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ABSTRACT 
Amorphous silica powders doped with lanthanide ions were synthesised by the sol-gel 

method and their cathodoluminescence (CL) and photoluminescence (PL) emissions were 

compared. Interesting differences depending on the type of excitation were observed for 

Tb and Ce-doped samples. For Tb-doped samples blue 5D3→7FJ emission was measured 

during CL in samples for which PL results showed this emission to be concentration 

quenched due to cross-relaxation, while for Ce-doped samples luminescence occurred for 

CL but not during PL measurements.  Unlike the other lanthanides, Tb and Ce ions are 

sometimes found in the tetravalent rather than the trivalent state, and these differences 

were attributed to the possibility of electron capture of tetravalent ions possible during 

CL but not PL.  

A scheme for the energy levels of divalent and trivalent lanthanide ions relative to the 

conduction and valence bands in silica was proposed, making use of experimental data 

and the known relative positions of the energy levels for the lanthanides. Although the 

location of the divalent europium ion f-level above the valence band can be located by 

using the charge transfer energy of trivalent europium, this process cannot be generalized 

to find the location of the trivalent cerium ion f-level above the valence band using the 

charge transfer energy of tetravalent cerium as has been suggested. 

Initial investigations of the luminescence properties of Ce doped silica were complicated 

by overlapping luminescence from oxygen deficiency defects from the host itself and the 

fact that Ce took the tetravalent state which is nonluminescent for PL measurements.  

Spectra obtained using a wide variety of excitation methods, including synchrotron 

radiation, were compared and evaluated in the light of previously published data. 

Radically improved results were obtained by annealing in a reducing atmosphere instead 

of air. X-ray photoelectron spectroscopy as well as ultraviolet reflectance spectroscopy 

provided evidence of the conversion of Ce from the tetravalent to trivalent state and this 

was accompanied by strong luminescence of these sample during PL measurements. 
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Ce,Tb co-doped silica was used to study the energy transfer from Ce to Tb ions. Initial 

results were disappointing when measurements showed that adding Ce quenched the Tb 

emission intensity instead of increasing it. However, after annealing the samples in a 

reducing atmosphere, a quantum efficiency of 97% for energy transfer from Ce to Tb was 

achieved. The mechanism for energy transfer was investigated by comparing 

experimental measurements of the changes in donor (Ce) emission intensity and lifetime 

as a function of the amount of acceptor (Tb) with numerical simulations of various 

models. Measurements correlated well to models for dipole-dipole and exchange 

interactions, but the critical transfer distance obtained was not appropriate for the 

exchange interaction, hence dipole-dipole interaction was identified as the interaction 

mechanism.  

Nanocrystalline LaF3 powders were synthesized by the hydrothermal method and strong 

luminescence was obtained from samples doped with Ce and Tb. Photoluminescence 

spectra from co-doped samples revealed that the emission from Ce was quenched and the 

emission from Tb was enhanced, showing that energy transfer from Ce to Tb occurred. 

The energy transfer mechanism was investigated in a similar way as for the silica 

samples, but in this case the experimental results fitted models for the quadrupole-

quadrupole and exchange interactions.  Much higher concentrations of Tb were required 

to significantly affect the Ce luminescence properties than in the case for silica, and the 

critical transfer distance obtained was appropriate for the exchange interaction. Either or 

both of these interaction mechanisms are therefore possible.  The results show that the 

interaction mechanism for energy transfer between lanthanide ions depends not only on 

the ions themselves, but also on the lattice hosting them. 

 

 

 

 

 



 

v 
 

KEYWORDS AND ACRONYMS 
 

Phosphor, silica, sol-gel, lanthanum fluoride, hydrothermal, lanthanides, cerium, terbium, 
annealing, photoluminescence, cathodoluminescence, energy levels, cross-relaxation, energy 
transfer, interaction mechanism. 

 

A (A*) Acceptor (Excited acceptor) 
AES Auger electron spectroscopy 
BE Binding energy 
CCD Charge coupled device 
CHA Concentric hemispherical analyser 
CL Cathodoluminescence 
CTAB Cetyltrimethylammonium bromide 
D (D*) Donor (Excited donor) 
DESY Deutsches Elektronen-Synchrotron 
FWHM Full width at half maximum 
FTIR Fourier transform infrared spectroscopy 
ICDD International Centre for Diffraction Data 
IR Infrared 
JCPDS Joint Committee on Powder Diffraction Standards 
KE Kinetic energy 
OH Hydroxyl 
OR Alkoxide 
PDF Powder Diffraction Files 
PL Photoluminescence 
SEM Scanning Electron Microscope or Microscopy 
TEOS Tetraethylorthosilicate 
UHV Ultra high vacuum 
UV Ultraviolet 
UV-Vis Ultraviolet-visible 
XPS X-ray photoelectron spectroscopy 
XRD X-ray diffraction 
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Chapter I 

Introduction 

1. Overview 
Phosphors are used in many applications such as lighting, displays, lasers and 

scintillators. In most cases phosphors are based on luminescent centres, called dopants or 

activators, located in wide-bandgap hosts. Generally, host materials should exhibit good 

optical, mechanical and thermal properties [1]. There are many types of hosts, such as 

alkali-earth sulphides, alkali-earth aluminates, rare-earth oxides, oxysulfides, lanthanides 

halides, silicates etc.  These hosts are solid inorganic compounds that can be classified 

into three categories, namely crystals, amorphous materials and materials that incorporate 

the properties of both (glass ceramics).   

Lanthanide group ions are usually used as luminescent centres [2]. A specific feature of 

these ions is the presence of an internal partially filled 4f electron shell, giving various 

electron transitions in the UV, visible and IR regions of spectrum. The outer filled 5s and 

5p levels shield the 4f electrons from the host environment so that the transitions between 

the 4f states (and therefore the luminescence wavelengths) are relatively insensitive to the 

host.   

Energy transfer can play an important role in phosphors. The luminescence efficiency of 

a phosphor can be enhanced by co-doping with a second kind of dopant (donor) as a 

result of energy transfer from the donor to the acceptor. The excited centre can be relaxed 

by direct or indirect energy transfer to the acceptor [3]. In the direct mechanism, the 

energy transfers directly from the donor to the acceptor by multipole interaction or 

exchange interaction. For the indirect mechanism there are many scenarios such as 

energy transfer by cooperative effects (these include such phenomena as simultaneous 

energy transfer from two ions to another, transfer of part of one ion’s excitation energy to 

another ion with the energy difference being emitted as a photon (or phonon), and the 

inverses of these processes), or by diffusion among the donor ions until the energy 
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acceptor is reached.  Many theoretical studies have been done on both types of 

mechanisms [3-19]. 

In this study amorphous silica (SiO2) was used as a host lattice. SiO2 has proved to be a 

good host matrix for the rare-earth elements because of its transparency, dopant solubility 

which leads to random distribution, high doping concentration capability [20-22].  In 

addition, SiO2 was chosen to evaluate the performance of lanthanide ions in the 

amorphous host.  

In order to investigate the influence of a crystalline host in the energy transfer, the same 

combination of lanthanide ions doped into a LaF3 crystalline host was prepared by using 

the hydrothermal method. Fluorides have become a focus of intensive research due to 

their promising applications in lighting and displays, biological labels, and optical 

amplifiers [23-26]. In comparison with oxygen-based systems, fluorides possess very low 

vibrational energies and therefore the quenching of the excited states of the rare earth 

ions will be minimal [27]. Furthermore, they exhibit adequate thermal and environmental 

stability and therefore are considered as ideal host materials for luminescent lanthanide 

ions.  

Structural and luminescence properties of the prepared phosphors were studied 

experimentally by using different analytical techniques, i.e. X-Ray Diffraction (XRD), 

Infrared spectroscopy (IR), X-ray Photoelectron Spectroscopy (XPS), Photoluminescence 

spectroscopy (PL) and Cathodoluminescence spectroscopy (CL). Theoretical models of 

energy transfer mechanisms were used in order to interpret the experimental data.   

2. Problem statement 
Energy transfer phenomena as a tool to develop the efficiency of the luminescence 

materials has been a subject for much research during the last five decades. In our 

research group, experimental work has been done investigating the parameters which can 

affect the energy transfer rate such as dopant concentration [28], but a little has been done 

on the theoretical aspect of energy transfer. It is important to investigate theoretically the 

interaction mechanisms responsible for energy transfer in certain systems. Host effects on 

the energy transfer mechanism also need to be investigated. In this work, theoretical 
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calculations were used to investigate the mechanism response of the energy transfer in 

the studied systems. We restrict the work to consider only direct mechanisms. Numerical 

calculations based on Inokuti and Hirayama models [6] were developed.  

3. Research aims  
Using sol-gel and hydro-thermal synthesis techniques, and analytical techniques as well 

as theoretical calculations, the researcher aims at realizing the following objectives: 

• Synthesising different phosphors, both amorphous and crystalline; 

• Using different techniques to characterise the phosphors; 

• Applying theoretical models to describe the different energy transfer 

mechanisms;    

• Analysing the experimental data in comparison with the theoretical results.   

4. Thesis layout 
In this first chapter the introduction and aims of the study have been stated.  In chapter II 
more detailed background information regarding phosphors is provided.  Then in chapter 
III the theoretical models for direct mechanisms of energy transfer are discussed.  
Chapter IV provides general descriptions of the analytical techniques used to characterize 
the synthesized phosphors, including some details of calibrations or special 
considerations required for this research.  This is continued in chapters V to XII . Finally, 
a conclusion is provided in chapter XIII. 
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Chapter II 

Background information 

1. Fundamentals of phosphors 

A phosphor can be defined as any material that will emit light when an external 

excitation source is applied. These materials are mostly inorganic and are prepared in 

powder form or as thin films. Phosphors are based on luminescent centres located in a 

wide band gap host [1,2]. The characteristic luminescence properties are obtained either 

directly from the host, or more often from activators. An activator is an impurity ion 

which, when incorporated (doped) into the host lattice, gives rise to a centre which can be 

excited to luminesce. If more than one dopant is used, it is possible that one (called the 

co-activator or sensitizer) tends to absorb energy from the primary excitation and, instead 

of luminescing itself, it transfers this energy non-radiatively to the other dopant (the 

activator) to enhance its luminescent intensity [3]. Luminescence can be produced by a 

variety of excitation methods using photons, electrons, heat etc. These different excitation 

methods having different names, the luminescence resulting from excitation by high 

energy electrons is called cathodoluminescence and that from the excitation by light 

(photons) (including ultraviolet light) is called photoluminescence. Table 1 gives 

examples of various types of luminescence [4]. 

Table 1: Examples of various types of luminescence [4]. 
 

Type Energy Supplier Examples 

Chemi-luminescence Chemical reactions 
Glow in the dark plastic 
tubes, emergency light 

Bio-luminescence 
A form of chemi-luminescence where the energy is 
supplied by living organisms. Fireflies, glow-worms 

Electro-luminescence Electric current Certain watch, displays 
Cathodoluminescence  Electron beam  CRT, televisions 
Radio-luminescence Nuclear radiation  Old glow in dark paints 
Triboluminescence  Some minerals glow when rubbed or scratched Quartz crystal 

Sonoluminescence  
 

The emission of short bursts of light from 
imploding bubbles in a liquid when excited by 
sound. 

 

Photoluminescence  Light energy. Commonly UV or visible light. Also 
includes laser induced fluorescence. 

Phosphors, pressure 
sensitive paints. 
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The common representation of a phosphor is given by a formula, for example, SiO2:Ce 

0.5mol%. The first part tells us that the matrix is SiO2 and the last part tells us that the 

activator is Ce. The concentration of the activator relative to that of the host can be given 

as a percentage of the number of atoms per mole or as a percentage of weight. If the 

phosphor has a co-dopant, a comma is used to separate them, for example SiO2:Ce,Tb. 

2. Host 
Generally host materials should exhibit good optical, mechanical and thermal properties 

[5]. There are many types of host such as alkali-earth sulphides, alkali-earth aluminate, 

rare-earth oxides, earth fluorides, silicates etc. These different types can be categorized 

into three groups: crystals, amorphous and materials that incorporate the properties of 

both (glass ceramics). The varieties of these host materials enable them to vary according 

to the application. For example, for photoluminescent phosphors, it is important that the 

host material efficiently absorbs the UV light otherwise the energy will be wasted. For 

cathodoluminescent phosphors, hosts must be stable under electron bombardment. For 

electroluminescent phosphors, hosts must have the ability to efficiently absorb and 

transport high-energy electrons. 

3. Luminescent centres  
In phosphors, luminescence centres may result from host defects such as ion vacancies or 

from activators, which are specially introduced atoms or ions. Luminescent centres that 

result from host defects are called host-crystal centres, while those that result from 

activators are known as activator centres. The main characteristics of luminescent centres 

are their emission and absorption spectra. For example, when a phosphor is activated by 

ions of lanthanide elements, the spectra of the luminescent centres turn out to be line 

spectra produced by quantum transitions in the inner electron shells of the ions. The 

effect of the lattice is manifested in the shifting and splitting of the spectral lines by the 

crystal field for example, the Stark effect and in the superposition of additional 

frequencies corresponding to lattice vibrations. When a phosphor is activated by atoms of 

elements whose spectra are produced by transitions in an outer electron shell, the lattice 

causes the spectral lines to be broadened into bands. A single phosphor often contains 

two or more types of luminescent centres. The centres may interact with one another by 
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exchanging electrons and holes or directly by means of excitation energy. The first type 

of interaction is called a recombination interaction; the second type is known as a 

resonance interaction. 

4. Lanthanide ions 
A good description of the lanthanide ions is given by [7]: “In the periodic table of 

elements, lanthanides are the group of atoms ranging from lanthanum (atomic number 

57) to lutetium (atomic number 71) (see Figure 1). They are characterized by a gradual 

filling of the 4f electron shell and are therefore called f- block elements.  

1 
H 

 2 
He 

3 
Li 

4 
Be 

 5 
B 

6 
C 

7 
N 

8 
O 

9 
F 

10 
Ne 

11 
Na 

12 
Mg 

13 
Al 

14 
Si 

15 
P 

16 
S 

17 
Cl 

18 
Ar 

19 
K 

20 
Ca 

21 
Sc 

22 
Ti 

23 
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24 
Cr 

25 
Mn 

26 
Fe 

27 
Co 

28 
Ni 

29 
Cu 

30 
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31 
Ga 

32 
Ge 

33 
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34 
Se 

35 
Br 

36 
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37 
Rb 

38 
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39 
Y 

40 
Zr 

41 
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Ru 

45 
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46 
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Sn 
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52 
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54 
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55 
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59 
Pr 

60 
Nd 

61 
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62 
Sm 

63 
Eu 

64 
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65 
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66 
Dy 

67 
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68 
Er 

69 
Tm 

70 
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Th 
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Figure 1: The periodic table of elements. The lanthanides are highlighted in green. 

The different lanthanides have very similar chemical behaviours so that their properties 

can be discussed in a general way. Lanthanide ions are most frequently found in the 

trivalent (3+) oxidation state, although tetravalent (4+) cerium and divalent (2+) 

europium also occur. The f-orbitals are shielded by the 5s and 5p orbitals. Therefore, the 

f-electrons do not participate in chemical bonding so that the predominant interactions in 

lanthanide complexes are electrostatic ones. The shielding of the spectroscopically active 

4f-electrons by filled 5s and 5p orbitals also results in distinct spectroscopic 

characteristics for the trivalent lanthanide ions. In contrast to the broad bands observed 

for transition metal ions, the lanthanide f-f electronic transitions exhibit typically very 

narrow lines in the luminescence and absorption spectra. Since changes in the local 

environment of the lanthanide ion has a negligible influence on the 4f-electrons, 
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coordination will only affect the fine structure of the absorption and emission bands, 

rather than result in major shifts in the peak position. Lanthanide ions can show emission 

in the near-UV, visible, near-infrared and infrared spectral regions. Each lanthanide ions 

has a characteristic absorption and emission spectra.” 

 Dieke et al. [8] investigated the energy levels of 4f electrons of trivalent lanthanide ions. 

They showed their results in a diagram known as the Dieke diagram which is presented in 

Figure 2 [9]. 

The 4f shell of the lanthanide group is poor shielded from the nucleus, as result of this 

poor shielding; the ionic radius of the lanthanide ions is decreases as the atomic number 

is increases. This phenomenon is known as lanthanide contraction [10].  

In addition to f-f transitions, f-d transitions are also observed at even higher energy or 

shorter wavelength, usually in the ultraviolet region. These transitions are allowed and 

hence more intense than f–f transitions. Due to the interaction of the 5d-electrons with the 

ligand ions, the bonding strength changes upon 4f–5d excitation, giving broad absorption 

and emission bands instead of lines [11]. This phenomenon occurs in Ce3+ ions. 

5. Excitation and emission processes  
Luminescent centres can be excited by different ways according to the source used. Here 

a short discussion of excitation and emission processes when photons are used as 

excitation source (photoluminescence) is presented. The energy levels of molecules/ 

atoms determined by the molecular/atomic orbitals hold the molecule/atom bound 

together. An electron in the valance band moves from its ground state to an excited state 

by absorbing a photon (Figure 3). This phenomenon is called excitation.  

The excited states are not stable and will not remain indefinitely. The excited electron 

releases some of the absorbed energy as phonon and fall to a lower, more stable, energy 

level called the relaxed electronic state. Then the electrons move back from the excited 

states to their ground state they release the excess energy as photons (Figure 3). This is 

called emission (luminescence or fluorescence). The difference in photon energy of 

absorbed and emitted photons is known as Stokes shift. Figure 3 illustrates the energy 
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level diagram showing absorption, relaxation, and emission (fluorescence) processes 

beside the absorption and emission band and Stokes shift [12, 13]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: The Dieke diagram [9] 
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Figure 3: Energy level diagram showing absorption, relaxation, and emission 
processes and the Stokes shift between the absorption and emission band [11, 12]. 

 

Relaxation 

 

 

 

 

 

 

 

 

 

 

6. Fluorescence and Phosphorescence 

Photoluminescence processes are divided into two classes: fluorescence, and 

phosphorescence. Fluorescence involves absorbing and releasing lower energy light 

almost immediately in ≤ 10-7 s, while the light release of phosphorescence is delayed for 

≥ 10-6 s, so these materials appear to glow in the dark. In fact, most phosphorescent 

materials are emitted relatively fast with lifetimes on the order of milliseconds, 

nevertheless, some materials have lifetimes up to minutes or even hours. 

According to the quantum mechanics, in the fluorescence process, an electron does not 

change its spin direction. The situation where no spin flip occurs, suggests that the 

molecule is in a singlet state. In phosphorescence process, under the appropriate 

conditions, a spin-flip can occur. When the electron undergoes a spin-flip, a triplet state is 

created. As a result, the electron can become trapped in the triplet state. The transitions 

from these triplet states to the lower energy state are forbidden. Although these 

transitions are forbidden, yet can be occur in quantum mechanics but are unfavoured and 

thus takes more time. Figure 4 shows the Jablonski diagram for absorption, fluorescence, 

and phosphorescence [14]. 
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7. Applications of phosphors 
The applications of phosphors in various technologies increases continuously, which 

necessitates more research efforts to develop these technologies and make them more 

efficient and cheap.  Applications of phosphors , among other things, arelight sources in 

(1) display devices, (2) fluorescent lamps (3) detectors, and (4) other simple applications, 

such as luminous paint with long persistent phosphorescence, long afterglow phosphors 

coated pointers, signs, light switches, etc. Figure 5 shows some of these applications [15-

21]. 

 

 

 

Figure 4: Jablonski diagram for absorption, fluorescence, and phosphorescence 
[13]. 
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Figure 5: Some of phosphor applications [15-21]. 

 

(a) Fluorescent lamp 

(b) Displays 

(c) Luminous paint and long afterglow coating phosphor 
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8. Preparation methods of phosphors 
A phosphor is composed of a host and activator(s). There are two different ways to 

prepare a phosphor. In the first one, activator ions are introduced into an existing host 

material. In the second scheme, host material synthesis and activator incorporation 

proceed simultaneously. Each one of these two ways has many different chemical routes 

of synthesis. Second scheme were applied to prepare the phosphors used in this study.  

We restrict ourselves to the sol-gel and hydrothermal methods which are used in this 

study.     

8.1 Sol-gel method 
The sol-gel method is a wet-chemical synthesis technique for preparing oxide gels, 

glasses, and ceramics at low temperature. It is based on control of hydrolysis and 

condensation of alkoxide precursors. It is possible to fabricate ceramic or glass materials 

in a variety of forms, such as ultra-fine powers, fibers, thin films, porous aerogel 

materials or monolithic bulky glasses and ceramics [22].  

The sol-gel process, as the name implies, involves transition from a liquid ‘sol’ (colloidal 

solution) into a ‘gel’ phase [23]. Usually inorganic metal salts or metal organic 

compounds such as metal alkoxide are used as precursors. A colloidal suspension, or a 

‘sol’ is formed after a series of hydrolysis and condensation reaction of the precursors. 

Then the sol particles condense into a gel. Then drying and annealing is followed 

converted the gel into dense ceramic or glass materials.  

The sol-gel process can be described by three reactions : hydrolysis, alcohol condensation 

and water condensation. Because of immiscible lack between alkoxides and water,  

alcohol is commonly used as a solvent. Due to the presence of the co-solvent, the sol-gel 

precursor, alkoxide, mixes well with water to facilitate the hydrolysis reaction:  

 Si(OR)4 + H2O D HO-Si(OR)3 + R(OH). (1)  

During the hydrolysis reaction, the alkoxide groups (OR) are replaced with hydroxyl 

group (OH) through the addition of water. Two partially hydrolysed molecules can link 

together in a condensation reaction such as water condensation 
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 ≡Si-OH + OH-Si≡     D     ≡Si-O-Si≡ + H2O (2)  

or alcohol condensation 

 ≡Si-OR + OH-Si≡     D     ≡Si-O-Si≡ + R-OH. (3)  

As the number of ≡Si-O-Si≡ group increases, they bridge with each other and a silica 

network is formed. Upon drying, the solvents that are trapped in the network are driven 

off. With further heat treatment at high temperature, the organic residue in the structure is 

taken out, the interconnected pores collapse and a densified glass or ceramics is formed.  

Although hydrolysis can occur without an additional catalyst, it has been observed that 

with the help of acid or base catalyst the speed and extent of the hydrolysis reaction can 

be enhanced.  

Heat treatment of the porous gel at high temperature is necessary for the production of 

dense glass or ceramics from the gel silica. After the high temperature annealing, the 

pores are eliminated and the density of the sol-gel materials ultimately becomes 

equivalent to that of the fused glass. The densification temperature depends considerably 

on the dimension of the pores, the degree of connection of the pores, and the surface 

areas in the structure [24]. 

8.2 Hydrothermal method 
Hydrothermal synthesis generally refers to any heterogeneous reaction takes place in the 

presence of solvents in closed vessel under high temperature and pressure conditions to 

dissolve and recrystallize materials that are insoluble under normal conditions [25]. There 

are many different definitions for hydrothermal synthesis in the literature [26-29]. 

Byrappa and Yoshimura [29] define hydrothermal as any heterogeneous chemical 

reaction in the presence of a solvent (whether aqueous or non-aqueous) above room 

temperature and at pressures greater than 1 atm in a closed system. 

In the hydrothermal method, the reaction usually occurs in a steel pressure vessels called 

autoclaves (see Figure 6).  Hydrothermal procedure involve; dissolving the precursor 

substances (in water) and put in the reaction vessel; heating to the desired reaction 
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temperature; cooling the autoclave; isolating the product (by filtration or centrifugal) and 

washing it in order to obtain the pure product.  

