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There is significant interest in the growth and properties of transparent conducting 

oxides (TCOs), specifically p-type TCOs. While n-type transparent semiconductors have 

been produced at low temperatures and on glass or plastic substrates, very few p-type 

TCOs have been reported – most of them are crystalline TCOs. This dissertation 

includes research of amorphous p-type transparent semiconducting oxide, zinc cobalt 

oxide (ZCO). Room temperature deposited ZCO thin films are investigated as p-type 

TOS which is confirmed by both positive Seebeck and Hall coefficients. Room 

temperature fabricated p-n heterojunction additionally confirms p-type conduction of 

ZCO films by using n-type indium gallium zinc oxide. In addition, nitrogen incorporated 

n-type oxide thin films such as indium aluminum zinc oxynitirde and zinc aluminum 

oxynitride are prepared at room temperature and investigated with structural, electrical, 

and optical properties. 

With the search for new p-type TCOs, other functional materials such as complex 

oxide thin films and heterostructures are studied to introduce interesting physical 

properties at the interface. Advanced growth techniques make it possible to prepare 

epitaxial heterostructures such as perovskite-related superlattices. This dissertation 
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includes growth and characterization of LaVO3/SrTiO3 superlattices. In the artificial 

structures, two-dimensional electron gases (2DEGs) are observed at atomically 

controlled interfaces between two complex oxides.



 

14 

CHAPTER 1 
INTRODUCTION 

This thesis is a summary of my doctoral research performed in Dr. David Norton’s 

group in the department of Materials Science and Engineering at the University of 

Florida. My motivation lies in interest in the functional oxide materials for electronic 

applications since they show interesting physical characteristics such as 

superconducting, metallic, semiconducting, insulating, magnetic and optical.  

My doctoral research primarily focuses on the electronic oxide thin-film processing 

and properties.  Specifically, it is attractive to find new transparent conductive oxides 

(TCOs) showing p-type conductivity due to the limited number of p-type transparent 

oxide semiconductors. In contrast, several n-type TCOs can be produced rather cheaply 

on low-cost substrates such as glass and plastics at low temperature. However, the 

applications are limited to the n-type transparent electrodes with controllable 

conductivity. Thus, fabrication of amorphous p-type thin films at or near room 

temperature is a fascinating goal for further transparent, flexible, and large-area 

electronic device applications. Note that the p-n junction is a key structure in most of 

semiconductor-based devices. Oxide thin films are prepared either by sputter deposition 

or by pulsed laser deposition using a KrF excimer laser. The structural, electrical, and 

optical properties of oxide thin films and p-n junctions are characterized. In Chapter 4, 

n-type nitrogen incorporated indium aluminum zinc oxide thin films are synthesized and 

investigated at room temperature with compositional, structural, electrical, and optical 

measurements. In contrast to difficulty in controlling carrier concentration of indium zinc 

oxide and indium gallium zinc oxide thin films, the films show smooth change in 

electrical resistivity and carrier density. In Chapter 5, the effect of nitrogen incorporation 
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on electrical and optical properties of n-type zinc aluminum oxynitride thin films are 

investigated at room temperature. Nitrogen ratio during deposition has an influence on 

compositional Zn/Al ratio of oxynitride thin films, resulting in varying electrical and 

optical properties. Chapter 4 and Chapter 5 include study of n-type oxide thin films 

deposited via sputtering at room temperature. In Chapter 6, room temperature 

deposited zinc cobalt oxide thin films are investigated which shows p-type conduction 

confirmed by positive Seebeck coefficients and Hall coefficients. Oxygen background 

gas pressure dependence of electrical properties is observed with field emission 

scanning electron microscope and Hall effect – electronic measurements. For electronic 

device applications, a rectifying p-n junction is fabricated by using p-type zinc cobalt 

oxide layer and n-type indium gallium zinc oxide layer. 

