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Abstract 

Alumina-titania (Al2O3-TiO2) is one of the most useful nano-composites to host up-conversion 

rare-earth (UCRE) ions to prepare light emitting nano-materials or nano-phosphors. These nano-

composites have received a special attention because of their excellent thermal, chemical and 

mechanical stability. Alumina (Al2O3) is a ceramic material with high level of strength, 

toughness and tribological properties. Titania (TiO2) is a wide bandgap semiconductor material 

that is used in different application including photocatalytic activities, solar cells, hydrogen 

storage and sensors. 

The singly doped α- Al2O3:Yb
3+

 phosphor powder was successfully synthesized by solution 

combustion method.  The structure of the phosphor powders was characterized with powder X-

ray diffractometer (XRD). The XRD patterns confirmed that the phosphors crystallized in the 

hexagonal phases of α-Al2O3 with space group R3c and the average crystallite size was 29 nm 

estimated from Debye-Scherrer equation. The Fourier transform infrared (FTIR) measurements 

confirmed the characteristic bonds of Al-O from α-Al2O3. The particle morphology and 

elemental composition of the phosphors were characterized by field emission scanning electron 

microscope (FE-SEM) coupled with an energy dispersive x-ray spectroscopy (EDS). The 

phosphor powders were excited in ultraviolet (UV) region with excitation wavelength of 325 nm 

and the corresponding near infrared (NIR) emission was observed at 975 nm. The NIR emission 

was assigned to 
2
F5/2→

2
F7/2 transition of Yb

3+
. The bluish green emission with maxima at ~ 480 

nm was observed as a result of cooperative luminescence of Yb
3+

 when the powders were 

excited in the NIR with excitation wavelength of 980 nm.  

The TiO2:Er
3+

 nano-phosphor powder were successfully synthesized by sol-gel method at room 

temperature XRD confirmed that nano-phosphor has crystallized in the tetragonal phases of 

anatase and rutile with space groups of 
  

 
   and  

  

 
  , respectively. An average crystallite 

size of the undoped TiO2 was 26 nm. The FE-SEM confirmed nano-rods particle morphology 

with diameter and length of 78 ± 36 nm and 1.51 ± 0.30 µm, respectively. The FTIR revealed the 

characteristic bonds of Ti-O due to the presence of TiO6 in titania. The nano-phosphor powders 

were excited in the NIR region with excitation wavelength of 980 nm and the corresponding 

visible emissions were observed at 527, 564 and 665 nm. The green emission with maxima at 
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527 and 564 nm were assigned to (
2
H11/2, 

4
S3/2)→

4
I15/2 while red emission at 665 nm was 

assigned to 
4
F9/2→

4
I15/2 transition of Er

3+
 ion. The excited state absorption (ESA) mechanism of 

up-conversion (UC) process was discussed extensively.      

The nano-composites of Al2O3-TiO2:Yb
3+

,Er
3+ 

and Al2O3-TiO2:Yb
3+

,Tm
3+

 phosphor powders 

were successfully synthesized by sol-gel method. XRD patterns confirmed the mixed oxides of 

titania (TiO2) rutile phase and an early crystallization of alumina (α-Al2O3) phase. The XRD 

patterns were consistent with JCPDS card no. 46-1212 and 21-1272 for α-Al2O3 and TiO2 rutile 

phases, respectively. An average crystallite size of ~ 36 nm was estimated from Debye-Scherrer 

equation. FE-SEM confirmed nano-rods morphology self-assembled with spherical particles. In 

Yb
3+

-Er
3+

 codoped nano-composites; the powders were excited in the NIR region with excitation 

wavelength of 980 nm and corresponding visible emissions were observed at 523, 548 and 658 

nm. The green emission with maxima at 523 and 548 nm were assigned to (
2
H11/2, 

4
S3/2)→

4
I15/2 

while red emission at 658 nm was assigned to 
4
F9/2→

4
I15/2 transition of Er

3+
 ion. In Yb

3+
-Tm

3+
 

codoped nano-composites; the powders were excited in NIR region with excitation wavelength 

of 980 nm and corresponding visible to NIR emissions were observed at 480, 650, 693 and 800 

nm. The blue emission with maxima at 480 nm was assigned to 
1
G4→

3
H6, red emission with 

maxima at 650 and 693 nm were assigned to 
1
G4→

3
F4 and 

3
F3→

3
H6 and NIR emission with 

maxima at 800 nm was attributed to 
3
H4→

3
H6 transitions of Tm

3+
 ion. The other optical 

properties were investigated with the characterization techniques such as FTIR and UV-vis. 

KEYWORDS 

Alumina, titania, nano-composites, nano-phosphor, up-conversion, red, green, blue, near-

infrared, emission. 

ACRONYMS 

nm - Nanometer 

CNTs - Carbon nanotubes 

QDs - Quantum dots 

UC -  Up-conversion 

IR               -    Infrared 
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NIR 

DSSCs 

- Near infrared 

- Dye-sensitized solar cells 

a-Si - Amorphous silicon 

c-Si - Crystalline silicon 

RE - Rare-earths 

SCS
 - Solution Combustion Synthesis 

XRD - X-ray diffracrometer 

UV-vis-NIR - Ultraviolet-Visible-Near infrared 

FTIR - Fourier transform infrared 

FE-SEM - Field emission scanning electron microscope 

EDS - Energy dispersive x-ray spectroscopy 

PL - Photoluminescence 

CL - Cathodoluminescence 

TL - Thermoluminescence 

EL - Electroluminescence 

ET - Energy transfer 

ESA - Excited state absorption 

ETU - Energy transfer up-conversion 

CUC - Cooperative up-conversion 

GSA - Ground state absorption 

HCP - Hexagonal close-packed 

MOCVD - Metalorganic chemical vapour deposition 

UCRE - Up-conversion rare earths 

FWHM - Full width half at maximum 
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1. Introduction 
 

1.1 History of nanoscience and nanotechnology 

The study of nanoscience and nanotechnology has generated a great attention in all the fields of 

science and technology. The materials and structures with at least one dimension that is less than 

100 nanometer (nm) have novel properties which enable them to play an important role in the 

rapid progress of the fields of science and technology [1]. In 1959 the American physicist 

Richard Feynman gave a lecture with the title: “There is plenty of room at the bottom”. In this 

lecture, Feynman described a process by which the ability to manipulate individual atoms in a 

molecular level might be developed [2]. In addition, he also mentioned that scaling issues would 

arise from altering the size of various physical phenomena: Gravity would become less 

important, surface tension and Van der Waals attraction would become more important. The 

term “nanotechnology” was introduced in 1974 by Japanese scientist Norio Taniguchi in a 

conference. He described the term mainly as consisting of the processing of separation, 

consolidation and deformation of materials by one atom or one molecule [3]. However, the term 

nanotechnology was not used again until 1980s when the American engineer Eric Dexler, who 

was not aware of Taniguchi’s prior use of the term, published a first paper based on 

nanotechnology in 1981 [4].     

Nanotechnology or nanoscience is a multidisciplinary field which covers a broad area of 

expertise including classical fields of physics, chemistry, biology, material science, electrical, 

mechanical and chemical engineering [5]. Many researchers have found that the existence of 

nano-sized particles have been present on earth for millions of years up-to-date and have been 

used by mankind for thousands of years [6]. In the 4
th

 century the application of nano-materials 

was first observed from the Roman glass cage cup called the Lycurgus cup which is coated with 

gold (Au) nanoparticles (shown in Figure 1.1). The cup displays different colours when 

irradiated with light from different angles.  The cup displays red light when lit from behind 

(Fig.1.1(a)) and green light when lit from front (Fig.1.1(b)) [7]. Nowadays, we are exposed to 

nano-materials on a daily basis through the products we use or the use of materials in work 
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places. For example personal care products (cosmetics), sporting goods (tennis racquet), 

electronics (mobile phones) and the automotive industries (hydrophobic windscreens). The novel 

properties of these nano-materials due to their small size, morphology and their ability to alter 

their sizes and shapes by employing various synthesis methods, have shown great interest in 

research and development (R&D).  Currently, nano-sized materials are widely used in various 

sectors of science including energy, electronics, biomedicine, pharmaceuticals, cosmetics and 

environmental studies. Amongst all the sectors, application of nano-materials in energy 

particularly in solar cells is one of the most focused areas of research [8-10].  

 

Figure 1.1: A Lycurgus cup showing (a) a red colour when lit behind and (b) green colour when lit in front [7]. 

1.2 Nano-materials   

Nano-materials can be metals, ceramics, polymeric materials or composites materials with 

particle sizes that range between 1 and 100 nm. Figure 1.2 depicts schematic diagram of material 

scale on how small nano is. There are different types of nano-materials existing such as carbon 

nanotubes (CNTs), fullerenes, quantum dots (QDs), dendrimers, nano-powders, nano-

composites, nano-alloys, nano-wires and metal oxides. Amongst all the nano-materials, nano-

composites have a wide range of applications due to their tremendous properties. Nano-

composites are made up of two or more dissimilar materials and mixed together at the nanometer 

scale to form new product with novel and improved physical and chemical properties [11]. This 
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study was aimed at preparing and characterizing luminescent nano-composites that could be used 

to enhance power conversion efficiency of solar cells.  

 

Figure 1.2: Schematic diagram of how small is nano [12]. 

1.3 Problem statement 

Technology has always been a key determinant of energy consumption. The demand for energy 

is growing rapidly because of the advances in technology. There are various sources of energy 

such as nuclear energy, coal, wood, oil and gas but they have there are own drawbacks. Nuclear 

power plants are very expensive and they take long time to construct, and poses dangerous 

radiation. The other sources of energy which are coal, wood, oil and gas produce large amounts 

of carbon dioxide (CO2) pollution. Therefore, they are not environmental friendly they cause 

global warming. Considering the fact that coal also needs to be transported from mines to the 

coal-fired power plant locations these leads to the high cost in transportation and delays in coal 

delivery. In addition, coal in South Africa (SA) is considered to be  one of the most dominant 

primary energy supply as shown in figure 1.3 [13, 14].  

All the above mentioned information challenged scientists to look for clean and inexpensive 

alternative energy sources such as hydroturbines and solar cells i.e green energy. The use of 

hydroturbines to generate electric power becomes limited due to the droughts and unpredictable 

weather patterns experienced in many parts of the world due to global warming effects. Solar 

cells are widely used because they generate electricity by using sunlight which is readily 

available. Research in solar cells is very crucial to our society because it will help so many 
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families and industries to reduce the costs of electricity. Solar cells offer pollution-free, long-

term, maintenance-free, efficient and are reliable. The average daily solar radiation in South 

Africa (SA) vary between 4.5 and 6.5 kWh/m
2
 which are good compared to United States (3.6 

kWh/m
2
) and Europe (2.5 kWh/m

2
) . Therefore, it is reasonable why research and development 

(R&D) based on solar cells requires a great attention in SA [15]. 

 

 

Figure 1.3: South Africa's primary energy supply sources as captured in 2010 [14]. 

To minimize the cost of harvesting shorter-energy photons from the solar spectrum or how to 

improve the efficiency of solar cells has been a challenge for the past years. Therefore, the 

application of the luminescent up-conversion (UC) nano-materials has been proposed as efficient 

methods for enhancing the poor spectral response of solar cells in an infrared (IR) region 

particularly for dye sensitized solar cells (DSSCs), silicon (Si) solar cells and organic solar cells 

[16-18]. The poor spectral response is due to transmission of photons with energy lower than the 

bandgap not being absorbed. Therefore, transmission losses contribute more to the losses for 

wider bandgap solar cells [17]. 

 



 

5 
 

1.4 Research aim and objectives 

This study was conducted to investigate the UC luminescence properties of Al2O3-TiO2 nano-

composites doped with different rare-earths (RE) such as ytterbium (Yb
3+

), erbium (Er
3+

) and 

thulium (Tm
3+

). These UC luminescence properties display potential applications in solar cells.  

This work was proposed because transmission is a major problem in solar cells as a result of 

lower-energy photon than energy bandgap. The aim was to prepare UC nano-composites that 

will harvest lower-energy photons in the near infrared (NIR) and convert them to higher-energy 

photons in the visible region. The objectives of this study were as follows: 

 To prepare the host matrix Al2O3, TiO2 and Al2O3-TiO2 by sol-gel method and solution 

combustion synthesis (SCS). 

 To investigate the crystal structure of Al2O3, TiO2 and Al2O3-TiO2 by powder x-ray 

diffractometer (XRD). 

 To investigate the optical properties of Al2O3, TiO2 and Al2O3-TiO2 by UV-vis-NIR 

spectrophotometer and Fourier transform infrared (FTIR). 

 To characterize particle morphology and elemental composition by a field emission 

scanning electron microscope (FE-SEM) coupled with energy dispersive x-ray 

spectroscopy (EDS). 

 To investigate the cooperative luminescence of singly doped Yb
3+

 by photoluminescence 

(PL) spectroscopy. 

 To study the UC luminescence properties of a singly doped Er
3+

. 

 To investigate the energy transfer from Yb
3+

 to Er
3+

 in Al2O3-TiO2 nano-composites. 

 To investigate the energy transfer from Yb
3+

 to Tm
3+

 in Al2O3-TiO2 nano-composites.  

1.5 Thesis layout 

This mini-thesis is divided into eight chapters. Chapter 1 gives an overview of the history of 

nanoscience and nanotechnology, problem statement, aims and objectives. Chapter 2 provides a 

theoretical background on photoluminescence, UC luminescence, a host matrix Al2O3, TiO2 and 

Al2O3-TiO2, and applications of UC phosphor based nano-materials in various fields. Chapter 3 

gives a brief description of the synthesis techniques that were used to prepare nano-materials. 

Chapter 4 presents a brief description of the characterization techniques that were used to 

investigate the properties of nano-materials. Chapter 5 presents cooperative luminescence from 
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low temperature synthesis of α-Al2O3:Yb
3+

 phosphor by using solution combustion method. The 

study of structural properties and up-conversion luminescence in TiO2:Er
3+

 nano-phosphor is 

discussed in chapter 6. Chapter 7 presents up-conversion luminescence and nano-composites 

features of Al2O3-TiO2:Yb
3+

,RE (RE = Er
3+

 and Tm
3+

) powders. Chapter 8 gives summary and 

conclusion of the thesis and suggestions for future work.  
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2. Background theory 

2.1 Luminescence 

The luminescence is the process of emission of light due to the chemical reactions, electrical 

energy, subatomic motions and stress on a lattice [1,2]. This process is whereby electrons in 

phosphor material decays radiatively from a higher energy state to a lower energy state with the 

difference in energy released as photons. In addition, for this process to take place the electrons 

needs to be excited to the higher energy level (absorption) by energy from the external source. 

The electrons decay to the ground state with two paths either radiative or non-radiative as shown 

in figure 2.1. The radiative relaxation is when excited electron decays to the ground state by 

emitting photons in a form of light. The radiative decay results in a spontaneous luminescence 

from phosphor materials and such luminescence may results from band edge or near band edge 

transitions, or from defect and/or activator quantum states as illustrated in figure 2.1. The non-

radiative relaxation is when excited electron returns to the ground state by emitting phonons 

(heat). The process of non-radiative relaxation in phosphor applications it is not good because it 

suppresses the light generation efficiency and increases the heat losses. Therefore, it is very 

important to consider a material with a low phonon frequency to prepare a light emitting 

phosphors material [3]. There are many different types of luminescence existing such as 

photoluminescence (PL), cathodoluminescence (CL), thermoluminescence (TL), and 

electroluminescence (EL). The difference between them depends on the prefix name which 

indicates the type of excitation source (eg. catho- , thermo- , electro- and photo-).  

