annealing temperature. For the highest temperature (800 °C) it was
found that the blue PL emission was once again observed at about one third of the intensity of
the freshly prepared samples. Figure 5.7(b) presents the PL emission intensity as a function of
annealing temperature. It is unclear why the luminescence did not fully recover, suggesting
that some residual defects which act as quenching sites remain despite the phase purity
suggested by the XRD results. This is consistent with the carbonates revealed by FTIR
(figure 5.4(a)) despite no impurity phases being observed in the sample. Alternatively, this
may be caused by segregation of Bi ions to non-luminescent metallic Bi nanoparticles during

annealing.
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Figure 5.7: (a) PL emission spectra of the degraded sample immediately after re-annealing at
different temperatures in air for 2 h. (b) Peak intensity as a function of annealing temperature.

Since for many applications it is impractical to store the phosphor in a vacuum desiccator or
regularly anneal it, a trial was made to see if it could be effectively protected from
atmospheric moisture by encapsulation in a polymer. PMMA was used to encapsulate the
freshly prepared phosphor in order to protect it from the moisture in the atmosphere because
PMMA is transparent and weather resistant [36]. Figure 5.8 shows the PL emission of a fixed
mass (0.5 g) of phosphor powder mixed with either 5 g or 10 g of PMMA, respectively. For
the sample mixed with 5 g of PMMA the PL emission intensity decreased significantly with
time. However, by further increasing the PMMA up to 10 g, the PL emission intensity
decreased rather more slowly. Although the degradation could not be eliminated, it was
reduced significantly and further optimization studies or the use of other polymers may allow

better results to be achieved in future.
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Figure 5.8: PL of La>xO3:Bix=0.002 phosphor powder mixed with (a) 5 g (b) 10 g of PMMA.
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5.4. Conclusion

Bi doped La>0O3 was successfully synthesized by the sol-gel combustion method and a broad
band of blue fluorescence emission centered at 462 nm was observed for excitation at 308
nm. The La2Os host was found to be unstable under ambient conditions and converted to
more stable La(OH)z due to its hygroscopic nature when exposed to the atmosphere. The
change in crystal phase was confirmed by XRD and FTIR and was accompanied by a loss of
luminescence. The O 1 s XPS spectra could be qualitatively explained by the formation of a
new peak corresponding to La(OH)s in the degraded sample occurring at a binding energy
between those of the double peak associated with La>Os. The degraded samples were re-
annealed and it was found that the structure could be reverted completely to La>Oz, while the
blue PL emission was once again observed at about one third of the intensity as for the
freshly prepared sample. For samples stored in a vacuum desiccator for one week, no change
for XRD and PL were observed. Initial trials showed that the degradation was reduced
significantly by encapsulation of the phosphor in a PMMA polymer. Although Laz-xOs:Bix
can be used as a blue emitting phosphor, it is only suitable for applications where it will not
be exposed to moisture in the atmosphere. Therefore, it may have an application as a
moisture sensor, because while the luminescence remains high it is evidence that it has not

been exposed to the atmosphere.
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Chapter 6
Optical properties and stability of Bi doped La>O>S

6.1. Introduction

The luminescence of Bi®* ions in different host materials varies from ultraviolet to green,
making them attractive as activators for phosphors, and a recent survey of spectroscopic data
for 117 hosts illustrates the continued interest in Bi-based luminescent materials [1]. Bi doped
La>Os was reported to have blue emission at 2.73 eV (454 nm) [1], but this host is unstable in
the atmosphere and degrades over a period of about a day to form La(OH)z [2]. La202S
(figure 6.1) has a similar crystal structure to La>Os, but with S replacing the O at Wyckoff
site 1a [3]. It is sold as a commercial phosphor when doped with Eu and Th, motivating us to
investigate the optical properties and stability of Bi doped La>O>S and to compare the results
with those reported for La,O3. The new spectroscopic data for La,O.S:Bi adds to the
extensive listing [1] and provides additional information for considering quantitative models
for the energies of excitation bands of Bi** ions [4, 5]. In some systems Bi doping may be
considered as a possible alternative to Ce doping (e.g. as a sensitiser for Tb3* ions [6]) and
therefore it is also of value to consider the luminescence of Bi®* ions in hosts such as La,02S

in which Ce®" emission does not occur [7].

Figure 6.1: The unit cell of La2O>S drawn with the Vesta software [8].
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Rare earth oxysulphide phosphors have been synthesized by various methods, such as the
direct sulphidation of rare-earth oxides by a sulphur-containing gas (H2S or CS») [9] and the
reduction of the rare earth sulphates by H> or CO gas [10]. However, these gases are
potentially harmful for human health and fine crystalline material can rarely be obtained by
these methods [11]. In this study, La2O.S:Bi powder was prepared by the ethanol-assisted
solution combustion method [12], using ethanol as a pre-ignition fuel and inexpensive
thioacetamide as the sulphur-containing organic fuel. Its luminescence and environmental
stability were measured and discussed in comparison to La»>0s:Bi. Lifetime measurements to

investigate the persistent luminescence of La>0S:Bi are also presented.

6.2. Experimental

Powder samples of Lay.xO2.S:Bix (x = 0, 0.001, 0.002, 0.003, 0.004, 0.006, 0.008 and 0.01)
were prepared via the ethanol-assisted solution combustion method. Thioacetamide was
employed as inexpensive sulphur containing organic fuel and was used with excess sulphur in
the proportion S:La = 4:1 as described in the literature [12]. For the undoped host sample
1.2990 g of lanthanum nitrate (La(NO3)s3-6H20, 99.999%, purchased from Sigma Aldrich),
0.9015 g of thioacetamide (CH3CSNH2, Sigma-Aldrich, > 99.0 %), 2.5 ml of ethanol and 7.5
ml of distilled water were mixed in a small glass beaker. Since Bi dopant was expected to be
inserted by replacement of La, for doped samples an appropriate amount of La(NOz3)3-6H20
was substituted by an equal amount of bismuth nitrate (Bi(NO3)3.5H20, 99.999% purchased
from Sigma Aldrich). The reaction beaker was heated at 80 °C under vigorous stirring for 10-
15 minutes, after which about 6 ml of gel remained. This was transferred to a porcelain
crucible which was placed into a muffle furnace maintained at 400 °C for 15 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 a reducing atmosphere (5% H: in Ar gas) at
temperatures between 500 °C and 1000 °C.

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
voltage of 40 kV and a current of 40 mA and emitted characteristic X-rays with wavelength
0.154 nm. XRD patterns were measured between 20 = 20° and 80° with a step of 0.02°. 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
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reflectance spectra were recorded using a Lambda 950 UV-vis spectrophotometer from
PerkinElmer with a spectralon integrating sphere accessory. Initial photoluminescence (PL)
properties of the powders were measured at room temperature using a Cary Eclipse
spectrophotometer equipped with a 150 W xenon flash lamp and monochromator as
excitation source, operating in phosphorescence mode with a delay time of 0.2 ms and gate
time of 5 ms. Additional steady-state PL measurements were made using an FLS980
spectrometer from Edinburgh Instruments with a continuous 450 W xenon lamp. This
instrument was also used to measure decay curves in the millisecond range using a xenon
flashlamp, as well as in the nanosecond range using pulsed fixed wavelength light emitting

diodes.

6.3. Results and discussion

6.3.1. Structural, morphology and chemical composition analysis

Figure 6.2(a) shows the XRD patterns of undoped La,O>S samples, both as-prepared and
annealed at temperatures between 500 °C and 1000 °C, together with reference data for
La>O2S (JCPDS no. 270263). The as-prepared sample showed a small amount of lanthanum
oxysulphate (La202S0s) impurity phase (marked with #, JCPDS no. 160501). Annealing at
(or below) 800 °C did not remove this contaminant from the phosphor, but the sample
annealed at 900 °C formed a pure La>,O.S phase. Annealing at a higher temperature (1000
°C) caused formation of La,Os (marked with *, JCPDS no. 050602). Therefore the doped
samples of La>xO2S:Bix were annealed only at 900 °C and the XRD patterns of these samples
are shown in figure 6.2(b). No additional diffraction peaks of other phases were detected,
revealing that the Bi®* ions had been successfully incorporated into the La20>S host lattice.
Also, no obvious shifting of the peak positions was observed for the doped samples, as seen
from the magnified region near the 101 peak in figure 6.2(c). The crystallite sizes D of

samples annealed at 900 °C were estimated from the full-width at half-maximum g of the

more prominent diffraction peaks using the Scherrer equation [14] D = ;;Oc%je’ where 1 is the

X-ray wavelength and 6 is the Bragg angle. The results are summarized in Table 6.1 and
show that the average crystallite size (~ 26 nm) was in the nanoscale region and not
significantly affected by doping.
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Table 6.1: Crystallite sizes (nm) of the La>.xO2S:Bix samples annealed at 900 °C.