Chapter 7 in the dissertation is focusing on functional complex oxide thin films and 

heterostructures. Advanced deposition techniques enable the fabrication of oxide layer 

systems with control of the individual layers and engineering of the interface at the 

nanometer scale. Especially, exciting new interface phenomena at perovskite-related 

oxide interfaces such as heterointerfaces between LaAlO3 and SrTiO3 explores 

research of atomically controlled superlattices including interfacial polar discontinuity 

doping caused by electronic reconstruction. In Chapter 7, LaVO3/SrTiO3 

heterostructures are synthesized and studied for transport and structural properties with 

particular interest in temperature induced metal-insulator transition and asymmetric 

heterointerfaces. 
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CHAPTER 2 
BACKGROUND AND MOTIVATION 

2.1 Amorphous Semiconducting Oxides 

Amorphous semiconductors have been attractive due to advantages in processing 

temperature and uniformity of device characteristics. The discovery of hydrogenated 

amorphous silicon (a-Si:H) by Spear and Lecomber [1] opened large-area electronic 

technologies using thin film transistor (TFT) devices for technologies such as flat panel 

displays and flexible electronics. However, the properties of amorphous silicon limits its 

application. First, the carrier mobility of amorphous silicon is low (less than 1 cm2/V-s for 

electrons) since carrier transport in a-Si:H is interrupted by multiple trapping in localized 

states generated by structural defects. This low mobility prevents the use of amorphous 

silicon materials in high-speed electronic application. Second, amorphous silicon is not 

transparent in the range of the visible light, which limits its use in transparent device 

applications [2]. These properties limit the applicability of amorphous silicon to high-

speed and transparent electronic devices. Amorphous oxide semiconductors overcome 

many of the disadvantages of hydrogenated amorphous silicon for the following 

reasons. (i) Large magnitude of the carrier mobility observed in amorphous oxides can 

increase the channel mobility of TFTs, which can lead to high-speed electronics with 

faster device operation. (ii) Amorphous oxide semiconductors are transparent in the 

range of visible light due to wide band gap energy, which allows development of 

transparent electronics. Several wide-bandgap crystalline non-oxide transparent 

semiconductors such as GaN [3-5] and SiC [6, 7] have been investigated. In addition, 

polycrystalline ZnO opened numerous applications in areas such as piezoelectric 

transducers, varistors, phosphors, and transparent conducting films [8]. Amorphous 
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semiconducting oxides have advantages in fabrication of field-effect transistors since 

amorphous oxide thin films can be obtained at room temperature with glass or flexible 

plastic substrates applicable to polymer based devices. 

To date, several transparent semiconducting oxides have developed such as 

SnO2 [9-11], In2O3 [12, 13], Ga2O3 [14, 15], and ZnO [8, 16-19]. H. Hosono reported 

amorphous indium gallium zinc oxide which showed high conductivity and high electron 

mobility of 10~60 cm2/V-s which is much larger than electron mobility in amorphous 

silicon, ~ 1 cm2/V-s [20]. As an active channel material of TFTs, amorphous oxides such 

as ZnO [21], InZnO [22], and InGaZnO [23] have been used to fabricate thin film 

transistors (TFTs) at room temperature. In contrast to imperfect flexible devices based 

on a-Si:H [24-26] and organic semiconductors [27-29], Nomura et al. [23] reported high-

performance transparent flexible TFTs using flexible plastic substrates with n-channel 

semiconducting oxide materials. 

2.2 Transparent Conducting Oxides 

Transparent conducting oxides (TCOs) are an essential part of technologies that 

require both large-area electrical contact and optical access in the visible range of the 

light spectrum [30]. Research to develop TCO thin films, which are transparent like 

glass and conductive like metals, has been conducted using multicomponent oxides 

[31]. The first observation that the optical transparency and electrical conductivity co-

exists was reported in 1951 in Cd oxide [32]. To date, indium tin oxide (ITO) [33-35] has 

been widely used with its resistivity as low as 10-4 Ω-cm and a higher transmittance in 

the visible range. The TCO market is commercially dominated by aluminum-doped ZnO 

(ZnO:Al) [36] and tin-doped indium oxide [31]. ITO offers one of the best combinations 

of high optical transparency and high electrical conductivity. Recent progress in thin film 
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solar cells, flat panel display applications, and roll-to-roll coating operations for touch 

screens has been impressive but still requires improved TCO materials for transparent 

electrodes [37, 38]. TCOs are currently being developed for the use as a transparent 

thin film transistor in transparent displays [23].  