2.2 Photoluminescence 

Photoluminescence is the process when the phosphor material absorbs electromagnetic radiation 

particularly photons and therefore, an electron may be excited to a higher energy quantum state 

and the excited electron returns to a lower energy quantum state by emission of a photon. In 

general, the luminescence from the rare-earths (REs) doped phosphors begins with the 

absorption of photons on 4f-4f transition. The emission of a photon in solid/phosphor material 

occurs at lower energy than the absorbed energy of the photons due to the vibrational levels in 

the excited state. This phenomenon is known to be Stoke’s shift and the emitted photon is  
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red-shifted relative to the absorption/excitation photon wavelength (as shown in figure 2.2). The 

process of photoluminescence exists in two different forms namely: fluorescence and 

phosphorescence. In fluorescence luminescence the emission stops after the excitation source 

stops while in phosphorescence luminescence the light emission continues for several seconds 

even after the excitation source has stopped. Fluorescence depicts short radiative relaxation 

lifetimes (10
-9

 – 10
-5

 s) while phosphorescence exhibits a relative long radiative relaxation 

lifetimes with (> 10
-5

 s) [4].     

Figure 2.1: A radiative and non-radiative process that can occur during luminescence. (e - electron 

and h - hole) 
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Figure 2.2: The absorption and emission spectra exhibiting Stokes shift. 

2.3 Up-conversion process 

Up-conversion (UC) process is a unique type of photoluminescence, in which the generation of 

high-energy photons (visible emission) it is induced by low energy excitation (near infrared 

photons) [5]. This process involves a sequential absorption of more than one lower energy 

photons and energy transfer (ET) between doping ions. This phenomenon was invented by Auzel 

in 1966 [6]. The UC process can be seen in rare-earths or transition metal ions incorporated into 

inorganic and organic host. The predominant mechanisms in UC phosphor based materials are 

excited state absorption (ESA), energy transfer up-conversion (ETU) and cooperative up-

conversion (CUC) [7].  

2.3.1 Excited state absorption 

In ESA mechanism, excitation takes place in the form of sequential absorption of pump photons 

by a single ground state ion. The general energy diagram of ESA is depicted in (Fig. 2.3(a)) for a 

simple three-level system. The energy bandgap between the levels G and E1 is similar to that for 
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the levels between E1 and E2. When the ion is excited from the ground state G to the 

intermediate state E1, a process it is called ground state absorption (GSA). The excited ion in E1 

level has high chances of being pumped to the E2 level by pump photon because of the relatively 

long lifetime of the intermediate state E1 before its returns to the ground state. Eventually, the 

UC emission will occur from the E2 level. The selection of the dopants is very important in UC 

phosphors based materials because a ladder-like arrangement of the energy states of ions is 

needed [8]. 

2.3.2 Energy transfer up-conversion 

ETU mechanism is quite the same with ESA. The ESA mechanism occurs within a single 

lanthanide ion, while ETU mechanism involves two neighboring lanthanide ions. In ETU, the 

sensitizer (ion 1) is first excited from its ground state G to its intermediate state E1 through the 

process of GSA. The sensitizer ion returns to the ground state G non-radiatively and transfer 

energy to the excited state E1 of the activator (ion 2). Therefore, exciting ion in an activator will 

be promoted to the upper emitting state E2 in a ladder-like until the excited ion in E2 returns 

back to the ground state G resulting in UC (Fig. 2.3(b)). The dopant concentration plays 

important role on the UC efficiency in this mechanism because it determines the average 

distance between the sensitizer and activator. Therefore, this mechanism is very sensitive to the 

dopants concentration [9] 

The theory of energy transfer was proposed by Dexter and it has exposed that two luminescence 

centers, a sensitizer (Donor) and activator (Aceptor) within a certain distance, R with a certain 

interaction such as exchange or electric-multipole interaction may be in resonance and transfer 

energy from sensitizer to an activator. For near neighbouring ions (3 – 4 Å) the energy transfer is 

possible through the exchange interaction, while for interactions greater than (> 4 Å) the electric-

multipole interaction takes place. The distance R between the two ions must be shorter than the 

critical distance Rc which is approximately twice the radius of a sphere. The critical distance Rc 

can be practically estimated by using the relation given by: 

                       *
  

     
+
 

 ⁄
       (2.1) 
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Where Xc is the critical concentration, V is the volume of the unit cell and N is the number of 

cations per unit cell [10,11] 

2.3.3 Cooperative up-conversion 

CUC is a mechanism which involves the interaction among three ion centers, whereby ion 1 and 

ion 3 are assigned to be sensitizers in ETU process as shown in figure 2.3(c). The ion 1 and ion 3 

can be excited to the intermediate state E1, then ion 1 and ion 3 will interact with an activator 

(ion 2) at the same time and excite ion 2 to its higher excited state E1. Finally, the ion 2 returns 

back to the ground state G displaying UC emission. The efficiency of CUC mechanism is lower 

than that of ESA and ETU processes, due to quasi-virtual pair levels during transitions which 

have to be described quantum mechanically in a higher order of perturbation [12]. 

 

Figure 2.3: Schematic diagram of ESA mechanism in a three-energy level system (a), ETU mechanism between ion 

1 (sensitizer) and ion 2 (activator) (b) and Cooperative up-conversion mechanism (c). (Red and violet dotted lines 

respectively represent photon excitation and non-radiative relaxation, brown curly arrows and green full arows 

represent energy transfer and UC photon emission, respectively). 
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2.4 The building blocks of up-conversion phosphors 

The UC phosphors based nanomaterial is constructed with inorganic crystalline host matrix and 

dopant (emission centers). The dopant plays an important role of emission centers while the host 

matrix it brings these emission centers into optimal positions. The UC luminescence it is possible 

with one type of dopant ion but to achieve high UC efficiency two different types of ions are 

required. It has been mentioned previously that ETU is the most efficient UC process whereby 

two different types of ions as being sensitizer and activator interact. In this present study the 

sensitizer (Yb
3+

)/activator (Er
3+

 and Tm
3+

) codoped Al2O3-TiO2 UC phosphors were 

investigated. The trivalent Yb-Er and Yb-Tm pairs are chosen as dopant ions due to their 

tremendous properties which will be discussed in the following subsections [13].  

2.4.1 Activator 

An activator ion has to demonstrate the energy level structure with multiple long-lived excited 

states, with equidistant energy bandgap between excited states. The purpose of activator ion in 

UC process is to undergo a series of sequential excitation until the excited ion reaches a high-

lying excited state where UC luminescence is produced. Most of the elements in the lanthanide 

group are considered as excellent activators because of their exceptional energy level structure. 

This electronic configuration [Xe]4f
n
6s

2
 is applicable for most lanthanides atoms such as erbium 

(
68

Er) and thulium (
69

Tm). In addition, most of the lanthanides atoms they exist as trivalent ions 

because of their oxidation state (3+). The lanthanides atoms display a sharp and narrow emission 

bands in near-infrared (NIR) and visible spectral region because of the f-f transitions. This 

happens because 4f electrons of lanthanide ions are shielded completely with filled 5s
2
 and 5p

6
 

sub-shells. The f-f transitions are Laporte-forbidden, consequently resulting in low transition 

probabilities and substantially long-lived (up to 0.1 s) excited states and this seems to be an 

advantage for UC process. Therefore, Er
3+

 and Tm
3+

 ions are the most suitable activator ions in 

UC phosphors because of their ladder-like energy level that allows an efficient ETU process 

[13,14].  

2.4.2 Sensitizer 

In order to improve the efficiency of UC luminescence in phosphors material, a sensitizer with a 

large absorption cross-section in NIR spectral region is normally codoped along with an activator 

ion. In addition, one of the reasons by co-doping sensitizer along with an activator is to enhance 
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the efficiency of ETU process between sensitizer and activator. Trivalent ytterbium (Yb
3+

) ion is 

considered an excellent sensitizer with two manifolds ground (
2
F7/2) and excited (

2
F5/2) states 

with energy spacing of 10
4
 cm

-1
 apart. This spacing apart of ground and excited states of Yb

3+
 

ion matches well with the transition energy between the 
4
I11/2 and 

4
I15/2 states and the 

4
F7/2 and 

4
I11/2 states of Er

3+
 ion. The energy structure of Yb

3+
 is well resonant with the transition energies 

of the activators, eg. Er
3+

 and Tm
3+

 as shown in figure 2.4. Generally, Yb
3+

 ion is codoped into 

the host lattice in high concentrations (18 – 20 mol%), while the concentration of activator ions 

such as Tm
3+

 and Er
3+

 should not exceed 0.5 and 3 mol%, respectively [13,14].  

 

Figure 2.4: Schematic diagram of energy transfer mechanisms for UC process in trivalent pairs Yb-Er and Yb-Tm 

codoped phosphors under excitation of 980 nm. (The full arrows pointed up (Black) and down (Red, green and blue) 

represent photon excitation and emission, respectively. Square dotted lines (Black) and curly full arrows (Black) 

represent non-radiatively relaxation and energy transfer, respectively). 
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2.5 Quenching of Luminescence 

Luminescent quenching refers to any process that reduces the luminescent intensity of a 

phosphor material. This process is caused by different factors including excess impurities in a 

material and heat exposed to the phosphor material i.e. concentration and thermal quenching. In 

this present study, the luminescence quenching shown was caused by an excess concentration of 

lanthanides ions in a host. The concentration quenching occurs at the critical concentration in 

which there is a decrease in the average distance between the ions (donor/sensitizer and 

acceptor/activator) to favour energy transfer. Thermal quenching occurs at elevated temperatures 

when the thermal vibrations of atoms surrounding luminescent centre transfer energy away from 

the center leading to a non-radiative recombination and a subsequent dissipation of the excess 

energy as phonons in the host matrix [15].  

 2.6 Host 

The selection of appropriate host matrix has always been an important issue to design UC 

phosphor based nano-materials. The UC process depends on the properties of the host matrix and 

its interaction with the dopant ions. Because the lattice of the host matrix determines the inter-

ionic distance between the dopant ions, their relative spatial position, coordination numbers and 

the types of anions surrounding the dopant. There are two important factors which are needed for 

an “ideal” host crystal: a relatively low phonon frequency and small lattice mismatch to the 

dopant ions. A low phonon frequency has a strong influence on the UC efficiency, in which it 

reduces a non-radiative relaxation and enhances the radiative relaxation. The halides host such as 

chlorides, bromides and iodides demonstrate a low phonon frequency typically ~300 cm
-1

 but 

they are hygroscopic, while oxides hosts generally exhibit a relatively high phonon frequency 

greater than ( >500 cm
-1

) with a good chemical stability. Nevertheless, the oxide based nano-

composites material Al2O3-TiO2 is yet considered as one of the most suitable matrix to host 

lanthanides ions to prepare phosphor materials [8]. 

2.6.1 Al2O3 

Alumina (Al2O3) ceramic oxide is one of the most useful host lattice for rare-earth ions to 

prepare light emitting materials. It has got tremendous properties such as relatively high melting 

point (2072 
o
C), hydrophobicity, good chemical stability, high optical transparency, good 

thermal and mechanical stability, and fine optical and dielectric characteristic [16,17]. There are 
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different phases of alumina which are α, β, γ, η, θ, κ and χ. The phase α-Al2O3 is considered as 

the most thermodynamically stable at 1200 
o
C while others are metastable phase obtained during 

the calcination of aluminium hydroxides (AlO(OH) or Al(OH)3) as shown in figure 2.5 [18]. The 

phase α-Al2O3 is called corundum. In this structure Al atom is octahedrally coordinated with 

oxygen atoms as illustrated in figure 2.6 and the crystal structure was drawn by Diamond crystal 

software [19]. The structure can be seen as hexagonal close-packed (HCP) oxygen atoms with 

small Al atoms occupying two-thirds of the octahedrally coordinated holes between the oxygen 

atoms. The dimensions of unit cell are:              and             [20].  

 

Figure 2.5: Phase transitions of aluminium oxide at different temperatures [20]. 
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Figure 2.6: Crystal structure of corundum α – Al2O3. (Al atoms - green spheres and O atoms – red spheres) [21]. 

2.6.2 TiO2 

Titania (TiO2) is one of the suitable host of rare-earths ions especially for UC phosphors because 

of its good physical and chemical stability, non-toxicity, anti-corrosiveness and wide bandgap 

[22]. The anatase and rutile phase exhibits an indirect bandgap of 3.2 eV and 3.0 eV, respectively 

[23]. There are three polymorphs of TiO2, namely brookite, anatase and rutile. The anatase phase 

of TiO2 has potential applications in gas sensors, catalysts and it can also be used for pigments 

because of its excellent chemical and physical properties [24]. The rutile phase is 

thermodynamically stable at high temperatures between 600 - 1000 
o
C. Therefore, the rutile 

phase it allows the TiO2 to operate at unpleasantly environment. The brookite phase is 

commercially hardly used and its mechanical properties are very identical to those of rutile 

phase. Normally, addition of dopants changes some of the properties of the host (TiO2) for 

example it is altering optical bandgap, electrical resistivity and inhibit particle growth. In 
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addition, the doping of rare-earths in TiO2 inhibits the phase transformation of anatase-rutile 

phase by stabilizing the anatase phase. Rao et al. [25] suggested that all dopants in TiO2, both 

donor and acceptor cations and anions dopants, prevent the anatase-rutile phase transformation 

by stabilizing the anatase phase of TiO2.  The tetragonal crystal structures of anatase (a) and 

rutile (b) phase of TiO2 are shown in figure 2.7. Both crystal structures consist of octahedron 

TiO6. In anatase phase the Ti-O octahedra share four corners (Fig. 2.8(a)), while in rutile phase 

the Ti-O octahedra share four edges (Fig. 2.8(b)). The theoretical dimensions of anatase unit cell 

are:               and            , while for rutile unit cell are :     

           and             [26]. 

 

Figure 2.7: Tetragonal crystal structure of anatase (a) and rutile (b) phase in TiO2 [21]. 
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Figure 2.8: A schematic diagrams of anatase (a) and rutile (b) crystal structure [26]. 

           

2.6.3 Al2O3-TiO2 nano-composites 

Recently, the field of nano-composite materials has shown great attention in various applications 

due to the tremendous properties. The nano-composite is formed by using more than one 

building block with dimensions in less than (< 100 nm) in order to design and create new product 

with novel and improvements in their physical and chemical properties. Alumina-titania (Al2O3-

TiO2) is one of the most useful nano-composites to host UC rare-earth ions such as Yb
3+

, Er
3+

 

and Tm
3+

 to prepare light emitting phosphors. These nano-composites have shown great interest 

in physical properties protected metallic structural components against wear and corrosion 

because of their excellent thermal, chemical and mechanical stability. In addition, the nano-

composites can be used in different applications including catalysis, photocatalytic, solar cells 
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and self-cleaning. Many methods have been employed to synthesis Al2O3-TiO2 nano-composites 

including sol-gel synthesis, coprecipitation method, plasma-sprayed method, hydrothermal 

synthesis, metalorganic chemical vapour deposition (MOCVD), spin coating method and 

microwave-combustion synthesis. The advantage of sol-gel synthesis is to control the crystallite 

size of nano-composites which is very important for nano systems. In addition, the method is 

cost-effective, good compositional control and low crystallization temperature [27-29].    

