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Summary

Un-doped, Tb*" as well as Yb** doped ZnO nanocrystals with different concentrations of RE®*
(Tb*, Yb*) ions were successfully synthesized via sol-gel method to produce rare earth
activated zinc oxide nanophosphors. The phosphor powders were produced by drying the

precursor gels at 200°C in ambient air.

Based on the X-ray diffraction results, it was found that the pure and RE®*" doped ZnO
nanophosphors were highly polycrystalline in nature regardless of the incorporation of Th*" or
Yb* ions. Moreover, the diffraction patterns were all indexed to the ZnO Hexagonal wurtzite
structure and belong to P6smc symmetry group. The Raman spectroscopy confirmed the

wurtzitic structure of the prepared samples.

Elemental mapping conducted on the as prepared samples using Scanning electron microscope
(SEM) equipped with energy dispersive X-ray spectrometer (EDX) revealed homogeneous
distribution of Zn, O, and RE** ions. The high resolution transmission electron microscope (HR-
TEM) analyses indicated that the un-doped and RE®*" doped samples were composed of
hexagonal homogeneously dispersed particles of high crystallinity with an average size ranging

from 4 to 7 nm in diameter, which was in agreement with X-ray diffraction (XRD) analyses.

ZnO:Tb** PL study showed that among different Th** concentrations, 0.5 mol% Tb*" doped ZnO
nanoparticles showed clear emission from the dopant originating from the 4f-4f intra-ionic
transitions of Th®" while the broad defects emission was dominating in the 0.15 and 1 mol% Tb**

doped ZnO. Optical band-gap was extrapolated from the Ultraviolet Visible spectroscopy (UV-




Vis) absorption spectra using TAUC’s method and the widening of the optical band-gap for the
doped samples as compared to the un-doped sample was observed. The PL study of ZnO:Yb**
samples was studied using a 325 nm He-Cd laser line. It was observed that the ZnO exciton peak
was enhanced as Yb**ions were incorporated in ZnO matrix. Furthermore, UV-VIS absorption
spectroscopic study revealed the widening of the band-gap in Th** doped ZnO and a narrowing

in the case of Yb*" doped ZnO system.

X-ray photoelectron spectroscopy demonstrated that the dopant was present in the doped samples
and the result was found to be consistent with PL data from which an energy transfer was
evidenced. Energy transfer mechanism was evidenced between RE** and ZnO nanocrystals and

was discussed in detail.
Key terms

Sol-gel, ZnO nanoparticles, photoluminescence, energy transfer, rare earth, terbium, ytterbium

Acronyms
EDX - Energy dispersive X-ray spectroscopy
EtOH - Ethanol
FE-SEM - Field emission scanning electron microscope
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UV-Vis - Ultraviolet visible spectroscopy
XPS - X-ray photoelectron spectroscopy
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Chapter 1. Introduction

1.1 Background

As a drive to design, synthesize and fabricate efficient luminescent materials worldwide,
scientists have found tremendous interests in this research field. They have been attracted
particularly to control shape and size, investigate the physical, optical and luminescent properties
of a new generation of light emitting materials known as “phosphors” at nanoscale [1,2].
Phosphors can absorb energy from the incident radiation and emit photons after successions of
energy transfer processes. To satisfy the demands for a number of applications, phosphors are
generally in the powder form with detailed requirements on particle size and morphology [3].
Rare earth based phosphors have found extensive applications in a variety of fields in recent
years such as cathode-ray tube (CRT) screens and liquid-crystal display (LCD) which are the
most commercialized display devices. Besides, solar cells appears to be a novel world class field
for application of rare earth based phosphors, in this regard a very recent world record breaking
solar cell with 44.7% efficiency have been announced jointly by the Fraunhofer Institute for
Solar Energy Systems ISE and the Helmholtz Center Berlin. However, in a theoretical study,
Trupke [4] and colleagues have predicted a maximum efficiency of approximately 63% for

concentrated sunlight and 48% for nonconcentrated sunlight.
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In 1959, Richard Feynmann in one of his famous Caltech talk entitled “There’s Plenty of Room
at the Bottom”, stated that: “I would like to describe a field, in which little have been done, but in
which enormous amount can be done in principle. The field is not quite the same as others in
that it will not tell us much of fundamental physics (in the sense of, “What are the strange
particles?”), but it is more like solid-state physics in the sense that it might tell us much of great
interest about the strange phenomena that occur in complex situations. Furthermore, a point that
IS most important is that it would have an enormous number of technical applications. What |
want to talk about is the problem of manipulating and controlling things on a small scale. . . .
What | have demonstrated is that there is room—that you can decrease the size of things in a
practical way. | now want to show that there is plenty of room. I will not now discuss how we are
going to do it, but only what is possible in principle...We are not doing it simply because we
haven't yet gotten around to it”. This brilliant lecture gave a tone to a dynamic interest of the

nanoscopic world and revolutionized the scientific community view of nanosciences [5-7].

There is a bridge to be crossed between nanosciences and nanotechnology. Nanotechnology is
known to be the understanding and control of matter at dimensions between approximately 1 and
100 nanometers, where unique phenomena enable novel applications of nanoparticles [2,8]. On

the other hand, Nanoscience is defined as the science underlying nanotechnology [2].

Among other nanostructures such as nanorods, polymers, carbon nanotubes (Graphene), quantum
wire, quantum well, etc, this study, focuses on a particular class of nanostructure called “quantum
dots”, which are also known in the field as “artificial atoms” and consist of approximately 100 to
10 000 atoms [9,10]. Quantum dot are known to exhibit discrete energy levels due to the

guantum confinement effect which result in an increase of the energy gap of a semiconductor
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nanocrystals with decreasing their size. Detailed discussion on quantum dots will follow in the

next chapter. We are interested mainly in investigating their luminescence properties.

Luminescence, defined as the electromagnetic radiation from phosphors with suitable excitation,
was first named in 1888 by the German physicist Eilhard Wiedemann. He characterized light
emission originating from processes other than the increase of temperature [11]. Further
discussion on luminescence mechanism and categories is presented in the next chapter. The so-
called ‘cold light’ is in clear difference to incandescence, which is light released by a substance
as a consequence of heating. Luminescence can be classified depending on the excitation source,
see Table 1.1. In the current study the focus will be on the first form of luminescence on the

table, photoluminescence, since it is the most common used in solar cells [12].

Table 1.1 The different types of luminescence.

Name Excitation source
Photoluminescence Light
Cathodoluminescence Electrons
Radioluminescence X-rays, a-, -, or y-rays
Thermoluminescence Heating
Electroluminescence Electric field or current
Triboluminescence Mechanical energy
Sonoluminescence Sound waves in liquids
Chemiluminescence and bioluminescence Chemical reactions
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While theories of solids were still in an infant stage of development, the field of luminescence
used to be treated “more as an art than science”. Furthermore, during the early days of studies of
luminescence, the main efforts were intended at making valuable and efficient luminescent
materials. The forerunners, Lenard and his school have undertaken methodical and
comprehensive investigations in the foundation properties of materials like alkaline earth
sulphide phosphors [13]. Studies in luminescence in that period were motivated by application
possibilities: even then, such studies by the way generated results of fundamental importance,
and facilitated our predecessors in subsequent interpretative work in some simple cases at least.
Additionally, the work of Hilsch, Pohl and their collaborators during the period of 1925 to 1932
on the optical and electronic properties of alkalihalide crystals and colour centres can be looked
as an important breakthrough in the contemporary progress for understanding the properties of

luminescent crystals [13].

The foremost materials of interest in the current study are rare earth (RE) based phosphors. Rare
earth ions are ideal candidates for spectral conversion, due to their high luminescence
efficiencies and rich energy level structure that allows for great flexibility in the upconversion
and downconversion of photons in a wide spectral region (NIR-VIS-UV) [14]. Moreover, Zinc
oxide as a wide direct bandgap (3.37 eV) semiconductor with a large exciton binding energy at
room temperature (60 meV) is known to be one of the ideal host candidates for rare earth ions
[15]. Researchers faced some challenges such as the low solubility of the dopant in the matrix
resulting in a material exhibiting two phases due to the low temperature processing, in addition

other important factors are reported by Gali et al. and Erwin et al. [16,17].

It should be pointed out that, the fascination for lanthanide (Ln) optical study dates back to the

1880s when renowned scientists such as Sir William Crookes, LeCoq de Boisbaudran, Eugéne
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Demarcay or, later, Georges Urbain were using luminescence as an analytical tool to test the

purity of their crystallizations and to identify potential new elements [18].

Among all lanthanides (Ln) which are luminescent except La®" and Lu®*, this dissertation
focuses on Terbium (Tb*") for which the f-f emission lines cover the entire spectrum in the
visible region. Furthermore, we have also found interests on Ytterbium (Yb**) which is
luminescent in the near-infrared (NIR) region of the electromagnetic spectrum [18]. We have to
note that depending on the excitation wavelength some of these ions are fluorescent, others

phosphorescent and some are both [18].

To the best of our knowledge, only few groups of researchers have reported their successful
synthesis of luminescence materials based on ZnO nanocrystals doped with lanthanides, in

particular Terbium and Ytterbium [19-22].

1.2 Problem Statement

The development of a novel generation of high resolution and high efficiency luminescent
devices has initiated a necessity for phosphors with tuneable optical properties. Previously, it has
been reported that high definition display devices require submicron particle sizes to optimize
screen resolution and luminescence efficiency [23]. Semiconductor nanocrystals can be
synthesized with sizes ranging from 2 to 10 nm and thus achieve the size requirement for
quantum confinement process. This new generation of light emitting materials, nano-sized
phosphors, has shown fascinating properties such as high quantum efficiency for
photoluminescence, ultra-fast recombination time and increased energy band-gap for
luminescence due to the low dimension of the particles [24-27]. A prodigious deal of work

started during the past decade has set a special importance on the nanocomposites consisting of
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semiconductor nanocrystals. ZnO nanoparticles are often embedded in dielectric matrices such as
glasses and polymers and are of great importance as phosphor materials for solar cells device
fabrication. However, doping of the ZnO semiconductor nanocrystals below 10 nm still remains
a challenge among the scientific community. This study is focusing on developing :RE**
(Tb**,Yb*") doped ZnO nanoparticles in the particle size range below 10 nm in order to improve

the performance of the solar cells buffer layer.

Due to its wide direct band gap (3.37 eV), large exciton binding energy (60 meV) and high
optical gain (320 cm™), ZnO seems to be a promising contender, and the development of this
phosphor could make a massive impact technologically worldwide. Photoluminescence (PL)
studies will be carried out on the luminescent properties of the semiconductor nanocrystals
powder phosphors. The absorption and emission properties of these phosphors are of primary
importance.

This study propose a procedure for doping ZnO semiconductor nanocrystals (<10 nm) using sol-
gel method. Sol-gel is used for its low energy consumption, good control of particle size,

uniform morphology of the particles in the final product as well as its very low cost.

1.3 Study Objectives

- To synthesize pure and rare earth doped ZnO nanocrystals, using the sol-gel method.

- To study the structural and photoluminescence properties of the undoped and rare earth

doped ZnO

- To investigate energy transfer from ZnO nanophosphors to RE**, etc.
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1.4 Thesis Layout

- Chapter 2 deals with the literature review.

- Chapter 3 provides a summary of the theory of the research techniques used in this
study. This includes a brief description on how each of these techniques works as well as

the theory of the method of synthesis of ZnO and RE** doped ZnO nanophosphors.

In the next chapters research carried out in the National Centre for Nano-Structured Materials
(NCNSM) of the Council for Scientific and Industrial Research (CSIR) is reported and

discussed:

- Chapter 4 discusses the study of ZnO:Tb** nanocrystals. The morphology, structural
properties and elemental composition of the as-prepared samples are presented and
discussed. Furthermore, the luminescent properties and mechanism of energy transfer are

discussed in details.

- Chapter 5 presents results on the investigation of ZnO:Yb*" nanophosphors. The
structural and optical properties presented are discussed as well as the surface chemical

composition results.

- Chapter 6 is about summary of the results, conclusion and suggestions for possible

future studies.
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Chapter 2. Basic Literature

This chapter presents a combined portrait and elucidations of the luminescence and
allied phenomena as well as the various areas of application of light emitting materials
(phosphors). The emphasis is on rare earth (RE) ions which are seen as the most accurate
luminescent centers due to their high colour purity emission lines. Moreover, emphasis on Zinc
oxide (ZnO), a wide direct band-gap (3.37 eV) semiconductor with a large exciton binding
energy (60 meV) and high optical gain (320 cm™) at room temperature, which is used as the host
material is provided and discussed. Furthermore, energy transfer and other properties related to
nanophosphors based rare earth are discussed. All in all, focus will be on a particular class of
nanoparticles called “quantum dots”. References are provided in the chapter wherever

necessary.
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2.1 Introduction

A phosphor, most commonly, is a material that exhibits the phenomenon of luminescence.
Rather confusingly, this includes both phosphorescent materials, which show a slow decay in
brightness (>1ms), and fluorescent materials, where the emission decay takes place over tens of

nanoseconds [1].

Phosphors are often transition metal compounds or rare earth compounds of various categories.
The well-known application of phosphors is in Cathode Ray Tube (CRT) displays and
fluorescent lights. CRT phosphors were standardized beginning around World War 11 and
designated by the letter "P" followed by a number [1]. There are different forms of luminescence
depending on the method of excitation, which include photoluminescence, cathodoluminscence,
chemilumiscence, electroluminescence, bioluminescence etc. The focus in this study is on

photoluminescence and this form of luminescence is discussed in the next section.