The properties of conductivity and transparency are strongly interrelated, 

indicating a certain trade-off between two phenomena. The most common TCOs, such 

as ITO and SnO2:F, show the interdependence by the effect of deposition parameters 

on two properties of the thin films. R. Pommier et al. reported that sheet resistance (Rsh) 

and transmittance (T) of each deposited film depends significantly on the film thickness 

[39]. 

2.3 Crystalline P-type Oxides 

As described above, a large number of n-type semiconducting oxides has been 

discovered. However, the number of p-type crystalline or amorphous semiconducting 

oxides is limited due to the charge localization in the valence band of oxides. Generally, 

oxides show strong localization of hole carriers at the valence band edge due to the 

large electronegativity of oxygen. For p-type crystalline oxide semiconductors, 

modification of the energy band structure is required to reduce localization and to 

enhance hole-carrier mobility.  

2.3.1 Binary P-type Oxides 

Among the binary conducting oxides, Cu2O and NiO indicate a native p-type 

conduction behavior.  

2.3.1.1 Cu2O 

Cuprous oxide (Cu2O) is a well-known p-type oxide, which has a bandgap of 2.17 

eV and shows a hole mobility exceeding 100 cm2/V-s [40]. Copper-deficient Cu2O is p-
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type due to the formation of copper vacancy, VCu, acting as a hole-carrier producer. 

Cu2O is intrinsically p-type because the positively charged donors (oxygen vacancy, Vo) 

acting as the hole killers have no transition level in the gap and do not annihilate holes, 

and because the possible hole killers, Cui, have both high formation energy and deep 

transition and is not capable to destroy holes created by VCu [41]. The valence band 

maximum is formed by the interaction between filled d orbitals of Cu shells and filled 2p 

orbitals of O shells. M. Izaki et al. [42] reported photovoltaic devices fabricated by using 

p-type Cu2O. E. Fortunato et al. [43] reported bottom gate p-type thin-film transistors 

based on p-type Cu2O. 

2.3.1.2 NiO 

NiO is a p-type oxide semiconductor with a bandgap from 3.6 to 4.0 eV [44, 45]. 

Sato et al. obtained p-type NiO with a resistivity of 1.4×10-1 Ω-cm and a hole 

concentration of 1.3×1019 cm-3, and fabricated semitransparent thin film p-i-n junction 

diodes using p-type NiO and n-type ZnO:Al layers [45]. Nominally pure stoichiometric 

NiO is an insulator with a room-temperature resistivity of the order of 1013 Ω-cm [46]. In 

undoped but nonstoichiometric NiO, conduction is usually p-type, indicating that 

monovalent impurities or nickel vacancies are responsible, each of which leads to the 

formation of two Ni3+ ions to obtain neutrality [44]. In nonstoichiometric NiO, there must 

be an excess of oxygen which results in production of Ni vacancies. 

2.3.2 Delafossite P-type Oxides 

In addition to binary conducting oxides, p-type crystalline semiconducting oxides 

includes oxide with the crystal structure of delafossites such as CuAlO2 [47, 48] and 

CuGaO2 [49], and of spinels such as ZnM2O4 (M = Co, Rh, Ir) [50-52].  
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2.3.2.1 CuAlO2 

In the delafossite structure of CuAlO2, the copper ion (Cu+) has fully filled d orbitals 

with ten electrons, which causes the closed shell valence state interacting with O 2p 

orbitals. The closed shell is free from visible coloration arising from a d-d transition in 

partially occupied transition metallic ions. As shown in Figure 2-1, the CuAlO2 is 

composed of alternate stacking of the dumbbell structure of linear O-Cu-O configuration 

and AlO6 octahedral layers. 