2.7 Applications of UC phosphors 

There are numerous applications of UC phosphors including photonics, frequency up-converters, 

biological fluorescence labels, undersea optical communications, solar cells and temperature 

sensors. The main focus in our present study has been involved in the development of UC 

phosphor which will be suitable for enhancement efficiency of solar cells. The UC phosphors 

material of Yb
3+

 codoped with Er
3+

 are highly suitable for narrow bandgap crystalline-silicon (c-

Si) solar cells, since they can convert long-wavelength (~ 980 nm) NIR into short-wavelength 

(800, 660 and 550 nm) NIR and visible emissions. This UC phosphor material can also be 

suitable in improving the efficiency of amorphous silicon (a-Si) solar cells, dye-sensitized solar 

cells (DSSC) and organic solar cells [6,8,16]. While the UC phosphor material of Yb
3+

 codoped 

with Tm
3+

 are highly suitable in biomedical imaging applications, since they can convert long-

wavelength (~ 980 nm) into short-wavelength ( 805, 642, 476 and 452 nm) NIR and visible 

emissions. The “optical window” is a NIR emission found in spectral region of 650 – 1350 nm 

and it’s where a light has a maximum length of penetration in biological tissues. In addition, this 

optical window is very important for the deep tissue imaging of UC fluorescent labels [30,31].    
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3. Synthesis of nano-materials 

3.1 Introduction 

In order to study the novel physical and chemical properties, and notice the potential applications 

of nanostructures and nano-materials, the ability to manufacture and process nano-materials and 

nanostructures is the first corner stone in nanotechnology. The synthesis techniques for nano-

materials are classified as “top-down” and “bottom-up” approach. Top-down approach includes 

solid state route while the bottom-up include wet chemical route like sol-gel, hydrothermal, 

microwave synthesis and co-precipitation. The top down approach involves the chopping of 

massive solid materials into tiny portions until achieving particles in the nanometer scale, and the 

bottom up approach involves condensation of atoms or molecules in a solution phase to form 

nanoparticles as shown in figure 3.1 [1]. 

 

Figure 3.1: Schematic diagram of top-down and bottom-up method to prepare nanoparticles [2]. 

In this study, the bottom up approach was used a brief description of examples of this approach 

such as solution combustion and sol-gel synthesis are discussed in this chapter. The solution 

combustion synthesis was used to prepare the Al2O3:Yb
3+

 nano-phosphor while the sol-gel 
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synthesis was used to prepare Al2O3:Yb
3+

,Tm
3+

, TiO2:Er
3+

 and Al2O3-TiO2:Yb
3+

,Er
3+

/Tm
3+

 

powder nano-phosphors. 

 3.2 Solution combustion synthesis 

The solution combustion synthesis (SCS) is one of the most efficiently method to prepare highly 

pure and homogeneous and mostly nanocrystalline powders such as ceramics oxides. In addition, 

the synthesis involves high temperatures making use of salts such as nitrates, metal sulphate and 

carbonates as oxidizers, and fuels such as glycine, sucrose, urea and other water soluble 

carbohydrates as reducing agents. The stoichiometric amounts or ratio between the oxidizer and 

fuel is required so that combustion reaction can take place. The typical example showing 

stoichiometric combustion reaction of aluminium nitrates nonahydrates (Al(NO3)3
.
9H2O) and 

urea (CO(NH2)2) yield Al2O3 nano-phosphor powder as shown below. 

2Al(NO3)3
.
9H2O + 5CO(NH2)2 → Al2O3(s) + 28H2O(g)↑ + 5CO2(g)↑ + 8N2(g)↑.   

When combustion reaction occurs, all gaseous form of nitrogen (N2), carbon dioxide (CO2) and 

water vapour (H2O) are liberated, and there are residual or incidental impurities that is in the 

final Al2O3 nanopowder. Figure 3.2 shows a schematic diagram of the synthesis procedure of 

nanopowder. In this typical reaction, the stoichiometric amount of aluminium nitrate and urea 

were disolved in de-ionised water. A homogeneous transparent solution was obtained after 

stirring vigorously for 60 min. The transparent solution was transferred to a muffle furnace 

maintained at 550 10 
o
C. After all the liquid had evaporated, the mixture decomposed and 

released large amounts of gases. Due to the exothermic nature of the combustion process, the 

reaction continued for a while and mixture swelled to a large volume. Large exothermicity 

resulted  in a high temperature flame that further decomposed the mixture into gaseous phase and 

alumina. The combustion process was completed in less than 5 min. The resulting powder was 

gently ground by pestle motar. Al2O3:Yb
3+

 nano-phosphor powder with a concetrations of 0.4, 

0.8 and 1.2 mol% Yb
3+

 were prepared. In addition, the temperature of 550 10 
o
C is low 

relatively to the temperature at which crystallization of the fact that desired phase occurs because 

the Al2O3 becomes thermodynamically stable at 1200 
o
C.  

There are some advantages to SCS, i.e. very quick and easy process. In addition, this process is 

widely used in the production of high purity, homogeneous ceramics powders because of the fact 



 

27 
 

high temperature is used and impurities with low boiling points can be volatilize easily. Most of 

the gases evolved during the combustion process in a porous product in which the agglomerates 

formed are so weak that they can be easily crushed and ground into fine powder [3-5]. 

 

  Figure 3.2: A schematic diagram of the synthesis procedure of nanopowder.  

 3.3 Sol-gel method 

Sol-gel process is one of the most powerful synthesis techniques for producing nanoscale 

powders from small molecules. This process has been developed in recent years as an alternative 

to the conventional hydrolytic route to metal oxides, mainly the oxides of titanium (Ti), 

aluminium (Al) and silicon (Si) etc. The list of advantages to this synthesis method is endless, 

i.e. low cost simple synthetic route, low temperature synthesis, simple equipment to be used, 

control of the particle size and shape, homogeneous compositions, high purity and low heat 

treatment temperatures. In this typical process, a sol diffuses in a solvent by Brownian motion 
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and is prepared by using metal precursors such as alkoxides, acetates or nitrates in an acidic or 

basic medium. The process involves three main steps which are hydrolysis, condensation (sol-

formation) and growth (gel-formation) shown in figure 3.3. In addition, the metal precursors 

hydrolysis in the medium and condenses to form a sol, followed by a polymerization to form a 

network (gel) [4,6-9]. 

 

   Figure 3.3: Schematic diagram of sol-gel process synthesis of nanopowders [4]. 

The sol-gel process is also useful in thin film deposition by use of spin coating though it was not 

a part of the scope in this work. Recently, many researchers have done so much work based on 

thin film deposition prepared by the sol-gel method. Tabaza et al. [6] synthesized (MgxZn1-

x)Al2O4 phosphor thin films by using the sol-gel method . The composite of semiconductor TiO2-

Al2O3 thin film for application of gas sensors prepared by the sol-gel process was studied by 
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Mohammadi et al. [7]. In this study, Al2O3-TiO2 nano-composite phosphors were prepared by the 

sol-gel method as depicted in figure 3.4. 

  

Figure 3.4: Schematic diagram of the synthesis procedure of Al2O3-TiO2 nano-composite phosphor powder (Ti = 

titanium (IV) butoxide, Yb = ytterbium (III) acetate tetrahydrate, Er = erbium (III) acetate hydrate, Tm = thulium 

(III) acetate hydrate, Al = aluminium n-butoxide, Et = ethanol and Ac = acetic acid).  
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4. Characterization techniques of nano-

materials 

4.1 Introduction 

In this chapter, the experimental techniques that were used to characterize the nano-phosphor 

powders are explained in detail. These include powder x-ray diffraction (XRD), ultraviolet 

visible near infrared (UV-Vis-NIR) spectrophotometer, Fourier transform infrared (FTIR), Field 

emission scanning electron microscopy (FE-SEM), energy dispersive x-ray spectroscopy (EDS) 

and photoluminescence (PL) spectroscopy. XRD was used to analyse the crystal structure, the 

UV-Vis-NIR and FTIR were used to study the optical properties and vibrations for different 

types of functional bonds in a molecule, the FE-SEM coupled EDS was used to analyse particle 

morphology and chemical composition of the samples and the PL spectroscopy was used to 

study luminescent properties of the materials. 

4.2 X-ray diffraction 

X-ray diffraction (XRD) is a powerful technique used to identify structural properties, degree of 

crystallinity, phase identification, lattice parameters and crystallite size. The instrumentation 

made up of three essential elements: x-ray source, a sample stage and an x-ray detector. The x-

rays are produced in a cathode ray tube by applying high voltage in a filament in order to 

produce electrons, which are accelerated to the target. The most commonly used target materials 

are copper (Cu), iron (Fe), molybdenum (Mo) and chromium (Cr). Suppose the incident 

electrons have high energy to knock-off the electrons in a core shell of a target, therefore 

characteristic x-rays will be produced additionally to continuous x-ray background which is 

called “brehmsstrahlung” [1]. The characteristics x-ray spectrum consist various components; Kα 

and Kβ are considered as the most significant components with a unique characteristic 

wavelength, hence are called “characteristic x-rays”. However, amongst the entire target 

materials Cu is the most preferable target for crystal diffraction, with the wavelength of Cu Kα 

radiation of 1.5406 Å. The process of monochromatization of single wavelength from x-ray 

spectrum was done by employing nickel (Ni) in order to filter Kβ radiation because Ni strongly 

absorbs x-rays below 1.5 Å [2,3].   



 

32 
 

The interaction of an incident x-rays with a single crystal produces constructive interference 

from parallel planes if conditions for Bragg’s law is satisfied as illustrated in figure 4.1:  

                (4.1) 

where n is integer multiple or (order of diffraction), λ wavelength of the radiation source, d 

interplanar spacing and θ incident angle with the planes [4]. The crystallographic planes are very 

useful in crystal in order to define direction and distance, and identified by Miller indices (hkl), 

and for cubic crystal with a lattice parameter  , the interplanar corresponding to a specific (hkl) 

can be represented by dhkl:  

     
 

√        
     (4.2) 

  

The average crystallite size D can be determined from the broadened peaks of the XRD spectrum 

by using Debye-Scherrer equation:  

       
  

     
       (4.3) 

where k is dimensionless shape factor has typical value of ~ 0.9 but that varies with actual shape 

of crystalline, β is a full width at half maximum (FWHM) of diffraction at an angle θ, and λ is a 

diffraction wavelength of radiation source. The line width is narrow as the size of nanocrystalline 

is large, and as the size decreases the line width is broadened due to the loss long range order 

relative to the bulk [5]. In some case broadening may be due to micro-stains and stress in a 

lattice as a results of crystal imperfection and distortion. The micro-strain ε can be estimated by: 

  
 

     
       (4.4) 

The Williamson-Hall (W-H) equation is used to determine the crystallite sizes and micro-strains 

in lattices. The W-H equation is computed by adding broadening due to micro-strains (    and 

Debye-Scherrer (    from equation 4.4 and 4.3, respectively. 

                         (4.5)  

              
  

 
     (4.6) 
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The plot of 4sinθ along x-axis and βcosθ in y-axis shows linear behaviour, micro-strain and 

crystallite size can be estimated from the slope and y-intercept, respectively [6].  

 

 Figure 4.1: Schematic diagram for Bragg’s law conditions [5]. 

The intensity of the reflected x-rays is recorded as the sample and detector are rotated 

simultaneously. When the incident x-rays interact with a sample satisfies Bragg’s condition 

constructive interference occurs and diffraction peaks will be observed on the machine. The 

spectrum on the computer will be recorded as 2θ in degrees and intensity in counts per seconds 

along x-axis and y-axis, respectively. In this study, the XRD measurements were conducted 

using Bruker D8 Advance x-ray diffractometer with a copper anode x-ray tube.   

4.3 UV-Vis-NIR spectrophotometer 

Ultraviolet-visible-near infrared (UV-Vis-NIR) spectrophotometer is a technique that is used to 

measures the absorption and reflectance of radiation in UV-Vis-NIR spectral region. This is one 

of the most important spectroscopy to study the behaviour of the nano-phosphor materials under 

a light irradiation because of the fact that a material has capability to absorb and reflect when 

they interact with light. The spectroscopy measures intensity (I) of light that is absorbed by the 

sample and compares it with the intensity of light before it passes through the reference (Io). The 

transmittance (T) is the ratio of I/Io and it is normally expressed as a percentage (%T). The 

relationship between absorbance (A) and T is defined by the following equation:  



 

34 
 

       (
  

   
)          (4.7) 

In a reflectance mode, the spectroscopy measures the intensity of the light reflected from the 

sample (I) and compares it with the intensity of the light reflected from a reference material (Io). 

The reflectance (R) is the ratio of I/Io and it is normally expressed as a percentage (%R). The 

instrumentation of the spectroscopy consists of a source, monochromator, beam splitter, sample 

compartment and detectors, as shown in figure 4.2. The source it covers in a ranges of (200-400 

nm) and (320-2500 nm) spectral region corresponding to deuterium (D) and tungsten (W) lamps, 

respectively. The light with variety of wavelength will passes through the slit and reaches a 

prism which will refract rainbow colours. However, only a monochromatic beam will passes 

through a second slit and that beam will strikes a beam splitter, and becoming two beams with 

the same intensities. These beams with the same intensities are directed towards the reference 

and sample cell, the outgoing intensities corresponding to Io and I, respectively and will be 

detected by two similar detectors. The detectors used in this spectroscopy are photomultiplier 

tube (PMT) and lead sulphide (PbS) measuring UV to visible and NIR region, respectively [1,7-

9].  

 

 Figure 4.2: Schematic diagram of UV-Vis-NIR spectrophotometer [9]. 

In semiconductors the optical bandgap (Eg) is determined by Tauc’s plot method with the aid of 

the following equation: 

                                   (     )
 

                            (4.8)   

where α is the absorption coefficient, h is Planck’s constant, v is the frequency of the incident 

photons, A is a constant which is dependent on the effective mass of the holes and electrons, and 

also to the refractive index of the material but is independent of the frequency, and n denotes the 
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type of the transition in a sample. The value of exponent n for allowed direct, allowed indirect, 

forbidden direct and forbidden indirect transitions are 1/2, 2, 3/2 and 3, respectively [2,11,12]. 

The diffuse reflectance measurements for this study were performed by using the Perkin Elmer 

Lambda 950 UV-Vis-NIR spectrophotometer.   

4.4 Fourier Transform Infrared Spectroscopy 

Fourier transform infrared (FTIR) is a spectroscopic technique that is widely used to observe the 

vibrations of molecular bonds, and gives information about the nature of the bonding and the 

functional groups in a molecule. Infrared (IR) photons do not have sufficient energies to cause 

electronic transitions but they can cause vibrations to a group of atoms with respect to the 

attached bonds. In addition, these vibrational transitions correspond to different energies and 

molecules absorb IR radiations only at certain wavelength and frequencies [13].  For a molecule 

to have IR absorptions needs to have dipole moments and therefore it is assigned to be IR-active. 

The part of IR spectrum in a range from 600 to 1400 cm
-1

 is where many complex vibrations 

occur and it is called “fingerprint region” because every compound is unique, there is no two 

different compounds have the same absorption bands in this region. The Michelson 

interferometer is the most useful principle in FTIR spectrometers as shown in figure 4.3. 

 

  Figure 4.3: Schematic diagram of an FTIR spectrometer [15].  

The instrumentation of FTIR spectroscopy consists of a source of IR radiation, interferometer, 

sample compartment, detector, amplifier, analog-to-digital (A/D) converter and a computer. The 
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source produces radiation which passes the sample through the interferometer and get to the 

detector. Afterwards the signal is amplified and converted to digital signal by A/D converter. 

Then the signal is relayed to a computer in which the Fourier transform is also carried out. 