 

 

 

 

 

 

 

 

 

 

               

Figure 6: Schematic diagram of 4748 high pressure vessel [30] 

 

The hydrothermal method has several advantages over traditional solid state reactions 

including the ability to create crystalline phases which are not stable at the melting point, 

high purity (> 99.5%) and chemical homogeneity, small particle size (< 5 nm possible), 

single step processing, low energy usage, fast reaction times, no calcination is required 

for many materials since they are fully crystallized by the reaction [25].  
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Chapter III 

Theory of energy transfer 

1. Introduction 
Fluorescence energy transfer phenomena is a process whereby the excitation energy 

absorbed by a luminescent centre called a donor (D) is transferred to another centre called 

an acceptor (A).  Thereafter the excited acceptor may release the energy as a photon. The 

phenomena can be classified into two types: direct and indirect energy transfer [1]. In the 

first case, the energy is transferred directly from the donor to the acceptor, while in the 

second case the energy is transferred to the acceptor after multistep diffusion among the 

donors. Both two cases were treated theoretically by many researchers [1-17]. Although 

both two types can contribute to the energy transfer, we restrict ourselves to the direct 

energy transfer.  

Forster developed a theory for the rate of energy transfer by electric dipole-dipole 

interaction [2], which was later extended by Dexter to involve the higher multipole 

interactions [3]. Dexter also created a model for the shorter donor-acceptor distance 

based on the exchange interaction [3]. Inokuti and Hirayama [4] developed numerical 

methods on energy transfer that can be used to determine the mechanism responsible for 

energy transfer. Details of Forster’s and Dexter’s theories and Inokuti and Hirayama’s 

numerical calculations are discussed in this chapter. 

2. Non-radiative energy transfer 
The non-radiative transfer of an electronic excitation from a donor to an acceptor is 

represented by  

 D*
 + A→ D+ A* (1)  

where D and A represent the ground states of donor and acceptor respectively, while D* 

and A* represents the excite state (see Figure 1 (a)). 

The process consists of the following steps [18]: 
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• Absorption of the excitation energy by the donor center D 

• Relaxation of the lattice about the donor  

• Transfer of energy from donor center D to the acceptor center A 

• Relaxation of the lattice about the acceptor  

• Emission of luminescence by the acceptor center A 

Figure 1 (b) illustrates these steps [19]. 

 
 
 
 
 
 
 
 

(a) 
 
 
 
 
 
 
 
 
 
 

(b) 

Figure 1: (a) Illustration of energy transfer phenomenon (b) coupled transitions between 
donor emission and acceptor absorbance in fluorescence resonance energy transfer. 
Absorption and emission transitions are represented by straight vertical arrows (green and 
red respectively), while vibrational relaxation is indicated by wavy yellow arrows. The 
coupled transitions are drawn with dashed lines. The phenomenon of energy transfer is 
illustrated by a blue arrow [19]. 

Emission 

D A 

Excitation 
Energy transfer 
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3. Forster’s and Dexter’s models 
Non-radiative energy transfer has been observed and treated theoretically by Forster [2], 

and was developed by Dexter [3]. In Forster’s model, energy is transferred from the 

donor  D to the acceptor A by multipole interactions, while in Dexter’s model energy 

transfer occurs by quantum-mechanical exchange of the excited electron between  D and 

A. Although the nature of the two models are different, both of them require overlap 

between the emission spectrum of the donor and the excitation spectrum of the acceptor. 

Schematic diagram for Forster’s and Dexter’s models of energy transfer is illustrated in 

Figure 2 [20] Singlet-singlet energy transfer can happen via Forster’s model. However, 

the multipole interaction will not involve the triplet-triplet energy transfer because that 

violates the Wigner spin conservation law, which states that the exchange mechanism 

(Dexter’s model) is based on the Wigner spin conservation rule; thus, the spin-allow 

process could be either singlet-singlet energy transfer or triplet-triplet energy transfer. 

 
Figure 2: Schematic diagram for Forster and Dexter energy transfer [20] 

 



 

III-4 
 

4. Calculation of the energy transfer rate 
The transfer rate between the two states according to Fermi’s golden rule is given by 

    = 2 ħ  |⟨  ∗|ℋ  | ∗ ⟩|    ( )  ( )   (2)  

where 〈    ∗| is the final state, | ∗   〉 is the initial state, and ℋ is the interaction 

Hamiltonian. The integral represent the spectral overlap between the donor ( ) emission 

spectrum and the acceptor ( ) absorption spectrum (see Figure 3),   ( ) is the 

normalized emission spectrum of the donor, and   ( ) is the normalized absorption 

spectrum of the acceptor. 

 
 

 

  

Figure 3: The spectral overlap between the donor ( ) emission spectrum 
and the acceptor ( ) absorption spectrum 

4.1 Forster theory 
Let us consider Forster theory for dipole-dipole interaction first. Since the donor and 

acceptor are weakly coupled, the Hamiltonian for this problem can be written in a form 

that can be solved by perturbation theory  

 ℋ  = ℋ  +    (3)  

where ℋ  is the unperturbed part of the Hamiltonian having known solution, and   is the 

perturbation correction.  

For the dipole-dipole interaction  

Spectral 
overlap region 

Donor emission spectrum Acceptor emission spectrum 



 

 

 ℋ  
and 

  
where r is the distance between donor and acceptor molecules

operators. The dipole operators here are more properly referred to as the 

moments that couple the ground and excited electronic states for the donor and acceptor:

  ̅
  ̅ 
For the dipole moment, we can factor out the orientational contribution 

illustrated in Figure 4 [21], i.e.,

 

Figure 4: Orientations unit vector of the donor emission 
dipole and the acceptor absorption dipole

The transition dipole interaction can now be written as:

  =
 

All of the orientational factors are now in the term 
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= | ∗  〉ℋ ⟨ ∗ |+| ∗ ⟩ℋ 〈 ∗  | 
 =  3( ̅ .  ̂)( ̅ .  ̂) −   ̅ .  ̅      

is the distance between donor and acceptor molecules, µD and µA

The dipole operators here are more properly referred to as the transition dipole 

moments that couple the ground and excited electronic states for the donor and acceptor: ̅  =  |  〉 ̅  ∗ ⟨ ∗|+| ∗⟩ ̅ ∗  〈  | ̅  = |  〉 ̅  ∗ ⟨ ∗|+| ∗⟩ ̅ ∗  〈  |. 
For the dipole moment, we can factor out the orientational contribution as a unit vector

i.e.,  ̅ =        ̅ =      . 

 
 
 
 
 
 

Orientations unit vector of the donor emission 
dipole and the acceptor absorption dipole [21] 

interaction can now be written as: 

       [|  ∗ 〉⟨ ∗ |+| ∗ ⟩〈 ∗  |]  = 3(   .  ̂)(   .  ̂) −     .    . 

All of the orientational factors are now in the term k. 

(4)  

(5)  

A are the dipole 

transition dipole 

moments that couple the ground and excited electronic states for the donor and acceptor: 

(6)  

(7)  

as a unit vector as 

(8)  

Orientations unit vector of the donor emission 

(9)  

(10) 
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Now equation (2) can be rewritten as 

    =   ħ           
  ⟨ ∗ |  ( )  ( )  (0)  (0)| ∗ ⟩ (11) 

where       

   ( ) =     ℋ  /ħ     ℋ  /ħ (12) 

   ( ) =     ℋ  /ħ     ℋ  /ħ. (13) 

The rotational factor is easier to evaluate if the dipoles are static, or they rapidly rotate to 

become isotropically distributed.  

We can express the energy transfer rate as an overlap integral between the donor 

fluorescence and acceptor absorption spectra as follows 

    =  ħ      |   ∗| |   ∗|    ( )  ( )    
   (14) 

so the energy transfer rate scales inversely with r6, depends on the strengths of the 

electronic transitions for donor and acceptor molecules, and requires resonance between 

donor fluorescence and acceptor absorption. The rate of energy transfer is usually written 

as 

    =            
 (15) 

where R0 is the Forster critical distance, τ0 is the donor lifetime in the absence of the 

acceptor. The Forster critical distance R0 is defined as the acceptor-donor separation 

radius for which the transfer rate equals the rate of donor decay in the absence of 

acceptor. In other words, when the donor and acceptor radius (r) equals the Forster 

distance, then the transfer efficiency is 50 percent (see Figure 5). At this separation 

radius, half of the donor excitation energy is transferred to the acceptor via resonance 

energy transfer, while the other half is dissipated through a combination of all the other 

available processes, including fluorescence emission. 
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4.2 Dexter theory 
Dexter extended this theory to include higher multipole and exchange interactions. For 

higher multipole interaction the rate of energy transfer can be written as 

    =           
 (16) 

where s = 6, 8 and 10 corresponding to the dipole-dipole, dipole-quadrupole  and 

quadrupole -quadrupole  interactions respectively. 

For the exchange interaction, Dexter derived the following expression for the rate of 

energy transfer [3] 

    =   ħ      ( )  ( )   (17) 

with 

   =   exp (−2 / ) (18) 

where   is a constant with a dimension of energy,   a constant called the effective Bohr 

radius. With the same analogy of multipole interaction, one can write the rate of energy 

transfer for exchange interaction as 

 

 

 

 

 

 

Figure 5: Transfer efficiency as a function of distance. The  
transfer  efficiency is 50% when the distance equals to the 
Forster radius (R0). 



 

III-8 
 

    =     exp  γ          (19) 

where  γ is a constant related to Dexter’s quantities by 

 γ = 2   . (20) 

5. Numerical calculations 
Inokuti and Hirayama [4] made numerical calculations on energy transfer due multipole 

and exchange interactions.  These can be used to determine the mechanism responsible 

for energy transfer. They considered a system which has a random distribution of energy 

donors and energy acceptors in an inert medium. Both of the donor and the acceptor are 

assumed to have only one excited state.  If a donor is excited at time t = 0 with the 

absence of the acceptors, the probability  ( ) of finding the donor in the excited state at 

time t is a simple exponential decay 

  ( ) = exp (− /  ) (21) 

where τ0 is the isolated donor lifetime. 

When acceptors are present, this probability decreases due to energy transfer. Let 

WDA(rk) be the rate of energy transfer from a donor D to an acceptor A at  a distance rk. 

Then 

  ( ) = exp (− /  )  exp[− W  (r ) ] 
    (22) 

where N is the total number of acceptors in the vicinity of the donor. 

If n(r) is the probability distribution of the donor acceptor distance r in the volume V, the 

statistical average φ(t) of p(t) can be written as 

  ( ) = exp  −      {4 /  exp[− W  (r )]r dr  
  → , →            }  (23) 

φ(t) is called the donor decay function and it can be used to calculate the relative 

emission intensity of the donor as 
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           ( )   
  (24) 

and the average decay time τm of the donor as 

              ( )   
   ( )   

  . (25) 

6. Calculation for the multipole and exchange interactions 
φ(t) can be calculated for multipole  interaction by substituting equation (15) in equation 

(23) and for  exchange interaction by substituting equation (18) in equation (23).  From 

Inokuti and Hirayama calculations, φ(t) for multipole is 

  ( ) = exp      −   1 −             /   (26) 

where c is the acceptor concentration 

  = 3 /(4    ) (27) 

and    is a parameter called the critical transfer concentration, defined by 

   = 34    . (28) 

By substituting (26) in (24) and (25) and using numerical calculation, the relative 

emission intensity of the donor     and the decay time        as a function of       can be 

calculated. Figure 6 presents the theoretical curves of     and       vs     for the dipole-

dipole, dipole-quadrupole and quadrupole-quadrupole interactions. Figure 7 shows a plot 

of      vs      . This representation is very helpful because it can be used to determine the 

interaction mechanism responses of energy transfer by fitting the experimental data to the 

theoretical one. The best fitted curve (s = 6, 8 or10) implying the interaction mechanism 

caused the energy transfer. After determining (s), Figure 6 can be used to determine c0.  
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Figure 6: The relative emission intensity of the donor     and the decay 
time        as a function of       for the dipole-dipole (black), dipole-
quadrupole (red) and quadrupole-quadrupole (blue) interaction. The 
abscissa represents     in logarithmic scale, and the ordinate represents       (solid lines) and      (dashed lines) 

 

 
 
 
 
 

Figure 7: The relative emission intensity of the donor     vs the decay 
time        for the dipole-dipole (black), dipole-quadrupole (red) and 
quadrupole-quadrupole (blue) interaction. 
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For the exchange interaction, Inokuti and Hirayama calculations for φ(t) gives 

  ( ) = exp      −        ( )  (29) 

where 

   z =       (30) 

and g( )is  a function which can be written for numerical evaluation as a Taylor series of 

the form 

 g( ) =  6 ∑ (  )  !(   )     . (31) 

For sufficiently large value of z, g( ) can be expressed by 

 g( ) = (ln ) +  ℎ (ln ) + ℎ (ln ) + ℎ +  O[   (ln )  ∗ ] (32) 

where 

h1 = 1.73164699 

h2 = 5.93433597 

h3 = 5.44487446. 

(33) 

Inokuti and Hirayama achieved accuracy of 10-8 by using (31) for z ≤ 10 and the leading 

terms in (32) for z > 10. 

The relative emission intensity of the donor     and the decay time        as a function of       

can be calculated numerically for exchange interaction by substituting (29) in (24) and 

(25) and used (31) or (32) to evaluate (z). Plots of     and       vs     and     vs       can be 

produced for different values of γ and the experimental data can be fitted to determine γ 

and c0.    

Figure 8 shows the theoretical curves of     and       vs     for various values of γ for 

exchange interaction. A plot of      vs       for the same γ is presented in Figure 9. 
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Figure 8: The relative emission intensity of the donor     and 

the decay time        as a function of       for exchange 

interaction.   = 10, 20, 30 and 50. The abscissa represents     

in logarithmic scale, and the ordinate represents       (solid 
lines) and      (dashed lines) 

 

 
 
 
 
 
 

Figure 9: The relative emission intensity of the donor     vs 
the decay time        for the exchange interaction. .   = 10, 20, 
30 and 50. 
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In this study, the numerical calculation and data fitting were performed by using the 

built-in MATLAB function lisqnonlin [22]. lsqnonlin solves nonlinear least-squares 

problems, including nonlinear data-fitting problems. This MATLAB function starts at 

point x0 and finds a minimum of the sum of squares of the functions described by the 

user.  

For the multipole interaction cases, the parameter to be fitted is   . Figure 10 shows the 

MATLAB code used to fit the multipole interaction data. For the exchange interaction, 

addition to   , γ is also fitted. Figure 11 presents the code used to fit the exchange 

interaction data.  

 

 

 
% Define the data sets for the fit (my made up data) 
X = [.01 .02 .03 .04 .06 .08 .2 .25 .4 .5 .8];       %Concentrations c 
Y = [.93 .82 .69 .61 .48 .35 .17 .14 .09 .09 .05];  %Values of "experimental" I/I0 
semilogx(X,Y,'or');              %See data to be fitted 
hold on; 
% Guess the fit coefficients 
x0=[1];     
% first one t0=2, but irrelevant as I/I0 does not actually depend on t0 
% second one s = 10 
% third one c0 = 2 
  
% Set an options file for LSQNONLIN to use the medium-scale algorithm 
options = optimset('Largescale','off'); 
  
% Calculate the new coefficients using LSQNONLIN 
[x,resnorm,residual]=lsqnonlin(@fit_kroon,x0,[],[],options,X,Y); 
x   % view fit parameters 
  
%View fitted data 
expo = -3:0.1:1.5;  % Concentrations values to get a 
c = 10.^expo;       % nice line plot, values not important  
fitteddata = relI(c,x(1)); 
semilogx(c,fitteddata,'r'); 
%Calculate the standard deviation of residual 
STD=std(residual) 

 
Figure 10:  MATLAB code fits the data to the multipole interaction models. 
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% Define the data sets for the fit (my made up data) 
X = [.01 .02 .03 .04 .06 .08 .2 .25 .4 .5 .8];       %Concentrations c 
Y = [.93 .82 .69 .61 .48 .35 .17 .14 .09 .09 .05];  %Values of "experimental" I/I0 
semilogx(X,Y,'or');              %See data to be fitted 
hold on; 
  
% Guess the fit coefficients 
x0=[1 5];     
% first one t0=2, but irrelevant as I/I0 does not actually depend on t0 
% second one s = 10 
% third one c0 = 2 
  
% Set an options file for LSQNONLIN to use the medium-scale algorithm 
options = optimset('Largescale','off'); 
  
% Calculate the new coefficients using LSQNONLIN 
[x,resnorm,residual]=lsqnonlin(@fit_kroon,x0,[],[],options,X,Y); 
x   % view fit parameters 
  
%View fitted data 
expo = -3:0.1:1.5;  % Concentrations values to get a 
c = 10.^expo;       % nice line plot, values not important  
fitteddata = relI_exch_alt(x(1)c,x(2)); 
semilogx(c,fitteddata,'r'); 
%Calculate the standard deviation of residual 
STD=std(residual) 
  
Figure 11:  MATLAB code fits the data to the exchange interaction model. 
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Chapter IV 

Research techniques 

1. Introduction 
Luminescence and related properties of the synthesised phosphors were characterised by 

six analytic techniques: x-ray diffraction (XRD), Fourier transform infrared spectroscopy 

(FTIR), ultraviolet–visible spectroscopy (UV-Vis spectroscopy), x-ray photoelectron 

spectroscopy (XPS), photoluminescence (PL) and cathodoluminescence (CL). XRD was 

used to determine the crystalline structure and quality of the phase; FTIR to investigate 

the chemical functional groups; and UV-Vis spectroscopy to detect the absorption 

positions. XPS was used to explore the atoms in the sample surface and identify the 

oxidation state of Ce ions. PL and CL were applied to investigate the luminescence 

characteristics.  

2. X-ray diffraction (XRD) 
XRD is a technique to determine the structural properties of materials. This technique can 

inform researchers on the degree of crystallinity, phase identification, lattice parameters, 

and grain size [1]. The use of the diffraction of waves from the periodic arrangement of 

atoms in solids to determine the crystal structure was first suggested by Von Laue in 

1912, developed by Bragg in 1913 and is now a well-developed science [2]. The typical 

interatomic distances in solids are a few angstroms [3], so waves with approximately this 

wavelength are required to explore this structure. The wavelengths of x-rays commonly 

applied for x-ray diffraction are between 0.7 and 2.3 Å, which is close to the interplanar 

spacings of most crystalline materials. 

2.1 X-ray production 
X-rays are a part of the spectrum of electromagnetic radiation in the region between 

ultraviolet and gamma rays. X-rays have a wavelength between 10.0 and 0.1 Å [4]. They 

are produced when fast-moving electrons of sufficient energy are decelerated.  In an x-

ray tube, the high voltage maintained across the electrodes draws electrons toward a 
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metal target (the anode). X-rays are produced at the point of impact, and radiated in all 

directions. The kinetic energy of the electrons is transformed into electromagnetic energy 

(x-rays). Since energy must be conserved, the energy loss results in the release of x-ray 

photons of energy equal to the energy loss.  This process generates a broad band of 

continuous radiation (called Bremsstrahlung, or braking radiation) as shown in Figure 1.  

 
Figure 1: Continuous and characteristic x-rays for copper [5]. 

 

If the moving electron interacts with an inner-shell electron of the target atom, 

characteristic x-rays can be produced. When the moving electron ionizes a target atom by 

removal of a K-shell electron, transition of an orbital electron from an outer to an inner 

shell will occur, accompanied by the emission of an x-ray photon. The x-ray photon has 

energy equal to the difference in the binding energies of the orbital electrons involved. If 

an L-shell electron moves to replace a K-shell electron, a Kα x-ray is produced (with 

wavelength 1.54178 Å for Cu). If an M-shell electron moves to replace a K-shell 

electron, a Kβ x-ray is produced (with wavelength 1.39217 Å for Cu). These 

characteristic x-rays, also shown in Figure 1, are suitable for diffraction experiments. To 

obtain monochromatic x-rays a suitable metal filter can be used.  Nickel strongly absorbs 

x-rays below 1.5 Å and can be used to filer the Kβ x-rays from copper, as shown in Figure 

2 [6]. 
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Figure 2: Using a Nickel filter for Cu x-rays [6]. 

 

2.2 Bragg’s law 
X-rays interact primarily with electrons in atoms. When an incident x-ray wave 

approaches an atom, it is scattered and interference of these scattered waves occur.  If the 

atoms have a periodic arrangement, as in a crystal, the scattering produces a diffraction 

pattern with sharp maxima (peaks) at certain angles. The peaks in the x-ray diffraction 

pattern are directly related to the interatomic distances [7].   

 
 

Figure 3: Scattering of x-rays from atoms and Bragg’s law. 

An incident x-ray beam interacting with the atoms arranged in a periodic manner is 

shown in two dimensions (2-D) in Figure 3. The atoms can be viewed as forming 

  

θ 

2θ 
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different sets of planes in the crystal. For a given set of lattice plane with an interplanar 

distance of  , the condition for a diffraction (peak) to occur can be written as  

 2 sinθ =  λ. (1)  

This is known as Bragg's law, after W.L. Bragg, who first proposed it [8]. In equation 1 θ 

is the Bragg angle, which is half of the scattering angle;   an integer representing the 

order of the diffraction peak and λ is the wavelength of the x-rays.  

2.3 XRD diffractometer 
A diffractometer records the diffraction pattern of a sample. The essential features of a 

diffractometer are presented schematically in Figure 4 [9]. 

 
Figure 4: The x-ray diffractometer [9]. 

It consists of an x-rays source (usually an x-ray tube) producing monochromatic x-rays of 

known wavelength, a sample stage, a detector, and a way to vary the angle  . The x-

rays are focused on the sample at some angle  , while the detector reads the intensity of 

the diffracted x-rays it receives at the scattering angle 2 .  

2.3 XRD applications 
With the XRD pattern the identification of an unknown crystalline material becomes 

possible. Bragg’s law is used to convert the angles where peaks occur to interplanar 

spacings ( -spacings) using Bragg’s law (Equation 1).  Files of d-spacings for hundreds 
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of thousands of inorganic compounds for comparison are available in the Powder 

Diffraction Files (PDF) of the International Centre for Diffraction Data (ICDD).  

With the same pattern, the mean crystallite size can be determined. The first scientist that 

investigated the effect of limited particle size on x-ray diffraction patterns was Paul 

Scherrer, who in 1918 published what became known as the Scherrer equation [10] 

  =          (2)  

where   is the mean size cystallites, which may be smaller or equal to the grain size,   is 

the shape factor,   is the x-ray wavelength,   is the line broadening at half the maximum 

intensity (FWHM) in radians, and   is the Bragg angle.  

The XRD data of this study were obtained by a Bruker D8 Advance x-ray diffractometer 

equipped with a copper anode of x-ray tube (Figure 5). 

 

 
 

Figure 5: Bruker D8 Advance x-ray diffractometer. 
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3. Fourier transform infrared spectroscopy (FTIR) 
Fourier Transform Infrared Spectroscopy (FTIR) is an analytical technique which can be 

used to identify chemical group in organic or inorganic materials. Infrared (IR) light 

passing through a sample is measured in order to determine the chemical functional 

groups in the sample. Different functional groups absorb characteristic frequencies of IR 

radiation. The FTIR spectrometers with especial accessory can measure a wide variety of 

sample types such as gases, liquids, and solids.  

3.1 Infrared region 
Infrared rays are a part of the electromagnetic spectrum and cover the range between 0.78 

and 1000 µm. The wavelength in infrared spectroscopy is often expressed as the 

reciprocal of the wavelength in cm, with units cm-1.  For convenience the infrared region 

can be divided into three parts: near, mid and far infrared (Table 1). The part of the mid 

infrared region between 4000 – 670 cm-1 is the most useful one [11].  