Kawazoe et al. [47] reported the properties of thin films of p-type CuAlO2 with the 

conductivity as large as ~1 S cm-1 at room temperature. Both the positive Hall 

coefficient, measured by van der Pauw electrode configuration, and the positive 

Seebeck coefficient suggests p-type conduction. As no intentional doping of holes is 

introduced, the best explanation of p-type conduction might result from excess oxygen 

including cation vacancies and interstitial oxygen. Chemical analyses of CuAlO2 

delafossite samples show the Cu/Al atomic ratio in the film as 1.0. In the case of Cu2O, 

the Cu vacancy and the interstitial oxygen are the origin of the positive hole carriers 

[53]. Yanagi et al. [54] reported that the indirect and direct allowed optical band gaps of 

CuAlO2 are determined to be ~1.8 and ~3.5 eV respectively and that the upper valence 

band is primarily composed of admixed state of Cu 3d and O 2p orbitals.  

2.3.2.2 CuGaO2 

CuGaO2 [49] thin films show the positive sign of Seebeck coefficient, indicating the 

p-type conductivity of the film. The dc conductivity of the CuGaO2 film is estimated to be 

as large as 5.6×10-3 S cm-1 at room temperature with the optical band gap energy of 

~3.4 eV. Photoemission spectroscopic measurement shows the valence band edge 

starts around 0.5 eV, suggesting CuGaO2 film to be a p-type oxide and indicating 



 

21 

contribution of Cu 3d components to the upper edge of valence band in CuGaO2 [49, 

55].  

2.3.3 Spinel P-type Oxides 

In the spinel structure of ZnM2O4 (M = Co, Rh, Ir), the B-site ions have a oxidation 

state of 3+ with a d6 electronic configuration which is the “quasi-closed shell 

configuration” [51]. In the normal spinel structure, oxygen ions are in FCC close 

packing. As shown in Figure 2-2, Zn ions are in tetrahedral A sites and M ions are in 

octahedral B sites. Transition metal sites are tetrahedrally and octahedrally coordinated 

by oxygen atoms. P-type spinel oxides have hole-carrier conduction paths caused by a 

band formation by hybridization of t2g d orbitals and oxygen 2p orbitals. For the valence 

band formation, keeping a d6 low-spin electronic configuration is critical. The optical 

bandgap generates from the ligand-field splitting between empty eg
0 and fully occupied 

t2g
6 in low-spin configuration.  

2.3.3.1 ZnCo2O4 

H. Kim et al. [50, 56] claimed spinel ZnCo2O4 thin films show bipolarity of the 

conduction behavior which is dependent on the oxygen partial pressure ratio. All six 

electrons of Co3+ in the 3d orbital occupy t2g states and form the low-spin state of t2g
6 in 

an octahedral crystal environment. The dependence of the conduction type on the 

oxygen partial ratio indicates that charge carriers are generated from oxygen vacancies 

acting as donors and excess oxygen acting as acceptors. Non-stoichiometry induces 

defects of the films. P-type ZnCo2O4 thin film shows the electrical conductivity of ~1.8 S 

cm-1, hole-carrier concentration of 2.81×1020 cm-3, and mobility of 0.2 cm2/V-s.  
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2.3.3.2 ZnRh2O4 

H. Mizoguchi et al. [51] reported the ZnRh2O4 normal spinel is p-type 

semiconductor with a band gap of ~2 eV. Photoemission spectroscopy spectra and 

optical absorption spectra show that the band gap generates from the splitting of d 

orbitals due to the field strength of the oxygen ligands. The positive Seebeck coefficient 

of 0.14 mV K-1 at room temperature confirms the major carrier is a positive hole. The 

electrical conductivity of the film is as large as 0.7 S cm-1. In an octahedral ligand field 

effect, the Rh 4d levels are split into empty eg
0 levels and fully occupied t2g

6 levels with 

low-spin configuration, acting as the conduction band bottom and the valence band top, 

respectively. 

2.3.3.3 ZnIr2O4 

M. Dekkers et al. [52] reported the spinel ZnIr2O4 thin films show p-type conduction 

with the positive Seebeck coefficient of 53.9 µV/K. The room-temperature conductivity 

of polycrystalline ZnIr2O4 is determined to be 3.39 S cm-1 and the optical band gap is 

estimated to be 2.97 eV.  