2.2 Photoluminescence

Photoluminescence (PL), namely, the result of spontaneous emission in a photo-excited system,

can be schematized in terms of a three-step process, as shown in figure 2.1 [2]:

(a) Absorption of a photon of energy Aw resulting in a creation of an electron—hole pair.

(b) Relaxation of the free electron and hole, respectively, near the bottom of the conduction band
(CB) and the top of the valence band (VB) (in defect-free samples) by fast scattering with

acoustic and optical phonons.
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(c) Radiative recombination of the electron and hole, during or at the end of the relaxation
process, with a return of the system to its ground state by emission of a photon of energy lower
than Aw.

The recombination processes more frequently observed in a PL spectrum are related to the
excited states of lowest energy, as shown in figure 2.2. This is due to the fact that the timescale
of the relaxation processes (-10™%s) is much faster than that of the radiative recombinations (-10°
%), so that photon emission takes place only after carriers have reached the excited states of

minimum energy [2].

Figure 2.1: Schematic illustration of the three-step photoluminescence process: (a) absorption; (b) relaxation; (c)
radiative recombination and photon emission. Shaded areas indicate valence and conduction bands [2].
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Figure 2.2: Leading recombination processes observed in photoluminescence. The shaded areas indicate VB and
CB, while the horizontal dotted lines denote the energy positions of defect states. Electrons (holes) are indicated by
dark-shaded (hollow) dots. Undulated arrows indicate radiative recombination. Dashed curves highlight the
Coulomb interaction [2].
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The PL process is generally classified in terms of the nature of the electronic transitions
generating it. Generally PL is categorized into to two distinct classes, namely, intrinsic and

extrinsic luminescence.

2.2.1 Intrinsic luminescence

There exist three different types of intrinsic luminescence. The first in which the electrons in the
conduction band recombine with holes in the valence band leading to emission of light is called
band to band luminescence; this process is always observed at high temperatures in crystals of
high purity. On the other hand, there is a luminescence process in which an excited electron and
a hole interacting with one another moves within the crystal, consequently transferring energy
resulting in an emission due to the recombination of electrons and holes, this process is the
exciton luminescence and it occurs at relatively low temperature. The last but not the least is the
cross-luminescence which consist of the recombination of an electron and a hole in the outer
most core band, it occurs when the energy difference between the top valence band and that of

the outer most core band is smaller than the band gap energy [3,4].

2.2.2 Extrinsic luminescence

Extrinsic luminescence is the phenomenon in which photons are generated by intentionally
incorporated foreign atoms or defects in the host matrix. These foreign atoms are well-known as
“’activators’’ in phosphor materials structures. This phenomenon is classified into different type
namely localized and unlocalized nature of emission. The localized luminescence refers to
excitation and emission processes which are confined to localized centers and its counterpart
depends on an eventual contribution of excited electrons and holes in the process of

luminescence [3].
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2.3 Trivalent Rare Earth (RE™")

The rare earth elements (REEs), which include the 15 lanthanide elements (Z = 57 through 71)
and yttrium (Z = 39), are so called because most of them were formerly isolated in the 18" and

19" centuries as oxides from rare minerals [5].

The discovery of rare earths started in 1787 when Swedish Army Lieutenant Karl Axel
Arrhenius collected the black mineral ytterbite (later renamed gadolinite) from a feldspar and
quartz mine near the village of Ytterby, Sweden (Weeks and Leicester, 1968, p. 667). Although
rare-earth bearing minerals were collected earlier, none were identified as containing a new
"rare"” and different "earth"” (a historical term for an oxide) until B.R. Geijer of the Royal Mint of

Sweden, forwarded the Arrhenius sample to Finland for analysis [6].

An exciting feature of luminescent lanthanide compounds is their line-like emission, which
results in high color purity of the emitted light (see figure 2.3). The emission color depends on

the lanthanide ion but is largely independent of the environment of a given lanthanide ion [7].

It have been evidenced that in almost all the cases the emission from the rare earth ions is due to
optical transitions within the 4f" configuration (e.g.Tb*" (4f%), and Eu** (4%)) see table 2.1. The
4f orbital lies inside the ion and therefore it is well shielded from the surroundings by the filled
5s? and 5p° orbitals so that the 4f electrons are less influenced by the environment of the
lanthanide ion [8-10]. The shapes of the seven 4f orbitals are presented on top of

figure 2.4 [11].

It is also well known that the f—f emission lines are sharp, this, is because the rearrangement
consecutive to the promotion of an electron into a 4f orbital of higher energy does not perturb the

binding pattern in the molecules since 4f orbitals do not participate much in this binding (the
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covalency of a Ln" ligand bond is at most 5-7%) [11]. Therefore, the internuclear distances
remain almost the same in the excited state, which generates narrow bands and very small
Stokes’ shifts (figure 2.5) [11]. The Dieke diagram gives more details about the 4f" energy levels

of lanthanides ions (see figure 2.6).

Table 2.1: Electronic Structure of the Trivalent rare earth lons [7].

Element Symbol | Atomic number (Z) | Configuration Ln*" | Ground state Ln**
lanthanum La 57 [Xe] I,
cerium Ce 58 [XeJ4f" “Fsi2
praseodymium Pr 59 [Xe]4f *H,
neodymium Nd 60 [Xe]4f o
promethium Pm 61 [Xe]4f* °l,
samarium Sm 62 [Xe]4f ®Hs2
europium Eu 63 [Xe]4f® R
gadolinium Gd 64 [Xe]4f’ S
Terbium Tb 65 [Xe]4f® 'Fe
Dysprosium Dy 66 [Xe]4f’ ®Hys
Holmium Ho 67 [Xe]4f" ’lg
Erbium Er 68 [Xe]4f™ *l1s
Thulium Tm 69 [Xe]4f* *He
Ytterbium Yb 70 [Xe]4f™ For
Lutetium Lu 71 [Xe]4f™ I,
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Figure 2.4: Top: Shape of the one-electron (hydrogenoid) 4f orbitals in a Cartesian space. Bottom: Radial
wavefunction of the three 4f electrons of Nd"' compared with the radial wavefunction of the xenon core (a.u. =

atomic units) [15].
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Figure 2.5: Configurational coordinate diagram for emission from (left) an organic chromophore and (right) a
lanthanide ion [11].

Trivalent Terbium (Tb*") is one of the most investigated RE ion during the past decade [16-20].
It exhibits narrow emission lines in the UV and visible spectral region at 384, 416 and 438 due to
°D3—'F; (J=6,5,4) transitions and at 493, 543, 584, 620, 700 nm due to °Ds—'F; (J=6,5,4,3,2)
respectively [21-24], it is also a promising material for white light phosphors. Dhlamini et al.
[25], reported enhancement of cathodoluminescent (CL) intensity in Th** ions due to sensitizing
effect by ZnO nanoparticles, both embedded into SiO, matrix. Likewise, Mhlongo et al. [4]
reported sol-gel synthesis of Pr** co-activated SiO,:Eu®**/Tb**. Furthermore, Yb** has not been
intensively studied in the application of phosphors due to the fact that the current interest in this
field is to produce white light phosphors and the lack of Yb ions is to exhibit very simple energy
level scheme without absorption excited state. However, it exhibit interesting properties for
applications in light emitting material such as in laser diode pumping where its large absorption
cross-section is of primary importance. These properties may allow application in a variety of
optical materials such as blue and UV light emitting devices [26,27], biological labeling and

imaging [28,29], solar cells [30,31], and lasers [32].
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Figure 2.6: Energy-level diagram for trivalent lanthanide rare earth ions in lanthanum chloride (after Dieke, 1968)

[33].
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2.4 Zinc Oxide (ZnO)

2.4.1 Background

The semiconductor ZnO has gained considerable curiosity in the research community because of
its large exciton binding energy (60 meV) that could lead to lasing action based on exciton
recombination and possibly polariton / exciton interaction even above room temperature [34]. In
this study, our interest on ZnO is motivated mainly by its wide direct band-gap (3.37 eV, RT) as
shown in figure 2.7. The transitions i = 1, 2, 3 and 4 represent excitation, relaxation to the
bottom of the conduction band, emission and filling the hole state vacated by electron excitation
to the conduction band (process 1), respectively [34]. Figure 2.8 shows the bulk ZnO band
structure. Among a variety of theoretical approaches to calculate the band structure, X-ray or UV
reflection/absorption have been used to measure the electronic core level in solids as well as the

photoelectric effect which was basically extended to the X-ray region [34].

Energy

W 8.E2
E,. Level 2

Density of states
(momentum)

-

Figure 2.7: Optical transitions in a direct band-gap semiconductor on the energy versus momentum (which also
represents energy versus density of states though the functional forms deviate) diagram, which is pumped beyond
transparency [34].
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Figure 2.8: Bulk band structure of ZnO [34].

It is worth mentioning that there exist amorphous and crystalline semiconductors. However, the

interest in the current study focus on crystalline semiconductors, especially ZnO. Its properties

are discussed in the next section.

2.4.2 Crystal structure

As most of the group I1-VI binary compound semiconductors, ZnO crystallize in either cubic

zinc blende or hexagonal wurtzite (Wz) structure where each anion is surrounded by four cations

at the corners of a tetrahedron, and vice versa [34]. This tetrahedral coordination is characteristic

of Sp® covalent bonding nature, but these materials also have a substantial ionic character that

tends to increase the band-gap beyond the one expected from the covalent bonding. ZnO is also

well known as an 1I-VI compound semiconductor whose ionicity resides at the borderline

between the covalent and ionic semiconductors [34].
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The crystal structures shared by ZnO are wurtzite (B4), zinc blende (B3), and rocksalt (or
Rochelle salt) (B1) as schematically shown in figure 2.9. B1, B3, and B4 denote the
Strukturbericht designations for the three phases. Under ambient conditions, the
thermodynamically stable phase is that of wurtzite symmetry. The zinc blende ZnO structure can
be stabilized only by growth on cubic substrates, and the rocksalt or Rochelle salt (NaCl)
structure may be obtained at relatively high pressures, as in the case of GaN [34]. The schematic
representation of the most common crystallization state of ZnO, the wurtzite structure is shown

in figure 2.10 with details on the lattice parameters.

Rocksalt (B1) Zinc blende (B3) Wurtzite (B4)

(b) (C)

Figure 2.9: Stick-and-ball representation of ZnO crystal structures: (a) cubic rocksalt (B1), (b) cubic zinc blende
(B3), and(c) hexagonal wurtzite (B4). Shaded gray and black spheres denote Zn and O atoms, respectively [34].

[0001]

Figure 2.10: Schematic representation of a wurtzitic ZnO structure with lattice constants ‘a’ in the basal plane and
‘¢’ in the basal direction, u parameter, which is expressed as the bond length or the nearest-neighbor distance b
divided by ¢ (0.375 in ideal crystal), a and b (109.47° in ideal crystal) bond angles, and three types of second-
nearest-neighbor distances b [34].
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The lattice parameters of ZnO can be expressed as follow [35],

a=i/3_2_, (2.3.1)

sin©®

A
c=-—2_. 2.3.2
sin0 ( )

From ‘a’ and ‘c’ the volume of the unit cell can be calculated,

V=0.833xa’xc (2.3.3)

The Zn-O bond length L is given by [36]

Lz\/[%+(%—u)2c2], (2.3.4)

Where ‘u’ in the wurtzite structure is given by

_(1)(aY 1
u—(?J(C) = (2.35)

It should be pointed out that a strong correlation exists between the c/a ratio and the ‘u’

parameter in that when the c/a ratio decreases, the ‘u’ parameter increases [34].

The bond angles, o and 3, are given by [37]

a :%+ar cos[(\/1+3(c/ a)’(—u+1/2*)1] (2.3.6)

B = 2arcsin[(y/4/3+4(c/ a)*(—u+1/2)?)"] (2.3.7)
The lattice parameter for crystallographic systems in the present study can be calculated from the
following equation using the (hkl) parameters and the interplanar d spacing. ZnO wurtzite is

known to be a Hexagonal system [38].
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dhzkl 3 22 +— (2.3.8)

1  4(h®+hk+k?) I?
C
Where ‘a’and ‘c’ are the lattice constants and h, k, | are the Miller indices along x, y, and z-axis

respectively.

2.4.3 Defects in ZnO

Typically, defects represent one of the controversial areas of semiconductors, and ZnO is no
exception, as the measurement techniques are not able to correlate electrical or optical
manifestation of defects to their origin specifically (see figure 2.11). It is highly suitable to say
that the point defects in ZnO are not yet correctly understood. While several assignments of the
defect-related luminescence bands can be found in literature, only a few of them are reliable.
Over the years, oxygen vacancies were believed to be the main shallow donors in ZnO. Now it is
becoming clear that these vacancies are formed in considerable concentrations after electron
irradiation. In fact, Giles and co-workers have studied the electron paramagnetic resonance
(EPR) of donors and acceptors in ZnO, they reported that the EPR signal with g; = 1.9945 and g,
= 1.9960 could not be assigned to singly ionized oxygen vacancies as reported in several studies
for some reasons. The main reason is that this EPR signal could only be observed by irradiating a

crystal with high-energy electrons or neutrons [34,39].

As another vital misassignment till now, the green luminescence band in ZnO is commonly
attributed to transitions from the oxygen vacancy (Vo) to the valence band. However, it is easy to

show that such transition is highly unlikely in n-type ZnO [34].