Eventually, the spectrum will show the plot of transmittance along y-axis as a function of 

wavenumbers along x-axis. The spectroscopy can be conducted in two modes, namely 

absorbance and transmittance [14,15]. In this study, the types of functional bonds were 

characterized by using Bruker TENSOR 27 Series FTIR spectrometer.      

4.5 Field emission scanning electron microscope 

Field emission scanning electron microscope (FE-SEM) is one of the most powerful electron 

microscope that is used to study the morphology and surface features of materials. The electron 

microscope inspect the structure by scanning in a raster pattern to the surface of materials with a 

resolution down to nanometer range. In FE-SEM, accelerated electrons carry significant amounts 

of kinetic energy and this energy is dissipated as a variety of signals produced by electron-

sample interactions when the incident electrons are decelarated in the solid samples. In addition, 

there are variety of signals can be produced such as secondary electrons (SE), backscattered 

electrons (BSE), auger electrons and x-rays but amongst them SE, BSE and characteristic x-rays 

are considered as the most important signals for topographical, compositional observations in a 

surface and elemental analysis of specimen, respectively as shown in figure 4.4 [2].  

 

 Figure 4.4: Interaction volume showing variety of signals when incident electron beam interact with a sample [2]. 
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In this study, the particle morphology and elemental identification analyses in a specimen were 

carried out using JEOL JSM-7800 FE-SEM. The instrumentation of FE-SEM consists of an 

electron gun, a column through which electron beam travels, a series of electromagnetic lenses 

including condenser lenses and objective lens to shape the electron beam, the sample chamber at 

the base and a series of pumps to keep the system under vacuum as shown in figure 4.5. There 

are two types of electron guns that generate electron beam and those guns are thermionic and 

field emission guns because of their high beam brightness which plays crucial part in imaging 

quality in an FE-SEM [16].  

 

  Figure 4.5: Schematic diagram for instrumentation of FE-SEM [17]. 

The purpose of electromagnetic lenses in  FE-SEM is for electron probe formation and while the 

two condenser lenses minimizes the crossover diameter of the electron beam; then, the objective 

lens focuses the electron beam as a probe with a diameter on the nanometer scale. The third lens 

which is called objective lens and the function of it is to demagnifies the cross-section of the 

electron beam. The probe scanning is operated by a beam deflection system merged within the 
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objective lens in FE-SEM; the deflection system moves the probe over the sample surface in a 

raster pattern. In addition, deflection system of the electron probe is controlled by two pairs of 

scan coils (electromagnetic coils). The variety of signals emitted from the sample are collected 

by a detector, amplified and used to form an image, according to one-to-one correlation between 

scanning points on the sample and picture points on a screen of a cathode ray tube (CRT). The 

magnification of FE-SEM is dependent to the ratio of the linear size of the display screen to the 

linear size of the sample area being scanned [18]. For example if the screen is 500 mm and 

scanned area on the specimen is 5 mm across, therefore magnification is ×100, and for a higher 

magnification of ×1000 the scan area of 0.5 mm across the specimen is required [1,17].       

4.6 Energy dispersive x-rays spectroscopy  

Energy dispersive x-rays spectroscopy (EDS) equipped to FE-SEM, it enables the user to extract 

important information about chemical composition of the material. The principle of EDS 

involves the removal of electrons from the core shells of the atom when the sample irradiated 

with a beam of high energy electrons. Electrons from higher energy states then fill these 

vacancies and that will result in the emission of energy in a form of an x-ray photon i.e 

characteristic x-rays as shown in figure 4.6. 

 

   Figure 4.6: Illustration of emitted characteristic x-rays in an atom [19]. 

 As a result of core shell vacancy then Auger electrons is also created, this process involves an 

electron from outer shells fill the vacancy and transfer the excess energy to another electron in an 

outer shell, which is then ejected as Auger electron. The Auger electrons are usually detected for 
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the lighter elements, which is low atomic number elements. The EDS spectrum presents peaks 

that can be correlated to the energy levels for which the most x-rays received, and the peak that 

have high counts in a spectrum it indicates that particular element in the specimen is 

concentrated. In addition, the peaks also signify the presence of elements in the specimen. The 

limitation of EDS is incapable of detecting the elements such as hydrogen (H), helium (He) and 

lithium (Li) because at least two electrons are required for the process of generation of x-rays to 

occur [19-21]. 

4.7 Photoluminescence spectroscopy 

Atoms emit light by spontaneous emission when electrons in excited states fall back to a lower 

level by radiative transitions. In phosphors the radiative emission process is called luminescence. 

There are many different types of luminescence existing such as cathodoluminescence, 

thermoluminescence, photoluminescence and electroluminescence. However, in this work 

photoluminescence was the main aspect the term which is simply means the re-emission of light 

from a phosphor material after absorbing a photon of higher energy. The technique used to 

characterize such properties is called photoluminescence (PL) spectroscopy [22,23].  

The PL system with 325 nm He-Cd laser was used in this study. The He-Cd laser is assembled in 

the form of a tube, terminated by two Brewster’s angle windows, with two laser mirrors mounted 

separated from the tube. The tube is filled with He, has a reservoir containing the Cd and a heater 

to vaporize the metal. In addition, the reservoir temperature should be high enough typically   

250 
o
C to generate the desired vapour of Cd atoms in the tube. The He-Cd laser has a fixed UV 

excitation wavelength of 325 nm.  In this work a 325 nm He-Cd laser was used to study the 

photoluminescence properties of the nano-phosphor in visible region. This was done by directing 

the laser beam on to a sample by aligning lenses and mirrors, followed by the chopper that was 

used to ensure that the light beam is sent in packets. The monochromator consists of diffraction 

gratings which serve as the engine of the entire optical measurement system and it is used to 

differentiate between emissions at different photon wavelengths. Eventually, the light from the 

sample is sent to the detector: photomultiplier tube (PMT) in visible region [9, 24]. Figure 4.7 

depicts a schematic diagram of PL system with He-Cd laser of a fixed excitation wavelength 325 

nm. 
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In this study the up-conversion photoluminescence was also investigated by a fiber-coupled 980 

nm IR laser as the excitation source for the up-conversion excitation. This is the powerful laser 

with the output power that varies from 7 up to 2977 mW. The laser beam is directed straight to 

the sample and up-conversion emissions is recorded using monochromator equipped with PMT 

detector. The excitation source and detector needs to be aligned using 90
o
 measurement 

geometry to prevent the entrance of excitation laser into the detector [25].  

 

     Figure 4.7: Schematic diagram of PL system with He-Cd laser of a fixed wavelength 325 nm. 
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5. Cooperative luminescence from low 

temperature synthesis of α-Al2O3: Yb3+ 
phosphor by using solution combustion 
method 

5.1 Introduction 

Recently, ytterbium (Yb
3+

) is considered a most interesting rare-earth (RE) dopant ion to study in 

the field of luminescence because it consists of two manifolds 
2
F7/2 ground state and 

2
F5/2 excited 

state separated by approximately 10 000 cm
-1

. The large energy gap and lack of intermediate 

levels between the two manifolds minimize a probability of non-radiative recombination. Thus, 

Yb
3+

 ion displayed efficient luminescence in different hosts [1,2]. Cooperative luminescence is a 

typical up-conversion process by which two interacting ions in the excited state decays to the 

ground state emitting one photon with the sum energies of the energy of the excited state of a 

single Yb
3+

 ion [3]. The process of cooperative luminescence can be easily achieved in Yb
3+

 

based systems because 4f electrons in Yb
3+

 are less shielded than in other RE ions. In this 

process, the simultaneous de-excitation of two Yb
3+

 ions occurs from excited to ground states 

resulting in blue-green visible emission (~500 nm). In addition, this visible emissions is induced 

by the near infrared (NIR) excitation which causes anti-stokes shift [4,5]. The cooperative 

luminescence depends on factors such as a laser excitation power, inter-ionic distances, phonon 

energy and location of the edge of the fundamental absorption of the host [6]. The cooperative 

up-conversion emission of Yb
3+

 ions near 500 nm exhibits similar emissions of Tm
3+

 ions for 

three-dimensional display technology. The use of singly doped Yb
3+

 ions in a host can minimizes 

the cost of a multicolor display by requiring only one laser pumping beam in the NIR region [7].   

Alumina (Al2O3) ceramic oxide is one of the most useful host lattice for rare-earth ions to 

prepare light emitting materials. It has got tremendous properties such as high melting point, 

hydrophobicity, good chemical stability, high optical transparency, good thermal and mechanical 

stability, and fine optical and dielectric characteristic [8,9]. There are different phases of alumina 

which are α, β, γ, η, θ, κ and χ.  The phase α-Al2O3 is considered as the most thermodynamically 

stable at 1200 
o
C and others are metastable phase obtained during the calcination of aluminium 
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hydroxides [10]. The phase α-Al2O3 is called corundum. In this structure Al atom is octahedrally 

coordinated with oxygen atoms as illustrated in figure 5.1 and was drawn by Diamond crystal 

software [11]. The structure can be seen as hexagonal close-packed (HCP) oxygen atoms with 

small Al atoms occupying two-thirds of the octahedrally coordinated holes between the oxygen 

atoms. The dimensions of unit cell are:                and             [12].  

 

 Figure 5.1: The corundum structure (Al atoms, green spheres and O atoms, red spheres) [13]. 

In this present study, the phase α-Al2O3:Yb
3+

 phosphor powder was synthesized by solution 

combustion method. The stoichiometric amount of aluminium nitrate, ytterbium nitrate and urea 

in a solution were transferred to a muffle furnace preheated to 550 
o
C resulting in the formation 

of α-Al2O3:Yb
3+

. The cooperative and near-infrared (NIR) emissions from Yb
3+ 

singly doped 

were observed.  
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5.2 Experimental procedure 

5.2.1 Powder preparation 

In a typical preparation, the stoichiometric amount of aluminium nitrate, ytterbium nitrate and 

urea were disolved in de-ionised water. A homogeneous transparent solution was obtained after 

stirring vigorously for 60 min. The transparent solution was transferred to a muffle furnace 

maintained at 550 10 
o
C. After all the liquid had evaporated, the mixture decomposed and 

released large amounts of gases. Due to the exothermic nature of the combustion process, the 

reaction continued for a while and mixture swelled to a large volume. Large exothermicity 

resulted in a high temperature flame that further decomposed the mixture into gaseous phase and 

alumina. The combustion process was completed in less than 5 min [28]. The resulting powder 

was gently ground by pestle motar. α-Al2O3:Yb
3+

 phosphor powders with Yb
3+

  concentrations of 

0.4, 0.8 and 1.2 mol% were prepared. The procedure for the synthesis of our powder phosphors 

is shown schematically in figure 5.2.             

 

Figure 5.2: A schematic diagram of the synthesis procedure of α-Al2O3:Yb
3+

 nanopowder. 
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5.2.2 Characterization 

The crystal structure of the phosphor powder was analyzed using a Bruker D8 Advanced X-ray 

diffractometer (XRD) with CuKα radiation wavelength of 0.154 nm. The particle morphology 

and chemical composition of the materials were carried out using JEOL JSM-7800 field 

emission scanning electron microscope (FE-SEM) coupled with energy dispersive x-ray 

spectroscopy (EDS). The diffuse reflectance uv-vis measurements were taken using Lambda 950 

spectrophotometer. The study of vibrational bonds of the material was carried out by Fourier 

transform infrared (FTIR) spectroscopy. Near infrared (NIR) emission measurements were 

carried out by using PL system consists of a 325 nm He-Cd laser as excitation, monochromator 

equipped with 2 mm InGaAs photodiode detector and a lock-in amplifier. Up-conversion 

measurements were performed by using fiber-coupled 980 nm NIR laser as the excitation source, 

monochromator equipped with photomultiplier tube (PMT) detector and a lock-in amplifier. 

5.3 Results and Discussion 

5.3.1 XRD analysis 

Figure 5.3 presents XRD patterns of α-Al2O3:Yb
3+

 phosphor powders. The XRD patterns were 

consistent with hexagonal phase of α-Al2O3 with space group R3c referenced in the JCPDS file 

number 46-1212. For all doped samples a small impurity peak that was marked with asterisks (*) 

that can be assigned to the (110) diffraction peak of aluminium ytterbium oxide (YbAlO3) was 

detected at 2θ = 24.065 
o
 and was referenced with JCPDS file number 20-1392 [14]. The 

diffraction peaks of the α-Al2O3:Yb
3+

 were broadened as the concentration of Yb
3+

 increases in a 

host. The broadening can be due to instrumental settings, smaller crystallite sizes and micro-

strains in the lattice. The incorporation of Yb
3+

 in a host lattice caused the XRD peaks to shift to 

the high Bragg angles as shown in figure 5.4. This indicates lattice contraction due to the lattice 

strains caused by Yb
3+

 ions because ionic radius of Yb
3+

 (0.0858 nm) is bigger than Al
3+

 (0.050 

nm) ions [15,16]. To estimate peak broadening of these phosphor powders, full-width at half 

maximum (FWHM) for (113) XRD peak as a function of Yb
3+

 concentration was shown in 

figure 5.5. The increase of peak broadening due to the concentration of Yb
3+

 doping with a small 

fluctuation at 0.8 mol% was observed. Tshabalala et al. [17] suggested that the broadening may 

be due to small crystallite sizes and lattice strains. The Yb
3+

 ions in the doped α-Al2O3: Yb
3+

 

substitutes Al
3+

 ions and become octahedrally coordinated to the six nearest O
2-

 ions. Feng et 
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al.[15]  suggested that  because of the difference in electronegativities, masses and ionic radii 

between the Yb
3+

 and Al
3+

 ions then the bond lengths of the host (Al
3+

-O
2-

) and doped crystal 

(Yb
3+

-O
2-

)  will also differ by 0.01089 nm and 0.01986 nm, respectively [18]. 

 

Figure 5.3: XRD patterns of α-Al2O3:Yb
3+

 phosphor powders. 

 

Figure 5.4:  Analysis of XRD peak for (113) peak at different Yb
3+

 concentrations. 
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Figure 5.5: Full-width at half maximum (FWHM) for the (113) peak versus Yb
3+

 concentration. 

The XRD patterns for post-preparation annealing at 1000, 1200 and 1400 
o
C are shown in figure 

5.6. The post-preparation annealing did not perturb the α-phase of alumina. To determine the 

crystallinity of these phosphor powders, full-width at half maximum (FWHM) for (113) XRD 

peak as a function of temperature was shown in figure 5.7. The FWHM decreases from 0.323 
o
 to 

0.209 
o
 as the temperature was raised from 1000 

o
C to 1400 

o
C. This indicates that the 

improvement in crystallinty was observed from 1000 
o
C to 1400 

o
C [19]. 

The average crystallite size D was estimated from full-width at half maximum β of the 

diffraction peaks at angle θ by using Scherrer equation            ⁄  where   is the x-ray 

wavelength and found to be ~ 29 nm for a host α-Al2O3. The D for doped phosphor powders was 

24, 26 and 19 nm for 0.4, 0.8 and 1.2 mol% Yb
3+

, respectively. Figure 5.8 shows the crystallite 

size as function of Yb
3+

 concentration. This reduction in crystallite sizes indicates that the 

addition of Yb
3+

 in a host lattice affects the crystalline growth kinetics. Before distributing itself 

into the α-Al2O3 crystal structure, the Yb
3+

 is initially occupied  between grain boundary regions 

of a host and therefore disturbs the normal growth of the α-Al2O3 crystallites, (FE-SEM confirms 

later on) [20]. 
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Figure 5.6: Post-preparation annealing of α-Al2O3:Yb
3+

 phosphor powders in air for 2 hours. 