Peak x=0 x =0.001 X =0.002 X =0.004 X =0.006 X =0.008 x=0.01
101 28 28 25 28 27 28 26
102 29 29 26 27 26 26 27
110 28 28 27 26 27 28 26
103 25 25 26 23 25 23 24
200 24 21 25 21 21 27 21
201 27 27 30 25 28 25 27
Average 27+2 2612 2612 25+2 25+2 262 25+2
#Lag0y804  +1a0; (@) | [(b)  Lay,0,8:Biy (c) .
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Figure 6.2: (a) XRD patterns for the undoped La.,O>S samples, as-prepared and annealed,
together with reference data of La,O>S (JCPDS card no. 270263). (b) XRD patterns of doped
Laz-x02S:Bix powders annealed at 900 °C. (c) Magnified view of the 101 main diffraction

peak for doped samples.

Figure 6.3 shows the SEM images of (a) undoped La>,0O>S and (b) doped La>xO2S:Bix=0.01
phosphor powders annealed at 900 °C, together with their EDS spectra in (c) and (d)
respectively. For the undoped sample (figure 6.3(a)) the particles aggregated and had
irregular shapes. When the Bi®* ions were incorporated in the La20,S host lattice (figure

6.3(b)) the particle size and morphology were similar to the undoped sample. The EDS
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spectrum of the undoped sample (figure 6.3(c)) confirmed the presence of all the host
elements (La, S and O) as expected, while that of the doped sample (figure 6.3(d)) was
similar to the host sample. Although Bi X-rays of energy 2.419 keV may be expected, this,
however, overlaps with the high-energy side of the S peak as indicated by the black line in

figure 6.2(d) and the Bi was not detected due to its low concentration.

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

10

Fj.erg_v (ke({u bl:crg)' (ke6w
Figure 6.3: SEM images of (a) La20O2S and (b) La2-xO2S:Bix=0.01 phosphor powders annealed
at 900 °C. Below the figures are the EDS spectra corresponding to (c) La202S and (d) Lax-
x02S:Bix=0.01 respectively. The line located at 2.419 eV shows the expected position of the Bi
dopant peak.

6.3.2. Diffuse reflectance spectra and band gap calculation

Diffuse reflectance spectroscopy was used to study the absorption characteristics of the
La>0O,S pure host and the effects of Bi when incorporated in the host lattice, as presented in
Figure 6.4(a). For the host as well as doped samples the diffuse reflection (R,) decreased
dramatically below 253 nm, which was attributed to absorption above the band gap. An

absorption band centered at 344 nm was only present in the doped samples and was therefore

attributed to absorption by the Bi** ions. The Kubelka-Munk function F(R) = (tgi can
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be used to convert the diffuse reflectance measurements to values proportional to the
absorption [15]. For an indirect band gap material such as La;0.S, a Tauc plot of
[F(Rs)hv]Y? versus hv (the photon energy) can then be used to determine the optical band
gap by fitting a linear region and extrapolating this to where it cuts the horizontal (energy)
axis [16]. Such a plot is shown in figure 6.4(b) for the La,O>S host, from which the band gap
was estimated to be 4.90 eV. The band gap of La>0O>S was previously determined to be 4.6
eV by Jingbao et al. [17], while Vali reported it to be 4.35 eV [18]. 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 6.4(a) Diffuse reflectance spectra of La20.S pure host and doped samples. (b) A Tauc
plot to obtain the indirect optical band gap of undoped La>O>S.

6.3. 3. Photoluminescence (PL) analysis

Figure 6.5(a) shows the steady-state PL excitation spectra of La>xO.S:Bix activated with
different Bi concentrations for blue emission at 456 nm. Two main peaks centred at 260 nm
and 344 nm occur, with a shoulder at 298 nm. The excitation at 344 nm corresponds to the
absorption band of the dopant observed in the reflectance spectra of figure 6.4(a) and exciting
the sample at 260 nm (figure 6.5(b)) or 344 nm (figure 6.5(c)) both produced a similar broad
blue emission band in the range 360 nm — 700 nm, centred at 456 nm. Figure 6.5(d) shows
the emission intensity of the samples excited at 260 nm and 344 nm as a function of Bi
doping concentration. For an excitation of 344 nm the maximum emission occurring for the
lowest doping concentration considered (x = 0.001), but when the phosphor excited by 260
nm the emission was always stronger and the maximum occurred for x = 0.002, which is

therefore considered the optimal Bi doping concentration. The relatively low optimal

83



concentration (within the range 0.001 to 0.01) suggests a strong electric dipole or quadrupole
interaction between the Bi®* ions for the model where concentration quenching is the result of

migration of energy between the activators [19].
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Figure 6.5: (a) Excitation spectra of Lazx02S:Bix doped with various Bi®* ion concentrations.
Corresponding PL emission spectra under the excitation of (b) 260 nm and (c) 344 nm. (d)

Emission peak intensity as a function of Bi concentration.

The ground state of the Bi** ion 6s? configuration is So, while the excited 6s'6p!
configuration has four energy levels, namely ®Po, 3P1, 3P, and !Pi, in order of increasing
energy. Although transitions from the !So ground state to the 3P; excited states are spin-
forbidden, spin-orbit coupling of the 'P1 and %P1 levels means that transitions to the 3P;
become possible and absorption from Sp to *P1 (A band) and !P1 (C band) levels are
generally observed for Bi®* ions. An intermediate absorption band (B band) corresponding to
transitions from Sp to 3P, is made possible by coupling with unsymmetrical lattice
vibrational modes, although the !Sq to *Pg transition is strongly forbidden [20]. In addition, a

charge transfer (D band) may also occur. In this context, the emission at 456 nm (2.72 eV) is
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attributed to emission from the excited 3P; level to the ground state, while the excitation at
344 nm (3.60 eV) is attributed to the A band absorption, giving a Stokes shift of 0.88 eV. The
weak excitation at 298 nm (4.16 eV) and the stronger excitation at 260 nm (4.77 eV) may
then be tentatively associated with the B and C bands respectively. To motivate this, note that
Lili Wang et al. [21] obtained a relationship between the energies of the A and C bands,
namely Ec = 3.236 + 2.290(Ea — 2.972)%8% for values in eV. Taking Ea = 3.60 eV gives Ec =
4.78 eV, which is in good agreement with the experimental value of 4.77 eV assigned to the
C band, the peak position of which varies somewhat unsystematically with doping
concentration in figure 6.5(a). The theoretical position of the D band, corresponding to a
metal-to-metal charge transfer (MMCT) from the Bi®* ion to the La3* cations of the host and
giving the energy from the ion ground state to the host conduction band, can be calculated
using the theory of Boutinaud [5], namely Emmcr = 55 000 - 45 500y/d (in cm™), where y is
the electronegativity of the host cations and d is the distance between the Bi** and host
cations (in A). The electronegativity of 7-coordinated La®* ions was taken as x = 1.301 [22],
while the distance between the La®* cations in La.0,S is 3.853 A [23]. This value was used
as the La®>"-Bi®* separation, since there is negligible difference of the ionic radii of these ions
which can be taken as identical [5]. Therefore Emmct = 39 600 + 3000 cm™ (corresponding to
254 + 19 nm or 4.91 £ 0.37 eV) with the error estimate being taken from Boutinaud [5]. The
estimated energy of the MMCT transition, although having quite a large uncertainty, is
therefore only slightly larger than the energy of the C band (4.78 eV) and the short

wavelength excitation peak in figure 6.5(a) is probably as a result of both these sources.