Table 1:  Three sections of IR 

Region Wavelength range (µm) Wavenumber range (cm-1) 

Near 0.78 - 2.5 12800 - 4000 

Mid 2.5 - 50 4000 - 200 

Far 50 -1000 200 - 10 

  

3.2 Physical principles 
The physical principles of the FTIR discussed for molecules in [12]: “Molecular bonds 

vibrate at various frequencies depending on the elements and the type of bonds. For any 

given bond, there are several specific frequencies at which it can vibrate. According to 

quantum mechanics, these frequencies correspond to the ground state (lowest frequency) 

and several excited states (higher frequencies). One way to increase the frequency of a 

molecular vibration is to excite the bond by having it absorb light energy. For any given 

transition between two states the light energy must equal the difference in the energy 

between the two states exactly (usually ground state (E0) and the first excited state (E1)). 
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The energy corresponding to these transitions...” “...corresponds to the infrared portion of 

the electromagnetic spectrum. Thus absorption of IR is restricted to vibrational states. For 

a molecule to absorb IR, the vibrations within a molecule must cause a net change in the 

dipole moment of the molecule. The alternating electrical field of the radiation interacts 

with fluctuations in the dipole moment of the molecule. If the frequency of the radiation 

matches the vibrational frequency of the molecule, then radiation will be absorbed, 

causing a change in the amplitude of molecular vibration.” In solids the same principles 

apply, but the vibrations of the lattice instead of individual molecules must be considered.  

3.3 Sample preparation 
Powder samples for FTIR can be mixed with potassium bromide (KBr) which is 

transparent in the IR to form a fine powder which is then compressed into a thin pellet to 

be analyzed. The thickness of the pellet and the ratio between the KBr and the powder 

sample can affect the peak intensity and broadness. Figure 6 shows two FTIR spectra of 

KBr pellets with different thickness and two FTIR spectra of pure silica with different 

ratios to the KBr. For a more reliable analysis the ratio between the KBr and the powder 

sample should be fixed for all measurements.   

Due to the hygroscopicity of the KBr, FTIR spectra may show distinct differences in 

peak intensity of water and hydroxyl groups, according to the amount of water absorbed 

by KBr in different laboratory environments. Figure 7 shows two FTIR spectra of 

SiO2:Ce 4 mol% taken on two occasions. The second reading shows stronger absorbtion 

due to hydroxyl groups. It is better to dry the KBr at 120ºC for 3h [13] before using it. All 

measurement should be taken in the same condition. 

3.4 Material identification  
The material being analysed can be identified by comparing its spectrum with the 

databases of the standard spectra obtained from known materials. The absorption bands 

lying between 4000 - 1500 cm-1 are generally associated with the functional groups such 

as OH, C=O, N-H, CH3. The absorption bands in the region from 1500 - 400 cm-1 are 

more specific to their materials [14] and considered as the fingerprint region. These bands 

used to identify a material. 
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Figure 6: FTIR measurements showing the effect of the thickness of the pellet and 
the ratio between the KBr and the powder. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7: FTIR spectra of the same SiO2:Ce 4 mol% taken on two occasion. 
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3.5 Description of the spectrometer 
The basic components a spectrometer are an IR source and an interferometer with 

detector. The IR light passes from the source through the sample and into the 

interferometer, where the interferogram is recorded by the detector as a mirror is moved.  

To obtain the  infrared spectrum, a computer uses a Fourier transform to decode the 

interferogram. The FTIR spectra can be plotted in transmittance or absorbance mode. A 

schematic diagram [15] and photo of a typical Bruker Tensor 27 FTIR spectrometer used 

in this study are shown in Figure 8. 

(a) 
 

   (b) 
Figure 8: (a) Tensor 27 optical bench, IR beam path, and major components. A is the mid-
IR source, B is the aperature wheel, C is the filter wheel, D is the exit port, E is the 
beamsplitter, F is the switch mirror, G and G’ are the sample compartment windows (KBr), 
H is the sample holder/cell, I is the detector [15]. (b) Bruker Tensor 27 FTIR spectrometer. 
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4. UV-Vis spectroscopy 
UV-Vis spectroscopy is the measurement of the wavelength and the intensity of 

absorption of ultraviolet and visible light after it passes through a sample or after 

reflection from a sample surface. Transmission or absorption measurements can be done 

for liquid samples or transparent solid samples. Diffuse reflectance measurements can be 

done by integrating sphere for powder samples.  

4.1 Definitions 

 

When a light of intensity    falls upon a transparent material, as illustrated in Figure 9, 

some of the light will be absorbed by the material, some will be scattered and reflected  

and some will be transmitted. Two related quantities can be defined as follows: 

Transmittance ( ) is the ratio between the radiation transmitted through a material and 

the radiation falling upon it 

  =     , (3)  

 while absorbance ( ) is the logarithmic ratio between the radiation falling upon a 

material and the radiation transmitted through it 

  =  log    . (4)  

 

 
 

Figure 9: Incident and transmitted light.  
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4.2 Physical principles 

A good description for UV-Vis spectroscopy principles is given in [16]: “The absorption 

process depends on an atomic structure in which each of the electrons of an atom has an 

energy level associated with its position in the atom. Permitted energy levels are finite 

and well defined, but an electron may be made to change to another level if a quantum of 

energy is delivered equal to the energy difference between the two levels. The original 

level is called the ground state and the induced level is known as the excited state. 

Excited states are generally unstable and the electron will rapidly revert to the ground 

state, losing the acquired energy in the process. Because each electron in a molecule has 

an unique ground state energy, and because the discrete levels to which it may jump are 

also unique, it follows that there will be a finite and predictable set of transitions for the 

electrons of a given molecule. Each of the transitions, or jumps, requires the absorption 

of a quantum of energy. If that energy is derived from electromagnetic radiation, there 

will be a direct and permanent relationship between the wavelength of the radiation and 

the particular transition that it stimulates. That relationship is known as specific 

absorption. A plot of these points along the wavelength scale at which a given substance 

shows absorption peaks, or maxima, is called an absorption spectrum.”  

4.3 Instrumentation 

The minimum requirements are the source, a monochromator and a detector. The light 

source is usually a deuterium lamp for UV measurements and a tungsten lamp for visible 

measurements [17]. The function of a monochromator is to produce a beam of 

monochromatic (single wavelength) radiation selected from a wide range of wavelengths. 

First a background scan is recorded without the sample present, and then the light passing 

through the sample is compared to a reference beam (Figure 10) to obtain the ratio (I/I0), 

which does not depend in changes of the incident light intensity.  

 
Figure 10: A dual-beam UV-Vis spectrophotometer[17]. 
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4.4 Diffuse reflectance measurements 
For diffuse reflectance measurements the UV/Vis instrument must be equipped with an 

integrating sphere coated with a white standard, intended to collect the light reflected by 

the standard and the sample. Modern double-beam spectrophotometers are equipped with 

holders in which the powdered sample and the white standard are tightly packed. The 

standard is usually BaSO4, MgO, or polytetrafluoroethylene (PTFE) [18]. They exhibit 

near 100% reflectance in the wavelength range from the near UV to the near IR.  Our 

diffuse reflectance spectra were recorded by a Lambda 950 UV–Vis spectrophotometer 

with an integrating sphere (Figure 11).  The standard used was spectralon. 

 
Figure 11: Lambda 950  UV-Vis spectrophotometer. 

5. X-ray photoelectron spectroscopy (XPS) 
X-ray Photoelectron spectroscopy (XPS), also known as Electron Spectroscopy for 

Chemical Analysis (ESCA), is used to investigate the chemical composition of surfaces 

[19]. The technique utilises a photo-ionisation and analyses the kinetic energy 

distribution of the emitted photoelectrons from a surface. Monochromatic x-ray sources 

are use as excitation. Mg Kα radiation (1253.6 eV) or Al Kα radiation (1486.6 eV) are 

often used [19]. Due to the very short path of the photoelectrons excited from the solid, 

the XPS is considered as a surface-analytical technique. The photoelectrons leaving the 

sample are detected by a concentric hemispherical analyser (CHA). This gives a spectrum 

with a series of photoelectron peaks. The binding energy of the peaks is characteristic of 
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each element. The peak areas can indicate the relative concentration on the material 

surface. The shape of each peak and the binding energy can be slightly altered by the 

chemical state of the emitting atom. Hence, XPS can provide chemical bonding 

information as well.  

5.1 Physical principles  
The technique is based on Einstein’s explanation of the photoelectric effect. The photon 

is absorbed by an atom or a molecule in solid, followed by an emission of a core electron. 

The kinetic energies of the emitted electrons (   ) is given by  

    = ℎν −   −  φ (5)  

where ℎν is the energy of the photon,    is the binding energy of the atomic orbital from 

which the electron originates and φ is the sample work function.If the spectrometer and 

the sample are grounded, then the zero energy level of    will be aligned as illustrated in 

Figure 11.  

 
Figure 12: Zero level of  BE  and  KE for grounded sample and the spectrometer. 

The KE of the photoelectron relative to zero level of the spectrometer is given by 

    =    – (φ −  φ ) (6)  

where φ  is the work function of the spectrometer. By substituting 6 in 5, one gets 

   = ℎν −     – φ . (7)  

Photoelectron     
Zero level of    

Zero level of    V.B. 

Core level 
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Sample                    spectrometer 



 

IV-14 
 

For the known photon energy ℎν, the binding energy can be determined. With an electron 

analyzer, the photoelectron spectrum of different binding energies can be recorded by 

scanning the kinetic energies. 

 The unique set of binding energies for each element allows one to identify and determine 

the concentration of the elements on the surface by XPS. In addition to photoelectrons, 

Auger electrons may also be emitted as result of relaxation of the excited ions remaining 

after photoemission. Figure 13 shows the XPS and Auger emission process for a model 

atom [19].  

   

Figure 13: The XPS process (top) and the Auger process (bottom) [19]. 

5.2 XPS spectrometer 
The basic requirements of the XPS spectrometer are an x-ray source, an electron energy 

analyser and a high vacuum environment. Such a system is illustrated schematically in 

Figure 14 [20] and a description of every part is given below.    
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Figure 14: The XPS spectrometer [20]. 

5.2.1 X-ray source 

The source consists of a cathode and an anode. The cathode emits electrons through 

heating. The emitted electrons are accelerated through a high voltage (about 15 kV) 

towards the anode. Mg and Al are often used as the anode material. 

5.2.2 Electron energy analyser 

 

Figure 15: The concentric hemispherical analyser (CHA) [21]. 

The electron energy analyser, called a concentric hemispherical analyser (CHA), is 

shown in Figure 15 and described in [21]: It “consists of two precision machined stainless 

steel hemispheres positioned concentrically. The two hemispheres are the radii, R1 (inner 

hemisphere) and R2 (outer hemisphere). Negative potentials are applied to both 
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hemispheres with V2 being greater than V1. The median equipotential surface between 

the hemispheres have a value, V0 given by V0 = (V1R1 + V2R2)/2R0 where R0 is the 

radius of the median equipotential surface. This means that an electron entering through 

slit S with a kinetic energy E = eV0 follows the trajectory through the analyzer along the 

median equipotential surface of radius R0 and focuses at the exit slit, F. Likewise, 

electrons entering at S with a kinetic energy not equal to eV0 follow a different trajectory 

and will not focus at F. Because R0, R1, and R2 are fixed, changing V1 and V2 selectively 

passes electrons of varying kinetic energies through the analyzer. In XPS and 

occasionally in AES, scanning the voltages V1 and V2 of the hemispheres is generally not 

practiced because of the need to have the same absolute resolution, ΔE, at all energies in 

the spectrum. The easy way to achieve this constant absolute resolution is by retarding 

the electrons to a fixed kinetic energy immediately before they enter the energy analyzer. 

This fixed kinetic energy is called the pass energy, E0, so that fixed resolution applies 

across the entire spectrum. The electrostatic lens system provides this function of 

retarding the electrons to the correct pass energy.”  

5.2.3 Vacuum chamber 

The sample analysis conducts in a vacuum chamber, under the best vacuum conditions 

achievable, typically ~10-9 torr. This facilitates the transmission of the photoelectrons to 

the analyser but, more importantly, minimises the re-contamination rate of a freshly 

cleaned sample. This is crucial because XPS is very surface-sensitive, with a typical 

sampling depth of only a few nanometers. The vacuum is obtains by using a turbo pump 

which can reach ~10-6 torr, follows by an ion pump.  

5.3 Experimental procedure 
Solid samples can be attached mechanically to the specimen holder. Conducting tape may 

be used for powder samples. The instrument may need calibration. The Au 4f and/or Cu 

2p peaks are often used to calibrate the spectrometer. For non conducting samples, 

photoelectron peaks may shift due to charging on the sample surface during x-ray 

excitation. This charging shift can be corrected by using a known peak position in the 

spectrum. In this study, the peak position shift was corrected using the known values of 

the C1s (284.5 eV) peak and/or the Si2p (103.3 eV) peak. 
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5.4 Photoelectron spectra and their interpretation 
The photoelectron of every element has a characteristic binding energy associated with 

each core atomic orbital. Thus the presence of particular peaks in the XPS spectrum 

indicates the presence of specific elements in the sample. In addition, the intensity of the 

peaks is related to the concentration of the element within the sampled region. Thus, the 

technique provides quantitative data of the surface composition  

Survey and high resolution scan are the two ways for collecting photoelectron spectra. 

Survey scans obtain at high pass energy (high count rate but low resolution) and over the 

entire useful range of binding energies accessible with the x-ray source employed. Survey 

scans identify the elemental composition of each element through its core electron. 

Figure 16 shows an example of the survey scan spectrum of SiO2:Ce, obtained with pass 

energy of 187 eV. By using some software (e.g. MultiPak) or an XPS database one can 

identify the elements on the sample surface.   

High resolution scans are collected at low pass energy (lower count rate but higher 

resolution). The detailed line shape allows individual chemical shifts to be determined.   

 

Figure 16: XPS survey scan of SiO2 doped with Ce (4 mol%). 
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Figure 17: XPS high resolution scan of the Ce peaks of Figure 16 

Figure 17 shows an example of a high resolution scan spectrum of SiO2:Ce  sample 

obtained by pass energy of 11.8 eV.  The peaks were scanned within the range of 870-

930 eV and are associated with Ce 3d photoelectrons. By using software the spectrum 

can be fitted with 10 peaks and a relative concentration of Ce4+ and Ce3+ can be 

determined. More details of this procedure are given in Chapter IX. 

XPS data were collected by two different spectrometers, PHI 5400 ESCA and PHI 5000 

Versaprobe, both are using Al x-ray. Figure 18 shows the PHI 5000 XPS spectrometer. 

 
Figure 18: PHI 5000 XPS spectrometer. 
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6. Photoluminescence spectroscopy (PL) 
Photoluminescence spectroscopy is analytical technique that can determine quantities 

such as emission and excitation spectra and luminescence lifetimes. By this technique, a 

sample is excited by photons (generally in UV range) and the excess energy released by 

the sample through the emission of light can be detected and recorded for different 

modes, i.e. excitation, emission and luminescence decay lifetime.  

A spectrofluorometer is an instrument capable of recording the emission spectrum or both 

the excitation and emission spectra. An emission spectrum is the wavelength distribution 

of an emission measured at a single constant excitation wavelength. An excitation 

spectrum is the dependence of emission intensity, measured at a single emission 

wavelength, upon scanning the excitation wavelength. With a pulsed excitation source 

and a fast detector the spectrofluorometer can record the luminescence lifetime decay 

curve. A fluorescence decay time is a measurement, at fixed wavelength, of fluorescence 

signals as a function of time. A decay curve is a spectrum measured within a narrow 

time-window during the decay of the fluorescence of interest. Two requirements for 

lifetime measurements are a pulsed excitation source (pulse duration short in comparison 

with the excited-state lifetime of the molecule) and a fast detector.  

 

6.1 Physical principles 
In photoluminescence spectroscopy, the species is first excited (by absorbing a photon) 

from its ground electronic state to one of the various vibrational states in the excited 

electronic state. Collisions with other molecules cause the excited molecule to lose 

vibrational energy until it reaches the lowest vibrational state of the excited electronic 

state. The molecule then drops down to one of the vibrational levels of the ground 

electronic state, emitting a photon in the process. As molecules may drop down into any 

of several vibrational levels in the ground state, the emitted photons will have different 

energies. These processes are often visualised with the Jablonski diagram shown in 

Figure 19. 
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6.2 Instrumentation 
Four essential elements constituting the spectrofluorometer are illustrated in Figure 20.  

 
 
 
 
 
 
 

Figure 20: Spectrofluorometer using conventional right-angle collection. 

The source produces light photons. Various light sources may be used as excitation 

sources, including lasers, photodiodes, and lamps. Photons impinge on the excitation 

monochromator, which selectively transmits light in a narrow range around the specified 

excitation wavelength. With a laser excitation sources, filters may be used instead of a 

monochromator, or with a monochromator to give high quality monochromatic light. The 

 
Figure 19:  The Jablonski diagram. 
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transmitted light passes through adjustable slits that control intensity and resolution by 

further limiting the range of transmitted light. The filtered light passes into the sample. 

Emitted light goes through a filter to prevent the excitation light entering the detector and 

causing second order peaks. The filtered light then enters the emission monochromator, 

which is often positioned at a 90º angle from the excitation light path to eliminate 

background signal and minimize noise due to stray light. Again, emitted light is 

transmitted in a narrow range centred on the specified emission wavelength and exits 

through adjustable slits, finally entering the photomultiplier tube (PMT). Figure 21 shows 

the two systems used to collect our data: (a) the Cary Eclipse fluorescence 

spectrophotometer, and (b) the 325 nm He-Cd laser PL system. 

    (a) 

 (b) 
Figure 21: (a) 325 nm He-Cd laser PL systems. (b) Cary Eclipse fluorescence 
spectrophotometer.  
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A narrow filter was used instead of an excitation monochromator with the laser PL 

system, since the laser may produce some lines in addition to 325 nm. The Cary Eclipse 

is equipped with a xenon lamp to produce a wide spectrum range between 200 and 1100 

nm. The monochromator and built-in filters with generally yielded good monochromatic 

light. However, when exciting between 200 and 300 nm, the Cary Eclipse detecting some 

peaks that were not the result of luminescence from the samples. These peaks occurred 

for all samples and we attribute them to characteristic peaks from the Xe lamp which are 

not effectively removed by the monochromator, and are therefore visible in the spectrum.  

They were especially apparent if the sample itself was poorly luminescent and hence a 

high voltage was applied to the photomultiplier.  External filters (Figure 22) were placed 

between the source and sample to eliminate these peaks.  
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           Figure 22: The transmission spectra of the two filters used for excitation. 
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Figure 23 (a) present the excitation and emission spectra of LaF3:Ce excited with 232 nm 

measured without the filter and (b) with the filter. The peaks due to the Xe lamp (between 

400 and 500 nm) were eliminated when the filter was used.  
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Figure 23: Excitation and emission spectra of LaF3:Ce (a) without filter (b) with filter.  
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With the excitation wavelength between 200 and 300 nm, Cary Eclipse also has no 

suitable built-in filters that can be used on the detector side to stop second order peaks. In 

this range we used a sheet of plastic transparency (for use with an overhead projector), 

which blocked UV light having a wavelength less than 315 nm but allowed longer 

wavelengths through. Figure 24 shows the transmission spectrum of the sheet which 

prevented the second order peaks if the excitation wavelength is less than 315 nm. 

Fortunately, with the excitation wavelength higher than 315 nm, the build-in filters work 

well. Note that in Figure 23(b) this transparency filter is blocking part of the Ce 

luminescence near 300 nm, giving the emission peak its asymmetrical shape. 
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Figure 24: The transmission spectrum of the transparency sheet. 

 

The Cary Eclipse is designed to work in fluorescence or phosphorescence mode 

individually, i.e. it cannot collect a fluorescence spectrum when it was used in 

phosphorescence mode and vice versa. 
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7. Cathodoluminescence spectroscopy (CL) 
Cathodoluminescence (CL) is the emission of photons from a specimen excited by an 

electron beam. An example of the CL process is the screen of a television cathode ray 

tube (CRT) monitor. Due to the interaction of the beam with the specimen, different 

electromagnetic waves and electrons are generated: UV, IR, visible light, x-rays, 

secondary electrons, Auger electrons and back-scattered electrons. These are illustrated in 

Figure 25 [22].  

 

Figure 25: The energies produced from elecron beam interaction with solid matter [22]. 

 

7.1 Physical principles 
The band theory of solids provides a way to explain the CL emission. An insulating solid 

material (such as SiO2) has a valence band and a conduction band with an intervening 

band gap (see Figure 26). If a material is bombarded by electrons with sufficient energy, 

electrons from the lower-energy valence band are promoted to the higher-energy 

conduction band forming electron-holes pairs (EHs pairs). These EHs pairs may be 

temporarily trapped by intrinsic (structural defects) or extrinsic (impurities) luminescent 

centres, or both. The luminescence emission occurs as result of the recombination of EHs 

pairs in such centres.  
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Figure 26: The process causing CL emission. 

 

7.2 Instrumentation 
The basic components of the CL spectrometer are similar to the XPS spectrometer, 

changing only the x-ray source to an electron gun and the electron energy analyser to a 

spectrometer. The electron gun was used to accelerate electrons through high voltage, 

typically 2-5 kV. A spectrometer and computer were used to collect and plot the spectra.  

Cathodoluminescence data for this study were collected by two systems: a PHI Model 

549 Auger system with S2000 spectrometer and a Preparation chamber from PREVAC 

equipped with an ES40C electron gun unit and USB2000+ spectrometer.  The two 

systems are shown in Figure 27. 

 
 
 
 
 
 
 
 
 
 
 
 

                               (a)                                                                  (b) 

Figure 27: (a) PHI 549 Auger system, and (b) PREVAC system for collecting CL 
spectra. 
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7.3 Samples preparation and measurements 
For the PHI 549 Auger system, the powder samples are pressed in small holes (around 1 

mm diameter) in a copper holder attached to a head. Five holders and the Faraday cup 

were placed in the head. The function of the Faraday cup is to measure the current beam 

size. Then the head was introduced into the vacuum chamber. We waited for the desired 

vacuum, and then accelerated the electrons towards the sample. The CL spectrum can be 

collected with a spectrometer and recorded by a computer. 

To determine the electron beam size, the beam current was measured while moving the 

edge of the Faraday cub perpendicular to the electron beam. The beam current as function 

of the distance moved by the edge of the Faraday cup was differentiated and plotted. The 

diameter of the electron beam is taken as the width at half-maximum. The plot of the 

beam current against moving distance is illustrated in Figure 28(a). Figure 28(b) shows 

the differentiated current as a function of moving distance of the edge of the Faraday cup. 

The electron beam size was found to be around 184 µm.  
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 Figure 28: (a) The beam current against moving distance of the edge of the Faraday 
cup. (b) The differentiated current as a function of moving distance of the edge of the 
Faraday cup. 

 

 

For the PREVAC system, the powder samples attached to the horizontal sample holder 

using carbon tape. The holder introduced into an ultra high vacuum (UHV) chamber. The 

Preparation chamber from PREVAC was attached to the PHI 5000 Versaprobe XPS and 

equipped with an ES40C electron gun unit. The electron beam was directed upon 
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different samples by changing the voltage on the XY deflection plates using the electron 

gun controller. The CL emission collected by USB2000+ spectrometer. The spectrometer 

calibration was checked by using the known wavelengths of a Cd spectral lamp. The 

spectrum of the Cd lamp (Figure 29) confirmed that the spectrometer is well-calibrated, 

and also shows that the resolution of the spectrometer is about 10 nm.   
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Figure 29: Cd lamp spectrum recorded by USB2000+ spectrometer. 