 

Figure 5.7:  Experimental data of FWHM for the (113) peak versus temperature. 
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  Figure 5.8: Crystallite size as the function of Yb
3+

 concentration 

5.3.2 UV-vis analysis 

The UV-vis diffuse reflection spectroscopy in this work was used to study absorption properties 

of the host and the effects of Yb
3+

. Figure 5.9 depicts the reflectance spectra of all phosphor 

powders. The inset shows two absorption bands centered at 265 nm and 371 nm originating from 

the host. The absorption band centered at 265 nm was assigned with the band-to-band transition 

of octahedral AlO6 anion in a host α-Al2O3 [21], while the absorption band centered at 371 nm 

was due to F
+
 center band of oxygen vacancies with one electron trapped [22]. There was a 

redshift in UV absorption due to Yb
3+

 doping in a host and no absorption peaks were observed in 

this region from the dopants (Yb
3+

) because of large absorption cross-section in 980 nm.   

Figure 5.10 presents the determination of direct optical bandgap of α-Al2O3: Yb
3+

 phosphor 

powder by Tauc plot of (αhv)
 n

 against hv, with n = 2 which were correct for a direct optical 

bandgap material such as α-Al2O3. The inset demonstrates that the bandgap of a host was 

estimated to be 5.51 eV, while theoretical bandgap of the bulk Al2O3 has a value of 8 eV [23,24]. 

The reduction of bandgap in the present study can be explained in terms of the appearance of 

some defects levels located within the bandgap such as F
+
-and F-center bands [25]. The results 

also indicates that incorporation of Yb
3+

 into a host  reduces a bandgap of material between 5.51 

– 5.16 eV due to Yb
3+

 doping, the impurity band becomes broader and eventually merges with 
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the bottom of the conduction band causing the reduction in the bandgap. Therefore, this 

phenomenon it is called the “bandgap engineering” [26].  

 

 

Figure 5.9: The diffuse reflectance spectra of α-Al2O3: Yb
3+

 phosphor powder 

 

 

Figure 5.10:  Determination of direct optical bandgap of α-Al2O3: Yb
3+

 phosphor powder by Tauc plot. 
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5.3.3 FTIR analysis 

Figure 5.11 presents FTIR spectra of α-Al2O3: Yb
3+

 phosphor powders. Most of the characteristic 

peaks of α-Al2O3:Yb
3+

 were observed in the finger-printing region (400 – 1400 cm
-1

). The 

absorption peaks at 435 and 598 cm
-1

 were both assigned to Al-O-Al bending mode and these 

two absorption bands indicates “α” phase of alumina [26, 27] and there was an absorption band 

at 805 cm
-1

 for doped samples which was assigned to Yb-O vibrations [10]. Other weak 

absorption bands in the range of 1091 – 1391 cm
-1

 were assigned to Al-O vibrations. The peaks 

at 2919 and 3433 cm
-1

 show the presence of hydroxyl (OH) vibrations, indicating presence of Al-

OH bonds in these samples or probably moisture from KBr pellet. The other peaks might arise 

from incidental impurities such as hydrocarbons and atmospheric CO2 [24]. 

 

Figure 5.11: FTIR spectra of α-Al2O3: Yb
3+

 phosphor powder. 

         

5.3.4 FE-SEM and EDS analysis 

The FE-SEM micrographs of α-Al2O3 host (a) and (b), and α-Al2O3:1.2 mol% Yb
3+

 (c) and (d) 

phosphor powders are shown in figure 5.12. The low magnification micrograph of the host (Fig 

5.12 (a)) shows that the powders composed particles with irregular shapes and well defined grain 

boundaries, while the high magnification image (Fig. 5.12 (b)) indicate that these particles were 
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porous. These pores are due to the evolved of gases during combustion reaction [28]. Figure 5.12 

(c) and (d) demonstrate that the dopants (Yb
3+

) mostly occupied the grain boundary regions.   

 

Figure 5.12: FE-SEM micrographs of (a), (b) host and (c), (d) α-Al2O3: 1.2 mol% Yb
3+

 phosphor powders.  

EDS spectra of α-Al2O3:Yb
3+

 phosphor powder confirmed that all elements are present in the 

material as shown in figure 5.13. The inset in the top middle demonstrate the SEM micrograph 

and the positions where EDS analysis was done are marked S3 and S4 while the one on the top 

right corner depicts the bar graph comparing the weight % of the elements at the chosen 

positions. The elements such as Al, Br and Yb show an overlaps of Kα, Lα and Mα at 

corresponding energies of 1.49, 1.48 and 1.52 keV, respectively. Thus, in this present study the 

element Br was overlapping with Yb. Figure 5.13 compares the EDS spectra performed at S3 

and S4, the concentration of Al is 52 % and 41 % at S3 and S4, respectively. The concentration 

of O is 48 % and 46 % at S3 and S4, respectively. The concentration of Yb is 12 % at S4 but no 
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concentration of it was detected at S3. Thus, the reduction of Al concentration in S4 indicates 

that the presence of Yb
3+

 in a host replaces Al
3+

 ions as XRD confirmed [29]. 

 

 Figure 5.13: EDS spectra of α-Al2O3: Yb
3+

 phosphor powder. 

5.3.5 PL analysis 

Figure 5.14 shows PL spectra of α-Al2O3:Yb
3+

 phosphor powders under excitation of 325 nm 

He-Cd laser. All the samples show a broad emission band extending from 380 to 600 nm, with 

three resolved peaks with maxima at 412, 435 and 454 nm. Figure 5.15 shows a Gaussian fit for 

the broad band emission of a host α-Al2O3. The band can be deconvoluted into five Gaussian 

functions with maxima at 412 (Peak 1), 425 (Peak 2), 435 (Peak 3), 454 (Peak 4) and 499 nm 

(Peak 5).  The emission at 412 and 425 nm were assigned to F-centers of oxygen vacancies 

defects with two electrons trapped, while 435, 454 and 499 nm were assigned to the F
+
 centers 

with one electron trapped [30,31]. The emission marked with asterisks (*) may be due to 

extrinsic incidental impurities from insufficient purification of precursors. There is a change in 

intensity for all samples which may be because of change in pore size of the material or perhaps 

concentration quenching by impurities or structural defects. Gangwar et al.[27] confirmed that 

increase in pore size gives increasing surface area to the source which promote more absorption 

of photons and high intensity radiation [27], [32].  Figure 5.16 presents the chromaticity 

coordinates of α-Al2O3:Yb
3+

 phosphor powders under excitation of 325 nm He-Cd laser, 

determined using the CIE coordinate calculator software. The position of the coordinates in a 
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chromaticity diagram and expected colours of the phosphor powder was shown in figure 5.16. 

The host exhibit pure blue colour but doped samples were tuned into violet-bluish colour [33]. 

 

Figure 5.14: PL spectra of α-Al2O3:Yb
3+

 phosphor powders under excitation of 325 nm He-Cd laser. 

 

Figure 5.15:  Gaussian fit for the PL spectra of α-Al2O3:Yb
3+

 phosphor powders under excitation of 325 nm He-Cd 

lasers 
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 Figure 5.16: CIE colour of α-Al2O3:Yb
3+

 phosphor powder under excitation of 325 nm He-Cd laser.  

Figure 5.17 shows cooperative emission of α-Al2O3:Yb
3+

 phosphor powder under excitation of 

980 nm. As it observed, blue-green visible emissions appears at half-wavelength range of the 

near infrared (NIR) emission of Yb
3+

. The emission is due to (
2
F5/2 + 

2
F5/2) or 2(

2
F5/2) → 

2
F7/2 

transition from the virtual state of Yb
3+

. The inset shows cooperative luminescence process from 

the virtual state of Yb
3+

.  This process is due to cooperative luminescence of Yb
3+

 pairs, the 

process is resulting from the simultaneous de-excitation of two interacting Yb
3+

 ions and 

depends on Coulombian interaction and therefore shows strong dependence on Yb
3+

-Yb
3+

 

distance  [1,34,35]. The emission marked with asterisks (*)  with maxima at 545 nm was due to 

erbium (Er
3+

) contamination probably from the sample holders during up-conversion set up. 

Figure 5.18 shows the position of the coordinates in a chromaticity diagram and expected colours 

of the phosphor powders under excitation of 980 nm laser. All doped samples were showing 

bluish green colour while a host was not glowing, because the excitation wavelength used was 

not sufficient enough to excite the electrons in a host [33].  
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      Figure 5.17: Cooperative luminescence of α-Al2O3:Yb
3+

 phosphor powder under excitation of 980 nm. 

 

    Figure 5.18: CIE colour of α-Al2O3:Yb
3+

 phosphor powder under excitation of 980 nm laser. 



 

59 
 

Figure 5.19 shows NIR emission of α-Al2O3:Yb
3+

 phosphor powders under excitation of 325 nm 

He-Cd laser. Yb
3+

 is usually excited by 980 nm because of two energy levels ground state 
2
F7/2 

and excited state 
2
F5/2 with spacing of 10 000 cm

-1
 apart. Figure 5.20 presents Gaussian fit for 

NIR emission of α-Al2O3: 0.8 mol% Yb
3+

 phosphor powders under excitation of 325 nm He-Cd 

laser. The band can be deconvoluted into four Gaussian functions with maxima at 975 (Peak 1), 

1007 (Peak 2), 1030 (Peak 3) and 1080 nm (Peak 4). The inset shows emission from the lowest 

stack of excited level to the different stacks of ground level in Yb
3+

. However, in this study 

excitation of 325 nm He-Cd laser was used and there was an energy transfer from the host α-

Al2O3 to the dopant Yb
3+

 as illustrated in figure 5.21. The NIR emission of Yb
3+

 are due to 

2
F5/2→

2
F7/2 transition, four emission bands with maxima at 975, 1007, 1030 and 1080 nm were 

attributed to the transitions from lowest stack of the excited level of 
2
F5/2 manifold to the 

different stacks of ground level 
2
F7/2. The inset shows a weak emission of a host which was 

probably caused by intrinsic intraband gap defects such as F- and F
+
 centers [36, 37] 

 

Figure 5.19: NIR emission of α-Al2O3:Yb
3+

 phosphor powders under excitation of 325 nm He-Cd laser. 
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Figure 5.20:  Gaussian fit for NIR emission of α-Al2O3: 0.8 mol% Yb
3+

 phosphor powders under excitation of 325 

nm He-Cd laser. 

 

Figure 5.21: Schematic diagram of energy transfer from α-Al2O3 to Yb
3+

 under excitation of 325 nm He-Cd laser. 

(The full arrows pointed up and down represent photon excitation and emission, respectively. Square dotted lines 

and curly square dotted represent nonradiatively relaxation and represent energy transfer, respectively). 
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5.4 Conclusion 

The phase α- Al2O3:Yb
3+

 phosphor powder has been successfully synthesized by solution 

combustion method at pre-heated temperature of 550 
o
C without any calcination. XRD patterns 

confirm that the phosphor crystallized in the hexagonal phase of α-Al2O3 with space group R3c. 

The post-preparation annealing did not perturb α-Al2O3 phase but has improved the crystallinity 

at high temperature from 1000 
o
C to 1400 

o
C. The FTIR measurements confirmed the formation 

of α-Al2O3. FE-SEM confirmed that the dopants Yb
3+

 occupied grain boundaries before 

substituting Al
3+

 ions. The bluish green emission was observed as the results of cooperative 

luminescence of Yb
3+

. The NIR emission of Yb
3+

 was observed under excitation of 325 nm He-

Cd laser as the results of energy transfer from the α-Al2O3 to the dopant Yb
3+

. The possible 

mechanism of the energy transfer was illustrated and discussed. 
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6. The study of the structural properties and 

up-conversion luminescence in TiO2:Er3+ 
nano-phosphor 

6.1 Introduction 

More attention has been focused on up-conversion luminescence nano-materials such as rare-

earths doped in nanocrystals because of their wide range of applications in photonics, frequency 

up-converters, biological fluorescence labels, undersea optical communications, solar cells and 

temperature sensors. The generation of high-energy light (visible photons) induced by low 

energy excitation (near infrared photons) is called up-conversion, while the generation of visible 

emission by high-energy photons (UV) excitation is known as down-conversion [1-3]. Among 

all the rare-earth dopant ions, erbium (Er
3+

) is widely investigated because of its many energy 

levels and potential infrared applications. This rare-earth ion displays up-conversion 

luminescence with maxima at 410, 550, 660, 810 and 980 nm corresponding to the transitions 

from the excited 
2
H9/2, 

4
S3/2, 

4
F9/2, 

4
I9/2 and 

4
I11/2 states to the ground 

4
I15/2 state of Er

3+
. Er

3+
-doped 

phosphors can be used to enhance silicon solar cells response in the infrared spectral region and 

can also enhance the efficiency of dye-sensitized solar cells (DSSCs). The up-conversion 

luminescence from Er
3+

-doped phosphors can be reabsorbed by dyes in the DSSCs. More solar 

irradiation may be used, and the DSSC photocurrent will be effectively enhanced. In addition, 

the ruthenium dyes in DSSC such as N719, N3 and N749 only absorb visible light in the spectral 

range of 300 – 800 nm [4-6]. 

Titania (TiO2)  is one of the suitable host of rare-earths ions especially for up-conversion 

phosphors because of its good physical and chemical stability, non-toxicity, anti-corrosiveness 

and wide bandgap [7] among other things. There are three polymorphs of TiO2, namely brookite, 

anatase and rutile. The anatase phase of TiO2 has potential applications in gas sensors, catalysts 

and it can also be used for pigments because of its excellent chemical and physical properties [8].  

The rutile phase is thermodynamically stable at high temperatures between 600 and 1000 
o
C. It is 

therefore advisable to use low-temperature synthesis route to prepare anatase phase, in order to 

prevent the conversion of rutile phase [9]. The doping of rare-earths in TiO2 inhibit the phase 
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transformation of anatase to rutile phase by stabilizing the anatase phase this may be caused by 

surrounding rare-earths ions in anatase phase [10,11]. Huang et al. [12] investigated Pr
3+

-doped 

TiO2 nanocatalysts prepared by sol-microwave. The results indicated that inhibition of the 

anatase –rutile phase transformation was due to Pr
3+

 doping and therefore, the results were also 

consistent with the previous studies [12], [13,14]. 

In the present study, TiO2:Er
3+

 powder nano-phosphor was successfully synthesized by sol-gel 

method at room temperature and the powder was annealed at 650 
o
C. The structural properties 

were carried out by powder x-ray diffractometer (XRD) and the undoped TiO2 exhibited mixed 

phases of anatase and rutile with average crystallite size of 26 nm. The green and red up-

conversion emission from TiO2:Er
3+

 were studied by photoluminescent (PL) spectroscopy using 

the 980 nm fibre-coupled laser as the excitation source. Other characterization techniques such as 

field emission scanning electron microscope (FE-SEM) coupled with energy dispersive x-ray 

spectroscopy, Fourier transform infrared (FTIR), and ultraviolet-visible (UV-vis) 

spectrophotometer were used to analyze nano-phosphor samples. The influence of Er
3+

 

concentrations in TiO2 nanocrystal on structural and up-conversion luminescence was 

investigated.    