The neutral impurities such as interstitial zinc (Zn;) and oxygen vacancy (Vo) compose shallow

delocalized donor states that are located 0.05 eV below the conduction band [40]. Divalent zinc
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vacancy (Vz,>) and monovalent interstitial zinc (Zn;*) provide donor states, which lie below the
conduction band from 0.4 to 0.7 eV [41,42]. The monovalent vacancies of zinc (Vz'") and
oxygen (Vo) act as acceptors with an energy level of 0.3 — 0.7 eV and 1.2-1.5 eV respectively

above the valence band (see figure 2.12) [40,41].

CBM
+2 +2 0
+2
—0 2V )
0 -2 —1.77 &V
) 1.59 v —1 52V
s ~ ) _ 1
— ()87 €V 0.72 eV
) ) 0
—0.18 eV
VBM —;——
I”Zu /n VO /n o O‘l Oi Ole
(oct) (split)

Figure 2.11: Thermodynamic transition levels for native defects in ZnO [42].
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Figure 2.12: Electron energy level diagram of the defects in ZnO:Cu nanoparticles [43].

A variety of nanostructures are currently under intensive investigation among the scientific
community, the next section focuses on semiconductor nanocrystals or quantum dot. Some of the

main properties governing quantum dots are discussed.
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2.4.4 ZnO Quantum dots

A crystalline material which is confined in three dimensions such that the energy levels become
discrete enough is called a quantum dot (QDs) also known as semiconductor nanocrystals, see
figure 2.13. Due to this confinement the electronic and optical properties of quantum dots are
related to their size and shape in the nanometer regime [44,45]. Knowing that the confinement
occurs when the size of the particle is near the bohr exciton radius, Fonoberov et al. have
determined the exciton Bohr radius ag in bulk ZnO to be about 0.9 nm, thus the size of the
considered QDs should be two to three times larger than the size of the bulk exciton [46]. The

Bohr radius of the exciton which is the distance between the electron and the hole is given by,

_ 4ATegEc hP ( 1

ag = >
mye m*,

+ m%h) (2.3.8)

in which me and my,” are the effective electron and hole masses, respectively, and €., is the high-
frequency relative dielectric constant of the medium, mg the electron mass at rest, # is the reduced

Planck’s constant, € is the electronic charge, and &g is the optical dielectric constant in vacuum.
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Figure 2.13: Density of states functions plotted against energy for bulk (3D blue), quantum well (2D red), quantum
wire (1D green) and quantum Dot (0D black) [47].

2.4.4.1 Effective Mass Approximation (EMA) for quantum dots

There exist numerous methodologies to understand and elucidate quantum confinement effects
quantitatively. In the current study, the commonly most accepted so-called effective mass

approximation (EMA) model is discussed.

Using the effective mass approximation, the hamiltonian of a particle at nanoscale can be
expressed as follow [48].

—h?2
2m*,

[

e? ]
2m*p h £ | re—rhl

H= [ V2, + polarization terms (2.3.9)

In order to obtain a correct calculation of columbic interaction the formed amounts of “two polar
substances” within the area separating the nanoparticle surface and the engraved substance must
be calculated. For this reason polarization terms have been involved in the equation. Therefore

the result would be as follow, by solving eigen value for hamiltonian [49]:
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E, (QD) = Eq (bulk)+

1 1 1
Where - = — +
u m

e m*p

2h2

T
2UR

2

e? *
—1.786 i 0.248E gy

(2.3.10)

me and my are electron’s and hole’s effective masses, respectively, and ‘R’ is the radius of QD, u

is the reduced mass,‘e * is the permittivity of the vacuum and E gy is the effective Rydberg

energy.

From the above equation it can be concluded that the energy gap of nanoparticle will always

increase with decreasing the diameter (see figure 2.14).

Radius (a/ag)

[50].

2.4.4.2 Surface effect

Figure 2.14: Size dependence of the energy gap of the first allowed dipole optical transition in an ideal quantum dot

In pure semiconductor, the surface undergoes substantial reconstructions in the atomic positions,

and it is almost inexorable that there exist energy levels (surface states) within the energetically

forbidden gap of the bulk solid [51,52] due to the surface non-stoichiometry, unsaturated bonds,
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etc. In addition, a degradation of the electrical and optical properties of the material is observed,
resulting from the trapping of electrons or holes at the surface states. It is however noticed that in
a number of cases the surface states can also be involved in radiative transition. Moreover, the
relatively large surface to volume ratio in semiconductor nanocrystals results in strong influence
of the surface states on their optical properties [53] and with decreasing particle size, the fraction
of the surface molecules aggregates increases [54]. This indicates the state of imperfection of the
surface which can act as trapping centres for photogenerated electrons and holes. Moreover,
surface atoms have reduced amount of bonds in comparison to the atoms in the bulk because of
the loss in nearest neighbors. In this regard, they tend to find new equilibrium positions to

balance the forces, resulting in surface reconstruction and defects [55].

2.5 Energy transfer in phosphors

2.5.1 Background

In order to effectively understand the photoluminescence efficiency of the semiconductor
nanocrystals phosphors, a nonradiative energy transfer process between semiconductor
nanoparticles over the matrix was investigated. Energy transfer between dopants and hosts plays
an important role in phosphors technology.

The universally conventional mechanism of energy transfer from the organic ligands to the
lanthanide ion was studied and suggested by Crosby and Whan, see figure 2.15 [56-58]. In their
study, as a result of irradiation with ultraviolet radiation, the organic ligands of the lanthanide
complex was excited to a vibrational level of the first excited singlet state (S;4-Sy) (figure 2.15)

[7]. The molecule then experiences fast internal conversion to lower vibrational levels of the S;
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state, for instance, through interaction with solvent molecules. He noticed that the excited singlet
state was deactivated radiatively to the ground state (molecular fluorescence, S; *Sy) or could
experience nonradiative intersystem crossing from the singlet state S; to the triplet state T
(figure 2.15) [7]. Moreover, the triplet state T, could be deactivated radiatively to the ground
state, Sp, by the spin forbidden transition T; = Sp, which result was assigned to molecular

phosphorescence [7].

S : {c‘ —
i ET —
T, T
]
A F P L
Su
ligand lanthanicle ion

Figure 2.15: Schematic representation of photophysical processes in lanthanide (111) complexes (antenna effect).
Abbreviations: A) absorption; F) fluorescence; P) phosphorescence; L) lanthanide-centered luminescence; ISC)
intersystem crossing; ET) energy transfer; S) singlet; T) triplet. Full vertical lines indicate radiative transitions;
dotted vertical lines indicate nonradiative transitions [7].

Energy transfer between a sensitizer ion (S) and an activator ion (A) can be written as a chemical

reaction [59]:

ST+A = S+A” (2.4.1)

where the asterisk indicates the excited state.
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2.5.2 Mechanism of energy transfer

In the energy transfer process, both sensitizer and activator ions have to interact physically. It is
however evident that the energy transfer find its origin in electrostatic and exchange interaction.
Furthermore, both emission and absorption spectra of the sensitizer and activator ions,
respectively, have to show spectral overlap, this, targeting energy conservation. The

probability W, for energy transfer is given by the following relation [59]:

2 2
W, = [Wz)j-[(ﬂ |H o] (2.4.2)

where, @; is the wave function of the initial state, ¢ is the wave function of the final state, ©

is a measure for the density of initial and final states capable of interaction, and H is the

operator coupling the initial and final state. 2 is given by

p=[gs(e).9,e)dE (24.3)

representing the spectral overlap between sensitizer and activator ions. gg (E) and ¢ A (E) are

the normalized optical line shape functions for the sensitizer and the activator ions, respectively.

Hence, the probability per unit time for energy transfer can be written as

27
W, = (m}{[(p(s*)(pwl H. | p©p] +[os9em [ H, | popm] | (2.4.4)
P

The matrix elements for Coulomb interaction represent the repulsive electrostatic interaction
between the electronic charge distributions in the initial and final state, respectively, and have the

following shape [59]:
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Q= @, WP (and Q;° = @5 (DP,. (2) (2.4.5)
The matrix elements for exchange interaction represent the repulsive electronic interaction of the

electronic charge distributions have the shape below [59]:
Q= . WP (and Q;° = @5 (2)@,. (1) (2.4.6)

Figure 2.16 presented and compared the electronic energy transfer by Coulomb and exchange
interaction. In the first case, whereby the Coulomb interaction govern, the electrons initially on
the excited donor stay there, and the electrons initially on the acceptor also remain there [59]. It
can then be concluded that this interaction does not require physical contact between the
interacting partners; it is sufficient that the excited sensitizer ion induces a dipole oscillation on
the activator ion. In the case of energy transfer ruled by exchange interaction, the way the energy
is transferred can be visualized by a double electron substitution reaction: the excited electron on
S* travels to A, while one electron on A goes to S. This second type of interaction necessitates
overlap of the electronic charge distribution, i.e. physical contact between the sensitizer ion and
the activator ion [59].

The most common processes that govern energy transfer mechanism are:

a) Electrostatic interaction
b) Higher-order Coulomb interaction
¢) Exchange interaction

d) Cross-relaxation
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Figure 2.16: Visualization of energy transfer by Coulomb interaction (a) and exchange interaction (b) between two
ions [59].

On the other hand, from a theoretical point of view, other factors or parameters may intervene in
the wide description of the energy transfer mechanism. Once the ligand is excited, subsequent
intramolecular energy migrations obey Fermi’s golden rule governing resonant energy transfer,

whereby W, is the probability of energy transfer, €3, is the spectral overlap integral between

the absorption spectrum of the acceptor A and the emission spectrum of the donor D, while H'

is the perturbation operator in the matrix element (D"A|H’| DA™ [11].
2
W, = [4%] [(D"A|H"| DA™ |2 .Op, (2.4.7)

Depending on the electromagnetic nature of H’, a double-electron exchange (Dexter)
mechanism or an electrostatic multipolar (Forster) mechanism have been proposed and
theoretically modelled. They are sketched on figure 2.17, for the simple 1S*- 3T*- Ln* path.

Their specific dependences on the distance d separating the donor D from the acceptor A, i.e., e
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for double-electron exchange and d® for dipole—dipolar processes, respectively, often limit
Dexter mechanism to operate at short distance (typically 30-50 pm) at which orbital overlap is
significant, while Forster mechanism may extend over much longer distances (up to 1,000 pm)

[11].

Figure 2.17: Dexter (top) and Forster (bottom) energy transfer mechanisms [11].

2.6 Photoluminescence related Properties

The current section discusses the properties and related process of interest that occurs in

activated phosphors.

2.6.1 Concentration quenching

In the case of a high concentration of an activator, which exceeds its optimum concentration, the

emission intensity of the phosphor vanishes [60-64]. This phenomenon is known as
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“concentration quenching”. The quenching starts to occur at a certain concentration, for which
there is a sufficient reduction in the average distance between these centres to favour energy
transfer [61]. Concentration quenching is attributed to pairing or aggregation of the activator ions
allowing some of them to act as killer centres thus creating a non-radiative pathway. A number
of scientists have ascribed concentration quenching effect to energy transfer from one ion to
another and finally to energy sink [60,63]. This strongly suggests that concentration quenching
related to interaction allows the absorbed excitation energy to reach particular quenching centres

such that the critical concentration depends on the probability of the transfer [4].

2.6.2 Killer centers

Killers are defects produced by incidental impurities and characteristic lattice defects that reduce
the luminescence intensity of a phosphor [65]. The atoms and molecules adsorbed at the surface
of a phosphor may reduce luminescence by producing a non-luminescent layer when they react
with ambient vacuum species. The Killer centres exist in two types, namely, the bypassing and
the resonance energy transfer type. The bypassing type is known to compete with activator ions
in capturing free carriers by so allowing them to recombine non-radiatively. This type can only
take place when free electrons and free holes are generated in the conduction band and valance
band, respectively. The resonance energy transfer takes away the energy from the activator ion
through resonance energy transfer. It occurs at any time and does not require the presence of free

carriers to reduce the luminescence [66].
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2.6.3 Absorption coefficient

The absorption coefficient a(%w) is strictly connected with the electronic density of state (DOS)
and band structure of a material. According to the Fermi’s Golden Rule, the probability per unit
time and volume, R(%w), that a given system will absorb an incoming photon of energy Aw
with the transition of an electron from the valence band, VB, to the conduction band, CB, given

by

2
S KCBHR VB 5[ E(kep)—E (Kyg)—hi ] - (2.5.1)

keB kg

R(7iw) =

E(ke)[E(Kyg)] gives the energy dispersion of the conduction (valence) band. However, the
Hamiltonian H; accounts for the electron—radiation interaction, and the term|(CB |H |VB) |*is
the probability for an electron in a valence band state |VB) to be excited into a conduction band

state| CB) by absorbing a photon [2].

The absorption coefficient of the material, a(%®), is defined through the Lambert relation
dl /dx = —a(faim)l, which vyields 1(x, %)= 1(0, Aw)e ">, wherel(x,Aw)is the
intensity of the electromagnetic radiation as it has propagated through a distance x in the

material. a(%i®) is connected to R(%w) through the relation

87z ho (2.5.2)

a(Aw) = cn el [P R(Aam)

Where n is the refractive index of the material. Then

a(fiw) = %(

27re
m

2 1 2 . .
j %l P\/B,CB | Z SI:E(kCB)_E(kVB)—h(D:I . (253)

KeB ks

Basic Literature 35



If the summation over k is replaced by an integral, we obtain

ho(2zeY 1 d?k
athe) = 228 LRy o [, S [ Elken) ~ Ekue) —10]. @25.4)

The integral (2.5.4) resembles an electronic DOS and can be defined directly in terms of the
gradient of the difference between the energy dispersion of the conduction and valence bands,

Ecv (k) = E(kCB) - E(kVB) . Thus [2]

a(iiw) = 7 [

c.n

(2.5.5)

Zﬂejz 1

ds 1
m 'hm'lR/B,CB |2J.

