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Abstract 
 

We are living in an age where the demand for energy is growing rapidly.  This means that 

supplies to easily accessible oil and natural gas is unlikely to keep up with the demand as times 

goes on.  The world will have to use energy more efficiently and increase its use of other 

sources of energy. This study is aiming at developing materials that will improve the power 

conversion efficiency of photovoltaic cells by using up and down-converting phosphor 

materials.  ZnTiO3-Zn2TiO4 composite and ZnTiO3 phosphors doped with Er3+,Yb3+, Eu3+ and 

Al3+, which display up and down-converted luminescence were synthesized by a simple high 

temperature conventional solid state reaction method. The structure, particle morphology, 

absorption, photoluminescent properties and elemental distribution were analyzed using X-ray 

diffraction (XRD), scanning electron microscopy (SEM), UV-Vis-NIR absorption 

spectrometer, photoluminescence (PL) spectroscopy and time of flight secondary ion mass 

spectroscopy (TOF-SIMS), respectively. 

 

ZnTiO3-Zn2TiO4 composite doped with different concentration of Er3+ ions was synthesized 

via solid state chemical reaction method at 1100 ℃. The X-ray diffraction (XRD) confirmed 

the crystallization of both the hexagonal ZnTiO3 and cubic spinel Zn2TiO4 phases of the 

composite. The SEM images of ZnTiO3-Zn2TiO4:Er3+ composite showed that the particle 

morphology was made up of faceted hexagons.  Furthermore, the ZnTiO3-Zn2TiO4:Er3+ 

phosphors were excited in the near-infrared (NIR) region using a laser diode with a wavelength 

of 980 nm and displayed both green and red up-conversion emission bands in the visible range 

at 543, 553, 650 – 670 nm. These emission bands correspond to 2H11/2, 
4S1/2→ 4I15/2 and 4F9/2→ 

4I15/2 transitions of Er3+ ions. However, the interaction mechanisms involved in the up-

conversion process of ZnTiO3-Zn2TiO4:Er3+ phosphor is discussed with the help of an energy-

level schematic diagram and the number of the photons involved in the up-conversion 

luminescence process were of a double photon mechanism.  The decay lifetimes were studied 

by fitting the luminescence decay curve with a single-component exponential decay. 

 

Er3+ and Yb3+ incorporated zinc titanate (ZnTiO3) phosphor powders were synthesized using 

conventional solid-state reaction method at 800 ℃. A ZnTiO3:Er3+,Yb3+ phosphor that 

resembled an ecandrewsite single phase with space group R-3 (148) was obtained, as proven 
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 by X-ray diffraction (XRD). The SEM image showed a surface morphology composed of 

agglomerated irregular shaped particles. The energy band gap of ZnTiO3 was engineered by 

incorporating different concentration of the dopant ions. After irradiating ZnTiO3:Er3+with a 

980 nm laser beam, the phosphor up-converted the photon energy to display green and red 

emissions in the visible range that were positioned at 527, 545 and 665 nm. Enhancement of 

the luminescence intensity of ZnTiO3:Er3+ phosphor was achieved by variation of Er3+ 

concentration. Co-doping with Yb3+ ions proved to be effective in enhancing the luminescence 

intensity of the optimized Er3+ ion emission and new emission bands at 410 and 480 nm, 

through an energy transfer mechanism were observed. The enhancement of the lifetime of the 

up-conversion luminescence was also achieved by co-doping ZnTiO3:Er3+ phosphor with Yb3+ 

ion. The energy transfer mechanisms involved in Er3+- Yb3+ co-doped ZnTiO3 phosphor was 

illustrated and discussed in detail. 

 

The ZnTiO3:Er3+, Yb3+ thin films were successfully deposited by pulsed laser deposition (PLD) 

by varying the silicon (100) substrate temperature. The distribution of the ions in the films was 

investigated and the TOF-SIMS showed that the ions were homogeneously distributed 

throughout the ZnTiO3 host lattice which indicated a successful incorporation of the Er3+ and 

Yb3+ ions. The optical response of the phosphors revealed that the reflectance percentages of 

the ZnTiO3:Er3+, Yb3+ vary with the silicon substrate temperature due to the differences in the 

thickness and morphological roughness of the thin films. The ZnTiO3:Er3+, Yb3+ thin films also 

exhibited up-conversion emission from Er3+ electronic transitions, with violet, blue, green and 

red emission lines at 410, 480, 525, 545 and 660 nm from  2H9/2 → 4I15/2, 
4F7/2 → 4I15/2, 

2H11/2 

→ 4I15/2, 
4S3/2 → 4I15/2 and 4F9/2 → 4I15/2 transitions, respectively. These up-conversion 

emissions were enhanced by increasing the silicon substrate temperature during the deposition.  

 

 ZnTiO3 host co-doped with Eu3+ and Al3+ was synthesized by solid state reaction to convert 

the UV photons to visible photons. Charge compensation effects of Al3+ incorporated 

ZnTiO3:Eu3+ as a co-dopant ion was reported in detail. The structural and morphological 

characterization show that the addition of Eu3+ and Al3+ does not affect the phase formation 

and the surface morphology of the host. The visible emission intensity of Eu3+ ions for an 

optimal concentration of 2 mol% under 395 nm excitation, was enhanced by incorporating 

Al3+. The energy level diagram showing the charge compensation mechanism was proposed 

for the co-doped system.  
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Chapter 1: Introduction 
 

 

 

1.1. Renewable energy 
 

Energy holds a central role for various industries, households needs, commercial trade and 

supporting and businesses [1, 2]. However, the energy consumption has increased in rural areas 

and urban areas as well as developing countries because the economic has grown drastically in 

the past decades [3-5]. As is the case with all energy sources, the use of renewable energy is 

recently used for electricity and heat productions because they are cost effective, clean and safe 

alternative modes of energy relative to others. Renewable energy is defined as the energy 

source that continuously replenishes by nature which comes directly and indirectly from the 

sun and from the other natural movements and mechanisms of the environments. The list of 

renewable energies includes solar thermal concentrators, biomass fuels, photovoltaic cells, 

hydrothermal energy, geothermal heat pumps and tidal energy [6, 7]. Since the research and 

technology is a hot focus in energy demand, the renewable energy sector will make up a great 

proportion of energy supplies for the future growth of energy sector [6].  

Photovoltaic cells (PVs) are becoming the most abundant and used renewable energy sources 

globally. The basic science of photovoltaic devices was first discovered in 1839 by a French 

physicist, Edmond Becquerel. Various techniques have been employed to improve the quality 

of PVs from the first-generation systems until now. The first-generation systems of PVs are 

commercial systems based on crystalline silicon technology and the second-generation systems 

are based on the photovoltaic thin films cells.  The third-generation systems are organic PVs 

which are still under the developmental phase. A photovoltaic cell generates the electricity by 

absorbing the incoming solar radiation and convert them into electron-hole pairs. In the modern 

times after the second generation of PVs, dye-sensitized solar cells (DSSCs), organic 

photovoltaics (OPVs) and perovskite solar cells (PSCs) appear as next-generation PVs owing 

to their tremendous advantage such low cost, solution-processability, flexibility, lightweight 
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 and high-throughput manufacturing processes [8 - 10]. The promising efficient PVs have been 

associated with down and up-converting phosphors. With down-conversion process, single 

high energy photon is converted into two or more lower energy and the up-conversion is a 

process in which the two or more lower energy photons are converted into one high energy in 

the form of emission. Particularly, up and down-conversion involves up-converting near-

infrared and down-converting ultraviolet photons to visible photons by pairing rare-earths ions 

in the host. Because rare earth ions have rich energy level structure, energy transfer between 

them is also possible by up and down-convert absorbed infrared and ultraviolet light to visible 

light by means of photons of different energy. A recent study shows that the most efficient up-

conversion materials have been achieved by pairing a sensitizer Yb3+ and a suitable activator 

Er3+ doped a suitable host material due to their strong visible luminescence [11, 12].  On the 

other hand, the efficient down-conversion materials include Eu3+ coupled with a charge 

compensator [13] and rare earth ions (Dy3+, Ce3+, Tb3+ etc.) [11-15]. 

1.2. Problem statement 
 

The fossil fuel has introduced a threat across the globe, because the resulting carbon emissions 

have depleted the ozone layer, leading to global warming. This has resulted into rising sea 

levels which cause flooding, hurricanes and heat waves that threaten crop production and 

proper respiration of the living organisms including human beings. These make it necessary to 

find alternative forms of energy supply sources. Additionally, the nuclear energy is also not a 

recommended solution because it also threatens the human health [16, 17]. Dye-sensitized solar 

cells (DSSCs) have proven to be a better candidate based on non-toxicity and the related cost 

of production, within the photovoltaic solar cell category [18]. This makes them interesting for 

the laboratory-based research, even though their power conversion efficiency still needs great 

attention. The factors hindering their power conversion efficiency include; insufficient 

utilization of the solar radiation because their absorption of the electromagnetic waves from 

the sun is limited to a small range, limited photo-carrier for trapping and recombination, and 

inefficient electron injection from its excited state into the semiconductor surface, just to 

mention a few [19, 20]. The present research intends to address problem by enlarging the range 

of the electromagnetic waves that can be absorbed from the solar radiation by down and up-

converting the spectrum into the region that is absorbable by the solar cells. 
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1.3. Research aim and objectives 
 

1.3.1. Aim of the study 
 

The aim of this research is to enhance the efficiency of the Dye-sensitized solar cells, by 

incorporating a down converting and an up-converting luminescent material. The luminescent 

material will convert the electromagnetic waves that are not absorbable by a Dye-sensitized 

solar cell, into wave ranges that can be absorbable by the cells.  
 

1.3.2. Objectives of the study 
 

Finding ways to improve the efficiency and increase energy conversion efficiency of the 

DSSCs by: 

✓ Synthesize and optimization of ZnTiO3 nanoparticles using the conventional solid-state 

chemical reaction method and exposing the host to different annealing temperatures. 

✓ Find suitable down and up-converting lanthanides for ZnTiO3 nanoparticles. 

✓ Optimize the down and up-conversion processes by varying the concentration of the 

dopant in the prepared host. 

✓ Enhance the up-conversion by introducing the sensitizer (Yb3+), which will supply 

more energy to the activators in order to increase emission output. 

✓ Deposit the ZnTiO3: Er3+, Yb3+ on the silicon substrate to prepare the thin films. 

✓ Enhance the down-conversion by introducing the charge compensator (Al3+), which 

will balance the and enhance the emission output of the activators. 

✓ Investigate the efficiency changes that are introduced by the phosphors. 

1.4. Organization of the thesis 
 

1.4.1. Supervision 
 

This research was supervised by Professor Mokhotjwa S. Dhlamini from the University of 

South Africa, Science Campus and co-supervised by Doctor Luyanda L. Noto, Professor 

Bakang M. Mothudi, both from the University of South Africa and Professor Odireleng M. 

Ntwaeaborwa, from Witwatersrand University, South Africa. 
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1.4.2. Collaborations 
 

The University of the Free State with the photoluminescence measurements, TOF-SIMS 

measurements and the use of Pulsed laser Deposition (PLD) technique.  

1.5. Thesis layout 
 

This thesis is divided into the following ten chapters: 

Chapter 1 provided a general introduction about renewable energy, solar cells, up and down-

conversion phosphors, problem statements and the aims of the study. Chapter 2 provides the 

theoretical background on the fundamentals of luminescence processes and energy transfer in 

rare earth activated phosphors mainly for up-conversion applications in photovoltaic cells. It 

also provides the information on the synthesis method for the preparation of the 

ZnTiO3:Er3+,Yb3+ and ZnTiO3:Eu3+,Al3+ phosphors.  Chapter 3 gives a brief description of 

characterization techniques that were used to characterize the prepared phosphors. Chapter 4 

discusses the structural and optical evaluation of NIR up-converting Er3+ doped ZnTiO3-

Zn2TiO4 composite phosphor. In Chapter 5 the structural and optical evaluation of NIR up-

converting xmol%Er3+ doped ZnTiO3-Zn2TiO4 composite phosphor is discussed. Chapter 6 

presents the up-converting luminesce properties of ZnTiO3:Eu3+ phosphor synthesized by 

conventional solid-state reaction method.  Up-conversion luminescence and energy transfer 

mechanism of ZnTiO3:Er3+,Yb3+ phosphor is presented in Chapter 7.  Chapter 8 discusses the 

up-conversion luminescence of Er3+-Yb3+ co-doped ZnTiO3 thin films. In Chapter 9, 

Luminescence properties of ZnTiO3: Eu3+,Al3+ phosphor synthesized by conventional solid-

state reaction method. Finally, Chapter 10 gives the summary of the thesis and suggestion of 

the future work. 
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Chapter 2: Theoretical Background 
 

 

 

2.1. Introduction 
 

Energy demand remains one of the world’s greatest challenges and has been affected by 

economic growth, shortage of fossil fuels and few sustainable renewable energy resources and 

increase in crude oil prices. Extensive research and the use of nanotechnology in renewable 

energy resources are a major priority in energy demand reduction [1, 2]. Renewable energy 

sources are classified as solar cells, wind power, hydroelectric energy, geothermal power etc, 

[3, 4]. In general, the use of renewable energy system has become a noticeable factor in energy 

demand reduction because it is distributed over a wide geographical area, ensuring that 

developing countries have access to energy supply at reasonable cost for the future global 

energy needs. In the family of existing renewable energy sources, solar cells are most widely 

used as they utilize incident solar radiation to generate useful electrical energy, and the latter 

convert solar energy into heat energy without any “green-house” gas emission [4, 5].   

2.2. Solar cells 
 

Solar cells can either be photovoltaic cells or solar concentrators, where the earlier is a 

semiconductor device that utilizes incident solar energy to generate useful electrical energy. 

When sunlight strikes on any semiconductor solar cell, some of the light is absorbed by the 

semiconductor material and therefore generate an electron-hole pair. In this case, the electrical 

power is generated when the structures of the device separate the electrons (to the negative 

terminal) and holes (to the positive terminal) [6]. Among existing solar cells, dye-sensitized 

solar cells (DSSCs) are considered as potential candidates for next-generations concerning the 

technological advance in harvesting sunlight and transforming it into electrical energy due to 

their relatively low production cost, working in low-light conditions, large-scale feasibility, 

and higher efficiencies at higher temperatures [7-9]. 
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2.3. Dye-sensitized solar cells 
 

Dye-sensitizer also called photosensitizer is the best material employed for fabrication of the 

dye-sensitized solar cells. It is an important material because of its significant charge 

separation, device stability, light-harvesting and high influence on power conversion efficiency 

[10, 11]. These first dye-sensitized solar cells (DSSCs) were first fabricated in 1991 by Michael 

Grätzel and O’Regan. Although the literature revealed correspondingly that the highest 

efficiency for DSSCs is about 14% and it has been reported that it can reach a remarkable 

conversion efficiency of approximately 32% [12-14]. In general, a DSSC consists of a titanium 

(TiO2) semiconductor coated transparent conducting oxide, glass substrate, electrolyte 

containing iodide/triiodide (I-/I3
-) redox couples, a dye sensitizer and a platinized counter 

electrode (Pt CE) as shown in Fig. 2.1. The anode of a DSSC is soaked with a dye solution 

which bond the TiO2 semiconductor while the cathode consists of a glass plate with a thin Pt 

film which serves as a catalyst.  

 

Figure 2.1: Schematic diagram of a DSSCs. S and S* represents a ground and excited states 

of dye sensitizer molecule and S+ represents a dye sensitizer hole (the oxidized dye molecules) 

[15]. 

In the operating principle of DSSCs, a dye is used to absorb photons which generate charge 

carriers and results in electron injection from the ground state to an excited state of the TiO2 

semiconductor. The conducting substrate absorbs the injected electrons and transports them to  



Page | 9  
 

the external circuit in order to reach the platinized counter electrode. Subsequently, the 

oxidized dye sensitizer is reduced back to the ground state by electron transfer through the 

electrochemical redox reaction, and it receives the electrons from the external circuit to 

complete the whole photoelectric chemical reaction cycle [16, 17, 18]. It was reported that the 

sun provides energy approximately 10 000 times more than the global demand (3×1024 J/year) 

[19]. But some of this energy from the sun is not absorbed to due smaller energy photons that 

are transparent to the semiconductors and excess of higher energy photons of semiconductor is 

lost to lattice thermalization. According to literature, this energy losses can add up to more than 

50% of the utilizable solar energy for solar cells [20]. Introducing phosphors for up and down-

conversion of the photon energy (abbreviated UC and DC) in DSSCs is a recent research focus 

into reducing the energy loss.  

Up and down-conversions are one of the promising methods to overcome problems of 

transparency and thermalization. In general, up-conversion is the absorption of lower energy 

radiation by a phosphor, which transfers it to higher energy radiation, which may correspond 

to the visible band, ultraviolet band, etc.  Down-conversion is the absorption of higher energy 

radiation, which is re-emitted as lower energy radiation. Most importantly, during the process 

of UC, two or more low-energy near-infrared photons are converted into a single high-energy 

output, whereas DC is capable of converting one high-energy ultraviolet photon into two or 

more low-energy output photons. These two photon radiation methods have the advantage of 

enhancing the efficiency of solar cells at low costs [21]. The use of luminescence converter 

layer to avoid transmittance and thermalization inside the solar cell should be applied on the 

rear surface of solar cell. In order to avoid the loss of usable luminescence, a suitable reflector 

is needed inside solar cells during up-conversion process and a bifacial solar cell is needed 

inside solar cells during the down-conversion process [22, 23].  

2.4. Fundamentals of luminescence 
 

Luminescence is a phenomenon in which a substance emits light when exposed to various 

radiations such as X-rays, ultraviolet-infrared radiation, electron bombardment, or another 

source of excitation. After the absorption of the radiation by phosphor, an electron is promoted 

from the ground state into an excited state, then the electron gives back the energy in the form 

of light by falling back to its ground state level. The luminescence process can be illustrated in  

Fig. 2.2. The figure shows two processes taking place when the electron returns to the ground  
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state, namely: radiative (R) process and non-radiative (NR) process. In this case, the 

luminescence process occurs from radiative process. Through the process of non-radiative 

process, phonons are converted into lattice vibrations that transport energy in the form of heat 

and there is no emission of light produced [24 - 27].   

 

Figure 2.2: Jablonski schematic diagram showing the electronic states responsible for 

luminescence emission of ion A. The absorption of light is shown with a black arrow pointing 

upwards (A→A*) and the emission of light with the one pointing downwards (A*→A).  The 

* indicate the excited state, R the radiative process and NR is the non-radiative process [24]. 

 

In general, the characteristics duration of the emission of light is classified as fluorescence with 

a lifetime of 10-8 s to 10-5 s, phosphorescence with a lifetime of 10-8 s up to 10 seconds, and 

thermoluminescence with a lifetime of minutes to 4.6 x 109 years. Fluorescence, which is 

independent of temperature is defined as the emission of light taking place from an excited 

singlet state while the phosphorescence, which is strong temperature dependence is the 

emission that occur from the triplet state [24]. The luminescence in the materials is classified 

as photoluminescence (PL), thermoluminescence (TL), electroluminescence (EL), 

chemiluminescence (CL) and radioluminescence (RL), cathodoluminescence (CL) 

respectively [24, 25]. Most of the substances or materials that gives light are called phosphors 

which consist of a host lattice and a luminescent centre often called an activator [25 - 27]. This 

research is focusing more on photoluminescence because it has a wide application in varying 

fields. Photoluminescence is defined as the re-emission of light from any form of matter after 
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the excitation source of electromagnetic radiation or photons. This phenomenon can be grouped 

into two categories, namely: intrinsic and extrinsic luminescence.  

 

2.4.1. Intrinsic luminescence 

  

Intrinsic luminescence is the direct luminescence from the pure crystal or material after the 

excitation source and can be classified as band-to-band luminescence, cross-luminescence and 

exciton luminescence. Band-to-band luminescence is the phenomenon by which light is 

produced by pure material at relatively high temperature through the recombination of an 

electron with the hole creating band-to-band transition. On the other hand, cross-luminescence 

is produced by the recombination of an electron in the valence band with the hole created in 

the outermost core band. Therefore, this phenomenon is observable in alkali, alkaline-earth 

halides and double halides, respectively. However, exciton exist when the excited electron and 

a hole interact with one another. During this process, the exciton moves in a crystal conveying 

some energy and the recombination of the electron and a hole gives luminescence. The exciton 

is thus divided into two classes which is Frenkel and Wannier exciton. Frenkel exciton occurs 

primarily in the case where the distance between the electron and hole wavefunction is smaller 

than the lattice constant and the Wannier exciton exist mainly in semiconductors when the 

electron in the conduction band and a hole in the valence band interact through Coulomb 

interaction [24]. 

 

2.4.2. Extrinsic luminescence 

 

This type of luminescence occurs due to the incorporation of the foreign atoms or defects in 

the host materials. The foreign atoms can serve as an impurity and they are normally called 

activators. In some of the cases, an activator in the material shows weak luminescence or does 

not absorb the excitation sources. In this case, the host lattice can act as a sensitizer by 

absorbing the incident photos and transferring the excitation energy to the activator. In most of 

today’s luminescence materials, the absorption of photons which results in the emission of light 

take place in rare earth doped oxide host lattice for various applications in lighting devices [24, 

27]. 