6.2 Experimental procedure 

6.2.1 Synthesis 

Figure 6.1 presents the schematic diagram of the synthesis procedure of TiO2:Er
3+

 nano-

phosphor powder. In a typical preparation, 5 ml titanium (IV) butoxide was added into a mixture 

of 50 ml ethanol and acetic acid and was stirred vigorously for 5 min. The reaction stopped after 

stirring for further 60 min and the milky solution was obtained. The solution was aged for 24 

hours and it was transformed to a gel during that period. The gel was dried in an oven maintained 

at 100 
o
C for 2 hours to ensure that all organic solvents have evaporated, and the resulting 

powder was annealed at 650 
o
C for 2 hrs in air. The resulting powders were ground using pestle 

and mortar. TiO2:Er
3+

 phosphor powders with Er
3+

 concentrations of 0.5, 1.0, 1.5 and 2.0 mol % 

were prepared [15].  
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Figure 6.1: Schematic diagram of the synthesis procedure of TiO2:Er
3+

 nano-phosphor powder (Ti = titanium (IV) 

butoxide, Er = erbium (III) acetate hydrate, Et = ethanol and Ac = acetic acid). 

6.2.2 Characterization 

The crystal structure of the nano-phosphor was analyzed using a Bruker D8 Advanced powder 

X-ray diffractometer (XRD) with CuKα radiation wavelength of 0.154 nm. The particle 

morphology and chemical composition analyses were carried out using JEOL JSM-7800 field 

emission scanning electron microscope (FE-SEM) coupled with energy dispersive x-ray 

spectroscopy (EDS). The diffuse reflectance measurements were performed using Lambda 950 

spectrophotometer. The study of vibrational bonds of the material was carried out by Fourier 

transform infrared (FTIR). Up-conversion measurements were performed by using fiber-coupled 

980 nm NIR laser as the excitation source coupled with a monochromator, photomultiplier tube 

(PMT) detector and a lock-in amplifier. 
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6.3 Results and Discussion 

6.3.1 Structure and morphology  

Figure 6.2 presents the XRD patterns of TiO2:Er
3+

 phosphor powders. The patterns are consistent 

with tetragonal phase of TiO2 with space groups of  
  

 
   and  

  

 
   referenced in JCPDS file 

number 21-1272 (anatase) and 75-1755 (rutile), respectively. It is clear that the undoped patterns 

consist of anatase and rutile phases of TiO2. Some of the rutile peaks disappeared with increasing 

concentration of Er
3+ 

ion. The intensity of the (110) and the (101) diffraction peaks of both the 

rutile and anatase phases, respectively, as a function of Er
3+ 

concentration are compared in the 

bar graph shown in figure 6.3. The peak intensity for rutile phase in the undoped sample was 

1672 a.u, while for anatase was 1182 a.u. In doped samples rutile intensity decreases while that 

of anatase increases with increasing concentration of Er
3+

. This indicates that the Er
3+

 dopants in 

titania inhibit anatase-rutile phase transformation. Rao et al. [10] suggested that all dopants in 

TiO2, both the donor and acceptor cations and anion dopants, prevent the anatase-rutile phase 

transformation by stabilizing the anatase phase of TiO2. There is a relationship between the 

degree of inhibition, size and ionic character of the dopants. The additives of dopants with a high 

charged such as Er
3+

 seemed to stabilize the anatase phase more strongly than those with a lower 

charge [10]. However, no diffraction peaks detected from impurities of erbium due to the low 

concentration of Er
3+

 in the host.  
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Figure 6.2: XRD patterns of TiO2:Er
3+

 nano-phosphor powder. 

 

Figure 6.3: The bar graph of XRD intensity against Er
3+

 concentration for rutile (110) and anatase (101) planes. 
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The average crystallite size D was estimated from the Debye-Scherrer equation: 

    
  

     
         (6.1) 

where K is the shape factor ~ 0.9, λ is the x-ray wavelength and β is the full-width half at 

maximum (FWHM) of the x-ray peak at the Bragg angle θ. The average D of the undoped TiO2 

nano-phosphor was 26 nm. The doped samples show crystallite size of 15, 14, 12 and 11.5 nm 

for 0.5, 1.0, 1.5 and 2 mol% Er
3+

. This reduction is attributed to the retarded crystallite growth 

upon the addition of Er
3+

 [12,16,17]. Figure 6.4 presents a crystal structure of anatase (a) and 

rutile phase (b) of TiO2. The crystal structure of anatase and rutile phase is tetragonal with space 

group of  
  

 
   and  

  

 
  , respectively.  Both the structures consist of TiO6 octahedron, 

whereby the ionic radii for Ti
4+

 and O
2-

 are 0.068 nm and 0.10 nm, respectively. Therefore, ionic 

radius of Er
3+ 

(0.089 nm) is between that of Ti
4+

 and O
2-

 so it can either replace Ti
4+

 ions or 

occupy the interstitials site. Theoretical dimensions of anatase unit cell are:               

and            , while for rutile unit cell are :                and             

[18]. The experimental lattice parameters for anatase unit cells were               and 

           , while for rutile unit cell whereas               and             

which were consistent with the theoretical values of both crystal structures. Table 6.1 

summarizes the crystallographic planes (miller indices) corresponding to different Bragg angles 

and the experimental and theoretical d-spacing for anatase and rutile phase of TiO2. The 

experimental values of lattice parameters and d-spacing were calculated by using tetragonal 

system [19] given by: 

 

  
 

     

  
 

  

  
         (6.2) 
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Figure 6.4:  Crystal structure of TiO2 anatase (a) and rutile phase (b) drawn by the Diamond crystal software [20]. 
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Table 6.1: The crystallographic planes corresponding to different Bragg angles and the experimental and theoretical 

d-spacing values for anatase and rutile phases of TiO2.  

2θ (deg) Anatase Rutile Anatase d-spacing (nm) Rutile d-spacing (nm) 

(hkl) (hkl) Experimental Theoretical Experimental Theoretical 

25.281 101 - 0.3512 0.35200   

27.436 - 110   0.3251 0.3248 

36.080 - 101   0.2488 0.2487 

37.801 004 - 0.2376 0.2378   

41.240 - 111   0.2188 0.2187 

44.043 - 210   0.2056 0.2054 

48.050 200 - 0.1889 0.1892   

54.321 - 211   0.1688 0.1688 

55.062 211 - 0.1664 0.1667   

56.621 - 220   0.1625 0.1624 

62.759 - 002   0.1479 0.1479 

64.047 - 310   0.1454 0.1453 

69.004 - 301   0.1360 0.1360 

75.032 215 - 0.1263 0.1265   

 

The FE-SEM micrographs of low (a) and high magnification (b) of TiO2:Er
3+

 phosphor powders 

are shown in figure 6.5. The low magnification of TiO2:Er
3+

 (Fig 6.5 (a)) shows a network of 

nano-rods with diameter and length of 78 ± 36 nm and 1.51 ± 0.30 µm, respectively while in 

high magnification (Fig 6.5(b)) it was seen that these nano-rods formed from a combination of 

spherical and porous nanoparticles.  

 

The EDS spectra of (a) undoped and (b) Er
3+

 doped TiO2 are shown in figure 6.6. The inset in 

the right center and top middle, respectively in figure 6.6 (a) and (b) demonstrate the FE-SEM 

micrographs and the positions where EDS analysis was performed. The top right corner depicts 

the bar graph comparing the weight % of the elements at the chosen area in figure 6.6 (a) and (b). 

All the elements present were detected. Carbon is probably coming from the tape on which the 
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powders were mounted [21].  In figure 6.6 (a) the EDS analysis reveals the weight content of Ti 

and O to be approximately 58.3 % and 35.0 % respectively, giving the atomic content ratio Ti/O 

of 35.8/64.3 to be 0.56. In figure 6.6 (b) EDS spectra of doped sample exhibits the weight 

content of Ti, O and Er to be 52.8 %, 43.2 % and 1.2 % respectively, giving the atomic content 

ratio Ti/O of 28.9/70.9 to be 0.41. These results verifies the formation of titania particles in (Fig. 

6.6(a)) to a large extent than in doped sample (fig. 6.6 (b)) suggesting that the dopant (Er
3+

) 

substitutes Ti
4+

 ions in the host.   

 

Figure 6.5: FE-SEM micrographs of low (a) and high magnification (b) of TiO2:Er
3+

 phosphor powder.                 

 

Figure 6.6: EDS spectra of undoped (a) and doped TiO2: Er
3+

 (b) nano-phosphor powder. 
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6.3.2 UV-vis and optical bandgap 

The diffuse reflectance spectra (DRS) were used to measure the absorption properties of TiO2 

and the effects of Er
3+

 in figure 6.7. The results indicate the strong UV absorption below a 

wavelength of 420 nm which is due to wide band gap of 3.2 eV and 3.0 eV for anatase and rutile 

phase, respectively. There was a blue shift in UV band-to-band absorption as the concentration 

of Er
3+

 ion increased. The inset shows six absorption bands in visible to near-infrared (NIR) 

region centered at 452, 490, 524, 548, 655 and 798 nm assigned to the transitions from ground  

4
I15/2 state to excited 

4
F3/2, 

4
F7/2, 

2
H11/2, 

4
S3/2, 

4
F9/2 and 

4
I9/2  states of Er

3+
 ion, respectively [22]. 

                 

Figure 6.7: DRS of TiO2 :Er
3+

 nano-phosphor powder. 

The optical indirect bandgap of TiO2 was estimated by Tauc plot of (αhv)
n
  against hv, with n = 

½ which is correct for allowed indirect transition in material such as TiO2 (shown in figure 6.8) 

[23]. The energy bandgap for the host TiO2 nano-phosphor was 2.94 eV and doped samples were 

2.968, 2.974, 2.995 and 3.003 eV corresponding to 0.5, 1.0, 1.5 and 2.0 mol% Er
3+

, respectively. 

The energy bandgap and crystallite size as a function of Er
3+

 concentration were plotted and 

shown in figure 6.9. The increase of energy bandgap is due to the upshift of the Fermi level that 

is located deep inside the conduction band due to excess of electrons from Er
3+

 ion. These 
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phenomena can be explained further by applying density functional theory (DFT) calculations. In 

addition, when the particle size decreases from its bulk to that of Bohr radius, the concepts of 

quantum size effect arises due to the spatial confinement of charge carriers. The electrons and 

holes in the quantum sized are confined in a potential well and do not experience the 

delocalization that occurs in the bulk phase. Therefore, the energy bandgap of the material 

increases with the decrease in particle size [24]. These results suggest that the doping of Er
3+

 ion 

plays an important role in altering the photoabsorption of TiO2 [25].  

 

     Figure 6.8: Tauc plot of indirect bandgap for TiO2:Er
3+

 nano-phosphor powder.         
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Figure 6.9: Energy bandgap and crystallite size as a function of Er
3+

 concentration in TiO2:Er
3+

 nano-phosphor 

powder. 

6.3.3 FTIR analysis 

Figure 6.10 presents the FTIR spectra of undoped TiO2 and doped TiO2: 2 mol% Er
3+

 nano-

phosphor. There were four absorption bands centered at 750, 1598, 2367 and 3456 cm
-1

. The 

results indicate the characteristic peak of titania at 750 cm
-1 

which was assigned to Ti-O 

stretching vibration due to the presence of octahedral TiO6 group. The weak peak at 1598 cm
-1

 

can be assigned to unsaturated bonds (C=C) from precursors such as butene, ethene etc. or 

perhaps from the hydroxyl (O-H) group. The peak at 2367 cm
-1

 is assigned to hydrocarbon C-H 

vibrations due to the organic residues, which remain in a host TiO2 after annealing or calcination. 

In addition, the same absorption bands can also be assigned to CO2 atmospheric. The peak at 

3456 cm
-1

 is assigned to O-H vibration from the moisture of KBr pellet. It is clearly seen that the 

peaks of doped TiO2:Er
3+

 are more broad than those of undoped, which means surface of doped 

samples might be attached to hydroxyl groups and have stronger adsorption [26].                
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   Figure 6.10: FTIR spectra of undoped TiO2 and doped TiO2: 2 mol% Er
3+

nano-phosphor powder. 

6.3.4 Up-conversion properties 

Figure 6.11 shows the up-conversion emission of TiO2:Er
3+

 nano-phosphor excited by 980 nm. 

The green emission with maxima at 527 and 564 nm are assigned to (
2
H11/2, 

4
S3/2)→

4
I15/2 

transitions and the red emission with maxima at 665 nm is assigned to the 
4
F9/2→

4
I15/2 transition 

of Er
3+

 ions [27]. The different emission bands are observed corresponding to electronic 

configuration of f→f transitions of the Er
3+

 ion. The broadening shown by emission bands with 

maxima at 665 nm is due to the contribution of optically active Er
3+

 ions in different local sites 

with small difference in bond lengths and angles. This arises from the crystal-field interaction 

experienced by Er
3+

, as well as to the intrinsic splitting of stark levels [28].  The weak red 

emission is very broad because of the local crystal field symmetry at the rare-earth site [29]. The 

rutile phase has TiO6 octahedral that share edges, while in the anatase phase TiO6 octahedral 

share faces. Thus, the crystal field is not identical for the Er
3+

 ions in the different crystal phases. 

Therefore, the emission from both anatase and rutile phases are not the same [30,31].  The inset 

presents the chromaticity coordinates of TiO2: Er
3+

 nano-phosphor powders under excitation of 

980 nm laser and were determined using the Commission International de I’Eclairage (CIE) 
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coordinate calculator software. The coordinates of nano-phosphor powders display yellowish-

green visible colour. The PL intensity of green and red emission as a function of the Er
3+

 

concentration is shown in figure 6.12. These results depict the decrease in green emission as the 

concentration of Er
3+

 was increased. This indicates that Er
3+

 ion in low concentration is well 

distributed in the host and inter-ionic distance is too far in Er
3+

-Er
3+

 ions. However, in a high 

concentration the inter-ionic distance of Er
3+

-Er
3+

 ions is small and this results in the formation 

of Er
3+

 cluster. Thus, concentration quenching process is mostly to occurs which causes the non-

radiative relaxation processes [31-33].        

 

Figure 6.11: Up-conversion emission TiO2: Er
3+

 nano-phosphor excited by 980 nm. 
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Figure 6.12: PL intensity as a function of Er
3+

 concentration.   

The mechanism of up-converted emission of TiO2:Er
3+

 nano-phosphor is illustrated in figure 

6.13. In the ground state absorption (GSA) process, the wavelength of excitation laser 980 nm 

matches with the absorption transition from the ground state 
4
I15/2 to the 

4
I11/2 level. After GSA 

process, the same laser pumps the excited atom from the 
4
I11/2 to the 

4
F7/2 level; the process is 

called excited state absorption (ESA). There was a non-radiative relaxation from 
4
F7/2 to 

4
S3/2/ 

2
H11/2 and 

4
F9/2 levels. The green emission were seen at 527 nm and 564 nm attributed to the 

(
2
H11/2, 

4
S3/2)→

4
I15/2 transitions while red emission at 665 nm is assigned to the 

4
F9/2→

4
I15/2. At 

the low concentration of Er
3+

 ion 
2
H11/2/ 

4
S3/2 levels shows radiative decay to the ground level 

4
I15/2 which gives the higher intensity of the green emission. The cross-relaxation (CR) process 

between 
4
I15/2→

4
I13/2 and 

4
F9/2→

4
I15/2 transitions was seen and this process is mostly to occur at 

high concentration of Er
3+

 ions. In addition, the luminescence lifetime of 
4
S3/2/ 

2
H11/2 levels is 

shortened and therefore, the quenching of green emissions is observed. Thus, it is evident from 

the results that up-conversion process is a concentration dependent [32-33].        
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Figure 6.13: The mechanism of up-converted emisson in TiO2: Er
3+

 nano-phosphor powder (CR - Cross relaxation 

and NRR - nonradiative relaxation).   