Scv (1) 4-72'3 ' | VECV (k) | .
2.6.4 Quantum yield

The luminescence quantum yield ¢ is an important parameter for the evaluation of the efficiency
of the emission process in luminescent materials. The quantum yield is defined as the ratio of the

number of emitted photons to the number of absorbed photons per time unit [67]:

_ number of emitted photons

(2.5.6)

" number of absorbed photons
For luminescent lanthanide complexes, the overall luminescence quantum vyield @, upon
excitation of the ligands is determined by the efficiency of sensitization or energy transfer (n_,.)

and by the quantum yield of the lanthanide luminescence step (¢, ) [68]:

Piot = Nsens - PrLn- (2.5.7)
@, is called the intrinsic luminescence quantum yield, and it is the quantum yield determined by
direct excitation in the 4f levels of the Ln** ion.

The intrinsic quantum yield can be determined using the equation:

T
@, =—abs (2.5.8)

T Rad
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The observed lifetime, T, , can be derived from intensity decay curves.
The nonradiative processes influence the observed luminescence lifetime T, , whereas they do

not influence the radiative lifetime, T,y (=1/k; ). The radiative lifetime is the lifetime of an

excited state in the absence of nonradiative transitions. Although sometimes the term “natural
lifetime” is used instead of “radiative lifetime”, the former term should be abandoned [7]. The
stretched exponential decay is generally described for luminescence decays as follows [69-71],

P =exp(—(t/a)®) (2.5.9)
where P is the normalized intensity of luminescence varying with time t, a is the characteristic
life, especially indicating the time of P = exp(-1), and b is the stretched exponent.

Generally, Luminescent materials with quantum vyield higher than 80%, are considered as

efficient phosphors [72].
2.6.5 Franck—Condon principle

Classically, the Franck—Condon principle shown in figure 2.18 is the approximation that an
electronic transition is most likely to occur without changes in the positions of the nuclei in the
molecular entity and its environment. The resulting state is called a Franck—Condon state, and
the transition involved a vertical transition. The quantum mechanical formulation of this
principle is that the intensity of a vibronic transition is proportional to the square of the overlap
integral between the vibrational wavefunctions of the two states that are involved in the

transition [73].
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Figure 2.18: A schematic representation of the Franck-Condon principle [73]. The upward arrow indicates the most
favoured vibronic (i.e., both vibrational and electronic) transition predicted by the Franck-Condon principle [74].

2.7 Applications

Nanotechnology and in particular nanofabrication, offers a variety of tools to contribute to
solving the energy crisis, since creating materials and devices smaller than 100 nanometers (hnm)
offers new ways to capture, store, and transfer energy [75]. The level of control that
nanofabrication provides could help solve many of the problems that the world is facing related
to the current generation of energy technologies, including the array of alternative, renewable
energy approaches [75,76]. Luminescence through nanotechnology offers a variety of potential
applications from electronics, optical communications and biological systems to new advanced
materials. A wide range of possible applications have been explored and many devices and
systems have been studied such as Solar cells [77-78], Biological imaging and labelling [79],

Optoelectronic devices [80], Solid state lighting and white LEDs [81], Electronic devices [82],
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gas sensors [83], spintronics [84], nanolasers [85], optical amplifiers [86] as well as Water

purification [87-88].

This interdisciplinary technology will provide a broad platform for medicine, industry and the
overall economy [89]. This technology is expected to become one of the biggest driving forces in
the research of material science in the 21% century [90]. Most of the applications that are derived
from nanomaterials are still in an early stage of development and much work must still be done

on this new field in science [91].
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Chapter 3. Synthesis and Research Techniques

ZnO doped with terbium and ytterbium, respectively, were synthesized via sol-gel
method, and their physical properties were investigated using microscopic and spectroscopic
techniques to extract structural and luminescence information. A number of non-destructive
experimental techniques were used to accomplish this goal, for instance X-ray powder
diffractometry, Scanning electron microscopy, Ultraviolet-visible absorption spectroscopy,
Photoluminescence Spectroscopy, Raman Spectroscopy, and X-ray photoelectron Spectroscopy.
The aim of this chapter is to provide an overview of these research techniques. Detailed

information on the synthesis approach used in the study is also presented.
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3.1 Introduction

The method of synthesis used in this study is the sol-gel. The sol-gel process is a wet chemical
synthesis technique that is used for the preparation of gels, glasses, and ceramic powders. It has
been chosen because of its advantages over other synthesis routes among which the potential for
achieving very high levels of molecular homogeneity, the possibility to control both the
morphology and size of the powders as well as its low processing temperature [1]. The sol-gel

approach is discussed in detail in the next subsection.

3.2 Sol-gel process

The sol-gel process is defined as a wet chemical route for the synthesis of colloidal dispersions
(sols) of inorganic and organic-inorganic hybrid materials, particularly oxides and oxides-based
hybrid at relatively low temperatures. The sols are subsequently converted into viscous gels (sol-
gel transition) [2]. At the transition, the solution or sol becomes a rigid, porous mass through
destabilization, precipitation, or supersaturation. Sols are dispersions of colloidal particles in a
liquid [3] and colloids are solid particles with diameters of 1-100 nm. The sol becomes a gel
when it can support stress elastically. A gel is an interconnected, rigid network with pores of
submicrometer dimensions and polymeric chains whose average length is greater than a
micrometer [4].

The gels are usually dried at room temperature to form powders. In the sol-gel process, grain
growth occur at the same time as agglomeration such that it becomes difficult to differentiate
between primary particles which consist of small grains or crystallites, and secondary particles
which are agglomerates of primary particles [5]. Figure 3.1 shows the primary particles of about

2 nm in diameter that agglomerate in secondary particles of about 6 nm.
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Figure 3.1: Schematic representation of primary and secondary particles in alkoxide gel [3].

The crystal growth technique in gels has become very important because it is straightforward and
can be used at room temperature, in similar conditions to those under which crystal grow
naturally [4]. Thus, it enables the incorporation of organic elements into inorganic materials
without deterioration of their functionality. The sol-gel processing is particularly useful in
making complex metal oxide, temperature sensitive organic-inorganic hybrid materials, and
thermodynamically unfavorable or metastable materials [6]. The use of the sol-gel method has
attracted great scientific interest in the recent years for making advanced materials and for

designing devices with very specific properties [7].

Interest in the sol-gel processing of inorganic ceramic and glass materials began as early as the
mid 1800s with Ebelman and Graham studies on silica gels [3]. These early investigators
observed that the hydrolysis of tetraethylorthosilicate (TEOS), under acidic conditions yielded
SiO; in the form of a glass-like material. For a period from the late 1800s through to the 1920s,

gels became of considerable interest to chemists stimulated by the phenomenon of Liesgang
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Rings formed from gels. In the 1950s and 1960s, the potential for achieving very high levels of
chemical homogeneity in colloidal gels was realized to synthesize large number of novel ceramic
oxide composition that could not be made using traditional ceramic powder methods. One unique
feature of the sol-gel process (reaction 1 and 2, below) is the ability to go all the way from the

molecular precursor to the product, thus allowing better control of the whole process (figure 3.2)

[7]1.

H,0
OH OH

HC-—S|i— H HO——Si—0OH —_—
| & __j | OH OH
OH OH
HO——Si——O0—5Si—0OH
OH QOH OH
+ HO——Si—0H
OH
OH aH

HO—S8i—0——=5i—0H

OH a
HO—5i—0H

aH

Reaction 1. Condensation of silanols into a gel. The silanols condense by forming water leading
to a network of Si-O-Si bonds. The quaternary functionality of the Si results in a three
dimensional network. The silanols groups may be on the surface of nanometer sized silica

particles or could be formed by hydrolysis of silicone alkoxides as illustrated in reaction (2).
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Si—OH

CH;0OH

Reaction 2. Hydrolysis of silicon alkoxides to produce silanols. The silanols subsequently

undergo condensation reactions to produce silica gels.

Silicon has four functional groups that can undergo condensation. By altering the reaction
conditions (temperature, concentration, pH, solvent and reactant), the degree and nature of the
condensation reactions can be controlled. At low pH conditions the rate of condensation slows
down with degree of branching resulting in low cross-link density and very porous gels. In
contrast high pH will accompany rapid condensation that can produce dense particles that
precipitate from the solution. The gels are filled with liquid, generally a water alcohol solution.
Controlled drying of the gel is employed to tailor the porosity and composition for specific
applications. Highly porous materials can be produced that are exceptional thermal insulators.

Alternatively dense gels may be employed as thin film protective coatings for lenses.
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Figure 3.2: Simplified chart of sol-gel process [8].

The particle size can be varied by changing the concentration and aging time. When a gel is
maintained in its pore liquid, its structure and properties continue to change long after the gel
point and the process is called aging. The process is illustrated in figure 3.3. During aging,
polycondensation continues along with localized solution and reprecipitation of the network. The

strength of the gel is reported to increase with aging.

The liquid is removed from the interconnected pore network during drying. Large capillary
stresses can develop during drying when pores are small (<20 nm) and these stresses will cause
the gels to crack catastrophically unless the drying process is controlled [3]. Wet-aged increased
coalescence and cause little shrinkage on drying. Structural evolution during sol to gel and gel to
solid transitions needs to be fully understood to achieve real mastery of the sol-gel process [7].
The properties of a gel and its response to heat treatment are very sensitive to the structure

already formed during the sol stage [7].
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Figure 3.3: Illustration of the stages in aging process of gel [3].

the structure of a gel is established at the time of gelation. Many species are present in the
solution, and furthermore, hydrolysis and polycondensation occur simultaneously. The variables
of major importance are temperature, nature and concentration of electrolyte (acid, base), nature
of the solvent, and type of alkoxide precursor. Yoldas [9] concluded that the hydrolysis reaction
and the condensation reaction are not separated in time but take place simultaneously. The sol

becomes a gel when it can support a stress elastically [1].
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3.3 Preparation of ZnO and ZnO:RE* (RE = Tb, Yb) nanophosphor

Undoped ZnO

The preparation of colloidal solutions of ZnO nanoparticles in alcohols has been investigated in
the past two decades [10].

In this study, ZnO nanoparticles were prepared by dissolving 1g of zinc acetate
[Zn(CH3C00),.2H,0] in 65 mL of ethanol (EtOH) by vigorous stirring at 80 °C for 1 hour. The
resulting transparent solution was cooled in ice water. A 0.3647 g of NaOH was dissolved in 22
ml of EtOH in an ultrasonic bath and was also cooled in ice water. The NaOH solution was then
added drop-wisely to the transparent solution using vigorous stirring in ice water. Oxides are
formed during hydrolysis and condensation of the dissolved species according to the following

overall reaction:

Zn(CH3CO0), + 2NaOH—*Zn0 + 2CH3COO + 2Na” + H,0

RE doped ZnO

ZnO:RE*" nanoparticle phosphor was prepared by dissolving firstly 1 g of zinc acetate [Zn
(CH3C00),.2H,0] in 65 ml of absolute ethanol (EtOH) using vigorous stirring at 75-80 °C for 1
hour. Then 0.365 g NaOH was dissolved in 22 ml of EtOH in an ultrasonic bath and was also
cooled in ice water while the desired amount of RE (x = 0.1 mol%, 0.5 mol%, 0.75 mol%, 1
mol%) was dissolved in 5 ml of absolute ethanol. Both solutions were drop wisely added to the
highly transparent Zn*- solution using vigorous stirring in ice water. The unwanted CH;COO

and Na’ ions were removed by washing the precipitate repeatedly in a mixture of absolute
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ethanol and heptane (volume ratio 1:2). The resulting ZnO:RE®*" precipitate was either re-
dispersed in ethanol or dried in an oven at 200 °C, for 2 hours. The equation below present the
reaction taking place during preparation of ZnO:RE** nanoparticles, where x is the concentration

of the RE®*.

/

(1'X)Zn(CH3COO)2 + XRE(N03)3.5H20+ 2NaOH—>REXZn01.X+ 2CH3COO_+ 2Na’ + 3NO_3+ Hzo

A flow diagram for the preparation of ZnO:RE** nanoparticles is shown in figure 3.4.
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+
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Cool in ice water

(5-10 min)

Add NaOH to Zn** solution
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l

Stir for 1 hr at
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Cool in ice water

(5-10 min)

emission observed after 24 hrs of storage
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mixture. Centrifuge

! several times

Wash in EtOH-Heptane (1:2)

at 4000 rpm

Redisperse in EtOH and/or dry at 200 °C
for 2 hrs. Ready for characterization

Figure 3.4: A flow diagram of the sol-gel preparation of ZnO:RE** nanoparticles.
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3.4 Characterization techniques

For understanding the relationship between material processing and phosphor performance, our
samples were characterized independently. Samples were investigated for their optical,
structural, morphology, chemical composition and surface properties. For this purpose we have
used different measuring instruments like UV-Vis Spectrophotometer, PL Spectroscopy, CL
spectroscopy, Auger Electron Spectroscopy, X-ray diffractometer, X-ray photoelectron

spectroscopy, SEM, EDS and TEM.