 

The advantage of the PREVAC system over the PHI 549 Auger system is that the 

electron beam scans the fixed horizontal samples giving higher opportunity for 

comparing the CL emission intensities. But the advantage of the PHI 549 Auger system 

over the PREVAC system is the capability of the PHI 549 Auger system to measure the 

Auger spectrum and the beam current size which are necessary for degradation 

measurements.  
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Chapter V 

Luminescence from lanthanide doped sol-gel silica  

1. Introduction 
Microporous silica (SiO2) prepared by the sol-gel technique is generally considered to be 

an optically inert medium, and its chemical and thermal stability increase its 

attractiveness as a host for luminescent ions [1,2].  Further advantages of the sol-gel 

process are that it can produce very pure glass at temperatures well below the melting 

point, and allows incorporation of much higher concentration of dopants than the melt 

process [3,4]. Lanthanide group ions are usually used as luminescent centres [5]. These 

ions have partially filled f-level electron shells, giving rise to various electron transitions 

in the UV, visible and IR regions of spectrum.  

Luminescence emission produced by photon (photoluminescence) or electron 

(cathodoluminescence) excitation has different properties according to the different 

mechanism causing the excited state. Many studies on photoluminescence or 

cathodoluminescence from lanthanide doped silica have been reported [6-11], but 

according to our knowledge no comparison between photoluminescence and 

cathodoluminescence of the same samples has been reported. The luminescent properties 

of silica, prepared under identical conditions, but doped with a variety of different 

lanthanide ions, has been studied using cathodoluminescence (CL) as well as 

photoluminescence (PL) spectroscopy and the results using these two excitation methods 

were compared. 

2. Experimental 
For the sol-gel process tetraethylorthosilicate (TEOS) was allowed to react with water to 

form silica (SiO2).  Ethanol was used as a solvent, nitric acid was added to catalyze the 

reaction and the nitrates of lanthanide were added to produce doped samples. After 

stirring for five hours, mixtures were stored in closed containers and transferred to a 

water bath at 50°C until formation of a gel. Finally the gel was dried, ground to a fine 
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powder and annealed in air at 600 or 1000°C for 2 hours.  The reduced samples were 

annealed in flowing 4% hydrogen in argon gas for the same temperatures and time.   

X-ray diffraction (XRD) measurements were performed with a Bruker D8 diffractometer; 

Scanning electron microscopy (SEM) images and Auger spectra were obtained with a 

PHI 700 Scanning Auger Nanoprobe; Fourier Transform Infrared (FTIR) absorption 

measurements were made with a Bruker Tensor 27 instrument. Diffuse reflectance 

spectra were recorded using a Lambda 950 UV-Vis spectrophotometer with an 

integrating sphere and using spectralon as a reflectance standard.  PL was measured with 

a Cary Eclipse Fluorescence Spectrophotometer and also with a 325 nm He-Cd laser PL 

system.  CL measurements were made in a Preparation chamber from PREVAC equipped 

with an ES40C electron gun unit and USB2000+ spectrometer under the following 

conditions: 2 kV accelerating voltage, 400 µA emission current and vacuum ~2×10-8 torr.  

3. Results and discussion 
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Figure 1: XRD of pure silica annealed in air at 600 and 1000°C. 

 

The XRD spectra of sol-gel silica samples annealed at different temperatures are given in 

Figure 1. The sample annealed at 600°C exhibited a broad peak at 2θ ≈ 23°, characteristic 
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of amorphous silica [12,13]. This narrowed slightly after annealing at 1000°C, which 

indicates a less disordered yet still amorphous sample.  Nagpure et al. [14] reported a 

low-quartz crystalline phase in silica prepared by the combustion method annealed at 

1000°C. These contrasting results indicate the advantage of the sol-gel process for 

producing a single amorphous phase. There were no significant changes in the XRD 

spectra for the samples due to doping, nor for those heated in a reducing atmosphere 

instead of air.  

 
(a)                                                                        (b) 

Figure 2:  (a) SEM image and (b) Auger spectrum of Ce doped silica 

 

A SEM image for an undoped sample annealed at 1000°C is shown in Figure 2(a). It 

shows fractured surfaces and particles with irregular shape, consistent with what is 

expected for a brittle material that has been ground to powder. The corresponding Auger 

spectrum is shown in Figure 2(b).  The peak at 92 eV as well as the small peak at 1615 

eV correspond to Si, while the peak at 503 eV corresponds to O, making up the SiO2.  

The peak at 273 is due to C contamination from adventitious hydrocarbons which are 

usually present. No extra peaks were found with the sample doped with 4 mol% Ce, for 

which the Auger spectrum looks the same as for the undoped sample.  This may be due to 

the low level of dopant, and also because the Auger yield decreases in favour of x-ray 

emission for heavier elements such as the lanthanides.  
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(a) 

 (b) 

(c) 

 (d) 
Figure 3: Diffuse reflectance spectra for SiO2 doped with (a) Pr (b) Sm (c) Ho (d) Eu 

Figure 3 shows the UV-Vis diffuse reflectance measurements for silica samples doped 

with a variety of lanthanide ions (concentration 1 mol%), measured with a 150 mm 

integrating sphere and using spectralon as a standard. The f-f absorption lines in the 

spectra, characteristic of these lanthanides [15], show that they have been successfully 

incorporated in the silica host.  
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Figure 4: FTIR of Ce (0.5 mol%) doped silica samples. 

 

FTIR spectra of silica samples annealed at 600°C and 1000°C are shown in Figure 4. As 

in the case of the Auger spectra, there was no difference between the doped and undoped 

samples. The absorption bands below 1200 cm-1 are characteristic of SiO2 (see Chapter X 

for further details), while the  absorption near 3447 cm-1 is attributed to the stretching 

vibration of hydroxyl ions (O-H) and the absorption near 1636 cm-1 is attributed to water 

molecules. The FTIR results clearly show that the lower temperature annealing (600°C 

for 2 h) could not effectively remove all water and hydroxyl ions present in the sol-gel 

process. These act as quenching sites and reduce the intensity of emission for lanthanide 

doped silica (see Chapter X, Figure 2 for the case of a sample doped with Tb), therefore 

all subsequent annealing was performed at the higher temperature of 1000°C.     
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Figure 5: CL and PL of  SiO2:Tb (1 mol%) 

 

Figure 5 shows the luminescence obtained from SiO2:Tb(1 mol%). Strong CL and PL 

were obtained at 545 nm due to the 5D4 –7F5 transition.  In addition to other weaker 5D4–
7FJ transitions (J= 6,5,4 and 3), CL also gave luminescence originating from the 5D3 level 

which was not observed in the corresponding strong PL spectrum produced with 227 nm 

excitation. This interesting difference is discussed in more detail in Chapter VI. 
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Figure 6: CL spectrum of SiO2:Tb (1 mol%) before and 
after degradation.  
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Phosphors used for CL are known to often degrade with time, often due to electron 

stimulated surface chemical reactions [16]. The terbium doped silica sample was left 

overnight (20 h) exposed to the electron beam (2 kV accelerating voltage, 400 µA 

emission current and vacuum ~2×10-8 torr) and Figure 6 shows the CL spectra before and 

after degradation. The CL system used is still under development and it was not possible 

to measure the beam current or diameter. However, the degradation of the sample is very 

clear, even for the good vacuum conditions. Of great interest is that although the green 

emission at 545 nm from the 5D4 level is decreased substantially, the blue emissions 

below 480 nm have actually increased.  The intensity of the blue emissions from Tb is 

known to be dependent on the Tb doping level, because for high Tb concentrations 

energy transfer by cross relaxation between Tb3+ ions can occur which depopulates the 
5D3 level from which the blue emission originates [17]. (This is discussed in more detail 

in Chapter VI.) It is therefore suggested that when the degradation process results in a 

decrease in the concentration of luminescent Tb3+ ions, the rate of cross-relaxation is 

reduced, resulting in an increase in the blue luminescence emission. 

 

For the Tb doped silica, the influence of the CL excitation voltage on the CL emission 

intensity was measured. The measurements were taken over a short time during which 

degradation is negligible. Figure 7 shows the luminescence intensity of SiO2:Tb 

(normalised to the lowest value measured) as a function of the accelerating voltage of the 

electron beam. In general, for a given current density the CL emission increases as a 

power function of the accelerating voltage  , relative to a dead voltage   , i.e. [18]  =  ( −   )  

where   is a constant that depends on the current density and   generally lies between one 

and three. In this case the experimental data fits well to a line, meaning  = 1, and the 

dead voltage    can be seen to be about 0.8 kV. 
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Figure 7: CL emission of  SiO2:Tb (1 mol%) vs accelerating 
voltage (closed circle) fitted to the straight line.  

 

 

Figure 8: CL and PL of pure silica 

Undoped silica exhibited weak CL emission in a band from 400–600 nm (Figure 8).  

Luminescence from pure amorphous silica at 2.7 eV (460 nm) is well known and 

associated with an oxygen deficiency defect [19].  Undoped sol-gel silica has been found 

to have two photoluminescence peaks in this region, a more intense peak near 450 nm 

and weaker peak or shoulder at 525 nm [9,20].  We observed opposite trend, namely the 
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peak near 450 nm is weaker that the peak near 500 nm. A considerable PL emission 

under laser excitation (325 nm) was detected with a band from 400–600 nm (Figure 8) 

having a maximum at 450 nm. 

 

 
 
  

Figure 9: CL and PL of SiO2:Ce (0.5 mol%) 

Cerium doped samples (Figure 9) gave a broad band CL emission from 400 – 600 nm 

having two peaks at 447 nm and 495 nm. These are separated by 2170 cm-1, which 

corresponds well to the expected splitting of f-d luminescence of Ce from the d-level to 

the two f-levels (2F5/2 and 2F7/2), namely about 2070 cm-1 [21]. However, the cerium 

doped silica sample annealed in air gave no emission when excited by UV illumination 

with the Cary Eclipse fluorescence spectrometer.  This interesting observation can be 

explained by the fact that cerium may convert from the luminescent Ce3+ to the non-

luminescent Ce4+ ion during the high temperature annealing in air as used in this study. 

Therefore samples show no photoluminescence, although under electron irradiation the 

Ce4+ ions may capture an electron to form an excited luminescent Ce3+ ion [22] and 

therefore samples exhibit cathodoluminescence (see Chapter VIII for further details). 

After annealing our cerium doped samples in a reducing atmosphere as in ref. [23] they 

did indeed exhibit fluorescence under 325 nm excitation, as shown in Figure 5, with 

broad peak having a single maximum at 461 nm.  
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Figure 10: CL and PL (λex = 395 nm) of  SiO2:Eu (1 
mol%). The inset is the PL emission at λex = 227 nm 

Samples doped with europium (Figure 10) exhibited a good photoluminescence spectrum 

under 395 nm excitation, characteristic of the Eu3+ ion. It is dominated by the electric 

dipole 5D0–7F2 transition near 615 nm, which indicates that there is lack of inversion 

symmetry at the site of the ion [24]. The corresponding CL spectrum was similar to the 

PL, except for two additional weak emission peaks located at 490 nm and 545 nm. These 

wavelengths both occur in the Tb emission spectrum (Figure 5) suggesting that they are 

due to a small impurities of Tb ions.  This is confirmed by the fact that when the PL is 

measured by exciting the sample at 227 nm (a common excitation for both Eu and Tb), 

then the peaks are also observed in the PL spectrum (see the inset in Figure 10).  

Samples doped with samarium (Sm3+) emitted red light near 650 nm due to the 4G5/2-6H9/2 

transition of the Sm3+ ion (Figure 11). The PL and CL spectra are almost identical.  The 

same is true for samples doped with Dy3+ which has orange luminescence near 577 nm 

ascribed to the 4F9/2-6H13/2 transition of the Dy3+ ion (Figure 12).  

Praseodymium (Pr3+) doped SiO2 displayed no luminescence when annealed in air.  Very 

poor CL and PL emission was observed near 615 nm for samples reduced in hydrogen 

(Figure 13), while the thullium (Tm3+) doped SiO2 sample showed only CL emission near 

463 nm (Figure 14). Neither CL nor PL emission were observed from the samples doped 

with Nd, Gd, Ho, Er and Yb lanthanide ions during the study, so no results can be given.  
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Figure 11: CL and PL (λex = 400 nm) of  SiO2:Sm (1 mol%) 

 

 

 

Figure 12: CL and PL (λex = 350 nm) of  SiO2:Dy (1 mol%) 
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Figure 13: CL and PL (λex = 252 nm) of  SiO2:Pr (1 mol%) 
reduced in hydrogen. The CL peak at 460 nm originates from the 
host (compare Figure 8). 

 

 

Figure 14: CL of  SiO2:Tm (1 mol%) 
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4. Conclusions 
The photoluminescence and cathodoluminescence spectra of a wide variety of lanthanide 

dopants in sol-gel amorphous silica have been recorded for identical preparation and 

measurement conditions.  While the sample doped with Tm3+ only exhibited CL, samples 

doped with Tb, Ce, Eu, Sm, Dy and Pr were found to emit under both forms of excitation, 

although for Tb, Ce and Pr there are significant differences in the spectra depending on 

the mode of excitation. Certainly in the case of Tb and Ce doping, the 

cathodoluminescence excitation produced luminescence which was not created by UV 

irradiation, and this was attributed to the additional luminescence of ions in the 4+ 

valence state that captured electrons and then emitted in a similar fashion as ions in the 

3+ state.  For cerium doped samples photoluminescence emission could also be induced 

by annealing the samples in a reducing atmosphere.  These results indicate some of the 

challenges when comparing photoluminescence and cathodoluminescence results, as well 

as giving a survey of the suitability of sol-gel silica as a host for luminescent lanthanide 

ions. 
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Chapter VI 

5D3 →7FJ emission of Tb doped sol-gel silica 

1. Introduction 
Sol-gel silica (SiO2) has been widely used as a host material for rare earth ions because it 

has good physical properties and chemical stability [1]. The sol-gel method is an 

attractive technique for SiO2 preparation since it can produce very pure glass at 

temperatures well below the melting point and allows incorporation of much higher 

concentration of dopants than the melt process. Trivalent terbium is a rare earth ion 

widely used as a dopant in a variety of host matrices [2]. The ion exhibits narrow line 

emissions located between 400 and 650 nm. The blue light below 480 nm can be 

attributed to the 5D3→7FJ transitions, while the green emission above 480 nm results from 

the 5D4→7FJ transitions [3]. Figure 1(a) shows a partial energy level diagram of trivalent 

terbium with labeled transitions that correspond to the observed emission lines. The 

intensity of blue fluorescence from the 5D3 level is highly dependent on the terbium 

concentration [3-5]. Since the energy difference between 5D3 and 5D4 levels is 

approximately equal to the energy difference between 7F0 and 7F6 levels, the excited 

electrons in the 5D3 level populate the 5D4 level through cross-relaxation, which involves 

a transfer of energy from an ion in the 5D3 state to a nearby ion in the ground state (see 

Figure 1(b)) and can be represented as [6] 

Tb3+(5D3) + Tb3+(7F6)  →  Tb3+(5D4) + Tb3+(7F0). 

Thus, in samples of low Tb3+ concentration where cross-relaxation is improbable both 

blue 5D3→7FJ and green 5D4→7FJ emissions are observed, while the blue 5D3→7FJ  

emission is generally not observed in samples containing higher Tb3+ concentrations. 

This concentration quenching effect is well known and blue emission can be expected 

only if the cross-relaxation is inhibited e.g. by decreasing the Tb concentration or 

increasing the average distance between terbium ions by co-doping with Al, as reported 

by Silversmith et al. [4].  In this chapter we present different emission spectra obtained 

for highly doped (1 mol%) silica samples during photoluminescence and 
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cathodoluminescence characterization. What is surprising is that the blue emission, which 

does not occur during photoluminescence measurements, is observed during 

cathodoluminescence measurements.  Possible reasons for this were evaluated. 

 
 
 
 
 
 

                            (a)                                                                       (b) 

Figure 1: (a) Energy level diagram of Tb3+ [4]. (b) Cross-relaxation between adjacent 
Tb3+ ions. 

2. Experimental 
Samples of 0.1 and 1 mol% Tb-doped SiO2 glass were prepared by the sol–gel method 

using tetraethylorthosilicate (TEOS), water, ethanol (C2H5OH) and Tb(NO3)3 as starting 

materials and nitric acid (HNO3) as a catalyst. The molar ratio of TEOS:H2O:C2H5OH 

was 1:5:10, and the HNO3 concentration was 0.015 M in water.  TEOS was mixed with 

ethanol and stirred for 30 min after which the acidified water was added and stirring 

continued for another 30 min. After that Tb(NO3)3 was dissolved in a little ethanol and 

added to the mixture, which was stirred for a further 4 h. Then the mixture was stored in a 

closed container and transferred to a water bath at 50°C until a gel was formed. The gel 

was dried and annealed in air at 1000°C for 2 h. X-ray diffraction (XRD) measurements 

were performed with a Bruker D8 diffractometer while photoluminescence was measured 

at room temperature with a variety of excitation sources including a xenon lamp, Cary 

Eclipse Fluorescence Spectrophotometer, a 248.6 nm Ne-Cu laser mini-PL system, a 325 

nm He-Cd laser PL system as well as synchrotron radiation using the SUPERLUMI 
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beam-line at HASYLAB. Cathodoluminescence was measured in a PHI Model 549 

Auger system with S2000 spectrometer at a pressure of ~2 x 10-8 torr, an accelerating 

voltage of 2 kV and a beam current of ~12 µA. 

3. Results and discussion 
 
 
 
 
 
 

Figure 2: XRD of Tb3+ 1% and 0.1% doped silica annealed in air at 1000oC. 

The XRD spectra (Figure 2) exhibited the well known characteristics broad peaks of 

amorphous silica (SiO2) at 2θ ≈ 23°[7,8] and no differences between samples with low 

and high Tb concentrations were found. The PL spectra of SiO2:Tb3+ (1 mol%) recorded 

using the xenon lamp, lasers and synchrotron radiation showed the characteristic green 

emission bands attributed to the 5D4→7FJ transitions (J = 6, 5, 4, 3) with the dominant 

green band at 545 nm (Figure 3), but no blue emission band from 5D3→7FJ transitions 

were observed, except for very small peaks in the spectrum excited with the 248 nm 

laser.  However, in the same sample the CL spectrum showed the blue emission from 
5D3→7FJ transitions (J = 5, 4) in addition to the 5D4→7FJ green emission bands. Figure 4 

shows that for the lower concentration Tb3+ (0.1 mol%) the blue 5D3→7FJ emissions was 

observed from the PL spectra. The absence of the 5D3→7FJ blue emission in the PL 

results at high Tb3+ concentration (1 mol%) (Figure 3) can be attributed to the cross-

relaxation process (concentration quenching). It is however interesting to find out why 

the blue 5D3→7FJ emission is present in the CL spectra of the sample with a high 

concentration (1 mol%) of Tb3+.  
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Figure 3: CL and PL spectra of SiO2 :Tb3+ 1%. 

 

 

 

 
 
 
 
 
 

Figure 4: PL spectra of SiO2:Tb3+ 0.1% . 
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Similar observations of blue emission in CL spectra have been reported in 1% Tb3+ doped 

Lu2O3 [9] and 1.5% Tb3+ doped Al2O3– ZrO2 [10].  Zych et al. [9] could not explain their 

observation, while Zawadzki et al. [10] considered that the terbium ions may be found 

both in Tb4+  and Tb3+  oxidation states, suggesting that some Tb4+  ions substituting Zr4+ 

ions may be converted into excited (Tb3 +)* ions as a result of the electron beam 

excitation. They propose that the normally non-luminescent Tb4+   ions, which became the 

transient (Tb3 +)* ions under electron beam excitation, are responsible for the blue 

emission according to 

Tb4+ + e- → (Tb3+)* → Tb4+ + hνlum(5D3 → 7FJ) + e- . 

A different environment of Tb4+ ions compared to Tb3+ ions, with a lower concentration, 

may account for the lack of concentration quenching. This mechanism is associated with 

the electron beam excitation and therefore explains why the blue emission is found in the 

CL spectrum but not in the PL spectra (Figure 3).  In our case a similar mechanism may 

account for the blue terbium luminescence observed in 1% doped samples using CL, 

where Tb4+ ions substitute Si4+ ions in the silica. 

As an alternative explanation we considered that the quantum efficiency of CL is given as 

approximately 103 times the quantum efficiency of PL [11]. This suggested the 

possibility that for CL the rate of excitation is higher and both the 5D3 and 5D4 Tb3+ levels 

could be appreciably populated. Then the high population of electrons in the lower 5D4 

levels may actually prevent the cross-relaxation process in some ions (due to the 

exclusion principle) and therefore relaxation directly from the 5D3 level would occur, i.e. 

blue 5D3→7FJ emission would be observed. For 2 keV electrons, if the bandgap of the 

SiO2 host is taken as 9 eV [12] each electron is capable of creating ~220 electron hole 

pairs.  This is lower than the estimate of 103 for the CL to PL relative quantum efficiency 

given earlier, because in this case the electron energy is fairly low and the bandgap is 

quite large.  A current of 12 µA corresponds to 7.5 x 1013 electrons per second, giving an 

excitation rate of 1.7 x 1016 electron-hole pairs per second. The power of all the light 

sources used to obtain the PL results in Figure 3 has not been well characterized, except 

the 325 nm He-Cd laser for which the power onto the sample was measured to be 5 mW.  

For this wavelength the photon energy is 3.8 eV or 6.1 x 10-19 J and so the photon flux is 



 

VI-6 
 

8.2 x 1015 photons per second.  If each photon has the same probability of producing a 

luminescent photon as an electron-hole pair (which is unlikely to be the case, and 

introduces some uncertainty in the rough calculation), then the ratio of excited states 

produced by CL compared to PL is only about 2:1. This suggests that the 5D3→7FJ blue 

emission presented in the CL spectra of the sample with 1% Tb3+ concentration cannot be 

attributed to the high quantum efficiency of CL compared to PL, as the excitation rates 

are similar in the two processes. The calculation rather supports the view that it is the 

difference in the nature of the excitation source between CL and PL that is mainly 

responsible for the difference in emission from the same sample, and that the mechanism 

proposed by Zawadzki et al. [10] can be used to explain this phenomenon.   

4. Conclusion 
 Tb3+ ions were successfully incorporated into silica produced by the sol-gel process.  

Concentration quenching became significant, removing the blue emission below 480 nm 

in the PL results, when the Tb3+ concentration was increased from 0.1 to 1 mol%. Yet the 

blue emission was observed in the CL results even at the higher concentration of Tb3+.  

We conclude that is not as a result of the difference in excitation rates between CL and 

PL (or the high quantum efficiency of CL compared to PL), but rather due to the 

difference in the nature of excitation. During CL excitation it is possible for electrons to 

reduce non-luminescent Tb4+ ions into an excited (Tb3+)* state, and it appears that this 

source of luminescence is not concentration quenched, possibly because it has a lower 

concentration on a different site of the Tb4+ ions compared to the Tb3+ ions. It is clear that 

whether the blue 5D3→7FJ emission of terbium doped silica occurs or not depends not 

only on the terbium concentration, but also on the nature of the excitation source. 
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Chapter VII 

The impurity levels of lanthanide ions in silica 

 

1. Introduction 
Silica is a basic material of technological importance for optics, microelectronics, 

photonics and fibre optics.  Its high absorption edge energy makes it particularly useful 

for UV applications and it has been used as a host material for a variety of luminescent 

lanthanide ions due to its chemical stability and non-hygroscopic nature. Specific 

applications include optical amplifiers doped with erbium for the telecommunications 

industry [1] and x-ray scintillation material doped with cerium for radiation sensing [2]. 