The luminescence and reflectance data measured in this work allowed the construction of an
energy level diagram for Bi doped La»0»S. Figure 6.6 shows a schematic diagram of the
energy levels involved in the optical properties of La>xO2S:Bix. The band gap, from the
diffuse reflection results, was taken as 4.90 eV. From the calculation of the MMCT energy,
the bottom of the 1Sy level was located at about 4.91 + 0.37 eV below the host conduction
band, therefore based on this the 'Sy level was taken to coincide with the valence band and
used as the reference level. The excitation energies of the A, B and C bands (3.60, 4.16 and
4.77 eV, respectively) were then used to estimate the positions of the 3P1, 3P, and *P; energy
parabolas, such that the Stokes shift and emission wavelength matched the experimental
values. Although the position of the 3P level parabola could not be established from the data
in this study, it is generally located at an energy only very slightly below the 3P; level [24]

and has been drawn accordingly.
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Figure 6.6: Energy level diagram for Bi doped La>0O>S.

In addition to having similar crystal structures, La>,O>S and La>Oz have approximately the
same maximum phonon energies of ~400 cm™ [25] and it is of interest to compare them as
phosphor hosts. Joon Jae Oh et al. [26] reported that Eu®* doped La,02S exhibited stronger
emission intensities than La>Os, which they attributed to a greater spontaneous emission rate
associated with the crystal field resulting from mixed anions. Since the oxysulphide host
exhibits an additional charge transfer band for Eu®" associated with S (together with the
charge transfer band associated with O), together with the fact that the La>Os sample in that
study was contaminated with La(OH)s, makes a clear comparison of the hosts difficult.
Figure 6.7 compares the steady-state PL excitation and emission properties of the
La>02S:Bix=0.002 powder of this study to an optimized Bi-doped La>Osz sample from our
previous work [27], both having the same Bi doping concentration. The emission wavelength
of Bi®* ions in the La,O3 host was only marginally longer (462 nm) and the emission band
was less broad: the colours are compared on the Commission internationale de I'éclairage
(CIE) diagram in figure 6.7(b). La20.S:Bi phosphor was found to have similar emission
colour as La>0O3:Bi, although less pure and closer to the centre of the CIE diagram. While
La>O>S:Bi has an excitation maximum at 260 nm via the C band (with the MMCT transition
also probably making a contribution to this excitation band) and can also be excited at 344
nm via the A band, the maximum excitation of La>Os is via its A band at 308 nm, while its
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weaker excitation at shorter wavelength was attributed only to its MMCT band rather than its
C band. Therefore significant differences exist in the excitation spectra of Bi®* ions in these
hosts. The maximum luminescence intensity for Bi** in the La,02S host was about half that
in La>,O3. Note that the oxysulphide samples were annealed in a reducing atmosphere, while
the oxide material was annealed in air, so for the La,0,S some Bi** ions may have been
reduced to Bi?* ions which have been reported to emit in the yellow-orange region [28, 29] or
to non-luminescent Bi atoms with possible evaporation loss of Bi from the surface when
annealed in the reducing atmosphere. Alternatively, the broader emission band of La,O>S:Bi
may be due to greater perturbations at the Bi®* ions being induced by the crystal field of

La20.S compared to La,O3 [26] due to it having mixed anions.
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Figure 6.7: Comparison of (a) the excitation and emission spectra and (b) CIE coordinates of
La20-S:Bix=0.002 annealed in a reducing atmosphere at 900 °C with La203:Bix=0.002 annealed in
air at 1200 °C, both for 2 h..

Although the maximum emission intensity of La>Oz:Bi exceeded that of La>O,S:Bi, it
degrades when exposed to the atmosphere [30]. Figure 6.8(a) shows the PL emission spectra
of the La»xO2S:Bix=0.002 sample from this study monitored for 60 days after its synthesis,
showing that the oxysulphide host is stable and has negligible environmental degradation. Its
maximum intensity versus time is compared with that of the optimum La>O3:Bix=0.002 Sample
in figure 6.8(b). This shows that using La>0>S:Bi instead of La>,O3:Bi will allow one to obtain

a fairly similar emission while avoiding the serious problem of degradation.
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Figure 6.8: (a) PL emission of LazxO2S:Bix=0.002 excited at 260 nm exposed to air for 60 days.
(b) PL intensity of La>xO2S:Bix=0002 With time, compared to La».xO3:Bix=0.002 Which is

unstable and shows rapid degradation.

The lifetime of the 3P — !Sq transition of Bi** ions is generally between 10 ns and 1 ps [31],
but phosphorescence-mode measurements of La)0,S:Bi using a Cary Eclipse
spectrophotometer for a delay time of 200 ps still showed significant luminescence for which
the emission and excitation spectra are presented in Figure 6.9(a). The form of emission
curves matched those measured under steady-state excitation given in figure 6.5 and the peak
positions in the excitation curves shown in figure 6.9(a) were similar to that for steady-state
measurements, although their relative intensity was changed — with the longer wavelength
excitation being relatively smaller. Figure 6.9(b) shows the emission intensity of the samples
excited at 255 nm and 344 nm as a function of Bi doping concentration, having a similar
trend to the steady-state measurements (figure 6.5(d)). The unexpected long lifetime emission
from the La0O.S:Bi samples, which did not occur for La>Os:Bi samples, prompted

measurements of the decay curve characteristics for the oxysulphide based phosphors.
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Figure 6.9: (a) Phosphorescence excitation and emission spectra of La>0.S doped with
different Bi concentrations annealed at 900 °C in a reducing atmosphere (5% H: in Ar gas)

for 2 h. (b) Emission peak intensity as a function of Bi concentration.

Decay curves for emission at 456 nm were measured with the FLS980 fluorescence
spectrometer using two time scales. For the longer time period (100 ms) a pulsed xenon lamp
with pulse width ~2 ps flashing at 10 Hz was used as the light source and data was collected
using multi-channel scaling. The lamp was set to flash 0.5 ms into each cycle and the detector
was gated to begin measurement 0.1 ms after the flash, for 99 ms. The decay curves were
almost identical for different Bi doping concentrations and are shown for x = 0.002 and x =
0.006 in figure 6.10(a). The negligible detector dark counts signal is also shown for
comparison, illustrating that the samples were still emitting after 100 ms. Challenges in
fitting the decay curves of the well-know persistent luminescence phosphor
SrAlO4:Eu®*,Dy®* have been surveyed by Tsai et al. [32] and a quantitative analysis for
La20,S:Bi will only be attempted in later work. The similarity of the excitation spectra for
persistent luminescence (figure 6.9(a)) and steady-state luminescence (figure 6.5(a)) indicates
that the traps could be activated by exciting the Bi** ions directly (344 nm, A band), but more
strongly by exciting at 255 nm (C band), which may also have resulted in MMCT (D band)
transitions. This excitation energy is also very close to the band gap. These different
activation processes may have affected the trapping state densities, which resulted in slightly
different forms of decay curves for the two excitation wavelengths shown in figure 6.10(a).
The shorter time period (5000 ns) decay curves were obtained by exciting the samples with
fixed wavelength light emitting diodes of bandwidths ~10 nm centred at 258 nm and 342 nm.
These weak sources had pulse widths less than 1 ns and were flashed at 200 kHz while data

was collected using time correlated single photon counting. Due to the long collection times,
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the detector dark counts were estimated and subtracted, after which the data was normalized
and is shown in figure 6.10(b). Following an initial fast decay for all the samples, those
excited at higher energy (shorter wavelength) exhibited a long lifetime component indicating
persistent luminescence, while the samples excited at the lower energy had a faster decay and
negligible counts at the end of the 5 pus measurement window. This correlates with the low
excitation peak measured at 344 nm compared to 255 nm in phosphorescence mode data
(figure 6.9(a)) and shows that the traps responsible for the persistent luminescence were
much more readily activated by short wavelength irradiation. In contrast, decay curves for
La>O3:Bi [27] were close to straight lines for a logarithmic vertical scale and corresponded to
lifetimes of ~250 ns. The emission related to traps in La20.S:Bi has a complex time
dependence down to the nanosecond scale and it is not easy to distinguish this from decay of
the Bi** ions themselves. Further work will be required to understand the kinetics of the

La>0,S:Bi luminescence better.
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Figure 6.10: Decay curves of La>xO2S:Bix phosphor powders emitting at 456 nm for (a) 100
ms time window for excitation by a xenon flashlamp, and (b) 5 ps time window for excitation

by pulsed light emitting diodes.