The splitting (Δ) between the t2g and eg states increases from 3d metal Co to 4d 

metal Rh to 5d metal iridium. Jørgensen introduced an empirical formula, Δ=f·g, where f 

is a relative number depending on the ligand and g is a function of the metal [57].  The 

value of f is about 0.9 and varies up to 0.37 from the position of oxygen within the 

spectrochemical series [58]. The value of g increases as the metal change from 3d to 

4d to 5d in the unit of eV. 

2.4 Amorphous P-type Oxide 

Narushima et al. [59] presented the first p-type amorphous oxide semiconductor, 

a-ZnO·Rh2O3, which has the electrical conductivity of 2 S cm-1 at room temperature and 
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the bandgap energy of 2.1 eV. The positive Seebeck coefficient and p-n heterojunction 

confirms it shows p-type conduction. The zinc rhodium oxide thin film is claimed to be 

amorphous because no sharp peak is observed in X-ray diffraction measurement. Fine 

ordered structures are observed from the amorphous film by using transmission 

electron microscopy. T. Kamiya et al. [60] investigated the structural properties of p-type 

amorphous a-ZnO·Rh2O3 thin film. HR-TEM images of the film exhibits a lattice-like 

structure at the nanometer-scale when the chemical composition is rodium rich. A 

random continuous network structure of the film is formed with edge-sharing and 

corner-sharing RhO6 octahedra. It is claimed that hole-transport paths made of edge-

sharing and corner-sharing RhO6 network is stable even in the amorphous structure 

because the orbitals (dxy+dyz+dzx) forming the valence band maximum are not distorted 

largely in a disordered network structure. 

2.5 Ligand Field Splitting 

Ligand (Crystal) field theory [61] explains the effect of the chemical environment 

on dn configurations of transition metal oxides. 3d transition metals ion with octahedral 

coordination has five d orbitals (dz2, dx2-y2, dxy, dyz, dzx). These five orbitals are split into 

two distinct energy states described as eg and t2g according to the symmetry behavior 

[62] : two orbitals have lobes of maximum probability pointing directly at the near-

neighbor oxygen atoms, whereas the other three have nodal planes in these directions 

[63]. The octahedral surrounding generates a ligand field splitting (∆) between the lower 

t2g energy state and the higher eg energy state. 

The electron configuration of transition metal ions in octahedral sites follows Pauli 

exclusion principle. The ground states of the free ions obey Hund’s first rule: location in 

different orbitals with parallel spins minimizes the electrostatic repulsion between 
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electrons [64]. In ligand fields, the low-spin or high-spin configuration can be obtained 

according to the exchange energy and the relative magnitude of the splitting (∆): single 

filling of orbitals with parallel spins is favorable to exchange energies, whereas complete 

filling of orbitals from the bottom up lowers the energy when the splitting is large [63].  

What is important is that Co3+ among 3d transition metal ions generally has the 

low-spin configuration [65]. The low-spin configuration from Co3+ occupying octahedral 

sites leads to separate fully occupied t2g
6 levels forming the valence band and empty eg

0 

levels forming the conduction band. By the orbital splitting in low-spin configuration, 

positive hole carriers are expected to travel through t2g 3d orbitals of Co3+ interacting 

with oxygen 2p orbitals. For instance, LaCoO3 of the rhombohedrally distorted 

perovskite structure is a p-type semiconducting oxide with a small band gap of 0.2 eV at 

300 K, where Co3+ ions are located in octahedral sites [66]. 

2.6 Mott Insulator 

The Mott insulating state occurs when the kinetic energy gain is not large enough 

and the electron cannot move to another atom caused by the strong Coulomb repulsion 

energy [67]. The electron-electron correlation, strong Coulomb repulsion between 

electrons, is the origin of the insulating behavior [68]. Near the Mott insulator regime 

fluctuations of spin, charge, and orbital correlations are strong and metallic phases 

occur in what is called the anomalous metallic phase. Mass enhancement in V2O3 is 

attributed to a typical anomalous fluctuation [69]. As band theory predicts a metallic 

state when all bands are not fully occupied or empty, Mott insulator is different from the 

usual band insulator in the internal degrees of freedom, spin, and orbital. 