3.4.1 Optical characterization

Ultraviolet - Visible (UV-Vis) Spectroscopy
The UV-Vis Spectroscopy is an analytical technique in the modern day laboratory. In this study,
this technique was used to characterize the intensity of light passing through a sample in the
ultraviolet and visible regions in terms of wavelength expressed in nanometers. It is almost
entirely used for quantitative analysis; that is, the estimation of the amount of a compound

known to be present in the sample [11].

The processes concerned in absorption spectrometry are absorption and transmission based on
the Lambert's Law which states that each layer of equal thickness of an absorbing medium

absorbs an equal fraction of the radiant energy that traverses it [11].

If the intensity of the incident radiation is |, and that of the transmitted light is I, then the fraction
transmitted is:

Me=T
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The percentage transmission is
%T = I/l, x 100
The absorbance:
A =10g10(l,/1)

=>10g10(100/T)

=>gcL
where L expressed in m is the length of the radiation path through the sample, ¢ expressed in
molar? is the concentration of absorbing molecules in that path , and € expressed in mol™m? is
the molar extinction coefficient. In this study the Lamda 750S UV-VIS spectrophotometer, from
the CSIR-NCNSM was used to study the absorption properties of the solution samples. Figure

3.5 shows the schematic diagram of a double-beam UV-VIS spectrophotometry.
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Figure 3.5 : Double-beam UV-Vis absorption spectrophotometer [12].
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Photoluminescence (PL) spectroscopy

Photoluminescence spectroscopy is a contactless, nondestructive method of probing the
electronic structure of materials. Light is directed onto a sample, where it is absorbed and
imparts excess energy into the material in a process called photo-excitation. One way this excess
energy can be dissipated by the sample is through the emission of light, or luminescence. In the
case of photo-excitation, this luminescence is called photoluminescence [13,14,15].

Photo-excitation causes electrons within a material to move into permissible excited states.
When these electrons return to their equilibrium states, the excess energy is released and may
include the emission of light (a radiative process) or may not (a nonradiative process). The
energy of the emitted light (photoluminescence) relates to the difference in energy levels
between the two electron states involved in the transition between the excited state and the
equilibrium state. The quantity of the emitted light is related to the relative contribution of the
radiative process [15]. In this study, the PL measurements were conducted using a Perkin-Elmer
LS-55 Fluorescence Spectrometer, from the CSIR-NCNSM and were confirmed with Fluorolog
3 spectrophotometer available at Unisa laboratory. The figures 3.6, 3.7 and 3.8 show typical

schematic experiment of PL system.
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Figure 3.6: System configuration of the PL technique (Fluorolog 3). The sample is irradiated at one wavelength and
emission is observed over a range of wavelengths. The excitation monochromator selects the excitation wavelength
and emission monochromator selects one wavelength at a time to observe [16].
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Figure 3.8: Schematic representation of a typical PL setup, including a laser as an excitation source, a grating
monochromator as a dispersive element (grating monochromator), PMT as a detector, optical cryostat, filters, and
collecting lenses [18].

3.4.2 Structural Characterization

X-ray Diffraction (XRD)
The X-ray diffraction (XRD) technique has been used in this study to characterize the crystalline
structure of the powder samples, the XRD also provided information on unit cell dimensions. It
is an efficient non-destructive analytical technique used for the identification of crystalline

structure of compounds by their diffraction pattern [19].

A diffraction pattern is produced when a material is irradiated with a collimated beam of x-rays.
The x-ray spectra generated by this technique provide a structural fingerprint of the material
(unknown). The relative peak height is generally proportional to the number of grains in a
preferred orientation and peak positions are reproducible [19]. The intensity of the diffracted x-

rays is measured as a function of diffraction angle 20 and the specimen’s orientation.
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Bragg's law was used to explain the interference pattern of X-rays scattered by crystals,
diffraction has been developed to study the structure of all states of matter with any beam, e.g.,
ions, electrons, neutrons, and protons, with a wavelength similar to the distance between the
atomic or molecular structures of interest. The process is governed by the equation:
nA=2dsin 0

where n is diffraction series, 0 is diffraction angle, A is the wavelength of X-ray, d is interplanar
distance. In single crystal, d is the lattice constant.

The x-ray diffractometer used in this study was the X'Pert PRO PANalytical diffractometer with
CuKa at A = 0.15405 nm from the CSIR National Centre for Nano-Structured Material

(NCNSM). Figure 3.9 (a) and (b) present the basic principle of the XRD.
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Figure 3.9: (a) and (b) Principle of XRD through the bragg’s law [20, 21].

3.4.3 Surface Characterization

X-ray Photoelectron Spectroscopy (XPS)
X-ray photoelectron spectroscopy (XPS), also known as electron spectroscopy for chemical
analysis (ESCA), is a widely used surface technique to obtain chemical information at surfaces
of different materials. It uses highly focused monochromatised X-rays to probe the material of
interest. The XPS process involves the ejection of a photoelectron from the K level of an atom by
x-rays in vacuum. The phenomenon is based on the photoelectric effect outlined by Einstein in
1905 where the concept of the photon was used to describe the ejection of electrons from a
surface when photons impinge upon it [22]. The energy of the photo-emitted electrons is specific
to the chemical state of the elements and compounds present, i.e. bound-state or multivalent
states of individual elements can be differentiated [23]. Photoelectrons are collected and
analyzed to produce a spectrum of emission intensity versus electron binding energy. The small
spot capabilities allow one to obtain XPS information at 30 pm resolutions, making XPS
chemical mapping and imaging a viable surface research tool [24]. XPS can easily analyze

nonconductive samples with the system charge neutralization. The basic components of the XPS
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spectrometer are an Xx-ray source, electron energy analyzer for the photoelectrons, and an
electron detector. In the current study, the PHI 5000 Versaprobe, from the University of the Free
State, Department of Physics (Bloemfontein) was used. Figure 3.10. shows the photoemission

mechanism and figure 3.11. depicts the layout of the XPS system.
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Figure 3.10: Photoemission of electron process [25].
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Figure 3.11: Schematic diagram of the XPS system [25].

Raman Spectroscopy

Raman spectroscopy is a non-destructive technique commonly used for optical investigation, in
most cases for chemical analysis or in solid state physics. This technique has been fruitfully
applied to study interfaces and microstructures in semiconductors [26,27,28]. Raman
spectroscopy is based upon the inelastic scattering of monochromatic light within the specimen
under investigation, followed by the generation or extinction of elementary excitations [29].

In a typical spectrum, the intensity is plotted against the Raman shift, which is a function of
photons population of a certain frequency reaching the detector. Moreover, the Raman shift is
given by the frequency difference between the scattered light and the monochromatic excitation

source [29].
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Most commonly, the Raman shift is designated positive (Stokes Raman scattering) in the case
whereby the inelastic light scattering generates an elementary excitation and the scattered light
hence exhibiting a lower frequency. The wavenumber value becomes negative (anti-Stokes

Raman scattering) in the case of an annihilated elementary excitation [29].

The measurements undertaken in this study were at room temperature, to reduce the thermally
excited phonons resulting in an important Stokes process. In the current stud, the Horiba Jobin-
Yvon HR800 Raman microscope with a 514 nm excitation Ar” laser with a spectral resolution of

0.4 cm™* from the CSIR-NCNSM. Figure 3.12. presents a typical raman experimental setup.

Video O

monitor

Spectrograph

Laser
O —

Filter

Microscope

] Computer
Motorized XYZ stage

Figure 3.12: Typical Raman experimental setup [30].

Scanning Electron Microscopy (SEM)
Scanning electron microscopy (SEM) is a method for high-resolution imaging of surfaces. The
SEM uses electrons for imaging, while a light microscope uses visible light. The advantages of
SEM over light microscopy include much higher magnification (>100,000X) and greater depth

of field up to 100 times that of light microscopy. Qualitative and quantitative chemical analysis
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information is also obtained using an energy dispersive x-ray spectrometer (EDS) with the SEM

[14].

The SEM generates a beam of incident electrons in an electron column above the sample
chamber. The electrons are produced by a thermal emission source, such as a heated tungsten
filament, or by a field emission cathode. The energy of the incident electrons can be as low as
100 eV or as high as 30 keV depending on the evaluation objectives. The electrons are focused

into a small beam by a series of electromagnetic lenses in the SEM column [14].

Scanning coils near the end of the column direct and position the focused beam onto the sample
surface. The electron beam is scanned in a raster pattern over the surface for imaging. The beam
can also be focused at a single point or scanned along a line for x-ray analysis. The beam can be
focused to a final probe diameter as small as about 10 A.

The incident electrons cause electrons to be emitted from the sample due to elastic and inelastic
scattering events within the sample’s surface and near-surface material. High-energy electrons
that are ejected by an elastic collision of an incident electron, typically with a sample atom’s
nucleus, are referred to as backscattered electrons. The energy of backscattered electrons will be
comparable to that of the incident electrons [14].

Emitted lower-energy electrons resulting from inelastic scattering are called secondary electrons.
Secondary electrons can be formed by collisions with the nucleus where substantial energy loss
occurs or by the ejection of loosely bound electrons from the sample atoms. The energy of

secondary electrons is typically 50 eV or less [14].
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To create an SEM image, the incident electron beam is scanned in a raster pattern across the
sample's surface. The emitted electrons are detected for each position in the scanned area by an
electron detector. The intensity of the emitted electron signal is displayed as brightness on a
cathode ray tube (CRT). By synchronizing the CRT scan to that of the scan of the incident
electron beam, the CRT display represents the morphology of the sample surface area scanned
by the beam. Magnification of the CRT image is the ratio of the image display size to the sample
area scanned by the electron beam [14].

Two electron detector types are predominantly used for SEM imaging. Scintillator type detectors
(Everhart-Thornley) are used for secondary electron imaging. This detector is charged with a
positive voltage to attract electrons to the detector for improved signal to noise ratio. Detectors

for backscattered electrons can be scintillator types or a solid-state detector [14].

The SEM column and sample chamber are at a moderate vacuum to allow the electrons to travel
freely from the electron beam source to the sample and then to the detectors. High-resolution
imaging is done with the chamber at higher vacuum, typically from 10 to 107 Torr. Imaging of

nonconductive, volatile, and vacuum-sensitive samples can be performed at higher pressure [14].

In this study, the SEM images of phosphor powders were obtained from the JEOL JSM-7500F
field-emission scanning electron microscope (FE-SEM) equipped with energy dispersive X-ray
spectrometer (EDX) from the CSIR-NCNSM. Figure 3.13 shows the schematic diagram of the

SEM [31].
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Figure 3.13: Schematic diagram of SEM [32].

Transmission Electron Microscopy (TEM)

TEM is an imaging technique whereby a beam of electrons is transmitted through a specimen,
and then an image is formed. The image is then magnified and directed to appear either on a
fluorescent screen or layer of photographic film, or to be detected by a sensor such as a CCD
camera. The system can study small details in the cell or different materials down to near atomic
levels [33, 34]. It can investigate the size, shape and arrangement of the particles which make up
the specimen as well as their relationship to each other on the scale of atomic diameters.
Materials to be analyzed with this technique need to have dimensions small enough to be
electron transparent and that can be produced by the deposition of a dilute sample containing the
specimen onto support grids. The suspension is normally a volatile solvent such as ethanol,
ensuring that the solvent rapidly evaporates allowing a sample that can be rapidly analyzed.

The possibility for high magnifications has made the TEM a valuable tool in medical, biological

and material sciences research. In all cases, the specimens must be very thin and able to
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withstand the high vacuum present inside the instrument. For biological specimens, the
maximum specimen thickness is roughly 1 micrometer [34]. To withstand the instrument
vacuum, biological specimens are held at liquid nitrogen temperatures. In material
science/metallurgy the specimens tend to be naturally resistant to vacuum and must be prepared
as a thin foil, or etched so that some portion of the specimen is thin enough for the beam to

penetrate.

The system can also be used for the determination of the electron diffraction patterns of the
crystalline structures. A crystalline material interacts with the electron beam mostly by
diffraction rather than absorption. The intensity of the transmitted beam is affected by the
volume and density of the material through which it passes. The intensity of the diffraction
depends on the orientation of the planes of atoms in a crystal relative to the electron beam. At
certain angles the electron beam is diffracted strongly from the axis of the incoming beam, while
at other angles the beam is largely transmitted. In this study the JEOL-Jem 2100 high-resolution
transmission electron microscope (HR-TEM) from the CSIR-NCNSM was used to analyze
structure and the particle morphology of powder phosphors. Figure 3.14. shows the schematic

diagram of a TEM.
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Figure 3.14: Schematic diagram of a TEM [35].
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Chapter 4. Properties of Terbium ions in ZnO
Nanocrystals

The current chapter discusses the structural properties, surface morphology and
optical properties of as obtained terbium doped ZnO nanocrystals via sol-gel synthesis.
Elemental mapping conducted on the as prepared samples using Field-emission Scanning
electron microscope (FE-SEM) equipped with an energy dispersive X-ray spectrometer (EDX)
revealed homogeneous distribution of Zn, O, and Tb ions. The high resolution transmission
electron microscope (HR-TEM) analyses indicated that the un-doped and Th** doped samples
were composed of homogeneously dispersed particles of high crystallinity with an average size
ranging from 4 to 7 nm in diameter, which was in agreement with X-ray diffraction (XRD)
analyses. Raman spectroscopy was used to further elucidate the wurtzitic structure of the

prepared samples. Finally, UV-Vis and PL results are also discussed.
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4.1 Introduction

During the past three decades, ZnO nanostructures have been the subject of intensive
investigation due to its luminescent properties, both in the Ultraviolet (UV) and Visible spectral
region [1,2]. As a wide direct band-gap (3.37 eV) semiconductor with a large exciton binding
energy (60 meV) at room temperature, this material has motivated researchers world wide to
undertake research on high efficient and high resolution luminescent display devices such as
field emission displays (FEDs), Plasma Display Panels (PDPs), Cathod Ray tubes (CRTSs) as
well as applications in solar cell, biological and chemical sensors [3-5]. The need of tuning the
optical and electrical properties of semiconductor quantum dots (QDs) brought scientists to
incorporate intentionally various types of impurities into the ZnO lattice structure through rare
earth (RE) doping and RE-RE co-doping [6,7]. Rare earth ions are well known for their high

color purity emission lines due to their f-f or f-d internal orbital transitions [8-12].