It is of interest that La,O.S was first synthesized in 1947 during experiments intended to
produce La,Ss and to test it as a host for infrared-stimulated phosphors [33], i.e. a host having
traps from which charge carriers would be released under infrared radiation to result in
visible luminescence (not infrared-stimulated upconversion). Subsequently energy storage
was studied in La202S:Eu [34, 35] and the mechanism was proposed to be excitation of Eu®*
to its charge transfer state and its disassociation into Eu?* and a hole which was trapped in the
host [36]. Persistent luminescence lasting a few minutes was also reported from La;0.S:Sm

[37]. Recently, Luo et al. [38] considered charge trapping in rare-earth oxysulphides and
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concluded that Ce®*, Pr3* and Th®" acted as hole traps at which recombination can occur
when electrons trapped by host intrinsic defects are released, whereas Ti** and Eu®* acted as
electron traps at which recombination can occur when trapped holes are released. Therefore
the host defects in such materials can trap both electrons and holes. Trivalent lanthanide ions
having ground states levels close above the valance band may act as hole trapping centres
[38] and, from figure 6, it has been established that the ground state of Bi®* in La20,S is very
close to the valence band. For excitation corresponding to the MMCT process, the Bi®* ion
may dissociate into Bi** and an electron, which could be trapped by host intrinsic defects.
Later detrapping of the electron would result in persistent luminescence. The low temperature
thermoluminescence glow curves of Luo et al. [38] for Tb®* and Pr®* doped La,02S indicated
that electron de-trapping occurred below room temperature, which would explain why the
room temperature persistent luminescence of La,O2s:Bi is relatively short. This suggests that
introduction of a co-dopant which provides stronger electron trapping sites may improve the
persistent luminescence of La,0,S:Bi. The assignment here of Bi** as a hole trap at which
recombination may occur is in contrast to the suggestion that it functions as an electron trap
in MgGeOs [39] and further research of persistent phosphors containing Bi is required.

6.4. Conclusion

Bi doped La>,0O>S was successfully synthesized by the ethanol-assisted solution combustion
method. X-ray diffraction data confirmed that La>O.S crystallized in a hexagonal lattice.
SEM images showed that the particles were aggregated and had irregular shapes. The
reflectance spectra of the La>xO.S:Bix phosphor powder exhibited two absorption bands
centred at 250 nm and 344 nm. The absorption band at 250 nm was observed for both
undoped and Bi doped La>0.S and was attributed to absorption above the band gap. The
weaker band at 344 nm was only present in the doped sample and was therefore attributed to

absorption by Bi ions. From reflectance data of the pure host sample the band gap of La;0.S
was found to be 4.90 eV. A broad band of blue emission at 456 nm, attributed to the *P1—So
transition of Bi®* ions, was observed. The three excitation bands located at 260 nm, 298 nm
and 344 nm were attributed to the 'So — Py, 1So — *P, and 'So — 3Py transitions of Bi** ions,

respectively. Although the maximum luminescence intensity (for La>.xO2S:Bix=0.02) was only
about a half of the maximum intensity that could be obtained for an optimized La,O3:Bi

sample, the La>,O>S:Bi phosphor was found to be stable when exposed to the atmosphere and
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did not degrade like La>,O3:Bi. The La,0>S:Bi samples showed long lifetime emission which

did not occur for La,O3:Bi samples and this was attributed to Bi** acting as a hole trap.
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Chapter 7
Cathodoluminescence degradation of Bi doped La>Os and La>0-.S

phosphor powders

7.1.  Introduction

Lanthanum oxide (La203) and lanthanum oxysulphide (La20.S) have attracted significant
research interest due to their prospective use as catalytic materials and for their thermal,
chemical, electrical, magnetic, ceramic and optical properties [1, 2]. Th and Eu doped La>0,S
powders are commercially available as X-ray phosphors, while La,O>S:Th can also be used
as a cathode ray tube (CRT) phosphor (P44-GX). La2Os:Tb has been investigated for
photoluminescence (PL) and cathodoluminescence (CL) applications [3], while Sun Woog
Kim et al. [4] recently reported an improvement in emission intensity of La>0.S:Th
synthesized by thermal decomposition in a molten eutectic LioSOs—Na>SO4 flux mixture.
La>O>2S has the same hexagonal crystal structure as La»Os, but with S replacing the O at
Wyckoff site 1a [5], so that the La is coordinated to three S atoms and four O atoms. Both of
these hosts are wide band gap semiconductors with band gap energies of ~5 eV: the measured
band gap of La;02S (4.9 eV) is slightly less than for La,O>S (5.1 eV), which is consistent
with the expectation from numerically modelling of these materials [6, 7]. Both have
maximum phonon energies of ~400 cm™ [8, 9], which is lower than most oxides and
beneficial for phosphors to minimize nonradiative losses while maximizing the radiative
emissions [10]. They also share the interesting property that Ce®** emission is quenched in
both of these hosts [11]. Although reports of various luminescent ions in each of these hosts
occur in the literature, almost no studies have been reported which directly assess the same
radiative centre in both of these hosts, making a comparison between them in terms of a
phosphor host difficult. In the particular case of Eu®* doping, where PL excitation is via the
charge transfer band, the excitation range of La.0.S:Eu extends to longer wavelengths
compared to La;Os:Eu [12]. This is due to the charge transfer from Eu* to S* in addition to
charge transfer from Eu®* to O ions, the former taking place at lower energies. This gives an
advantage of La>O.S:Eu over La;Os:Eu in the case where relatively long wavelength
excitation is desired e.g. for white light emitting diode phosphors. However, this cannot be
generalized to other ions (e.g. Th®") when the excitation is not via the charge transfer
mechanism. Joon Jae Oh et al. [13] reported that the spontaneous emission rate of Eu®* in

La>O>S was greater than in La»Os, resulting in stronger emission from the oxysulphide based
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phosphor, which they attributed to greater perturbations being induced by the crystal field of
La,02S having mixed anions on the Eu®* ions, thereby allowing the forbidden f-f transitions
to become possible. However, they acknowledged that the La,O3 powders were difficult to
prepare without La(OH)s contamination and this was likely to have reduced the emission

intensity of the Eu®" ions, since hydroxyl ions are known luminescence quenchers [14].

Luminescent materials activated by Bi* ions exhibit interesting optical properties due to a
strong interaction with the surrounding host lattice [15]. La,O3:Bi was reported to have blue
emission at 2.73 eV (454 nm) [16], but this host has been found to be hygroscopic and
converted to a hydroxide within days after exposure to the atmosphere [17]. We have found
that the luminescence intensity of freshly prepared La>O3:Bi exceeded that of La>0.S:Bi,
although for La>03:Bi exposed to the atmosphere hydroxylation occurs and the luminescence
then degrades quickly to become less intense than that of La,O,S:Bi. This suggested that
La203:Bi may be superior for PL in an inert or vacuum environment and motivated us to
compare the CL emissions of Bi doped La>Os and La20,S in this study. Although we are
unaware of any reports dealing with the CL of La>0,S:Bi, Miyata et al. [14, 18] investigated
the PL and electroluminescence of La>0s:Bi thin films prepared by magnetron sputtering. At
the turn of the century CRT phosphors all had sulphide (or oxysulphide) based host materials,
namely ZnS:Ag,Cl (P22B) for blue, ZnS:Cu,Au,Al (P22G) for green and Y20,S:Eu (P22R)
for red [19]. However, sulphur-containing phosphors undergo changes in surface chemistry
due to interaction of residual vacuum gases with the electron beam, which may lead to
degraded CL brightness. More demanding applications, such as field emission displays
(FEDs) which must operate at lower voltages and poorer vacuum, prompted investigations of
oxide-based phosphors [19, 20] which may be considered more chemically and
thermodynamically stable than sulphide-based phosphors, as well as more environmentally
friendly. Following earlier studies on the CL degradation of ZnS based phosphors [21, 22],
there was evidence that a layer of ZnO was formed on top of ZnS due to an electron-
stimulated surface chemical reaction [23, 24] and more recent studies have been made of the
degradation of ZnO [25, 26] and CaO:Bi [27]. In this work we present CL emission spectra of
La>O3:Bi and La>0.S:Bi phosphor powders prepared by the sol-gel combustion synthesis and
the ethanol-assisted solution combustion method, respectively. These are compared to PL
emission from these samples, followed by CL degradation studies during which the elemental
surface composition and_chemistry changes resulting from the electron bombardment were

monitored using Auger electron spectroscopy (AES) and X-ray photoelectron spectroscopy
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(XPS). These phosphors were evaluated and compared for possible application in flat panel

information displays such as FEDs.