For example, LaVO3 is a Mott insulator with the electron configuration of 3d2 and 

LaTiO3 is a Mott insulator with the electron configuration of 3d1 of a Ti3+-based oxide, 
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suggesting the electrons in 3d orbitals are itinerant or weakly localized [70, 71]. In 

contrast, SrVO3 with the electron configuration of 3d1 is a good metal caused by the d 

electron transfer interaction modulated with strong overlapping between V 3d and O 2p 

states [72].  

2.6.1 Electron Correlation 

Here, the effect of electron-electron interaction in correlated oxides is introduced in 

terms of Mott insulating, (anti)ferromagnetism, and superconductivity. 

The Mott insulating state is of basis for different physical systems such as the 

superexchange interaction and the superconducting states. When any itinerant electron 

moves to another site of an unoccupied band, it needs a certain amount of energy. No 

movement is generated if the Coulomb energy is larger than the energy gained by 

delocalization. Thus, it is not conductive even when the band is not fully filled. The 

Coulomb repulsion between electrons leads to correlated behavior and it can be 

expressed as 

       (2-1) 

where U is the Coulomb energy between two electrons on a single site and W is the 

bandwidth of the system, the energy gained by delocalizing electrons. Note that U and 

W are affected by a change in interatomic distances, by introduction of an alloying 

element, and by variation of temperature or pressure. In other words, the Mott insulating 

state occurs when Coulomb repulsion is larger than the bandwidth. Mott criterion is 

introduced in terms of the Bohr radius and the electron separation length [73, 74]. A 

Mott transition occurs in a single-valence system from strong electron correlation (U>W) 

to weak correlation (W<U) as a result of bandwidth (W) change [75]; U>W gives rise to 
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insulating behavior and U<W gives rise to metallic behavior. In addition, Mott transition 

explains the effect of non-equilibrium charge carriers on metal insulator phase transition 

[76].  

While the electron itself has a magnetic moment, the electron spin is typically 

randomly aligned yielding no net magnetization in most materials. The magnetic order 

can be caused by interaction between the different electrons, either directly or through 

Hund’s coupling to the host ions. Anti-ferromagnetic and ferromagnetic alignments are 

commonly understood through interaction mechanisms such as superexchange and 

double exchange. In the case of the superexchange interaction [77], both cations are 

equally filled and interact through the oxygen anion. The electrons exhibit an anti-

parallel spin arrangement between neighboring cations due to the anti-parallel 

orientation of spins on neighboring bands and the Pauli exclusion principle within bands, 

leading to an anti-ferromagnetic alignment between neighboring cations. A typical 

example is the 180 degree cation-anion-cation interaction in oxides of rock salt 

structure. Different types of superexchange interaction are possible in the different 

structure of the oxide and the electronic configuration of the cations [61]. The Mott 

insulator includes antiferromagnetic long-range order that is symmetry-broken state due 

to the superexchange interaction [68]. In the case of double exchange interaction [78], 

the neighboring cations are not equally filled which allows for electron hopping from one 

cation to another. When the bound electrons are aligned parallel, the energy of the 

mobile electron gets lowered due to Hund’s coupling. As delocalizing electrons cause 

the kinetic energy gain, all the cations are aligned parallel which leads to a 

ferromagnetic alignment. 
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Superconductivity may occur when electrons are removed by hole-doping in the 

Mott insulator. BCS theory [79, 80] demonstrates that there can be an attractive 

interaction between electrons caused by the phonons – electron-lattice interaction. The 

electrons form bosonic Cooper pairs because of the interaction. This superconducting 

state is called the BCS state. For high Tc superconductivity electron interactions matters 

and the superconductivity, for example, can be tuned by changing the carrier density 

[81, 82]. 

