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ABSTRACT 

GOLLAKOTA, PRAVEEN. Investigation of europium doped wide band gap oxides and an 

annealing study of the amorphous oxide semiconductor – indium gallium zinc oxide. (Under 

the direction of Dr. Leda M. Lunardi and Dr. John F. Muth). 

The electronic, optical and luminescent properties of europium doped wide band gap 

oxide thin films and the electronic properties of indium gallium zinc oxide (IGZO), a novel 

amorphous oxide semiconductor were investigated. The thin films of europium doped 

gallium and gadolinium oxides and indium gallium zinc oxide were deposited on c-axis 

oriented sapphire substrates by Pulsed Laser Deposition at various conditions of temperature, 

pressure and doping concentration. Europium doped gallium oxide was found to be in beta 

phase with monoclinic crystal structure and the films exhibited intense red emission under 

cathode ray excitation with a peak wavelength of emission at 611 nm which corresponds to 

the transitions from 5D0 → 7F2 levels in europium. Europium doped gadolinium oxide thin 

films were found to exhibit two different phases (cubic and monoclinic) with the one of the 

phases being dominant depending on the growth conditions. The peak wavelength of 

emission was either 611 nm or 613 nm depending on the phase of the films.  

The amorphous indium gallium zinc oxide thin films were found to exhibit very high 

hall mobilities of the order of ~15 cm2·V-1·s-1 and the conductivity could be controlled over 

several orders of magnitude from 5 × 10-3 S·cm-1 to 10 S·cm-1 in the amorphous phase. 

Annealing the films in presence of air was found to decrease the carrier concentration of the 

films due the incorporation of oxygen in the films thereby filling up the oxygen vacancies. 

Applications of amorphous indium gallium zinc oxide include Transparent Thin Film 

Transistors and use as transparent conducting oxide for optoelectronic devices. 
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1  INTRODUCTION 

Transparent electronics is a novel and exciting research area with wide spread 

applications. Particularly interesting is the fabrication of transparent displays that can be 

integrated into windows of buses, cars, in buildings etc. A display that is entirely transparent 

requires both the emissive element (such as a phosphor in a phosphor-based display) and the 

addressing circuitry to be transparent. 

Although liquid crystal display (LCD) technology is the leader in the flat panel 

display market, LCDs cannot meet the demands of transparent display technology because of 

the liquid crystal display is not rugged enough to be integrated almost everywhere. More 

attractive for transparent display applications are phosphor based emissive displays such as 

thin-film electroluminescent displays. A typical phosphor-based color display has three 

phosphors one each for red (R), blue (B) and green (G) wavelengths and the entire range of 

colors are produced by varying the intensities of the three primary colors (R, G, B). A 

phosphor is typically composed of a host material and a luminescent center. The requirement 

of high transparency in the visible region makes oxides with wide band gaps good candidates 

for host materials.  

The addressing circuitry of flat panel displays consists of transistors at every pixel on 

the screen. Hence making an entirely transparent display would require a fabricating a 

transparent transistor. Amorphous silicon based thin-film transistor which is the work horse 

of flat panel display industry is not suited for transparent displays because silicon is a narrow 

band gap material and is not transparent. Novel wide band gap oxide semiconductors are to 

be explored for fabricating transparent transistors to make transparent displays possible. Also 

the hall mobility of a-Si is very low of the order of ~ 1 cm2·V-1·s-1. The emergence of new 

amorphous and transparent materials such as amorphous indium gallium zinc oxide with very 

high mobility (~ 15 cm2·V-1·s-1) and conductivity makes it possible to fabricate electronic and 

optoelectronic circuits.  
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The primary motivations for this study are: 

a) exploring novel oxide materials that can be used as thin film phosphors  

b) understanding the characteristics of luminescence from the phosphors 

c) optimizing the deposition conditions of the materials for maximum luminescence and 

understanding the effect of deposition  conditions on the film properties 

d) exploring novel wide band gap transparent semiconductors that can be potentially 

used to fabricate the addressing circuitry for transparent displays 

In this work, the optical properties of two different phosphors, europium doped 

gallium oxide and europium doped gadolinium oxide (both of which luminesce in the red 

region) are investigated. The phosphors are deposited as thin films using pulsed laser 

deposition (PLD) and the films are analyzed to understand the basic processes that lead to 

light emission from the films. Also the effect of PLD conditions on the material properties 

and as a result on the luminescence is investigated. Preliminary investigation of erbium 

doped gallium oxide – a potential green phosphor – is also carried out.  

Indium gallium zinc oxide – a novel amorphous oxide semiconductor – is explored 

for potential use as an active medium for transistors. Thin films of indium gallium zinc oxide 

are deposited using PLD and the electronic and optical properties are measured. Also the 

conduction mechanism and the effect of annealing on the films are investigated. 
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2  BACKGROUND AND LITERATURE REVIEW 

2.1  PULSED LASER DEPOSITION  

Pulsed laser deposition (PLD) is a deposition technique where a high power pulsed-

laser vaporizes materials and deposits thin films. PLD was invented soon after the invention 

of high-powered ruby laser when there were many studies on the interactions of high-

powered laser beams with materials. The intense laser radiation was powerful enough to 

vaporize the materials which suggested that the laser ablation could be used as a means to 

deposit materials.1  

During the 1960s, the studies on laser deposition were not widespread due to the 

limited availability of high-powered lasers and the lack of Q-switches that could pulse the 

lasers to provide high peak power. During the 1970s the availability and more reliable 

electronic Q-switches fostered further progress in this area. The real wide spread interest in 

this field was generated after the success of in situ growth of high critical-temperature 

superconducting (HTS) films by PLD.2  

The theoretical modeling of PLD process has been carried out by various groups, in 

particular, systematic study of the theory and physics of the PLD process have been 

published by Geohegan3 and Singh et al.4 A very comprehensive review of the PLD process 

along with its history, fundamentals, theoretical modeling, practical aspects, and applications 

to various materials has been published by Chrisey and Hubler.5  

PLD has been widely used to prepare oxide thin films and may be classified as: 

binary oxides and multi-element oxides and composite glasses. Binary oxides that have been 

grown by PLD include ZnO, MgO, SiO2, SnO2, TiO2, Y2O3, etc. Multi-element oxides such 

as LiNbO3, LiTaO3, PbTiO3, Y-Ba-Cu-O and Bi-Sr-Ca-Cu-O and several ferroelectric 

materials such as BaTiO3, PbZrTiO3, PbTiO3, KTaNbO3 and KTaNaNbO3 and yttria -

stabilized zirconia have been deposited successfully deposited using PLD. Some of oxides 

that have been studied in this work are listed below. 
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2.1.1   Pulsed Laser Deposition of Gallium Oxide 

Gallium oxide thin films are have been grown using RF-magnetron sputtering,6 spray 

pyrolysis7 and electron beam evaporation.8 However to date there are no publications in 

literature that report on the growth of undoped Ga2O3 using PLD. Orita et al. have reported 

about the growth of deep-UV transparent and conductive Sn doped Ga2O3.
9 The films were 

deposited on silica glass substrates from a target of Ga2O3 doped with 1 mol% SnO2 (i.e. 

ratio of moles of SnO2 to moles of Ga2O3 = 1%) at temperatures above 800oC and oxygen 

pressure of 4.5×10-7 Torr. The films exhibited a conductivity of 1 S·cm-1 and a transmission 

of greater than 50% in the UV region. The same group reported on the deposition of Sn 

doped Ga2O3 thin films using PLD at low deposition temperatures.10 The films were 

deposited on sapphire substrates from a target of Ga2O3 doped with 0.5 mol% SnO2 at 

temperatures between 350oC and 435oC and an oxygen pressure of 3.75×10-7 Torr. Some of 

the properties of the deposited films included a maximum conductivity of 8.2 S·cm-1 

(corresponding to growth temperature of 380oC) and a transmission of greater than 40% in 

the UV-Visible region.  

 

2.1.2   Pulsed Laser Deposition of Gadolinium Oxide 

Seo et al., in 2002, have demonstrated, for the first time, that Gd2O3:Eu thin films 

grown on quartz glass substrates using PLD act as efficient thin film phosphors.11 Yi et al. 

have demonstrated that Li codoping of Gd2O3:Eu thin grown using PLD on sapphire and 

silicon substrates increases the peak luminance by approximately 2 times.12, 13, 14, 15 

Gadolinium oxide exists in both cubic and monoclinic phases. Tanaka et al. have shown that 

increasing the laser fluence during the growth results in a film with predominantly 

monoclinic phase.16  
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2.1.3  Pulsed Laser Deposition of InGaO3(ZnO)m  

2.1.3.1 Amorphous thin films of InGaO3(ZnO)m 

InGaO3(ZnO)m [m = integer] (also abbreviated as IGZO) is a novel amorphous and 

transparent oxide semiconductor with a band gap between ~3.1 and ~3.3 eV. The first report 

of deposition of a-IGZO using PLD was published by Orita et al. in 2001.17 The films were 

grown at room temperature at an oxygen partial pressure of 6 mTorr. XRD characterization 

showed that films with m ≤ 4 were amorphous. The films exhibited a band gap of 2.8 to 

3.0 eV, and an n- type electric conductivity of 170 to 400 S·cm-1 at room temperature with 

carrier densities between 1019 and 1020 cm-3 and electron mobility values between 12 – 

20 cm2·V-1·s-1. Nomura et al. have demonstrated the fabrication of a transparent flexible thin 

film transistor that contains a-IGZO, grown using PLD, as the active channel material.18 

Takagi et al. studied the carrier transport mechanism in a-IGZO films by growing films of 

different carrier concentrations by varying the oxygen partial pressure between 0.75 – 

25 mTorr.19 It was found that the carrier concentration decreased with an increase in oxygen 

partial pressure during growth.19  

 

2.1.3.2   Single-crystalline thin films of InGaO3(ZnO)m 

Growth of single crystalline films of materials requires temperatures approximately 

above ~50% of the melting point of the materials for the constituent adatoms to freely move 

and rearrange on the substrate resulting in a two dimensional step-flow growth mode. So 

growth of single crystalline films of oxides requires high growth temperatures because of the 

high melting points of oxides. When growing complex oxides such as InGaO3(ZnO)m, the 

high temperature growth process makes it difficult to control the chemical composition of the 

grown films because an element with a high vapor pressure will, during deposition evaporate 

much faster than elements that have lower vapor pressures. To date, there have been no 

reports of direct high temperature growth of single crystalline thin films of InGaO3(ZnO)m 

directly using PLD. However, single crystalline thin films of InGaO3(ZnO)m have been 
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grown by reactive solid phase epitaxy where the amorphous films are deposited using PLD 

and are annealed at high temperatures to form a single crystalline thin film. Ohta et al., in 

2003, have reported on the growth of single crystalline thin films of InGaO3(ZnO)m, on YSZ 

substrates with an epitaxial thin film “seed” layer of ZnO, using reactive solid phase 

epitaxy.20 Initially a seed layer of ZnO (with typical thickness ranging from 2-200 nm) was 

grown on YSZ substrates using PLD at 600oC, following an amorphous film of 

InGaO3(ZnO)m deposition at room temperature. The film was then capped using YSZ 

substrate to prevent the evaporation of volatile constituents during high temperature 

annealing at 1400oC for 30 min. The composition of ZnO has been observed to vary 

relatively to the thickness of ZnO and InGaO3(ZnO)m in the films. The films grown directly 

on YSZ substrates without the ZnO epitaxial seed layer were polycrystalline even after the 

high temperature annealing step indicating that the reaction at high temperatures between the 

amorphous InGaO3(ZnO)m and ZnO epitaxial layer is necessary for the regrowth of single 

crystalline phase from solid phase during annealing.  

 

2.2  EFFECT OF DEPOSITION CONDITIONS ON THE 

CHARACTERISTICS OF THIN F ILMS GROWN USING 

PLD 
 

There has been extensive research on how the deposition conditions parameters 

(substrate temperature, background pressure, laser energy, laser fluency, laser repetition rate 

etc.) affect the characteristics (such as crystal structure and surface morphology) of the films 

grown. However the influence of deposition conditions on luminescence properties of films 

has not yet been extensively studied because it is a secondary effect and results mainly 

because of the change in crystalline quality or crystal structure and the surface morphology 

of the films. This section reviews the published literature on the effect of substrate 

temperature and oxygen partial pressure on the crystal structure, crystalline quality, surface 

morphology and the luminescence characteristics of the thin films grown using PLD.  
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2.2.1   Deposition Parameters Effect on Crystalline Quality 

The crystalline quality of the film grown depends heavily on the substrate 

temperature. At lower temperatures, the adatoms on the surface do not have enough energy 

and velocity to diffuse and only a few can form crystallites. At higher temperatures, the 

velocity and the mean free path of diffusion of the adatoms is high, hence they can diffuse to 

the right crystallographic sites thereby increasing the crystalline quality of the film. Hence at 

lower substrate temperatures the films are usually amorphous and there is a critical 

temperature above which crystallization occurs.  

For example, for critical temperature above which crystallization can occur was found 

to be between 500oC for CaBi2Ta2O9 ,
21 600oC for TiNi,22 and 400oC for Y2O3.

23 

As the oxygen partial pressure increases, the crystalline quality of the films becomes 

worse. At higher oxygen partial pressures, the ablated species suffer more collisions in the 

gas phase and thereby there velocity of the ablated species is decreased.24 At lower oxygen 

pressures, the ablated species have sufficient kinetic energy for diffusion and can thus diffuse 

to the right crystallographic sites. However at higher oxygen pressures, the ablated species 

have lesser kinetic energy which results in lesser diffusion resulting in poor crystalline 

quality of the films. This effect of oxygen partial pressure on crystalline quality has been 

observed in Y2O3 thin films.25 

 

2.2.2   Effect on Crystalline Phase and Preferred Orientation 

For materials that exist in more than one crystalline phase, the phase of the thin film 

deposited also depends on the substrate temperature. For example, during the growth of Y2O3 

thin films which can exist in both monoclinic and cubic phases, it was observed that at 

temperatures below 730oC monoclinic phase grows preferentially and cubic phase dominates 

at temperatures beyond 730oC.26 This behavior has been attributed to the fact that at lower 

temperatures and pressures, the adatoms do not have enough mobility. At high laser fluences, 

the surface of the growing films is strongly bombarded by fast particles of the plasma plume 
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which induces defects in the films and prevents the growth of large crystalline grains. 

Hence these growth conditions are favorable for the growth of denser monoclinic crystalline 

phase. At temperatures above 730oC, the atoms have a higher mobility and crystallization in 

the cubic phase can occur.  

The preferred growth direction of the thin films is also affected by the substrate 

temperature and the type of substrate. For example, it was found that the Y2O3:Eu films 

grown on Si (100) substrates at temperatures below 600 °C were predominantly (111) 

oriented and the ones grown at temperatures beyond 600 °C had mixed orientation, primarily 

(111) and (100).27  

This transition in the preferred orientation has been explained based on two 

competing factor – the orientation with minimum surface free energy and the orientation with 

best lattice matching. Y2O3 (100) orientation is the best lattice matched orientation with 

respect to Si (100), but Y2O3 (111) orientation has the least surface free-energy. At lower 

deposition temperatures nucleation in the (111) orientation is energetically more favorable. 