7.2.  Experimental

The La>-xO3:Bix=0.002 phosphor powder was synthesized by the sol-gel combustion method at
250 °C using citric acid as the fuel. The product power was annealed at 1200 °C in air for 2 h
and then stored in a vacuum desiccator to protect it from hydroxylation due to the moisture in
the atmosphere [28]. The LazxO2S:Bix=0.002 phosphor powder was prepared via the ethanol-
assisted solution combustion method, followed by annealing for 2 h at 900 °C in a reducing
atmosphere (5% H: in Ar gas). The Bi doping concentration for both samples was the same
and the optimal value for maximum PL emission was used. The PL properties of the powders
were measured using an FLS980 spectrometer from Edinburgh Instruments, having a
continuous 450 W xenon lamp and double monochromator as excitation source. The CL and
Auger measurements were carried out in an ultra-high vacuum chamber at the base pressure
of 1.3x108 Torr with a PHI model 549 system. The CL data were collected with a PC2000-
UV Spectrometer type using OOl Base32 software. The phosphor powder was irradiated with
a beam of electrons with an energy of 2.5 keV and a beam current of 4 pA. AES and CL
spectra were collected simultaneously and used to monitor the change of the CL intensity and
the elemental changes on the surface of the sample. The chemical compositions and
electronic states were analysed using XPS before and after degradation using a PHI 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.

7.3.  Results and discussion

7.3.1. CL emission of La>0O3:Bi and La>0,S:Bi phosphor powders

Figure 7.1 compares the PL and CL emission spectra of the (a) La,0Oz:Bi and (b) LaO.S:Bi
powder phosphors. The PL was excited at different wavelengths corresponding to the
maximum emission intensity determined from our previous work, namely 308 nm for
La,03:Bi and 260 nm for LaO,S:Bi, while CL was measured under identical conditions as
given in section 7.2. The data has been normalized since the intensities measured from the PL

and CL systems cannot be directly compared. For both PL and CL the maximum emission
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intensity of the La>O3:Bi was approximately double that of the LaO,S:Bi. Figure 7.1(a)
shows that for La>Os:Bi there was a shift in the peak position between the PL and CL
maximum intensity positions from 462 nm to 485 nm. The full width at half-maximum
(FWHM) of the PL emission band was 76 nm, but using an electron beam as excitation
source resulted in a broader emission band with a FWHM of 91 nm. A similar red-shift and
broadening was reported, for electroluminescence emission compared to PL, for La>Oz3:Bi
thin films prepared by magnetron sputtering as reported by Miyata et al. [14, 18]. Figure
7.1(b) shows the CL emission spectrum of La>0.S:Bi centred at 500 nm, significantly red-
shifted in comparison to the PL emission which had a maximum at 456 nm. The PL and CL
emission spectra of La>0,S:Bi were significantly broader than the corresponding emission
spectra of La,0O3:Bi, having FWHM values of 139 nm and 134 nm, respectively. Therefore
the CL spectrum of La>,O>S:Bi was red-shifted but approximately the same broadness as the

PL spectrum.
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Figure 7.1: PL and CL emission spectra of (a) La203:Bi (b) La20,S:Bi.

The ground state of the Bi** ion 6s? configuration is So, while the excited 6s'6p!
configuration has four energy levels, namely 3Po, *P1, 3P, and P: in order of increasing
energy [29]. Although transitions from the 1Sp ground state to the 3P, excited states are spin-
forbidden, spin-orbit coupling of the P1 and 3P; levels means that transitions to the 3P;
become possible and absorption from Sy to P; and P1 levels are generally observed for Bi®*
ions. An intermediate absorption band corresponding to transitions from Sy to 3P, is made
possible by coupling with unsymmetrical lattice vibrational modes, although the So to 3Po
transition is normally considered as strongly forbidden [29]. The PL emissions can be

attributed to the %P1 — Sp transitions in Bi* ions. Despite the different environments of the
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Bi®* ions, which substitute for La®" ions in the hosts, the PL peak emission wavelengths are
less than 10 nm different. The difference between PL and CL may be attributed to the large
energy difference of the incident photons (4.03 eV for La>Os:Bi and 4.77 eV for La;0,S:Bi)
compared to the electrons (2.5 keV) and hence the different mechanisms for the excitation.
The luminescent Bi®* centres were directly excited by the photons, exciting electrons from
the ground state to the excited state. However, under the much higher energy electron beam
irradiation during CL, luminescent centres in the phosphors may be excited by either direct or
indirect excitation. When an electron penetrates the surface of a phosphor, it causes
ionization of the host lattice atoms, freeing many secondary electrons which can also cause
ionization and create further secondary electrons [30]. When lower energy secondary
electrons reach the luminescent centres, they may directly excite the luminescent centres.
Also, these secondary electrons generate many electron-hole pairs (EHs) by collision with
lattice ions. Generated EHs may act as mobile carriers in the material and recombine at
luminescent centres or may decay non-radiatively [31]. The energetic excitation caused by
the electron beam may therefore lead to an increase in the FWHM and other changes to the
emission spectra, although in the present case emission from higher excited states of the Bi®*
ion were not observed. The similar red shift in the emission reported by Miyata et al. for
La20s:Bi thin films, when observing electroluminescence compared to PL, was attributed to
relaxation of the selection rule forbidding the lowest energy Po — !So transition of Bi®* ions
as a result of the high electric field [32]. This transition, which may dominate at low
temperature [33], has been reported in Bi doped SrO, CaS and CaO [34].

7.3.2. CL degradation of La>03:Bi phosphor powder

Figure 7.2 shows the CL intensity maximum at 485 nm for La>Os:Bi as a function of electron
dose exposure in vacuum at the base pressure of 1.3x10® Torr for 18 h. The CL intensity
initially decreased but remained steady after 60 C/cm?, so that at the end of the measurement
the CL intensity was about 70% of the initial value. The CL emission spectra before and after
the degradation process are shown in the inset. The peak position and shape of the CL
spectrum remained the same before and after degradation, with only a small decrease in the

intensity.
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Figure 7.2: (a) CL Intensity of La2Os:Bi as a function of electron dose in vacuum at a base
pressure of 1.3x10® Torr for 18 h. and (b) represents the CL spectra before and after
degradation.

Figure 7.3(a) shows the AES spectra of the La>O3:Bi phosphor powder before and after
degradation. The Auger peaks of the principle elements were observed at 82 eV and 629 eV
for La and at 515 eV for O. Bi was not detected due to its low concentration, but the main
peak will be expected at 101 eV [35], overlapping the strong low energy Lal peak. In
addition, the impurity elements C and CI were also detected in the Auger spectrum before
degradation. These were attributed to adventitious impurity species on the surface due to
handling and exposure to the atmosphere [36]. The small Cu peak was present due to the use
of a Cu sample holder. Figure 7.3(b) shows the Auger peak-to-peak heights (APPH) of
various signals (La2 at 629 eV, O at 515 eV and C at 272 eV) as a function of electron dose.
The surface impurity (C) was removed during electron beam exposure and the C APPH had
decreased to almost zero when the electron dose reached ~45 C/cm?. Generally the other
Auger signals associated with the host elements (i.e. La and O) are expected to increase as the
C is removed from the surface, as reported for the degradation of ZnO [25, 26] and SrO:Bi
[34]. Therefore it is unusual for the O APPH signal to decrease during this initial phase,
especially between the electron dose of ~20 to 45 C/cm? as observed in this study. The C
signal is generally associated with hydrocarbon contamination, but the correlation of C and O
APPH signals in figure 7.3(b) suggests that carbonates may be present on the surface and are
removed during electron beam exposure. This is consistent with the fact that La>,O3 is known
to react with CO- in the atmosphere to form carbonates [28]. Additionally, citric acid was
used during the combustion synthesis and may result in contamination by carbonates, since

infrared absorption measurements of both freshly prepared samples and those exposed to the
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atmosphere contained peaks at 1391 and 1485 cm™* associated with carbonates. Therefore the
decrease in the C APPH signal is believed to be due to removal of predominantly
adventitious C contamination up to a dose of ~20 C/m? (where the O signal shows little
change) and thereafter predominantly carbonate contamination existing in the sample for the
dose range of ~20 - 45 C/m? (where the O signal decreases). The removal of carbonates from
the surface of phosphors during degradation may occur due to electron-stimulated surface
chemical reactions (ESSCR) as reported by Swart et al. [37] and result in CO- release into the
vacuum chamber. After the electron dose exceeds ~45 C/cm? the CL intensity and APPH
signals remain fairly constant, indicating that no further degradation occurs. The La;03:Bi is
therefore becomes stable, after these initial effects, for long term electron bombardment,

which makes it suitable as a blue emitting phosphor for use in FEDs.
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Figure 7.3: (a) AES spectra of La,03:Bi phosphor powder before and after electron beam
bombardment in a vacuum base pressure of 1.3x10°8 Torr, (b) Auger peak-to-peak heights of