In order to achieve unique properties in semiconductors, the most important well known and
established process applied in solid state device fabrication is the incorporation of impurities
through doping. However, the incorporation of the desired amount of impurities proved to be a

huge and challenging task while working with quantum dots. [13,14].

The present research work reports mainly on the optimization of the concentration of Th*
ions in ZnO nanocrystals using a sol-gel method as a synthesis procedure. It has been
challenging to obtain a final product of high purity without any other phase as a result of doping,
but the flexible sol-gel method offers the possibility to monitor the process of doping during the
hydrolysis of zinc acetate. The prepared phosphor powder is a potential material for solar cell

application and bio-imaging by exploiting mainly the down-conversion of photons. Finally, it is
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important to mention that in the past, Tb® doped ZnO was synthesized through different
methods with diverse fortunes [15-20]. The outstanding optical properties of ZnO nanoparticles
as well as the behaviour of Tb* into the ZnO lattice attracted our attention since doping
semiconductor nanocrystals is a challenging task [21-24]. In the present study, the dependence of
PL intensities of Th*" doped ZnO nanocrystals on variation of Tb*" concentrations is reported
after a successful doping process via a facile co-precipitation method. Detailed study was also
conducted on elemental and microstructural analysis where un-doped and Th*" doped ZnO with

different concentrations were compared.

4.2 Experimental

4.2.1 Un-doped and Th*" doped ZnO nanocrystals preparation

Un-doped and Tb* doped ZnO nanocrystals with different concentrations of Tb** were
synthesized using co-precipitation method reported elsewhere [25-27] with few modifications
(see subsection 3.1.2). The chemicals were purchased from Sigma-Aldrich and used without
further purification. ZnO nanoparticles were prepared using zinc acetate (Zn-(CH3C0OO),) and
sodium hydroxide (NaOH) as starting materials. In a typical preparation of un-doped ZnO,
Zn(CH3CO0),. 2H,0 (5 mmol) was dissolved in a fixed amount of boiling ethanol, and the
solution was cooled in an ice bath. NaOH (10 mmol) dissolved in desired amount of ethanol in a
pre-heated ultrasonic bath was also cooled in an ice bath. This solution was slowly added to Zn?*
solution under vigorous stirring for 30 min. The resulting solution was then kept at room
temperature for 24 hours for further nucleation and growth of ZnO nanoparticles. Green emission

by an UV excitation was observed from a transparent suspension of ZnO nanoparticles after 24 h

of storage at room temperature, indicating the formation of the ZnO nanoparticles. The Th**
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doped ZnO nanocrystals were synthesized using almost the same procedure. Except that, the
appropriate amount of Tb (NO3)3.5H,0 (0.15, 0.5 and 1 mol% Tb) was dissolved in a desired
amount of ethanol, then added into hydrolyzed Zn®* precursor solution, and finally stored at
room temparature for 24 hours. Both un-doped and Tb*" doped ZnO precursor solutions were
then centrifuged and repeatedly washed with heptane to remove unreacted Na* and CH3;COO
ions. The obtained white precipitates were then re-dispersed in ethanol or dried at 200°C for 2

hours and were ready for characterization.

4.2.2 Characterization

Structural analysis of un-doped and Th** doped ZnO nanocrystals were carried out by X'Pert
PRO PANalytical diffractometer with CuKa at A = 0.15405 nm. Morphology and chemical
composition of the samples were analyzed using a JEOL JSM-7500F field-emission scanning
electron microscope (FE-SEM) equipped with energy dispersive X-ray spectrometer (EDX), and
JEOL 2100 high-resolution transmission electron microscope (HR-TEM), respectively. Samples
for TEM measurements were prepared by sonicating ZnO powder samples in ethanol for 15 min.
A few drops of the resulting suspension were placed on a TEM grid. Optical properties on the
other hand were characterized using room temperature UV-Vis absorption (Perkin-Elmer
Lambda 750S UV-Vis spectrometer) and PL (Perkin-Elmer LS-55 Fluorescence Spectrometer) at
an excitation wavelength of 310 nm. Microstructural properties were studied by Horiba Jobin-
Yvon HR800 Raman microscope with a 514 nm excitation Ar* laser with a spectral resolution of

0.4cm.
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4.3 Results and discussion

4.3.1 Surface morphology

As observed in SEM images shown in Figure 4.1, both un-doped and Tb*" doped ZnO
samples revealed well separated but clustered particles that are spherical in shape. These
particles showed clear necking with their neighbours. The particle size of the as-prepared un-
doped and Th** doped ZnO samples was verified using TEM. As indicated in Figure 4.2, the
TEM images show homogeneous dispersion of ZnO and ZnO:Tb*" particles with the average
particle size ranging from 3 to 6 nm in diameter. The HR-TEM images in the insert in Figure 4.2
() and (b) indicate that both un-doped and Th®" doped nanoparticles are of high crystallinity,
respectively. In addition, these HR-TEM images clearly show the lattice fringes. The lattice

spacing estimated from the HR-TEM images was found to be around 0.281 nm (figure 4.2 (c))

which corresponds to the (0100) planar spacing of ZnO in the hexagonal wurtzite phase.
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Figure 4.1: FE-SEM image of the as-prepared (a) un-doped ZnO and (b) Zn0:0.5 mol% Tb**.
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Figure 4.2: HR-TEM images of the as-prepared (a) un-doped and (b) 0.5 mol% Tb*" doped ZnO nanocrystals. (c)
HR-TEM profile of the 101 plane for ZnO:Th*".

Elemental analysis of the as-prepared ZnO samples was carried out by the EDX. Figure

4.3 (a) and Figure 4.4 (a), both represent un-doped and Th** doped ZnO samples respectively. In
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both cases, samples did not show any impurities as only expected elements could be detected.
Additional peaks of Cu and C are due to the copper grids (which are coated with a carbon film)
used during EDX analysis. The inserts in Figure 4.3 (a) and Figure 4.4 (a) indicate regions
where EDX mapping was conducted for both un-doped ZnO and 0.5 mol% Tb*" doped ZnO
respectively. The EDX mappings in Figure 4.3 (b-d) show homogenous distribution of Zn and
O. Similarly in the case of Tb* doped ZnO sample, the EDX mappings in Figure 4.4 (b-e)
suggest that the distribution of Zn, O, and Tb ions was quite homogeneous. These results agree

with the results reported by Li et al. [28].

| B T—
lpm

Figure 4.3: (a) EDX spectrum of un-doped ZnO and the insert is the FE-SEM image used for conducting EDX
analysis, (b) EDX layered image of un-doped ZnO after elemental mappings of Zn and O, (c-d) Corresponding
elemental mappings of Zn and O.
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Figure 4.4: (a) EDX spectrum of 0.5 mol% Tb*" doped ZnO and the insert is the FE-SEM image used for
conducting EDX analysis, (b) FE-SEM layered image of Th*" doped ZnO after elemental mappings of Zn, O, and
Th, (c-e) Corresponding elemental mappings of Zn and O.

4.3.2 Structural properties

In order to study structural properties of the as-prepared un-doped and Th** doped ZnO
nanocrystals, XRD analyses were carried out. Figure 4.5 shows the XRD patterns of un-doped
ZnO and ZnO: Tb*" nanocrystals with different doping concentrations dried at 200 °C. It can be
seen that diffraction patterns of both un-doped and Th** doped ZnO show only diffraction peaks
corresponding to hexagonal wurtzite ZnO (JCPDS card # 36-1451). No diffraction peaks related

to Th,05 could be observed and this indicates that Th*" ions have entered the ZnO crystal lattice
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substituting the Zn?* ions, or entered the oxygen tetrahedral interstitials. Using the strongest
diffraction peak (101) at 36.36°, with Scherrer formula [29], the average crystallite sizes (D) was
determined to be 5 nm for pure ZnO and 4, 4, and 6 nm for 0.15, 0.5 and 1 mol % of Tb*" into
ZnO, respectively. Compared to un-doped ZnO nanocrystals, the main (101) diffraction peak of
the Th** doped ZnO samples was found to be slightly shifted to lower 26 angles as a result of
dopant incorporation due to larger ionic radius of Th®" (0.92 A) than that of Zn®* (0.74 A) [30].
This is similar to the substitution of Zn®* position by other dopants [31]. The magnified region of
(101) peak is shown in the insert in Figure 4.5. According to Mohanty et al. [32] this peak
shifting and broadening of the (101) diffraction peak with increasing dopant concentration can be
ascribed to lattice mismatch, distortion and crystal strain. In addition, these XRD results confirm
Tb* doping in ZnO nanocrystals. In order to confirm the substitution of Zn?* by Tb®* ions in
the lattice structure, the angle shift of 20 (5(20)) of the most intense peak of ZnO (101) reflection
as a function of doping concentration of Th (x mol%) was calculated and the plot is illustrated in
Figure 4.6 (a). It was noted that 26 remains unchanged as the x mol% was increased from 0 to
0.15 mol% after which an increase of 6 (20) up to 0.1° was noted as the x mol% rises from 0.15
to 1 mol%. It is also interesting to note that the smaller is FWHM the larger D becomes, this
result indicate better crystallization of the particles up to 1 mol% terbium doping (see Figure 4.6
(b)). The dn lattice spacing, the strain induced in powders (g), the dislocation density (6(D))
which represent the amount of defects in the particle were calculated for the most intense (101)

diffraction peak and presented in Table 4.1 where all computed XRD results are summarized.
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Figure 4.5: XRD patterns of un-doped and ZnO: Tb*" nanocrystals at different doping concentrations dried at 200

°C. The insert is the magnified region of (101) peak.
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Figure 4.6: (a) Peak shift for (101) plane, and (b) Full Width at Half Maximum (FWHM) and crystallite size as a
function of Tb concentration.
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Table 4.1 Structural parameters of un-doped and Th -doped ZnO.

X[mol% Tbl | d,o, [nm] | B [FwHM] | D [nm] g & [nm?]
0 0.2467 0.0274 5 0.0208 0.04
0.15 0.2477 0.0297 4 0.0226 0.06
0.5 0.2471 0.0327 4 0.0249 0.06
1 0.2475 0.0235 6 0.0179 0.03

For further elucidation on the microstructures, Raman measurements were conducted.
Raman spectra are sensitive to crystallization, structural disorder and defects in micro and
nanostructures. ZnO has a wurtzite structure and belongs to the Cg, space group or P6smc
symmetry group, with two formula units per primitive cell where all of the atoms are occupying
the C;y, sites [32-34]. The different symmetries involved govern where their vibrations are
Raman active and appear in the spectra, while changes in lattice spacing and chemical
environment may shift the vibrational frequencies. According to group theory predictions, the
single crystalline ZnO has eight sets of optical phonons near the centre of the Brillouin zone, and
hence is classified as I' = A; + 2B, + E; + 2E, [35]. Amongst these, the A; and E; modes are
both Raman and infra-red active. Moreover, these A; and E; are polar and split into two
transverse optical (TO) and longitudinal optical (LO) phonons. E; modes are Raman active only
while the B; modes are silent [36]. Figure 4.7 presents micro-Raman spectra of un-doped and
Tb*" doped ZnO nanocrystals with the 514 nm line of the Ar* laser line as the excitation source
at room temperature. As shown in the Raman scattering spectra in Figure 4.7, four Raman
modes were observed at 325, 437, 581, and 672 cm™. The sharp and intense Raman peak at 437
cm™ can be assigned to the ZnO non-polar optical phonon E, (high) mode while a very small
phonon peak around 325 cm™ can be attributed to E (high)-E, (low) symmetry mode probably

marking multi-phonon scattering. The phonon peak at 437 cm™ confirms that the products
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formed are wurtzite hexagonal ZnO structure which is consistent with previous reports [37-40].
The phonon peak centred at 581 cm™ is presumably E; symmetry with LO mode (E1(LO)), while
the one centred at 672 cm™ correspond to TA+LO mode. The 581 cm™ Raman peak, was
attributed to defects such as oxygen vacancies (Vo), zinc interstitials (Zn;) and/or free carriers in
several reports [40,41]. In this study, the Raman peak at 581 cm™ is also caused by the presence
of defects such as Vo in un-doped and Tb** doped ZnO nanocrystals. Furthermore, an obvious
increase in Raman intensities with increasing dopant concentration was also observed. This
indicates an increase in crystallinity of the samples which is consistent with XRD. On the other
hand, it is also noticed that as the dopant concentration is increased, the main peak at 437 cm™
shifted toward low wavenumbers denoting an effective substitution of Zn*" ions with Tb*" ions
(see insert in Figure 4.7). Similar trend was also observed on XRD results. The results agree

well with those reported by Du et al. [36] for Eu** doped ZnO.
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Figure 4.7: Raman spectra of the as-prepared un-doped and Th** doped ZnO nanocrsytals. The insert shows a
comparison of the E, phonon shift as a function of Tb* concentration.
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4.3.3 Optical properties

Figure 4.8 compares the UV-Vis absorption spectra of the as-prepared un-doped and Tb**
doped ZnO samples. The absorption spectra showed well-defined exciton bands at 365 for un-
doped ZnO and 312, 360, 368 for, 0.15, 0.5, and 1 mol% Tb** doped ZnO samples,
respectively. It worth mentioning that both absorption peaks for un-doped and Th** doped have
shown blue shift relative to the bulk exciton absorption (386 nm) [42,43]. The blue-shift
observed may be attributed to quantum confinement effect [44]. Moreover, a shift of the
absorption edges with increasing Th®* concentration was observed for Th** doped samples
compared to un-doped ZnO. Similar observation has been reported elsewhere [12,45]. On the
other hand, optical absorption spectra of the Th** revealed higher absorption with increasing
Tb* concentration. The blue-shifting of the absorption edge with increasing dopant
concentration may be either due to the (i) particle size reduction in the Th** doped samples with
increasing doping concentration, (ii) variation in carrier concentrations and carrier scattering by
micro-structural defects, grain boundaries, and ionic impurities, and (iii) lattice distortion due to
incorporation of larger Th** ions in ZnO lattice. The widening of the band-gap in this case can be
associated with the ‘Burstein-Moss effect” [46] which takes place when electron carrier
concentrations exceed the density of states for the conduction band-edge, a process related to

degenerate doping in semiconductors.
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Figure 4.8: UV-Vis Spectra of the as-prepared un-doped and Th** doped ZnO nanocrystals dried at 200°C.