For lanthanide ions the 4f electron energy levels are shielded from the host environment 

by the filled outer 5s and 5p orbitals, so that the transitions between the 4f states (and 

therefore the luminescence wavelengths) are relatively insensitive to the host.  For this 

reason little attention has been paid until recently to the location of the impurity levels of 

the lanthanide ions within the energy gaps of their hosts. However, luminescence from 

some lanthanide ions, e.g. cerium, occurs due to f-d transitions from the unshielded 5d 

state of which the energy relative to the f-states is therefore host dependent.   The 

absolute positions of the 4f and 5d states relative to the energy gap of the host also affect 

quenching and charge trapping phenomena and so they are required for proper modelling 

of phosphor performance [3].  In addition, the interaction of lanthanide ions with defect 

levels of a host can only be studied if the energy levels of the lanthanide ions are known. 

Although the use of lanthanides in luminescence phosphors became widespread about 

half a century ago [4], it is only recently that a phenomenological model capable of 

predicting the lanthanide energy levels has become available. This is primarily due to the 

work of Dorenbos and was applied initially to CaF2 and YPO4 [5] and more recently to 

other materials e.g. GaN [6] and AlxGa1-xN [7] where it was possible to explain the lack 

of blue luminescence from terbium ions unless x > 0.38 due to overlap of the 4f 5D3 level 



 

VII-2 
 

with the conduction band. Only five host-specific parameters are required: the bandgap of 

the host and four others, two each for divalent and trivalent ions to locate the ground 

states of the f and the d levels respectively.  In principle the data can be obtained from 

any of the lanthanide ions, since the data compiled by Dorenbos [8-14] relates to the 

values between the different lanthanide ions.  In practice Eu2+ is usually used for the 

divalent ions and Ce3+ for the trivalent ions, as this data is most readily obtained 

experimentally. Determining the parameters to locate the levels for a particular host is not 

always straightforward. In this chapter a scheme for the energy levels of both the divalent 

and trivalent lanthanide ions in amorphous silica is proposed.  

2. Model for the lanthanide impurity levels 
As a first step to the model, Dorenbos [8] used experimental data to show that the 

differences between the f-d transition energies of trivalent lanthanide ions were 

independent of the host.  This allowed new estimates of the free ion f-d transition 

energies and, using at least one experimental f-d transition energy for any trivalent 

lanthanide ion in a host, to give the crystal field depression D(A,3+) for that host A [9]. 

The process was analogous for the divalent ions [10], yielding the crystal field 

depressions D(A,2+) for divalent ions in different hosts [11].   

Given the f-d transition energies Efd, if one can determine either the energy from the 

valence band to the f-level EVf or from the d-level to the conduction band EdC one can 

place the levels absolutely.  Note that 

 

EVf + Efd + EdC = EVC 

 

where EVC is the bandgap.  To first approximation, an electron promoted to the 5d level 

of any lanthanide ion interacts with the crystal in the same manner, since the differences 

between the lanthanides occurs only for the inner shielded 4f electrons. Therefore the 5d 

energy levels of all the lanthanides are approximately equal [5].  In addition Dorenbos 

found that the charge transfer (CT) energy (ECT) of a trivalent lanthanide ion provides a 

fair measure of EVf for the corresponding divalent ion [12]. By comparing small 
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calculated changes in EdC across the divalent lanthanides [13] with changes in EVf based 

on CT data, and using the known relative f-d transition energies together with 

 

∆EVf + ∆Efd + ∆EdC = 0, 

 Dorenbos [12] was able to find the variation ∆EVf across the divalent lanthanides.  Then 

if either the f- or the d-energy level of any divalent lanthanide ion can be found relative to 

either the valence or the conduction band, all the f- and d-levels for all the divalent ions 

can be computed.  The value of ECT for Eu3+, giving EVf (Eu2+), is often most easily 

obtained experimentally [14] and so ∆EVf is generally expressed relative to this ion.  

Dorenbos [12] also predicted the variation ∆EVf across the trivalent lanthanides. Although 

ECT for tetravalent lanthanide ions is expected to be a fair measure of EVf for the 

corresponding trivalent lanthanide ions, this data is not so readily available and so instead 

EdC (Ce3+) is usually estimated and for the trivalent ions ∆EVf is generally expressed 

relative to cerium. 

 

Therefore in addition to the bandgap of a particular host, one needs the crystal field 

depression of the f-d transitions and any one known absolute energy level to predict all 

the f- and d-levels of all the lanthanide ions.  The last two parameters are needed for both 

divalent and trivalent ions, giving five host specific parameters in total. The free ion f-d 

transition energies and their relative values, together with the values of ∆EVf  and ∆Efd are 

given in Table 1. Note that recently Dorenbos [15] has published new estimates of ∆EVf 

for the divalent and trivalent ion which are used here. Older values have been applied 

successfully to oxide and fluoride hosts [14], but for a sulphide host the model did not 

work well and for that work the values were adapted to give a constant value for EdC [16]. 
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Table 1: Host independent data for energy level diagrams of lanthanide ions.  The 

columns labelled Free give the f-d transition energy of the free ions.  The next columns 

gives the relative values of the f-d energy, the energy from the valence band to the f-level 

ground state  and the energy from the d-level ground state to the conduction band [8-15]. 

All values are in electron-volts. 

Ion Divalent ions, Ln2+ (changes relative to Eu2+)  Trivalent ions, Ln3+ (changes relative to Ce3+) 
Free ∆Efd ∆EVf ∆EdC Free ∆Efd ∆EVf ∆EdC 

La -0.94 -5.16 5.69 -0.53 - - - - 
Ce 0.35 -3.87 4.07 -0.20 6.12 0.00 0.00 0.00 
Pr 1.56 -2.66 2.83 -0.17 7.64 1.52 -1.94 0.42 
Nd 1.93 -2.29 2.50 -0.21 8.94 2.82 -3.29 0.47 
Pm 1.96 -2.26 2.32 -0.06 9.31 3.19 -3.63 0.44 
Sm 3.00 -1.22 1.24 -0.02 9.40 3.28 -3.74 0.46 
Eu 4.22 0.00 0.00 0.00 10.58 4.46 -4.92 0.46 
Gd -0.10 -4.32 4.67 -0.35 11.81 5.69 -6.17 0.48 
Tb 1.19 -3.03 3.23 -0.20 6.97 0.85 -0.88 0.03 
Dy 2.12 -2.10 2.30 -0.20 8.58 2.46 -2.53 0.07 
Ho 2.25 -1.97 2.44 -0.47 9.72 3.60 -3.55 -0.05 
Er 2.12 -2.10 2.62 -0.52 9.46 3.34 -3.41 0.07 
Tm 2.95 -1.27 1.77 -0.50 9.46 3.34 -3.18 -0.16 
Yb 4.22 0.00 0.49 -0.49 10.83 4.71 -4.15 -0.56 
Lu - - - - 12.22 6.10 -5.64 -0.46 

 

3. Lanthanide impurity levels in amorphous silica 
Amorphous silica samples doped with lanthanide ions were prepared with the sol-gel 

process using TEOS as a precursor and annealed at 1000°C.  Emission and excitation 

measurement were performed on a Cary Eclipse fluorescence spectrophotometer having a 

xenon lamp as well as with synchrotron radiation using the SUPERLUMI station of 

HASYLAB at DESY. All measurements were made at room temperature, and excitation 

spectra from SUPERLUMI were corrected for the incident flux by comparison to the 

excitation spectrum of sodium salicylate. 
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(a)                                                                         (b) 

Figure 1: Excitation spectra for sol-gel silica measured at SUPERLUMI. (a) undoped and 
1% Eu3+ doped silica (b) 1% Sm3+ doped silica. Samples were annealed at 1000°C in air 

Figure 1(a) shows the excitation spectrum of a sample doped with 1% Eu while 

monitoring the emission due to Eu3+ ions at 615 nm.  The small sharp features around 

300 nm are due to f-f transitions of Eu3+ [17], while the broad band at 235 nm (5.28 eV) 

is the CT band. A similar excitation spectrum was obtained by Yi et al. [18], but they 

only measured down to 250 nm.  The band near 170 nm was also observed in undoped 

silica as well as when doping with different lanthanides and is attributed to defects in the 

silica [19].  The value of ECT (Eu3+) is used for the energy EVf (Eu2+) and from the 

differences in Table 1, the absolute f-levels of the divalent lanthanide ions are established 

as in Figure 2(a).  The value found here agrees well with that for silicates listed by 

Dorenbos [14]. From Figure 2(a) one may predict that ECT (Sm3+) will lie 1.24 eV above 

that of Eu3+ at 6.51 eV (190 nm). Gutsov et al. [20] attributed a broad absorption peak in 

Sm doped sol-gel silica at 35714 cm-1 (4.42 eV, 280 nm) to ECT (Sm3+). However, this 

energy lies lower than that for Eu3+ and is not consistent with our results.  Figure 1(b) 

shows the excitation spectrum of SiO2:1% Sm3+ and the CT band is found at 210 nm, 

fairly close to the 190 nm predicted from the model.  An excitation band near 280 nm, 

similar to that found by Gutsov et al. [20], is also found for undoped silica (Figure 1(a)) 

and may be associated with defects [19].  
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                                   (a)                                                                           (b)     

Figure 2: Location of the energy levels of divalent and trivalent lanthanide ions in silica.  
(a) Scheme based on associating ECT (Ce4+) with the value EVf (Ce3+). (b) More realistic 
scheme obtained by reducing EVf (Ce3+) in (a) by 1 eV. 

To obtain the divalent lanthanide d-levels, the crystal field depression D(A,2+) is 

required, but this value is not given for silica in the extensive tabulations of Dorenbos 

[11]. Hu et al. [21] give an excitation spectrum for Eu2+ f-d luminescence near 450 nm 

from sol-gel silica.  Since the lowest d-level overlaps with higher levels the excitation 

peak value should not be used, but rather the 15-20% onset value on the long wavelength 

side [11], which is about 400 nm (3.1 eV).  Comparing this to the free ion value of 4.22 

eV gives D(A,2+) =  1.12 eV, from which all the f-d transition energies and hence the d-

levels can be calculated, as shown in Figure 2(a). 

Although Ce4+ is non-luminescent, absorption experiments can be used to determine its 

CT band, and a value of about 260 nm (4.8 eV) has been reported [22,23].  If ECT (Ce4+) 

is interpreted as EVf (Ce3+) then the absolute f-levels of the trivalent lanthanide ions can 

be determined. However, there are some indications that this is not the case.  Firstly, let 

us consider the d-levels of the trivalent ions based on this value.  To do so we require 

D(A,3+), which can be obtained by comparing an f-d transition energy in silica with that 

of the free ion listed in Table 1.  Figure 3(a) shows the luminescence spectra of trivalent 

Ce3+ in silica.  The excitation maximum occurs near 320 nm (3.88 eV), giving D(A,3+) = 

2.24 eV, from which the d-levels can be derived as shown in Figure 2(a).  Here the d-
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levels of the trivalent ions lie about equal in energy to the divalent ones, whereas they 

should lie slightly lower.  Dorenbos [9] does tabulate a value of D(A,3+) for silica, but 

our value is different from this results because our samples  were annealed at much 

higher temperature to ensure that the cerium is incorporated in the silica host. To further 

check the value, consider the excitation spectrum of a sample doped with Tb while 

monitoring the emission due to Tb3+ ions at 545 nm (Figure 3(b)). The peak at 226 nm 

(5.49 eV) is the f-d absorption band, while the peak near 160 nm is due to defects as 

mentioned before.  This f-d energy cannot, however, be compared directly to that of the 

free ion because the lowest f-d transition for Tb3+ is spin-forbidden.  The experimental 

value corresponds to the first spin-allowed f-d transition which occurs 0.78 eV higher 

[8,24]; therefore the crystal field depression can be estimated as (6.97 + 0.78) – 5.49 = 

2.26 eV, in excellent agreement with the value from cerium.  Additionally, Dorenbos [25] 

has shown that the crystal field depressions for divalent and trivalent ions are related by 

D(A,2+) = 0.64D(A,3+) – 0.233, which holds reasonably well for the values obtained 

here. It therefore appears that the crystal field depression is accurate, so the higher than 

expected trivalent d-levels seem to be as a result of overestimation of EVf (Ce3+).  A 

second factor that seems to indicate this is the difference in the f-levels of trivalent and 

divalent Eu: generally it varies from above 7 eV in poorly polarisable compounds like the 

fluorides to below 6 eV in strongly polarisable compounds like bromides and sulphides, 

and for the metal it is 5.4 eV [15].  In the model of Figure 2(a) it is only 5.4 eV, and a 

realistic value is at least 1 eV higher.  Decreasing EVf (Ce3+) to 3.8 eV achieves this and 

also brings the trivalent 5d levels 1 eV below the divalent ones, creating the more 

realistic energy structure in Figure 2(b).  Since we have no reason to doubt the accuracy 

of the Ce4+ CT absorption energy (or any of the other measurements) to the extent of the 

correction applied, it is concluded that the value of EVf (Ce3+) cannot be associated with 

the Ce4+ CT absorption energy.  Although using the CT absorption energies of tetravalent 

ions was suggested initially [12], to our knowledge it has not been applied before and 

generally a value of  EdC (Ce3+) is estimated instead.  It has been acknowledged that 

identifying the trivalent CT energies with the absolute energies of the divalent ions above 

the valence band is an assumption that can be disputed [15], and although it appears to 
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work well to find values of EVf (Eu2+), in this work we have shown that a similar method 

is not as successful for determining EVf (Ce3+). 

To complete the energy level diagrams in Figure 2 only the bandgap of amorphous silica 

is required.  This has been determined as 9.0 eV by photoconductivity measurements 

[26], with the fundamental absorption edge at 8.1 eV [27] shown by a dotted line in 

Figure 2. 

 
                                      (a)                                                                        (b)   

Figure 3: (a) Excitation and emission spectra of 4% Ce doped silica after annealing in 
reducing atmosphere at 1000°C for 2 h, measured with Cary Eclipse. (b) Excitation 
spectrum of 0.1% Tb doped silica (annealed at 1000°C in air) measured using 
synchrotron radiation at SUPERLUMI.  
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Chapter VIII 

Luminescence from Ce in sol-gel SiO2 

1. Introduction 
Ce3+ ions have the electronic configuration of the noble gas Xe plus a single 4f electron 

shielded from its environment by closed 5s and 5p shells.  The 5d level to which this 

electron can be excited is not shielded and hence depends strongly on the environment, 

and since this f-d transition is allowed absorption is relatively strong and the 

corresponding decay has a short lifetime (tens of nanoseconds). The properties of Ce3+ 

ions make them suitable for a variety of applications such as scintillators for ionizing 

radiation, UV absorbing filters, creation of cathodoluminescence and as a sensitizer for 

other emission centres in phosphors used for lighting.  In addition, knowledge of the Ce3+ 

ion properties in a host serves an important fundamental role since it allows the 

prediction of the energy levels of other trivalent lanthanides in the same host and for this 

reason Dorenbos [1] compiled absorption and emission wavelengths of the Ce3+ f-d 

transition for over 300 different compounds, including silica (SiO2).  Amorphous silica 

has been investigated as an alternative to crystalline hosts for x-ray scintillators because 

of its advantageous mechanical properties (e.g. fibre drawing), its chemical stability and 

non-hygroscopic nature, the possibility of incorporating larger amounts of luminescent 

ions and the opportunity of cost reduction [2].  The sol-gel process provides an attractive 

low temperature alternative to the melt process for producing Ce-doped silica and several 

reports have been published on the properties of this material.  Unfortunately, there has 

not been general agreement between the reported optical properties and poor 

luminescence has been ascribed to Ce taking the non-luminescent Ce4+ oxidation state or 

to aggregation and hence concentration quenching of Ce3+ ions.  In this chapter studies 

from our laboratory using a variety of excitation sources, including cathodoluminescence 

which has not yet been reported by other researchers, will be compared to the earlier 

reports which will be reviewed briefly. 

 



VIII-2 
 

2. Previous studies 
To our knowledge the earliest report on the optical properties of Ce-doped silica 

produced with the sol-gel method was made by Malashkevitch et al. [3]. Absorption near 

265 and 320 nm was attributed to charge transfer from oxygen to Ce4+ and the f-d 

transitions of Ce3+ respectively, while emission at 380 and 450 nm was attributed to Ce3+-

oxygen complexes having the nearest surroundings including Ce4+ or Ce3+ ions 

respectively. In a follow-up paper a large increase in luminescence intensity was reported 

for samples that were annealed in hydrogen instead of air and this was attributed to 

reduction of Ce4+ to Ce3+ [4]. In another early paper, Rand et al. [5] studied the 

luminescence of unannealed Ce-doped xerogels and found a single emission at 355 nm 

with the corresponding excitation spectrum peak at 254 nm.  In a series of papers Cai et 

al. [6-9] first prepared and annealed undoped silica xerogels, and then soaked these in 

Ce(SO4)2 or CeCl3 solutions or a Ce-containing sol, after which they were dried.  In all 

cases the luminescence had a wavelength around 350 nm.  Xu et al. [10] reported that a 

short wavelength emission near 357 nm occurred for samples processed at temperatures 

up to about 450°C, but at higher temperatures above 700°C this emission was replaced by 

a band at 450 nm when the Ce3+ ions become coordinated with the oxygen ions. 

In dried but unannealed Ce-doped silica, Patra et al. [11] measured fluorescence at 405 

nm and 445 nm. In samples annealed at 1000°C and excited at 250 nm luminescence was 

found at 450 nm, with an additional peak at 360 nm which only occurred in samples 

annealed in nitrogen instead of oxygen [12]. For samples excited at 337 nm by a xenon 

lamp the main emission band was at 410 nm with a shoulder at 450 nm, but it is 

surprising that almost precisely the same emission was obtained for the undoped sample 

[13]. When the excitation wavelength was reduced to 308 nm the spectrum of the 

undoped sample was unchanged, but for the Ce-doped samples additional luminescence 

was found near 370-380 nm.   

Radioluminescence of sol-gel Ce-doped silica has been intensively studied at the 

University of Milano-Bicocca. Vedda et al. [2] reported insignificant radioluminescence 

for undoped sol-gel silica in comparison to Ce-doped samples densified at 1050°C 

emitting near 2.75 eV (i.e. 450 nm). Although there is some variability from 415 to 475 

nm in the radioluminescence peak position in later reports [14-18],  a recent study claims 
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that for a large variety of samples the luminescence can be fitted by two Gaussians with 

peaks centred at 2.7 and 3.1 eV (460 and 400 nm) [19].  This separation is too large to 

account for the spin-orbit splitting of the f-levels (0.25 eV) – instead the high energy peak 

at 400 nm is attributed to Ce3+ ions which are not isolated in the lattice, but instead occur 

in or near the surface of amorphous clusters. 

From the Physics Department at the University of the Free State the photoluminescence 

peak from Ce-doped sol-gel silica has been reported at 417 nm [20], at 423 nm [21], at 

430 nm [22] and at 445 nm [23]. In addition, intrinsic photoluminescence from pure sol-

gel silica has been reported at 425 nm [24], at 450 nm [25] and at 490 nm [26], while 

cathodoluminescence has been reported at 445 nm [27].  While different sample 

preparation methods may account for some variability, it is clear that intrinsic 

luminescence from pure SiO2 and luminescence from Ce-doped silica may be difficult to 

identify unambiguously. 

3. Experimental 
Sol-gel silica samples were produced by allowing tetraethylorthosilicate (TEOS) to react 

with water.  Ethanol was used as a solvent, nitric acid was added to catalyze the reaction 

and Ce nitrate was added to produce doped samples. After stirring for several hours, 

mixtures were stored in closed containers at 50°C until the formation of a gel.  This was 

dried, annealed at 1000°C and ground to a fine powder.  Some samples were annealed in 

a reducing atmosphere created by placing charcoal close to (but isolated from) the 

samples in the oven.  Luminescence measurements were made using a variety of 

excitation sources, including a 325 nm He-Cd laser, a 248 nm Ne-Cu laser, a xenon lamp, 

synchrotron radiation at the SUPERLUMI station at DESY and 2 kV electrons at a 

current of 12 µA for cathodoluminescence.   

4. Results and Discussion 
Figure 1 shows the photoluminescence results obtained using a 325 nm He-Cd laser as 

excitation source.  It is clear that samples which have been annealed in air rather than a 

reducing atmosphere exhibit much less luminescence, and that for these samples the 

undoped silica emitting at 446 nm is more luminescent than the Ce-doped samples, 
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indicating that the Ce acts to quench the defect luminescence. This defect luminescence 

was also reported by Reisfeld et al. [13] in undoped silica and most likely corresponds to 

the Si ODC(II) defect [28].  For the undoped silica annealed with charcoal the defect 

luminescence is greater, which may be as the result of an increase in the number of 

oxygen vacancy defects created by the reducing atmosphere.  For the reduced sample 

doped with 1 mol% Ce the emission is near the same wavelength, but much stronger (this 

plot has been scaled down by a factor of 10 in the figure). Its emission has a prominent 

long wavelength shoulder and is fitted well by two gaussian peaks at energies 2.718 and 

2.494 eV (456 and 497 nm respectively), separated by 0.224 eV.  This is consistent with 

the fact that for Ce3+ ions the 2F ground state is split by spin-orbit interaction into two 

levels separated by about 0.25 eV.  The luminescence of the reduced sample doped with 

4 mol% Ce is similar to that of the undoped sample - in this heavily doped sample 

concentration quenching probably limits the luminescence from the Ce, although it is 

difficult to ascertain whether the luminescence in this sample is as a result of the defects 

or the Ce (or both).  Future measurements of decay times may be of value to distinguish 

these sources.  

 
 
 
 
 
 

Figure 1: Photoluminescence of Ce-doped silica excited by a 325 nm He-Cd laser. 
The inset is the PL of Ce(NO3)3 dissolved in water excited by 305 nm Xe lamp 
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Figure 2: Photoluminescence of Ce-doped silica excited by a 248.6 nm Ne-Cu laser. 

 

Figure 2 shows the photoluminescence from the same samples obtained using a 248.6 nm 

Ne-Cu laser as the excitation source. Here the luminescence spectra of the undoped 

samples are wider and extend to shorter wavelengths and the reduced sample shows less 

luminescence than the sample annealed in air.  Again the 1% Ce-doped reduced sample 

emits most strongly and can be fitted by a single Gaussian peak at energy 2.728 eV (455 

nm). The doped samples annealed in air have very poor luminescence (the feature just 

below 500 nm is the second order peak of the laser), while the 4% Ce-doped reduced 

sample shows emission peaking at 415 nm.  This short wavelength emission may be 

associated with defects – Reisfeld et al. [13] measured defect emission at 410 nm in 

undoped samples, which we suggest may be as a result of Ge impurities (possibly from 

the TEOS precursor) which emit near 400 nm [29]. Nevertheless, the fact that it is more 

intense than the defect emission in the reduced undoped sample indicates that emission 

from Ce3+ ions in amorphous clusters occurring at 400 nm [19] also contributes, 

especially since such clusters are more likely to be formed in the more heavily 4% doped 

samples. 
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Figure 3: Photoluminescence of Ce-doped silica excited by synchrotron radiation. 

 

Figure 3 shows the photoluminescence for reduced samples obtained using synchrotron 

radiation at various excitation wavelengths. For short wavelength excitation at 169 nm 

the emission from the undoped silica is broad, extending over the entire visible 

wavelength, with the dominant peak at 407 nm corresponding to the short wavelength 

defect emission of SiO2  suggested earlier to be associated with Ge impurities.  The 1% 

Ce-doped sample annealed in reducing atmosphere emits in a band which shifts in peak 

position from 445 nm to 465 nm as the excitation wavelength is increased. This emission 

is believed to be from Ce3+ incorporated into the silica and the lack of a short wavelength 

component near 400 nm from Ce in amorphous clusters may be attributed to the low Ce 

concentration, since in Figure 2 this component was found to occur strongly only in the 

4% doped sample.  Radiation at 91 nm excites the silica host since the interband gap of 

amorphous SiO2 is approximately 9 eV (140 nm) [30], while excitation at 165 nm and 

310 nm are believed to excite defects and the f-d transition of Ce3+ ions respectively.  