At higher deposition temperatures the mobility of thermally activated atoms in grain and 

grain boundary regions disrupts the low energy configuration and allows a transformation in 

film growth from the (111) to (100) orientation to take place.27  

 

2.2.3   Effect on Surface Morphology 

In general as the substrate temperature increases, the roughness of the films and the 

grain size increase. The increase in grain size can be attributed to the enhanced mobility of 

ablated species at higher temperatures. Due to the increased mobility, the adatoms can 

diffuse to form larger grains at higher temperatures.  

For example, the grain size increases from 100 nm to 200 nm as the temperature rises 

from 700oC to 800oC in Y2O3:Eu films28 and from 50 nm to 150 nm as the temperature 

increases from 400oC to 800oC in TiO2 films.29 
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Ramana et al.30 have studied the evolution of surface morphology of V2O5 thin 

films as a function of substrate temperature. They found that the grain size is directly 

proportional to the diffusion coefficient of the adatoms on the substrate. Since the diffusion 

coefficient has an Arrhenius relationship with temperature, the grain size also exhibited an 

Arrhenius relationship with temperature. 

In films that can exist in more than one phase (for example Gd2O3 thin films which 

can exist in both cubic and monoclinic phases) the simple relationship of increased surface 

roughness with increased substrate temperature does not hold. This is because the surface 

roughness and the grain size is also a function of the crystalline phase of the film. For 

example the Gd2O3:Eu thin films were found to have maximum surface roughness at 

600oC.13 

The root mean square surface roughness of the films increases with increasing oxygen 

pressure. The increase in the rms roughness of the films with increasing growth pressure can 

be attributed to enhanced particulate formation in the laser induced plume at higher 

pressures. For example, the rms roughness of the Y2O3:Eu films was found to increase from 

2 to 71 nm as the pressure was increased from 10-5 Torr to 0.6 Torr.27  

For films that can exist in more than one crystallographic phase, the traditional 

relationship between oxygen partial pressure does not hold. For example, in Gd2O3:Eu  films, 

it was found the films grown at 0.2 Torr had the maximum rms roughness while the 

roughness decreased above and below this pressure.15  

 

2.2.4   Effect on Luminescence 

The luminescence of rare-earth dopants from the host materials is influenced by the 

crystalline quality, and crystalline phase of the films. Films with higher crystalline quality 

tend to exhibit higher luminescence from rare-earth dopants. In films that exhibit both 

monoclinic and cubic phases (Gd2O3:Eu and Y2O3:Eu), the luminescence from the rare-earth 

dopants is higher from a host material that exists in cubic phase than in monoclinic phase.31  
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The surface morphology and grain size also affect the luminescence exhibited by 

the films. Films with large grains exhibit superior luminescence. This can be attributed to the 

fact that grain boundaries act as sources of electron trapping which limit recombination 

efficiency. Films with rougher surfaces exhibit increased intensity of CL and PL emissions. 

This is usually attributed to reduced total internal reflections at the surface of the films with 

rougher surfaces.  

 

2.3  ELECTROLUMINESCENT DEVICES  

2.3.1   Types of EL devices 

Electroluminescence (EL) is a phenomenon where a material emits light in response 

to an applied electric field. There are two major classes of EL devices: (a) the first class of 

devices is the ones in which light is generated by electron-hole pair recombination at a p-n 

junction. Light emitting diodes fall into the first class of devices; (b) the second class of 

devices are the ones in which light is generated by impact excitation of a light emitting center 

by high-energy electrons. This work is focused on the second class of devices.  

In these devices, a high electric field (on the order of 108 V·m-1) is applied across the 

phosphor layer. The electrons derive very high energies from the applied electric fields and 

excite the light-generating (or luminescent) centers by impact excitation. The excited 

luminescent centers generate light. This type of EL is called high-field electroluminescence. 

A very comprehensive review of field-electroluminescent devices along with their history, 

fundamentals, and theoretical modeling has been published by Ono.32  

The high field EL devices are classified based on the configuration of the phosphor 

layer and the drive voltage waveforms as 

• AC (alternate current) thin-film EL 
device 

• AC powder EL device 

• DC (direct current) thin-film EL 
device 

• DC powder EL device 
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Powder devices have phosphor layer in powdered form while in thin-film devices 

the phosphor layer is deposited using thin-film deposition techniques. However powder EL 

devices have short lifetimes (~ 2500 hours) and are not suitable for industrial and consumer 

applications.  

With the improvements in thin-film deposition technologies, interest has shifted to 

AC and DC thin-film devices. But it has been observed that DC-TFEL devices suffer from 

reliability problems. Hence ac thin-film EL devices have been the most popular of all EL 

devices. This work will focus on ac-TFEL devices because of the advantages of these devices 

over the powder devices. 

Thin-film EL devices exhibit ruggedness, high contrast, and a wide viewing angle  –

compared to other display technologies such as LCD, plasma, etc.  

 

2.3.2 Structure and Operation of an ac-TFEL Device 

A TFEL device can be fabricated by sandwiching a phosphor layer between two 

electrodes (one of which is transparent) and applying high voltage waveform between the 

two electrodes. However in such a structure with high voltages, any imperfection in the 

phosphor layer that leads to a short circuit would cause a destructive amount of energy to be 

dissipated in the device. To remedy this problem, a double insulating device structure was 

proposed by Russ and Kennedy.33 This structure has gained wide acceptance and popularity 

ever since Inoguchi et al.34 reported devices with very long lifetimes using this structure. A 

schematic of this device structure is shown in Figure 2-1 below. In this device, the insulating 

layers protect the device from short circuiting the two electrodes even if there is a short in the 

phosphor layer. 
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Figure 2-1: Schematic of a double insulating ac-TFEL device 

 

The energy band diagram of a TFEL device is shown in Figure 2-2 below. 

 

Figure 2-2: Energy-band diagram of a TFEL device. Reprinted, with permission, from the Annual Review 

of Materials Science, Volume 27 © 1997 by Annual Reviews www.annualreviews.org. 

 

The operation of a double-insulating layer TFEL device works as follows. As the 

voltage between the electrodes is increased beyond the threshold voltage, electrons are 

injected from the interface states between the phosphor layer and the insulating layer due to 

high-field assisted tunneling. The injected electrons are accelerated and gain kinetic energy 

large enough to excite luminescent centers in the host lattice. These high-energy electrons (or 

Glass substrate 

Transparent electrode 

First insulating layer 

Phosphor layer 

Metal electrode 

Second insulating layer 
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hot electrons) excite luminescent centers through impact-excitation mechanism. Light is 

generated when these electrons in the excited states of the luminescent centers transition 

radiatively to the ground state. 

 

2.3.3 Modeling ac-TFEL Devices 

A simple equivalent circuit model for an ac-TFEL device was proposed by Alt.35 The 

insulating layers of the device can be treated as perfect capacitors. The phosphor layer 

behaves as a perfect capacitor below the threshold voltage and above the threshold voltage, 

current flows giving rise to luminescence. This behavior can be modeled by a capacitor in 

parallel with back to back Zener diodes of threshold voltage equal to the threshold voltage of 

the phosphor layer (VEL) (see Figure 2-3). 

 
 
Figure 2-3: (a) Model of a TFEL device. The phosphor layer is modeled as a capacitor with capacitance 

CEL in parallel with two back-to-back Zener diodes). CI is the capacitance of the insulating layer. (b) 

The I-V characteristics of the Zener diode used in the model. 

 

Using this model, it can be shown that the luminescence is given by  
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where  

L is the luminescence 

η is the luminous efficiency 

f is the frequency of drive waveform 

εo is the dielectric constant of free space 

εI is the relative dielectric constant of the insulating layer 

dEL is the thickness of the phosphor layer 

dI is the thickness of the insulating layer 

EEL,th is the threshold electric field in the phosphor layer 

Va is the voltage applied across the device and 

Vth is the threshold voltage of the phosphor layer 

 

From the above formula, it can be inferred that the luminescence can be increased by 

choosing an insulator layer and a phosphor layer with a very high dielectric constant and by 

increasing the thickness of the phosphor layer relative to the dielectric layer.  

 

2.4  PHOSPHORS  

2.4.1 Electroluminescent Phosphors 

The phosphor layer in a Thin Film Electroluminescent (TFEL) device consists of a 

host layer with a luminescent center incorporated into it. The requirements of the host 

material, the luminescent center and the phosphor layer are summarized from reference [32].  
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Requirements for host material of the phosphor layer 

1. The host material should have best possible crystallinity in order to allow electron 

acceleration to a kinetic energy sufficient for impact excitation. 

2. It must be able to incorporate the luminescent center in a substitutional lattice site; 

otherwise the excited center will lose its energy nonradiatively to a nearby lattice 

defect.  

3. The typical doping level of the host material should be on the order of 1%. In order to 

maintain the required good crystallinity at these dopant levels, it is important to match 

both the geometric size and the valence of the host cation with that of the dopant. If 

there are fewer mismatches, the dopant atoms will fit in the substitutional site. If not, 

they will sit in the interstitial site. 

Requirements for luminescent centers in the phosphor layer 

1. Should be properly incorporated into the host materials and emit visible radiation. 

2. Should have large cross-section for impact excitation. 

3. Should be stable in the high E-field of the order of 108 V·m-1. Phosphors based on the 

recombination of electron-hole pairs at shallow donor-acceptor states are not efficient 

under TFEL operation because these states tend to remain ionized in the electric field. 

For this reason CRT phosphors such as ZnS:Cu,Al and ZnS:Ag are not efficient 

phosphors for TFEL devices. For example, Cu acts a poor luminescent center in ZnS 

TFEL devices, but is an excellent candidate for CRT based devices. This is due to the 

fact that the shallow donor and acceptor levels in Cu are unstable in high electric 

fields because electrons can tunnel out of these levels. On the other hand Mn is an 

excellent luminescent center for TFEL devices because Mn levels are very deep. To 

date, all efficient TFEL luminescent centers are atomic in nature with deep energy 

levels, i.e. isolated luminescent centers. 

4. The luminescence must not be quenched by the high electric field (greater than or 

equal to 108 V·m-1). 
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Requirements for phosphor layer 

1. The phosphor layer must have large enough band gap to emit visible light without 

significant absorption 

2. It must hold high E-field of the order of 108 V·m-1 without electric breakdown and it 

must have insulating characteristics below threshold voltage; and it must not be 

degraded by the high electric field. 

3. It must be able to sustain a current of hot electrons through film.  

 

2.4.2 Oxides as EL Phosphors 

Sulfide based materials have traditionally been used as phosphors, the most popular 

of them being ZnS. However, sulfide phosphors are chemically unstable in atmosphere 

especially in moisture. Long term operation of TFEL devices with sulfide phosphors has only 

been possible by using a double insulating layer and a suitable device sealing technique. 

Hence oxide phosphors have gained much attention as chemically stable phosphors.  

In 1996, Minami et al.37 did a comparative study of the stability of oxide based 

phosphors and sulfide based phosphors. They compared the aging characteristics – as applied 

to luminance and transferred charge density – of sulfide and oxide based phosphors, and 

demonstrated that oxide based phosphors are more stable and suffer lesser degradation in 

luminance over time. However TFEL devices with oxide phosphors have lesser luminance, 

lower luminous efficiency and higher threshold voltage than sulfide phosphors. Since then 

many oxide phosphors like Zn2SiO4:Mn, ZnGa2O4:Mn, CaO-Ga2O3:Mn, etc. have been 

investigated (see Table 2-1). 

It was believed that the oxide phosphors with their large band gaps (> 4.5 eV) do not 

have the capability to transport significant current densities of hot electrons and hence are not 

good phosphors for EL devices. However in 1998, Xiao et al.38 examined various anisotropic 

oxide phosphors that exhibit high brightness and stability. They observed that efficient oxide 

phosphors have highly anisotropic crystal structure with interconnected tetrahedra or 
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octahedra which surround a large tunnel. They also suggested that the presence of the one-

dimensional ‘‘tunnels’’ in these crystal structures contribute to the superior capability of 

these phosphors to generate hot electrons.  

 

Table 2-1: Literature survey on studies on various oxide based phosphors conducted in different 

universities. 

Year Minami, Miyata et al. 

(Kanazawa Institute of 

Technology, Japan) 

Kitai, Xiao, Stodilka et al. 

(McMaster University, 

Canada) 

Hao et al. 

(University of 

Guelph, Canada) 

1996 Zn2SiO4:Mn, 
ZnGa2O4:Mn and 

ZnS:Mn (Comparative 
study of oxide vs. 
sulfide phosphors)37  

 

  

1997 Mn:CaO-Ga2O3
39  

 
  

Ca2Ga2O4:Mn, 
Zn2SiO4:Mn, 
Zn2GeO4:Mn40 

Examined various anisotropic 
oxides for TFEL devices, 
including Ga2O3:Eu

38.  

 1998 

Ga2O3:Mn, 
ZnGa2O4:Mn, 
CaGa2O4:Mn41  

 

  

Ga2O3:Cr, Mn42 Ga2O3:Eu (rf-magnetron 
sputtering)43  

 

Ga2O3:Mn.44    
Ga2O3:RE including 

Ga2O3:Eu (rf-magnetron 
sputtering)45  

  

2000 

Ga2O3-Sn2O3:Eu
46  

 
  

2002   Ga2O3:RE (Spray 
pyrolysis)47  

2003 Y2O3-Ga2O3:Mn48   
 

Ga2-xInxO3:Eu
49  

 
 

2004   Ga2O3:Eu (spray 
pyrolysis)7  
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2.5  RARE EARTH ELEMENTS AS LUMINESCENT 

CENTERS  

As discussed earlier, efficient luminescent centers are atomic in nature with deep 

energy levels. Rare earth elements that emit light from internal transitions which are shielded 

from the surroundings are the most promising luminescent centers for phosphors.  

Rare earth elements have a partially filled inner (4fn) shell that is shielded from its 

surroundings by completely filled outer (5s2 and 5p6) orbitals. Due to the shielding, the intra 

4fn shell transitions result in very sharp optical emissions. The wavelengths of these emission 

lines are determined by the energy of the transition between 4f states of atomic RE and are 

relatively independent of the host material. The sharp emission lines and the relative 

insensitivity to the host material indicate that the rare earths can be used to very specific 

colors with high purity.  

Kahng, in 1968, showed that it is possible to excite rare earth ions by direct hot 

electron impact.50 Luminescence was obtained by ac-excitation of rare-earth doped II-VI 

compound matrix used as phosphor layer in a TFEL device. This phenomenon was labeled 

by Kahng as Lumocen (Luminescence from Molecular Center. Since then rare earths have 

been the most important luminescent centers for electroluminescent devices.  

 

2.5.1 Europium as a luminescent center 

The use of europium as luminescent center in phosphors is not new. Color television 

saw the first large-scale application of luminescence of europium. In 1955, even before the 

development of Eu3+ phosphors, the ideal emission spectra for red emission of color 

television (to be used in NTSC system) was proposed as a narrow band around 610 nm. In 

1964, a new phosphor YVO4:Eu
3+ was developed which perfectly satisfied this requirement. 