From this optical absorption study, the direct band gaps of un-doped and Tbh** doped
samples were then calculated. The band gap energies (Eg) were determined from absorption

coefficient based on Tauc’s method [47-50] using the following relation:

a(D)hv = B(hv — Eg)™
where Eg, hv and B are the optical gap, photon energy and constant respectively, m = % in direct

band gap semiconductors, a (4) is the absorption coefficient defined by the Beer-Lambert’s law

2.303 X Abs(A)

as a(d) = , Where Abs(1) and D are the absorbance and the diameter of the particle

respectively.
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The band-gap energies of ZnO nanostructures were exptrapolated from the slope of the graphs
where [ahv]? plotted versus photon energy, 4v as shown in Figure 4.9. The extrapolated optical
band-gap energies were found to be 2.81 eV for un-doped and 3.60, 3.55 and 2.95 eV for 0.15,
0.5, and 1 mol% of Th** in ZnO, respectively. It can be seen that the Th** doped samples showed
a slight increase in the value and this is due to the addition of Tb* ions into ZnO host lattice. In
addition, the minor increase in the band-gap value with increasing dopant concentration agrees
well with the blue-shift in the optical absorption results and this indicates the widening of the

band-gap with increasing dopant (Th®") concentration.
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Figure 4.9: The band-gap estimated using TAUC’s relation from UV-Vis absorption spectra for un-doped and Tbh**
doped ZnO nanocrystals.
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Table 4.2: Optical band gap for un-doped and Tbh-doped ZnO estimated using different approaches.

X (mol% Th) | TAUCE, (eV) | EMAE, (V)
0 2.81 3.50
0.15 3.60 355
05 355 3.55
1 2.95 3.45

The optical band-gap (Ey) estimated using the TAUC’s method were compared to the values
obtained by effective mass approximation (EMA) model, the obtained results are listed in Table
4.2. It is observed that at higher Th*" concentration, the bang-gap is found to decrease because
the excess of Th®" ions was segregated into the grain boundaries, and thus do not act as dopant

[46].

The room temperature PL emission spectra of the as-prepared un-doped and (0.15, 0.5,
and 1 mol%) Tb*" doped ZnO nanocrystals upon excitation at 310 nm using a xenon lamp as an
excitation source is shown in Figure 4.10. Under 310 nm excitation, un-doped ZnO exhibited
two emission peaks, a weak emission peak at 359 nm and a broad green emission at 509 nm. The
weak emission at 359 nm can be attributed to the recombination of free electrons with holes in
ZnO through exciton-exciton collision process corresponding to near band-edge emission of ZnO
[27,51,52]. The broad green emission centred at 509 nm has often been ascribed to single ionized
oxygen vacancy [27,39,53,54] resulted from the radiative recombination of a photo-generated
hole with an electron occupying the oxygen vacancy (Vo) [51,52]. In contrast with un-doped
Zn0O, additional weak violet, blue and green emission peaks centred at 392, 437, 477, 499 and
528 nm were observed after incorporation of 0.15 mol% of Tb®" in ZnO. These blue and green
emission peaks can be associated with the intra-4f transitions of Th* in particular, the 5D3—>7F6,4

and °D;—'Fes transitions, respectively [9,30,55]. In addition, a slight decrease on the broad
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green emission compared to un-doped ZnO was noted with 0.15 mol% addition of Tb** in ZnO.
However, when the Tbh** concentration was increased to 0.5 mol%, the PL emission spectrum
was dominated by blue and green emission peaks with one additional peak at 406 nm due to
°D3—'Fs transition of Th**. The broad defect emission from ZnO was quenched. The quenching
of broad defect emission of ZnO observed at this concentration is possibly due to the formation
of intrinsic trapping centers roused from the substitution of Zn®* by Tb®" in the nanocrystals
lattice. Further increase of Th*" concentration to 1 mol% led to appearance of broad defect-
related emission peak from ZnO with weak emission peaks from Tb*" ions overlapped on the
broad band of ZnO. These results suggest energy transfer from ZnO to Tb*". It is important to
mention that the exciton peak from ZnO was completely suppressed for all Th*" doped ZnO
samples. In addition, the PL emission spectra exhibited a red-shift in emission specifically from
0.15 and 1 mol% Tb** doped ZnO compared to un-doped ZnO nanocrystals. A similar red-shift
in PL emission spectra was also observed by Al Rifai et al. [56] for emission from Eu** doped

compared to pure ZnO nanowires and it was attributed to Eu®* intra-ionic transitions.
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Figure 4.10: PL emission spectra of the as-prepared un-doped and Th*" doped ZnO after excitation at 310 nm using
a Xenon lamp.

Based on previous studies, transfer of energy from the host to rare-earth ions in the case
of rare-earth-ion-doped semiconductors often result in strong suppression and/or modification of
the host luminescence [31,57]. In fact, such modification can be taken to be an evidence for
energy transfer from the host to the rare earth ions. In the current study, the energy transfer
process from ZnO host to Th** ions may be explained by the energy level diagram presented in
Figure 4.11. Upon excitation of ZnO: Th** nanocrystals by 310 nm, transition of electrons from

the valence to conduction band of ZnO nanocrystals occurs. Most of the excited electrons are
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captured by traps at energy storage centers of defect complexes resulted from the substitution of

Zn?* by Tb* ions and/or Vo in the nanocrystals and then transfer non-radiatively to the °Ds, and

further to °Dy, resulting to radiative transitions from °D; and °D, of Tbh** giving rise to violet,

blue and green emission due to radiative transitions from °Dz and °D4 of Tbh** to various 'F;

(J=4,5,6) levels.
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Figure 4.11: Schematic of energy transfer process from ZnO to Tb**.
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4.4 Conclusion

Pure and Th** doped ZnO nanocrystals were successfully prepared using sol-gel method and
their photoluminescence properties were discussed. The as-prepared un-doped and Th** doped
ZnO samples were predominantly composed of homogeneously dispersed nanoparticles with
particle size ranging from 3 to 6 nm as confirmed from HRTEM analysis. The highly crystalline
nanoparticles were obtained without post-annealing treatment. The XRD patterns indicated that
Tb* ions were successfully incorporated into the crystal lattice of ZnO matrix. The XRD and
Raman results also confirmed the proper hexagonal phase formation and improved crystallinity
with increasing dopant concentration. Optical absorption results indicated a blue-shift of the
absorption edges with increasing Tb** concentration for Th** doped samples associated with
reduction of particle size as dopant concentration is increased. The PL results for Th** doped
ZnO samples showed blue and green emission from Th** ions associated with °D3—'Fs,4 and
°D,—Fe5 transitions for 0.5 mol% of dopant concentration. At 0.15 and 1.5 mol%, the broad
defect emission peak from ZnO was found to dominate the PL emission spectra with the weak
blue and green emission from Th** ions overlapping the broad band emission from ZnO. Based
on the aforementioned results, it was then concluded that, the energy transfer from ZnO host to

Tb*" ions is efficient when 0.5 mol% of Th** ions are doped into ZnO lattice.
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Chapter 5. Properties of Ytterbium ions in ZnO
Nanocrystals

This chapter discusses the synthesis and characterization of un-doped and Ytterbium
doped-ZnO nanocrystals. As prepared ZnO and ZnO:Yb*" was characterized using High
Resolution Transmission Electron Microscope (HR-TEM) equipped with an Energy Dispersive
X-ray Spectroscope (EDX), X-ray powder Diffraction (XRD), Field emission Scanning Electron
Microscope (FE-SEM) and X-ray Photoelectron Spectroscope (XPS) to investigate
morphological, elemental, phase, structural and chemical state, respectively. Photoluminescence
(PL) was studied using a He-Cd laser with an excitation wavelength of 325 nm. The UV-Vis

absorption result is also discussed.
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5.1 Introduction

Throughout the last decade an unprecedented interest on rare earth ions doped ZnO
nanostructures has been observed worldwide [1,2]. The unique optical properties of rare earth
ions have motivated researchers to develop luminescent materials based on ZnO nanostructures
in order to use effectively its wide direct band-gap (3.37 eV), large exciton binding energy (60
meV) and high optical gain (320 cm™) at room temperature [3-5]. To the best of our knowledge,
among other rare earth ions, Yb®" has not been intensively investigated so far. Only few reports
have been found in the literature where optical properties of Yb** doped ZnO were studied [6-
10], and almost none of the previous reports were dedicated to study the enhancement of the

exciton emission due to Yb** addition into ZnO lattice.

In this chapter, we report on the successful incorporation of Yb** ions into ZnO lattice using sol-

gel method to produce Yb*" doped ZnO nano-phosphors. The Yb®*" concentration was varied

from 0.5 to 0.75 mol% in order to study the PL intensity behavior of ZnO:Yb3* nano-
phosphors. The effects of Yb®* on the emission properties of ZnO nanoparticles are also
discussed. An in-depth study of the microstructure and photoluminescence properties of

un-doped and Yb3* doped nano-phosphors was conducted.

5.2 Experimental detail




ZnO nanocrystals were produced by dissolving zinc acetate in boiling ethanol and the solution
was cooled in ice water. The solution of sodium hydroxide dissolved in ethanol was also
prepared separately, then cooled in ice water and added drop wise (see subsection 3.1.2) to the
ethanol suspension of Zn*". For preparation of Yb** doped ZnO samples with different
concentrations of Yb*" (0.5 and 0.75 mol%), the ethanol solution of ytterbium nitrate
GL KABONGO et al. Materials Letters 119 (2014) 71-74 3n prepared according the al 97
experimental procedure. The resulting clear solution was kept at room temperature for 24 hours
and then washed repeatedly with ethanol and heptane to remove unwanted impurities. The
resulting precipitates were then re-dispersed in ethanol or dried at 200 °C for 2 hours. The
samples were then characterized by XRD, EDX, XPS, SEM, TEM, UV-Vis and He-Cd laser

(325 nm).

5.3 Results and discussion

5.3.1 Structural and surface properties

The Yb** doped ZnO with different concentrations of Yb®*" consist of broadened diffraction
peaks resembling those of the un-doped ZnO and they are consistent with the hexagonal wurtzite
structure of ZnO (JCPDS Card n° 36-1451) (see Figure 5.1 (a)). Using Debye-Scherrer’s
equation, the average crystallite size of the ZnO products was determined to range from ~4 to 7
nm. In addition, no change in the crystal structure was observed due to the introduction of Yb®*
ions into the ZnO lattice, however, a very small shift of the (101) peak to the lower diffraction
angle was noticed. It is believed that the absence of Yb®" related diffraction peaks may be due to

the complete substitution of Yb** ions into the Zn®* sites or the interstitial sites of ZnO, whereas




the shift of the (1 0 1) peak to the lower diffraction angle is due to the bigger radius of Yb*" (1.01
A) compared to that of Zn** (0.74 A) ions which increases the lattice constants ‘a’ and c’
implying a unit cell expansion in Yb*" doped samples [9]. The SEM image obtained from Yb®*
doped ZnO (0.5 mol %) depicted in Figure 1(b) revealed uniform tiny clamped particles. Similar
results were observed in un-doped ZnO sample (results not shown). The insert of Figure 1(b)
shows the EDS spectrum of the same sample where the presence of Zn, O and Yb were
confirmed. Apart from the expected elements, Cu and C from a copper grid which was used to
grow Yb** doped ZnO thin films were also detected. Furthermore, EDX mappings confirmed the
presence of the expected species (figure 5.2). The TEM image shown in Figure 1(c) confirmed
the XRD results and revealed that the Yb** doped ZnO particles are well crystallized and
homogeneously dispersed with an average particle size ranging from ~4 to 7 nm in diameter. The
selected area electron diffraction (SAED) pattern shows diffraction rings corresponding to (100),
(002), (101), (102), (110) and (103) planes revealing the highly polycrystalline nature of these
nanoparticles. The calculated interplanar spacings corresponding to each plane are presented in

Table 5.1. The profile of the 101 plane is shown in figure 5.3.
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Figure 5.1: (a) XRD patterns of un-doped and Yb doped ZnO nanocrystals, (b) FE-SEM image alo
spectrum in the insert and (c) TEM image along with the SAED insert.

ng with EDX

Table 5.1 dyy spacing values calculated for ZnO nanoparticles.