2.5. ZnTiO3 nanoparticles 
 

The research on enhancing the efficiency of DSSCs is typically conducted using metal oxide- 
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based semiconductors such as ZnO, Nb2O5, TiO2, SnO2 and SrTiO3 [28]. Among them, zinc 

oxide (ZnO) nanoparticles have received significant attention because of its potential 

applications in solar energy conversion, light-emitting materials and photon catalysis. This is 

due to its wide bandgap (3.37 eV) and large exciton binding energy (60MeV) [28, 29].  

According to Nazeri et al [29], in order to improve the efficiency of the performance of TiO2 

in DSSCs, different approaches have been utilized such as coupling TiO2 with another metal 

oxide such as ZnO, to form composites. These materials tend to be paired and used in solar 

cells because they have similarly positioned valence and conduction band, but they have 

different properties that are advantageous for different applications and examples are, ZnO 

have higher conductivity compared to TiO2 while TiO2 have higher chemical stability and 

reactivity, much higher dielectric constant and fewer defects states. ZnO can be easily 

nanostructured [30-32]. In addition, the combination of these metal oxides has been found to 

be a promising material for DSSCs cell because it provides better surface area, transport, 

surface morphology and photo-electrochemical properties (e.g. photo-catalysis and photo-

induced super-hydrophilicity) [33, 34].  

It was reported that there are three crystallophic phases (Zinc titanate) existing in ZnO-TiO2 

system such as Zn2Ti3O8 and Zn2TiO4 both with a cubic spinel structures, and ZnTiO3 with a 

hexagonal and cubic structures. Zinc titanate phases has been synthesized from ZnO and TiO2 

through solid-state reaction method, and the first phase to be formed is Zn2Ti3O8 at low-

temperature synthesis, then ZnTiO3 appears at annealing temperatures T < 900 ℃ which 

decomposes into Zn2TiO4 at annealing temperatures T > 900 ℃. The unique properties of 

ZnTiO3 semiconductor lend themselves to a wide application which include paint pigments, 

microwave dielectric ceramics, catalytic sorbent for desulfurization of hot coal gases and gas 

sensors for the detection of Nitric Oxide, Carbon Monoxide [35, 36]. Moreover, it has been 

reported that ZnTiO3 can be considered as a promising host luminescent material and it was 

first reported by Wang et al. in 2003 [37, 38].  Nevertheless, considering tremendous 

luminescent properties of zinc titanate, the use of up and down-conversion trivalent rare-earth 

ion (RE3+) gives the opportunity to tune the properties of metal oxide semiconductors in a 

controlled manner in order to enhance the performance of the solar cells [30, 31]. In addition 

to RE3+ co-doping, cations with small ionic radius can be introduced easily into lattice 

interstitially or substitutionally to tailor the local crystal symmetry. This can be achieved by 

tri-doping the host matrix with activator, sensitizer and cations [39].  
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In this study, ZnTiO3 material and ZnTiO3-Zn2TiO4 composite co-doped with up and down-

conversion RE3+ ions were investigated. In addition, the energy transfer through up and down-

conversion process was investigated. 

2.6. Up-conversion mechanism 
 

As mentioned above, UC radiation is the conversion of low energy radiations into high energy 

radiation. This mechanism can be achieved through multi-photon absorption process in either 

lanthanides, triplet-sensitized process or by transition metal-based materials incorporated in 

different types of hosts. The reason this UC process is needed is because there are different 

parameters involved in the UC mechanism such as photo-physical properties (lifetime, 

efficiency and colour), activators, host matrix, excitation, lanthanides concentration, excitation, 

size and sensitizers. Knowing that these parameters can play an important role in UC process, 

one might form a hypothesis that optimizing properties, such as the brightness and photon 

frequency range of the phosphor might enhance the efficiency of photovoltaic cells, when a 

UC phosphor is incorporated. However, it has been reported that UC based lanthanides 

materials can be divided into three main classes, namely; excited-state absorption (ESA), 

energy-transfer up-conversion (ETU), and lastly two-photon absorption (TPA) (sometimes 

called photon avalanche) [13, 39, 40]. Fig. 2.3 (a)-(d) depicts representative up-conversion 

mechanisms in rare-earth (RE3+) doped up-conversion materials. An excited-state absorption 

process involves a single emitting ion with energy levels absorbing two (2) or more energy 

photons whereby it is promoted to higher excited state.  

 

Figure 2.3: (a-d) Basic principle of up-conversion mechanisms or processes in Ln3+ doped up-

conversion nanomaterials [41]. 
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The main mechanisms for UCL involve activator (GSA/ESA), activator-activator (GSA/ETU), 

sensitizer-activator (GSA/ETU) and energy migration up-conversion (EMU). As shown in Fig. 

2.3 (a) GSA/ESA is a simple three-level system whereby two energy photons are absorbed by 

ground-state absorption (GSA) and populate the excited metastable level (lower energy level 

of ESA). Subsequently, the photon energy in excited metastable level is promoted to higher 

energy level in ESA and relaxes to the ground state in the form of up-conversion luminescence. 

However, GSA/ETU is quite different from GSA/ESA since GSA/ETU mechanism involves 

two identical neighbouring ions (an activator-activator pair) as illustrated in Fig. 2.3 (b) and 

two different neighbouring ions (the sensitizer-activator pair), see Fig. 2.3 (c). In identical 

neighbouring ion mechanism, each activator ion absorbs photon energy of the same energy to 

higher energy level. During this process, one of the activator ions is promoted to higher excited 

state via non-radiative energy transfer and relaxes to the ground state in the form of up-

conversion luminescence while the other one relaxes back to the ground state. In the case of 

sensitizer-activator mechanism, the sensitizer ions absorb two-photon energy by GSA and 

subsequently transfer it to activator which promotes photon energy to its intermediate state, 

followed by up-conversion luminescence. Lastly, the up-conversion of EMU mechanism (Fig. 

2.3 (d)) involves four types of ions mechanism in Fig. 2.3, which result in the combination of 

GSA, ET, and EM steps [39, 40]. 

2.7. Down-conversion mechanism 
 

The process of down-conversion including quantum cutting (QC) and down-shift (DS) modes 

involve the co-operative energy transfer (CET) and it is very efficient for paired rare-earth ions 

co-activated suitable host material. In this case, there is an absorption of photons with energy 

as twice or more times the band gap of a host materials.  The DC mechanism is frequently used 

to modify the incident spectrum, which could provide a promising way for the improvement of 

solar cell efficiency [42, 43]. Fig. 2.4 illustrates the DC mechanisms in RE3+ (labelled I and II) 

ions doped host lattice for DC application. In the case of a single RE3+ ions as shown in Fig. 

2.4 (a), the absorption of a single photon involves a two-photon visible emission and this 

process is called quantum cutting. As a result, the use of two or more RE3+ ions as shown in 

Fig. 2.4 (b)-(c) involves energy transfer during DC process. In this case, the excited photon 

from “RE3+ I” relax from the highest energy level into the lower energy levels and transfer 

energy into “RE3+ II” through path 2 which one or both ions subsequently emit visible photons.  
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On the other hand, the energy transfer through path 1 shows that some of the excitation energy 

is transferred from one RE3+ to another one by a process called cross relaxation whereby a 

single photon is emitted in the visible region of electromagnetic spectrum [45, 46]. 

 

 

Figure 2.4: (a-d) Schematic diagram for rare-earth ions down-conversion mechanisms [44]. 

2.8. Rare earth ions 
 

The trivalent rare-earth (RE3+) ions, known as lighting elements, can serve as an impurity in 

certain host matrix or nanocrystals to achieve a wealthy luminescent characteristic by acting as 

wavelength converting system.  This process can be either down-conversion (DC) or up-

conversion (UC) [46]. RE3+ ions refer to a series of 15 consecutive elements (atomic number 

Z = 57 to 71) of the third transition series at the bottom of periodic table ranging from 

lanthanum to lutetium. The RE3+ elements were discovered in 1787 as a heavy piece of black 

rock called Yttria. The first element observed from the black rock was Yttrium, with atomic 

number 36, and further analysis of the rock revealed a whole range of RE3+ elements (atomic 

number Z = 57 to 71) [47]. Fig. 2.5 present the Dieke diagram of the observed rare-earth ions 

with their energy levels structure of the 4f n configurations as a function of energy. The general 

electronic configuration of trivalent RE3+ ions is given as follows: [Xe]4f n5d0-16s2. The 4f n 

electrons shell structure of all RE3+ ions are filled gradually from n = 0 to 14 electrons, which 

gives rise to a rich quantity of excited electronic levels. Table 2.1 present the electronic 

configuration of trivalent rare-earth ions giving more details about the 4f n configuration.  
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         Figure 2.5: Dieke diagram showing energy level structure of rare-earths ions [45]. 
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The 4f n electrons shell structure is also efficiently shielded by the filled 5s2 and 5p6 electrons 

shells so that the 4f electrons are less influenced by the environment of the lanthanide ions even 

in solid materials. A characteristic feature of RE3+ ions through intra-4f or 4f-5d transitions is 

their sharp emission in ultraviolet, visible or near infrared spectral regions which results in high 

purity of the colour of emissions [48, 49].  

 

Table 2.1: Electronic configuration of trivalent RE3+ ions [50]. 

 
 

The well-known candidates of up-converting trivalent RE3+ ions from the infrared band to the 

visible band include Er3+, Tm3+, Ho3+, Pr3+, Nd3+and Yb3+. RE3+ ions such as Er3+, Tm3+, Ho3+, 

Pr3+ and Nd3+ are mostly used as activators which generate up-conversion luminescence for 

980 nm radiations. An interesting ion is Yb3+, because it has proven to be an effective sensitizer 

in generating efficient up-conversion luminescence when co-doped with UC activators [39, 40, 

46, 48]. On the other hand, experimental work based on DC in RE3+ ions doped materials 

suggested the Yb3+ as an interesting emitter (activator) when co-doped with Nd3+, Pr3+, Tb3+, 

Tm3+ and Er3+ sensitizers. In this case, a wealthy DC luminescence is achieved via cooperative 

energy transfer from sensitizers to two Yb3+ ions [45].  
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2.9. Energy transfer mechanism 
 

The theory of energy transfer (ET) mechanism was predicted by Foster and Dexter. This 

mechanism is a process that occur normally in a system in which the excited state transitions 

of the sensitizer (donor) partially overlaps the ground state transition absorption of the activator 

(acceptor) ions. In phosphor, the ET mechanism can occur either between various host lattices 

and the single activator ion or between different RE3+ in the host lattice [51, 52]. In general, an 

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

chemical reaction 

S + hv → S*                                          [2.1]  

S* + A → S + A*                   [2.2] 

A* → A + hν´                         [2.3] 

where the asterisk indicates the excited state transition. The Jablonki diagram presented in Fig. 

2.6 illustrate the energy transfer mechanism involved between the donor and the acceptor.   

 

Figure 2.6: Schematic diagram illustrating the ET mechanism [53]. 

The mechanism of energy transfer requires the physical interaction between the sensitizer and 

the activator. However, during the physical interaction, this energy transfer can be able to find 

its origin in electrostatic or exchange interaction. Therefore, spectral overlap between 

absorption spectrum of the activator and emission spectrum of the sensitizer have to be 

observed, respectively, targeting energy conversion [54].  



Page | 19  
 

The dominant mechanism of the energy transfer is usually dipole-dipole interaction whereby 

the ions get spatially closer to one another with the increase in dopant concentration and there 

are some few criteria that lead to action of energy transfer in materials. This kind of process 

must be proportional to R-6 where R is the distance between the two centres. Additionally, the 

rate at which energy is transferred must also be proportional to the spectral overlap between 

emission spectrum of sensitizer and the absorption spectrum of the activator. During the 

process of energy transfer, the transfer rate is faster from the broad band sensitizer to broad 

band activator compared to transfer rate from broad band sensitizer to a narrow line acceptor. 

This whole process is due to anticipated larger spectral overlap in band to band process. In 

addition, energy transfer is believed to take place when the transition between the sensitizer 

and the activator are parallel to each other (i.e. ground state and excited state of sensitizer and 

activator are in resonance condition or equal) [55, 56]. Fig. 2.7 shows the spectral overlap that 

must be satisfied in order for the process of energy transfer to take place. The spectral overlap 

is shown by brown coloured region, restively. 

 

Figure 2.7: Schematic diagram of the spectral overlap of a donor emission and acceptor 

absorption [55]. 

Energy transfer mechanism in sensitizer-activator pair can occur by different processes such as 

radiative or non-radiative energy transfer [51, 57]. Upon absorption of the photon energy by a 

sensitizer, the transferring of the excitation energy from the excited electronic state of the 
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sensitizer to a nearby intermediate or ground states of the activator centres is taking place 

through radiative or non-radiative energy transfer mechanism. This process can also take place 

through resonant or non-resonant energy transfer because non-radiative energy transfer can be 

resonant. In addition, non-resonant energy transfer in sensitizer-activator system require a long-

range dipole-dipole interaction and is possible through a phonon-assisted mechanism, accretive 

or cooperative mechanism. On the other hand, the radiative resonant energy transfer process 

involves the emission and the reabsorption of the photon energies [57, 58]. Fig. 2.8 shows the 

emission of photons from ion pairs (S and A) through various ET mechanisms. 

 

Figure 2.8: Schematic illustration of the energy transfer mechanisms, namely: (a) radiative 

energy transfer, (b) non-radiative energy transfer, and (c) phonon-assisted non-radiative energy 

transfer [58]. 

2.10. Synthesis and film fabrication 
 

In this section, a brief description of the method used to synthesize nanomaterials is presented. 

Since the solids do not react with each other, the easiest way to make many solid materials is 

direct reaction of their components at high temperatures. This process can be achieved through 

solid state reaction. Solid state reaction, also known as mechanical milling, is a common top-

down approach to fabricate nanoparticles at very high temperatures. The solid-state reaction 

has the ability for particle size reduction, improving the surface morphology of the crystal, 
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mixing or blending hard metals, oxide powders, composites, ceramics, intermetallic. The major 

advantage of solid-state reaction method is the final products in solid form with small 

crystallites or high surface area on the final sintering temperatures. In addition, this method is 

economically friendly and unwanted waste or non-toxic products are not produced when the 

chemical reaction is complete. This kind of synthesis method involves the following steps: 

Firstly, metal oxides are normally used in this method where the stoichiometric amounts of 

appropriate high purity materials or fine grain powders are thoroughly mixed together using 

ball miller or mortar and pestle at room temperature. Secondly, the resulting solid powder 

mixture is exposed to high temperature and normally using muffle furnace [59].  

 

 

Figure 2.9: Experimental set-up of the PLD system [60]. 

In addition, pulsed laser deposition (PLD) is the most commonly used method to synthesize 

metal oxide thin films with accurate stoichiometry and high crystallinity. The basic set-up (Fig. 

2.9) of the PLD consist of the laser pulse which is located outside the ultrahigh vacuum (UHV) 

chamber, a target holder and the substrate holder. The synthesis process in PLD system is 

divided into four stages. In the first stage, a high-power pulsed laser beam is focused by set of 

optical components inside the chamber and interact with the surface of the target material. In 

this case, the target material to be deposited is ablated out, in the form of plasma plume from 

the target. However, the interaction mechanisms involve rapid physical phenomena which 

include thermal and electronic excitation, collisional, hydrodynamics and exfoliation. The 

high-energy plasma plume is then impinged onto the surface substrate that is parallel to the 
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surface of the target and grow a film [60, 61]. There are several advantages of the PLD system 

such as the fast response, congruent evaporation, energetic evaporates and flexibility of the  

ablation of the pulse laser beam. In addition, the quality of the film growth during the deposition 

can be influenced by the preparations conditions which include substrate temperature, target-

to-substrate distance, pressure and background gas composition [61]. 
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Chapter 3: Experimental Techniques 
 

 

. 

3.1. Introduction 
 

As mentioned in the previous chapter, the samples were prepared by conventional solid-state 

reaction. This chapter presents an overview and brief description of different research 

techniques used in this study to characterize the prepared samples. The techniques employed 

to probe structural and optical dynamics to achieve the goal of this research include x-ray 

diffractometer (XRD), scanning electron microscopy (SEM), photoluminescence (PL) 

spectroscopy, UV-Vis-NIR absorption spectroscopy, time of flight secondary ion mass 

spectroscopy (TOF-SIMS) and x-ray photo-electron Spectroscopy. 

3.2. X-ray Diffractometer 
 

X-ray diffractometer is an analytical and non-destructive tool used for the analysis of different 

kinds of matter such as powders, fluids and crystals [1]. XRD technique takes less time to 

extract wealth information on preferred crystal orientations, phases of materials and structural 

parameters, such as crystallinity, crystal defects, strain and average grain sizes of the materials. 

All this information is probed by constructive interference of a monochromatic beam of X-rays 

that are generated by cathode ray tube, and scatter at specific angle from each set of lattice 

planes in a target or compound that is mounted on the sample holder [2]. This is summarized 

in the diagram shown in Fig. 3.1. The interaction of rays respectively, takes place when the 

geometry satisfies the famous Bragg-Equation: nλ = 2dsinθ where n is an integer that indicates 

the order of the reflection, λ is the wavelength of the incident light rays, d is the distance 

between lattice planes and 𝜃 is the angle of reflection [2, 3]. Fig. 3.2 depict the schematic 

diagram of the Rigaku SmartLab diffractometer system equipped with a high power 9kW 

rotating Cu anode generator.  The X-ray diffractometers are equipped with an X-ray tube, a 

sample holder and a scintillation detector. In addition to these components, the SmartLab XRD 

employs the rotating anode X-ray generator (rotation via ω-angle), and the standard sample 

stage is manipulated through three circles: ϕ (in-plane rotation) and χ (swing axis) and the 
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Figure 3. 1: Schematic diagram of Bragg reflection from a set of parallel planes [3]. 

 

Figure 3.2: The configuration of X-ray diffraction system: Rigaku SmartLab 9 kW XRD [4]. 

detector moves with two circles (2θ and 2θ χ) for in-plane measurements. As a result, the 

divergent X-rays are produced inside X-ray tube from X-ray source (Fig. 3.2). The X-ray tube 

contains a copper block and a metal attached to it (forms an anode) and a tungsten filament 

(which forms a cathode). The X-ray tube heat up the tungsten filament to generate electron and 

the applied voltage between the tungsten cathode and anode accelerate the produced electron 

towards the target materials. There are specific characteristics wavelengths for each component 

such as copper (Cu), iron (Fe), molybdenum (Mo), and chromium (Cr). Copper (Cu) is the 

most commonly used target material for single crystal and powder diffraction, with Kβ and Kα 

Cu X-rays with 1.39 and 1.5406 Å wavelengths. However, Nickel filament is used to filter Kβ 

radiation because it absorbs wavelength below 1.5 Å. Therefore, the Kα Cu X-rays with 1.54Å 
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 wavelengths are the one used for the target characterization. The interaction of the electrons 

with target produce extreme reflected X-rays, and the rotating detector produce an electrical 

signal when exposed to reflected rays whereby the characteristic X-ray spectra is recorded [3, 

4]. The X-ray diffractometer system which was used in this study is Rigaku Smartlab that was 

equipped with a monochromatic CuK𝛼 (𝜆  = 0.15405 nm) irradiation source that was operated 

at 200 mA current in a wide range of Bragg angle 2θ. 

3.3. Field Emission Scanning Electron Microscopy 
 

A field emission scanning electron microscope (abbreviated FE-SEM) is an analytical tool that 

works with a beam of electrons to observe topographic details by raster scanning over surface, 

entire or fractioned nanoscale objects. Information provided by this technique is based on the 

high-energy beam of electrons that are generated by a tungsten (W) or Lanthanum hexaboride 

(LaB6) filament within the electron source and the specimen mounted on the sample holder. 

However, the high voltage is applied between the filament, which forms the cathode, and the 

anode plate (it can be primary or secondary anode) lead to an electrostatic field through from 

which the generated electrons are accelerated. These accelerated electrons are focused into a 

small beam and passes through condenser, specimen and objective lenses (Fig. 3.3), which emit 

secondary electrons from the surface of the specimen [5, 6].  

 

Figure 3. 3: Schematic diagram presenting FE-SEM operation mechanism [7]. 
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There are several other signals that are generated during the interaction of the electrons and the 

specimen including emission of characteristic x-rays, cathodoluminescence and Auger 

electrons. Fig. 3.4 shows different signals that are detected. The emitted secondary electrons 

are recorded, converted into electrical signal and converted into morphological of 

compositional image. The field emission scanning electron microscope is coupled with energy 

x-ray dispersive spectroscopy which is used for elemental compositional. EDS techniques use 

emitted X-rays from the interaction of primary electrons and the specimen and give the 

information about the characteristic of the elements from which it was emitted [5, 6]. The 

particle surface morphology and elemental composition in this research were studied by Jeol 

JSM-7800 field emission scanning electron microscope (FE-SEM) coupled with Oxford Aztec 

350 X-Max80 Energy x-ray Dispersive Spectroscopy (EDS). 

 

Figure 3.4: The illustration of several signals generated by the interaction of the electrons with 

specimen [8]. 