Since then, Eu3+ phosphors have completely replaced broad-band emitting Mn2+ phosphors 

which were predominantly in use at that time. Y2O2S:Eu
3+ was introduced soon after which 
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had better energy efficiency. Y2O2S:Eu
3+ is currently the primarily used red phosphor in 

most of the home color television sets.  

Even though Y2O2S:Eu
3+ is an excellent CRT phosphor, it does not show EL because 

it is highly insulating. It should be noted that CRT phosphors need not be efficient EL 

phosphors because the excitation mechanism in both the phosphors is fundamentally 

different. In CRT phosphors, the luminescent centers are excited by impact of high energy 

(~20keV) electrons accelerated in vacuum. In EL phosphors, the luminescent centers are 

excited by electrons that have acquired the excitation energy in the phosphor itself because of 

applied electric field. Hence, as already discussed previously, efficient EL phosphors are the 

ones that can sustain a current of hot electrons them. 

 

2.5.2 Energy Levels and Spectrum of Eu
3+
 

Europium is a member of the lanthanide series of elements, characterized by partially 

filled 4f electron shell. The electron configuration of the Eu is [Xe]4f76s2 (see Figure 2-4). 

Eu generally exists as a trivalent ion in sesquioxides. The electronic configuration of Eu3+ 

ions is [Xe]4f6.  

 

Figure 2-4: Electronic configuration of Eu
3+
. Adapted from http://www.webelements.com 
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In a free Eu3+ ion (i.e. when not embedded in a crystal), if there were no interactions 

between the 6 electrons in the 4f orbitals, then there would be only 6 available energy levels 

for the electrons. But because of the interactions due to spin-spin coupling, orbit-orbit 

coupling and spin-orbit coupling there will be many available energy levels for electrons 

belonging to one configuration. For example, there are 295 available levels in Eu3+ with 4f
6 

configuration. The different energy levels available in a particular electronic configuration 

are described by ‘term symbols’. The term symbol is denoted as (2S+1)LJ, where S denotes the 

resultant spin quantum number for a system of electrons, L denotes the total orbital angular 

momentum quantum number, J denotes the total angular momentum quantum number. The 

energy levels in free ions are (2J+1) degenerate. The term-symbol nomenclature the methods 

for calculating energy levels are described in Dieke51 and Condon and Shortley.52  

The first few available energy levels for the 4f6 configuration are tabulated in Table 

2-2 and are plotted in Figure 2-5. 

 

Table 2-2: Energy Levels for the 4f
6
 configuration in Eu

3+
 

Term symbol of 

the energy level 

Energy 

(in eV) 

7F0 0.000 
7F1 0.047 
7F2 0.129 
7F3 0.235 
7F4 0.356 
7F5 0.485 
7F6 0.619 
5D0 2.136 
5D1 2.353 
5D2 2.659 
5D3 3.018 
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Figure 2-5: First few energy levels for the 4f
6
 configuration in Eu

3+
 ion. 

 

The possible transitions between these energy levels that result in emission of a 

visible photon are tabulated in Table 2-3 and are plotted in Figure 2-6. 

 

Table 2-3: Wavelengths of emission for various possible transitions in Eu
3+
 free ions that lie in the visible 

region (380 nm to 770 nm) 

To Level→ 

From Level ↓ 
7
F0 

7
F1 

7
F2 

7
F3 

7
F4 

7
F5 

7
F6 

5
D0 580.48 593.54 617.89 652.27 696.48 751.03  

5
D1 527.06 537.81 557.72 585.58 620.96 663.97 715.26 

5
D2 466.31 474.70 490.15 511.54 538.33 570.35 607.79 

5
D3 410.93 417.43 429.33 445.65 465.85 489.64 516.98 
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Figure 2-6: Transitions in Eu3+ free ion and the corresponding wavelengths of emission. 

 

In a crystalline host, the degeneracy of the energy levels of the ions is lifted and the 

energy levels are further split due to the interaction of the ions with the electric field 

established by the ions in the surrounding crystal. As a result, the spectrum of ions in a solid 

host is usually broad with limited structure. In lanthanides the 4f electron orbitals lie within 

the shell of outer 5s and 5p electrons which largely shield the 4f electrons from interaction 

with the surrounding crystal field, which results in sharp spectral lines characteristic to 

lanthanide ions. Some of the transitions between these energy levels are forbidden by the 

symmetry of the crystal structure. The transition probability between two energy levels is 

determined by the host lattice. In Eu3+, transitions to 7F6 levels are usually very weak and are 

barely detectable. The most intense transitions are usually from 5D0 to 
7F2 which give an 

intense red peak at wavelengths between 600 and 630 nm.  
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2.6  HOST MATERIALS FOR LUMINESCENT CENTERS  

The host materials have a very strong effect on the radiative transition probability 

between two energy levels. It was shown by Favennec et al.53 that the thermal quenching in 

Er-doped semiconductors decreases with increasing band gap. Therefore, wide-band gap 

semiconductors are attractive hosts for RE elements. Other advantages of wide band gap 

semiconductors when compared with other semiconductors and glasses include chemical 

stability, the presence of free carriers that can be used to excite the rare earths, and physical 

stability over a wide temperature range. For example, GaN has been used as a host for rare 

earth elements because of the large band gap (3.4 eV) and sufficient carrier mean free path.54  

 

2.6.1 Gallium Oxide 

β-Ga2O3 is a transparent conducting oxide (TCO)
55, 8 with semiconducting properties, 

is naturally n-type,56, 57,  58, 59 and has a band gap between  4.7 to 5 eV - among the largest 

values of any of the known TCOs to date.55 The crystal structure of β-Ga2O3 is monoclinic 

with a = 12.23 ± 0.02 Å, b = 3.04 ± 0.01 Å, c = 5.80 ± 0.01 Å, β = 103.7 ± 0.3o, and the 

space group is C2/m (C2h
3).60  

 
 

Figure 2-7: Lattice structure of Ga2O3 (a) From M. Yamaga, E. G. Villora, K. Shimamura, and N. 

Ichinose, Phy. Rev. B 68, 155207 (2003). (b) From M. Orita, H. Hiramatsu, H. Ohta, M. Hirano, and H. 

Hosono, Thin Solid Films 411, 134–139 (2002) and (c) From T. Xiao, A. H. Kitai, G. Liu and A. Nakua, 

Applied Physics Letters, Vol. 72, pp. 3356 – 3358, 1998. 
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The lattice of β-Ga2O3 is composed of double chains of interconnected tetrahedra 

and octahedra running along the b-axis (see Figure 2-7). This lattice arrangement gives rise 

to one-dimensional tunnels along the b-axis which are considered to constitute the paths 

followed by carrier electrons. As mentioned earlier, the presence of these one-dimensional 

‘‘tunnels’’ in contributes to the superior capability of the material to generate hot electrons. 

The wide band gap of gallium oxide and the unique crystal structure makes it a very good 

host material for an electroluminescent phosphor.  

Very limited work has been done in exploring Ga2O3:Eu as an electroluminescent 

phosphor. Miyata et al.45 investigated electroluminescence of gallium oxide doped with 

various rare-earth materials by using rf-magnetron sputtering and is the most comprehensive 

investigation of gallium oxide as a host material for electroluminescent phosphors to date. 

Xiao et al.38 studied the electroluminescence of various anisotropic oxides including gallium 

oxide doped with europium. Stodilka et al.43 fabricated TFEL devices with Ga2O3:Eu as a 

phosphor layer by using rf-magnetron sputtering. Hao et al.47, 7 fabricated TFEL devices with 

Ga2O3:Eu as a phosphor layer by using spray pyrolysis. 

 

2.6.2 Gadolinium Oxide 

Gadolinium (atomic number: 64) is a rare earth lanthanide that is next to europium 

(atomic number: 63) in the periodic table and hence has a closely matching atomic radius. 

This makes it possible to dope gadolinium oxide with very high concentrations of europium 

without significant distortion in the crystal lattice. Gadolinium oxide is a transparent rare-

earth sesquioxide with a large band gap of ~5.4 eV which makes it a very good host for 

europium for electroluminescent applications.  

Rare-earth sesquioxides exist in three different polymorphic modifications (types A, 

B and C) which have been systematically investigated by Goldschmidt and his coworkers in 

1925.61 Type A is hexagonal (of spacegroup 13mP ), type B is monoclinic (of spacegroup 

C2/m) and type C is cubic (of spacegroup Ia3). The phase transition between these 

polymorphic modifications has been investigated and it was found that in Gd2O3, type C 
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(cubic) is stable at temperatures below ~1250oC, and transforms into type B (monoclinic) 

at higher temperatures.62 The transition from type B (monoclinic) to type C (cubic) in pure 

dry Gd2O3 was found to be apparently irreversible
63 The volume of the crystal decreases 

substantially (~ 8%) in the transition from type C (cubic) to type B (monoclinic)64 and hence 

formation of type C (cubic)is favored at low pressures while formation of type B 

(monoclinic) is favored at high hydrostatic pressures.  

The luminescence of Eu3+ in Gd2O3 was first investigated by Urbain in 1909.
65 Ropp 

studied the photoluminescence of Eu3+ in both cubic and monoclinic Gd2O3 and found that 

europium is more luminescent in a cubic host than in a monoclinic host.66 Rice and 

DeShazer, in 1969, investigated the spectra of Eu3+ in monoclinic Gd2O3 and assigned the 

transitions to the peaks observed in the spectra.68 Bredenfel’d et al.69 investigated the 

photoluminescence and cathodoluminescent spectra of both cubic and monoclinic 

gadolinium oxide and proposed corrections to some of the transitions previously assigned by 

Rice and Deshazer. In monoclinic Gd2O3, Eu
3+ can exist in one of the three nonequivalent 

crystallographic sites of Cs symmetry.68 Dexpert-Ghys et al.70 and Daly et al.71 extended the 

work of Rice and Deshazer and assigned the spectral lines arising from transitions from 5D0, 1 

to 7F1, 2, 3, 4 to the corresponding crystallographic sites.  

Gadolinium oxide doped with europium was investigated for use as a low-voltage 

cathodoluminescent phosphor in Field Emission Displays (FEDS).31, 72 Miyata et al. 

investigated gadolinium oxide doped with manganese for use as an electroluminescent 

phosphor.73  

2.7  IGZO  –  A  NOVEL AMORPHOUS AND TRANSPARENT 

SEMICONDUCTING OXIDE  

2.7.1 Transparent Conductors 

A material will be optically transparent in the visible region, if its optical band gap is 

larger than ~3.0 eV and if there is a low density of defect states in the band gap. At such high 
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band gaps, stoichiometric materials are intrinsically insulating. High transparency with 

high conductivity can be obtained by creating electron degeneracy through doping or by 

introducing nonstoichiometry. Historically, oxides of indium, tin and cadmium have proved 

to be good candidates for creating transparent and conducting materials. Indium tin oxide, 

antimony tin oxide and cadmium indium oxide are popular transparent conductors.74  

New materials with enhanced transparency and conductivity were explored by many 

groups. Shannon et al.75 investigated the optical and electrical properties of CdSnO3, 

Cd2SnO4 and CdIn2O4, and found that they were transparent conductors and that all of the 

materials have a similar structure with networks of edge-sharing octahedra of Sn4+ or In3+. 

They suggested that the edge sharing of octahedra of Cd2+, In3+ and Sn4+ in the compounds 

might be a necessary criterion for the formation of a transparent conductor.  

Kawazoe and his coworkers have demonstrated that several oxides with spinel 

structure of composition M2+M2
3+O6 in which at least one of the cations has d

10s0 electronic 

configuration (like MgIn2O4,
76 CdGa2O4,

77 and ZnGa2O4
78) act as transparent conductors. 

These compounds also have edge-sharing MO6 octahedra which are composed of ns orbitals 

of the cations. They suggested that these compounds act as good conductors because the 

effective mass of electrons along the network of these edges is very low and hence act as 

“highways” of conduction electrons resulting in high electrical conductivity of these 

materials with high band gaps.79  

In accordance with the criterion proposed by Shannon and Kawazoe, Orita et al.80 

have studied the optical and electrical properties of single crystals of InGaZnO4 and other 

related compounds that have close edge sharing InO6
9- octahedra that form an InO3/2 layer. 

They found that InGaZnO4 acts as a transparent conductor with conductivity of about 125 

S·cm-1 and a transmission of greater than 75% in the visible region.  

Transparent conductors have been traditionally used in variety of applications such as 

transparent electrodes for TFT displays and other optoelectronic devices, solar cells, 

antistatic coatings and touch-panel displays. However the use of these materials has been 

limited to passive applications because of lack of transparent materials that can be used as 

active materials in devices. The realization of active transparent materials (for example 
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transparent materials that can be used as current-carrying active region materials in FETs) 

will open up a host of areas for new devices. The possibilities of applications of these new 

transparent devices are endless. For instance, they can be used to make see-through displays 

that can be used on windows of trains, airplanes, stores, etc.81  

 

2.7.2 Amorphous Semiconductors 

Amorphous semiconductors that can be used in active devices can open a wide range 

of possibilities in flexible electronics. Amorphous semiconductors have a lot of advantages in 

flexible electronics because the inherent structural randomness in amorphous materials 

makes them suitable for flexible devices. In contrast to the crystalline semiconductors, 

preparation of amorphous semiconductors does not usually require carefully controlled 

growth techniques, which is an important economic advantage. The amorphous state also 

allows thin films to be deposited onto any suitable substrate without the problems of lattice 

mismatch and other problems which complicate deposition of epitaxial thin films. 

Amorphous semiconductors are often preferred over polycrystalline ones for active layers 

because they can achieve uniform of device characteristics across wider areas and also 

require lower processing temperatures.82  

There are two main classes of amorphous semiconductors - chalcogenide glasses and 

tetrahedrally bonded amorphous solids such as a-Si and a-Ge. a-Si:H and organic 

semiconductors have been extensively investigated for flexible electronics and TFTs on 

flexible substrates were demonstrated.83, 84, 85, 86 However the performance of these devices 

has not been very attractive because of the low field effect mobilities of these materials (mFE, 

~1 cm2·V-1·s-1 for a-Si:H and 1.5 cm2·V-1·s-1 for pentacene thin film). The carrier mobility is 

lower by about three orders of magnitude when compared with single-crystalline Si 

(~200 cm2·V-1·s-1 for carrier concentration of ~1019 cm-3).  