Together with the shift in emission wavelength, the lifetime of the emission measured at 

460 nm was found to decrease from about 60 to 40 ns as the excitation wavelength was 
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increased.  Both the blue-shift in emission and the longer lifetime associated with shorter 

wavelength excitation can be attributed to its indirect nature compared to the direct 

excitation of Ce3+ ions: some extra time elapses between indirect excitation and direct 

excitation of the Ce3+ ions, and there is the possibility of emission from higher energy 

levels before complete relaxation occurs. 

 
 
 
 
 
 

Figure 4: Cathodoluminescence of Ce-doped silica excited by a 2 keV electron beam. 

 

Figure 4 shows the cathodoluminescence of pure and Ce-doped silica samples, all 

annealed in air and not a reducing atmosphere.  Unlike for laser excitation where Ce-

doped samples annealed in air showed very poor photoluminescence (far less than the 

undoped samples), under electron stimulation significant luminescence from these 

samples are obtained.  This emission, peaking at 488 nm in the 1% Ce-doped sample, is 

at a significantly longer wavelength than attributed to emission from Ce in the 

photoluminescence results (for reduced samples).  This, together with the fact that it 

occurs in air annealed samples which show negligible photoluminescence, suggests an 

alternative luminescence mechanism for these samples.  According to Reisfeld et al. [13] 

a Ce4+ ion may capture an electron to form an excited Ce3+ ion according to Ce(IV) + 
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e → (Ce(III))*, which subsequently relaxes, emitting a photon.  In air annealed samples 

dominated by Ce4+ ions under electron stimulation this process could account for the 

cathodoluminescence which is not observed for photoluminescence and the longer 

wavelength emission can be attributed to the different environment of Ce3+ and Ce4+ ions. 

5. Conclusion 
We have shown that reports of emission from Ce-doped silica in the literature vary 

widely.  This represents a challenging system because of the nature of the amorphous 

host, its defect emissions, the variability in wavelength of cerium’s f-d transitions 

depending on the ion’s environment and the possibility of Ce occurring in either the Ce3+ 

or Ce4+ charge state. Several earlier reports suggested that the emission from Ce in silica 

occurs in the region of 350 nm and this is the value tabulated for Ce emission in silica by 

Dorenbos [1]. Our results show this emission for Ce3+ in Ce(NO3)3 dissolved in water 

(see the inset of Figure 1). Reports of this emission generally come from samples that 

have not been annealed at high temperatures and so it is suggested that this luminescence 

may originate from Ce that has not been incorporated in the silica.  Bi et al. [9] have also 

suggested that the 350 nm emission occurs from Ce3+ ions that have not been “entrapped 

completely in the silica network”, owing to the similarity of the luminescence to that 

from Ce3+ in solution.  Furthermore, Xu et al. [10] have reported that this emission 

disappears for samples annealed above 700°C, but occurs for samples treated up to 

400°C, and attribute it to Ce3+ ions coordinated to organic molecules or hydroxyl groups.  

Our photoluminescence results suggest that emission from Ce incorporated in the silica 

lattice occurs near 455 nm, similar to the wavelength of 450 nm reported by Xu et al. 

[10] for a peak that is found after high temperature processing of Ce-doped sol-gel silica 

and in numerous other previous studies of this material. It is also similar to the 

wavelength of 440 nm reported for Ce emission from silica grown by vapour-phase 

synthesis [31]. A second emission near 400 nm has been reported for radioluminescence 

measurements and associated with Ce3+ in amorphous clusters [19], which may account 

for the variability in the wavelength of the Ce peak between 400-450 nm in previous 

reports.  Although the results presented here do not generally show evidence of such an 

emission, for the 4% Ce-doped reduced sample excited by the 248.6 nm laser (Figure 2) 
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there is a shift of emission to lower wavelengths that is consistent with it, and clusters are 

most likely to form in this highly doped sample.  However, our results also confirm that 

emissions near both 400 and 450 nm also occur in undoped silica, as previously reported 

by Reisfeld et al. [13], which can make it difficult to distinguish the Ce emissions.  For 

this reason it is important to include spectra of undoped samples for comparison, which is 

often neglected. Finally, we have reported new results on cathodoluminescence 

measurements of Ce-doped sol-gel silica.  The samples used were annealed in air and 

show very poor photoluminescence, which is attributed to the Ce taking the non-

luminescent tetravalent form.  However, these samples do emit under electron beam 

excitation, although at a longer wavelength (around 490 nm) than that emitted by reduced 

samples during photoluminescence.  We believe that by electron beam excitation Ce4+ 

ions can be stimulated by a process of electron capture into excited Ce3+ ions which are 

responsible for the luminescence.  The change in emission wavelength can then be 

attributed to the different environments of the Ce4+ and Ce3+ ions.  
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Chapter IX 

Effect of annealing on the Ce3+/Ce4+ ratio measured by XPS in 
luminescent SiO2:Ce 

1. Introduction 
Ce doped silica has potential applications as a luminescent material as phosphors for 

cathodoluminescence, scintillators and detectors [1]. Ce ions can occur in a trivalent or a 

tetravalent state: only the trivalent Ce3+ state with a single 4f electron is optically active, 

while the tetravalent Ce4+ ion is non-luminescent.  X-ray photoelectron spectroscopy 

(XPS) is a suitable technique to investigate the oxidation states of Ce in cerium oxides 

and such studies have been carried out because of the importance of CeO2/Ce2O3 

conversion in automotive exhaust catalysts [2]. However, the XPS Ce3d spectrum of 

cerium oxide is rather complex as it contains ten closely spaced and overlapping peaks on 

a strong background. The main challenge is to obtain accurate fits to experimental data 

while still maintaining a good physical basis for the fitting parameters [3]. The analysis 

of Ce in SiO2:Ce is even more challenging since the Ce concentration for luminescent 

samples is only in the region of 1 mol%. Although it has been experimentally shown that 

to improve the luminescence efficiency of Ce doped silica is to anneal it in a reducing 

atmosphere [4], with the implication that this increases the concentration of Ce3+ 

luminescent ions, there is no evidence of XPS measurements that correlate the relative 

concentrations of the Ce3+ and Ce4+ ions to the luminescent properties.  In this work, 

cerium doped silica was prepared by the sol-gel method. The effect of annealing 

atmosphere on the luminescent properties is correlated to XPS measurements of the 

oxidation state of Ce in the samples. 

2. Experimental 
Ce-doped SiO2 glass was prepared by the sol–gel method using tetraethylorthosilicate 

(TEOS), water, ethanol (C2H5OH) and Ce(NO3)3 as starting materials and nitric acid 

(HNO3) as a catalyst. The molar ratio of TEOS:H2O:C2H5OH was 1:5:10, and the HNO3 

concentration was 0.015 M in water.  TEOS was mixed with ethanol and stirred for 

30 minutes after which the acidified water was added and stirring was continued for 
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another 30 minutes. After that Ce(NO3)3 was dissolved in a little ethanol and added to the 

mixture, which was stirred for a further 4 h. Then the mixture was stored in a closed 

container and transferred to a water bath at 50°C until a gel was formed. The gel was 

dried, crushed and divided into two parts, one part annealed in air at 1000°C for 2 h, and 

the other part annealed at flowing 4% hydrogen in argon atmosphere for the same time 

and temperature. XPS measuremnt were made using two different spectrometers, PHI 

5400 ESCA and PHI 5000 Versaprobe both using Al x-rays. The powder sample was 

deposited onto a conductive carbon tape stuck to the sample holder.    Charging shifts of 

the spectra were corrected using the known values of the C1s and/or Si2p peaks. 

Photoluminescence was measured at room temperature with a Cary Eclipse fluorescence 

spectrophotometer equipped with a xenon lamp. Diffuse reflectance spectra were 

recorded using a Lambda 950 UV–Vis spectrophotometer with an integrating sphere. 

3. Results and Discussions   
 

Figure 1: XPS  survey scan spectrum of the (a) reduced sample, (b) annealed sample 

(a) 

(b) 
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3.1 XPS 
For XPS analysis a higher dopant concentration (4 mol%) was used than what is required 

for good luminescence (0.5 mol%) to obtain a reasonable Ce3d signal. Figure 1 (a) shows 

the full range survey scan spectrum of the reduced sample. The spectrum is dominated by 

four photoelectron peaks, corresponding to electrons originating in the 2p orbital of the 

Si, 1s orbitals of the C and O and 3d orbital of the Ce atoms in the sample surface. The 

existence of the C atoms on the sample surface can be ascribed to three possible reasons:  

from adventitious hydrocarbon nearly always present, or from the precursors, or from the 

carbon tape used to stick the powder to the sample holder. In figure 1 (b) the survey scan 

spectrum of the annealed sample is presented. Small different between the reduced and 

annealed spectrum can be seen, such as the carbon peak in the annealed spectrum is 

smaller than the carbon peak in the reduced spectrum indicating less carbon in the surface 

of the annealed sample. Also the shape of the Ce peaks is different in the two spectra due 

to the oxidation state of the Ce in the two samples. To investigate this difference in more 

detail, high resolution scan of the Ce peaks were taken.  Multipak version 8.2c software 

was used to fit the Ce3d pattern. The spectrum was fitted with 10 Gaussian peaks, two 

doublet peaks of the spin–orbit split 5/2;3/2 components attributed to the final states of 

Ce3+ and three doublet  peaks of the spin–orbit split 5/2;3/2 components attributed to the 

final states of Ce4+ (see  Tables 1 and 2). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                      (a)                                                       (b) 

Figure 2:  Ce3d XPS spectra of the annealed  sample obtained by (a) PHI 5000 

(b) PHI 5400. 

920 910 900 890 880 870

3000

3100

3200

3300

3400

3500

3600

3700  

 

 

c/
s

Binding Energy (eV)
920 910 900 890 880 870

3500

3600

3700

3800

3900

4000

4100

4200
u///

u// u/ u0u
v///

v// v/ v
v0

 

 

 

Binding Energy (eV)



IX-4 
 

 

Table 1: Fit parameter of the annealed sample. 
ion 3d5/2/3d3/2 Peak pos. (eV) final state %area %total 

Ce4+ 
v/u 882.3/901.0 Ce 3d94f2 O 2p4 36 

80 v''/u'' 888.9/907.5 Ce 3d94f1 O 2p5 16 
v'''/u''' 898.2/916.8 Ce 3d94f0 O 2p6 28 

Ce3+ v0/u0 880.5/898.8 Ce 3d94f2 O 2p5 0 20 v'/u' 885.7/904.1 Ce 3d94f1 O 2p6 20 
Peak position, spin–orbit splitting, area ratio and Full Width at Half Maximum (FWHM) 

are fitting parameters that need to be controlled in order to perform good fits with 

physically meaningful parameters. Figure 2(a) and (b) show the detailed Ce3d XPS 

spectra of the sample annealed at 1000°C obtained by PHI 5000 and PHI 5400 

respectively. The spectra were fitted with 10 peaks and the FWHM of all the peaks was 

kept the same for each fit. The peaks positions and the spin–orbit splitting agree well with 

the literature [5] and the intensity ratio between 3d5/2 and 3d3/2 was taken as 3:2 [6]. Six 

peaks labelled as v/u , v''/u'' and v'''/u''' referring to three doublets  of the spin–orbit split 

components are attributed to Ce4+ final states. The high binding energy doublet v'''/u''' at 

898.2 and 916.8 eV are attributed to the final state of Ce 3d94f0 O 2p6, doublet v''/u'' at 

888.9 and 907.5 eV are attributed to the state of Ce 3d94f1 O 2p5, and doublet v/u at 882.3 

and 901.0 eV correspond to the state of Ce 3d94f2 O 2p4. The other four peaks labelled as 

v0/u0 and v'/u' referring to two doublets of the spin–orbit split components are attributed 

to Ce3+ final states. The doublet v'/u' at 885.7 and 904.1 eV are corresponding to the final 

state of Ce 3d94f1 O 2p6 and the doublet v0/u0 at 880.5 and 898.8 eV correspond to the 

final state of Ce 3d94f2 O2p5. Table 1 lists the fit parameters obtained from the spectra of 

the PHI 5000.  The peak area percentage can be used to determine the relative 

concentrations [6]. From the table the relative total concentration of the Ce4+ is 80% 

while that of the Ce3+ is 20%. From the PHI 5400 spectrometer, the calculated relative 

concentrations of Ce4+ and Ce3+ are 75% and 25% respectively. The different values 

given by the two spectrometers can be taken as an indication of the accuracy of the 

technique.  

Figure 3(a) and (b) shows the Ce3d XPS spectra of the reduced sample obtained by the 

PHI 5000 and PHI 5400 respectively. The Ce4+ u''' characteristic peak has almost 

disappeared indicating that the sample contains less Ce4+. The spectra can be fitted with 
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the four peaks v0/u0 and v'/u' of the Ce3+ components, in addition of the doublet v/u peaks 

of Ce4+ in the valley between  (v0 and v' ) and (u0 and u'). Table 2 lists the fit parameters 

for the spectra obtained by the PHI 5000 from the reduced sample. The total relative 

concentration of the Ce3+ is 73% which compares well with the 71% measured by the 

PHI 5400.  There were some difficulties to fit these spectra. The software can not subtract 

the background well in the spectra obtained by PHI 5000, using either the Shirley or 

iterated Shirley algorithms. While the background was subtracted succesfully in the 

spectra  obtained by PHI 5400,  the two seperate bands could not fit well simultaneously 

without relaxing the physically important constraints. Ce3d XPS spectra and their fitting 

obviously show that reducing the sample with hydrogen can improve the Ce3+ 

concentration. 

 
Table 2: Fit parameter of the reduced sample. 

ion 3d5/2/3d3/2 Peak pos. (eV) final state %area %total 

Ce4+ 
v/u 882.3/901.0 Ce 3d94f2 O 2p4 27 

27 v''/u'' 888.9/907.5 Ce 3d94f1 O 2p5 0 
v'''/u''' 898.2 /916.8 Ce 3d94f0 O 2p6 0 

Ce3+ v0/u0 880.5/898.8 Ce 3d94f2 O 2p5 23 73 v'/u' 885.7/904.1 Ce 3d94f1 O 2p6 50 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
  
                                           (a)                                                           (b) 

Figure 3: Ce3d XPS spectra of the reduced sample obtained with the (a) PHI 5000 and 
(b) PHI 5400 XPS systems. 
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3.2 Photoluminescence and UV–Vis spectroscopy 

Figure 4(a) shows the PL of the reduced and annealed samples. The sample which was 

annealed in air does not show significant emission, while the reduced one exhibits a high 

intensity emission. The sample annealed in air may contain more Ce4+ which is optically 

in-active [7]. A significant PL emission is observed in the reduced sample which may 

containing more Ce3+ rather than Ce4+ and significant PL emission observed. These 

results are consistent with the XPS measurements done on the two samples. Figure 4(b) 

shows the reflectance spectra done on the annealed and the reduced samples. The optical 

reflectance profile from the annealed sample exhibits a wide absorption peak which 

corresponds to Ce4+ ion absorption due to charge transfer from O2− to Ce4+ [8]. In the 

reduced sample an absorption peak appeared at around 338 nm, which corresponds to the 

4f to 5d transition of Ce3+ [9,10]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
   
                                (a)                                                             (b) 
Figure 4: (a) Photoluminescence and (b) diffuse reflectance of reduced and annealed 
samples 
 

 

4. Conclusion 
Ce ions were successfully incorporated into SiO2 by the sol-gel process. Ce 3d XPS 

spectra analysis indicates that the concentration of the Ce3+ was increased in the reduced 

sample. This is in contrast to other published results [11] where samples subjected to 

rapid thermal annealing using an oxidising oxygen-hydrogen flame exhibited an increase 
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in luminescence despite indications that the Ce4+ concentration had increased.  The 

reduced sample shows a high intensity PL emission compared to the annealed sample. 

UV–Vis spectroscopy done on the reduced sample shows an absorption peak associated 

with the Ce3+ ion while the annealed samples shows an absorption peak associated with 

the Ce4+ ion. The photoluminescence and UV–Vis spectroscopy results are consistent 

with the XPS measurements. 
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Chapter X 

High efficiency energy transfer in Ce,Tb co-doped silica 

1. Introduction 
Phosphors are widely applied in lighting, displays, lasers, scintillators, etc. Generally host 

materials should exhibit good optical, mechanical and thermal properties [1]. 

Microporous silica prepared by the sol-gel technique is considered to be an optically inert 

medium and its chemical and thermal stability increase its attractiveness as a host for 

luminescent ions [2]. Further advantages of the sol-gel process are that it can produce 

very pure glass at temperatures well below the melting point, and it allows incorporation 

of much higher concentration of dopants than the melt process [3,4].  Lanthanide group 

ions may be used as luminescent centres [5]. These ions have partially filled f-level 

electron shells, giving rise to various electron transitions in the UV, visible and IR 

regions of spectrum.  

Energy transfer can play an important role in phosphor materials as it can be used to 

enhance the luminescence efficiency [6].  Ce3+ ions are an efficient sensitizer to Tb3+ ions 

and co-doping has been studied in a variety of hosts [7-13]. Tb ions are used as the 

activator because their bright green emission is suitable for many applications. Although 

Tb ions can be excited efficiently through their allowed 4f-5d transition, it can be 

advantageous to use Ce ions as a sensitizer because their allowed 4f-5d transition occurs 

at a longer (generally more accessible and convenient) wavelength. Ce ions can occur in 

a trivalent or a tetravalent state. Only the trivalent Ce3+ state with a single 4f electron is 

optically active, while the tetravalent Ce4+ ion is non-luminescent. Annealing in a 

reducing atmosphere can convert tetravalent Ce ions to the trivalent form, thus improving 

the Ce luminescence [14]. Ntwaeaborwa et al. [10] have reported some initial results on 

energy transfer from Ce to Tb in sol-gel silica. In this chapter we report a much greater 

enhancement of the Tb luminescence excited via Ce at 325 nm in co-doped samples by 

annealing the samples in a reducing atmosphere, instead of air, in order to convert Ce 

from non-luminescent tetravalent ions to optically active trivalent ions.  
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2. Experimental details 
Ce and Tb single doped, as well as Ce,Tb co-doped, silica was produced using the sol-gel 

method by allowing tetraethylorthosilicate (TEOS) to react with water.  Ethanol was used 

as a solvent, nitric acid was added to catalyze the reaction and Ce and/or Tb nitrate was 

added to produce doped and co-doped samples. After stirring for several hours, mixtures 

were stored in closed containers at 50°C until a gel was formed.  This was dried, ground 

to a fine powder and annealed in air at 600 or 1000°C for 2 hours.  The reduced samples 

were annealed in flowing 4% hydrogen in argon gas for the same temperatures and time. 

Some samples were reduced in charcoal environment. Details of the preparation 

procedure have been published elsewhere [15]. X-ray diffraction (XRD) measurements 

were performed with a Bruker D8 diffractometer. A Bruker Tensor 27 was used to 

perform the Fourier Transform Infrared (FTIR) absorption measurements from 4000 to 

400 cm−1. Diffuse reflectance spectra were recorded using a Lambda 950 UV-Vis 

spectrophotometer with an integrating sphere and using spectralon as a reflectance 

standard.  Photoluminescence (PL) measurements were made at room temperature using 

a Cary Eclipse fluorescence spectrophotometer equipped with a xenon lamp.  

3. Results and discussion 
 
 
 
 
 
 

Figure 1: XRD spectra of sol-gel SiO2:Ce 0.5 mol% (measured 
at room temperature after annealing at 600°C and 1000°C). 

Figure 1 shows the XRD results of SiO2:Ce 0.5 mol% annealed at 600°C and 1000°C. 

The sample annealed at 600°C exhibited the well known characteristics broad peaks of 
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amorphous silica [16,17], which narrowed slightly after annealing at 1000°C, indicating a 

less disordered yet still amorphous sample. This is in contrast to the results of Nagpure et 

al. [18] who reported a low-quartz crystalline phase in silica prepared by the combustion 

method and annealed at 1000°C, indicating the advantage of the sol-gel process for 

producing a single amorphous phase. There are no significant changes in the XRD 

spectra for the samples due to the dopants, nor for those heated in a reducing atmosphere 

instead of air. 
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Figure 2: Excitation 
and emission spectra of 
SiO2:Tb 1 mol% 
annealed at 600°C and 
1000°C in air. The 
inset shows the f-f 
absorption bands of Tb 

 

Figure 2 shows the excitation and emission spectra of SiO2:Tb 1 mol% annealed at 600°C 

and 1000°C. The optimum excitation wavelength of 227 nm is associated with the 4f-5d 

transition of Tb3+ ions [19].  The emission spectra showed the characteristic emission 

bands attributed to the 5D4-7FJ transitions (J = 6,5,4,3), with the dominant green band of 

the 5D4-7F5 transition at 544 nm. Blue luminescence from 5D3-7FJ transitions of Tb is not 

observed. The relatively high Tb concentration (1 mol%) allows cross relaxation which 

quenches emission from the 5D3 level, whereas for a lower Tb concentration of 0.1 mol% 

in silica the 5D3-7FJ transitions are observed [20]. The sample annealed at 1000°C 

exhibited higher luminescence intensity compared to the sample annealed at 600°C. FTIR 

spectra (Figure 3) indicate that annealing at 600°C could not effectively remove all water 

and hydroxyl ions present in the sol-gel process, which can then quench the 

luminescence. The absorption near 3447 cm-1 is attributed to the stretching vibration of 
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hydroxyl ions (O-H), while the absorption near 1636 cm-1 is attributed to water 

molecules. The three bands near 460, 798 and 1094 cm-1 are attributed to the silica host 

Si-O-Si, O-Si-O and Si-O asymmetric stretching respectively [21]. In fact, the FTIR 

spectra of Figure 3 are for Ce (not Tb) doped samples, but the absorption bands observed 

are associated either with the host silica or the water and hydroxyl ions rather than the 

dopants which are present in low concentration.  It is expected that similar results would 

be obtained for Tb doped samples, consistent with the PL results, and therefore all 

subsequent annealing was performed at the higher temperature of 1000°C. 

 

 
 
 
 
 
 

Figure 3: FTIR spectra of SiO2:Ce 0.5 mol% annealed at 600 and 
1000°C in air. The unlabeled bands below 1200 cm-1 are 
characteristic of silica.  

 

Figure 4 shows the PL emission spectra of the Tb single doped and Ce,Tb co-doped 

samples annealed in air at 1000°C using 325 nm as the excitation wavelength. Note that 

although 325 nm is not the optimum excitation wavelength of the Tb doped samples (see 

the excitation spectra in Figure 2), nevertheless Tb emission is observed due to weak 

excitation within the f-levels of the Tb ions. Although the luminescence scale is much 

enlarged for Figure 4 compared to Figure 2, the spectrum of the Tb luminescence is 
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similar.  The 325 nm was expected to excite the Ce ions in the co-doped samples and 

lead, through energy transfer to enhanced Tb emission. Unexpectedly, the PL emission 

intensity from the Tb ions was less in the Ce,Tb co-doped sample relative to the Tb single 

doped sample. This is in contrast to the result of Ntwaeaborwa et al. [10] where an 

enhancement in the Tb luminescence by a factor of about 4 times was reported. Sol-gel 

silica single doped with Ce and annealed in air did not show significant PL emission 

(Figure 5). UV-Vis diffuse reflectance measurements (Figure  6) gave absorption which 

is characteristic of non-luminescent Ce4+ ions and is attributed to charge transfer from O2- 

to Ce4+ [22].  The incorporation of Ce in the tetravalent state rather than the trivalent state 

means energy transfer will not occur in Ce,Tb co-doped samples, and in addition the 

terbium emission may be reduced since a fraction of the incident light will be absorbed 

by the non-luminescent Ce4+ ions.  However, in practice a mixture of Ce4+ and Ce3+ 

occurs [15] and the ratio could depend on the details of the sol-gel preparation method.  It 

is suggested that the samples of Ntwaeaborwa et al. [10] may have contained a higher 

proportion of Ce3+ ions than those prepared in this study, which may have lead to the 

small enhancement of the Tb emission after co-doping with Ce.  