3.4. UV-Vis-NIR absorption Spectroscopy 
 

Optical spectroscopy involves the study of the interaction of the electromagnetic radiation of 

various wavelengths with the unknown substances, solutions or solid materials. When the 

electromagnetic radiation in a certain wavelength illuminate solutions or solid materials, the 

light waves can be reflected, absorbed or transmitted. The reflectance, absorbance or 

transmittance characteristics of materials is measured with optical spectroscopy. One of the 

most useful optical spectroscopies for light absorption is UV-Vis absorption spectroscopy [9].  
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In this study, the reflectance studies of the samples were evaluated with Perkin Elmer Lambda 

1050 UV-Vis-NIR absorption spectrometer. This instrument consists of a lamp compartment, 

double holographic grating monochromator, dual sampling compartment and three detector 

module which covers a spectral range of 175 – 3300 nm (Fig. 3.5).  

 

Figure 3. 5: Schematic diagram of the optical layout of UV-Vis-NIR spectrophotometer. The 

abbreviations in this figure mean: deuterium lamp (DL), halogen lamp (HL), mirrors (M), filter-

wheel (FW), slit assembly (SA), grating table (G), common beam mask (CBM), optional 

depolarizing filter (DP), chopper assembly (C), reference beam (R), sample beam (S), 

photomultiplier tube (PMT) detector and lead sulfide (PbS) detector [11]. 

The lamp compartment is generally equipped with the deuterium lamp and tungsten-halogen 

lamp which utilizes a source doubling mirror for UV/Vis/NIR range. A beam splitting system 

inside a double monochromator is responsible for selecting a specific single wavelength from 

primary electromagnetic radiation with a wide range of wavelengths. During this process, one 

beam is directed to the dual sampling compartment and the other is sent to the detector module 

as a reference. The beam splitting of Perkin Elmer Lambda 1050 UV-Vis-NIR absorption 

spectrometer comprises a combination of filters, lenses, mirrors, diffraction gratings and slits, 

respectively. Fig. 3.6 shows a typical diagram of the splitting of a beam. Inside the dual 

sampling compartment, the sample is positioned inside an integrated sphere which is 

responsible for collecting the diffusely scattered light during the interaction of an incident beam 

and the sample [10, 11]. The collected light (I) by the sample and reference beam (Io) is 
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reflected by series of mirrors of the optics onto the appropriate detector in the detector 

compartment connected to an integrating sphere. The detector records the ratio (I/Io) of the two 

beams and determine the amount of a beam that has been absorbed (A), reflected (%R) or 

transmitted (%T). The most popular detectors used in this instrument are PMT detector, which 

is positioned at the base of the compartment, InGaAs detector and PbS detector positioned at 

the top of the optics compartment [10, 11]. 

 

Figure 3.6: Illustration of a double beam UV-Vis instrument [12]. 

3.5. Photoluminescence Spectroscopy 
 

Photoluminescence Spectroscopy is a popular and useful instrument to study the optical 

response (e.g. luminescence) from a material following the absorption of electromagnetic 

waves.  Luminescence is generally referred to as an optical transition of the material upon the 

absorption of the electromagnetic waves of sufficient energy to excite electrons from the 

ground state to upper electronic state. The excited electrons from the upper electronic state de-

excite radiatively to the ground states to recombine with the holes in the form of light 

(photoluminescence). There are several parameters measured from the materials using 

photoluminescence spectroscopy such as excitation spectrum, emission spectrum, anisotropy  
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or polarization, quantum yield as well as luminescence lifetimes (decay curves) [13]. The 

instrument achieves these parameters using excitations sources, excitation and emission 

monochromators, sample compartment and the detector, respectively. Amongst the 

photoluminescence spectroscopy techniques, the Fluorolog®-3 spectrofluorometer (Fig. 3.7) is 

the most popular system that has a unique modular system setup which is equipped with 450W 

xenon lamp, a few pulsed laser diodes and various detectors (Hamamatsu R928P 

photomultiplier for UV-visible range, Hamamatsu R2658P photomultiplier for UV-Vis-NIR 

range, and PbS solid-state detector for NIR-IR range) [14]. 

 

Figure 3.7: Horiba Fluorolog®-3 Spectrofluorometer setup schematic [15]. 

As mentioned above, the incident light sources in this system include a broadband 450 W 

Xenon lamp and a tunable laser covers the excitation and emission spectra ranging from ultra-

violet (UV) to near-IR (NIR). The excitation source is channeled through diffraction gratings 

and focusing optics inside the monochromator and focused towards the material. The emitted 

light by the material is then channeled via focusing optics in monochromator to the detector 

compartment that is 90o to avoid any interference with the transmitted light from source. 

Finally, the emission spectrum is recorded by the detector and displayed as luminescence 

intensity as a function emitted light wavelength at room temperature [16].  



Page | 34  
 

The spectrofluorometer is also capable for low temperature measurements using the Janis 

cryostat [14]. In this research, down-conversion measurements were studied using Horiba 

Fluorolog®-3 spectrofluorometer while up-conversion luminescence was recorded by a 

Hamamatsu R928P photomultiplier tube, which was operated in photon counting mode after 

passing through a double emission monochromator.  

3.6. Time-of-Flight Secondary Ion Mass Spectrometry 
 

 

 

Figure 3.8: Schematic presentation of the ToF-Sims [19]. 

The Time-of-Flight Secondary Ion Mass Spectrometry (TOF – SIMS) is an analytical 

technique used for surface analysis that is used to provide information of the surface 

distribution of species, imaging for mapping, chemical composition, and depth profiling. Fig. 

3.8 shows the schematic diagram of the TOF-SIMS. During the analysis, the primary pulsed 

ion beam used to probe the surface of the target is Bi+ from an ion gun where it dissociates the 

surface. The resulting ejected secondary ion species at the surface are accelerated into a column 

where they fly through the drift path to reach the detector. In this case, the time (time-of-flight) 

that secondary ions take to get to the detector is measured and the mass of these secondary ions 

can be determined. Since ions of different elements have different masses, they travel with 

different velocity and their time-of-flight is also different. Ions with light masses fly faster and 

they reach the detector before the heavy ions.  The difference in the time-of-flight allows to the  
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detector allows the determination of elements that present over a selected surface area of the 

target.  Upon the arrival of the secondary ions to the detector, the detector performs the time-

to-mass conversion and generate the mass spectrum [17, 18]. The ToF-SIMS operates with 

three modes, namely surface imaging, surface spectroscopy and depth profiling. The surface 

imaging mode involves the rostering ion beam over the surface of the target whereby chemical 

maps is obtained. The surface spectroscopy probe elemental and molecular information from 

the outer monolayers. The depth profiling employs the use of two ion beam for analysis. One 

ion beam is used for sputtering a crater while the other one is used for analysis of the crater 

bottom [19, 18]. ToF-SIMS data was collected by iontof Time-of-Flight Secondary Ion Mass 

Spectrometry (TOF SIMS) at the University of the Free State. 
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Chapter 4: Structural and optical evaluation of NIR up-    

converting Er3+ doped ZnTiO3-Zn2TiO4 composite phosphor 

  
 

4.1. Introduction 
 

Phosphor nanomaterials based up-conversion (UC) luminescence has attracted great attention 

for a wide variety of applications in both medical and industrials applications, which include 

lighting technologies [1], high density optical data readers and storage sensors [2]. The process 

is anti-Stokes, and occurs by converting two or more photons with low energy, typically that 

of near infrared excitation, into a single photon with a higher energy [1]. The UC process is 

normally achieved from trivalent rare earth ions (RE3+) incorporated in a suitable host matrix, 

through these mechanisms; excited-state absorption, energy-transfer up-conversion, and two-

photon absorption, which also referred to as photon avalanche [3-5]. The well-known RE3+ 

ions that adhere to the anti-Stokes emission process, and display emission in the visible range 

of the electromagnetic spectrum, are Tm3+, Er3+, Ho3+, Nd3+, Pr3+ and Yb3+.   

Among these ions, Er3+ is considered the most efficient in the up-conversion process, due to its 

versatile energy levels originating from the two thermally coupled manifolds, the 2H11/2 and 

4S3/2 states. Er3+ up-conversion mechanism is achieved through a combination of ground state 

absorption and excited state absorption. An excited-state absorption process involves a single 

emitting ion with energy levels absorbing, where two or more photons excite electrons to 

successively higher energy excited states. An equivalent energy will excite the same electrons 

to the next state above, until the highest achievable state. Eventually, the electrons will de-

excite from the highest state to the lowest state, and yield photons with higher energies [6-8]. 

There are several strategies that have been employed to improve the structural and optical 

properties of dual phase phosphors [9]. Some of the strategies include the fabrication of 

composites and doping with RE3+. Consequently, some of the composite phosphors have been 

reported including Pr3+ doped SrSnO3-SnO2 composite phosphor [9], CdTe-SrSO4 composites 

phosphors [10], Al2O3:Ce-YAG:Gd composite ceramic phosphors [11] and Tm3+;Yb3+ co- 
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doped ZnO-TiO2 composite phosphor [12] for luminescence applications. They found that by 

varying the molar ratios and the dopants concentrations, the morphologies of the composites 

can be changed and exhibit high luminous efficiency. In this chapter, we present the structural 

and optical properties of optimized ZnTiO3-Zn2TiO4:Er3+ phosphor synthesized by 

conventional solid-state reaction. Our interest was to investigate the crystal structure and 

optical properties of the phosphor for photovoltaics applications. We demonstrated the effects 

of composite features on crystal. 

4.2. Experimental procedure 
 

The ZnTiO3-Zn2TiO4: 2 mol% Er3+ phosphor was synthesized using the solid-state chemical 

reaction method [13]. The starting materials were 1.00 g of ZnO (99.9%), 0.98 g of TiO2 

(99.7%) and 0.14 g of Erbium (III) acetate hydrate (99.9%), and their stoichiometric amounts 

were first mixed in 50 ml of ethanol inside a glass beaker to prepare the slurry. The slurry was 

stirred for 1 hour at room temperature for homogeneity and dried inside an oven at 120 °C for 

2 hours. The resulting white ZnTiO3-Zn2TiO4:Er3+ phosphor was annealed at 1100 °C for 4 

hours in air, inside a furnace and ground gently using a pestle and mortar. The phase formation 

of the crystal structure was probed using an X-ray diffractometer (Rigaku Smartlab) that was 

equipped with a monochromatic CuK𝛼 (𝜆  = 0.015405 nm) irradiation source that was operated 

at 200 mA current. A Jeol JSM-7800 field emission scanning electron microscope (FE-SEM) 

was used to study particle morphology. In addition, the diffuse reflectance of the phosphor was 

evaluated using UV-Vis-NIR absorption spectroscopy (Perkin Elmer Lambda 1050). The 

photoluminescence (PL) measurements were conducted using a PL spectrometer from 

Edinburgh Instruments FLS980 consisting of a 980 nm (2W) diode laser as the excitation 

source. After passing through a double emission monochromator, the up-conversion 

luminescence was recorded by a Hammamatsu R928P photomultiplier tube, which was 

operated in photon counting mode. The photoluminescence measurements were carried out at 

room temperature. 

4.3. Results and discussion 

4.3.1. Structural and morphological analysis 
 

The XRD patterns presented in Fig. 4.1(a) correspond to the undoped and Er3+ doped ZnTiO3-

Zn2TiO4 phosphors, in the range of 10 – 90 ° (2𝜃). The patterns of the undoped and the Er3+ 
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doped ZnTiO3-Zn2TiO4 samples show diffraction peaks corresponding to the crystal planes of 

hexagonal ZnTiO3 phase (JCPDs card no. 26-1500) with space group R3 and cubic spinel 

Zn2TiO4 phase (JCPDS card no. 13-0536 and 13-1493) with space group Fd3m, respectively. 

The presence of the different phases indicates that we have formed a composite phosphor. 

Some peaks corresponding to impurities originating from TiO2 according to the JCPDS 

standard file with card number 75-1753, were also observed on the patterns. The formation of 

 

 

Figure 4.1: X-ray Diffraction patterns of (a) ZnTiO3-Zn2TiO4 and ZnTiO3-Zn2TiO4:Er3+ and 

(b) FE-SEM micrograph of ZnTiO3-Zn2TiO4:Er3+ phosphors annealed at 1100℃. 
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rutile-TiO2 (R-TiO2) is due to the decomposition of ZnTiO3 when the prepared samples were 

annealed at high temperature [14]. Fig. 4.1 (b) shows the FE-SEM micrograph of Er3+ doped 

ZnTiO3-Zn2TiO4 composite. The morphology of the prepared sample consists of 

agglomeration of faceted spheres and hexagons. The agglomerated morphology is due to 

annealing the samples at high temperatures [15]. Consistent with XRD data, the SEM image 

have shown that doping with Er3+ did not change the crystal morphology since the XRD 

patterns of the two materials are the same. 

4.3.2. UV-Vis-NIR analysis 
 

 

 

Figure 4.2: Reflectance spectra of ZnTiO3-Zn2TiO4 and ZnTiO3-Zn2TiO4:Er3+ phosphors. 

The absorption properties of the un-doped and Er3+doped ZnTiO3-Zn2TiO4 phosphors are 

displayed in the diffuse reflectance spectrum shown in Fig. 4.2. The spectra show an intense 

UV absorption band below 400 nm, due to band to band absorption [16] and a charge transfer 

state that exists within the band gap of the material. The charge transfer state in CaTiO3 

compounds originates from an intervalence charge transfer state [17], and the one observed in  

Fig. 4.2 is likely to originate from it. In addition, absorption bands centred at 488, 520 and 653 

nm in the visible and NIR spectral region were detected. These bands correspond to 4I15/2 state 

to higher 4F7/2, 
2H11/2 and 4F9/2 transitions of Er3+ ions [16, 18]. The inset in Fig. 4.2 shows the 

estimated bandgap from the Tau’s relation [19] (calculations not shown) for the two samples. 
 



Page | 42  
 

4.3.3. Up-conversion analysis 
 

 

 

Figure 4.3: (a) PL Spectrum and (b) the CIE coordinate plot of ZnTiO3-Zn2TiO4: Er3+ 

phosphor. 

The up-conversion emission spectrum of ZnTiO3-Zn2TiO4:Er3+ phosphor was measured using 

a 980 nm diode laser with a pumping power of 2W. Fig. 4.3(a) shows the resulting emission 

spectrum with peaks in the visible range of the electromagnetic spectrum, indicating successful 

up-conversion of the NIR photon energies. The displayed green and red emission lines,  
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positioned at 514 – 574 nm and 640 – 690 nm, correspond to 2H11/2 → 
4I15/2, 

4S3/2 → 
4I15/2 and 

4F9/2 → 
4I15/2 transitions of Er3+ ions, respectively [20 - 24]. The Commission Internationale de 

I’Eclairage (CIE) chromaticity coordinate plot (Fig. 4.3b), suggests that observed emission 

resembles a greenish-yellow colour with an index (X= 0.38, Y= 0.61). 

Fig. 4.4 shows the luminescence decay curve of ZnTiO3-Zn2TiO4:Er3+, which was recorded by 

monitoring emission peak at 657 nm, after exciting the phosphor with a 980 nm diode laser 

pumped with 2W power for a period of 2 ms.  The decay curve was fitted using the second-

order exponential decay function [15], respectively: 

                                         I(t) = Io + Ae(-t/τ1)                [4.1]  

where I is the luminescence intensity at certain time t, Io is the background intensity, t is the 

time, A and B are the constants and τ1 is the luminescent decay time. The measured luminescent 

decay time τ1 was estimated to 0.267 ms. 

 

Figure 4.4: Luminescence decay curve of ZnTiO3-Zn2TiO4: Er3+ phosphor. 

4.4. Conclusion 
 

We succesfully prepared an Er3+ doped ZnTiO3-Zn2TiO4 composite phosphor using solid state 

chemical reaction at 1100 °C, as proven by the diffuse reflectance and PL data. The 

morphology of the composites showed faceted and hexagon particle shapes. The photons with 
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energies corresponding to the NIR emission range, where succesfully up-converted to photon 

energies corrresponding to the visible emission range, using Er3+ as a dopant ion. The CIE 

coordinate plot proved that the displayed emission resembled a reddish-yellow colour with and 

index (X= 0.47, Y= 0.51) and the obtained lifetime values corresponding to Er3+ ions was 

calculated. These results suggest that this phosphor is a possible candidate that can be used to 

enhance the power conversion efficiency of different types of solar cells. 
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Chapter 5: Structural and optical evaluation of NIR up-

converting xmol%Er3+ doped ZnTiO3-Zn2TiO4 composite 

phosphor  

 

 

 

5.1. Introduction 
 

Rare earth (RE3+) ions incorporated in a suitable host matrix are valued for efficient up-

conversion (UC) processes in the field of luminescence. The UC luminescence properties of 

RE3+ activated optical materials have attracted great attention for a wide variety of application, 

which include, biomedical imaging, optical sensors, lighting technologies, optical amplifiers, 

storage sensors, etc. [1-3]. The UC process is an anti-Stokes type of an emission, and it occurs 

by converting two or more photons with low energy, typically that of near infrared (NIR) 

excitation, into a single photon with a higher energy [2].   Erbium (Er3+) adheres to anti-Stokes 

emission because it consists of two thermally coupled manifolds, namely the 2H11/2 and 4S3/2 

states, which support the up-conversion mechanism. When a host lattice doped with Er3+ ions, 

is excited with an infrared beam of light, the electrons are excited from the lowest Er3+ state to 

the next state above, until the highest achievable state through a combination of GSA-ESA 

processes. During this process, the electrons de-excite from the highest metastable state to 

lower states radiatively, resulting in green and red emissions [4-6]. 

Nanocomposites are materials that are made up of several constituent materials embedded in 

continuous phases, where at least one or all phases have an average particle size less than 100 

nm. Nanocomposites offer a great advantage over individual nanomaterials because they 

produce multifunctional phases with exceptionally enhanced properties as well as different 

physical and mechanical properties [7, 8]. The semiconductor nanocomposites have found to 

be beneficial in many fields like light emitting diode, photodetectors, filed effect transistors 

and for the production of high performance photovoltaic (PV) devices. An important finding  

from the semiconductors nanocomposites is the superior enhancement in optical and electronic 
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properties compared to pure conjugated semiconductors nanomaterials or conventional 

composites [9]. In addition, the semiconductor nanocomposites can be easily tuned by doping 

since the incorporation of RE3+ relaxes the f-f transition of semiconductors thereby enhancing 

their absorption cross-section [10]. In this study, ZnTiO3-Zn2TiO4:Er3+ nanocomposite 

phosphor was successfully synthesized by conventional solid-state reaction method. The 

crystal structure, surface morphology and optical properties of the nanocomposite material 

were probed, in order to investigate its effect on photoluminescence emission properties of 

Er3+.  

5.2. Experimental procedure 
 

Er3+ ions doped ZnTiO3-Zn2TiO4 nanocomposite phosphor was synthesized by solid-state 

chemical reaction method, using ethanol to prepare the slurry. The starting materials were 1.00 

g of ZnO (99.9%), 0.98 g of TiO2 (99.7%) and different amount of Erbium (III) acetate hydrate 

(99.9%), which were mixed in stoichiometric amounts in 50 ml of ethanol. The slurry was dried 

inside an oven at 120 °C for 2 hours, then fired at1100 °C for 4 hours in air. The resulting white 

phosphor compound was ground gently using a pestle and mortar until a uniform white powder. 

The phase identification of the crystal structure and the particle morphology was probed using 

an X-ray diffractometer (Rigaku Smartlab) and Jeol JSM-7800 field emission scanning electron 

microscope (FE-SEM). The diffuse reflectance spectrum was recorded using a Perkin Elmer 

Lambda 1050 UV-Vis-NIR absorption spectrometer. The photoluminescence emissions (PL) 

and lifetime measurements were conducted using a PL spectroscopy from Edinburgh 

Instruments FLS980 consisting of a 980 nm (2W) diode laser as an excitation source for up-

conversion luminescence. Up-conversion luminescence was recorded by a Hammamatsu 

R928P photomultiplier tube, which was operated in photon counting mode after passing 

through a double emission monochromator.  

5.3. Results and discussion 
 

5.3.1. Structural analysis 
 

The X-ray Diffraction patterns of undoped and Er3+ doped ZnTiO3-Zn2TiO4 nanocomposite 

phosphor annealed at 1100℃ for 4 hours are shown in Fig. 5.1. The patterns show the 

diffraction peaks of different phases, which correspond to the crystal planes of the hexagonal 

 



Page | 49  
 

 

Figure 5.1: X-ray Diffraction patterns of ZnTiO3-Zn2TiO4 and ZnTiO3-Zn2TiO4:Er3+ annealed 

at 1100℃.  

ZnTiO3 phase (JCPDS card no. 26-1500) with space group R-3, the cubic spinel Zn2TiO4 phase 

(JCPDS card no. 13-0536) with space group Fd3m, and the β-Zn2TiO4 phase (JCPDS card no. 