6.4 Conclusion 

The TiO2:Er
3+

 nano-phosphor powder has been successfully synthesized by sol-gel method at 

room temperature preparation and the powder was annealed at 650 
o
C to form a desired phase. 

XRD confirms that nano-phosphor has crystallized in the tetragonal phases of anatase and rutile 

with space groups of 
  

 
   and  

  

 
  , respectively. XRD confirms reduction in crystallite size 

when the concentration of Er
3+

 increases. The increase of Er
3+

 concentration increases the energy 

bandgap due to quantum size effect. FE-SEM confirms nano-rods morphology with diameter and 

length of 78 ± 36 nm and 1.51 ± 0.30 µm, respectively. All vibration bonds for Ti-O were 

observed at FTIR due to the presence of TiO6 octahedral group. The red and intense green up-

conversion emission was observed from PL spectroscopy upon the excitation of 980 nm. The 

possible mechanism showing GSA and ESA of the Er
3+

 ion upon the excitation of 980 nm was 
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illustrated and discussed. These results show that the addition of Er
3+

 in a host it is altering 

properties of TiO2 by inhibiting anatase - rutile phase transformation, increases optical bandgap 

and prevent a particle growth. The green and red up-conversion emission shows that the nano-

phosphor material has potential applications in DSSCs.  
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7. Up-conversion luminescence and nano-

composites features of Al2O3-TiO2: Yb3+, RE 
(RE = Er3+ and Tm3+) powders 

7.1 Introduction 

Currently, rare-earths (RE) activated optical materials with efficient up-conversion luminescence 

from infrared to visible radiation have attracted much interest for their possible applications in 

photonics, frequency up-converters, biological fluorescence labels, undersea optical 

communications, solar cells and temperature sensors [1,2]. This up-conversion process depends 

on sequential absorption of two or more photons and energy transfer between doping ions [3]. In 

Yb
3+

/Er
3+

 codoped oxides, Yb
3+

 is considered an excellent sensitizer with two manifolds ground 

and excited states, respectively corresponding to 
2
F7/2 and 

2
F5/2 with spacing of 980 nm apart. 

Usually, Yb
3+

 is excited with near-infrared (NIR) laser and energy transfer to an activator 

resulting in improvement of visible or NIR emission like in the case of erbium (Er
3+

) where 

green, red and NIR have been shown to improve [4]. Er
3+

 ion displays up-conversion 

luminescence with maxima at 410, 550, 660, 810 and 980 nm corresponding to the transitions 

from the excited 
2
H9/2, 

4
S3/2, 

4
F9/2, 

4
I9/2 and 

4
I11/2 states to the ground 

4
I15/2 state [5]. The up-

conversion luminescence from Yb
3+

/Er
3+

 codoped oxides can be utilized in amorphous silicon (a-

Si) and crystalline silicon (c-Si) solar cells, dye-sensitized solar cells (DSSCs) and organic solar 

cells [6]. Thulium (Tm
3+

) is one of the most studied activator for blue (
1
G4→

3
H6), red (

1
G4→

3
F4 

and 
3
F3→

3
H6) and NIR (

3
H4→

3
H6) emission based on up-conversion. In addition, up-conversion 

phosphors in a low phonon host material can generate a high up-conversion luminescence. The 

alternative way of enhancing the luminescence efficiency of Tm
3+

 ion is by co-doping with Yb
3+

 

sensitizer [7,8]. The Yb
3+

/Tm
3+

 codoped in oxides are more useful in biomedical imaging 

applications because it displays the most intense emission in NIR region. This emission is very 

important for the deep tissue imaging of up-conversion fluorescent labels [9].  

Alumina-titania (Al2O3-TiO2) is one of the most useful nano-composites to host rare-earth ions 

to prepare up-conversion phosphor materials. These nano-composites have shown great interest 

in physical properties protected metallic structural components against wear and corrosion 
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because of their excellent thermal, chemical and mechanical stability. In addition, the nano-

composites can be used in different applications including catalysis, photocatalytic, solar cells 

and self-cleaning. Alumina (Al2O3) is a ceramic material with high level of strength, good 

toughness and tribological properties. Titania (TiO2) is a wide bandgap semiconductor material 

that is used in different application including photocatalytic activities, solar cells, hydrogen 

storage and sensors [10]. There are various methods that have been used to prepare 

nanostructured composites such as sol-gel synthesis, hydrothermal synthesis, and chemical 

vapour deposition, spin coating method and microwave-combustion synthesis [11]. Sol-gel 

synthesis shows important advantages over other synthesis techniques, due to a low cost simple 

synthetic route, good compositional control and low crystallization temperature [12].   

During this present study, we made an attempt to prepare nano-composites of Al2O3-TiO2 with a 

molar ratio of 1:1 by sol-gel method using titanium (IV) butoxide and aluminium n-butoxide as a 

titanium and aluminium source, respectively. The Yb
3+

/Er
3+

 and Yb
3+

/Tm
3+

 codoped samples in 

Al2O3-TiO2 were synthesized. The effects of nano-composite features on crystalline phase, 

surface morphology, optical properties and up-conversion photoluminescence for Er
3+

 and Tm
3+

 

contents of Al2O3-TiO2Yb
3+

,Er
3+

/Tm
3+

 phosphor powders excited at 980 nm were investigated 

and the possible up-conversion mechanism is also discussed.          

7.2 Experimental procedure 

7.2.1 Al2O3-TiO2 preparation 

Figure 7.1 depicts schematic diagram of the synthesis procedure of Al2O3-TiO2: Yb
3+

, Er
3+

/Tm
3+

 

nano-composites powders. Titanium (IV) butoxide, ytterbium (III) acetate tetrahydrate, erbium 

(III) acetate hydrate, thulium (III) acetate hydrate, aluminium n-butoxide, ethanol and acetic acid 

were used as precursors to prepare Al2O3-TiO2: Yb
3+

, Er
3+

/Tm
3+

 nano-composites powders. 

Al2O3 solution was prepared by dissolving 2.0 g aluminium n-butoxide in a mixture of 20 ml 

ethanol and acetic acid and was stirred vigorously for 5 min at ~ 50 
o
C. The reaction was stopped 

after stirring for further 60 min and the milky solution was obtained. The solution was aged for 

25 min. TiO2 solution was prepared by dissolving 4 ml titanium (IV) butoxide into a mixture of 

20 ml ethanol and acetic acid that has been stirred vigorously for 5 min. The reaction was 

stopped after stirring for 60 min and the milky solution was obtained. The solution was aged for 

25 min. These solutions were mixed using magnetic stirrer for 60 min. The milky solution was 
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aged for 24 hours and it was transformed to a gel during the storage. The gel was dried in an 

oven maintained at 100 
o
C for 2 hours to ensure that all organic solvents have evaporated, and 

then a powder was annealed at 950 
o
C for 2 hrs in air. The resulting powders were ground using 

pestle and mortar. Al2O3-TiO2: Yb
3+

, Er
3+

/Tm
3+

 nano-composites powders were prepared too 

with a fixed concentration of Yb
3+

 (1 mol %), while Er
3+

 was varied from 0.1 to 0.5 mol %, and 

Tm
3+

 was varied from 0.1 to 0.4 mol %.   

 

Figure 7.1: Schematic diagram of the synthesis procedure of Al2O3-TiO2: Yb
3+

, Er
3+

/Tm
3+

 nano-composites 

powders (Ti = titanium (IV) butoxide, Yb = ytterbium (III) acetate tetrahydrate, Er = erbium (III) acetate hydrate, 

Tm = thulium (III) acetate hydrate, Al = aluminium n-butoxide, Et = ethanol and Ac = acetic acid).   

7.2.2. Characterization 

The crystal structure of the nano-composite was analyzed using a Bruker D8 Advanced powder 

X-ray diffractometer (XRD) with CuKα radiation wavelength of 0.154 nm. The particle 
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morphology and chemical composition of the nano-composites were carried out using JEOL 

JSM-7800 field emission scanning electron microscope (FE-SEM) coupled with energy 

dispersive x-ray spectroscopy (EDS). The diffuse reflectance measurements were performed 

using Lambda 950 spectrophotometer. The study of vibrational bonds of nano-composites was 

carried out by Fourier transform infrared (FTIR). Up-conversion measurements of nano-

composites were performed by using fiber-coupled 980 nm NIR laser as the excitation source, 

redtipe ocean optics spectrometer consists of mirrors, diffraction grating, an array of charge-

coupled device (CCD) detector and optical fibres relayed to the computer for spectrum 

recording. 

7.3 Results and discussion 

7.3.1 XRD analysis 

Figure 7.2 presents XRD patterns of nano-composites Al2O3-TiO2: Yb
3+

, Er
3+

/Tm
3+

 powders. 

The diffraction patterns exhibited mixed oxides of α-Al2O3 and rutile phase of TiO2 which were 

indexed with JCPDS No. 46-1212 and JCPDS No. 21-1272, respectively. The peaks marked with 

“α” and “R” corresponded to α-Al2O3 and rutile (TiO2) phases, respectively. In addition, the peak 

marked with asterisks (*) indicates impurity from cubic phase ytterbium titanium oxide 

(Yb2Ti2O7) referenced with JCPDS No. 17-0454. The diffraction patterns of nano-composites 

depict the predominant existence of the rutile phase of titania, while small peaks indicate α-phase 

of alumina. However, the volume or molar ratio of nano-composites was 1:1. These results 

indicate that the small peaks of alumina were due to the early stage of crystallization because 

usually α-phase of alumina is thermodynamically stable at 1200 
o
C [13]. The average crystallite 

size D was estimated from the Debye-Scherrer equation: 

    
    

     
          (7.1) 

where λ is the x-ray wavelength and β is the full-width half at maximum (FWHM) of the x-ray 

peak at the Bragg angle θ. The average crystallite size D of undoped Al2O3-TiO2 phosphor was 

38 nm, while Yb
3+

/Er
3+

 and Yb
3+

/Tm
3+

 codoped samples were estimated to be 36 nm and 38 nm, 

respectively. Figure 7.3 shows analysis of (012) and (110) planes for “α” and “R” of alumina and 

titania, respectively. In Yb
3+

/Er
3+

 codoped sample, peaks were shifted to the low Bragg angles 

due to the micro-strains caused by incorporation of Yb
3+

 and Er
3+ 

ions [14,15].   
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Figure 7.2: XRD patterns of nano-composites Al2O3-TiO2: Yb
3+

, Er
3+

/Tm
3+

 powders.  

 

Figure 7.3: Analysis of (012) and (110) planes of alpha and rutile phases of alumina and titania.  

7.3.2 FE-SEM observations 

The FE-SEM micrographs of undoped Al2O3-TiO2 (a), (b), codoped Al2O3-TiO2: Yb
3+

, Er
3+

 (c), 

(d) and Al2O3-TiO2: Yb
3+

, Tm
3+

 (e), (f) phosphor powders are shown in figure 7.4. Figure 7.4 (b) 

is a high magnification micrograph of the chosen area in figure 7.4 (a) while figure 7.4 (d) and 
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(f) respectively depict the high magnification of the selected areas in figure 7.4 (c) and (e) 

micrographs. The low magnification micrographs (Fig 7.4(a), (c) and (e)) show agglomerated 

network of nano-rods, while the high magnification micrographs (Fig 7.4(b), (d) and (f)) indicate 

that these particles were nano-rods self-assembled by agglomerated spherical particles. The 

nano-rods were attributed to titania while alumina was associated with spherical particles [13]. 

Figure 7.4 (c), (d), (e) and (f) exhibit that the samples retain the morphology of nano-rods with 

spherical particles after co-doping  with Yb
3+

, Er
3+

 and Yb
3+

, Tm
3+

  .  
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Figure 7.4: FE-SEM micrographs Al2O3-TiO2 (a), (b), Al2O3-TiO2:Yb
3+

,Er
3+

 (c), (d) and  Al2O3-TiO2:Yb
3+

,Tm
3+

 

(e), (f) phosphor powders. 



 

92 
 

EDS spectra of undoped Al2O3-TiO2 (a), Al2O3-TiO2: Yb
3+

, Er
3+

 (b) and Al2O3-TiO2: Yb
3+

, Tm
3+

 

phosphor powders are shown in figure 7.5. The inset in the top middle demonstrates the FE-SEM 

micrograph and the area where EDS analysis was performed, while the one on the top right 

corner depicts the weight % of the elements at the selected area.  All the main elements were 

detected. The existence of carbon (C) peak in all EDS spectrums was due to the carbon tape on 

which phosphor powders were mounted [16]. In undoped (Fig 7.5(a)) the elemental composition 

of Ti, O and Al in weight % were estimated to be 40.63, 63.10 and 15.63 % respectively, while 

in codoped Yb
3+

,Er
3+

 sample (Fig 7.5(b)) Ti, O and Al were 39.06, 43.75 and 14.06 %, 

respectively. In Yb
3+

,Tm
3+

 codoped (Fig 7.5(c)) the weight % of Ti, O and Al were estimated to 

be 35.94, 45.31 and 14.06 % , respectively. Figure 7.5(a) demonstrates the atomic content ratio 

Ti/O and Al/O of 21.92/63.10 and 14.97/63.10 to be 0.35 and 0.24, while in codoped samples 

(Fig 7.5(b)) atomic content ratios Ti/O and Al/O of 20.03/67.17 and 12.80/67.17 to be 0.30 and 

0.19 and (Fig 7.5(c)) atomic content ratios Ti/O and Al/O of 18.29/69.01 and 12.70/69.01 to be 

0.27 and 0.19, respectively. These results verify the formation of titania particles to a large extent 

than alumina. In codoped samples (Fig. 7.5 (b) and Fig 7.5 (c)) atomic content ratio of Ti/O 

decreases which means the dopants (Yb
3+

, Er
3+

 and Tm
3+

) substitutes Ti
4+

 ions in a host [17]. 

Table 7.1 depicts quantitative EDS microanalysis of weight (W) and atomic (A) content 

percentages (%) of Al2O3-TiO2:Yb
3+

, Er
3+

/Tm
3+

 phosphor powders.     

Table 7.1: Quantitative EDS microanalysis of Al2O3-TiO2: Yb
3+

, Er
3+

/Tm
3+

 phosphor powders (W % -weight 

percentage and A % - atomic content percentage). 

Elements Undoped  Yb
3+

-Er
3+

  Yb
3+

-Tm
3+

 

 W % A %  W % A %  W % A % 

Ti 40.63 21.92  39.06 20.03  35.94 18.29 

Al 15.63 14.97  14.06 12.80  14.06 12.70 

O 39.06 63.10  43.75 67.17  45.31 69.01 
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Figure 7.5: EDS spectra of (a) Al2O3-TiO2, and codoped (b)Yb
3+

, Er
3+

 and (c) Yb
3+

, Tm
3+

 phosphor powders. 

7.3.3 UV-vis analysis 

The diffuse reflectance spectra (DRS) was used to measure the absorption properties of Al2O3- 

TiO2 nano-composite and the effects of Yb
3+

, Tm
3+

 and Er
3+

 in figure 7.6. The results indicate 

the strong UV absorption below 380 nm which is due to wide band gap of 3.2 eV and 3.0 eV for 

anatase and rutile phases of titania, respectively [18]. The inset demonstrates absorption bands of 

Er
3+

 and Tm
3+

 in visible and NIR spectral region. Four absorption bands centered at 490, 524, 

655 and 798 nm were assigned to the transitions from ground 
4
I15/2 state to excited

 4
F7/2, 

2
H11/2 , 

4
F9/2 and 

4
I9/2

 
states of Er

3+
 ion, respectively [19,20]. Two absorption bands centered at 682 and 

792 nm were assigned to the transitions from ground 
3
H6 state to excited 

3
F3 and 

3
H4 states of 

Tm
3+

 ion, respectively [21,22].     
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Figure 7.6: DRS of Al2O3-TiO2: Yb
3+

, Er
3+

 /Tm
3+

 phosphor powder. 