The oxides of heavy metal cations show very high mobilities in amorphous state and 

look promising for fabrication of active devices on flexible substrates. They are discussed in 

the next section. 
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2.7.3 Amorphous and Transparent Oxide Semiconductors 

The existing amorphous semiconductors – tetrahedrally bonded systems and 

chalcogenide glasses – are not transparent. The low mobility of tetrahedral systems is 

associated with the nature of the chemical bonding. The carrier transport paths in tetrahedral 

systems are formed by the covalent bonds between the sp3 orbitals. These bonds are highly 

directive in nature. In amorphous state with random orientation of these bonds, the bond 

angle fluctuation significantly alters the electronic levels, thereby reducing the electron 

mobility along these paths.87  

Hosono and his coworkers proposed new amorphous and transparent oxide 

semiconductors composed of heavy-metal cations with (n-1)d10ns0 (n ≥ 4) electronic 

configurations.88, 89 In these materials, the conduction bands are made of spherical s orbitals 

of metal ions. The overlap of these spherical orbitals is not altered largely by random 

structure in the amorphous phase. Hence these materials act as good amorphous and 

transparent semiconductors. IGZO belongs this class of materials and exhibits mobility 

around 10 cm2·V-1·s-1.17  

 

2.8  AMORPHOUS AND TRANSPARENT THIN F ILM 

TRANSISTORS WITH IGZO  CHANNEL LAYER  
 

2.8.1 History of TFT 

Thin Film Transistors were first proposed by Weimer in 1961.90 They fabricated 

TFTs with CdS semiconductor layer, silicon monoxide gate insulator and gold contacts. In 

1973, Brody et al.92 demonstrated an active-matrix liquid-crystal panel that used CdSe TFTs. 

TFTs with amorphous silicon (a-Si) channel layer were reported by Snell et al.93 The a-Si:H 

TFTs revolutionized the LCD industry. a-Si:H could be deposited at low temperatures which 

made it possible to use glass substrates for large scale manufacturing. Ever since the 
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introduction of a-Si:H TFTs they have been the most important active devices in the LCD 

display market. 

 

2.8.2   Transparent Thin Film Transistors (TTFT) 

TFTs that use a-Si:H as active materials, though extremely popular in the present 

displays, are not “transparent” because the band gap of Si is only 1.18 eV. To make 

transparent electronics possible, one has to investigate other materials with wider band gaps 

to fabricate TFTs and other active devices.  

The first fully transparent TFTs were reported by Hoffman et al. in 2003.94 The TFTs 

were fabricated by depositing zinc oxide active layer, aluminum titanium oxide gate insulator 

and ITO contact electrodes using ion-beam sputtering. The optical transmission was greater 

than ~75% in the visible region. The TFTs were n-channel enhancement mode devices with 

on-to-off ratio of ~107, threshold voltages ranging from 10 to 20V and channel mobilities 

between 0.3 and 2.5 cm2·V-1·s-1. 

Since then many other groups have investigated TTFTs using ZnO as the active 

channel layer.95, 96, 97  Zinc indium oxide97 and zinc tin oxide.99 TTFTs were also investigated 

by other groups. 

Nomura et al.100 demonstrated a TTFT with crystalline IGZO active layer on YSZ 

substrate, with hafnium oxide gate dielectric, and ITO contacts. The TTFT exhibited a 

channel mobility of 80 cm2·V-1·s-1 and an on-off current ratio of 105. 

 

2.8.3   IGZO Amorphous and Transparent TFTs  

Amorphous and transparent TFTs on flexible polyethylene terapthalate substrate, with 

IGZO active layer, yttrium oxide gate dielectric and ITO contacts were demonstrated by 

Nomura et al. in 2004.18 The devices exhibited a channel mobility of ~ 2 cm2·V-1·s-1, turn-on 

voltage of ~ 1V and an on-to-off ratio of 103.  
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3  EXPERIMENTAL METHODS 

3.1  PULSED LASER DEPOSITION  

Pulsed laser deposition (PLD) is a deposition technique where a high power pulsed 

laser is used to vaporize materials and deposit thin films. A PLD chamber consists of a target 

and heated substrate facing each other inside a high vacuum chamber. The basic schematic of 

a PLD chamber is shown in Figure 3-1. Usually a high power ultraviolet (UV) excimer type 

laser that generates pulses of very short duration is used as source. A set of optical 

components is used to focus and raster the laser beam over the target surface. The laser 

pulses are absorbed by the target which causes the target to ablate. This heat absorption in 

turn causes the ablation of the target resulting in a plasma of energetic atoms and ions that 

impinge on the substrate and is deposited as a film.  

 

Figure 3-1: Schematic of the pulsed laser deposition system. 

 

The advantages and limitations of PLD systems are summarized from reference [1] 

below. 
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3.1.1 Advantages of PLD  

� In PLD, dislodgement of atoms from a source is accomplished by depositing energy 

at the target surface via an ultraviolet laser pulse and unlike ions or electrons, laser 

beams are easier to transport and manipulate. 

� Since the laser interaction with gas-phase species is relatively weak, the dynamic 

range of deposition pressures is the largest compared to virtually any deposition 

process.  

� Furthermore, at wavelengths of 250 nm and below, virtually all materials absorb the 

laser beam either via linear or nonlinear processes whereby coupling of the energy is 

possible to most surfaces making the process very ubiquitous.  

� The spatial confinement of laser-target interaction and subsequent confined evaporant 

makes PLD an inherently clean process than sputtering where the plasma of the 

sputter process tends to come in contact with various surfaces inside the chamber.  

� The high energy of the vaporized atoms in the laser plume is advantageous because 

the kinetic energy of the impinging atoms is transferred to the growing film resulting 

in high surface atom mobility for incorporating into the crystal structure and  lower 

growth temperatures overall for pulsed laser deposition than for other techniques.  

� The decoupling of the vacuum hardware and the evaporation power source makes this 

technique so flexible that it is easily adaptable to different operational modes without 

constraints imposed by the use of internally powered evaporation sources. Film 

growth can be carried out in a reactive environment containing any kind of gas with 

or without plasma excitation.  
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3.1.2 Limitations of PLD 

The deposition of micron-sized particulate matter on the films during PLD is one its 

main limitation. Minimization of target inhomogeneity, surface texture, and fluctuations in 

laser energy density and maximizing target density are the approaches for reducing the 

particle production. 

 

3.1.3   Deposition in presence of a background gas 

The addition of a background gas helps not only in slowing down, and thereby 

moderating the energy of ablated species, but also causes a significant reduction in the 

concentration of ejected ions from the target that is transmitted to the substrate. Additionally, 

for the formation of compound thin films like oxides and nitrides, the interaction of the 

plume with a reactive background gas plays an important role in producing the atomic and 

molecular precursors required for the growth of the compound phase. 

For the growth of oxides, it is usually necessary to maintain an oxidizing environment 

during the deposition process in order to help form and stabilize the desired crystal phase at 

the deposition temperature. Depending on background gas pressure during deposition, both 

gas-phase and surface reactions will be important for the oxidation process, with the latter 

contributing almost exclusively at lower pressures. There will be significant interaction of the 

ablated cation species with the oxidizer gas leading to the formation of oxides. This is in 

addition to the atomic oxygen directly released from the target along with molecular oxygen 

and the cation species. Some of the generated atomic oxygen will be lost during transport to 

the substrate as a result of chemical reactions with the background gas. Similarly, the cation 

species are also attenuated due to reactions and elastic scattering during passage. The 

unattenuated atomic and molecular species that arrive and are adsorbed on the substrate 

surface undergo a complex series of oxidation, recombination and desorption steps, with 

eventually leads to the oxide phase. 
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3.2  TARGET PREPARATION  

In this study all the targets used in the deposition have been prepared from the 

corresponding powders. The targets used for PLD can be prepared by pressing and sintering 

the corresponding compounds in the powder form. Powders with smaller particle sizes yield 

better targets because the size keeps them together when pressed and smaller particles will 

also diffuse better during sintering. The particle size of a powder is usually specified in terms 

of the mesh size. Table 3-1 lists the conversion between the mesh and the particle sizes. 

 

Table 3-1: Conversion between mesh size and the size of the sieve in microns 

Mesh 

Size 

Size of sieve 

(µµµµm) 

Mesh Size Size of sieve 

(µµµµm) 

Mesh Size Size of sieve 

(µµµµm) 

4 4760 50 297 270 53 
6 3360 60 250 325 44 
8 2380 70 210 400 37 
12 1680 80 177 625 20 
16 1190 100 149 1250 10 
20 840 140 105 2500 5 
30 590 200 74   
40 420 230 62   

 

A powder with a mesh size of -200 indicates that the powder passed through a sieve 

with a size of 74 µm. So the particles in the powder would be less than 74 µm.  

Another important factor to consider when choosing a powder is the purity of the 

powder. Choosing a powder with higher purity will lead to a target with lesser impurities. 

Table 3-2 lists the purities, mesh sizes, particle sizes, formula weights and the melting points 

of the powders used in the present work. 
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Table 3-2: The purities, mesh sizes, particle sizes, formula weights and the melting points of powders 

used in the present study. 

Powder Formula 

Name 

Purity Mesh Size Particle size  Formula 

Weight 

(g·mole
-1
) 

Melting 

Point 

(
o
C) 

Gallium (III) oxide  99.999% -100 <149 µm 187.44 1900  
Gadolinium (III) oxide 99.999% -1250 <10 µm 362.50 2330  
Indium (III) oxide 99.99%   277.64 850 
Europium (III) oxide 99.99%   351.92 2291 
Erbium (III) oxide 99.99% -625 <20 µm 382.56 2400 
Zinc Oxide 99+%  60 nm 

(Average 
particle size) 

81.37 1975 

 

To prepare targets of alloys or to prepare doped targets, the powders need to be mixed 

uniformly before pressing. The powders can be mixed by pouring the powders in measured 

quantities in a beaker filled with ethanol and then stirring the powders until the ethanol 

evaporates. This process ensures that the powders are mixed uniformly and thoroughly. For 

example to make a target of europium doped gallium oxide with 0.8 mol% europium 

(measured as the ratio of the number of moles of europium oxide to the number of moles of 

gallium oxide in the powder), one can mix 10 g (5.33 × 10-2mole) of gallium oxide and 150.2 

mg (4.27 × 10-2mole) of europium oxide. 

The powders can be pressed after they are dry. The die should be clean and lubricated 

with a very small amount of oleic acid. The powders are usually pressed at 4500 PSI for 

about 2 minutes. The powders in this study were in a 1-inch die. 

The pressed powder can then be sintered at two-thirds the melting point of the powder 

(assuming the power does not have a sublimation point below its melting point). If the 

powder contains a mixture of compounds, the powder should be sintered at two-thirds the 

melting point of the compound with lowest melting (or sublimation) point. Table 3-3 lists the 

sintering temperatures and times of the targets used in the present study. The sintering can be 

done in an oxygen environment or in an inert atmosphere by flowing argon through the 

furnace for example. Oxide targets can usually be sintered in atmosphere because reaction 

with oxygen in atmosphere and oxidation is not a problem with oxide targets. Sintering of 
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non-oxide targets should be done in an inert atmosphere or can also be done in reducing 

atmosphere if the need arises to do so. All the oxide targets used in the present study were 

sintered in air.  

 

Table 3-3: Sintering temperatures and times of the targets used in the study 

Target Sintering 

Temperature 

Time 

Ga2O3:Eu (0.2 mol%) 1400oC 6 h 
Ga2O3:Eu (0.4 mol%) 1400oC 6 h 
Ga2O3:Eu (0.8 mol%) 1400oC 6 h 
Ga2O3:Er (0.8 mol%) 1400oC 5 h 
Gd2O3:Eu (1.6 mol%) 1600oC 12 h 
InGaO3(ZnO)5

* 1250oC 9 h 
InGaO3(ZnO)5:Eu (1.6 mol%) 1250oC 9 h 

* Target was buried in InGaO3(ZnO)5 powder while sintering 

After the sintering process, the targets should be hard and not chalky. Softer targets 

will usually lead to greater particulates in the deposition process. The target diameter will 

usually shrink after the sintering process because during the sintering process, the target gets 

densified. The target preparation process and the appearance of targets after being ablated are 

shown is shown in Figure 3-2 (a) and (b) respectively. 

 

 
 

(a) (b) 

Figure 3-2: (a) PLD target preparation process.  (b) The target after being ablated by the laser.  
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A target that is about ¼ inch thick could be used for several runs; however the 

stoichiometry may change between depositions. For example, during the deposition of zinc 

oxide, oxygen may be depleted from the target surface making the target zinc-rich near the 

surface. One pragmatic approach could be to polish the target after each growth to remove 

the surface layer.  

Successful depositions can be made from pressed powders, sintered pellets, cast 

material, single crystals, and metal foils. The main differences in the target morphologies are 

in the nature of the target erosion, and the generation of particulates. High density and high 

homogeneity targets yield best films.  

 

3.3  X-RAY D IFFRACTION  

X-ray Diffraction (XRD) is a noncontact and nondestructive technique used to 

identify the crystalline phases present in materials and to measure the structural properties of 

these phases. When x-rays are scattered by the periodic arrangement of planes of atoms in a 

crystal structure, the angle of diffraction from a crystal (the angles at which the scattered rays 

interfere constructively) is given by Bragg’s law: 

hklhkld θλ sin=  

Where λ is the wavelength of x-rays, dhkl is the distance between two adjacent planes 

of miller indices (hkl), and θhkl is the angle between the incident beam and the atomic plane.  

 

Figure 3-3: The crystallite in a thin film diffracting the incident x-rays 
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In a single crystal, for every (hkl) plane, there is a unique angle of orientation of the 

sample relative to the incident x-ray beam for which the Bragg’s condition is satisfied. 

Epitaxial thin films behave similar to single crystals, on the other hand non-epitaxial thin 

films, in general, consist of many grains or crystallites that are oriented in different directions 

(refer Figure 3-3). The crystallites could be completely randomly oriented where the 

diffracted x-rays create a “powder” diffraction pattern. Or the crystallite could have a fiber 

texture where all the crystallites in the film have the same atomic planes parallel to the 

substrate surface, but are otherwise randomly distributed. Thin films usually fall in between 

these two classes. 

The mechanical assembly that makes up the sample holder, detector arm and 

associated gearing is referred to as goniometer.2 The experimental setup of the x-ray 

diffraction is shown schematically in Figure 3-4.  

 

 

Figure 3-4: The incident and the diffracted X-ray beam. (Adapted from Encyclopedia of materials 

characterization) 

 

For polycrystalline films, the Bragg-Brentano goiniometer is widely used. In this 

setup, the x-ray source is kept fixed, after collimation by slits is focused on to the sample. 

The diffracted x-rays from the sample are focused on the detector using the receiving slits. 

The sample is rotated at a constant angular velocity and the detector is rotated at twice the 
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angular velocity of the sample. This ensures that the diffracted radiation is always focused 

on the detector. After passing through receiving slits, the diffracted x-rays are detected. In 

this setup, since the incident and diffracted x-rays make the same angle to the specimen 

surface, structural information is obtained only about (hkl) planes parallel to this surface. 

The phases present in the thin film can be identified by comparing the angles of the 

peaks of the measured angles in the diffraction pattern with known standards in the ICDD 

PDF (International Centre for Diffraction Data – Powder Diffraction File). However, the 

absolute intensities differ from the intensities in the ICDD PDF because the data is for 

random orientations of the phases.  

One of the disadvantages of using XRD is the low intensity of diffracted x-rays, since 

the information acquired is an average over a large area therefore requiring large specimens 

(≈ 0.5 cm). Moreover XRD does not provide spatial resolution as well.  