13-1493) suggesting the crystallization of mixed phases (composite). The sharp diffraction 

peaks confirm high crystallinity of the structure of ZnTiO3-Zn2TiO4 composite phosphor. The 

most prominent diffraction peaks observed in the ZnTiO3-Zn2TiO4 nanocomposite phosphors 

are for hexagonal ZnTiO3. The diffraction peak at 36°, corresponds to an additional secondary 

phase, which matches with the r-TiO2 standard, according to the JCPDS file with card number 

75-1753. The formation of this secondary phase is due to the decomposition of hexagonal 

ZnTiO3 phase into Zn2TiO4 and r-TiO2 when the prepared composites were annealed at 1100 

oC [11, 12]. The relative phases of ZnTiO3 and Zn2TiO4 were extracted from the ratio of 

intensities  (I(phase)/I(total)) of the (110) reflection of ZnTiO3, (110) reflection of Zn2TiO4,  and 

(110) reflections of R-TiO2 and β-Zn2TiO4. The percentages of ZnTiO3 and Zn2TiO4 phases in  
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the composite were calculated using the relation [13]: 

                                                        Relative phase content = I(phase)/I(total)                (1) 

where I(phase) is the intensity of selected peak from the peak position that consists of only one 

phase and I(total) is the sum of intensity of all selected Xray diffraction peaks. The percentage 

of ZnTiO3 and Zn2TiO4 phases were found to be ~ 68.2 % and ~ 27.0 %, respectively In 

addition, the XRD pattern of Er3+ doped ZnTiO3-Zn2TiO4 nanocomposite phosphor did not 

show any peaks of Er2O3, indicating that doping of Er3+ has no effect on the structure of 

ZnTiO3-Zn2TiO4 nanocomposite phosphors. Since the ionic radius of Er3+ ions is bigger than 

that of both Zn2+ and Ti4+ ions, it is expected to occupy the position of the ion with the greater 

ionic radius between the two. The ionic radius of Zn2+ ions is bigger than that of Ti4+ ions and 

therefore Er3+ ions is expected to occupy Zn2+ ions [12, 14]. 

5.3.2. Morphological analysis 
 

The SEM micrographs of the undoped and Er3+ doped ZnTiO3-Zn2TiO4 composite phosphors 

are presented in Fig. 5.2 and shows the agglomerations of faceted spheres and hexagons. The 

as agglomeration has been attributed to annealing the samples at high temperatures [15]. 

Consistent with the XRD results, the HR-SEM micrographs shown in Fig. 5.2(b) confirm that 

the incorporation of Er3+ions did not influence the particle morphology of the ZnTiO3-Zn2TiO4 

composite. 

 
 

Figure 5.2: FE-SEM micrographs of (a) ZnTiO3-Zn2TiO4 and (b) ZnTiO3-Zn2TiO4:Er3+ 

composites. 
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5.3.3. UV-Vis analysis 
 

 

Figure 5.3: (a) The diffuse reflectance spectra and (b) Kubelka Munk’s plots of ZnTiO3-

Zn2TiO4: xmol%Er3+ (0.0≥x≤1.0 mol%). 

The absorption characteristics of the   ZnTiO3-Zn2TiO4:Er3+composite phosphor is displayed 

in the diffuse reflectance spectra (Fig. 5.3a). The spectra shows major absorption below 400 

nm which  is due to band-band absorption [16] and five absorptions bands above 400 nm, which 

are attributed to the electric dipole transitions from the ground state 4I15/2 of Er3+ ions to the 

different excited states:  4I15/2 → 4F5/2, 
4I15/2 → 4F7/2, 

4I15/2 → 4H11/2, 
4I15/2 → 4F9/2, and 4I15/2 → 

4I9/2 [17, 18]. The spectra also show the charge transfer state that overlaps the band gap below  
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400 nm. The charge transfer state was observed and explained in CaTiO3 compounds to 

originate from an intervalence charge transfer state due to an electron that is shared between 

the Ti4+ state [19], and charge transfer state observed in Fig. 5.3 (a) is likely to originate from 

ZnTiO3.  The expression for Kubelka-Munk function F(R), as a function of photon energy (hv) 

for indirect and direct allowed transitions for semiconductors, have been employed to evaluate 

the optical energy band gap (Eg), using the fundamental absorption edges from the reflectance 

and absorption spectra of the materials [20]. The Schuster-Kubelka-Munk relation can be 

express as: 

                                               F(R) =  
(𝟏−𝑹∞)𝟐

𝟐𝑹∞
 = 

𝑲

𝑺
                         [5.1] 

where 𝑹∞, K, S are the diffused reflectance, molar absorption coefficient and the scattering 

coefficient. Fig. 5. 3(b) shows the estimated bandgap energies from the Kubelka-Munk relation 

of (F(R)hv)n against photon energy (hv), with n= ½ for the prepared samples. It is known that 

perovskite ZnTiO3 and spinel Zn2TiO4 are indirect (n= ½) and direct (n= 2) allowed transition 

in a semiconductor material [21].  We chose indirect allowed transition (n= ½) because XRD 

and SEM results showed that the perovskite zinc titanate is more dominant over the spinel zinc 

titanate in the prepared composite. The estimated fundamental energy bandgap of the host 

ZnTiO3-Zn2TiO4 is 3.71 eV as shown in the inset from Fig. 5.3 (b). It can be seen that there is 

a slight fluctuation in energy bandgap for different dopant concentrations of Er3+ ions. This is 

attributed to the possible shift of the Fermi level and excess charge carries for different dopant 

concentrations, as described by Burstein-Moss effect [16, 22].  

5.3.4. Up-conversion luminescence analysis 
 

The photoluminescence up-conversion emission spectra of ZnTiO3-Zn2TiO4:Er3+ composite 

phosphor (Fig. 5.4a) were measured using a 980 nm diode laser with a pumping power of 2W. 

The inset in the top right shows PL emission spectrum of the un-doped host ZnTiO3-Zn2TiO4, 

confirming that there was no emission from the host lattice when excited at 980 nm. The 

emission spectra of ZnTiO3-Zn2TiO4:Er3+ show green and red photoluminescence emissions, 

indicating successful up-conversion of the NIR photon energies. The green and red emissions 

centred at 541-574 nm and 640-690 nm, correspond to 2H11/2 → 4I15/2, 
4S3/2 → 4I15/2 and 4F9/2 

→ 4I15/2 intra 4f-4f electronic transitions of Er3+ ions, respectively [23-27]. The spectra show 

minor peaks (shoulders) in the vicinity of the green emission while the red emission is split  
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Figure 5.4: (a) Up-conversion emission spectra and (b) CIE coordinate plot of ZnTiO3-

Zn2TiO4:Er3+ composite phosphor. 

into two strong peaks. This type of peaks emanates from Er3+ ion pairs and are attributed to the 

splitting sublevel manifolds of Er3+ 4f→4f transitions due to the Stark effect from the crystal 

field of the host composite [18, 28, 30]. The up-conversion emission intensity is enhanced with 
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an increase in Er3+ concentration. It is known that the PL intensity of lighting martials is 

affected by concentration quenching effect [28, 29, 31, 32], and it therefore necessitates a 

search for the concentration that yields the optimal luminescence intensity. The maximum PL 

intensity was observed from the composite phosphor that was doped with the Er3+ 

concentration of 0.8 mol%. The CIE chromaticity coordinate plot (Fig. 5.4b) suggests that the 

overall observed emission colour from the doped composite phosphors is yellowish green 

resulting from a combination of strong green and red emissions. 

Energy level diagram of Er3+ ions doped ZnTiO3-Zn2TiO4 showing the up-conversion PL 

mechanism under NIR excitation of 980 nm is shown in Fig. 5.5(a). Under the excitation of 

980 nm, Er3+ ions at the ground state 4I15/2 were initially excited to the 4I11/2 state through ground 

state absorption (GSA) process. The Er3+ ions located at 4I11/2 state are promoted to the 4F7/2 

intermediate state of Er3+ through excited-state absorption (ESA) as shown in (I) from Fig 

5.5(a). two (2) or more energy photons whereby it is promoted to higher excited states.  From 

(I) in Fig. 5.5(a), the non-radiative relaxation was observed from Er3+ ions situated at the 4I11/2 

state to different states (2H11/2, 
4S3/2 and 4F9/2) followed by radiative relaxation decay 

corresponding to green (2H11/2,
4S3/2 → 4I15/2) and red (4F9/2 → 4I15/2) emissions [31].  An excited-

state absorption process is considered as one of the main up-conversion mechanisms in RE3+  

ions and it involves a single emitting ion with energy levels absorbing This mechanism also 

shows the splitting of radiative relaxation for red emission as shown in (II) from Fig. 5.5(a). 

According to Sardar et al [31], the inter-manifold transitions of Er3+ in host materials can be 

obtained using the following relation: 2n + 1 in 2n+1LJ.  The 4I11/2 state of Er3+, has 2(4) + 1 = 9 

multiplet manifolds, which are achievable, as shown in (II) from Fig. 5.5(a). The broad red PL 

emission observed in Fig. 5.4, is a result of electron transitions from the 4F9/2 state to several 

multiplet manifolds of   4I11/2 state. The number of photons involved in the mechanism of up-

conversion under 980 nm excitation, can be determined from the double log plot of power 

dependence of the up-conversion luminescence intensity. This relationship can be expressed as 

[23]: 

log (I) = n log(P)             [5.2]   

where I, P and n are the UC luminescence intensity, pump power and the number of excitation 

photons absorbed for up-conversion process, respectively. The value of “n” is obtained from 
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Figure 5.5: (a) Energy level diagram of Er3+ions and (b) power dependence of PL intensity 

curves.  

the slope of the linear fit of the double log plot as shown in equation (3). The double log plots 

of up-converted luminescence intensity versus pumping power under 980 nm excitation for 

ZnTiO3-Zn2TiO4:0.8 Er3+ are presented in Fig. 5.5(b). The fitting results show linearity 

relationship between emission intensity related to 4S3/2 → 4I15/2 and 4F9/2 → 4I15/2 transitions 

ofEr3+ and laser power output. The estimated n values from the plot are approximately 

1.80±0.04 and 1.70±0.04 for green and red emissions, respectively. These excitation photons 
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indicate that a double photon mechanism was involved in the up-converted luminescence of 

Er3+ ions, respectively.  

Fig. 5.6 shows the luminescence decay curve of ZnTiO3-Zn2TiO4:Er3+, which was recorded by 

monitoring emission peak at 657 nm, after exciting the phosphor with a 980 nm.  From the 

decay profile only, a single component is observed, and therefore it was fitted using the first 

order exponential decay function [34]:  

                                                            I(t) = Io + Ae(-t/τ1)              [5.3]      

where I is the luminescence intensity at certain time t, Io is the background intensity, t is the 

time, A is the constant and τ1 is the luminescent decay time. The measured luminescent decay 

time (τ) was estimated to 0.267 ms. 

  

                     Figure 5.6: Decay curve of ZnTiO3-Zn2TiO4:Er3+ composite phosphor. 

5.4. Conclusion 
 

We successfully prepared an Er3+ doped ZnTiO3-Zn2TiO4 composite phosphor using solid state 

chemical reaction at 1100 °C, as proven by the XRD patterns. The morphology of the composites 

showed faceted and hexagon particle shapes. The photons with energies corresponding to the NIR 

emission range were successfully up-converted to photon energies corresponding to the visible emission 

range, under the excitation of 980 nm laser diode. The possible mechanism of energy transfer was 

illustrated and discussed. The CIE coordinate plot indicate that the overall displayed emission  
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resembled a greenish-yellow. Log-log plots of the power dependence of luminescence intensity showed 

that two photons contributed to the displayed UC luminescence of ZnTiO3-Zn2TiO4: Er3+. These 

luminescence results suggested that the calculated luminescence lifetimes are similar to the one 

obtained in chapter 4.    
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Chapter 6: Up-conversion luminescence properties of Er3+ 

doped ZnTiO3 phosphor 

 

 

 

6.1. Introduction 
 

Rare earth ions activated semiconductors have been investigated most frequently due to their 

unique and stable photoluminescence properties for extending absorption of light range in 

several applications such as solar cells, volumetric display and bioimaging to mention the few 

[1, 2]. It has been reported that oxide materials are regarded as the most effective hosts for up-

conversion (UC) rare earth ions. Among these oxide materials, ZnO and TiO2 are one of the 

feasible UC host materials because they exhibit low phonon energies, low toxicity, better 

chemical and thermal stability and high melting point [3-6]. Currently, some researchers have 

been interested in studying the optical properties of UC RE3+ coped and co-doped ZnO-TiO2 

system [7, 8]. However, there are three phases originating from ZnO-TiO2 system, namely: 

hexagonal ZnTiO3, cubic Zn2TiO2 and Zn2Ti3O8 [9]. ZnTiO3 is classified as perovskite ABO3 

type semiconductor material and is considers as a high thermal stability host material due to its 

high energy band gap, electron mobility, low cost and environment friendliness [10, 11].  

Erbium (Er3+) is an excellent luminescent ion which commonly depend on the host with a low 

phonon energy to convert the near infra-red region into wide ultraviolet (UV) region and the 

visible region with high emission intensity [12]. This ion is an interesting ion in the field of 

luminescence because it consists of several manifolds which give emission lines in blue, green 

and red regions when excited by a 980 nm diode laser. The intense green emission can be easily 

achieved in Er3+ when incorporated in the system containing ZnO because oxygen vacancies 

and Zn2+ ions simultaneously create the energy levels within the band gap results in intense 

green emission lines. This emission is induced by the recombination of the Zn2+, Vo and the 

Er3+ ions, respectively [13]. This chapter present the ZnTiO3:Er3+ phosphor synthesized by a 

simple high temperature solid-state reaction technique. The effects of lanthanides molar  
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concentration on the UC luminescence properties of this phosphor material were investigated 

and discussed in detail.  

6.2. Experimental procedure 
 

ZnTiO3 phosphor powders with and without up-conversion Er3+ ions were synthesized by 

conventional solid-state reaction method.  This synthesis method has advantages such as 

minimum process time, quick, safe, simple, and uses high purity oxide materials as starting 

materials. The starting materials were commercial ZnO (99.9%), TiO2 (99.7%) and Erbium 

(III) acetate hydrate (99.9%). In a typical preparation, stoichiometric amounts of 1.00 g of ZnO 

and 0.98 g of TiO2 were first mixed and ground together in a ball mill for 1 hour   at room 

temperature. The obtained powder and different masses of erbium acetate were mixed together 

using pestle and mortar. The resulting grey phosphor powders were preheated at 800 °C for 3 

hours in air, inside a furnace. The X-ray diffraction (XRD) patterns were obtained using Rigaku 

Smartlab that was equipped with a monochromatic CuK𝛼 (𝜆  = 0.015405 nm) irradiation source 

that was operated at 200 mA current. The particle surface morphology and elemental 

composition were studied by Jeol JSM-7800 field emission scanning electron microscope (FE-

SEM) coupled with Oxford Aztec 350 X-Max80 Energy x-ray Dispersive Spectroscopy (EDS). 

The diffused reflectance studies of the powders were evaluated with Perkin Elmer Lambda 

1050 UV-Vis-NIR absorption spectrometer. The photoluminescence (PL) measurements were 

conducted using an Edinburgh Instruments FLS980 system with a 980 nm (2 W) diode laser as 

an excitation source for up-conversion luminescence. Up-conversion luminescence was 

recorded by a Hamamatsu R928P photomultiplier tube, which was operated in photon counting 

mode after passing through a double emission monochromator. The color coordinates were 

calculated by Commission Internationale de L’Eclairage (CIE) software (GoCIE) to confirm 

the color tuning behavior of the emitted light. 

6.3. Results and discussion 

6.3.1. Structural analysis 
 

The XRD patterns in Fig. 6.1 shows the phase formation of the prepared ZnTiO3 and 

ZnTiO3:xmol%Er3+ nanoparticles. The patterns are consistent with the ecandrewsite ZnTiO3 

with space group R-3 (148) referenced in the ICSD file number 01-085-0547.  These results  
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suggest that the undoped ZnTiO3 sample is crystallographically phase pure and does not consist 

of any impurity or other crystallographic phases. The XRD spectra of the Er3+ doped ZnTiO3 

nanoparticles shows the presence of the secondary phases (denoted by asterisks*) of Er2O3 

(ICSD file no. 01-076-0159). 

 

Figure 6.1: X-ray Diffraction patterns of ZnTiO3 and ZnTiO3:Er3+ annealed at 800 ℃. 

6.3.2. Morphological analysis 
 

  

Figure 6.2: FE-SEM images of ZnTiO3 and ZnTiO3:0.8mol%Er3+ powders. 

The morphologies of the synthesized ZnTiO3 and ZnTiO3:Er3+ samples which are shown in 

Fig. 6.2 were investigated through scanning electron microscope (SEM). The images show that 
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the prepared samples consisted of agglomerated and uniform particle shapes.  The observed 

agglomerated morphology is due to annealing of the samples at high temperature [14]. 

However, the SEM results shows that incorporation of Er3+ ions did not affect the surface 

morphology of ZnTiO3.  

6.3.3. UV-Vis-NIR analysis 
 

 

 

Figure 6.3: The diffuse reflectance spectra (a) and Kubelka Munk’s plots (b) of ZnTiO3 and 

ZnTiO3:xmol%Er3+ phosphor. 
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To investigate the optical responses of the synthesized phosphors, the diffuse reflectance 

spectra of the ZnTiO3 with different Er3+ content are shown in Fig. 6.3. The absorption band 

edge for the ZnTiO3 phosphor is found at approximately below 420 nm, due to electronic 

transition between valence and conduction bands of the ZnTiO3 [15, 16]. There are several 

absorption bands observed in the 430-850 nm spectral region that are assigned to characteristics 

of f-f transitions of Er3+ ions in ZnTiO3, respectively [17, 18]. Through the reflectance spectra 

shown in Fig. 6.3 (a), certain wavelength range of the incident light (˂ 420 nm) can be absorbed 

by ZnTiO3 while ZnTiO3:Er3+ can absorb the incident light in spectral region 250 - 850 nm, 

respectively.  Kubelka-Munk function was employed from the DRS to extract the band gap 

energy of ZnTiO3 phosphor. Kubelka-Munk function is presented in the Fig. 6.3 (b) and shows 

the dependence of (F(R)×hv)1/2 vs hv (photon energy) where R is the diffused reflectance, 

F(R) is the remission function defined as F(R) = (1-R)2/(2R), h is the Planck’s constant and v 

is the radiation frequency [19].  Extrapolation of the linear region or point of inflection gives 

the band gap value of the materials on the energy axis. The estimated optical band gap value 

for ZnTiO3 is 2.92 eV, which increase progressively up to 3.01 eV for Er3+ doped samples. 

This could be the fact that the unoccupied lowest states in the conduction band of ZnTiO3 are 

filled due to excessive doping thereby tuning the band gap energy [20, 21].  

6.3.4. Up-conversion luminescence analysis 
 

The UC spectra of ZnTiO3:Er3+ samples were measured under 980 nm, using a continuous laser 

diode. As shown in Fig. 6.4 (a), the UC emission spectra show green emission lines centred at 

~527 nm, ~545 nm and red emission line centred at ~665 nm. The UC emissions lines 

correspond to the 2H11/2 → 4I15/2, 
4S3/2 → 4I15/2 and 4F9/2 → 4I15/2 intrinsic electronic transitions 

of Er3+ ions, respectively [22 - 24]. The splitting observed from 2H11/2 transition in green 

emission line is due to splitting sublevel manifolds induced by spin-orbit coupling and 

breakdown of the degeneracy of the electronic interaction [22]. The UC intensity was first 

increased and then decreased after reaching the maximum intensity due to the concentration 

quenching. The optimum concentration for Er3+ showing the strongest UC emission intensity 

were found to be 0.8 mol% as shown in Fig. 6.4 (a). Fig. 6.4(b) demonstrate the integrated 

green to red intensity ratios varied from 1.76 to 2.67 for the variation in Er3+ ions, respectively. 

However, the emission intensity ratio of green to red emission changed and doping 

concentration did not influence the position of the emission bands. The Commission  
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Internationale de l'Eclairage (CIE) colour coordinates of Er3+ emissions have been calculated 

by using the GoCIE software to study their photometric characteristics.  Fig.6.5 shows the CIE 

diagrams of the emission of ZnTiO3: xmol%Er3+ phosphors obtained under the 980 nm laser 

excitation. From the figure, it has been observed that the colour co-ordinate of phosphor 

manifest green colour. The calculated CIE coordinates are given in Table 6.1. 

 

 

Figure 6.4:  Up-conversion emission spectra of (a) ZnTiO3:xmol%Er3+ phosphor under 980 

nm excitation wavelength and (b) comparison of integrated intensities of green and red  

emissions for the phosphors. 
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Figure 6.5: The CIE colour chromaticity diagram of ZnTiO3:xmol%Er3+ phosphors. 