The optical indirect bandgap was estimated by Tauc plot of (αhv)
n
  against photon energy (hv), 

with n = ½ which is correct for allowed indirect transition in material such as Al2O3-TiO2 

(shown in figure 7.7) [23]. However, alumina and titania are respectively direct and indirect 

bandgap materials. XRD and EDS proved that the titania is more dominant than alumina in a 

nano-composite. The energy bandgap of the host Al2O3-TiO2 was 2.98 eV while Yb
3+

,Er
3+

 and 

Yb
3+

,Tm
3+

 codoped samples were 3.00 and 2.98 eV, respectively. The increase in energy 

bandgap Yb
3+

-Er
3+

 codoped sample was noticed due to the upshift of Fermi level that is located 

deep inside the conduction band caused by excess of electrons from Er
3+

 and Yb
3+

 [24,25].    
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Figure 7.7: Determination of energy bandgap of Al2O3-TiO2: Yb
3+

, Er
3+

/Tm
3+

 phosphor powders by Tauc plot. 

7.3.4 FTIR analysis 

Figure 7.8 presents FTIR spectra of Al2O3-TiO2: Yb
3+

, Er
3+

/Tm
3+

 phosphor powder. The broad 

absorption band from 647 – 1154 cm
-1

 with resolved bands centered at 906 cm
-1

 and 1122 cm
-1

. 

These bands were assigned to the Ti-O-Ti bonds of titania and asymmetric bending modes of Al-

O-Al bonds, respectively [26]. This indicates that alumina and titania did not mix at the particle 

level to form a new compound, and they rather formed clusters of like materials. The absorption 

band centered at 1631 cm
-1

 is due to the OH vibration of hydroxyl group and surface adsorbed 

water [27]. In Yb
3+

-Er
3+

 codoped samples, the absorption band centered at 2253 cm
-1

 was 

assigned to the atmospheric CO2 [28].        
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Figure 7.8: FTIR spectra of Al2O3-TiO2: Yb
3+

, Er
3+

/Tm
3+

 phosphor powder.  

7.3.5 Up-conversion properties 

The up-conversion emission from Al2O3-TiO2:Yb
3+

/Er
3+

 phosphor powder excited with 980 nm 

laser operating at 2078 mW was measured and the spectra are shown in figure 7.9. The inset in 

the top right shows up-conversion spectrum of undoped sample excited with 980 nm, while the 

one on the bottom right indicates the Commission Internationale de I’Eclairage (CIE) 

chromaticity diagram. There were three main emission bands with maxima at 523, 548 and 658 

nm corresponding to 
2
H11/2→

4
I15/2, 

4
S3/2→

4
I15/2 and 

4
F9/2→

4
I15/2 transitions of Er

3+
 ion, 

respectively [29,30]. The low concentration of 0.5 mol% Er
3+

 is uniformly distributed in a host 

lattice and therefore it shows the most intense red up-conversion emission. This indicates that in 

a high concentration the inter-ionic distance of Er
3+

-Er
3+

 ions is small and this results in the 

formation of Er
3+

 cluster. Thus, concentration quenching process is mostly to occurs which 

causes the non-radiative relaxation processes [31,32]. In order to observe the colour of the visible 
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light from the nano-composites phosphor powders, the colour coordinates were calculated at 

different concentrations of Er
3+

 as shown in the CIE chromaticity diagram. The nano-composites 

phosphor powder displays yellowish-green colour due to a combination of green and red visible 

colours [33].  

 

Figure 7.9: Up-conversion spectrum of nano-composites Al2O3-TiO2: Yb
3+

, Er
3+

 powders by excitation of 980 nm. 

 

Figure 7.10 presents the up-conversion emission spectra of Al2O3-TiO2: Yb
3+

,Tm
3+

 nano-

composites phosphor powders excited with a 980 nm laser diode operating at 2078 mW. There 

were four main emission bands with maxima at 480, 650, 693 and 800 nm assigned to 
1
G4→

3
H6, 

1
G4→

3
F4, 

3
F3→

3
H6 and 

3
H4→

3
H6 transitions of Tm

3+
 ion. The most intense near-infrared 

emission was observed in low concentration of Tm
3+

 (0.1 mol%), while quenching was noticed 

in a highest concentration of Tm
3+

 (0.4 mol%). This suggest that Tm
3+

-Tm
3+

 ions were clustered 

in a high concentration, while in low concentration it means Tm
3+

 ions were distributed well in a 
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host. The inset shows magnified red emissions with maxima at 650 and 693 nm corresponding to 

1
G4→

3
F4 and 

3
F3→

3
H6 transition of Tm

3+
 ion [34].   

 

Figure 7.10: Up-conversion spectrum of nano-composites Al2O3-TiO2: Yb
3+

,Tm
3+

 powders by excitation of 980 nm. 

7.3.6 Up-conversion mechanism 

Figure 7.11 shows an energy transfer mechanisms of up-conversion process in Al2O3-TiO2: Yb
3+

, 

Er
3+

/Tm
3+

 nano-composites phosphor powders upon excitation with 980 nm laser.  The excited-

state absorption (ESA) and energy transfer up-conversion (ETU) are known as the dominant up-

conversion mechanisms. The ETU mechanism involves sensitizer Yb
3+

 ion and activator (Er
3+

 or 

Tm
3+

) ion. For Yb
3+

/Er
3+

 samples, Yb
3+

 ions at the ground state were excited to the 
2
F5/2 state by 

absorbing 980 nm NIR photon through ground state absorption (GSA), and energy transferred 

from Yb
3+

 to Er
3+

 ions to populate 
4
I11/2, 

4
F9/2  and 

4
F7/2 intermediate states of Er

3+
. The non-

radiative relaxation occurred from 
4
F7/2 to 

2
H11/2, 

4
S3/2 and 

4
F9/2 states, while radiative relaxation 

for green and red emission corresponding to (
4
S3/2, 

2
H11/2) →

4
I15/2 and   

4
F9/2→

4
I15/2 transitions of 

Er
3+

 were seen. In addition, another alternative mechanism in Yb
3+

 ion, a non-radiative decay at 

2
F5/2→

2
F7/2 will occur and energy transferred to populate 

4
I11/2 intermediate states in Er

3+
. 
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Therefore, Er
3+

 is excited to the 
4
F7/2 state via the following channels:

 4
I11/2→ 

4
F7/2 and 

4
I13/2→

4
F9/2. Eventually, the non-radiative and radiative relaxation of green and red emission will 

be observed [35,36]. In Yb
3+

/Tm
3+

-codoped samples, usually Yb
3+

 is used as a sensitizer to 

improve the efficiency of up-conversion because of its large absorption cross-section, while 

Tm
3+

 ions is considered as an activator to give the emission upon NIR excitation. Once the Yb
3+

 

sensitizing ions are populated through GSA upon 980 nm NIR laser excitation, the successive 

three-step energy transfers from Yb
3+

 to Tm
3+

 will populate 
3
H5, 

3
F2 and 

1
G4 intermediate states 

of Tm
3+

. The non-radiative relaxations of 
3
H5→

3
F4 and 

3
F2→

3
H4 transition of Tm

3+
 ions were 

observed. The radiative relaxation for blue (
1
G4→

3
H6), red (

1
G4→

3
F4 and 

3
F3→

3
H6) and NIR 

(
3
H4→

3
H6) were observed [37].  

 

Figure 7.11: Energy transfer mechanisms showing the up-conversion process in Al2O3-TiO2: Yb
3+

, Er
3+

/Tm
3+

 

phosphor powder under excitation of 980 nm. (The full arrows pointed up and down represent photon excitation and 

emission, respectively. Square dotted lines and curly full arrows represent non-radiatively relaxation and energy 

transfer, respectively). 
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7.4 Conclusion 

The nano-composites of Al2O3-TiO2:Yb
3+

,Er
3+

/Tm
3+

 phosphor powders were successfully 

synthesized by sol-gel method. XRD confirms the mixed oxides of titania rutile phase and an 

early crystallization of α-Al2O3 phase with crystallite size of ~ 38 nm in diameter. FE-SEM 

suggests nano-rods morphology self-assembled with spherical particles. UV-vis confirms strong 

band-to-band absorption at 380 nm and Tauc plot exhibit indirect optical bandgap of ~ 3.0 eV. 

FTIR demonstrates the characteristics absorption peaks of Ti-O-Ti and Al-O-Al bonds which 

indicate the incorporation of alumina into titania. The Yb
3+

/Er
3+ 

codoped phosphors exhibits the 

most intense red up-conversion emission with CIE coordinates showing a phosphor with 

yellowish-green visible colour, while Yb
3+

/Tm
3+

 codoped samples display the most intense NIR 

up-conversion luminescence. The possible mechanism showing ESA and ETU between 

Yb
3+

/Er
3+

 and Yb
3+

/Tm
3+

 was illustrated and discussed. The up-conversion results suggest that 

by co-doping Yb
3+

 along with Er
3+

 improved red emission, while in Tm
3+

 it enhanced a NIR 

emission. The nano-composites did not mix well in the particle level to form a new compound 

but they have formed clusters of like materials whereby titania is more dominant than alumina. 
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8. Conclusion 

8.1 Summary 

The corundum phase (α- Al2O3:Yb
3+

) phosphor powder has been successfully synthesized by 

solution combustion method at a temperature of 550 
o
C. The powder X-ray diffractometer 

(XRD) patterns confirm that the phosphor crystallized in the hexagonal phase of α-Al2O3 with 

space group R3c. The post-preparation annealing did not transform the phase (α-Al2O3:Yb
3+

) but 

crystallinity was improved at high temperatures from 1000 
o
C to 1400 

o
C. The Fourier transform 

infrared (FTIR) measurements confirmed the formation of α-Al2O3:Yb
3+

. Field emission 

scanning electron microscope (FE-SEM) confirmed that the trivalent ytterbium (Yb
3+

) dopant 

ions occupied grain boundaries before substituting Al
3+

 ions. The bluish-green emission was 

observed as the results of cooperative luminescence of Yb
3+

. The near infrared (NIR) emission of 

Yb
3+

 was observed under excitation of 325 nm helium-cadmium (He-Cd) laser as a result of 

energy transfer from the α-Al2O3 to the dopant Yb
3+

. The possible mechanism of the energy 

transfer was illustrated and discussed. These results show that α- Al2O3:Yb
3+

 can be synthesised 

by using solution combustion method at a relatively low temperature of 550 
o
C. The cooperative 

luminescence of singly doped Yb
3+

 was observed when high concentration of Yb
3+

 was added to 

the host. This cooperative luminescence can be very useful in blue light emitting phosphors 

applications.   

The TiO2:Er
3+

 nano-phosphor powder has been successfully synthesized by sol-gel method at 

room temperature preparation and the powder was annealed at 650 
o
C to form a desired phase. 

XRD confirms that nano-phosphor crystallized in the tetragonal phases of anatase and rutile with 

space groups of 
  

 
   and  

  

 
  , respectively. The XRD data confirmed the decrease in 

crystallite size when the concentration of Er
3+

 increases. The increase of Er
3+

 concentration 

increases the energy bandgap due to quantum size effect. The FE-SEM confirms nano-rods with 

diameter and length of 78 ± 36 nm and 1.51 ± 0.30 µm, respectively. All vibration bonds for Ti-

O were observed at FTIR and were assigned to TiO6 octahedral group. The red and intense green 

up-conversion (UC) emission was observed from photoluminescence (PL) spectroscopy upon 

excitation by 980 nm. The possible mechanism showing ground state absorption (GSA) and 
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excited state absorption (ESA) of the Er
3+

 ion was illustrated and discussed. These results show 

that the incorporation of Er
3+

 in the host inhibited transformation of TiO2 anatase to rutile phase, 

increases optical bandgap and prevent particle growth. The green and red UC emission suggested 

that the nano-phosphor material has potential applications in dye sensitized solar cells (DSSCs). 

The nano-composites of Al2O3-TiO2:Yb
3+

,Er
3+

/Tm
3+

 phosphor powders were successfully 

synthesized by sol-gel method. XRD confirms the mixed oxides of titania rutile phase and an 

early crystallization of α-Al2O3 phase with crystallite size of ~ 38 nm in diameter. FE-SEM 

analyses confirmed the formation of self-assembled nano-rods and spherical particles. UV-vis 

confirmed strong band-to-band absorption at 380 nm and optical bandgap of ~ 3.0 eV was 

estimated from the Tauc plot.  The FTIR analysis demonstrated the characteristics absorption 

peaks of Ti-O-Ti and Al-O-Al bonds which confirmed formation of alumina – titania system. 

The Yb
3+

/Er
3+ 

codoped phosphors exhibit the most intense red up-conversion emission with 

Commission Internationale de I’Eclairage (CIE) coordinates showing a phosphor with yellowish-

green visible colour, while Yb
3+

/Tm
3+

 codoped samples display the most intense NIR up-

conversion luminescence. The possible mechanism showing ESA and energy transfer up-

conversion (ETU) between Yb
3+

/Er
3+

 and Yb
3+

/Tm
3+

 was illustrated and discussed. The results 

from UC measurements suggest that by co-doping Yb
3+

 along with Er
3+

 improved red emission, 

while Tm
3+

 it enhanced the NIR emission. The nano-composites did not mix well in the particle 

level to form a new compound but they have formed clusters of like materials whereby titania is 

more dominant than alumina. 

8.2 Future work 

The preparation of a highly UC luminescence phosphor based nano-materials is very important 

for considering the potential application of these nano-composites in solar cells. There are 

several strategies that can be employed to enhance the UC luminescence including impurity 

(cations) doping and construction of core@shell nano-structures. In impurity doping it is a 

known factor that the UC luminescence intensities of rare-earths (RE) are dependent on 

electronic transition probabilities, which are very sensitive to the surrounding environment of 

RE. Therefore, tailoring the local crystal field of the RE can be considered as one of the most 

effective method to enhance the UC luminescence of various host matrixes doped with different 

up-conversion rare-earths (UCRE). The crystal symmetry in UC phosphor based nano-materials 
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can be changed by an intentional doping of non-luminescent cations such as lithium (Li
+
), 

bismuth (Bi
3+

), iron (Fe
3+

), scandium (Sc
3+

) and calcium (Ca
2+

). For example this can be done by 

triply doped Al2O3-TiO2:Yb
3+

,Er
3+

,Li
+
 phosphors. In a case of core@shell nanostructures, the 

shell improves UC emission by shielding the luminescence ions in the core from non-radiative 

relaxation caused by surface defects, as well as from vibrational deactivation ascribed to solvent 

molecules and ligands absorbed on the nano-material surface. The proposed core@shells are 

TiO2:Yb
3+

,Er
3+

@Al2O3 and TiO2:Yb
3+

,Tm
3+

@Al2O3 or Al2O3: Yb
3+

,Tm
3+

@TiO2 and Al2O3: 

Yb
3+

,Tm
3+

@TiO2. The influence of a volume ratio in Al2O3-TiO2: RE can be varied to 

investigate the nano-composites features and UC luminescence properties. The power 

dependence of UC measurements on phosphor powders plays an important role in depicting how 

many photons are absorbed during UC process. The nano-composite will be incorporated into 

solar cell devices and the power conversion efficiencies of the devices will be measured.  

 

 