La, O and C as a function of electron dose.

Figure 7.4 shows high resolution XPS spectra of La»>Os:Bi phosphor powders for various
binding energy ranges associated with the C 1s, La 3d, O 1s, Bi 4d and Bi 4f electrons. The
spectra are given before sputter cleaning (red) and after 2 min of sputter cleaning with a 2 kV
Ar ion gun (blue). Although the AES data, previously discussed, showed clearly that C was
removed from the surface during degradation, the degraded sample nevertheless displayed a
strong C 1s XPS peak before sputter cleaning, which shows that adventitious C
contamination occurred on the degraded sample surface between removal from the Auger
system and loading in the XPS system. Although the main peak at 284.5 eV, attributed to

hydrocarbons, decreased substantially after the sputter cleaning as expected, the small peak
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with binding energy 289.5 eV was not reduced. This binding energy corresponds to C in
carbonates [38, 39] and indicated that these are present inside the sample at low
concentration. This peak also occurs for the degraded sample after sputter cleaning,
suggesting that the removal of C observed during Auger measurements occurred only near

the surface.
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Figure 7.4: XPS spectra of La>0O3:Bi phosphor powder for freshly prepared (left) and
degraded (right) samples. The red curves are the measurements before sputter cleaning and

the blue curves are the measurements after sputter cleaning.
La 3d photoelectron spectra are complicated [38, 40], generally consisting of four doublet
peaks with 16.8 eV spin-orbit splitting for each bonding state of the La%* ions. In addition,

background fitting is made difficult by the fact that the broad La Ma4sN4sNas Auger peak
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overlaps part of the binding energy range when using an Al Ko X-ray source [38]. Figure 7.4
shows that after sputtering the intensity of the La peaks increased, due to removal of the
surface contamination. Qualitatively, the La 3d XPS spectra, after sputtering, for the freshly
prepared and degraded samples are similar to one another and a quantitative fitting of the
entire range was not performed. The lower binding energy region ~838 — 842 eV could be fit
with three Gaussian peaks, as shown in figure 7.5(a) for the degraded sample after sputtering,
which is expected in this limited range when all the La®* ions have the same environment, as
in the case of La>,O3z. However, the shift of La 3d peaks in different materials is small (e.g. the
peak shifts between La in La;O3 and La in La(OH)s [38] are only a fraction of the peak’s
widths) and small quantities of La®* ions in different environments would be challenging to
detect using the La 3d XPS signal. Significant changes to the O 1s XPS spectra occurred
before and after sputter cleaning. Considering spectra from the cleaned samples, they are
similar in form, both consisting of two distinct peak separated by about 2 eV with the lower
binding energy peak roughly twice as intense as the other. This is consistent with the O 1s
spectra for La>Oz presented in Sunding et al. [38]. Considering the spectra before sputtering,
they may be described by the same two peaks but with varying intensity ratio. This implies
the presence of a third peak almost coinciding with one of the original peaks. Possibilities of
O containing surface contamination include carbonates and hydroxides, which are known to
form for La,O3 when exposed to the atmosphere and have similar O binding energies [39].
The C 1s spectra suggested that a low level of carbonates was present, but this was relatively
unchanged by sputter cleaning and therefore these were suggested to be inside the bulk and
result from the citric acid used during synthesis. This indicates that the most likely source of
the O contamination is the formation of La(OH)s on the surface. Since XPS is a surface
sensitive technique and hydroxylation of La.O3z occurs quickly, the formation of a surface
layer of hydroxide may occur during the short times when samples are exposed to the
atmosphere, which would be impossible to avoid without more elaborate sample handling
facilities. The data presented by Sunding et al. [38] suggested that the binding energy for O in
La(OH)3z was between the two binding energies of O at its two sites in La2Os and this was
previously used to fit the O peak in La>Os/La(OH)z samples exposed to the atmosphere for
extended times during which complete hydroxylation occurred. However, the present results
suggest that the hydroxide-related peak has a binding energy which is very close to the higher
binding energy peak of the oxide related pair. Hence only two peaks are observed, but the
higher binding energy peak has contributions from the oxide and hydroxide and grows

relative to the lower energy peak as more hydroxide is present. Fitting of the O 1s peak using
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this alternative model, for the degraded sample before and after sputtering, is shown in
figures 7.5(b) and (c) respectively. This model is similar to that of Fleming et al. [41] and
Baskys et al. [42] who used two peaks separated by 2.0 eV, with the lower binding energy
peak attributed to O in La,O3 and the higher binding energy peak for O in La(OH)sz. The
difference is that we consider the higher binding energy peak to be a degenerate peak made
up of signals from O in La(OH)3 as well as O in La,Os. Physically, we expect O in La;0s to
produce two peaks because the O atoms are coordinated at two significantly different
distances from the La. These two different coordination distances also resulted in an energy
splitting and two peaks in the density of states for the valence band of La,Os computed by
Alemany et al. [43]. This model would additionally clarify why the higher energy peak of the
pair was never eliminated despite attempts to produce pure oxide samples with no hydroxide
[38, 41, 42].
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Figure 7.5: Fitting of selected XPS spectra of degraded samples given in figure 7.4. (a) La 3d,
after sputtering. (b) O 1s, before sputtering. (c) O 1s, after sputtering.

Figure 7.4 also presents the XPS spectra for the Bi 4d and 4f binding energy regions.
Considering particularly the Bi 4f spectra, which have a stronger signal, there is a marked
decrease in the intensity of the Bi peaks after sputter cleaning. This shows that the surfaces of
both the freshly prepared and degraded samples were enriched with Bi before sputter
cleaning. External contamination from Bi is not considered possible. Surface enrichment of
Bi for the freshly prepared sample has occurred due to segregation of Bi from the bulk during
annealing. Although the signal from the degraded sample is weaker (with increased noise-to-
signal ratio), its surface was also enriched with Bi, which was therefore not removed
completely from the surface during CL degradation. Figure 7.6 presents fitting of the Bi 4f
spectra for the sputter cleaned samples. These can be fitted by two pairs of doublets with
spin-orbit separation of 5.3 eV as expected [39]. The large energy separation of the doublets
(~2 eV), similar to that reported by Eom et al. [44] for pulsed laser deposited Bi»O3 thin
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films, suggest that they originate from Bi®* ions substituting La®* ions in the host and from
metallic Bi nanoparticles on the surface. The lower binding energy doublet corresponds to
metallic Bi and is weaker for the degraded sample after sputtering, suggesting that the
amount of Bi on the surface may be reduced during CL degradation. Elemental Bi is known
to form a thick native oxide when exposed to air, giving rise to vivid colouration of such
samples, therefore the existence of metallic Bi was unexpected and it may be that Bi
nanoparticles are embedded near the surface in the host. Comparing figure 7.4 with figure
7.6, 1t can be seen that sputter cleaning more strongly reduced the peaks corresponding to the
higher binding energy doublet, i.e. that corresponding to Bi%* ions. Therefore this peak may
have contributions from both Bi®* ions substituting La®>" ions in the host as well as Bi in
Bi2O3 formed by oxidation of segregated Bi on the surface. However, the Bi on the surface
did not appear to play a critical role in the CL degradation of the La>O3:Bi phosphor powder.
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Figure 7.6: Fitting of the Bi 4f XPS spectra obtained after sputter cleaning of the (a) fresh
sample. (b) Degraded sample.