Table 6.1: Representation of the concentration and calculated Commission Internationale de 

l'Eclairage (CIE) coordinates of ZnTiO3: xmol%Er3+. 

 

Er3+ concentration        X        Y 

0.2          0.29          0.68 

0.4         0.29          0.69 

0.6            0.29          0.69 

0.7          0.30          0.69 

0.8          0.29          0.69 

0.9          0.30          0.68 

 

Fig. 6 (a) demonstrate the typical up-conversion emission spectra with variation of laser power 

for both green and red emission. The variation in laser power enhanced up-conversion emission 

bands but did not change their overall shape of emissions as shown in the figure, which suggests 

that the samples exhibit excellent stability under laser excitation energy [22].  The power 

dependent spectra to analyse the physical mechanism of the UC process involved in the Er3+ 

doped ZnTiO3 phosphors under 980 nm laser excitation is presented in Fig. 6.6 (b). According 

to the relation f(P) = APn where f(P) is the UC emission intensity, A is a constant, P is the 
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excitation power, and n (slope of logarithm curve) is the number of pumping photons required 

for the transition from ground state to luminescence emitting excited state [25]. Generally, the 

intensity of UC emission varies with the excitation power. As demonstrated in the Fig. 6.6(b), 

the observed slope values of the linear fitting for green and red emissions are 1.75, 1.68 and 

1.62. At least two-photon process is involved for both green and red UC luminescence in the 

prepared phosphor, suggesting considerable contribution for a two-photon process in the 

population of the green and red emitting states. 

The process of up-conversion mechanism in ZnTiO3:Er3+ phosphor can be interpreted by the 

energy level diagram in Fig. 6.7 to better understand the possible up-conversion mechanisms 

of green and red emission lines in the prepared phosphor. The schematic diagram illustrates 

the probable excitation pathways populating different UC emission states through possible 

energy transfer processes. Ground state absorption (GSA) is the first transition of Er3+ ions 

whereby 980 nm excitation is absorbed by this GSA and populate the excited metastable level 

(lower energy level of ESA) [22, 26]. As shown in Fig. 6.7, Er3+ ions are excited from its 

fundamental 4I15/2 energy level and populate 4I11/2 energy level through GSA.  The process of 

energy transition after GSA is the excited state absorption (ESA) of Er3+ ions by populating 

4I9/2 and 2F7/2 energy levels. Due to lack of stability of ions populated the 4F7/2 level of Er3+, 

some of the ions depopulate to excited metastable 2H11/2, 
4S3/2, and 4F9/2 levels through non-

radiative transition [28]. In addition, Er3+ ions in 2F7/2 energy level are transferred non-

radiatively to 4F9/2 energy level through a process called cross-relaxation (CR) energy transfer 

given by 4F7/2 → 4F9/2 and 4F9/2 ← 4I11/2 [26-28].  Finally, ions in the metastable levels of Er3+ 

relaxes to the ground state in the form of up-converted green and red luminescence due to 4S3/2 

→ 4I15/2 and F9/2 → 4I15/2 transitions at 545 and 665 nm. 

On the other hand, there is a green emission raising due to 2H11/2 → 4I15/2 transition at 527 nm 

as shown in (II) from Fig. 6.7. In this case, populating the 2H11/2 energy level with ions is 

influenced by CR energy transfer process between Er3+- Er3+ ions in the crystal field. The 

transitions taking place during CR energy transfer is given by 4I11/2 + 4I11/2 → 4F7/2 + 4I15/2 [29]. 

Ions populated 4F7/2 energy level through CR decay non-radiatively to 2H11/2 energy level of 

Er3+, following a radiative decay to 4I15/2 ground level in the form of green UC emission. The 

two transitions, 2H11/2 (I) and 2H11/2 (II) of the UC green emission in this case shows the Stark 

splitting of the 2H11/2 energy level of Er3+ ions in the crystal field. 

 



Page | 68  
 

 

 

 

Figure 6.6:  (a) Up-conversion emission spectra of  ZnTiO3:0.8mol%Er3+ phosphor under 980 

nm excitation wavelength within a laser power range of 0 mW to 2563 mW and (b) logarithmic 

dependence of UC emission intensity as a function of logarithm of power of  

ZnTiO3:0.8mol%Er3+ phosphor. 
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Figure 6.7: Schematic energy level diagram of Er3+ showing the possible energy transfer 

mechanism involved in UC process under an excitation of 980 nm. 

The luminescence decay measurements were performed at 545 nm transition with variable Er3+ 

contents as shown in Fig. 6.8 (a). The decay curves were well fitted with the triple exponential 

function given by the following equation: 

                                              I(t) = Io + A1e-t/τ1 + A2e-t/τ2 + A3e-t/τ3                                           [6.1]   

 

where I and Io are the luminescence intensity at certain time t and 0 (from background), 

respectively, t is the time, A1, A2 and A3 are the fitting parameters, 𝝉1, 𝝉2  and 𝝉3 are the slow 

and fast decay components (long and short lifetimes).The mean lifetimes (τ) was be calculated 

by the following equation: 

                                     τ = 
𝑨𝟏𝝉𝟏

𝟐 + 𝑨𝟐𝝉𝟐
𝟐+ + 𝑨𝟑𝝉𝟑

𝟐 

𝑨𝟏𝝉𝟏+ 𝑨𝟐𝝉𝟐+ 𝑨𝟑𝝉𝟑
               [6.2]  

 

The calculated mean lifetimes of the 4S3/2 → 4I15/2 transition as a function of Er3+ concertation 

are shown in table (see the inset) in Fig. 6.8 (b). The mean lifetimes decreased significantly 

with the increase of Er3+ concentration. According to Hraiech et al., the decrease in mean 

lifetimes of Er3+ ions might be due to energy migration between the neighbourhood Er3+ ions 

and the energy transfer from Er3+ ions the defects of ZnTiO3 [30]. 
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Figure 6.8: (a) Luminescence decay curves of the 4S3/2 → 4I15/2 transition in ZnTiO3:Er3+ 

phosphor and (b) the mean lifetime as a function of Er3+ concentrations. 
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6.4. Conclusion 
 

The ecandrewsite ZnTiO3:Er3+ up-converting phosphors have been successfully synthesized 

through standard solid-state technique. XRD patterns confirm that the phosphor crystallized in 

the ecandrewsite ZnTiO3 with space group R-3 (148). The morphology of the phosphors 

showed faceted and hexagon particle shapes. The sample containing 0.8%Er3+ exhibits the 

optimal UC luminescence intensity. The observed optical band gap energy of ZnTiO3 

calculated from the ultraviolet absorption edge was increased due to Er3+ ion doping 

concentration. The UC properties have been comprehensively investigated and the significant 

enhancement for UC emission intensity of Er3+ have been observed. The observation of the 

nature of the energy transfer mechanism suggested that the cross-relaxation process was the 

preferred energy transfer between Er3+ ions. The decrease in mean lifetimes with an increase 

in Er3+ concentration is a result of enhanced energy transfer between Er3+ ions. With these 

experimental properties, ZnTiO3:Er3+ appear as suitable phosphor in NIR to visible up-

converter and offer prospects for power conversion efficiency solar cells applications.   

  



Page | 72  
 

6.5. References 
 

[1] H. Zhang, Q. Zhang, Y. Lv, C. Yang, H. Chen and X. Zhou. Mater. Res. Bull. 106 (2018) 

346 – 352. 

[2] B.T. Huy, Z. Gerelkhuu, T.L. Phan, N. Tran and Y.I. Lee. J. Rare Earths 37 (2019) 345 – 

349. 

[3] V. Kumar, A. Pandey, S.K. Swami, O.M. Ntwaeaborwa, H.C. Swart, and V. Dutta. J. Alloys 

Compd. 766 (2018) 429 – 435. 

[4] R. Das, P. Phadke, N. Khichar and S. Chawla. Superlattices Microstruct. 83 (2015) 642 – 

650. 

[5] W. Liua, H. Zhang, H. Wang, M. Zhanga, M. Guo. Appl. Surf. Sci. 422 (2017) 304 – 315. 

[6] H.N. Luitel, K. Ikeue, R. Okuda, R. Chand, T. Torikai, M. Yada and T. Watari. Opt. Mater. 

36 (2014) 591 – 595. 

[7] K. Kobwittaya, Y. Oishi, T. Torikai, M. Yada, T. Watari, and H.N. Luitel. Vacuum 148 

(2018) 286 – 295. 

[8] K. Kobwittaya, Y. Oishia, T. Torikai, M. Yada, T. Wataria, and H.N. Luitel. Ceram. Int. 

43 (2017) 13505 – 13515. 

[9] E. Li, P. Zhang, S. Duan, J. Wang, Y. Yuan, B. Tang. J. Alloys Compd. 647 (2015) 866 –

872. 

[10] J. Yu, D. Li, L. Zhu and X. Xu. J. Alloys Compd. 681 (2016) 88 – 95. 

[11] T. Surendar, S. Kumar and V. Shanker. PCCP 16 (2014) 728 – 735. 

[12] L. Zhang, Q. Zhu, Y. Jiang, Z. Wang, X. Yuan, H. Lib, H. Chang, Sujie Cui, Lin Wang 

and L. Zhang. Ceram. Int. 45 (2019) 4431– 4436. 

[13] P. Sudhakar, A.S.S. Reddy, Y. Zhydachevskyy, A. Suchocki, M.G. Brik, V.R. Kumar, M. 

Piaseckig and N. Veeraiah. Opt. Mater. 86 (2018) 87 – 94. 

[14] S.W. Oh, H.J. Bang, Y.C. Bae and Y.K. Sun. J. Power Sources 173 (2007) 502–509.  

[15] B. Ozturk and G.S.P. Soylu. Ceram. Int. 42 (2016) 11184 – 11192. 



Page | 73  
 

[16] R.S. Raveendra, P.A. Prashanth, R.H. Krishna, N.P. Bhagya, B.M. Nagabhushana, H.R. 

Naika, K. Lingaraju, H. Nagabhushana and B.D. Prasad. J. Asian Ceram. Soc. 2 (2014) 357 –

365. 

[17] F. Chen, T. Wei, X. Jing, Y. Tian, J. Zhang and S. Xu. Sci. Rep. 5 (2015) 10676 (1 – 3). 

[18] V. Singh, P. Haritha, V. Venkatramu and S.H. Kim. Spectrochim. Acta, Part A 126 (2014) 

306 – 311. 

[19] K.M. Girish, S.C. Prashantha, and H. Nagabhushana. J. Sci.: Adv. Mater. Devices 2 (2017) 

360 – 370. 

[20] H. Eskandarloo, A. Badiei, M.A. Behnajady, A. Tavakoli and G.M. Ziarani. Ultrason. 

Sonochem. 29 (2016) 258 – 269. 

[21] K. Joshi, M. Rawat, S.K. Gautam, R.G. Singh, R.C. Ramola and F. Singh. J. Alloys 

Compd. 680 (2016) 252 – 258. 

[22] B.P. Kore, A. Kumar, L. Erasmus, R.E. Kroon, J.J. Terblans, S.J. Dhoble and H.C. Swart. 

Inorg. Chem. 57 (2018) 288 − 299. 

[23] J. Janek, R. Lisiecki, W. Ryba-Romanowski, J. Pisarska and W.A. Pisarski. Opt. Mater. 

74 (2017) 105 − 108. 

[24] I. Soltani, S. Hraiech, K. Horchani-Naifer and M. Ferid. Opt. Mater. 77 (2018) 161 − 169. 

[25] J. Grube and G. Krieke. J. Lumin. 203 (2018) 376 – 384. 

[26] S. Liu, S. Liu, M. Zhou, X. Ye, D. Hou and W. You. RSC Adv. 7 (2017) 36935 – 36948. 

[27] Y. Ma, G. Xiang, J. Zhang, Z. Liu, P. Zhou, W. Liu, X. Tang, S. Jiang, X. Zhou, L. Li, Y. 

Luo and Y. Jin. J. Alloys Compd. 769 (2018) 325 – 331. 

[28] X. Cheng, X. Ma, H. Zhang, Y. Ren, and K. Zhu. Physica B 521 (2017) 270 – 274. 

[29] D.H. Kim, J.H. Ryu, J.H. Chung, K.B. Shim, and S.Y. Cho. J. Electrochem. Soc. 158 (11) 

(2011) J345 – J348. 

[30] S. Hraiech, C. Bouzidi and M. Ferid. Physica B 522 (2017) 15 – 21.  

  



Page | 74  
 

 

Chapter 7: Up-conversion luminescence properties and energy 

transfer mechanism of ZnTiO3: Er3+,Yb3+ phosphor. 

 

 

 

7.1. Introduction 
 

Rare earth (RE) ion doped semiconductors are operative materials for a diverse range of 

applications in various fields of research, photocatalytic treatment, environmental purification 

and development of technologies [1-3]. Importantly, up-converting (UC) RE doped 

semiconductor materials have attracted enormous attention as photocatalysts for numerous 

applications [3, 4]. Oxide materials are reported as the most effective hosts for UC RE ions. 

Among these, ZnO and TiO2 are considered most suitable because they exhibit low phonon 

energies and better chemical and thermal stability [5-8]. Recent studies have demonstrated an 

interest in the optical properties of the UC RE ion doped and co-doped ZnO-TiO3 system 

[9,10]. In the present work the effectiveness of the ZnTiO3 ternary oxide host for RE dopant 

ions is evaluated for UC photoluminescence.  

There are several different phases that can be prepared from the ZnO-TiO2 system, that also 

consist of several different polymorphs. These phases include ZnTiO3, Zn2TiO2 and Zn2Ti3O8, 

just to mention a few [11]. ZnTiO3 resembles an ABO3 perovskite structure and has high 

thermal and chemical stability. It has a wide energy band gap, high electron mobility as well 

as being cost-effective and environmentally friendly [12, 13]. The compound is mostly used as 

a photocatalyst, microwave dielectric resonator and gas sensors for the detection of carbon 

monoxide and nitric oxide.  When doped with a suitable activator ion, its catalytic and 

electronic properties can be tuned to expand its possible applications [14, 15]. Incorporation of 

RE ions introduces metastates which display luminescence [16]. ZnTiO3 materials have been 

synthesized using several approaches, which include the solid-state reaction method, the 

hydrothermal method, the sol-gel method and solution combustion synthesis, just to mention a 

few [17, 18]. In this study the solid-state reaction was used to prepare ZnTiO3 due to its 
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advantages such as controllable crystal growth, energy efficiency, short firing time [19] and 

ease of incorporation rare-earths dopant ions. 

Currently, electrification of remote areas in many developing countries is still a challenge [20]. 

To address this, alternative forms of energy such as renewable energy are being explored, 

which do not need to be integrated into the electric grids. Solar and wind energy are common 

alternatives, which are effective and efficient renewable energy sources [21]. The solar energy 

is the more explored of the two, because of cost-effectiveness. Even though power conversion 

efficiency of conventional crystalline silicon solar cells devices is still relatively low to 

compete with nuclear and fossil fuel sources of energy, they are currently in the commercial 

market. Their utilization of the solar radiation has limitations because they can only absorb 

within the narrow range of the electromagnetic wave spectrum of the sun. They also have 

limited photo-carrier for trapping and recombination and limited electron injection from the 

excited state into the semiconductor surface [22-24]. The limited absorption can be improved 

by incorporating materials with a wider absorption range that will absorb the solar energy and 

convert it to radiation that is absorbable by the photovoltaic cells. Such materials include down-

converting (DC) and up-converting (UC) layers of phosphors [22].  

The RE doped phosphors have been studied for use in various applications, which include the 

up-conversion of near-infrared (NIR) photons into ultraviolet or visible photons. This is due to 

their rich energy level structures, tuneable wavelengths, high photostability, sharp band widths, 

long emission lifetimes and relatively low toxicity [25]. Among the UC RE ions, erbium (Er3+) 

ions are commonly used due to their rich energy level structures with several metastable energy 

levels and long lifetimes. Ytterbium (Yb3+) ions are suitable UC sensitizers because they 

enhance the luminescence of UC activator ions, due to their large absorption cross section in 

the NIR region and their high efficiency in transferring energy to activators [25-28]. Co-doping 

of Er3+ ions with Yb3+ ions has been a hot topic of research in the past several decades to 

achieve the most efficient up-converted emission. The UC emission properties for Er3+/Yb3+ 

group can be achieved through effective energy transfer (ET), excitation modulation and cross 

relaxation energy transfer [29-31].  

In the present research, we prepared ZnTiO3:Er3+,Yb3+ for the first time via a simple high 

temperature solid-state reaction technique. The effects of lanthanides molar concentration on 

the UC luminescence properties of this phosphor material were investigated and discussed in 
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detail. Most importantly, the prepared phosphor displays an efficient UC luminescence, which 

makes it potentially useful for photovoltaic solar cells. 

7.2. Experimental procedure 
 

The undoped ZnTiO3 powders were synthesized by the conventional solid-state reaction 

method. The starting materials were commercial ZnO (99.9%), TiO2 (99.7%), Erbium (III) 

acetate hydrate (99.9%) and Ytterbium (III) acetate hydrate (99.9%). In a typical preparation, 

stoichiometric amounts of ZnO (1.00 g) and TiO2 (0.98 g) were first mixed and ground together 

in a ball mill for 1 hour at room temperature. Different masses of erbium acetate were 

incorporated into the ball milled powder and mixed using a pestle and mortar. The same 

procedure was followed for ytterbium co-doping using different masses. The resulting grey 

powders were annealed at 800 °C for 3 h in air. The crystalline structure of the prepared samples 

was examined using an X-ray diffractometer (Rigaku Smartlab) that was equipped with a 

monochromatic Cu K𝛼 (𝜆  = 0.15405 nm) irradiation source that was operated at 200 mA 

current and 45 kV. The particle surface morphology and elemental composition were studied 

with a Jeol JSM-7800 field emission scanning electron microscope (FE-SEM) coupled with an 

Energy Dispersive Spectrometer (EDS). The diffuse reflectance spectra were recorded with the 

Perkin Elmer Lambda 1050 UV-Vis-NIR absorption spectrometer. The photoluminescence 

(PL) measurements were conducted using an Edinburgh Instruments FLS980 system with a 

980 nm laser diode as excitation source for up-conversion luminescence. 

7.3. Results and discussion 

7.3.1. Structural analysis 
 

The XRD patterns in Fig. 7.1 show the phase formation of the zinc titanate samples. These are 

the patterns of undoped ZnTiO3, together with luminescence intensity optimized 

ZnTiO3:0.8mol%Er3+ and ZnTiO3:0.8mol%Er3+,0.7mol%Yb3+ phosphors. The XRD patterns 

of undoped ZnTiO3 and ZnTiO3:0.8mol%Er3+ were reported in detail in chapter 6. These results 

show that the undoped ZnTiO3 sample is a single phase and does not contain any impurities or 

other crystallographic phases. The XRD patterns show that the optimized Er3+ doped ZnTiO3 

phosphor shows the presence of a secondary phase (peaks marked by an asterisk *) 

corresponding to Er2O3 (ICSD file no. 01-076-0159) and ZnTiO3:0.8Er3+,0.7Yb3+ also revealed  
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the presence of Yb2O3 (ICSD file no. 01-075-6635). It is known that the ionic radius of Zn2+ 

(0.74Å) is bigger than Ti4+ (0.66Å). However, the formation of erbium oxide, ytterbium oxide 

and ytterbium zinc due to doping can be explained by Er3+ and Yb3+ ions occupying the Zn2+ 

sites, and this may probably limit the crystallite growth [2, 29].  

  

Figure 7.1: X-ray diffraction patterns of ZnTiO3:Er3+,Yb3+ phosphors. 

7.3.2. Morphological analysis 
 

 
Figure 7.2: FE-SEM micrographs of (a) ZnTiO3, (b) ZnTiO3:0.8Er3+,0.7Yb3+ and (c) EDS 

spectra of ZnTiO3:0.8Er3+, 0.7Yb3+ phosphors.  
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The SEM observations was carried out to study the particle morphology of the prepared 

samples. Fig. 7.2 shows the SEM images and EDS spectra of the ZnTiO3:Er3+,Yb3+ phosphors. 

The images show that the prepared samples consisted of agglomerated and uniform particle 

shapes.  The observed agglomerated morphology is due to annealing the samples at high 

temperature [32]. However, the SEM results shows that incorporation of Er3+ and Yb3+ ions 

did not affect the surface morphology of ZnTiO3. The EDS spectra show the presence of all 

elements in ZnTiO3:Er3+,Yb3+, respectively.  

7.3.3. UV-Vis-NIR analysis 
 

UV-Vis-NIR absorption spectroscopy was used to probe the absorption characteristics of the 

phosphor samples. Fig. 7.3 (a) displays the UV-Visible diffuse reflectance spectra (UV-Vis 

DRS) collected in the 200 - 850 nm region.  The spectra show the absorption edge lower than 

420 nm, which is attributed to electronic transition between valence and conduction bands of 

ZnTiO3 [18, 33]. In addition, the spectra show a blue shifted absorption edge due to Er3+ doping 

and Er3+/Yb3+ co-doping in ZnTiO3. Several absorption bands observed in the 430 − 850 nm 

spectral region are assigned to characteristic 4f − 4f transitions of Er3+ ions in zinc titanate [14, 

34]. The inset in Fig. 7.3 (a) shows a broad absorption cross section in the NIR spectral region. 