 
 
 
 
 
 

Figure 4: Emission spectra of SiO2:Tb 1 mol% and of SiO2:Ce,Tb 
0.5,1 mol% annealed in air at 1000°C. 
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Figure 5: (a) Emission spectrum of SiO2:Ce 1 mol% reduced with charcoal at 1000°C 
compared to the emission spectrum of the same sample annealed in air at 1000°C. (b) 
Excitation and emission spectra of SiO2:Ce 0.5 mol% reduced with hydrogen at 
1000°C compared to the emission spectrum of the same sample annealed in air at 
1000°C.  

 

 
 
 
 
 
 

Figure 6: Diffuse reflectance of SiO2:Ce 0.5 mol%  annealed at 
1000°C in air and a reducing atmosphere (4% hydrogen in argon).  

To favour the formation of optically active Ce3+ ions, the Ce single doped samples were 

annealed in the presence of charcoal to create a reducing atmosphere. Such samples 

exhibited improved Ce luminescence (a broad blue emission band centred near 460 nm 

and attributed to 5d-4f transitions, with the excitation spectrum maximum near 325 nm) 

(Figure 5 (a)), but much better results were obtained by heating in flowing 4% hydrogen 

in argon gas.  Such reduced Ce single doped samples now exhibited intense PL emission 

(b) (a) 
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(Figure 5 (b)) and the UV-Vis diffuse reflectance spectrum (Figure 6) was characteristic 

of Ce3+ ions [24,25]. The conversion of Ce4+ to Ce3+ was also confirmed using x-ray 

photoelectron spectroscopy and the details have been published elsewhere [15].  Heating 

in the reducing atmosphere instead of air did not have a significant effect on the FTIR 

results discussed earlier and a temperature of 1000°C was still required for good 

luminescence results.  Silica samples doped singly with Tb gave the same PL 

luminescence results irrespective of whether they were annealed in air or the reducing 

atmosphere, indicating that the Tb is incorporated in the host as Tb3+ ions.  Figure 7 

shows the overlap region between the Tb excitation spectrum and the reduced Ce 

emission spectrum for singly doped silica samples, which is similar to that reported by 

Caldiño et al. for a zinc–sodium–aluminosilicate glass [12].  The Ce emission completely 

overlaps the 5D4-7F6 excitation band of Tb near 480 nm, while its energy edge also 

overlaps higher excitation bands of Tb, e.g. 5D3-7F6 near 380 nm, indicating that energy 

transfer may occur. 

 
 
 
 
 
 

Figure 7: Overlap region of the excitation spectrum of Tb and the 
emission spectrum of reduced Ce for singly doped silica samples.  

Figure 8 shows the PL spectrum of the Ce,Tb co-doped samples reduced at 1000°C using 

325 nm as the excitation wavelength.   The emission spectrum for the single doped Tb 

sample from Figure 4 is included for comparison, and now rather than the Tb emission of 

the co-doped sample being less than the singly doped sample, an enhancement due to 
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energy transfer from the Ce ions of about 240 times is obtained. Similar enhancement of 

Tb emission by co-doping with Ce has been reported by Liu et al. [23], although in their 

case the Ce emission occurred at about 375 nm rather than the 460 nm reported here. 

Fasoli et al. [14] have reported from radioluminescence measurements that the dominant 

Ce emission is found near 2.7 eV (i.e. 460 nm), while emission near 3.1 eV (i.e. 400 nm) 

is found only in samples sintered in a reducing atmosphere which they suggest originates 

from Ce near the surface of amorphous Ce-rich clusters.  From the excitation spectrum of 

Figure 8 for the reduced co-doped sample measured for Tb emission at 545 nm one can 

see that the sample has excitation bands at 227 nm (Tb) as well as 325 nm (Ce). These 

excitation peaks are of similar height, and the Tb can be excited slightly more effectively 

via the Ce with energy transfer as when excited directly through the Tb f-d transition. The 

emission spectrum of the co-doped sample reveals that the Ce emission intensity is only 

about 3% of the value obtained without Tb being present, giving a value for the quantum 

efficiency for energy transfer from Ce to Tb of 97%.  

 
 
 
 
 
 

Figure 8: Excitation and emission (at λex = 325 nm) spectra of 
SiO2:Ce,Tb 0.5,1 mol% reduced in hydrogen at 1000°C compared 
to the emission (at λex = 325 nm) spectrum of SiO2: Tb 1 mol%. 

 

To determine the optimum concentration of Ce which can give a high emission from Tb 

using 325 nm excitation, the concentration of Tb ions was kept constant at 1 mol% and 

the concentration of Ce ions was varied from 0 up to 4 mol%.  Figure 9 shows the 
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relative intensity of Tb emission associated with the 5D4-7F5 transition near 544 nm as a 

function of Ce concentration, normalized with respect to the sample containing no Ce, i.e. 

the Tb single doped sample. The results revealed that the Tb emission increased as the Ce 

concentration increased up to 0.5 mol% and then decreases at higher concentrations. This 

optimal concentration is in agreement with that given by Ntwaeaborwa et al. [10]. 

However, the enhancement of luminescence due to co-doping has been increased 

dramatically compared to these earlier results.  We attribute this to the effective 

conversion of Ce4+ ions to Ce3+ ions in our samples through annealing in a reducing 

atmosphere.   

 
 
 
 
 
 

Figure 9: Relative intensity of Tb emission associated with 
5D4-7F5 transition as a function of Ce concentration using an 
excitation wavelength of 325 nm. 
 

4. Conclusion 
From these results it is clear that the details of how Ce-doped silica is produced using the 

sol-gel method can affect how much Ce is incorporated in the trivalent or tetravalent 

charge state.  It may be possible to obtain a small but effective concentration of Ce3+ even 

when annealing in air as demonstrated by Ntwaeaborwa et al. [10], or almost all the Ce 

may be incorporated as non-luminescent Ce4+ as in this study.  However, for good Ce 

luminescence in single doped samples, and for enhanced Tb emission via energy transfer 

from Ce in co-doped samples, it is important to anneal the samples at a higher 

temperature (1000°C) than 600°C as widely reported for sol-gel silica samples and to use 
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a reducing atmosphere instead of annealing in air. The Tb emission in co-doped Ce,Tb 

silica samples prepared in such a way can be excited as effectively, via absorption of Ce3+ 

ions at 325 nm together with energy transfer, as by direct excitation of the Tb f-d 

absorption band near 227 nm.  For a Tb concentration of 1 mol%, the optimum 

concentration of Ce co-doping was found to be 0.5 mol%. 
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Chapter XI 

Interaction mechanism for energy transfer from Ce to Tb ions 
in silica 

 

1. Introduction 
Energy transfer phenomena can play an important role in the development of 

luminescence materials. For example, the green luminescence from Tb3+ doped silica can 

be excited efficiently using a very short wavelength UV light near 227 nm [1]. However, 

the excitation wavelength can be shifted to a more accessible value of 325 nm by co-

doping Tb3+ with Ce3+ ions. At this wavelength Ce3+ ions absorb and then transfer the 

energy to the Tb3+ ions. Many theoretical and experimental studies have been done on 

non-radiative energy transfer since Forster first treated it theoretically [2-7]. The process 

involves excitation of a donor followed by transfer of the excitation energy to an 

acceptor. Non-radiative energy transfer can be distinguished from radiative energy 

transfer, for which the acceptor absorbs the radiation (photon) emitted by the donor, by 

the fact that in the first case energy transfer is associated with a decrease in the donor 

lifetime, while in the second case the donor lifetime is not affected. 

Forster developed a theory for the rate of non-radiative energy transfer by electric dipole-

dipole interaction [2]. This was later extended by Dexter to involve the higher multipole 

interactions [3]. Dexter also created a model for shorter donor-acceptor distances based 

on the exchange interaction [3]. The transfer mechanisms differ according to the 

dependence of the transfer rate on the donor-acceptor distance. Inokuti and Hirayama [8] 

developed numerical methods on energy transfer that determine the mechanism 

responsible. Nakazawa and Shionoya [9] used these calculations to study the energy 

transfer between unlike trivalent rare-earth ions in glass. They found that the dipole-

quadrupole interaction gave the best fit between theory and experiment. Mares et al. [10] 

investigated the mechanism of the energy transfer between Ce and Nd in YAG:Nd,Ce by 

fitting the decay curves of Ce to the theory of Inokuti and Hirayama [8] and reported that 
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both dipole-dipole and dipole-quadrupole mechanisms contribute to energy transfer. In 

this study, the theoretical calculations of Inokuti and Hirayama [8] are implemented in 

MATLAB and compared to experimental data to investigate the mechanism of the energy 

transfer from Ce to Tb in sol-gel silica.  

2. Experimental 
A series of 14 Ce,Tb co-doped silica samples with a fixed concentration of Ce (0.5 

mol%) and varying concentration of Tb from 0 up to 0.8 mol% were produced by the sol-

gel method. Tetraethylorthosilicate (TEOS), water, Ce(NO3)3.6H2O, and Tb(NO3)3.6H2O 

were used as starting materials, ethanol (C2H5OH) as a solvent, and nitric acid (HNO3) as 

a catalyst. An amount of 11.15 ml of TEOS (0.05 M) was mixed with 10 ml of ethanol 

and stirred for 30 minutes, after which 9 ml of water (containing 0.15 M HNO3) was 

added. Stirring then continued for another 30 minutes, after which the appropriate amount 

of dissolved Ce(NO3)3.6H2O and Tb(NO3)3.6H2O in ethanol was added to the mixture, 

which was stirred for a further 4 h. The mixture was then stored in a closed container and 

transferred to a water bath at 50°C until a gel was formed. The gel was dried, crushed and 

annealed at 1000°C in flowing 4% hydrogen in argon gas for 2 hours. To control the 

concentration of the dopants accurately, an appropriate amount of Ce(NO3)3.6H2O was 

dissolved in 75 ml of ethanol so that each 5 ml contained the required concentration (0.5 

mol%) of Ce ions. An appropriate amount of Tb(NO3)3.6H2O was also dissolved in 10 ml 

of ethanol. Of this mixture, 5 ml was added to produce the highest concentration of Tb 

ions. The remainder was diluted to 10 ml by adding ethanol, of which half was used to 

produce the next concentration of Tb ions (half of the first one). This process was 

repeated until the lowest concentration of Tb ions was reached.  

Photoluminescence (PL) measurements were made at room temperature using a Cary 

Eclipse fluorescence spectrophotometer equipped with a xenon lamp. Fluorescence 

lifetime measurement was performed on a time-resolved fluorescence confocal 

microscope (MicroTime-200, PicoQuant, Germany). A single-mode pulsed diode laser 

(375 nm) with a pulse width of ~240 ps in full-width at half maximum and an average 

power less than 1 μW was used as an excitation source. Data acquisition was based on a 

time-correlated single-photon counting (TCSPC) technique.  
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3. Theoretical considerations 
The non-radiative transfer of an electronic excitation from a donor to an acceptor can be 

represented by  

  ∗ +    →  +  ∗ (1)  

where   represents the ground state of the donor and   the ground state of the acceptor, 

and  ∗ and  ∗ represent their excited states. It has been shown that the transfer rate 

between the initial and final states is given by [11] 

    =   
ħ
 |⟨  ∗|ℋ  | ∗ ⟩| ∫   ( )  ( )   (2) 

where 〈    ∗| is the final state, | ∗   〉 is the initial state and ℋ   is the interaction 

Hamiltonian. The integral represent the spectral overlap between the donor ( ) emission 

spectrum and the acceptor ( ) absorption spectrum. The normalised emission spectrum of 

the donor is   ( ) and the normalised absorption spectrum of the acceptor is   ( ). The 

mechanism for energy transfer depends on the interaction Hamiltonian.   

If the wavefunctions of the donor and acceptor overlap, the quantum mechanical 

exchange interaction results in a transfer rate [4] 

    =      exp               (3) 

where    is the donor lifetime in the absence of the acceptor,   is the distance between 

donor and acceptor,    is the so-called critical separation distance for which energy is 

transferred at the same rate as which it decreases via luminescence when no acceptors are 

present, and   is a scaling factor corresponding to an effective Bohr radius. The 

corresponding decay function  ( ) after pulse excitation is given by [8] 

  ( ) = exp      −        (       )  (4) 
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where the exchange constant   is related to the scaling factor   by  = 2  /  and g         is a function that can be evaluated numerically [8], while   is the acceptor 

concentration and    is the critical concentration related to the critical radius by 

   = 3/(4    ). (5) 

For larger separation distances non-radiative energy transfer may occur via electric 

multipole interactions, resulting in an energy transfer rate [3] 

    =             (6) 

where   = 6 for dipole-dipole, 8 for dipole-quadrupole and 10 for quadrupole-quadrupole 

interactions. The corresponding decay function is [8]  

  ( ) = exp    
τ − Γ 1 −         

τ   /  . (7) 

As a result of energy transfer, the luminescence intensity as well as the lifetime of the 

donor decreases. Inokuti and Hirayama [8] developed numerical methods to simulate 

these changes for the different interactions mechanisms.  The relative emission intensity 

of the donor can be calculated from 

    =    ∫  ( )  ∞  (8) 

where   is the donor emission intensity in the presence of the acceptor, and    the 

corresponding intensity in the absence of acceptors. Similarly, the mean decay time    

can be calculated from 

      ∫   ( )  ∞ ∫  ( )  ∞  . (9) 

MATLAB was used to calculate the theoretical decay functions  ( ) as well as the 

relative emission intensities     and the reduced mean decay times      as a function of the 

concentration  /   for the different energy transfer mechanisms in order to compare 

these theoretical results to experimental data.  

4. Results and discussion 
For luminescence measurements all the samples were excited at the Ce absorption band 

near 325 nm [12]. The Ce luminescence with a short lifetime (in the ns order) was 
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recorded with the Cary Eclipse spectrometer in fluorescence mode, while the Tb 

luminescence with a long lifetime (in the ms order) was recorded in the phosphorescence 

mode. Figure 1 presents the PL emission of Ce and Tb for the samples having Tb 

concentrations of 0.0100 and 0.800 mol%. The reduction of the Ce emission and increase 

of the Tb emission while exciting the Ce shows that energy transfer occurs.  Table 1 

(columns 2 and 3) lists the emission intensity ( ) and the relative emission intensity (    ) of 

the Ce donor for all the samples.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: PL emission of (1) SiO3:Ce(0.5%),Tb(0.01%) and (2) SiO3:Ce (0.5%),Tb(0.80%). The 
Ce emission was recorded in fluorescence mode while the Tb emission was recorded in 
phosphorescence mode from the same samples. 
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Table 1: Acceptor concentration, Donor emission intensity 

and lifetime of the all series.  

Acceptor 

concentration 

(mol%) 

Donor emission 

intensity 
Donor lifetime 

  (a.u.) 
       (ns) 

     

0 64.6 1 50 1 

0.0100 60.2 0.932 42 0.84 

0.0160 54.6 0.845 41 0.82 

0.0200 52.9 0.819 42 0.84 

0.0310 44.8 0.693 39 0.78 

0.0400 39.7 0.615 38 0.76 

0.0630 31.1 0.481 31 0.62 

0.0800 22.4 0.347 22 0.44 

0.125 17.3 0.268 25 0.50 

0.200 11.0 0.170 17 0.34 

0.250 9.18 0.142 15 0.30 

0.400 6.00 0.093 16 0.32 

0.500 5.84 0.090 10 0.20 

0.800 3.38 0.052 8.0 0.16 

 

The experimental values of     were fitted to Eq. 8 using the least squares method in 

MATLAB. For the multipole interaction mechanisms (dipole-dipole, dipole-quadrupole 

and quadrupole-quadrupole) the fitting parameter is the critical concentration   , while 

for the exchange interaction mechanism the exchange constant   is fitted in addition to 
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  ,  . The results are shown Figure 2 and the fit parameters are listed in Table 2. The 

standard deviation (σ) of the experimental data from its theoretical value was also 

calculated for each interaction. The best fit was obtained for the exchange model, but it 

should be noted that for this fit there are two fitting parameters.  The best fit amongst the 

multipole interaction models was for the dipole-dipole interaction. For all the models the 

critical distance    was around 20 Å. The exchange interaction requires an overlap of 

wavefunctions and is only realistic for very small critical distances (   ≤ 10 Å) [13]. 

Therefore, although the fit is good, the energy transfer cannot be attributed to the 

exchange interaction and the dipole-dipole interaction seems most probable mechanism.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Experimental data of the relative emission intensity of the donor     
(circles) vs acceptor concentration     fitted to Eq. 8 (theoretical curve) for the 

case of (a) exchange, (b) dipole-dipole, (c) dipole-quadrupole, and (d) 

quadrupole-quadrupole interaction models. 
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Table 2: Parameters obtained from the fitted data 

Type of interaction γ  or s    (mol%)    (Å) σ (× 10  ) 
Exchange 4 0.12 19. 6 2.9 

Dipole-dipole 6 0.12 19.6 3.3 

Dipole-quadrupole 8 0.11 20.8 3.7 

Quadrupole-quadrupole 10 0.10 21.5 4.0 

 

Lifetime decay curves of the Ce donor emission are presented in Figure 3 after excitation 

with a pulsed laser at 375 nm. The f-d excitation peak for Ce in silica is at 325 nm (which 

was used for the PL measurements), but it is very broad and extends to the wavelength 

used for the lifetime measurements. The Ce emission was monitored using a bandpass 

filter (450 ± 20 nm). Although blue emission from the 5D3 levels of Tb can occur in this 

region, blue emission from the Tb after energy transfer from the Ce was not observed in 

the samples, even for the low Tb concentrations when cross-relaxation would not occur 

[14]. It is suggested that this is because the energy transfer from the Ce to Tb excites the 
5D4 level rather than the higher 5D3 level.  
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Figure 3: The decay curve of the samples SiO3:Ce (x%) where x is 0%, 0.08% and 
0.8%. The blue curve is the measured data and the red points are the convolution of the 
fitted data. 
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Although the decay curve of the Ce singly doped sample (Figure 3) is not simple 

exponential, a dramatic shortening of the lifetime was measured for samples co-doped 

with Tb, as expected for non-radiative energy transfer. Possible reasons for the deviation 

from simple exponential decay for the Ce singly doped sample are that the Ce occupies 

more than one site in the amorphous host, or that there is some contribution to the 

emission from defects in the silica.  The measured decay data for a period until the curve 

had decayed to 10% of its maximum value was fit to a multiexponential function (two 

exponentials were found to be adequate) that had been convoluted with the instrument 

response function, using least squares fitting in MATLAB. The fitted multiexponential 

functions were then used to compute the mean lifetimes, which are given in Table 1 

(column 4).  The mean lifetime of the Ce singly doped sample was 50 ns and this value 

was used for   . 

The experimental values of    /   were fit to Eq. 9 for the dipole-dipole interaction 

mechanism and the result in shown in Figure 4. Although the experimental decay data 

shows some scatter, the critical concentration for the fit was 0.12 mol% which 

corresponds exactly to what was found from the relative intensity data (Table 2). Figure 5 

shows the plot of the experimental values of  /   versus   /   compared to the 

theoretical curves for the different types of multipole interaction, and from this data one 

can also see that the dipole-dipole interaction mechanism is the most probably 

mechanism for energy transfer between Ce and Tb in silica.  

   

Figure 4: Experimental data of the decay 
lifetime   /   of the donor (circles) vs 
acceptor concentration  /   fitted to Eq. 9 
(the dipole-dipole theoretical curve)  

 Figure 5: The relative emission intensity  /   vs the decay lifetime   /   of the 
donor (circles) compared to the  
multipole  interaction theoretical curves  
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5. Conclusion 
The mechanism of the energy transfer from Ce to Tb in sol-gel silica was investigated 

using the Inokuti and Hirayama models. The relative emission intensity of the donor (    ) 
as a function of the acceptor concentration was found to fit well to the theoretical models 

associated with the exchange interaction and the dipole-dipole interaction, with the 

critical distance    around 20 Å for both models. The obtained value of    leads us to 

exclude the exchange interaction model, which requires shorter distances (   ≤ 10 Å). 

The decay lifetime of all the samples in the series was not a single exponential, even for 

the single Ce doped sample (which is not expected). This complex behaviour in decay 

lifetime caused inadequate fitting of the experimental data to the theoretical curve.  
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Chapter XII 

 Luminescence from Ce and Tb in LaF3 and the energy 
transfer mechanism in Ce,Tb co-doped LaF3 

 

1. Introduction 

Developing the efficiency of luminescent materials has attracted much interest in the last 

five decades due to their wide application in modern technologies. One way to enhance 

the luminescence efficiency is through energy transfer between a donor and an acceptor. 

Among lanthanide ions, Ce3+ is an excellent donor candidate due to its allowed f-d 

absorption and its broad emission band which can overlap an acceptor absorption band. 

The bright green emission of Tb3+ makes this ion a popular acceptor of the lanthanide 

group. Lanthanum fluoride (LaF3) is considered to be an ideal host material due to its 

superior thermal and environmental stability, as well as its low vibrational energy (~350 

cm-1) which minimizes non-radiative phonon-assisted quenching of the excited states of 

the dopant ions [1]. During the past decade there have been a significant number of 

reports focussing on nanoparticles with the specific composition La0.4F3: Ce0.45,Tb0.15 [2-

8].  The composition La0.8F3:Ce0.15Tb0.05 has also been considered [9], while recently the 

properties of lanthanum fluoride nanocrystals produced using the hydrothermal method 

with varying amounts of Ce and Tb have been reported [1]. The quantum efficiency of 

these phosphors has been an important consideration, and although the energy transfer 

from Ce to Tb is evident from the previous reports, the mechanism for the energy transfer 

has not been examined. A recent report [1] states that the critical transfer distance for 

energy transfer from Ce to Tb has been estimated at ~ 0.5 nm in LaF3, but this calculation 

was actually made for Ce0.85Tb0.15F3 (containing no La) and assumes that energy transfer 

occurs via the dipole-dipole interaction mechanism [10]. In this chapter, the mechanism 

responsible for the energy transfer between Ce and Tb in LaF3 was investigated by fitting 

both the luminescence intensity and the lifetime of the donor (Ce) as a function of the 

acceptor (Tb) concentration to the Inokuti and Hirayama theoretical models [11].   
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2. Experimental 

LaF3 pure host, LaF3:Ce, LaF3:Tb as well as co-doped LaF3:Ce,Tb phosphors were 

synthesized by the hydrothermal method. La(NO3)3.6H2O and NaF were used as starting 

materials and Ce(NO3)3.6H2O and Tb(NO3)3.6H2O were added for doping. 

Cetyltrimethylammonium bromide C19H42BrN (CTAB) served as a surfactant to control 

the particle size. Each prepared sample contained 5 mmol of the lanthanide ions 

(including dopants), 15 mmol of NaF and 1 mmol of CTAB. The nitrates, dissolved in 30 

ml of water, were added to the CTAB in 10 ml water. After stirring for 20 min, NaF 

dissolved in 10 ml of water was added drop by drop.  After further stirring for 40 min, the 

mixture was transferred into a 125 ml autoclave lined with teflon and heated at 150°C for 

12 h. The product was collected by centrifugation and washed first with water, and then 

with ethanol, each three times. The powder was finally dried in an oven at 80°C. By 

repeated dilution of a terbium nitrate solution, a series of LaF3:Ce(1 mol%),Tb(x mol%) 

where x = 20, 10, 5, 2, 1, 0.5, 0.2, 0.1, 0.05 was prepared for the analysis of the energy 

transfer mechanism. The structure of the prepared samples was characterised by X-ray 

diffraction (XRD) using a Bruker D8 diffractometer. Auger spectra and scanning electron 

microscopy (SEM) images were collected with a PHI 700 Scanning Auger Nanoprobe. 