The present XRD experiments were carried out on a Rigaku x-ray diffractometer with 

the Kα line of a Cu source wavelength. The samples were mounted using modeling clay to 

for good adhesion into a position flush with the 0o position of the instrument. The scans were 

performed from 10o to 100o in 0.5o increments, and 1 s counting time between measurements.  

 

3.4  OPTICAL ABSORPTION  

A spectrometer was used to measure the optical absorption of the thin films as 

function of wavelength.  For this study a dual-beam PerkinElmer LAMBDA 9 (UV-VIS-

NIR) spectrometer was used. It consists of a light source, a monochromator, a sample 

chamber and a detector. The schematic of the spectrometer is shown in Figure 3-5. 
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Figure 3-5: Schematic of PerkinElmer LAMBDA 9 spectrometer  

(From http://bouman.chem.georgetown.edu/S00/handout/ spectrometer.htm) 

 

In this system, a deuterium lamp and a halogen lamp are used as the light sources 

which cover the entire working wavelength range of the spectrometer. A filter assembly and 

two monochromators are used to produce monochromatic light with very high spectral 

purity. A chopper assembly splits the monochromatic light into two beams one of which 

passes through the reference and the other through the sample. The light passing through the 

samples is detected by a photomultiplier tube for UV/VIS wavelengths and PbS detector for 

NIR wavelengths.  

The sample is mounted in one of the beam paths, while a blank piece of sapphire is 

sometimes mounted in the reference beam path and is left open sometimes. Leaving the 

reference beam path open is a preferable way to report some data. The monochromated light 

is scanned through the sample and measured intensity of the detected light of gives 

transmission of the film as a function of wavelength. The absorbance can be calculated from 

the transmission data as  

)100/log(TA −=  
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The band gap of the material of the film can be calculated by plotting absorbance 

squared as versus photon energy, fitting a straight line through the data, and the finding the x-

intercept of the fitted line.  

 

3.5  ATOMIC FORCE M ICROSCOPY (AFM) 

Atomic force microscopy is a type of scanning probe microscopy that maps the 

topography of the surface of a film by scanning a tip over the film so that a constant force is 

maintained on the tip. 

AFM consists of a cantilever with a sharp tip at its end. The force between the tip and 

the sample leads to a deflection of the cantilever. The deflection is typically measured using a 

laser spot reflected from the top of the cantilever on to a split photodiode detector.  The 

difference signal from the detector can measure the deflection of the tip. The AFM feedback 

controller tries to maintain a constant force on the tip by raising or lowering the tip, and 

hence measures the local height on the surface. Three dimensional topographical maps of the 

surface are then constructed by plotting the local sample height versus horizontal probe tip 

position.  

AFM can be operated in contact or tapping modes. In contact mode, the tip is dragged 

along the surface while in tapping mode the tip constantly oscillates and taps on the surface. 

In the present work a Nanoscope Dimension 3010 AFM3 was used and the schematic 

is shown in Figure 3-6. In tapping mode the cantilever oscillates at or slightly below its 

resonance frequency while scanning across the surface. As the tip lightly taps on the sample 

surface it contacts the surface at the bottom of its swing. The feedback loop maintains a 

constant oscillation amplitude by maintaining a constant RMS of the oscillation signal 

acquired by the split photodiode detector. The vertical position of the scanner at each (x, y) 

data point in order to maintain a constant amplitude is stored by the computer to form the 

topographic image of the sample surface.  
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Figure 3-6: Schematic diagram of Nanoscope Dimension 3010 TappingMode AFM. (From Nanoscope 

Dimension 3010 manual) 

 

3.6  CATHODOLUMINESCENCE MEASUREMENTS  

Cathodoluminescence (CL) is the emission of light as the result of electron beam 

bombardment. When an electron beam bombards the sample surface photons, secondary 

electrons and back scattered electrons are generated. The photons are emitted as the result of 

electronic transitions between the conduction band, or levels due to impurities and defects 

lying in the fundamental band gap, and the valence band.  
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Figure 3-7: Schematic of a cathodoluminescence measurement setup in an SEM chamber 

 

A schematic of the CL/SEM instrument is shown in Figure 3-7. It contains an 

electron column that houses the electron gun, the magnetic focusing lenses, the sample 

vacuum chamber and the electronics console. An electron gun emits a beam of high energy 

electrons emanating from a small area. This beam travels downward through a series of 

magnetic lenses that focuses the electron beam to a very fine spot (as small as 1 or 2 nm) on 

the sample surface. A set of scanning/deflection coils scan the focused beam across the 

sample surface. As the electron beam interacts with the sample, photons, secondary electrons 

and backscattered electrons are emitted from the surface. The CL mirror collects the photons, 

which travel through the monochromator. The monochromator passes the photons of selected 

wavelengths which are collected by the photo multiplier tube and amplified. The 

monchromator scans across various wavelengths and final CL plot is obtained.  
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CL analysis performed in an electron microscope can be divided into spectroscopy 

and microscopy. In CL microscopy, luminescence images or maps of areas of interest are 

obtained by a scanning the across the sample surface and detecting the number of photons 

generated at each point. This is similar to SEM except that the photons are detected and 

mapped instead of electrons. In CL spectroscopy, the electron beam is focused at a particular 

point on the sample and the luminescence spectrum from that region is obtained by scanning 

the detected light using a monochromator across all the wavelengths and plotting the 

wavelength versus the intensity of light. 

Some of the advantages of CL are that it is a powerful tool for the characterization of 

optical properties of wide band gap materials for which optical excitation sources are not 

readily available. CL can provide depth-resolved information, since the excitation depth can 

be selected by varying the electron-beam energy. Furthermore CL microscopy can be used to 

map the defects and measure the defect densities.2  

In the present work, the CL measurements were performed using a JEOL JSM–6400 

Scanning electron Microscope (SEM), equipped with an Oxford Instruments Mono-CL 

accessory and a PMT detector.  

 

3.7  FOUR-POINT PROBE RESISTIVITY MEASUREMENT  

A standard way of measuring electrical resistance of a sample is by passing current 

through the sample and measuring the voltage drop across it, and taking the ratio of the 

voltage to the current. However in this method the electrical resistance of the contacts is also 

measured along with the resistance of the sample. This can be neglected if the resistance of 

the sample is very high, but usually when measuring the sheet resistance of semiconductor 

samples, the contact resistance cannot be neglected. A four point probe configuration is 

usually used to measure the sheet resistance of a semiconductor. A standard four point probe 

set up is shown in Figure 3-8 below. Four identical probes are placed are placed in a linear 

configuration, equally spaced, along the sample. Current is forced through the outer probes, 

while the voltage is measured across the inner probes. The voltage is measured using a high 
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impedance meter, which minimizes the current flow, thereby minimizing the contact 

resistance to a negligible value.  

 

 

Figure 3-8: Four point probe measurement configuration. 

 

Ideally the resistivity of the sample can be calculated using the formula  

ρs = 2πs V/I 

where ‘s’ is the distance between the probes. 

However there are certain errors introduced in the measurement due to the proximity 

of the probes to the edge of a sample, the lateral dimension of the sample and the sample 

thickness which have to be corrected for. For a probe spacing of approximately 40 mils, and 

if the diameter of the sample is very much greater than the probe spacing, and if the probe 

spacing is very much greater than the sample thickness, the formula for the resistivity is 

given by4  

ρs = 4.532tV/I 

where ‘t’ is the thickness of the sample. 

The apparatus used in the set up for this study consisted of a Keithley 6517A 

electrometer, Keithley 220 programmable current source and a Lucas 302 four-point probe 
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stand. The measurement head was made of four tungsten carbide probes, spaced .040” (~1 

mm) apart. 

 

3.8  HALL MEASUREMENTS  

A current carrying sample in a magnetic field perpendicular to the direction of current 

flow develops a potential field perpendicular to both the magnetic field and the direction of 

current flow which is called the hall voltage.  

The hall voltage (VH) is given by the formula  

VH = µBIRs 

where  

µ is the mobility of the current carriers 

B is the magnetic field 

I is the current, and  

Rs is the sheet resistance of the sample 

 

The hall voltage can be either positive or negative depending on whether the majority 

carriers are holes or electrons.  

If the sheet resistance of the sample is known, the hall voltage measurement can be 

used to calculate the mobility of the carriers. 

µ = VH/BIRs 

And the carrier concentration can be calculated using the formula using the formula 

nS = (qµRs)
-1 

A square sample with golden wires soldered using indium at all the four corners is 

used in the measurements. The potentials V24, V42, V13, and V31 while passing currents I13, I31, 

I42, and I24, through the terminals are measured in both positive (P) and negative (N) magnetic 

fields (see Figure 3-9).  
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Figure 3-9: Sample geometry for hall measurements.  

 

The surface carrier concentration can be calculated using the following equation5 

ns = 8 x 10-8 IB/[q{(V24P+V42P+V13P+V31P)-(V24N+V42N+V13N+V31N)}] 
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4  EUROPIUM DOPED GALLIUM OXIDE THIN 

FILMS  

4.1  OPTICAL TRANSMISSION MEASUREMENTS AND 

BAND GAP  

Thin films of Ga2O3:Eu were deposited at various conditions of substrate temperature, 

oxygen partial pressure and doping concentration. The best films exhibited a transmission 

greater than 75% in the visible region with sharp band edge. Figure 4-1 shows the optical 

transmission of Ga2O3:Eu (0.2 mol%). The band gap of the doped films is ~4.75 eV which is 

close to the band gap of pure Ga2O3.
1  

 

 

Figure 4-1: Optical transmission of Ga2O3:Eu (0.2 mol% and 0.4 mol%) plotted as a function of the 

wavelength. The deposition conditions of the films are given in Table 4-2. The films exhibited a 

transmission greater than 75% in the visible region with a sharp band edge. The band gap of the films is 

~4.75eV. 
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4.2  CRYSTALLINE QUALITY  

The thin films of Ga2O3:Eu were polycrystalline in nature. Figure 4-2 shows the 

results of XRD measurements on Ga2O3:Eu (0.8 mol%). An analysis of the crystalline peaks 

revealed that the Ga2O3 was in the β (beta) phase.
2 Table 4-1 lists the identified peaks along 

with the corresponding (hkl) planes obtained from the ICDD (International Centre for 

Diffraction Data) data. 

 

Figure 4-2: X-ray diffraction data for Ga2O3:Eu thin film deposited at 850
o
C. The peaks are identified 

with corresponding (hkl) planes from the ICDD data. Comparison with ICDD data shows that the film is 

in beta phase. 
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Table 4-1: Observed peak angles in the XRD data of Ga2O3:Eu (0.8 mol%) and the corresponding (hkl) 

planes identified by comparing with the ICDD data. 

Observed peak  

angle (2θθθθ) 
Corresponding peak 

from ICDD data 

(hkl) 

plane 

18.90 19.071 )021(  

29.75 30.095 )004(  

30.15 30.549 )041(  

38.15 38.371 )131(  

59.00 59.137 )063(  

59.95 59.940 )311(  

 

4.3  SURFACE MORPHOLOGY  

AFM measurements showed that the films exhibited an RMS surface roughness of 

about 5 – 6.3 nm (See Figure 4-3). The surface did not exhibit morphology characteristic of 

step-growth mode which is consistent with the polycrystalline nature of the films. 

 

Figure 4-3: AFM images of Ga2O3:Eu (0.8 mol%) grown on c-plane sapphire at 850
o
C. The rest of the 

deposition conditions are given in Table 4-2. The RMS surface roughness of the films was around 5-6.3 

nm. 
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4.4  CHARACTERIZATION OF LUMINESCENCE  

Thin films of Ga2O3:Eu (0.2 mol% and 0.4 mol% Eu) were grown (deposition 

conditions given in Table 4-2) . These films exhibited intense red luminescence with CIE 

color coordinates (0.6, 0.34) under both cathode-ray and photon excitation.  

 

Table 4-2: PLD conditions of the films of Ga2O3:Eu doped with 0.2 mol% and 0.4 mol% Eu. 

PLD Conditions Ga2O3:Eu (0.2 mol%) & 

Ga2O3:Eu (0.4 mol%) 

Substrate temperature (oC) 850 

Oxygen partial pressure (mTorr) 5  

Laser voltage (kV) 20  

Laser energy per pulse (mJ) 250  

Laser repetition rate (Hz) 10  

Substrate-target distance (cm) 3.5 

Number of pulses 40000 

Film Thickness (nm) ~ 550 

 

For both TIPL and TRPL photoluminescence measurements, the pulsed laser source 

was an optical parametric amplifier (OPA) pumped by a 1 kHz regenerative amplifier seeded 

by an 80 MHz Ti: sapphire oscillator operating at 800 nm. For the TIPL excitation, the OPA 

was tuned to 5.17 eV (240nm), and the data was analyzed through a 0.75 m focal length 

SPEX single grating monochromator and detected by a thermoelectrically cooled 

photomultiplier tube (Hamamatsu R928).  For TRPL excitation, the OPA operated at 4.96 eV 

(250 nm) with a Hamamatsu 4334 streak camera as the detection system.  In both types of 

measurements, the excitation power density was ~ 2-3 W·cm-2, and the pulse width was less 

than 200 fs.   

The tunable light source for photoluminescence excitation (PLE) spectroscopy was a 

Xenon arc lamp dispersed through an Acton 150 mm monochromator. The excitation power 
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density was ~ 0.5 mW·cm-2. Standard lock-in techniques were used for collecting both 

TIPL and PLE spectra.  

 

4.4.1 Cathodoluminescence and Photoluminescence 

4.4.1.1 Eu3+
 luminescence 

The Ga2O3:Eu films exhibited intense red luminescence, characteristic of Eu doping, 

under cathode ray and photo-excitations. Results of the CL measurements on the Ga2O3 films 

doped with 0.2 mol% and 0.4 mol% Eu are shown in Figure 4-4. The films exhibit 

luminescence both from the Eu3+ dopants and the β-Ga2O3 host, but the luminescence from 

Eu3+ dopants dominates the host luminescence by several orders of magnitude. The 

transitions from the 5D0 to 
7Fj (j = 0 to 5) have been identified as displayed in Figure 4-5. The 

peak wavelength of emission was at 2.03 eV (611 nm) corresponding to transitions from 

emission at 2.03 eV (611 nm) corresponding to transitions from 5D0 to 
7F2 levels 

 

Figure 4-4: Cathodoluminescence from Ga2O3:Eu (0.2 mol% and 0.4 mol%). The growth conditions of 

the films are listed in Table 4-2. The films exhibit luminescence characteristic of both Eu
3+
 dopants and of 

ββββ-Ga2O3. 
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Figure 4-5: Luminescence of europium from beta-gallium oxide. The transitions from 
5
D0 levels to 

7
Fj (j = 

0 to 5) that give rise to various peaks are indicated. 