Plane [nkl] | 100 002 101 102 110 103
dyy [nm] | 0.281 0.26 0.247 0.191 0.163 0.147
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Figure 5.2: (a) FE-SEM image used for conducting EDX analysis, (b) EDX layered image of un-doped ZnO after
elemental mappings of Zn, O and Yb, (c-e) Corresponding elemental mappings of Zn, O and Yb.
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Figure 5.3: HR-TEM profile of the 101 plane for Yb-doped ZnO.
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The XPS survey spectra obtained before Ar* sputtering presented in Figure 5.4 (a) showed the
presence of all expected core levels due to Zn 2p, Zn 3p, O 1s, Yb 4d, and C 1s. The binding
energy charge correction by adventitious C 1s peak at 284.8 eV was applied. Figure 5.4 (b) and
(c), show the deconvoluted oxygen O 1s peaks of un-doped and Yb** doped ZnO, respectively.
The O 1s peak can be divided into three peaks whose binding energies are 532.3, 531.4 and
530.1 eV (Table 5.2) associated with the chemisorbed oxygen species such as COs, oxygen
vacancies in the oxygen deficient regions of ZnO and intrinsic O® ions present in a wurtzite
structure of hexagonal Zn?* ion arrays, respectively [5]. Addition of Yb ions into ZnO matrix
resulted in a fourth oxygen species O% centred at 529.7 eV resulting in a change in shape of O 1s
core level spectrum. Most importantly, the intensity of the oxygen deficient peak at around 531
eV has decreased suggesting the reduction in the concentration of oxygen vacancies after Yb
doping [11], which could induce the formation of Yb,O3 in the neighboring surface of the
nanocrystals. The XPS technique was also used to investigate the oxidation state of Zn and Yb.
The Zn 2p peak (figure 5.5 (a)) contained a doublet whose binding energies were 1045 and 1022
eV, which can be identified as Zn 2py; and Zn 2ps, for un-doped ZnO, respectively, with a spin-
orbit splitting of 23 eV. With addition of Yb*" into ZnO lattice, no peak shift was noted in the
binding energies, however a second Zn defect was observed after fitting (figure 5.5 (b)). This
compares well with results of Ligiang et al. [12]. Likewise Zn 3ps; (Zn 3py2) at 90.0 eV (91.8
eV) was detected (figure 5.5 (c)). The Yb 4d peak in Figure 5.4 (d) revealed two peaks with
binding energies of 199.2 and 185.5 eV identified as Yb 4ds;, and Yb 4ds,, respectively. These
findings suggest that the presence of Zn and Yb in pure ZnO is in the form of Zn** and Yb**

oxidation state.
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Figure 5.4: (a) XPS spectra of ZnO and ZnO:Yb**, O 1s spectra of (b) un-doped ZnO and (c) ZnO:Yb*, (d) Yb

4d spectrum of ZnO:Yb**.
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core level for undoped ZnO.

GL KABONGO et al. Materials Letters 119 (2014) 71-74

104



Table 5.2: Binding energy positions for core level of O 1s.

Sample Undoped ZnO 0.5 mol% Yb doped ZnO
Core level O O, O3 O O, O, O3
Binding energy [eV] | 530.14 531.39 532.32 529.7 530.6 531.2 532.2
Area [%0] 53.55 29.73 16.71 31.18 38.51 15.20 15.11
FWHM 1.09 1.65 1.30 2.46 1.28 1.67 1.37

5.3.2 Optical properties

The UV-Vis absorption spectra of the as-prepared un-doped and Yb** doped ZnO samples are

presented in Figure 5.6. The absorption spectra showed well-defined exciton bands at 365 for

un-doped ZnO and 372 for 0.5 mol% Yb** doped ZnO samples, respectively. It was observed

that both absorption peaks for un-doped and Yb*" doped was blue-shifted relative to the bulk

exciton absorption (386 nm) [13,14]. The blue-shift observed may be attributed to quantum

confinement effect [15]. Moreover, a red-shift of the absorption edge with Yb** doping was

observed, which obviously resulted in a band-gap narrowing contrary to the result obtained in the

previous chapter (4.3.3), where the effect of Th** doping into ZnO matrix act as a band-gap

widening agent.
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Figure 5.6: UV-Vis Spectra of the as-prepared un-doped and Yb®*" doped ZnO nanocrystals dried at 200°C.

The emission spectra of un-doped and doped ZnO nano-phosphors with different Yb**
concentration are shown in Figure 5.7 (a). The PL emission spectra were obtained under
excitation at 325 nm using a He-Cd laser. Two emission peaks, identified as direct band-gap and
defect related emission at 377 nm and 509 nm, respectively, were observed from un-doped ZnO
sample. The direct band-gap emission peak originate from recombination of free excitonic
centers while the broad green peak can be associated with recombination of delocalized electrons
at singly occupied oxygen vacancies with deep trapped holes [16]. The broad green emission due
to ZnO has shown a decrease and this can be attributed to 0.5 mol% of Yb*" ions into ZnO
lattice, while the exciton emission increased significantly. The enhancement of the UV emission
may be due to the (i) fact that the ZnO lattice consists of a few singly ionized oxygen vacancies,
and/or (ii) creation of more electron-hole pairs with Yb** doping. Also, effective energy transfer

process from Yb®" ions to ZnO may not be excluded as one of the possible reason for enhanced
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exciton emission in the presence of Yb®* ions. However, when the doping concentration is
further increased to 0.75 mol%, the intensity of the exciton emission dropped, yet still higher
than that of un-doped ZnO. The observed slight red-shift on the exciton emission with increasing
dopant concentration may be due to the change occurring in the energy band structure as
reported elsewhere [17,18]. The insert in figure 5.7 (a) shows dependence of the Iu\/lg. ratio on
Yb®" concentration and figure 5.7 (b) presents the evolution of the green luminescence (GL) and
UV emission versus Yb*" concentration. The considerably reduced oxygen vacancies with Yb
doping were evidenced by the above O 1s core level 531 eV peak in the XPS result.

Consequently, decreasing with the surface-to volume ratio [19].
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Figure 5.7: (a) PL spectra of un-doped and Yb*" doped ZnO at different concentrations excited at 325 nm. (b) Yb**
concentration dependence of relative UV and GL luminescence intensity.
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5.4 Conclusion

Un-doped and Yb®*" doped ZnO nanophosphor powders were successfully synthesized using sol-
gel method. The PL analysis revealed enhancement of the exciton emission after addition of
Yb® ions into ZnO lattice. Yb** ions were observed to have substituted Zn®** ions or occupied
interstitial sites in ZnO. The Yb** doped ZnO nanophosphors may have a huge impact on

materials development in photonic applications such as lasers.

The observed energy transfer phenomenon and/or the reduction of oxygen related defects could
be responsible of the observed enhancement of the exciton emission. Furthermore, the unique
optical transition from Yb** ions (*Fs,—?F,) often observed in the Near Infra-red region of the
electromagnetic spectrum was not observed due to the use of a UV detector in the PL system

used to collect data.
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Chapter 6. Conclusion and future works

6.1 Conclusion

The present thesis report on the sol-gel preparation of ZnO nanocrystals doped with rare earth
(RE®) ions (RE=Tb**, Yb*"), their optical, structural, morphological and elemental chemical
composition were studied after a successfully synthesis using different non-destructive
techniques such XRD, UV-VIS spectroscopy, Raman spectroscopy, SEM-EDX, TEM, XPS and

PL spectroscopy.

High crystalline luminescent hexagonal wurtzite ZnO:RE** nanocrystals with size ranging from
3-7 nm were obtained. The XRD and Raman study revealed the hexagonal wurtzite structure
without second phase, The HR-TEM images confirmed the hexagonal morphology of the
nanocrystals with size in the quantum dots range. A slight shift towards lower angles were
observed in the XRD patterns of the doped samples due the expansion of the unit cell due to the
RE®* ions substitution in the Zn?* ions lattice site. The EDX and XPS elemental analysis were
used to investigate the chemical composition of the prepared samples. SEM images, elemental

mapping, confirmed the even distribution of RE** ions in the matrix as well as the Zn and O.

Optical studies using UV-Vis absorption spectroscopy allow us to emphasize on the tunability of
the band-gap of the prepared doped ZnO nanocrystals. Furthermore, optical investigation based
on Photoluminescence spectroscopy evidenced the presence of energy transfer between the rare

earth dopant and the ZnO host matrix which was discussed in detail.
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The PL data for ZnO:Yb*" revealed an increase of the exciton emission intensity which was

attributed to energy transfer.

6.2 Future works

In this study, ZnO was doped with terbium and ytterbium, the future works will be based on the
optical, structural and elemental investigation of other lanthanides such as erbium, holmium,
thulium, etc, their lifetime and quantum efficiency could also be studied. Moreover, the influence

of the annealing temperature on the properties of the prepared phosphors should be done.

Knowing that the current research interest on luminescent materials is moving to solar cells and
biological imaging, the prepared phosphors are promising materials for photovoltaic applications

in order to improve devices efficiency.

The study of structural, elemental and optical properties on the annealed samples is a promising
research project that still needs to be undertaken. In this regard, the thermogravimetric analysis
(TGA) result shown in the appendix (A.0) give an indication on the minimum temperature

needed to subject the prepared powder in order to remove all organic constituents.
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Appendix

A.0 Thermogravimetric analysis (TGA) result

1097 \

80 —
§ 60 -
=
D
(B}
< 40-

20 -

Zn0O
0 T T T T T T T T T T T T T T T T T
0 100 200 300 400 500 600 700 800 900

Temperature [°C]

Figure A.1: TGA curve of un-doped ZnO phosphor powder. The sample was heated in ambient atmosphere at a

heating rate of 10 °C/min.
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Figure A.2: TGA curve of terbium-doped ZnO phosphor powder. The sample was heated in ambient atmosphere at

a heating rate of 10 *C/min.
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Résumé

Les nanocristaux d’Oxide de Zinc (ZnO) pure ainsi que dopés sous différentes
concentrations d’ions terbium (Tb%") et ytterbium (Yb®") ont été synthétisés avec succés via un
proceédé sol-gel afin de produire des nanophosphors d’oxide de Zinc activés terres rares. Les

poudres finales furent obtenues aprés séchage des gels précurseurs a 200°C sous air ambiant.

Sur la base des résultats de la diffraction par rayons X (XRD), on a constaté que les
nanophosphors de ZnO pure et dopées RE** étaient hautement polycristallins, indépendamment
de la terre rare. En outre, les diagrammes de diffraction sont tous indexés a la structure
hexagonale wurtzite de ZnO et appartiennent au groupe de symétrie P6smc. La spectroscopie

Raman a confirmé la structure wurtzite des échantillons prépares.

La cartographie élémentaire effectuée sur les échantillons préparés a l'aide d’un
microscope électronique a balayage (MEB) équipé d'un spectrometre a dispersion d'énergie a
rayons X (EDX) a révelé une répartition homogéne des différents composés a savoir Zn, O, et les
ions RE*". L’analyse au microscope électronique & transmission & haute résolution ( HR-TEM ) a
indiqué que les échantillons non dopés et dopés RE** étaient composés de particules hexagonales
dispersées de facon homogene et de haute cristallinité de dimension moyenne variantde 4 a 7 nm

de diamétre, qui était confirmé par 1’analyse par diffraction a rayons X (XRD).

L’étude photoluminescente (PL) des nanoparticules dopées sous différentes
concentrations de Th®" a révélé qu’ a hauteur de 0.5 mol% Tb**, des émissions bien définies des
transitions intra ioniques 4f-4f de Tb* ont ét¢ identifiées pendant que 1’émission imposante des
défauts de ZnO dominait les spectres d’émission des échantillons dopés a hauteur de 0.15 et 1

mol% Th**. Le gap optique de chaque échantillon a été extrapolé par application de la méthode
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de TAUC aux spectres d’absorption obtenus par spectroscopie visible/ultraviolet (UV/Vis), d’ol
fut observé un élargissement du gap optique dans les échantillons dopés par comparaison a
I’échantillon référence de ZnO pure. En outre, Il fut observé a travers une étude de
photoluminescence de ZnO:Yb** au laser (325 nm), que I’intensité de 1’émission de I’exciton fut
considérablement amplifiée aprés insertion d’ions Yb>* dans la matrice de ZnO. L’étude UV-Vis
a révélé Délargissement du gap optique dans le cas des systtmes ZnO:Tb** ainsi qu’un

rétrécissement dans le cas de ZnO:Yb*".

La spectroscopie photoélectronique par rayon X a démontré la présence des terres rares
dans tous les échantillons ayant fait 1’objet de dopage, ces résultats concluant furent en accord
avec les résultats de PL a travers lesquels le transfert d’énergies fut établit. Ce transfert

d’énergie, établit entre le ZnO et les terres rares, a été discuté en détail.
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