These bands correspond to the overlapping transitions of Er3+ (4I15/2 → 4I11/2) and Yb3+ (2F7/2 → 

2F5/2)
 ions. The results indicate that the prepared samples can absorb more NIR photons due to 

the observed high absorption cross section in the NIR region. The Kubelka-Munk 

transformation  

F(R) = (1-R)2/(2R)              [7.1] 

was used to determine the band gap energy of the ZnTiO3 phosphors from the reflectance data 

R. Fig. 7.3 (b) shows a plot of (F(R)x hv)½ as a function of the photon energy hv, where h is 

Planck’s constant and v is the radiation frequency [35].  Extrapolation of the linear region or 

point of inflection gives the band gap value of the materials on the energy axis. The estimated 

optical band gap value for undoped ZnTiO3 was determined as 2.92 eV, which increased to 

3.01 eV and 3.03 eV for Er3+ doped and Er3+/Yb3+ co-doped samples. This could be because of 

the unoccupied lowest states in the conduction band of ZnTiO3, which are filled by excessive 

doping, thereby tuning the band gap [36, 37].  
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Figure 7.3: (a) The diffuse reflectance spectra and (b) Kubelka Munk’s plots of ZnTiO3, 

ZnTiO3: Er3+ and ZnTiO3: Er3+,Yb3+ phosphors. 

7.3.4. Up-conversion luminescence analysis 
 

The UC spectra of optimized ZnTiO3:Er3+ and ZnTiO3:Er3+,Yb3+  phosphor were measured 

under 980 nm excitation, using a continuous laser diode (laser power 1500 mW). As shown in 

Fig. 7.4 (a) the UC emission spectra show green emission lines centred at ~527 nm, ~545 nm 

and red emission line centred at ~665 nm. The UC emission lines correspond to the 2H11/2 → 
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 4I15/2, 
4S3/2 → 4I15/2 and 4F9/2 → 4I15/2 electronic transitions of Er3+ ions, respectively [31, 38, 

39]. The intensity of the 0.8 mol % Er3+ ions was increased with the variation of the Yb3+ 

content and then decreased after reaching the maximum intensity due to the concentration 

quenching. 
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Figure 7.4: Up-conversion emission spectra of (a) ZnTiO3:0.8mol%Er3+ and (b) 

ZnTiO3:0.8mol%Er3+, xmol%Yb3+(y = 0.1 − 0.8 mol%) phosphors under 980 nm excitation 

wavelength. (c) Comparison of integrated intensities of green and red emission emissions of 

ZnTiO3:0.8 mol%Er3+,xmol%Yb3+ phosphors. 

  

Figure 7.5: The CIE colour chromaticity diagram of ZnTiO3:0.8mol%Er3+,xmol%Yb3+ 

phosphors. 
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The optimum concentration for Er3+/Yb3+co-doped samples showing the strongest UC 

emission intensity were found to be 0.8 mol% Er3+ and 0.7 mol% Yb3+ as shown in Fig. 7.4 

(b). The optimum UC emission intensity of the ZnTiO3:Er3+,Yb3+ phosphor was determined by 

fixing the optimum concentration of the activator Er3+ ion with variable concentration of 

sensitizer Yb3+ ion, respectively. Weak violet and blue up-converted emission lines were 

observed around 410 and 480 nm, which were attributed to the 2H9/2 → 4I15/2 [40] and 4F7/2 → 

4I15/2 electron transition of Er3+ [41], respectively. It is also noted that the emission intensity of 

Er3+ ions was increased in samples co-doped with Yb3+ ions. The distinct new violet emission 

and the increase in green and red emissions shown in Fig. 7.4 (b) are due to effective energy 

transfer of Yb3+ → Er3+ [42, 43] in ZnTiO3 compound. The ratio of the emission intensity of 

the green to red emission changed when the concentration of Yb3+ ion was increased, as shown 

in Fig. 7.4 (c). Fig. 7.4 (c) demonstrate the integrated green to red intensity ratios varied from 

0.36 to 2.15 for the fixed Er3+ concentration with variable Yb3+ concentration. The Commission 

Internationale de l'Eclairage (CIE) colour coordinates of Yb3+ emissions have been calculated 

by using the GoCIE software to study their photometric characteristics. Fig. 7.5 show the CIE 

diagrams of the emission of ZnTiO3:0.8 mol%Er3+, xmol%Yb3+ phosphors obtained under the 

980 nm laser excitation. From the figure, it has been observed that the colour co-ordinate for 

the ZnTiO3:0.8mol%Er3+,xmol%Yb3+ phosphor manifest greenish yellow. The calculated CIE 

coordinates are given in Table 7.1.  

Table 7.1: Representation of the concentration and calculated Commission Internationale de 

l'Eclairage (CIE) coordinates of ZnTiO3:0.8mol%Er3+,xmol%Yb3+ phosphors. 

Yb3+ concentration     X         Y 

0.1             0.38            0.61 

0.2                                       0.34               0.63 

0.3                                        0.39            0.59 

0.4                                       0.35           0.62 

0.5                                       0.35           0.62 

0.6                                     0.35           0.62 

0.7                                       0.35           0.62  

0.8                                      0.36             0.61 
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Fig. 7. 6 (a) shows up-conversion emission spectra of ZnTiO3: 0.8mol%Er3+, xmol%Yb3+ 

obtained by varying the laser power. The variation in laser power changed the intensity of the 

 up-conversion emission bands but did not change their overall shape of emissions as shown in 

both figures, which suggests that the samples exhibit excellent stability under laser excitation 

energy [31]. The power dependent spectra to analyse the physical mechanism of the UC process 

 

 

 

Figure 7.6:  (a) Power dependence of up-conversion emission spectra of ZnTiO3:0.8mol%Er3+, 

0.7mol%Yb3+ under 980 nm excitation wavelength within a laser power range of 96  to 1500 

mW, together with (b) logarithmic dependence of intensity versus power of these samples, 

respectively. 
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involved in the ZnTiO3: 0.8mol%Er3+, xmol%Yb3+ phosphors under 980 nm laser excitation is 

presented in Fig. 7.6 (b). According to the relation f(P) = APn where f(P) is the UC emission 

intensity, A is a constant, P is the excitation power, and the quantity n (slope of logarithm  

curve) gives the minimum number of pumping photons required for the transition from the 

ground state to the luminescence emitting excited state [44]. As demonstrated in Fig. 7.6 (b),  

the observed slope values of the linear fitting for green emission are 1.23, 1.44 and 1.65. These 

slopes have values smaller than 2 for both green and red emissions, suggesting a two-photon 

process is involved for UC luminescence in the prepared materials. 

The process of up-conversion mechanism in ZnTiO3:Er3+,Yb3+ phosphor can be interpreted by 

the energy level diagram in Fig. 7.7, and this make easier to understand the proposed up- 

conversion mechanisms of green and red emission lines in the prepared phosphor. The 

schematic diagram illustrates the probable excitation pathways populating different UC 

emission states through possible energy transfer processes. Ground state absorption (GSA) is 

the first transition of Yb3+ and Er3+ ions whereby 980 nm excitation is absorbed by this GSA 

and populates the excited metastable levels [31, 45]. Yb3+ ions are excited from their 

fundamental 2F7/2 energy level and populate 2F5/2 energy level and Er3+ ions are excited 

from 4I15/2 ground state to the excited state 4I11/2 through GSA. Generally, the absorption cross 

section of Yb3+ ions at 980 nm is relatively large compared to Er3+ ions in the co-doped suitable 

hosts. Efficient energy transfer (ET) from Yb3+ to Er3+ ions may occur, physically 

corresponding to energy transfer up-conversion (ETU) represented by the black dashed arrows 

in Fig. 7.7 [31, 45, 46]. In this context, the 4I11/2 energy level of Er3+ is also populated through 

energy transfer from Yb3+ ions [31, 46] which can be expressed as the energy transition process: 

2F5/2 (Yb3+) + 4I15/2 (Er3+) → 2F7/2 (Yb3+) + 4I11/2 (Er3+). The process of energy transition after 

GSA is the excited state absorption (ESA) of Er3+ ions by populating 4I9/2, 
2F7/2 and 2G11/2 

energy levels of Er3+. In addition, 4I9/2, 
2F7/2 and 2G11/2 energy levels of Er3+ are populated 

through energy transfer from 2F5/2 energy level of Yb3+ ions. These processes can be expressed 

as energy transition process: 2F5/2 (Yb3+) + 4I13/2 (Er3+) → 2F7/2 (Yb3+) + 4I9/2 (Er3+),  2F5/2 (Yb3+) 

+ 4I11/2 (Er3+) → 2F7/2 (Yb3+) + 4F7/2 (Er3+) and 4F9/2 (Yb3+) + 4I15/2 (Er3+) → 2F7/2 (Yb3+) + 4G11/2 

(Er3+), respectively. Due to lack of stability of ions populating the 4G11/2 level of Er3+, some of 

the ions depopulate to excited metastable 2H9/2, 
4F7/2, 

4S3/2, and 4F9/2 levels through non-

radiative transition [47]. In addition, electrons at the 2F7/2 energy level of Er3+ are transferred 

non-radiatively to 4F9/2 energy level through a process called cross-relaxation (CR) energy 
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transfer given by 4F7/2 → 4F9/2 and 4F9/2 ← 4I11/2 [45- 47].  Finally, electrons in the metastable 

levels of Er3+ relax to the ground state in the form of up-converted violet, blue, green and red 

luminescence due to 2H9/2 → 4I15/2, 
4F7/2 → 4I15/2, 

4S3/2 → 4I15/2 and F9/2 → 4I15/2 transitions at 

410, 480, 545 and 665 nm. 

There is a green emission at 527 nm, attributed to 2H11/2 → 4I15/2 transition as shown in Fig. 7.7. 

The excited Yb3+ ions in 2F5/2 level completely transfer their energy to the 2H11/2 energy level 

of Er3+ through ET or direct absorption of a 980 nm NIR photon through GSA from 4I15/2 energy 

level to 4I13/2 energy level. Also, through the ESA process from 4F9/2 energy level to 4G11/2 

energy level of Er3+ ions and then the ions at 4G11/2 energy level are transferred non-radiatively 

to the 2H11/2 energy level through 2H9/2, 
4F5/2 and 4F7/2 energy levels. In addition, populating the 

2H11/2 energy level with ions is influenced by CR energy transfer process between Er3+- Er3+ 

ions in the crystal field. The transitions taking place during the CR energy transfer is given by 

4I11/2 + 4I11/2 → 4F7/2 + 4I15/2 [48]. Ions populated 4F7/2 energy level through ET, CR or direct 

absorption of 980 nm decay non-radiatively to 2H11/2 energy level of Er3+, following a radiative 

decay to 4I15/2 ground level in the form of green UC emission. The two transitions, 2H11/2 (I) 

and 2H11/2 (II) of the UC green emission in this case shows the Stark splitting of the 2H11/2 

energy level of Er3+ ions in the crystal field. 

 

Figure 7.7: Schematic energy level diagram of Er3+/Yb3+ showing the possible energy transfer 

mechanism involved in UC process under an excitation of 980 nm. 
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For a better understating of energy transfer mechanism between Er3+ and Yb3+ ions in ZnTiO3 

host, the decay lifetimes (Fig. 7.8) at 550 nm associated with the 4F9/2 → 4I15/2 transition of 

Er3+were measured with variable Yb3+ contents and 0.8 mol% fixed Er3+ content. The decay 

curves in Fig. 8 were fitted with the triple exponential function given by the following equation: 

I(t) = Io + A1e-t/τ1 + A2e-t/τ2 + A3e-t/τ3         [7.2] 

where I and Io are the UC intensities at certain time t and 0 (from background), respectively, t 

is the time, A1, A2 and A3 are the fitting parameters, 𝝉1, 𝝉2 and 𝝉3 are the decay components 

(lifetimes). The mean lifetime (τ) was be calculated by the following equation: 

τ = 
𝑨𝟏𝝉𝟏

𝟐 + 𝑨𝟐𝝉𝟐
𝟐+ + 𝑨𝟑𝝉𝟑

𝟐 

𝑨𝟏𝝉𝟏+ 𝑨𝟐𝝉𝟐+ 𝑨𝟑𝝉𝟑
               [7.3] 

The calculated mean lifetimes of the 4F9/2 → 4I15/2 transition of Er3+ are shown in Table 2. The 

increase in lifetimes with Yb3+ co-doping system further suggest that more energy was 

transferred from Yb3+ to Er3+ ions. 

 

 

Figure 7.8: Decay curves of the 4F9/2 → 4I15/2 transition in ZnTiO3:Er3+,Yb3+ phosphor. 
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Table 7.2: Photoluminescence decay lifetimes of ZnTiO3:Er3+,Yb3+ phosphor. 

 

Yb3+ mol%          τ1(μs)         τ2(μs)     τ3(μs)       τavg(μs) 

0           14.8                          43.3                          136          44.5 

0.1           20.2                          54.3                          130          62.4 

0.2           19.2                          55.9                          135          61.6 

0.3           19.9                          54.8                          127          61.4 

0.4           20.5                          61.4                          157          63.2 

0.5           18.2        52.4     124         61.2 

0.6           17.7         53.1        138         57.8 

0.7           16.4        50.7                          126         58.6 

0.8           18.5           53.4                          133          58.8 

 

7.4. Conclusion 
 

ZnTiO3:Er3+,Yb3+ up-converting phosphors have been successfully synthesized through a 

solid-state technique. XRD patterns confirmed that the phosphor crystallized in the 

ecandrewsite structure with space group R-3 (148). The morphology of the phosphors showed 

faceted particle shapes. The UC properties have been comprehensively investigated and the 

significant enhancement for UC emission intensity of Er3+ due to energy transfer from Yb3+ in 

co-doped samples has been observed. The observation of the nature of the energy transfer 

mechanism suggested that the cross-relaxation process was the preferred energy transfer 

between Er3+ and Yb3+ ions. With these observation, it is reasonable to conclude that 

ZnTiO3:Er3+,Yb3+ may be suitable phosphor in NIR to visible up-converter for improvement 

of the power conversion efficiency of silicon solar cells. 
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Chapter 8: Up-conversion luminescence properties of ZnTiO3: 

Er3+,Yb3+ thin films synthesized by pulsed laser deposition 

 

 

 

8.1. Introduction 
 

The development of nanocrystalline semiconducting thin films has become the topic of interest 

in the field of research because of their many characteristic properties and diverse applications 

[1]. In the past years, research has been carried out on the application of the metal oxide 

semiconductor thin films on photovoltaic cells. They used either pure metal oxide 

semiconductors or those doped with down and up-converting rare-earth ions in the host lattice 

to enhance the efficiency of various photovoltaic cells [2 - 4]. An interesting research has been 

carried out for studying the optical properties of oxide materials such ZnTiO3 [5, 6], Ta2O5: 

Eu, Ce [7], SiO2-TiO2:Er3+/Yb3+/Eu3+ [8], CeO2:Er, Yb [9], etc on the photovoltaic cells. From 

among the oxide materials, zinc titanate (ZnTiO3) is one of the most interesting oxide 

semiconductors that display good catalytic properties with different polymorphs and widely 

used in the fields of photovoltaic cells [10]. 

ZnTiO3 is known as a ternary oxide material which is capable of enhancing the photovoltaic 

response, due to the larger electron mobility and wide band gap energy. There are different 

phases of zinc titanate, which include Zn2Ti3O8, ZnTiO3 and Zn2TiO4. These phases of zinc 

titanate crystalize at different temperatures. The Zn2Ti3O8 is a metastable phase, which 

crystallizes at a temperature lower than 800 ℃,  ZnTiO3 is thermodynamically stable between 

800 and 850 ℃ and Zn2TiO4 is produced at annealing temperature above 850 ℃. The ZnTiO3 

phase resembles a structure called rhombohedral ilmenite structure [11, 12]. Sau et al. [11], 

investigated the crystallographic phases of zinc titanate prepared at different temperatures for 

photovoltaic (PV) application. ZnTiO3 absorbs certain wavelengths of the electromagnetic 

spectrum and hinders the efficiency of PVs when it is incorporated. To avoid this problem, the 

up-conversion rare earth ions are the ideal dopants due to their efficient up-conversion  
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luminescence from infrared to visible radiation [10]. The incorporation of rare earth ions in 

oxide materials increases the number of absorbed incident photons, and this effect can enhance 

the power conversion efficiency of PV cells. Er3+ coupled with Yb3+ ions have been used to 

convert infrared photons to visible photons, which are easily absorbed by PVs [13, 14]. In the 

Er3+/Yb3+ do-doped system, Er3+ ions are used as activators, and Yb3+ ions as sensitizers. The 

role of the latter is to enhance the emission intensity of the activators [15, 16].  

In this work ZnTiO3:Er3+,Yb3+ powders were synthesized for the first time using the 

conventional solid-state reaction and annealed at different calcination temperature to get a pure 

ZnTiO3. Further, the ZnTiO3:Er3+,Yb3+ phosphor that presented the optimal luminescence 

intensity was ZnTiO3 powder containing 0.8 mol% Er3+ and 0.7 mol% Yb3+. This powder was 

deposited on the silicon (100) using pulsed laser deposition (PLD) technique, and it was 

investigated by heating the substrate temperature from 100 to 600℃ during the deposition. The 

aim of this research was to fabricate ZnTiO3: Er3+,Yb3+ thin films and investigate their UC 

luminescence properties for PVs applications. The results demonstrate that the thin film with a 

substrate temperature of 500 ℃  shows the most intense emission intensity.   

8.2. Experimental procedure 
 

ZnTiO3:Er3+,Yb3+ thin films were prepared by conventional solid-state reaction technique.  

Commercial zinc oxide (ZnO, Sigma-Aldrich, purity 99.9%), titanium dioxide (TiO2, Sigma-

Aldrich, purity 99.7%), erbium (III) acetate hydrate (Er(CH3COO)3.H2O, Sigma-Aldrich, 

purity 99.9%) and ytterbium (III) acetate hydrate (Yb(CH3COO)3.H2O, Sigma-Aldrich, purity 

99.9%) were used as starting materials. The stoichiometric amounts of ZnO (1.00 g) and TiO2 

(0.98 g) were first mixed and ground together in a ball mill for 1 hour at room temperature. 

Different masses of erbium acetate were incorporated to the ball milled powder and mixed 

using a pestle and mortar. Similarly, with different masses of ytterbium acetate for the co-

doped samples. The resulting powders were annealed at 800 °C for 3 hours in air, inside a 

furnace. Before preparing the thin films, the sample powder was pressed into a pellet inside a 

target sample holder. The pellet was annealed at 800 °C for 8 hours in air, and then mounted 

on the rotating target holder inside the PLD system. The thin films were deposited onto a silicon 

(100) substrate. Before the deposition, the Si substrate was cleaned with ethanol using an 

ultrasonic bath for 15 minutes, and then dried by blowing it with N2 gas on the surface. The 

substrate was mounted on the substrate holder which was inserted parallel to the target inside  
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the PLD system. The distance between the Si substrate and the target was kept constant at 3.5 

cm. The PLD chamber was pumped down to 3.00 ×10-5 mbar., and then O2 was backfilled to 

obtain 10 mTorr. The 266 nm fourth harmonic of a Nd:YAG laser (8 ns, 40 mJ/pulse, 0.767 

J/cm2 and 10 Hz pulse repetition rate) was used for to evaporate the sample. The deposition 

time was 30 minutes for all the samples. The substrate temperature was varied from 100 to 600 

°C, at intervals of 100 °C.  

The phase formation of the thin films was examined using an X-ray diffractometer (XRD) from 

Rigaku Smartlab, which was equipped with a monochromatic CuK𝛼 (𝜆  = 0.15405 nm) 

irradiation source that was operated at 200 mA current and 45 kV. The particle surface 

morphology was studied using the Jeol JSM-7800 field emission scanning electron microscope 

(FE-SEM).  The distribution of the ions on the surface and the 3D thin film maps were obtained 

using the time of flight secondary ion mass spectroscopy (TOF-SIMS). A pulsed 30 kV Bi1
+ 

primary ion beam operated at a DC current of 0.4 pA and pulse repetition rate of 10 kHz (100 

μs), was used to probe the surface. The diffused reflectance measurements of the thin films 

were done using the Perkin Elmer Lambda 1050 UV-Vis-NIR absorption spectrometer. The 

photoluminescence (PL) measurements were conducted using an Edinburgh Instruments 

FLS980 system with a 980 nm diode laser as an excitation source for up-conversion 

measurements. 