 

 

Figure 4-6: CL and PL spectra of Ga2O3:Eu (0.2 mol% and 0.4 mol%) at measured room temperature 

with he film deposition parameters  given in Table 4-2. Both films exhibited intense red luminescence 

with peak emission at 2.03 eV (611 nm) corresponding to transitions from 
5
D0 to 

7
F2 levels in europium. 

 

The results of CL and PL measurements of Ga2O3:Eu (0.2 mol% and 0.4 mol%) are 

simultaneously plotted in Figure 4-6. and have  similar spectra. The lower resolution of the 

CL spectra is because wider slits were used in the measurement system.  
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4.4.1.2 ββββ-Ga2O3 luminescence 

β-Ga2O3 is known to exhibit a broad luminescence in UV, blue and green regions 

corresponding to peak intensities at 3.4 eV, 2.95 eV and 2.48 eV upon cathode ray and photo 

excitations depending on the sample preparation and the dopants.3, 4, 5, 6, 7  

The UV emission from β-Ga2O3 was attributed to the recombination of a self-trapped 

exciton and was reported to be independent of sample history, growth conditions and the 

impurity contents of the sample.4  

In β-Ga2O3 the donors (oxygen vacancies) were found to be gathered in clusters that 

form a donor band 0.04 eV below the conduction band. The gallium-oxygen vacancy pair 

clusters form an acceptor band 0.42 eV above the valence band. The electron in the donor 

band is captured by the acceptor that results in the formation of an acceptor bound exciton. 

The blue luminescence was attributed to the recombination of the exciton trapped at an 

acceptor site.6, 7  

The green luminescence was found to occur in presence of specific impurities but its 

mechanism is still not clear.3, 5 

CL and PL measurements revealed that the europium doped films exhibit a 

luminescence characteristic of β-Ga2O3 in addition to the europium luminescence (as shown 

in Figure 4-7). The luminescence from β-Ga2O3 peaks in the UV region. The luminescence in 

the green region is masked by the luminescence from europium dopants and hence it cannot 

be ascertained if there is any green luminescence due to β-Ga2O3.  The peak value of 

luminescence does not change significantly with the doping concentration when compared to 

the luminescence intensity that doubles as the europium concentration doubles.  

The peak of the UV emission of β-Ga2O3 from the europium doped samples does not 

change with the doping concentration which conforms to the results reported in literature. 

 



 

61 

 

Figure 4-7: Luminescence from ββββ-Ga2O3 is very broad and covers the UV, blue and green regions. The 

peak intensity of emission does not change significantly with the change in the concentration of 

europium. 

 

4.4.2 Temperature Dependence of Luminescence 

Low temperature TIPL measurements have been performed at 86 K and the emission 

spectrum has been compared with room temperature measurements (Figure 4-8). The 

characteristic emission line of the Eu dopants (2.03 eV, 611 nm) became weaker as the 

temperature decreased.  

The broad emission band from β-Ga2O3 grew stronger with decreasing temperature. 

Also shown is the appearance of emission at 3.03 eV (409 nm). This could be from the 5D3 

→ 7F0 transition, generally well known as the strongest absorption transition in most Eu-

doped host materials but rarely observed to emit. 
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Figure 4-8: Photoluminescence measurements of Ga2O3:Eu (0.4 mol%) at room temperature and at 86 K. 

The characteristic emission line of the Eu dopants (2.03 eV, 611 nm) became weaker as the temperature 

was lowered.  The broad emission band centered around 3.26 eV (380 nm) corresponds to the 

characteristic UV emission from ββββ-Ga2O3 due to recombination of self-trapped exciton. 

 

 

Figure 4-9: The luminescence from ββββ-Ga2O3 decreases with increase in temperature. The peak of the 

emission shifts from UV to blue region. 
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The luminescence β-Ga2O3 decreases with increase in temperature (see Figure 4-9). 

This decrease in intensity of emission is consistent with the results reported in literature. 4 

The peak emission shifts from UV to blue region as the temperature is increased. This result 

is consistent with the result reported by Harwig and Kellendonk.4  

 

4.4.3 Time Dependence of Eu
3+
 Luminescence 

To understand the temperature dependence of the emission strength, TRPL 

measurements of the 0.4 mol% sample were performed (see Figure 4-10).   

 

 

Figure 4-10: TRPL decay of the 
5
D0 ���� 

7
F2 transition at 2.029 eV (611 nm) measured at 86 and 300 K for 

the 0.4 mol% sample. 

 

The decay of the 5D0 → 7F2 emission was very slow; in fact, it was slower than the 1 

ms repetition rate of the laser.  This can be accounted for, in a nonlinear least squares fit, by a 

double biexponential equation: 
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where time is in units of milliseconds.  The measured τf and τs are 0.197 (± 0.012) ms and 

1.457 (± 0.036) ms at 300K, respectively. Because these lifetimes were unchanged at 86K (τf 

= 0.198 (± 0.028) ms, τs = 1.406 (± 0.012) ms), they likely characterize radiative relaxation 

pathways of this transition.  The long lifetimes and insignificant role for nonradiative 

processes are entirely consistent with earlier measurements of Eu-doped yttria,8 lutetia,9 

scandia, and gadolinia,10 but are in stark contrast with recent measurements of the 

temperature-dependent, <200 µs decay of GaN:Eu. 11, 12 Clearly the reduced emission 

efficiency at 86K cannot be attributed to non-radiative processes within the Eu dopants.  

However, the relative strength of the slower decaying TRPL component decreases with 

decreasing temperature (As/[Af+As] = 0.796 at 300K and 0.540 at 86 K), as does the strength 

of the TIPL signal itself.  This indicates that the slow, 1.4 ms component is primarily 

responsible for the observed luminescence in Ga2O3:Eu. Finally, because the broad emission 

band centered at 3.26 eV grows stronger at 86K, the evidence suggests that the Auger 

process responsible for energy transfer from the Ga2O3 host to the Eu dopants is non-resonant 

and therefore grows less efficient with decreasing temperature.  As this pathway is quenched 

at low temperatures, photoexcited carriers increasingly favor the formation of self-trapped 

excitons instead. 

 

4.4.4 PLE Measurements and Results 

PLE measurements for the 5D0 → 7F2 emission at 2.029 eV (611 nm) on 0.4 mol% 

Ga2O3: Eu (Figure 4-11) indicate that the most efficient excitation energy is 4.83 eV 

(257nm), which corresponds to the absorption edge of the sample.  



 

65 

 

Figure 4-11: Photoluminescence excitation measurements of Ga2O3:Eu at room temperature for the 
5
D0 →→→→ 

7
F2 transition at 2.029 eV (611 nm) from samples with 0.2 mol% and 0.4 mol% doping. It can be 

observed that the most efficient excitation energy is 4.83 eV (257nm). 

 

4.5  REFRACTIVE INDEX  

The deposition of higher refractive index Ga2O3:Eu on sapphire substrates with lower 

refractive index  resulted in a step index waveguide. The refractive index of the films was 

measured at 632.8 nm using prism coupling measurements. The films exhibited a refractive 

index of 1.93 which is close to the refractive index of undoped films.13 The results of the 

prism coupling measurements are shown in Figure 4-12. The narrow line-width of the dips 

indicate the good quality of the waveguide while the sharp decrease in reflectivity below 1.77 

is related to leakage into the sapphire substrate.  
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Figure 4-12: Prism coupling measurements on Ga2O3:Eu thin films on sapphire. The refractive index was 

measured to be 1.93 at 632.8 nm. 

 

4.6  CONCLUSIONS  

Thin films of europium doped gallium oxide have been successfully deposited using 

PLD. The films were polycrystalline in nature and the gallium oxide was identified to be in 

beta phase. The optical band gap of the films was determined to be ~4.75 eV which is close 

to the band gap of pure gallium oxide. Cathodoluminescence and photoluminescence 

measurements have demonstrated that the films exhibit a peak wavelength of emission at 

2.03 eV (611 nm) which corresponds to the transitions from 5D0 → 7F2 levels in europium. 

This demonstrates that gallium oxide is a good host for europium and a potential red 

phosphor for displays.  
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5  EFFECT OF PLD GROWTH CONDITIONS 

ON GA 2O 3 :EU  THIN FILMS 

The PLD growth conditions affect the characteristics of Ga2O3:Eu thin films. The 

temperature and oxygen partial pressure were varied during to the deposition to optimize the 

film characteristics and to study the effect of the deposition conditions on the film properties.  

 

5.1  EFFECT OF GROWTH TEMPERATURE  

This section discusses the effect of growth temperature from 450oC to 850oC on the 

characteristics of Ga2O3:Eu thin films as listed in Table 5-1.  

 

Table 5-1: PLD growth conditions of the Ga2O3:Eu films grown at different temperatures 

PLD Conditions Ga2O3:Eu (0.8 mol%) 

Substrate temperature (oC) 450 – 850 
Oxygen partial pressure (mTorr) 5  
Laser voltage (kV) 19 – 20   
Laser energy per pulse (mJ) 250 – 260 
Laser repetition rate (Hz) 10  
Substrate-target distance (cm) 3.5 
Number of pulses 72000 
Film Thickness (µm) 1.5 – 1.6 

 

5.1.1 Effect on Optical Transmission and Band Gap 

Optical transmission measurements on the films grown at different temperatures reveal that 

the films grown at higher temperature show a sharper band edge (see Figure 5-1). This 

suggests an improvement in crystalline quality with increasing temperature – a fact that is 

verified by XRD analysis. The band gap of the films is computed at various temperatures and 
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is tabulated in Table 5-2. As the temperature is increased, the band gap of the film 

approached the band gap of gallium oxide single crystal reported in literature. 1 

 

 

Figure 5-1: Optical transmission measurements on Ga2O3:Eu thin films grown at different temperatures 

reveal that the films grown at higher temperatures show a sharper band edge which suggests an 

improvement in the crystalline quality of the films.  

 

Table 5-2: As the growth temperature is increased, the band gap of Ga2O3:Eu thin films approaches that 

of single crystal Ga2O3.
 
 

Growth Temperature (
o
C) Band gap (eV) 

450 4.45 

550 4.56 

650 4.74 

750 4.76 

850 4.77 
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5.1.2 Effect on Crystalline Quality 

XRD analysis shows that as the growth temperature is increased, the peaks in the 

XRD patterns become more evident indicating a better crystalline quality. Films at growth 

temperatures less than 650oC appear amorphous in a θ-2θ XRD scan (see Figure 5-2). The 

crystalline quality of the film grown depends heavily on the substrate temperature. In 

general, at lower temperatures, the adatoms on the surface of the film do not have enough 

energy and velocity to diffuse and only a few can form crystallites. Hence at lower substrate 

temperatures the films are usually amorphous and there is a critical temperature (which 

depends on the material being deposited) above which crystallization occurs. 2, 3 The films 

are polycrystalline even at high growth temperatures which suggests a distortion in the 

crystal lattice due to the presence of Eu ions. 

 

Figure 5-2: The crystalline quality of Ga2O3:Eu thin films improves with increasing temperature. The 

critical temperature above which the films are polycrystalline is 650
o
C. 
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5.1.3 Effect on Surface Morphology 

The effect of growth temperature on surface morphology is shown in Figure 5-3 

below. As the temperature is increased, the RMS surface roughness increases. The films 

grown at temperatures below 650oC (the critical temperature for crystallization), the surface 

exhibits no particular features and is smooth as expected from an amorphous film. As the 

temperature increases, the RMS surface roughness increases for the films.  

 

Figure 5-3: The evolution of surface morphology of Ga2O3:Eu thin films with growth temperature. All 

scans are 5 µµµµm × 5 µµµµm. The feature on the film grown at 750
o
C is a particulate. The rms surface 

roughnesses of the films are indicated in parantheses. 

5.1.4   Effect on Luminescence  

As the growth temperature is increased, the luminescence from the thin films 

increases (Figure 5-4). This is explained because Eu ions are incorporated into a lattice that 

exhibits better crystallinity and also the increased surface roughness at higher temperatures 
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results in higher light coupling out of the films due to reduction in total internal reflection 

at the surface. 

 

Figure 5-4: Ga2O3:Eu thin films grown at higher temperatures exhibit higher luminescence upon 

cathode-ray excitation.  

 

5.2  EFFECT OF OXYGEN PARTIAL PRESSURE  

This section discusses the effect of varying the oxygen pressure from 10 m to 

160 mTorr in the PLD chamber on the characteristics of Ga2O3:Eu thin films produced. The 

conditions at which the films were grown are in Table 5-3.  

 

Table 5-3: PLD conditions for the oxygen partial pressure study of Ga2O3:Eu thin films. 

PLD Conditions Ga2O3:Eu (0.8 mol%) 

Substrate temperature (oC) 850 
Oxygen partial pressure (mTorr) 10, 20, 40, 160  
Laser voltage (kV) 19 – 20   
Laser energy per pulse (mJ) 250 – 260 
Laser repetition rate (Hz) 10  
Substrate-target distance (cm) 3.5 
Number of pulses 72000 
Film Thickness (µm) 0.7 – 1.4 (see Figure 5-6) 
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5.2.1 Effect on Optical Transmission and Band gap 

The films grown at 10, 20 and 40 mTorr exhibit a sharp band edge while the one 

grown at 160 mTorr exhibits a band edge not very sharp as depicted in Figure 5-5. While the 

transmission appears to have increased with the higher pressure, this inflated value is because 

of the reduced film thickness that occurs at higher pressures (see Figure 5-6). 

 

Figure 5-5: Optical transmission of Ga2O3:Eu thin films grown at different oxygen pressures.  

 

Figure 5-6: Variation of thickness of the films grown at different oxygen partial pressures. The thickness 

of the films decreases with increasing pressure.  

 

The reduction in film thickness with increasing growth pressure is an expected result 

because at higher pressures the ablated species suffer more collisions in the gas phase and 

undergo more scattering before they can reach the substrate resulting in less material being 

deposited. Figure 5-6 plots the thickness of the films at different pressures. 
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5.2.2 Effect on Crystalline Quality 

The effect of oxygen pressure on crystalline quality of the films is shown in Figure 

5-7. It can be observed that as the oxygen pressure increases, the crystalline quality of the 

films becomes worse, therefore at higher oxygen partial pressures, the ablated species suffer 

more collisions in the gas phase and thereby there velocity of the ablated species is 

decreased. Hence at higher oxygen pressures, the ablated species have lesser kinetic energy 

which results in lesser diffusion resulting in poor crystalline quality of the films.  

 

Figure 5-7: Effect of oxygen partial pressure on the crystalline quality of the Ga2O3:Eu thin films. The 

crystalline quality decreases with increasing oxygen partial pressure.  
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5.2.3 Effect on Luminescence 

The luminescence from the Ga2O3:Eu thin films upon cathode ray excitation 

decreases with decreasing crystalline quality of the films increases with increasing surface 

roughness because of reduction in total internal reflection at the surface. 

The results of CL measurements are shown in Figure 5-8. Films grown at 40 mTorr 

show the highest luminescence with the poorest crystalline quality from the group 10 mTorr, 

20 mTorr and 40 mTorr. This is a consequence of the increased surface roughness at 40 

mTorr. However at 160 mTorr the effect of reduced crystalline quality dominates the effect 

of increased surface roughness and hence the luminescence is very poor. 

 

Figure 5-8: Effect of oxygen partial pressure on the luminescence of the Ga2O3:Eu thin films.  