Photoluminescence (PL) spectra were obtained with a Cary Eclipse fluorescence 

spectrophotometer, using the fluorescence mode for measuring the Ce emission and the 

phosphorescence mode for measuring the Tb emission. The luminescence decay curves 

were recorded at the SUPERLUMI station at HASYLAB, DESY using synchrotron 

radiation.  All reported measurements were made at room temperature. 

3. Results and discussion 

Figure 1 shows the XRD patterns of undoped and doped LaF3, together with the standard 

data for LaF3 from JCPDS card 32-0483. The patterns for samples doped with 5 mol% of 

either Ce or Tb have almost no difference from the pure host, showing that the Ce and Tb 

ions were incorporated successfully and were well dispersed in the LaF3 lattice. The 

heavily doped LaF3:Ce(1%),Tb(20%) sample shows a slight shift in the diffraction peaks 

toward greater angles, implying that the lattice parameter has decreased, which is 
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reasonable in terms of the smaller Tb ionic radius (0.0923 nm) compared to the La ions 

(0.1061 nm) that are substituted [6].  

 
 
 
 
 
 

Figure 1: XRD pattern of (a) LaF3, (b) LaF3:Ce(5%), (c) 
LaF3:Tb(5%), and (d) LaF3:Ce(1%)Tb(20%). The bottom vertical 
lines are the standard data of LaF3 from JCPDS card 32-0483. 

The particle size was estimated from the Scherrer [12] equation  

  =          (1) 

where   is the shape factor (0.9),   is the wavelength and   is the FWHM of the x-ray 

peak at the Bragg angle   (corrected for the instrument response). The average particle 

size of the undoped LaF3 nanoparticles was 36 nm. For the doped samples the x-ray 

peaks were slightly wider than for the undoped sample, but this can be explained by 

impurity broadening instead of a decrease in particle size. 

Figure 2 presents a SEM image and Auger profile of pure LaF3. Charging on the 

insulating samples limits the resolution of the images, so the particle shape is not clear, 

but it can be seen that that the particle size is less than 50 nm which is in agreement with 

the estimate from the XRD data. The Auger peaks at 83, 528, 634 and 732 eV are 

associated with the La while the peak at 659 eV corresponds to F. The peak at 273 eV is 

associated with C, and this contamination is attributed to adventitious hydrocarbons 

which are known to be always present. 
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 (a)                                                                    (b) 

Figure 2: (a) SEM image and (b) Auger spectrum of pure LaF3 

Figure 3 shows the PL excitation and emission spectra for the LaF3:Ce(1%). The 

excitation spectrum has a broad peak with a maximum at 247 nm corresponding to the 4f-

5d absorption band of the Ce3+ ions. The broad emission spectrum exhibits two peaks 

centred at 287 and 301 nm which are attributed to the transitions from the lowest 5d 

excited state to the 4f (2F7/2 and 2F5/2) ground state. Both the excitation and emission 

spectra are in agreement with reported data [13]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3: Excitation and emission for the LaF3:Ce(1%) 
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Figure 4: Excitation and emission spectra for LaF3:Tb(5%).  Label for f-f 
transition are from 7F6 ground state.  The absorption peak marked with (*) is 
attributed to small amounts of Ce impurity. 

Excitation and emission spectra for LaF3:Tb(5%) are shown in Figure 4. The excitation 

spectrum was recorded using the 542 nm green emission of Tb3+ ions. Nine absorption 

bands are found to correspond to f-f transitions of Tb3+, from the 7F6  ground state to: 5I7 

at 272 nm; 5I8,5F5 at 284 nm; 5H6 at 303 nm; 5H7 at 318 nm; 5D1 at 326 nm; 5L8 at 342nm; 
5D2,5L9 at 352 nm; 5L10 at 370 nm and 5D3,5G6 at 379 nm [14]. Although Wang et al. [1] 

state that 4f-5d absorption bands of Tb3+ ions in LaF3 occur from 250–280 nm, the lowest 

energy f-d absorption actually occurs near 200 nm [15]. The absorption band at 247 nm 

does not appear to be due to f-f or f-d absorption of Tb3+ and is most likely caused by 

very small amounts of Ce3+ impurity (the wavelength matches the f-d absorption of Ce in 

Figure 3) which could come from the porous teflon liner used for sample preparation with 

other samples containing Ce. The emission spectrum obtained from the Tb doped 

samples by exciting with 352 nm showed the characteristic green emission bands 

attributed to the 5D4-7FJ transitions (J=6,5,4,3) of Tb3+, with the dominant green band at 

542 nm.   
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Figure 5:   PL spectrum of the LaF3:Ce(1%),Tb(5%) sample 
excited with 247 nm (black) comparing with  the PL of 
LaF3:Ce(1%) and LaF3:Tb(5%) samples (red)  

 

Figure 5 shows the PL emission spectrum of the LaF3:Ce(1%),Tb(5%) co-doped sample 

excited at 247 nm, compared to the emission spectra for the singly doped samples. The 

Ce emission in the co-doped sample was quenched and an enhancement of the Tb 

emission was observed. This can be attributed to energy transfer from the Ce3+ ions to 

Tb3+ ions. Figure 6 shows the overlap of the emission spectrum of LaF3:Ce(1%) and the 

excitation spectrum of LaF3:Tb(5%). The Ce emission overlaps several of the Tb f-f 

excitation bands, which is the essential condition for energy transfer to occur (without the 

need for phonons). The Tb excitation spectrum of the co-doped sample monitored at 542 

nm (see Figure 6) showed a prominent peak at 247 nm, corresponding to Ce3+ f-d 

absorption, and relatively weak peaks associated with the Tb f-f excitation bands 
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Figure 6: The emission spectrum of LaF3:Ce(1%) , the 
excitation spectrum of LaF3:Tb(5%), and the excitation 
spectrum of LaF3:Ce(1%),Tb(5%) 

 

To investigate the influence of the Ce concentration on the emission intensity from Tb in 

the co-doped samples, the concentration of Tb3+ ions was kept constant at 5 mol% and 

the concentration of Ce3+ ions was varied from 0 up to 5 mol%.  Figure 7 shows the 

relative intensity of Tb emission associated with the 5D4-7F5 transition near 542 nm as a 

function of Ce concentration, normalized with respect to the sample containing no Ce, i.e. 

the Tb single doped sample. It was found that the Tb emission increased as the Ce 

concentration increased up to 5 mol%. Although the concentration of Ce corresponding 

to a maximum was not reached, the rate of increase became relatively low. It was decided 

to study the transfer mechanism using a fixed Ce concentration of 1 mol%, as a 

compromise between obtaining strong Tb emission through energy transfer, but not 

introducing more Ce than was necessary into the host. This also avoids possible 

interaction between Ce-Ce ions which may occur at high concentration, although it has 

been reported that practically no concentration quenching occurs in La1-xCexF3, implying 

that energy migration between Ce ions is not significant, even for very high Ce 

concentrations [16]. 
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Figure 7: The relative intensity of Tb emission associated 
with the 5D4-7F5 transition as a function of Ce concentration 

 

The luminescence intensity and decay lifetime of the Ce donor as a function of the Tb 

acceptor concentration in co-doped LaF3 samples were studied to determine the 

mechanism of the energy transfer from the Ce to the Tb ions. Inokuti and Hirayama [11] 

illustrated how the values of  /   where    is the donor emission intensity in the absence 

of the acceptor and   is the corresponding intensity in the presence of an acceptor, as well 

as   /   where    is the mean decay time and τ  is the lifetime of the donor when the 

acceptor is absent, depend on the acceptor concentration for different types of multipole 

as well as the exchange mechanism of energy transfer. . Inokuti and Hirayama [11]  

calculated the relative emission intensity of the donor as 

    =    ∫ ϕ(t)dt∞  (2) 

and the mean decay time    as 

      ∫   ( )  ∞ ∫  ( )  ∞   (3) 

where   ( ) is the decay function after pulse excitation . 

For multipole interactions the decay function is given by  

  ( ) = exp      −   1 −             /   (4) 
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where s = 6, 8 or 10 for dipole-dipole, dipole-quadrupole and quadrupole-quadrupole 

interactions,   is the acceptor concentration and    is some critical concentration at which 

the energy transfer rate from the donor equals its emission rate. The critical concentration 

can be related to a critical distance using   = 3/(4    ). For the exchange interaction 

the decay function is given by 

  ( ) = exp      −                 (5) 

where g         is a function that can be evaluated numerically [11]. The exchange 

constant    is related to an effective Bohr interaction radius   between the ions by  

  = 2  / .   (6) 

Values of  /   for a fixed Ce donor concentration of 1 mol% and a range of Tb acceptor 

concentrations were measured with the Cary-Eclipse fluorescence spectrophotometer and 

the results are given in Figure 8 and Table 1.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8: The intensity of Ce emission for a range 
(0%-20%) of Tb concentration 

 

The quantum efficiency of the energy transfer is given by[11] 

    = 1 −  /    (7) 

and a value of 87% was obtained for LaF3:Ce(1%),Tb(20%).  
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The Ce donor lifetime curves were measured using synchrotron radiation at 

SUPERLUMI using photon counting with a photomultiplier tube detector, with an 

excitation wavelength of 247 nm.  The time between bunches limited the measuring 

period to about 70 ns. The experimental curves were fitted (using the linear least squares 

routine in MATLAB) to multi-exponential functions (3 exponentials were found to be 

adequate) which were convoluted with the stray light signal measured on the system, and 

the fitted multi-exponential curves were used to calculate the mean decay times   . The 

decay curve for singly doped LaF:Ce 1 mol% was processed in the same way as for the 

co-doped samples, but with only a single-exponential function, and the lifetime was 

found to be 29 ns for the 287 nm emission and 31 ns for the 301 nm emission. These 

values are similar to the lifetime reported for smaller Ce-doped LaF3 nanoparticles coated 

with undoped LaF3 shells [17]. The decay time was slightly longer for the longer 

wavelength emission, as has been reported for Ce doped NaCaPO4 [18].  Figure 9 

presents several of the processed lifetime decay curves. The blue curve is the measured 

data and the red points are the convolution of the fitted data.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9: The processed lifetime decay curves of the 
samples LaF3:Ce(1%),Tb(x%) where x is 0%, 5%, 10%, 
and 20%. The blue curve is the measured data and the red 
points are the convolution of the fitted data. 
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Table 1: Luminescence intensity and lifetime for the LaF3:Ce,Tb 

Acceptor 
concentration 
(mol%) 

peak at 287 nm peak at 301 nm        (ns)             (ns)      

0 1 29.23 1 1 30.94 1 
0.0500 0.984 28.63 0.979 0.981 30.37 0.982 
0.100 0.981 28.58 0.978 0.978 30.32 0.980 
0.200 0.964 28.50 0.975 0.958 30.17 0.975 
0.500 0.956 28.25 0.966 0.951 29.93 0.967 
1.00 0.855 27.87 0.954 0.844 29.51 0.954 
2.00 0.758 27.62 0.945 0.737 29.17 0.943 
5.00 0.526 24.24 0.829 0.500 25.97 0.839 
10.0 0.306 19.79 0.677 0.277 20.22 0.653 
20.0 0.134 14.09 0.482 0.121 14.63 0.473 

Figure 10 (a) shows the experimental data  /   and   /   associated with the peak at 287 

nm (closed shape) and the peak at 301 nm (open shape) plotted against one another and 

compared to the theoretical curves expected for different types of multipole interactions, 

which were calculated using the method of Inokuti and Hirayama [11]. The results match 

what one may expect if the energy transfer occurs due to quadrupole-quadrupole 

interaction, and is not consistent with either dipole-dipole or dipole-quadrupole 

interactions. To determine the critical concentration   , least squares fits were made for 

the quadrupole-quadrupole interaction of  /   against  /   and   /   against  /   with    as the fit parameter, giving values of 8.58 and 9.77 mol% respectively. These were 

averaged and the result was converted to a volume concentration (using a molar volume 

of 33 cm3/mol for LaF3), and used to calculate the critical distance    of 0.52 nm. 

Despite the fact that this value is obtained on the basis of quadrupole-quadrupole 

interaction, its value is almost the same as that reported before using a calculation based 

on the dipole-dipole interaction [1,10]. 
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                                      (a)                                                                    (b) 

Figure 10: (a) Experimental data of     vs       (closed and open circle) fitted to the 

theoretical curves (solid lines) of dipole-dipole (s=6), dipole-quadrupole (s=8), and 

quadrupole-quadrupole (s=10) interaction. (b)  Experimental data of     (closed and 

open square) vs     and       (closed and open triangle) vs     fitted Eq. (2) and Eq. (3) 

(theoretical curves) of quadrupole-quadrupole interaction. Note that closed and open 

shape correspond to the peak at 287 nm and 301 nm respectively. 

The experimental data was also fitted to the exchange interaction model for energy 

transfer. For this model, in addition to   , the exchange constant   is also a parameter. 

The experimental data of  /   and   /   were plotted against one another and compared 

to the theoretical curves of several values of   as computed using the method of Inokuti 

and Hirayama [11]. The experimental data corresponds well to the exchange interaction 

for    =11.6 (see Figure 11(a)). This value for   was fixed and least squares fits of  /   

against  /   and   /   against  /   with    as the fit parameter were made for exchange 

model in order to determine the critical concentration   , giving values of 8.02 and 7.97 

mol% respectively. 
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                                     (a)                                                                  (b) 

Figure 11: (a) Experimental data of     vs       (closed and open circle) fitted to the 
theoretical curves (solid lines) of exchange interaction (   = 8, 10, 12 and 14). The 
blue dashed line gives the best fit (   = 11.6). (b)  Experimental data of     (closed and 
open square) vs     and       (closed and open triangle) vs     fitted to Eq. (2) and Eq. (3) 
(theoretical curves) of exchange interaction. Note that closed and open shape 
correspond to the peak at 287 nm and 301 nm respectively. 

The average critical concentration was used to calculate the critical distance    of 0.55 

nm, which is similar to that obtained for the quadrupole-quadrupole interactions. As 

pointed out by Nakazawa and Shionoya [19], it can be difficult to distinguish between the 

higher order multipole interactions and the exchange interaction by analysing the 

luminescence intensity and lifetime of the donor emission. To check if the exchange 

mechanism is feasible, the effective average Bohr radius   should be similar to the ionic 

radii of the interaction ions, i.e. 0.1 nm for the lanthanides. In the present case the values 

of     and   give an effective average Bohr radius   = 0.095 nm, which means the 

exchange interaction mechanism can contribute the energy transfer between Ce and Tb, 

although quadrupole-quadrupole interaction cannot be eliminated.  

Using a similar method to that in this study, Nakazawa and Shionoya [19] found that 

energy transfer between unlike lanthanide ions in calcium metaphosphate glass was 

governed by dipole-quadrupole interactions.  However, cerium was not one of the 

dopants considered. Wang et al. [20] found the dipole-dipole interaction was responsible 

for energy transfer from Ce to Tb in CaAl2SiO6. To our knowledge, energy transfer from 
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Ce to Tb has not been attributed to quadrupole-quadrupole interaction before. This 

mechanism has been reported for energy transfer from Eu to Pr in K5Li2GdF10, although 

the exchange mechanism was not considered in that study [21]. In contrast to a recent 

report on Ce,Tb co-doped LaPO4 nanoparticles [22] in which energy transfer is suggested 

to not affect the decay kinetics of the Ce emission, in this study changes in the Ce decay 

curves could be observed and correlated to energy transfer from Ce to Tb.  

 

4. Conclusion 

Ce and Tb have been successfully incorporated singly, as well as together, in LaF3 

nanoparticles via the hydrothermal method. The crystal structure of LaF3 remained 

unchanged after being doped with Ce3+ and Tb3+ ions, with a slight decrease in the lattice 

parameter in the samples having a heavy dopant concentration. The estimated particle 

size was 36 nm. The excitation and emission spectra of the single doped samples are in a 

good agreement with the reported values. Energy transfer from Ce to Tb was achieved in 

the co-doped samples with a quantum efficiency for energy transfer around 87% for the 

LaF3:Ce(1%),Tb(20%) sample. The data associated with the luminescence intensity and 

lifetime of the donor as a function of the acceptor concentration fitted well to the Inokuti 

and Hirayama nonradiative energy transfer models corresponding to the quadrupole-

quadrupole mechanism and the exchange interaction mechanism. Due to the short 

effective average Bohr radius   calculated from the obtained fitted parameters, the 

exchange interaction could not be excluded and it may contribute to the energy transfer 

together with quadrupole-quadrupole interaction.  
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Chapter XIII 

Conclusion 

A wide variety of lanthanide ions were incorporated successfully in silica using the sol-

gel method. Luminescence measurements produced by photons (photoluminescence or 

PL) and electrons (cathodoluminescence or CL) were made and compared for all the 

prepared samples.  Samples doped with Tb and Eu showed bright emission under both 

types of excitation. Weak PL and CL emission from the samples doped with Sm and Dy 

were very similar. Samples doped with Pr exhibited weak PL and CL emission while 

sample doped with Tm showed only CL emission. No emission was found for samples 

doped with Nd, Gd, Ho, Er and Yb for either type of excitation.  Interesting differences in 

luminescence from the samples doped with Tb and Ce were observed depending on the 

type of excitation. The cathodoluminescence can cause emission which was not produced 

by the UV irradiation, and this was attributed to the additional luminescence of ions in 

the 4+ valence state that captured electrons and then emitted in a similar fashion as ions 

in the 3+ state. For Ce and Pr doped samples photoluminescence emission could also be 

induced by annealing the samples in a reducing atmosphere, with very bright emission 

from the Ce but only poor results from the Pr. 

Tb with 0.1 mole% and 1 mole% were embedded in silica by the sol-gel method. The 
5D3→7FJ blue emission observed in the 0.1 mole% sample excited with different UV 

sources (xenon lamp, laser and synchrotron radiation) was found to have been quenched 

through cross-relaxation in the sample containing 1 mole%. However, the CL 

measurement showed the 5D3→7FJ blue emission even for 1 mole% sample. A simple 

calculation of the quantum efficiency for the 325 nm laser UV source used for PL 

compared to that for CL indicated that the presence of the 5D3→7FJ blue emission is not 

due to the high quantum efficiency of the CL, but to the nature of the type of the 

excitation (i.e. electrons versus photons). During electron bombardment Tb4+ ions can be 

convert into an excited (Tb3+)* state, which do not experience concentration quenching, 

possibly because Tb4+ ions have a lower concentration on a different site compared to the 
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Tb3+ ions. It is clear that whether the blue 5D3→7FJ emission of terbium occurs in doped 

silica depends not only on the terbium concentration, but also on the nature of the 

excitation source. 

A scheme for the energy levels of both the divalent and trivalent lanthanide ions in 

amorphous silica was proposed, based on a recent model. The value of the charge transfer 

excitation energy for Eu3+ was taken as the energy from the valence band to the f-level of 

Eu2+, and the levels for other lanthanides were obtained by their known shifts relative to 

this. The suggested use of the charge transfer energy for Ce4+ to find the f-levels for Ce3+ 

and hence the other trivalent lanthanide ions did not yield good results. 

Emission from Ce-doped silica was compared to the reported literature.  Due to the 

nature of the amorphous host a wide variation was recognised.  This represents a 

challenging system because of its defect emissions, the variability in wavelength of 

cerium’s f-d transitions depending on the ion’s environment and the possibility of Ce 

occurring in either the Ce3+ or Ce4+ charge state. The samples annealed in air showed 

emission under electron beam excitation, but not UV excitation. It is suggested that by 

electron beam excitation Ce4+ ions can be stimulated by a process of electron capture into 

excited Ce3+ ions which are responsible for the luminescence.  The change in emission 

wavelength can then be attributed to the different environments of the Ce4+ and Ce3+ ions. 

The influence of annealing atmosphere on the relative concentration of Ce4+ and Ce3+ 

ions was studied by x-ray photoelectron spectroscopy (XPS) and related to the PL 

characteristics. The XPS spectra analysis showed an increase of the Ce3+ concentration in 

the samples annealed in reducing atmosphere of 4% H2 in Ar. Reducing the samples at 

1000°C is much more efficient than 600°C. The PL and UV-vis reflectance 

measurements were consistent with the XPS results, confirming the successful 

conversion of non-luminescent Ce4+ to luminescent Ce3+. 

For Ce,Tb co-doped silica the quantum efficiency of the energy transfer from Ce to Tb 

can be maximised by annealing the samples in a reducing atmosphere. The optimum 

concentration of Ce ions giving a high emission from 1% Tb ions was found to be 0.5%, 

which is in a good agreement with the reported result from samples annealed at 600°C in 
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air. However, the enhancement of luminescence due to co-doping has been increased 

dramatically compared to these earlier results, indicating that the energy transfer quantum 

efficiency was strongly depended on the annealing atmosphere. Using such co-doped 

silica samples exhibiting energy transfer, it is possible to obtain effective luminescence 

from the Tb3+ ions via excitation of Ce3+ ions at 325 nm, instead of exciting the Tb3+ ions 

directly which requires a shorter wavelength of about 227 nm.   

A series of Ce,Tb co-doped silica samples with a fixed concentration of Ce (0.5 mol %) 

and varying concentration of Tb from 0 up to 0.8 mol% were produced for studying the 

energy transfer mechanism. The measured donor emission characteristics (both intensities 

and lifetimes) as a function of co-doping concentration were fitted to the theoretical 

models, and the best fits were found for the exchange interaction model and the dipole-

dipole interaction model. Due the large critical distance    obtained from the fitting, the 

exchange interaction model was excluded and the energy transfer was attributed to 

dipole-dipole interactions.    

Ce and Tb doped as well as Ce,Tb co-doped LaF3 nano phosphor was produced 

successfully by the hydrothermal method.  The XRD patterns exhibited no change in the 

crystal structure, except a small shift in the diffraction peaks to higher 2  values in the 

samples having a heavy dopant concentration (due to the smaller size of the dopant ions 

than those they substitute). The estimated particle size was 36 nm. In the co-doped 

samples Ce emission was quenched and an enhancement in Tb emission was detected.  

Energy transfer from Ce to Tb was achieved in the co-doped samples with maximum 

quantum efficiency for energy transfer around 87% for the LaF3:Ce(1%),Tb(20%) 

sample. 

The intensity and lifetime of the donor as function of the acceptor concentration were 

analysed according to the theoretical models. On the basis of the analysis among the 

multipole interactions, the best fit was achieved if the energy is transferred via the 

quadrupole-quadrupole interaction. Due to the short enough effective average Bohr 

radius   calculated from the obtained fit parameters, the exchange interaction could not 

be excluded and it may contribute to the energy transfer together with quadrupole-

quadrupole interaction.     
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The mechanism of the energy transfer found between Ce and Tb is different in the 
amorphous silica host and the crystalline LaF3 host, indicating it is not simply dependant 
on the type of donor and the acceptor, but also their environment.  

For future work, an effort can be made to solve the complication of the lifetime analysis 
in the sol-gel silica by trying to dope it with a smaller concentration of Ce, and also trying 
to control the host defects by preparing a crystalline phase of silica. This might be done 
using the combustion method. 

From our analysis, the energy transfer mechanism differs in the two studied hosts, 
suggesting that the mechanism is not only dependent on the kind of the donor and 
acceptor. This suggests further investigations of other combination of donors and 
acceptors to confirm whether the mechanism is host dependant or not.         

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

        