8.3. Results and discussion 

8.3.1. Structural and morphological analysis 
 

Fig. 8.1 depicts the XRD patterns and the peak intensities of the ZnTiO3: Er3+,Yb3+ thin film 

deposited on the silicon (100) which was heated at different temperatures. Almost similar XRD 

peaks were obtained under all different substrate temperature; this is evidence for efficient 

inter-diffusion between ZnTiO3: Er3+,Yb3+ to silicon substrate.  The figure shows that the XRD 

patterns of the samples exhibits crystalline phase of ecandrewsite trigonal ZnTiO3 (ICSD file 

number 01-026-1500) with space group R-3 (148) and cell parameters a = b = 5.078 Å c = 

13.927 Å.  The XRD results revealed the presence of by-products of Er2O3 (ICSD file no. 01-

077-6226) and Yb2O3 (ICSD file no. 01-07-6635). All the diffraction peaks of ZnTiO3 can be 

indexed to (1 0 1), (1  1 0), (2 0 2), (2 0 5), and (0 1 8) reflections at 2θ = ~33.00, 35.50, 43.30, 

53.40, and 57.30, respectively. The diffraction peaks of the by-product phases of Er2O3 can be  
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Figure 8.1: (a) X-ray Diffraction patterns and (b) peak intensities of the ZnTiO3: Er3+,Yb3+ 

thin film deposited on the silicon (100) and heated at different temperatures. 

indexed to (3 1 0) reflection at 2θ = ~26.90, while that one of Yb2O3 can be indexed to (2 2 2) 

reflection at 2θ = ~29.9.00.  The formation of Er2O3 and Yb3O3 phases due to doping is 

explained in detail in chapter 7. Comparing the intensity along (110) orientation of the samples 

grown at different substrate temperature, the XRD peaks intensity slightly increased from the 

100 oC to 200 oC and decreased significantly at temperature up to 600 oC as shown in Fig. 8.1 

(b). This might be due to the enhanced thickness of the films as it increased and decreased or 

the enhancement of the crystallinity of ZnTiO3:Er3+,Yb3+ thin films [17]. 
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 Fig. 8.2 depicts the scanning electron microscopy (SEM) image of ZnTiO3: Er3+,Yb3+ thin film 

deposited at 500 ℃. We can see in Fig. 8.2 that the surface morphology of the ZnTiO3: 

Er3+,Yb3+ thin film shows large spherical particles which are segregated embedded on an 

amalgamate small spherical particles. The inset in the Fig. 8.2 shows the SEM image of 

ZnTiO3: Er3+,Yb3+  powder. The SEM depicts that the ZnTiO3: Er3+,Yb3+  powder consisted of 

spherical particles, with some degree of faceting, agglomerated together. 

 

Figure 8.2: FE-SEM image of ZnTiO3: Er3+,Yb3+ thin film deposited at 500 ℃ . 

8.3.2. TOF-SIMS analysis 
 

Fig. 8.3 (a) – (d) depicts the distribution of the Er3+ and Yb3+ ions in ZnTiO3 phosphor which 

was investigated using the TOF-SIMS, from the 0.8 mol% Er3+ and 0.7 mol% Yb3+ co-doped 

ZnTiO3
 thin film fabricated at temperature of 500 ℃. The surface mapping of the film was 

obtained over an area of 100 x 100 μm2. Fig. 8.3 (a) depicts the image overlay of the mapped 

ions, which shows homogenous distribution of the Er3+ and Yb3+ ions, indicating that they were 

successful incorporated in ZnTiO3. The distribution of the ions on the surface of the films are 

shown in figure 8.3 (c) – (d); Zn+, TiO+, Er+ and Yb+. A red colour for both Zn+ and TiO+ 
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shown in Fig. 8.3 (b) is due to the overlapping of the peaks of Zn+ and TiO+ ions. Also, the 

relative sensitivity factor for Zn+ is very small/low compared to TOi+ and Si.  

Fig. 8.4 shows a 3D overlay analysis of the inter-diffusion process of Zn+, TiO+, Er+ and Yb+ 

ions at different substrate temperatures. In the figures, the green layer indicates the thin film, 

blue the Si substrate, and the cyan the inter-diffusion layer between the thin film and the 

substrate. From the images, it is observed that the increment in temperature increased inter-

diffusion. It was also observed that the inter-diffusion process can be locally enriched by 

increasing the Si substrate temperature or heat treatment, as also revealed by Balakrishna et al. 

[18]. The TOF-SIMS depth profiles for ZnTiO3: Er3+,Yb3+ thin films were collected in order to 

investigate the elemental distribution with depths from the surface down to the substrate.  

 

 

Figure 8.3: A TOF-SIMS maps of the ions on the surface of the 0.8 mol% Er3+ and 0.7 mol% 

Yb3+ co-doped ZnTiO3 thin film fabricated at temperature of 500 ℃. 
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Figure 8.4: 3D overlay chemical composition of ZnTiO3: Er3+,Yb3+  thin film fabricated at (a) 

100 ℃, (b) 200 ℃, (c) 300 ℃, (d) 400 ℃, (e) 500 ℃ and (f) 600 ℃. 

 

The TOF-SIMS depth profile for the thin films were recorded in a positive secondary ion mode 

by the Bi1
+ ion beam as shown in Fig. 8.5, by monitoring the TiO+ and Si+, Er+, Yb+ ions. As 

mentioned above, the Zn+ and TiO+ peaks overlap and therefore the TiO+ was used to monitor 

ZnTiO3 with respect to Si. Looking at the thin film fabricated at 100 ℃, the C2H3
+, Er+ and Yb+ 

profiles were highly suppressed by the profiles of Si and TiO+. On the surface there was more 

ZnTiO3 as indicated by the TiO+ depth profiles, which decreased as the substrate temperature 

increases. The enrichment of the region with Si+ ions occurred with an increase in substrate 

temperature. The fact that the Si+ region enriched with substrate temperature was due to the 

continued effectiveness of the inter-diffusion of Si+ at the film/Si+ interfaces, respectively. 

However, the results from Fig. 8.4 and 8.5 clearly shows that the thin films at a lower substrate 

temperature was thicker and become thinner with an in increase in substrate temperature.   

(a) (b) (c) 

(d) (e) (f) 
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Figure 8.5: TOF-SIMS depth profiles of the ZnTiO3: Er3+,Yb3+ thin film deposited at different 

substrate temperatures as indicated. 

The diffuse reflectance spectra of ZnTiO3: Er3+,Yb3+ thin films deposited at different 

temperatures were recorded, as shown in  Fig. 8.6. The samples show a very low reflectance 

(25 - 45%) in the visible spectral region (i.e., 400 – 800 nm) and 12 - 35% reflectance in the 

UV region of light. In addition, the region between 330 and 400 nm corresponds to the 

absorption edge of ZnTiO3. As seen from the spectra, the reflectance percentages of the 

samples vary with the substrate temperature due to the differences in the thickness and 

morphological roughness of the films [19]. The observed bands below 330 nm in the 

reflectance spectra are an indication of additional absorbing centres within the conduction band 

of the material, which may be attributed to the deposition effects. As a result, the reflectance 

spectra show that the prepared thin films have a better absorption of ultraviolet electromagnetic 

waves. 
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8.3.3. UV-Vis-NIR analysis 
 

 

Figure 8.6: The optical reflectance spectra of ZnTiO3: Er3+,Yb3+ thin films grown in 

different substrate temperatures. 

8.3.4. Up-conversion luminescence analysis 
 

Fig. 8.7 (a) depicts the visible emission spectra of ZnTiO3:Er3+,Yb3+ thin films at different 

substrate temperatures, which were measured after exciting the samples with a 980 nm LED 

laser beam. The spectra show five emission peaks at 410, 480, 525, 547 and 660 nm, assigned 

to 2H9/2 → 4I15/2, 
4F7/2 → 4I15/2, 

2H11/2 → 4I15/2, 
4S3/2 → 4I15/2 and 4F9/2 → 4I15/2 electronic 

transitions of Er3+ ions, respectively [20-23]. The emission intensity was increased with an 

increase in substrate temperature and then decreased after reaching the maximum intensity due 

to luminescence thermal quenching [24] as shown in the inset of Fig. 8.7 (a). The optimum 

substrate temperature which is at 500 ℃ shows the strongest up-conversion emission intensity 

of the thin films. This points out that the growth of ZnTiO3:0.8Er3+,0.7Yb3+ thin films on the 

substrate temperature of 500 ℃ is an optimum condition with intense up-conversion 

luminescence emission of Er3+/Yb3+ ions. According to Shewale et al. [25], the increase in 

luminescence emission intensity with the increase in the substrate temperature is due to the 

improvement of the crystal quality of the ZnTiO3:Er3+,Yb3+ thin film at higher substrate 

temperature. 
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Figure 8.7: (a) PL spectra of ZnTiO3:Er3+, Yb3+  thin film at different temperatures and (b) 

CIE chromaticity coordinates of ZnTiO3:Er3+, Yb3+ thin film  fabricated at 500 ℃. 

The Commission Internationale de l'Eclairage (CIE) colour coordinates was employed in order 

to evaluate the dominant characteristic emission colour of the optimized ZnTiO3:Er3+, Yb3+ 

thin film as shown in Fig. 8.7 (b). The CIE chromaticity coordinate of the optimized 

ZnTiO3:Er3+, Yb3+ thin film is (0.29, 0.68).  
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Figure 8.8: (a) Up-conversion emission spectra measured at different laser power and (b) 

logarithmic dependence of intensity versus power of ZnTiO3:Er3+,Yb3+ thin film fabricated at 

500 ℃. 

Fig. 8.8 (a) shows the emission spectra with the variation of laser power for ZnTiO3:Er3+, Yb3+ 

thin film at a substrate temperature of 500 ℃. It can be seen from the figure that the emission 

intensity of the sample increased with an increase in laser power. On the other hand, the 

pumping power dependence spectra of the up-conversion luminescence intensity for 

ZnTiO3:Er3+, Yb3+ thin film under 980 nm laser excitation was investigated and presented in  
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Fig. 8.8 (b). The observed slope values of the linear fit of the log-log power dependences for 

both green emissions and red emission are 1.50, 1.39, and 1.19. The observed slope values 

suggest that one photon process is expected for up-conversion luminescence properties of 

ZnTiO3:Er3+, Yb3+ thin film. 

 

Figure 8.9: Energy transfer mechanism showing the radiative transitions for up-conversion 

process in ZnTiO3:Er3+,Yb3+  films under an excitation of 980 nm. 

The schematic energy level diagram of Er3+ and Yb3+ do-doped ZnTiO3  film is shown in Fig. 

8.9. The ground state absorption (GSA) is known as the first transition for Yb3+ and Er3+ ions 

under 980 nm excitation. Since the absorption cross section of Yb3+ is larger than that of Er3+, 

the 980 nm excitation is mostly absorbed by the Yb3+ ions [26]. In the case of ZnTiO3:Er3+,Yb3+ 

thin films under an excitation of 980 nm, Yb3+ ions are excited from its fundamental 2F7/2 

energy state and populate 2F5/2 energy state by absorbing 980 nm NIR photon via GSA process. 

In this case, the non-radiative relaxation takes place from 2F5/2 energy state back to 2F7/2 energy 

state and the 4I11/2, 
4I9/2, 

2F7/2 and 2G11/2 energy states of Er3+ are populated through the following 

energy transfer from excited state of Yb3+ ions [27]: 

[4I15/2 (Er3+), 2F5/2 (Yb3+)] → [2F7/2 (Yb3+), 4I11/2 (Er3+)]      (i) 

[4I13/2 (Er3+), 2F5/2 (Yb3+)] → [2F7/2 (Yb3+), 4I9/2 (Er3+)]      (ii) 

[4I11/2 (Er3+), 2F5/2 (Yb3+)] → [2F7/2 (Yb3+), 4F7/2 (Er3+)]     (iii) 

[4I15/2 (Er3+), 4F9/2 (Yb3+)] → [2F7/2 (Yb3+), 4G11/2 (Er3+)]     (iv) 
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In addition, the ions at the 4G11/2 energy state of Er3+  depopulate to  metastable 2H9/2, 
4F7/2, 

4S3/2, and 4F9/2 energy states  through non-radiative transition  while Er3+ ions in the 2F7/2 energy 

state are transferred non-radiatively to 4F9/2 energy state through a process called cross-

relaxation (CR) energy transfer given by 4F7/2 → 4F9/2 and 4F9/2 ← 4I11/2 [28, 29]. Eventually, 

the radiative decay of green and red emission due to 2H9/2 → 4I15/2, 
4F7/2 → 4I15/2, 

4S3/2 → 4I15/2 

and F9/2 → 4I15/2 transitions at 410, 480, 545 and 660 nm are observed. 

 

Figure 8.10: Photoluminescence decay curves of ZnTiO3:Er3+,Yb3+ thin films at the emission 

centred at 547 nm. 

Photoluminescence decay curve measurements for ZnTiO3:Er3+,Yb3+ thin films fabricated at 

different temperatures, were recorded after exciting the sample with a 980 nm LED laser beam 

(Fig. 8.10). For these measurements, the 547 nm PL emission peak was monitored. The decay 

curves were fitted with the third exponential function and the average photoluminescent 

lifetime was estimated using Eq 2 [30]: 

τavg = 
∫ 𝒕∙𝑰(𝒕)∙𝒅𝒕

∫ 𝑰(𝒕)∙𝒅𝒕
              [8.1]   

where I is the photoluminescent intensity and I(t) is the photoluminescent intensity at time t. 

The average decay lifetimes of the samples were estimated and shown in Table 8.1. With the 

increase in substrate temperature, the lifetime of the luminescence emission increased up to the 

thin film fabricated at 500℃, and then decreased. 
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Table 8.1: Luminescence lifetimes of ZnTiO3:Er3+,Yb3+ thin films fabricated at different 

temperatures 

Substrate            τ1(μs)                  τ2(μs)           τ3(μs)                    τavg(μs) 

Temperature (℃) 

100            26                          99                         229         118 

200                           27                          95                         253         125 

300                           29                          90                         270         130 

400                           28                          106                       284         139 

500                           28                          109                       328         155 

600                           26                          97                         295         139 

 

8.4. Conclusion 
 

ZnTiO3:Er3+,Yb3+ films deposited  at different silicon substrate temperatures were prepared by 

pulsed laser deposition. The reflectance of the films is increasing with an increase in Si 

substrate temperature. Further increase in substrate temperature enriches the inter-diffusion 

process between Si and the ZnTiO3 during the deposition which decreases the thickness of the 

films in the prepared samples. The results indicate that the Er3+ and Yb3+ ions are 

homogeneously distributed in the ZnTiO3 host lattice. The luminescence properties of 

optimized ZnTiO3:Er3+,Yb3+ films which  deposited at a substrate temperature of 500 ℃ are 

superior as compared to other films. These studies revealed that optimized film can be used as 

a promising material for photovoltaic cells.  
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Chapter 9: Al3+ charge compensation in ZnTiO3:Eu3+ phosphor 

synthesized by conventional solid-state reaction method 

 

 

9.1. Introduction 
 

The down-converted luminescence materials have attracted considerable attention in the field 

of research with variable applications in light emitting diodes (LEDs), solar spectrum 

conversion in photovoltaic cells and bioimaging owing to their exceptional luminescence 

efficiency [1- 4]. Down-conversion (DC) of luminescence is a phenomenon in which the 

materials absorb a single high energy photon and give emission of a lower energy photon. The 

DC process obeys Stoke’s law known as Stokes shift which includes quantum-cutting (QC) 

and down-shifting (DS) processes [5]. Recently, ZnTiO3 has been of great interest because of 

its wide bandgap, unique chemical and physical properties, which make it applicable for down-

converted luminescence applications when doped with a suitable rare-earth (RE) ion [6, 7]. An 

example of such rare-earth ions includes the trivalent europium (Eu3+) ions, which efficiently 

converts ultraviolet photons to an emission that is in the visible range. When Eu3+ is 

incorporated into the lattice, it occupies the non-centrosymmetric sites, and it gives a strong 

red emission corresponding to the 5D0 → 7Fn (n = 0, 1, 2, 3, 4) transition [8].  

The 5D0 → 7F2 emission transition is known as a hypersensitive transition with sharp emission 

lines in the visible region of the electromagnetic spectrum. According to the literature, the 

intensity of 5D0 → 7F2 transition depends on the symmetry of the crystal field around the Eu3+ 

ion. As a result, the 5D0 → 7F2 transition is more intense when Eu3+ ions are located at site 

without inversion in the host lattice [8 - 10].  According to Rahimian et al., the 5D0 →
7F1 

transition is a magnetic dipole transition and it is strongly dependent on the symmetry of the 

local site of the lattice where Eu3+ ions are substituted [8].  The Eu3+ doped ZnTiO3 has 

successfully been explored in photocatalysis as indicated by Mengting et al. [11]. Herein, we 

prepared ZnTiO3:Eu3+ phosphor co-doped with a charge compensator (Al3+) to enhance its 

luminescence emission intensity. Aluminium (Al3+) cation is a suitable charge compensator 
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 because it enhances the luminescence of activators. Taking into account the excellent 

luminescent properties and optical responses, ZnTiO3:Eu3+,Al3+ phosphor should improve the 

spectral modifications for solar cells applications by means of down-converting process  [12-

14].  

The utilization of a DC process composed of RE doped phosphors has been introduced into 

solar cells to improve their power conversion efficiency.  The DC phosphor incorporated in a 

solar cell play a vital role due to their outstanding photoluminescence at different emission 

wavelengths. This process is achieved by enlarging the range of the electromagnetic waves that 

can be absorbed from the solar radiation by down-converting or shifting the spectrum into the 

region that is absorbable by the solar cells [15 - 19]. Most importantly, down-converting or 

shifting phosphor materials are normally situated on the front side of the light absorption layer 

in order to absorb ultraviolet light and be induced to generate more photons that can be 

absorbed and utilized by photosensitive layer to generate more electrons. The DC layer have 

been applied in majority of conventional photovoltaic cells such as dye sensitized solar cells, 

quantum dot-sensitized solar cells and silicon solar cells. The advantage of using down-

conversion and shifting processes in photovoltaic cells is to minimize the excess of high energy 

photons of absorption layer that is lost to lattice thermalization [16, 20]. The mechanism of DC 

in solar cells can be investigated through materials doped with single RE ions or via energy 

transfer processes between RE ions. This research is aimed at studying the effect of Al3+ charge 

compensation in the Eu3+ doped ZnTiO3. The Eu3+ characteristic emission lines from the green 

to red emitting electron transitions were successfully observed. The corresponding luminescent 

mechanism was proposed.  

9.2. Experimental results 
 

ZnTiO3:Eu3+,Al3+ phosphor powders were synthesized by the conventional solid-state reaction 

method.  The starting materials were commercial ZnO (99.9%), TiO2 (99.7%), Eu(NO3)3·5H2O 

(99.9%) and Al(NO3)3·9H2O (99.9%), respectively. In a typical preparation, stoichiometric 

amounts of ZnO (1.00 g) and TiO2 (0.98 g) were first mixed and ground together with a ball 

miller for 1 hour, at room temperature. Different masses of europium nitrate were incorporated 

to the ball milled powder and mixed using a pestle and mortar. Similarly, with different masses 

of aluminium nitrate for the co-doped samples. The resulting milled powders were further 

calcined at 800 °C for 3 hours in air. The calcined powders were ground into fine powders.  
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9.3. Results and discussion 

9.3.1. Morphological and structural analysis 
 

 

Figure 9.1: FE-SEM image of (a) ZnTiO3 and (b) ZnTiO3:Eu3+,Al3+; (c) XRD patterns of 

undoped, Eu3+ doped and Eu3+/Al3+ co-doped ZnTiO3 annealed at 800 ℃ and (d) close 

inspection of the XRD patterns. 

The SEM images of ZnTiO3 and ZnTiO3:Eu3+,Al3+  annealed at 800 ℃ are shown in Fig. 9.1 

(a) and (b), respectively. The two images show particles that are of irregular shape, with the 

same sizes, and are agglomerated due to high calcination temperature [21]. It is clear from the 

images that the incorporation of Eu3+ and Al3+ ions has no effect on the surface morphology of 

ZnTiO3. Fig. 9.1 (c) shows the x-ray diffraction patterns of ZnTiO3 without and with dopant 

ions.  All the diffraction peaks of the samples match with the standard ecandrewsite ZnTiO3 

(ICSD card No. 01-085-0547), suggesting that a single phase of the compound was obtained. 

The diffraction peaks found at 2θ = 30.20 (marked with asterisk *) is relating to secondary 

phase similar to hexagonal (wurtzite) structure of pure (112) ZnTiO3 (JCPDS No. 26-1500)  
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indicating the wurtzite composition [22]. In addition, there are no traces of extra peaks in the 

XRD profiles of the doped and co-doped systems and this is an indication that Eu3+ and Al3+ 

ions were successfully incorporated into the ZnTiO3 host lattice without the formation of 

secondary phases. Since the ionic radius of Eu3+ is much larger than the radius of Zn2+, partial 

Eu3+ ions substitutes the lattice sites of Zn2+ ions, resulting in a lower-angle-shift of the 

diffraction peaks [23]. At a closer look at the XRD peaks (Fig. 1d) 2θ angle around 33o and 

35o, there is a small shift to lower angles with the incorporation of Eu3+ and Al3+, and this is in 

line with Vegard’s theory [24]. Since the ionic radius of Eu3+ is much larger than the radius of 

Zn2+, partial Eu3+ ions substitutes the lattice sites of Zn2+ ions, resulting in a lower-angle-shift 

of the diffraction peaks [24].   