 

5.3  CONCLUSIONS  

The effect of growth temperature and oxygen partial pressure on the properties of 

Ga2O3:Eu thin films have been investigated. It has been observed that the films grown at 

higher temperatures exhibit a sharper band edge, a better crystalline quality, and increased 

surface roughness resulting in increased luminescence. The crystalline quality of the films 
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decreases with increasing oxygen pressure. The luminescence of the films grown at 

different pressures is a function of both the crystalline quality and the surface roughness. The 

optimal deposition conditions for maximum luminescence are found to be 850oC and 40 

mTorr. 
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6  ERBIUM DOPED GALLIUM OXIDE THIN 

FILMS 

Erbium doped gallium oxide thin films were grown to study the luminescence of 

erbium in gallium oxide. The conditions at which the films were grown are tabulated in Table 

6-1 

 

Table 6-1: PLD conditions at which the Ga2O3:Er films were grown 

PLD Conditions Ga2O3:Er (0.8 mol%) 

Substrate temperature (oC) 700, 800, 850 
Oxygen partial pressure (mTorr) 5  
Laser voltage (kV) 20 – 21 
Laser energy per pulse (mJ) 240 – 250  
Laser repetition rate (Hz) 10  
Substrate-target distance (cm) 3.5 
Number of pulses 40000 

 

Most of the technological interest is the transitions in the near infrared portion of the 

spectrum for optical amplifier for telecommunication applications and one potential 

application for erbium doped materials is for optical amplification on a chip.1, 2 Silica glass 

waveguides occupy large chip areas because of two limitations: the first is that parasitic up 

conversion process limit the erbium concentration, and the second is that the refractive index 

contrast in silica glass waveguides is very low resulting in requirement for large bending 

radii.  Using a wide band gap material would allow more erbium to be incorporated into the 

waveguide, increasing the conversion process and therefore efficiency.2 Wide band gap 

materials also typically have a larger refractive index which will result in more compact 

amplifier geometry.3, 4 
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6.1  OPTICAL TRANSMISSION MEASUREMENTS AND 

BAND GAP  

Thin films of Ga2O3:Er were deposited at various conditions of substrate temperature. 

The films exhibited a transmission greater than 75% in the visible region with sharp band 

edge. Figure 6-1 shows the optical transmission of Ga2O3:Er (0.8 mol%). The band gap of the 

doped films is ~4.75 which is close to the band gap of pure Ga2O3.
4 

 

 

Figure 6-1: Percentage optical transmission of Ga2O3:Er (0.8 mol%) plotted as a function of the 

wavelength.  
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6.2  CRYSTALLINE QUALITY  

The thin films of Ga2O3:Er were polycrystalline and an analysis of the crystalline 

peaks revealed that the Ga2O3 was in the β (beta) phase.
5 Figure 6-2 shows the results of 

XRD measurements on Ga2O3:Er (0.8 mol%).  

 

Figure 6-2: X-ray diffraction data for Ga2O3:Er thin film deposited at 800
o
C. The peaks are identified 

with corresponding (hkl) planes from the ICDD data.  

 

6.3  LUMINESCENCE OF GA 2O3:ER THIN F ILMS  

The electronic configuration of the Er3+ ion is 4f115s25p6 with the ground state being 

the 4I15/2 level.
6 The peak emission wavelength of Er3+ is in the near infrared region (about 

1.5 µm) corresponding to the transitions from 4I13/2 to 
4I15/2 levels (see Figure 6-3). However, 

in erbium fiber amplifiers under intense optical excitation conditions, a parasitic 

upconversion process results in green emission from 2H11/2 (528 nm) and 4S3/2 (548 nm) 

levels of Er3 + ions to the 4I15/2 ground-state.
7 
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Figure 6-3: First few energy levels of the 4f
11
 configuration of Er

3+
 ion. Reprinted from Physica B: 

Condensed Matter, Vol. 300, A. Polman, Erbium as a probe of everything?, pp. 78 – 90, Copyright (2001), 

with permission from Elsevier. 

 

Due to unavailability of an infrared detector to investigate the 1.5 µm transitions 

directly, the green emission was observed instead by cathode ray excitation (Figure 6-4).  
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Figure 6-4: Emission from the Er-doped Gallium Oxide film for three different growth temperatures.  

The broad emission corresponds to the emission from ββββ-Ga2O3 and the emission from Er
3+
 can be 

observed at 528 nm (
2
H11/2 to 

4
I15/2) and at 548 nm (

4
S3/2 to 

4
I15/2).  

 

The films exhibit the characteristic UV and blue emissions from β-Ga2O3 and the 

peaks corresponding to green emission from Er3+. The gallium oxide emission increases with 

temperature indicating an improved crystalline quality of the films with temperature.  

 

6.4  CONCLUSIONS  

Thin films of erbium doped gallium oxide have been successfully deposited using 

PLD. They were polycrystalline in nature and identified to be in beta phase, with  an optical 

band gap determined to be ~4.75 eV which is close to the band gap of pure gallium oxide. 

Cathodoluminescence measurements have demonstrated that the films exhibit green emission 

from erbium corresponding to the transitions from 2H11/2 and 
4
S3/2  levels to the 

4
I15/2 level of 

the Er3+ ion. However the emission from β-Ga2O3 dominates the erbium emission.  
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7  EUROPIUM DOPED GADOLINIUM 

OXIDE THIN FILMS 

7.1  OPTICAL TRANSMISSION MEASUREMENTS AND 

BAND GAP  

Thin films of Gd2O3:Eu were deposited at various conditions of substrate temperature 

and oxygen partial pressure. All films exhibited a transmission greater than 75% in the 

visible region as displayed in Figure 7-1 for Gd2O3:Eu (1.6 mol%).  The band edge shows 

two distinct regions one similar to direct and the other similar to indirect band transitions (see 

Figure 7-1). One possible explanation is that this could be the result of gadolinium oxide 

having an indirect band gap, with the magnitude of the indirect band gap being close to that 

of a wider direct gap transition. However at present there is insufficient evidence, both 

experimentally and theoretically to conclusively say that this is the case. To our knowledge, 

band structure of Gd2O3 has not been investigated. An alternative explanation is that there is 

band tailing, due to a distribution of defect states in the band gap. To further explore the true 

nature of the band gap it would be useful to grow more films of equal thicknesses at different 

temperatures and to validate the structural characteristics of the films using TEM and x-ray.  

If simple parabolic band models are followed, the absorption coefficient of a material 

(α) near the band edge can be expressed as follows 

α1/r = (B/hν)1/r(hν−Eg)   (7.1) 

where  

B is a constant  

Eg is the optical band gap  

r = 1/2 or 2 depending on whether the transition is direct or indirect. 
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Figure 7-1: Percentage optical transmission of Gd2O3:Eu (1.6 mol%) grown at different temperatures.  

 

Assuming that Gd2O3 thin films exhibit both indirect and direct transitions, from 

equation (7.1), the direct and indirect optical band gaps can be obtained by plotting α2 and 

α1/2 as a function of hν and finding the intercept of the linear fit of the data on the hν axis. At 

600oC and 850oC, the direct and indirect band gaps are 6.14 eV, 5.16 eV and 5.78 eV, 5.12 

eV respectively (see Figure 7-2). The direct band gap at 850oC is lower than that at 600oC 

while the films grown at 600oC and 725oC have very close values.  The calculated values of 

the band gaps compare with those reported in the literature.1 The shift to a higher value in the 

band gap for films grown at lower temperatures was also observed earlier by Thakur.2 
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(a) (b) 

  

(c) (d) 

Figure 7-2: The computation of direct and indirect band gaps of Gd2O3:Eu thin films (a)direct band gap 

of the film grown at 850
o
C, (b) direct band gap of the film grown at 600

o
C (c) indirect band gap of the 

film grown at 850
o
C (d) indirect band gap of the film grown at 600

o
C. 

 

7.2  CRYSTALLINE QUALITY  

Gd2O3 exists in three different phases – hexagonal, monoclinic and cubic – with the 

monoclinic and cubic phases being the most stable one. The XRD measurements on the films 

grown at 600oC, 725oC and 800oC in an oxygen pressure of 50 mTorr are shown in Figure 

7-3. All films exhibit a cubic phase indicating that the transition to monoclinic phase might 

occur at lower temperatures. For example, Y2O3 thin films grown on (111) Si substrates 

transition from cubic to monoclinic phase at temperatures less than 400oC – 500oC. The films 
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grown at 600oC and 725oC are oriented preferentially in the (100) direction and the films 

grown at 850oC are oriented in the (111) direction. The preferred (111) growth orientation at 

high temperatures is consistent with the results reported for Y2O3 thin films grown on (111) 

Si3 but is in contrast with the preferred (100) growth orientation of Y2O3 thin films on (100) 

Si.4 Considering the fact that c-plane sapphire substrate presents a hexagonal template which 

is similar to the (111) Si template, the preferred growth orientation of (111) in Gd2O3 thin 

films at high temperatures is not surprising.  

 

  

(a) (b) 

Figure 7-3: X-ray diffraction data for Gd2O3:Eu thin films deposited at (a) 850
o
C and (b) 600

o
C and 

725
o
C. All films were grown at 50 mTorr. Notice the change of preferred growth orientation from (100) 

to (111) at 850
o
C. 

 

XRD measurements revealed that for the films grown at 600oC the crystalline phase 

changed from cubic to monoclinic as the oxygen pressure was raised from 50 mTorr to 100 

mTorr. The phase of the films grown at 150oC could not be detected by θ-2θ XRD 

measurements indicating that at such high oxygen pressure the crystalline quality of the film 

degraded considerably due to reduced kinetic energy of the ablated species at higher 

background pressures. XRD measurements of the films grown at 600oC and at an oxygen 

pressure of 50 mTorr, 100 mTorr and 150 mTorr are shown in Figure 7-4. Transformation 

from a cubic to monoclinic phase is expected at higher oxygen pressure because the 
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monoclinic phase is a denser phase than the cubic phase and hence grows preferentially at 

higher oxygen partial pressures. 

 

Figure 7-4: X-ray diffraction data for Gd2O3:Eu thin films deposited at a substrate temperature of 600
o
C 

and at an oxygen pressure of 50  100 and 150 mTorr.  

 

7.3  CHARACTERIZATION OF LUMINESCENCE  

The Gd2O3:Eu films exhibited intense red luminescence, characteristic of Eu doping, 

under cathode ray excitation. The films exhibit luminescence characteristic of either the 

cubic phase (with characteristic peak wavelength of emission at 611 nm (2.03 eV)) or the 

monoclinic phase (with characteristic peak wavelength of emission at 613 nm (2.023 eV)) 

depending on the conditions at which the films were grown. The peak wavelength of 

emission corresponds to the transitions from 5D0 � 7F2 levels in the Eu
3+ ion. The results of 
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CL measurements on the Gd2O3:Eu thin films that are representative of luminescence from 

cubic and monoclinic phases is plotted in Figure 7-5.  

 

 

Figure 7-5: Cathodoluminescence from Gd2O3:Eu (1.6 mol%) thin films. The luminescence is 

characteristics of Eu
3+
 incorporated in a cubic Gd2O3 lattice in one film and Eu

3+
 incorporated in a 

monoclinic Gd2O3 lattice in the other film. 

 

The luminescence of the films grown at different temperatures (600oC, 725oC and 

850oC) and at an oxygen pressure of 50 mTorr is shown in Figure7-6. The luminescence of 

the films increases by at least an order of magnitude when the temperature is increased from 

600oC to 725oC and from 725oC to 800oC. All films show luminescence from the cubic phase 

which is supported by the XRD measurements. Although the XRD measurements do not 

show a dramatic improvement in crystalline quality when the growth temperature is 

increased from 600oC to 725oC, the luminescence increases by more than an order of 

magnitude, showing that the Eu3+ ions are better incorporated into the lattice. 
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Figure7-6: CL measurements on the Gd2O3:Eu thin films grown at 50 mTorr and at substrate 

temperatures of 600
o
C, 725

o
C and 800

o
C.  

 

Figure 7-7: CL measurements on the Gd2O3:Eu thin films grown at substrate temperature of 600
o
C and 

oxygen partial pressures of 50 mTorr, 100 mTorr and 150 mTorr.  
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The luminescence of the films grown at different pressures (50, 100 and 150 mTorr) 

and at substrate temperature of 600oC is shown in Figure 7-7. The peak wavelength of 

emission corresponds to luminescence from Eu3+ in a cubic Gd2O3 lattice for the films grown 

at 50 mTorr and in a monoclinic lattice for the films grown at 100 mTorr which is supported 

by the XRD measurements. At 150 mTorr, the peak wavelength of emission corresponds to 

emission from Eu3+ located in a cubic Gd2O3 lattice with emission intensity more than twice 

when compared to those grown at 50 mTorr indicating a higher surface roughness.  

 

7.4  ANNEALING OF GD 2O3:EU THIN FILMS  

The Gd2O3:Eu thin films grown at a substrate temperature of 850oC and an oxygen 

pressure of 50 mTorr were annealed at 1300oC and 1400oC in air with sapphire wafer 

capping the top of the films to prevent loss of material via evaporation. The films turned 

milky white after the annealing with a rougher surface indicating that the thermal process 

rearranged the crystallites. 

The x-ray diffraction data of the films before and after annealing is plotted in Figure 

7-8. After annealing the film at 1300oC for 1 hour, the films exhibit a mixture of monoclinic 

and cubic phases. After annealing at 1400oC for 1 hour, the films are purely monoclinic. This 

result is consistent with the phase transition temperature for Gd2O3 to transform from a cubic 

to monoclinic phase is ~1250oC.5 

 

Figure 7-8: XRD measurements on the as-grown films and the annealed films of Gd2O3:Eu 

 



 

91 

CL measurements on the films before and after annealing are plotted in Figure 7-9. 

The measurements indicate that the as-grown films and those annealed at 1300oC exhibit a 

peak wavelength of emission that is characteristic of Eu3+ in a cubic lattice. XRD 

measurements show that the films annealed at 1300oC have stronger monoclinic nature than 

cubic nature (inferred from the ratio of peak intensities in XRD data). The emission from 

Eu3+ in cubic Gd2O3 is generally stronger than that in monoclinic Gd2O3.
6 Hence the 

emission from Eu3+ in the cubic phase dominates the monoclinic emission even though the 

XRD results show that the monoclinic phase is dominant. The increase of peak emission 

intensity at 1300oC compared to as-grown film could be because of the increase in surface 

roughness.  

Films annealed at 1400oC exhibit a peak wavelength that is characteristic of Eu3+ in a 

monoclinic lattice consistent with the XRD measurements. However the lowered peak 

emission intensity is consistent with earlier observations by other groups that emission from 

Eu3+ in monoclinic Gd2O3 should be less than the one in cubic Gd2O3. 