7.3.3. CL degradation of La,02S:Bi phosphor powder

Figure 7.7(a) shows the height of the CL intensity maximum at 500 nm for the La>O,S:Bi
phosphor powder as a function of electron dose exposure in vacuum, at a base pressure of
1.3x10® Torr, for 22 h._The CL emission spectra before and after the degradation process
shown in figure 7.7(b). The peak position and shape of the CL spectrum remained the same
before and after degradation. The CL intensity decreased continuously (seemingly
exponentially) so that at the end of the measurements it was only about 30% of the initial

value. Hence a 22 h exposure to 2.5 keV electrons significantly reduced the CL intensity and
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the sample was not resistant to degradation. It would therefore not be suitable for application
as a CRT or FED phosphor.
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Figure 7.7: (a) CL intensity of La,0O,S:Bi as a function of electron dose in vacuum, at base

pressure of 1.3x10® Torr, for 22 h. (b) The CL spectrum before and after degradation.

Figure 7.8 shows the AES spectra of the La2O.S:Bi powder phosphor before and after CL
degradation. The Auger spectrum before degradation showed peaks of all the host elements
(Laat 82 eV and 629 eV, O at 515 eV and S at 155 eV), as well as a small amount of surface
contamination by carbon (C) and chlorine (Cl) which were attributed to adventitious impurity
species due to handling and atmospheric exposure. As for the case of La>O3:Bi, the Bi dopant
was not detected. After degradation the peak corresponding to S became much smaller, but
was still present. This indicates that exposure to the electron beam had been accompanied by
loss of S, which suggests the formation of a non-luminescent La;Os layer on the surface
causing degradation, rather than the formation of a S containing compound e.g. a sulphate
layer. Dolo et al. [45] similarly found that CL degradation of Gd>0.S:Tbh phosphor powder
was accompanied by a loss of S from the surface and attributed the degradation to the
formation of a non-luminescent (dead) layer of GdOx on the surface. During degradation the
Auger signals from the C and CI contaminants were reduced to almost the noise level. Figure
7.8(b) shows the APPHs of La, O, S, and C as a function of electron dose. During the
electron bombardment on the phosphor the S peak decreased, but stabilized at about 30
C/cm? and did not reduce to zero, while the APPH signals corresponding to the other
elements remained constant. A few minutes elapsed between measurement of the Auger
spectrum before degradation and the recording of the APPH signals, during which some
degradation occurred. Therefore the decrease of the C peak was not captured and the initial
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APPH signal for S is less than what would be expected from the Auger spectrum. The
decrease of S on the surface was expected to be linked to the increase of some other Auger

signal (e.g. O if La202S was converted to La203), but this was not observed.
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Figure 7.8: (a) AES spectra of La>0,S:Bi powder phosphor before and after electron beam
bombardment in a vacuum base pressure of 1.3x10 Torr, (b) Auger peak-to-peak heights of

La, O, S and C as a function of electron dose during degradation.

Figure 7.9 shows the high resolution XPS spectra of the fresh and degraded La>O,S:Bi
phosphor powders for the binding energy ranges of C 1s, La 3d, O 1s, Bi 4d and S 2p.
Spectra obtained before sputter cleaning are shown in red and those after sputter cleaning are
shown in blue. There is no signal in the binding energy range for Bi 4d, indicating that the Bi
on the surface was below the detection limit. This is fortuitous since the Bi 4f binding energy
range overlaps the S 2p region shown in the bottom panels of figure 7.9 and would have
complicated the S 2p spectrum if it had been present. It is a significant difference between
La203:Bi and La20,S:Bi that for the first there is Bi segregation to the surface, while for the

second no Bi was detected on the surface. This suggests that the diffusion of Bi in the

oxysulphide is inhibited.

For both the fresh and degraded samples adventitious C due to hydrocarbons was detected on
the surface and reduced by sputter cleaning. However, the signal from C for the degraded
sample was less than for the fresh sample. A small peak near 289.5 eV corresponding to
carbonates was present (as also found for the La>Os:Bi) and is attributed to carbonates formed

within the host during synthesis involving organic precursors.
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Figure 7.9: XPS spectra La,0,S:Bi phosphor powder for freshly prepared (left) and degraded
(right) samples. The red curves are the measurements before sputter cleaning and the blue

curves are the measurements after sputter cleaning.

The S 2p peak of the fresh La>0,S:Bi sample was unchanged after sputter cleaning. It has an
asymmetrical shape because it is composed of an unresolved doublet (2p12 and 2psr) with

area ratio 1:2. The peak position near 160 eV is characteristic of S in sulphides [39]. Since
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only one doublet is present, this indicates that all the S occupies sites with the same
environment, which is expected from the crystal structure of La;O>S if it is similar to that of
La>Ogz, but with S replacing O at the 1a Wyckoff site. Considering the S 2p peak of the
degraded La>0,S:Bi sample, the counts are clearly less than for the fresh sample (with higher
noise-to-signal ratio). This is consistent with less S on the surface as determined by AES,
although the AES measurements suggested that very little S would remain on the surface
while XPS indicated that a significant amount of S remains. This highlights the need to use
complementary techniques for evaluating the degraded surface. For the unsputtered sample
there is only a small peak near 160 eV and a larger peak near 169 eV, which is characteristic
of S bonded in sulphates [39]. Therefore, in contradiction to the expectation from the AES
data, the XPS results indicate that the degraded La>O>S:Bi contained sulphate on the surface.
This was probably La,0>SOs, which was observed as a contaminant in La,O.S samples
prepared and annealed at temperatures below 900 °C. Sputter cleaning the sample reduced the
peak near 169 eV and increased the peak near 160 eV, suggesting that a thin sulphate later
was partially removed, exposing the (oxy)sulphide layer of the host beneath it. Swart et al.
[46] reviewed reports of the CL degradation of ZnS and concluded that a ZnSO4 layer was
formed on the surface when it was exposed to dry oxygen in the vacuum chamber, while a
ZnO layer was formed (with the emission of H2S from the surface) when water was present.
Therefore a combination of these mechanisms may have acted during the degradation of
La>O>S:Bi during the present study.

Although there are definite changes in the La 3d XPS spectra of the fresh and degraded
samples, before and after sputtering, the peaks occur generally in the same position with
different intensities. Considering the spectra of the fresh sputter cleaned sample of La>,O>S:Bi
in the range 830 — 840 eV, without compensating for the background, the intensity of the
lower binding energy peak is markedly less than the higher binding energy peak. The
opposite trend occurred in figure 4 for La2O3:Bi. Without performing quantitative fits (like
was done for La>,O3:Bi in figure 7.5(a)), the relative heights of these peaks can be used to
qualitatively distinguish between the oxide and oxysulphide. For the degraded sputter cleaned
sample of La,0,S:Bi these two peaks are almost equal in height, suggesting a mixture of the
two phases, consistent with the formation of La>Os on the surface of the La,0»S:Bi sample
during degradation.
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The O 1s XPS spectrum for La;Os in figure 7.5(b,c) was modelled in terms of two peaks,
resulting from there being two separation distances for O and La. Since La>0-S has the same
crystal structure as La>Os, but with S replacing O at the 1a Wyckoff site (which is the site of
O atoms further from the La [43]), one may expect that the O 1s spectrum of for La,0>S
would have a single peak, with binding energy near the higher value found for LaOs.
However, the O 1s spectrum of the sputter clean fresh La>0.S:Bi sample showed two peaks
and was similar to the spectra measured for the sputter cleaned La>O3:Bi samples. X-ray
diffraction measurements of the La>O.S:Bi had shown it was not contaminated by other
phases, but a possible reason that the second, lower binding energy, peak still occurs in
La20.S:Bi is that O and S are mixed on the two possible Wyckoff sites. It cannot be
attributed to La(OH)s which is expected to give a peak close to the higher binding energy
value of the oxide, or to La,0>SO4 since the S 2p spectrum of the fresh sample shows only a
doublet corresponding to the sulphide. However, a distribution of O and S over the two
possible Wyckoff sites may have resulted in a second S 2p peak corresponding to two
possible S-La distances, which was not observed. A further possibility is that some of the S
in the La>x0,S is actually replaced by O, giving La202+xS1.x. For the sputter cleaned sample
after degradation the relative height of the higher binding energy O 1s peak has increased
compared to the fresh sample. Since sputter cleaned O 1s XPS spectra from La>0,S:Bi and
La>O3:Bi samples were similar, no change would have been expected as a result of the
formation of an oxide layer. However, if such an oxide layer underwent hydrolysis then the
change could be explained by a hydroxide peak. A more direct possibility is that O in the
sulphate layer which formed after degradation increases the O 1s signal at this binding

energy, in the region expected for a signal from O in sulphates [39].