9.3.2. Optical properties analysis 
 

Fig. 9.2 (a) shows the luminescence spectra of Eu3+ activated ZnTiO3 phosphor, with varied 

Eu3+ concentrations.  The spectra exhibit five emission peaks located at 578, 590, 611, 650 and 

702 nm which correspond to 5D0 →
7F0, 

5D0 →
7F1, 

5D0 →
7F2, 

5D0 →
7F3 and 5D0 →

7F4 transitions 

of Eu3+ ions, respectively [25, 26]. The yellow emission from 5D0 →
7F1 (ΔJ = ± 1) transition 

located at 590 nm is a magnetic dipole allowed transition whose intensity does not easily 

influenced by the crystal field strength while the intense red emission from 5D0 →
7F2 (ΔJ = ± 

2) transition at 611 nm is due to electric dipole allowed transition with hypersensitive nature 

whose intensity is strongly sensitive to the local environment of Eu3+ ion sites [27, 28].  In 

addition, Eu3+ ions normally occupy a site with inversion symmetry when the emission peak 

from the 5D0 →
7F1 transition is the most intense and occupy a site without symmetry when the 

emission arising from the 5D0 →
7F2 transition is the most prominent emission in the host.  Fig. 

9.2 (a) shows that the 5D0 →
7F2 transition emission is the most intense and stronger than the 

emission resulting from the 5D0 →
7F1 transition, indicating that the Eu3+ ions are located in a 

site without inversion symmetry in the ZnTiO3 lattice [26]. The luminescence intensity was 

enhanced by increasing Eu3+ concentration up to 2 mol% and then gradually decreased as a 

result of concentration quenching effect [25]. The concentration quenching effect occurs as a 

result of energy transfer between activator and host lattice or nonradiative energy transfer 

among rare-earth ions, which is mainly caused by several factors such as excitation 

energy migration, multipole–multipole interaction cross relaxation, radiation reabsorption 

among others [27-30]. The inset in Fig. 9.2 (a) shows the variation in relative emission intensity  
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Figure 9.2: PL emission spectra of (a) ZnTiO3:xmol%Eu3 and (b) ZnTiO3:2.0mol%Eu3+, 

xmol%Al3+. 

 

as a function of concentration of Eu3+ ions in ZnTiO3 lattices. In order to evaluate the 

mechanism of concentration quenching of the ZnTiO3:Eu3+ the separation between the Eu3+ 

ions were calculated using the following equation given by Blasse [31]:  

          REu = 2 (
𝟑𝐕

𝟒𝛑𝐗𝐜𝐍
)

𝟏

𝟑
                               [9.1] 
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where REu is the critical distance between the  Eu3+ ions, V represents the unit cell volume of  

ZnTiO3 (V = 31.1095 nm3), Xc represents the dopant concentration corresponding to the 

highest emission intensity (Xc = 0.02) and N is the number of the available sites for the dopants 

in the unit cell of the ZnTiO3 (N=6). The critical distance (REu) was calculated to be 1.7 nm for 

ZnTiO3:Eu3+. When the critical distance between the activator ions is less than the theoretical 

critical distance (Rc = 0.5 nm), the exchange interaction mechanism of energy transfer takes 

place and the multipole-multipole interaction mechanisms takes place if the critical distance is 

bigger than 0.5 nm [24, 31]. Therefore, the calculated critical distance suggests that multipole-

multipole interaction mechanisms of energy transfer was responsible for the concentration 

quenching of the prepared samples.  

Fig. 9.2 (b) shows the emission spectra of ZnTiO3:2.0mol%Eu3+, xmol%Al3+ (x = 0.1, 0.2, 0.3, 

0.4 and 0.5). The Al3+ co-doping did not influence the shape and peak positions of the Eu3+ 

ions, indicating that the emission centre still corresponds to Eu3+ ions. What is observed is the 

change in the luminescent intensity. The emission intensity of the 2.0 mol% of Eu3+ increased 

with an increase in the concentration of the Al3+ cations up to 0.3 mol% (see the inset in Fig 

9.2 (b)), and then began to decrease. This is because doping only Eu3+ ions in the ZnTiO3 host 

result in the crystallization of electron-positivity defects. However, the role of Al3+ in the 

ZnTiO3:2.0%Eu3+ phosphor is to serve as a charge compensator to promote a charge balance 

in the prepared samples by forming electronegativity defects which neutralize the electron-

positivity and enhance the Eu3+ emission. This means that the Al3+ cations occupy and 

substitute the lattice of Ti4+ in the form of Al3+ to maintain the charge balance in the 

ZnTiO3:Eu3+ phosphor by suppressing the defects. As a result, an increase in concentration of 

charge compensator Al3+ in ZnTiO3:2.0mol%Eu3+ phosphor generate more electro-negativity 

defects and gradually decrease the emission intensity of the phosphor at a concentration above 

0.3mol% [32, 33].  

Fig. 9.3 shows the diffused reflectance spectra of the undoped ZnTiO3 together with 

luminescence intensity optimized ZnTiO3:2mol%Eu3+ and ZnTiO3:2mol%Eu3+,0.3mol%Al3+ 

phosphors. The spectra of the samples show major absorption at ~287 nm, corresponding to 

the fundamental band to band electron transition of ZnTiO3 host [35, 36]. In addition, the single 

doped and co-doped phosphors had absorption bands at ~465 and ~534 nm, which correspond 

to the 7F0 → 5D2 and 7F1 → 5D1 transitions of Eu3+ ions, respectively [36]. 
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Figure 9.3: The diffuse reflectance spectra of ZnTiO3: Eu3+,Al3+ thin films. 

 

Figure 9.4: The Commission Internationale de Ĭ éclairage (CIE) diagram showing chromaticity 

points of ZnTiO3:2mol%Eu3+ and ZnTiO3:2mol%Eu3+,0.3mol%Al3+. 
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The Commission Internationale de Ĭ éclairage (CIE) chromaticity coordinates of the 

ZnTiO3:2mol% Eu3+ and ZnTiO3:2mol% Eu3+,0.3mol%Al3+ under the excitation of 395 nm 

were calculated and shown in Fig. 9.4. The CIE  cordinates were calculated to be  (0.64, 0.36) 

for both  ZnTiO3:2mol% Eu3+ and ZnTiO3:2mol% Eu3+,0.3mol%Al3+ phosphors respectively. 

The figure shows that the  prepared samples exhibit a strong red emission  and the position of 

the CIE coordinates of sample giving the intense emission  is closer to the standard red 

chromaticity of National Television Standard Committee (0.67, 0.33) [38].  

The luminescence decay curves of the ZnTiO3:2.0mol%Eu3+ and ZnTiO3:2.0mol%Eu3+,xAl3+ 

samples are shown in in Fig. 9.5 (a) & (b), respectively. The decay curves of the sample were 

recorded using the 5D0 →
7F2 transition and fitted with a tripple exponential decay function (Eq. 

9.2) [39, 40], as shown for ZnTiO3:2.0mol%Eu3+ in Fig. 9.5 (a). 

I(t) = Io + B1e-t/τ1 + B2e-t/τ2 + B3e-t/τ3                                              [9.2] 

where I and Io are the UC intensities at certain time t and 0 (from background), respectively, t 

is the time, A1, A2 and A3 are the fitting parameters, 𝝉1, 𝝉2 and 𝝉3 are the decay components.  

The corresponding decay time parameters for the first, second and third order, are presented in 

table 9.1. In addition, the average lifetimes (τ) of Eu3+ were calculated by using the following 

relation: 

                                                    τaverage = 
𝑩𝟏𝝉𝟏

𝟐 + 𝑩𝟐𝝉𝟐
𝟐+  𝑩𝟑𝝉𝟑

𝟐 

𝑩𝟏𝝉𝟏+ 𝑩𝟐𝝉𝟐+ 𝑩𝟑𝝉𝟑
                                   [9.3] 

The corresponding average decay times are presented in Table 9.1. The Al3+ co-doped samples 

had a decay time that was shorter than that of the sample without co-dopant ions.  According 

to Wu et al., this phenomenon is caused by the reduction of the critical distance between Eu3+ 

ions inside the host lattices due to co-doping.  The incorporation of Al3+ decreases the defects 

in the ZnTiO3 host lattice, and this shows that it has an effect on the resonant energy transfer 

which significantly acts as an additional channel to the non-radiative centres and, so, the 

luminescence lifetimes decreases [40]. 

The mechanism of the charge compensator  co-doped  ZnTiO3:2mol%Eu3+  is illustrated in Fig. 

9.6. After the 395 nm excitation wavelength, electrons (eˉ) are excited from its gorund state to 

the excited states of the host matrix; then, return to the defects states of the ZnTiO3 through a 

process called non-radiative transition (NR).  In this case,  there is a charge imbalance for the  
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Figure 9.5: Decay curves of the 5D0 → 7F2 transition in (a) ZnTiO3:Eu3+ sample and (b) 

ZnTiO3:Eu3+,Al3+ samples excited at 395 nm. 
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Table 9.1: Photoluminescence lifetimes of ZnTiO3:2.0mol%Eu3+ and ZnTiO3:2.0mol%Eu3+, 

xmol%Al3+ samples. 

Eu3+ conc.         Al3+ conc.           τ1(μs)             τ2(μs)             τ3(μs)              τaverage(μs) 

    2.0        -                             329   659             1318                    1639 

    2.0        0.1                         313   626             1252                     647 

    2.0        0.2                         309   619             1238                     637 

    2.0        0.3                         309   619             1239                     849 

    2.0        0.4                         312   625             1251                     646 

    2.0        0.5                         292   584             1169                     745 

 

 

ZnTiO3:Eu3+ phosphor which generating negative oxygen (Oi") point defects residing in the 

forbiden region to neutralize the positve zinc (Zni") point defect. The Oi" are temporary traping 

the holes (h+) in the valence band and releases them to the 7Fj (j = 0, 1, 2, 3 and 4) states. On 

the other hand, the Zni" trap the electron (eˉ) and release them from the conduction band. This 

process lead to the generation of the negative zinc vacancies (VZn
··
) that trap and hold h+ and 

the  oxygen vacancies (Vo") which tend to trap and release the carriers. The carriers traped by 

VZn
··
  are then released from its gorund state to recombine with Zni" from the excited states of 

the host matrix through a process called non-radiative recombination. However,  incoporation 

of the charge compensator Al3+ tends to compensate these defects in the ZnTiO3: Eu3+  by 

suppressing the effect of non-radiative process after occupying the Ti4+  positions. The reduced 

non-radiative transition is due to Al3+ charge compensation process that ensures more supply 

of carriers to the Eu3+ centres. In addiditon,  the reduction of the defects in the system enhances 

the energy transfer process from the host defects level to the excited states of Eu3+ because 

there will now be less amount of deffects being quenched by the  Al3+ charge compensator and 

transfer more electrons to Eu3+ states.   The electrons at the highest excited state return to the 

lowest excited state 5Do of Eu3+ ions via a non-radiative transition and therefore finally decay 

to 7Fj states where j = 0, 1, 2, 3 and 4. Though there is a  reduction of amount of defects in the 

system due to incoporation of Al3+ co-dopant, the emission intensity of ZnTiO3: Eu3+ is  

enhanced [1, 41].   
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Figure 9.6:    Schematic energy level diagram of ZnTiO3:Eu3+,Al3+ which is not drawn to scale.  

 

9.4. Conclusion 
 

In summary, the ZnTiO3:Eu3+,Al3+ samples were successfully synthesized using conventional 

solid-state reaction method. Eu3+ ions locate in a site without inversion symmetry when 

incorporated in the ZnTiO3 lattice. The ZnTiO3:Eu3+ samples show intense red emission under 

395 nm excitation. The multipole-multipole interaction mechanisms of energy transfer were 

effective for the concentration quenching. From optical properties, it was observed that the 

visible emission of Eu3+ has enhanced due to the effective aluminium (Al3+) charge 

compensator inside the host ZnTiO3:Eu3+. The optimum concentration of charge compensator 

in ZnTiO3:Eu3+ was observed to be 0.3 mol%. The lifetime of these phosphors decreased by 

the incorporation of charge compensator due to reduced defects. Hence the prepared samples 

could serve as a promising candidate for down-converting UV region. 
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Chapter 10: Summary and Future work 
 

 

 

10.1. Summary 
 

The thesis report the up and down-conversion luminescence properties of ZnTiO3- 

Zn2TiO4:Er3+ composites, ZnTiO3:Er3+
,Yb3+ and ZnTiO3:Eu3+

,Al3+ for photovoltaic 

application. The main aim of the research was to study the up and down-conversion 

mechanisms involved in the prepared phosphors to improve the power conversion efficiency 

of photovoltaic cells. ZnTiO3-Zn2TiO4:Er3+, ZnTiO3:Er3+
, Yb3+ and ZnTiO3:Eu3+

, Al3+ 

phosphors were all prepared by conventional solid-state reaction method with different 

concentrations of Er3+, Yb3+, Eu3+ ions and Al3+ cations.  The samples were characterized using 

different techniques such as x-ray diffractometer, field emission scanning electron microscopy, 

time of flight secondary ion mass spectroscopy, UV-Vis-NIR absorption spectrometer and 

photoluminescence spectroscopy, respectively.  

The ZnTiO3-Zn2TiO4 composite phosphor doped with different concentration of Er3+ ions were 

successfully synthesized using conventional solid-state reaction method and annealed at 1100 

°C.  The morphological properties of the ZnTiO3-Zn2TiO4 composite phosphor showed the 

agglomerations of faceted spheres and hexagons. The charge transfer state that overlaps the 

band gap was observed from the diffuse reflectance spectra. The phosphors displayed 

prominent vissible green and red emission lines  observed at 541−574 nm and 640−690 nm, 

corresponding to 2H11/2 → 4I15/2, 
4S3/2 → 4I15/2 and 4F9/2 → 4I15/2 f–f electronic transitions of Er3+ 

ions. The emission intensity of the green and red emission lines was enhanced with an increase 

in concentration of Er3+ ions, and the 0.8 mol%Er3+ gave the most intense emission, 

respectively. The Commission Internationale de l'Eclairage (CIE) coordinates of the 

xmol%Er3+ indicated that the displayed emission resembled a greenish-yellow colour with a 

luminescent lifetime of 0.267.4 ms. 

A ZnTiO3:Er3+ phosphor was prepared using conventional solid-state reaction method and 

annealed at 800 °C for 3 hours. An ecandrewsite single phase of ZnTiO3 with space group  
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R-3 (148) was obtained and confirmed by XRD. The morphology of the prepared ZnTiO3:Er3+ 

samples consist of agglomerated and uniform particle shapes due to annealing of the samples 

at high temperatures. From the luminescence spectra of ZnTiO3:Er3+ phosphor, the emission 

lines corresponding to Er3+ transitions were also observed under the excitation wavelength of 

980 nm. Furthermore, the luminescence results showed that the nature of the energy transfer 

mechanism suggested that the cross-relaxation process was the preferred energy transfer 

between Er3+ ions in ZnTiO3 compound. This compound is a better phosphor compared with 

the composite due to some impurities scribed to rutile TiO2 and ꞵ-Zn2TiO4 phases in the 

composite phosphor.   

The up-conversion luminescence and energy transfer mechanism of ZnTiO3: Er3+,Yb3+ 

phosphor synthesized by conventional solid-state reaction method was investigated and the 

phosphors were excited by 980 nm. The luminescence results showed the emission bands 

centred at 410, 480, 545 and 665 nm which are attributed to Er3+ ions.  An increase in 

concentration of Yb3+ ions intensified the emission intensity of the optimal concentration of 

Er3+ ions and increased the mean lifetime of Er3+, pointing to the occurrence of the efficient 

energy transfer from Yb3+ to Er3+ ions. Similarly, the variation of laser power increased the 

intensity of the emission and did not change the peak positions and shapes, implying the 

excellent stability of samples under laser excitation energy. The results from UC measurements 

suggest that the combination of Yb3+ and Er3+ offer a great advantage as an up-converter over 

Er3+ alone. This was ascribed to an enhanced emission intensities and longer lifetime of the 

phosphors due to the efficient energy transfer from Yb3+ to Er3+ ions.  

The ZnTiO3:Er3+, Yb3+ thin films phosphor were successfully deposited on silicon substrate 

using the pulsed laser deposition at different substrate temperature. The particles of the thin 

films showed large grains which are very segregate embedded on an amalgamate fine grains. 

Homogenity of the distribution of ions was investigated by TOF-SIMS and the images 

indicated the successful incorporation of Er3+ and Yb3+ ions in ZnTiO3 compound. Five f–f 

electronic transitions from Er3+ were observed at 410, 480, 525, 545 and 660 nm. The most 

dominant transition was red emission from 4F9/2 → 4I15/2 transition. The emission intensity and 

lifetimes of the lumenscence of ZnTiO3:Er3+, Yb3+ thin films were enhanced by an increase in 

silicon substrate temperature. 

A ZnTiO3:Eu3+,Al3+ phosphor with red emission was  synthesized using conventional solid- 
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state reaction method. Ecandrewsite phase was obtained as proved by XRD pattern.  The 

surface morphology carried out by SEM shows that the particles were agglomerated, and 

theywere of irregular shapes. The ZnTiO3:Eu3+ phosphors show intense red emission at 611 

nm which corresponds to the 5D0 →7F2 transition of Eu3+ ion. The multipole-multipole 

interaction mechanisms of energy transfer were effective for the concentration quenching. Al3+ 

was co-doped in ZnTiO3:Eu3+ phosphor to charge compensate and enhance the   visible 

emission of Eu3+ by reducing the quantity of defects. The optimum concentration of charge 

compensator in ZnTiO3:Eu3+ was observed to be 0.3 mol% and for higher doping concentration 

the luminescence intensity quenched. The luminescence lifetime of these phosphors decreased 

by the incorporation of charge compensator due to reduced defects. The results also 

demonstrated that the composite phosphor reported in chapter 5 had longer lifetime compared 

to single phase phosphor reported in chapter 6.  

The optical responses of the phosphors investigated revealed that the phosphors exhibited 

strong absorptions that are attributed to inter-band transitions. Er3+ activated ZnTiO3-Zn2TiO4 

composite and ZnTiO3 powders showed f–f absorptions of Er3+ in the visible region in addition 

to strong absorption of ZnTiO3. Similarly, ZnTiO3 :Eu3+, Al3+ phosphors revealed the f–f 

absorptions of Eu3+ in the visible region in addition to strong absorption of ZnTiO3. The band 

gaps were estimated using Kubelka Munk function. When evaluating the effect of Er3+ and 

Yb3+, the band gap of ZnTiO3 increased, respectively. The luminescence results confirmed a 

successful up and down-conversion of the phosphors and the energy transfer occurred 

effectively from Yb3+ to Er3+ in ZnTiO3 phosphor.  

The ZnTiO3:Er3+,Yb3+ powder samples and ZnTiO3:Er3+,Yb3+ thin films fabricated by the PLD 

were comparatively investigated. In addition, the results imply that these phosphors are suitable 

for up conversion improvement of the power conversion efficiency of photovoltaic cells. It was 

found that the lumienscent properties of  ZnTiO3:Er3+,Yb3+ thin films showed more emision 

bands compared to the results obtained for the ZnTiO3:Er3+,Yb3+ powder samples. These 

luminescence results suggested that the ZnTiO3:Er3+,Yb3+ thin films might be used as an up-

converter for the improvement of power efficiency of the solar cell.  

10.2. Future work 
 

Efficient up and down-conversion luminescence phosphors-based oxides semiconductors play 

a crucial role in enhancing the power conversion of a solar cell. There are several parameters  
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that can be employed and investigated in the up and down-conversion luminescence 

mechanisms of the phosphor materials. This include the effect of temperature, host matrix, 

impurity doping, incorporation of charge compensator, lanthanides concentration, sensitizers, 

activators and photo-physical properties. However, it is imperative to investigate the effects of 

these parameters and the rate of energy transfer from the sensitizer to activator in a suitable 

host matrix. Furthermore, the XRD analysis of the phosphors prepared by convectional solid-

state reaction in this study showed a successful preparation of a single phase of ZnTiO3 as a 

host which was annealed at 800 ℃. Further studies at annealing temperature above 800 ℃ can 

be done to form spinel Zn2TiO4 phase as a host for up and down-conversion luminescence 

phosphors that is expected to influence the lanthanides concentrations and luminescence 

properties of lanthanides ions. This would assist in determining which host among ZnTiO3 and 

Zn2TiO4 can be a good host for up and down-conversion process. The study could also be 

extended on the energy transfer from Yb3+ ion to other up-converting lanthanides ions in order 

to efficiently up-convert NIR light to visible light. Future work can also include varying the 

Yb3+ concentration (fixed in this study) and incorporate the phosphors into solar cell device to 

assess the change in power efficiency. The efficiency of the prepared phosphors will be tested 

by assembling the DSSC with a phosphor/TiO2 nanoparticles bilayer electrode. The advantage 

of this phosphor will be a practical too that contributes highly on enhancing the efficiency of a 

DSSCs. 
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