 

Figure 7-9: CL measurements on the as-grown films and the annealed films of Gd2O3:Eu 
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7.5  CONCLUSIONS  

Thin films of europium doped gadolinium oxide have been successfully deposited 

using PLD. They were polycrystalline in nature, with a mixture of cubic and monoclinic 

phases depending on the growth conditions. It was observed that the films grown at high 

temperature exhibited a better crystal structure. The direct band gap of the films was between 

6.14 eV and 5.16 eV and the indirect band gap was between 5.78 eV and 5.12 eV with the 

higher value characteristic of the lower growth temperature. The optical band gap of the 

films was determined to be ~4.75 eV which is close to the band gap of pure gallium oxide. 

Cathodoluminescence measurements demonstrated that the films exhibit a peak wavelength 

of emission at 2.03 eV (611 nm) or at 2.023 eV (613 nm) which corresponds to the 

transitions from 5D0 → 7F2 levels in europium depending on whether the films exhibit a cubic 

or monoclinic phase. Annealing measurements revealed that the films transform from cubic 

to monoclinic phase after annealing at 1400oC for 1 hour. Cathodoluminescence 

measurements on the annealed films indicate that the luminescence from europium in cubic 

Gd2O3 dominates the emission from europium in monoclinic Gd2O3.  
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8  INDIUM GALLIUM ZINC OXIDE THIN 

FILMS 

Thin films of InGaO3(ZnO)5 were grown using PLD and conditions were optimized 

with the goal to use the material as an amorphous oxide semiconductor. The films were 

deposited at various oxygen partial pressures between 5 and 80 mTorr while the substrate 

was maintained at room temperature. At room temperature the films were amorphous with no 

obvious crystalline structure observed when investigated by θ-2θ x-ray diffraction (see 

Figure 8-1). 

 

 

Figure 8-1: Results of XRD measurements on InGaO3(ZnO)5 thin films deposited at room temperature 

on c-plane sapphire substrates 

 

8.1  OPTICAL CHARACTERIZATION  

Optical transmission measurements revealed that the films exhibited optical 

transmission greater than 80% through out the visible spectrum.  As shown in the 

transmission spectra (Figure 8-2), distinct interference fringes were also observed indicating 
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smooth films with little scatter.  AFM studies showed no specific morphological features 

and revealed an rms (root mean square) surface roughness of 4.5-6 nm.  

 

 

Figure 8-2:  Optical transmission spectra of InGaO3(ZnO)5 thin films.  

 

With the exception of one film deposited in vacuum, all other films exhibited a 

relatively sharp optical band edge. As explained later in this chapter, conductivity depends on 

the oxygen partial pressure during the deposition with films grown at lower oxygen pressures 

being more conductive. It can be observed from Figure 8-2 that the film deposited at an 

oxygen pressure of 5 mTorr, which is most conductive of all films, shows significant 

absorption in the near-infrared region due to free carrier absorption.  
The positions of the optical edges of all of the semiconducting InGaO3(ZnO)5 films 

grown were blue shifted with respect to the optical edge of crystalline ZnO1, 2 (see Figure 

8-3). This could be due to the presence of Ga2O3 in the compound which has a much higher 

band gap of ~4.7 eV.3 The band gap of the films increases with increasing oxygen partial 

pressure (see Table 8-1). The variation of band edge with oxygen partial pressure is the result 

of changes in carrier concentration. 
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Figure 8-3: Optical absorption coefficient of InGaO3(ZnO)5 thin films plotted as a function of photon 

energy.  

 

Table 8-1: Band gap of InGaO3(ZnO)5 thin films deposited at different oxygen partial pressures. 

O2 Partial Pressure  

during PLD (mTorr) 

Band gap  

(eV) 

 5 3.438 
 10 3.443 
 20 3.456 
 40 3.480 
 80 3.537 

 

8.2  ELECTRICAL CHARACTERIZATION  

The conductivity of the films varied noticeably with changing oxygen pressure during 

deposition. It decreased by more than four orders of magnitude when the oxygen pressure 

varied from 5 to 80 mTorr (see Figure 8-4). 
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Figure 8-4: Conductivity of InGaO3(ZnO)5 thin films deposited at different oxygen partial pressures. 

 

Hall measurements were performed on those films to study the effect of change in 

oxygen partial pressure on the hall mobility and carrier concentration. The carrier 

concentration of the films decreased by more than two orders of magnitude (from ~1019 cm-3 

to ~1017 cm-3) as the oxygen pressure during film deposition was increased from 5 mTorr to 

20 mTorr. However at pressure values over 20 mTorr due to the limitations of the Hall 

measurement system with respect to high resistivity materials the measurements were not 

accurate.  By extrapolation, the carrier concentration for the insulating films can be taken to 

be in the 1014-1015 carriers·cm-3 range.  The hall mobility was found to decrease with increase 

in oxygen pressure during film deposition (see Figure 8-5) but the decrease in hall mobility 

showed a linear trend as opposed to a logarithmic trend in the decrease of carrier 

concentration. In this analysis it was assumed that the hall scattering factor was equal to 1. 

We conclude that the decrease in conductivity at higher pressures is mainly due to the 

decrease in the carrier concentration. The highest hall mobility was measured to be 

~16 cm2·V-1·s-1 for the films deposited at 5 mTorr oxygen pressure. All films were found to 

be n-type in nature. The decrease of carrier concentration and hall mobility at higher 

pressures is consistent with the results observed by Takagi et al.4  for a-InGaZnO4. The film 

grown in vacuum was found to be metallic in nature with a carrier concentration of ~1020 but 

with lower mobilities (3 – 4 cm2·V-1·s-1) than films grown in an oxygen partial pressure. 
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Figure 8-5: Carrier concentrations and hall mobilities of InGaO3(ZnO)5 thin films deposited at different 

oxygen partial pressures. 

 

8.3  EU-DOPED INGAO3(ZNO)5  

A preliminary study was conducted to understand the effect of Eu doping on 

InGaO3(ZnO)5 and to possibly use Eu luminescence as a probe for the crystal structure of 

InGaO3(ZnO)5. The CL spectra of InGaO3(ZnO)5 thin films and targets and InGaO3(ZnO)5 

thin films and targets were all similar with broad luminescence from 400 nm to 800 nm. The 

Eu doped films did not show any lines characteristic of Eu emission (see Figure 8-6).  

 

Figure 8-6: Cathodoluminescence measurements on InGaO3(ZnO)5:Eu thin films. 
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The films were annealed in air at 1400oC for 1 hour with a sapphire cap to study if 

the annealing would activate the Eu ions in the lattice. Annealing turned the films cloudy 

with a visually rough surface. XRD measurements revealed that the films were 

polycrystalline (see Figure 8-7). Compositional studies have to be performed on the films if 

the stoichiometry of the films has changed after the annealing. Without availability of 

compositional data, analysis of the planes in the XRD measurement results is not possible; 

since InGaO3(ZnO)m has very closely spaced peaks in the x-ray diffraction data for different 

values of m, but the absence of multiple peaks indicate that the films are highly oriented and 

crystalline. 

 

Figure 8-7: XRD measurements on InGaO3(ZnO)5:Eu thin films annealed in air at 1400
o
C for 1 hour 

with a sapphire cap. 

 

Cathodoluminescence measurements on the annealed films are shown in Figure 8-8. 

The three different spectra from InGaO3(ZnO)5 are taken at three different points on the 

sample. Since the samples are very rough, the light coupled out of the films could be 

different for different points on the film, which explains the difference in the peak intensity at 

different points. The emission spectra are considerably different from the spectra of 

amorphous films. It is interesting to note that the peak of the narrow band emission in the UV 

region corresponds to the band edge of Ga2O3. ZnO has a band emission with peak at ~375 

nm.5  As explained in an earlier chapter, the emission from  Ga2O3 is a broad band covering 

the UV, blue and green regions. The broad emission from 300 to 500 nm observed the 

InGaO3(ZnO)5 and InGaO3(ZnO)5:Eu thin films could be characteristic of ZnO band 



 

99 

emission and the emission from Ga2O3. Further studies are to be conducted on the emission 

of InGaO3(ZnO)5 to understand the nature of luminescence. 

 

 

Figure 8-8: Luminescence from InGaO3(ZnO)5 and InGaO3(ZnO)5 thin films after annealing in air at 

1400
o
C for 1 hour with a sapphire cap. 

 

8.4  CHANGE IN CARRIER CONCENTRATION AND HALL 

MOBILITY OF INGAO3(ZNO)5  THIN FILMS WITH 

ANNEALING  

The decrease of carrier concentration as the oxygen pressure increases during 

deposition indicates that the carrier concentration in InGaO3(ZnO)5 thin films could be 

controlled by the oxygen vacancies in the material. This was confirmed by a post deposition 

annealing study using films deposited at 5 mTorr. Figure 8-9 shows the decrease in 

conductivity of the films when annealed in air and varies exponentially with time. 
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(a) 

 

(b) 

Figure 8-9: (a)Change in conductivity of InGaO3(ZnO)5 thin films deposited on double side polished 

sapphire substrates after annealing in air. (b) zoomed-in version of (a) showing the initial rise in 

conductivity of the films. 
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Hall measurements were done on the annealed films to understand the results.  

Figure 8-10 shows the effect of annealing in air on conductivity, hall mobility and carrier 

concentrations.  

 

(a) 

 

Figure 8-10: (a) Conductivity and carrier concentration and (b) Conductivity and hall mobility 

measurements of InGaO3(ZnO)5 thin films deposited at room temperature on single side polished 

sapphire substrates. 

 

The initial increase in conductivity of the InGaO3(ZnO)5 thin films is accompanied by 

an increase in the carrier concentration. Since the time scale at which this happens is of the 
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order of few seconds it cannot be explained by oxygen diffusion out of the films. A 

probable reason for this initial increase in conductivity and the carrier concentration could be 

the freeing of trapped charges in the material, or by atomic rearrangement on short length 

scales which may result in higher mobility.  After the short anneal, the hall mobility of the 

films remains fairly constant through out the rest of the experiment. The reduction in carrier 

concentration follows the reduction in conductivity. This can be explained by oxygen 

diffusing into the InGaO3(ZnO)5 thin films and filling up the oxygen vacancies that 

contribute the charge carriers to the overall carrier concentration. ZnO thin films also exhibit 

a similar behavior when annealed in oxygen where the oxygen vacancies are filled up 

causing a reduction in conductivity when annealed in oxygen.7 

The films annealed in RTA in a nitrogen atmosphere do not show this drastic 

reduction in conductivity when compared to those annealed in air. As it can be observed from 

Figure 8-11, when InGaO3(ZnO)5 films are annealed in air at 250oC, the conductivity reduces 

by at least three orders of magnitude within 20 minutes. By comparison, the conductivity of 

films annealed in N2 at temperatures as high as 400oC does not change by an order of 

magnitude in the first 20 minutes. The reduction in conductivity of the thin films when 

deposited at high oxygen partial pressures along with the reduction in conductivity when 

annealed in oxygen support the fact that the charge carriers in InGaO3(ZnO)5 are due to the 

oxygen vacancies in the material, a behavior that is similar to ZnO.  

 

Figure 8-11: Change in conductivity of InGaO3(ZnO)5 thin films deposited on double side polished 

sapphire substrates after annealing in air and in RTA. 
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8.5  CONCLUSION  

InGaO3(ZnO)5 thin films were prepared by pulsed laser deposition at room 

temperature. The films were found to be amorphous in nature. The films were transparent in 

the visible region with a sharp band edge. The band gap of the films was ~3.4 eV. The carrier 

concentration was found to vary by several orders of magnitude from insulating to 1019 

carriers·cm-3 depending on oxygen partial pressure during deposition.  Hall mobilities as high 

as 16 cm2·V-1·s-1 were observed. This is approximately an order of magnitude higher than the 

mobility of amorphous silicon and indicates that InGaO3(ZnO)5 may be suitable for 

transparent, amorphous thin film transistor applications.  At higher oxygen partial pressures 

the films became more insulating. Annealing in air decreased the carrier concentration of the 

films while the hall mobility remained approximately constant. Annealing in N2 did not 

change the conductivity by even an order of magnitude after annealing at high temperatures 

for half hour. This confirms that the charge carriers in InGaO3(ZnO)5 are supplied by oxygen 

vacancies. Annealing the films with a sapphire cap at 1400oC for 1 hour rendered the films 

crystalline however the further structural measurements are required to understand the 

structure of the films. Films doped with Eu did not show characteristic Eu luminescence in 

the green that is characteristic of up conversion, which suggests low optical efficiency, but to 

confirm this, infrared optical measurements would need to be carried out.  

 The principle importance of the work presented in this section is the understanding of 

how to control the conductivity and mobility of the InGaO3(ZnO)m compounds. This 

understanding is critical for the development of functional thin film transistor devices that are 

being developed by other members of the research group. Shortly after the thesis defense was 

presented, InGaO3(ZnO)m thin film transistors that are transparent in the visible spectrum 

were successfully demonstrated that have substantially higher channel mobilites than 

amorphous silicon devices, and on/off ratios on the order of 104 to 105. While there are many 

challenges to overcome in understanding the properties of these complex amorphous thin 

film materials, there appears to be a clear technical path forward for the development of truly 

transparent transistors for display applications. 
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9  CONCLUSION 

Pulsed laser deposition has been used to deposit transparent red phosphors of 

Ga2O3:Eu and Gd2O3:Eu and the structural, morphological, optical and luminescent 

characteristics of the thin films have been investigated. All the films were transparent in the 

visible region. The Ga2O3:Eu thin films exhibited monoclinic phase while the Gd2O3:Eu thin 

films exhibited a mixture of cubic an monoclinic phases depending on the deposition 

conditions. Both the films exhibited peak luminescence characteristic of transitions from 5D0 

→ 7F2 levels in europium. The peak wavelength of emission was found to be a very sensitive 

to the phase of the film in Gd2O3:Eu thin films and indicates that Eu can be used as a probe 

of the crystal phase. This demonstrates that gallium oxide is a good host for europium and a 

potential red phosphor for displays.  

A preliminary investigation of erbium doped gallium oxide deposited using PLD was 

carried out. The films were transparent in the visible region. Cathodoluminescence 

measurements have demonstrated that the films exhibit green emission from erbium 

corresponding to the transitions from 2H11/2 and 
4
S3/2 levels to the 

4
I15/2 level of the Er

3+ ion. 

However the emission from β-Ga2O3 dominates the green emission from erbium 

 InGaO3(ZnO)5 was found to be an amorphous oxide semiconductor with mobility an 

order of magnitude higher than a-Si thin films were prepared by pulsed laser deposition at 

room temperature. The carrier concentration in the films was proved to be due to the oxygen 

vacancies in the material. InGaO3(ZnO)5 can be potentially used to fabricate thin film 

transistors for addressing the pixels in transparent TFEL displays to realize a completely 

transparent display device. Shortly after this thesis defense presentation Thin Film 

Transistors were demonstrated using the InGaO3(ZnO)5 deposition techniques presented 

here. 

Considerations for future work include fabricating thin film electroluminescent 

displays with Ga2O3:Eu and Gd2O3:Eu as phosphors, investigating the infrared spectrum of 

Ga2O3:Er to observe the primary transitions in Er and fabricating thin film transistors based 

on InGaO3(ZnO)5 and integrating them with Liquid Crystal or electroluminescent displays. 