7.4. Conclusions

As in the case for PL, the initial CL emission intensity of La>O3:Bi was about double that of
La20,S:Bi powder phosphor. The CL emissions were shifted to longer wavelengths than the
PL emission (from 462 nm to 485 nm in the case of La>O3:Bi and from 456 nm to 500 nm in
the case of La»0,S:Bi), which has been attributed to a relaxation (as a result of the high
electric field) of the selection rule forbidding the lowest energy 3Py — 1So transition of Bi®*
ions. The La»Oz:Bi powder was found to be stable when exposed to the electron beam,
following a small initial decrease in CL emission intensity corresponding to loss to C and
other impurities from the surface. It may therefore be suitable for application as a blue

phosphor in FEDs. However, the La;0,S:Bi CL emission decreased continuously under
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electron beam irradiation and is unsuitable for CL applications. AES data showed that the S
on the surface decreased, but was not eliminated, during exposure to the electron beam. CL
degradation may be due to the formation of a non-luminescent layer of La>O3 on the surface,
but XPS indicated that a sulphate (likely La20.SO4) was also present on the surface which

may have contributed to the degradation.
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Chapter 8

Conclusions and future work

8.1 Summary of the results

Laz-xO3:Bix has been successfully synthesized via the sol-gel combustion method. The X-ray
diffraction (XRD) patterns confirmed the formation of the pure La>Os hexagonal phase.
Scanning electron microscopy (SEM) images showed that the grain size increased with
increasing annealing temperature. The diffuse reflectance spectra (DRS) for the doped sample
showed two absorption bands, one located at 308 nm and another at shorter wavelengths (250
nm and less). The band located at 308 nm was only present in the doped samples and was
therefore attributed to absorption by Bi®* ions. The shorter wavelength absorption was due to
the metal-to-metal charge transfer (MMCT) absorption of the Bi** ions and the indirect band
gap absorption. From reflectance data of the pure host sample the band gap of La,Os was

found to be 5.1 eV. A broad band of blue fluorescence emission centered at 462 nm was
observed when excited at 308 nm, which was attributed to the 3P1—!So transition of Bi®* ions.

The emission intensity was measured as a function of Bi doping concentration, with the
maximum occurring for x = 0.002. The concentration quenching at this relatively low doping
concentration was attributed to strong interaction of the Bi** ions allowing energy migration
between them, which also was responsible for the decrease in the average lifetime observed
with increasing doping concentration. The reported properties show that La>«xO3:Bix can be
used as a blue emitting phosphor and clarify the energy level diagram for this material.

The La,03 host was found to be unstable under ambient conditions and converted to more
stable La(OH)s due to its hygroscopic nature when exposed to the atmosphere. The change in
crystal phase was confirmed by XRD and Fourier transform infrared spectroscopy (FTIR)
and was accompanied by a loss of luminescence. The O 1 s X-ray photoelectron spectroscopy
(XPS) binding energy spectra could be qualitatively explained by the formation of a new
peak corresponding to La(OH)s in the degraded sample occurring at a binding energy
between those of the double peak associated with La;Os. The degraded samples were re-
annealed and it was found that the structure could be reverted completely to La>Os, while the
blue photoluminescence (PL) emission was once again observed at about one third of the

intensity as for the freshly prepared sample. For samples stored in a vacuum desiccator for
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one week, no change for XRD and PL were observed. Initial trials showed that the
degradation was reduced significantly by encapsulation of the phosphor in a poly(methyl
methacrylate (PMMA) polymer. Although La>«Os3:Bix can be used as a blue emitting
phosphor, it is only suitable for applications where it will not be exposed to moisture in the
atmosphere. Therefore, it may have an application as a moisture sensor, because while the

luminescence remains high it is evidence that it has not been exposed to the atmosphere.

Bi doped La>O>S was successfully synthesized by the ethanol-assisted solution combustion
method. X-ray diffraction data confirmed that La>O.S crystallized in a hexagonal lattice.
SEM images showed that the particles were aggregated and had irregular shapes. The
reflectance spectra of the La»,xO2S:Bix phosphor powder exhibited two absorption bands
centred at 250 nm and 344 nm. The absorption band at 250 nm was observed for both
undoped and Bi doped La»,O»S and was attributed to absorption above the band gap. The
weaker band at 344 nm was only present in the doped sample and was therefore attributed to

absorption by Bi ions. From reflectance data of the pure host sample the band gap of La,0>S
was found to be 4.90 eV. A broad band of blue emission at 456 nm, attributed to the 3P1—!So
transition of Bi®* ions, was observed. The three excitation bands located at 260 nm, 298 nm
and 344 nm were attributed to the *So — *P1, So — 3P, and 'So — 3P; transitions of Bi** ions,

respectively. Although the maximum luminescence intensity (for La>.xO2S:Bix=0.02) was only
about a half of the maximum intensity that could be obtained for an optimized La,Os:Bi
sample, the La20.S:Bi phosphor was found to be stable when exposed to the atmosphere and
did not degrade like La,O3:Bi. The La,0>S:Bi samples showed long lifetime emission which
did not occur for La,O3:Bi samples and this was attributed to Bi** acting as a hole trap.

As in the case for PL, the initial cathodoluminescence (CL) emission intensity of La,Os:Bi
was about double that of La,0,S:Bi powder phosphor. The CL emissions were shifted to
longer wavelengths than the PL emission (from 462 nm to 485 nm in the case of La>Os:Bi
and from 456 nm to 500 nm in the case of La>0.S:Bi), which has been attributed to a
relaxation (as a result of the high electric field) of the selection rule forbidding the lowest
energy 3Po — 1So transition of Bi®* ions. The La20s:Bi powder was found to be stable when
exposed to the electron beam, following a small initial decrease in CL emission intensity
corresponding to loss to C and other impurities from the surface. It may therefore be suitable
for application as a blue phosphor in field emission displays (FEDs). However, the La,0O,S:Bi

CL emission decreased continuously under electron beam irradiation and is unsuitable for CL
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applications. Auger electron spectroscopy (AES) data showed that the S on the surface
decreased, but was not eliminated, during exposure to the electron beam. CL degradation may
be due to the formation of a non-luminescent layer of La,Oz on the surface, but XPS
indicated that a sulphate (likely La>0.SO4) was also present on the surface which may have

contributed to the degradation.

8.2. Suggestions for future work

For future work the following is suggested:

1. Studying the energy transfer between the Bi and other lanthanides e.g. Eu in the
La>O3 and La202S hosts.

2. Preparing La20s:Bi and La20.S:Bi thin films by using sol-gel spin-coated and PLD
and comparing the results with the powders results.

3. Preparing La2O3:Bi composited with PMMA polymer by using sol-gel spin-coated
thin films and comparing the luminescence stability to that from the PMMA mixed
La>Oz3:Bi characterized in this work.

4. Trying to solve the problem of the hygroscopic nature of the La,Os alternatively, one
can add some materials (e.g. Ga and Y) to the La>Os material to attempt to make it more
stable.

5. Preparing other rare earth oxysulphide hosts doped with the Bi (e.g. Y20.S) and
comparing the results with La>,O>S host.

6. To characterize the phosphors produced during this study using thermoluminescence.
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2. B.M. Jaffar, H.C. Swart, H.A.A. Seed Ahmed, A. Yousif and R.E. Kroon. 2018. Sol-
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63 Annual Conference of the South African Institute of Physics, Bloemfontein, South
Africa. 25 — 29 June 2018.
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