2.6.2 Lanthanum Vanadate, LaVO3 

As shown in Figure 2-3, LaVO3 has a GdFeO3-type orthorhombic structure with 

lattice parameters a=5.555548 Å, b=7.84868 Å, and c=5.55349 Å at room temperature 

[83] and is an antiferromagnetic insulator with a band gap of 1.1 eV [84]. The structure 

can be considered as pseudocubic perovskite structure with a lattice parameter of 

ac=3.92 Å [85]. 

LaVO3 is an interesting Mott insulator with the electron configuration of d2 

dominated by strong Coulomb repulsion, which shows a metal-insulator transition with 

antiferromagnetic order for (La,Sr)VO3 [86-88]. H. Seim et al. synthesized non-

stoichiometry lanthanum vanadium oxide (LaVO3) samples and investigated the effect 

of non-stoichiometry in La1-xVO3-δ on unit-cell dimension, thermal and magnetic 

properties [89, 90]. In pure LaVO3, carrier transport is generated via the excitation of 

holes from acceptor states which is located at 0.12 eV above the valence band.  

In Sr doped LaVO3 [91], V4+ states with Sr2+ ions form a band of filled hole traps 

with the transition from semiconducting to metallic conduction when the Fermi level 

acquires a mobility edge produced by Anderson localization [92] in the valence band. 

The transition is characterized with hopping conduction at low temperature. High-
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temperature conductivity measurements of lanthanum strontium vanadate (LaxSr1-xVO3) 

present clear evidence of a mobility edge associated with the Anderson transition and 

the thermopower measurements exhibit little evidence of polaron formation [93]. A.V. 

Mahajan et al. reported further exploration of structural, electronic, and magnetic 

properties of LaxSr1-xVO3 [94]. In contrast to LaxSr1-xVO3,  the transport mechanism is 

driven from small polaron formation above the MI transition in doped LaMnO3 [95]. A 

Mott-Hubbard gap in LaVO3 between the upper and lower Hubbard bands (V 3d bands) 

and a charge-transfer (CT) gap between the upper Hubbard band and the occupied O 

2p band are determined to be 1.1 eV and 3.6 eV, respectively [84].  

2.7 Band Insulator 

In contrast to Mott insulators that should show conductance under conventional 

band theory, band insulators are insulators in which the electrons in the valence band 

are separated by a large band gap from the conduction band. The large enough band 

gap prevents intrinsic semiconduction. Semiconductors have a small enough band gap 

between the valence band and the conduction band that excitations can overcome the 

gap. The introduction of doping material increases conductivity in semiconductors. 

2.7.1 d0 Insulator 

d0 insulators are stoichiometric oxides with the d0 electron configuration such as 

TiO2 and KTaO3. The band gap of d0 insulators originates from the filled oxygen 2p 

valence band of bonding orbitals and the empty metal d conduction band of antibonding 

orbitals. No optical absorption occurs with photon energies less than the band gap and 

diamagnetic property is observed due to no unpaired electrons. d0 insulators often show 

semiconducting properties due to nonstoichiometry. 
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2.7.2 Other Closed-shell Insulators 

Closed shell insulators are observed when the metal d band is full entirely or 

partially. d10 insulators such as Cu2O (3d10) have fully filled d orbitals. d6 insulators with 

low-spin configuration such as LaRhO3 (4d6) and d8 square planar ions such as PdO 

are insulators in ground states. 

2.7.3 Strontium Titanate, SrTiO3 

Strontium titanate, SrTiO3, crystallizes in the simple cubic perovsktie structure 

(Oh
1) [96] with lattice parameter of a=3.905 Å at room temperature and has a 

fundamental absorption edge at 3.22 eV [97, 98]. As shown in Figure 2-4, SrTiO3 (STO) 

is composed of alternating stacks of SrO and TiO2 atomic layers where Sr atoms are 

surrounded by 12 oxygen atoms and Ti atoms are surrounded by 6 oxygen atoms. 

Frederikse et al. first reported the transport properties of SrTiO3 that exhibits a band-

type conduction with an electron effective mass larger than the free electron mass and 

low-temperature mobilities larger than 1000 cm2/V-sec [99]. As oxygen vacancies 

generally act as electron donors, oxygen vacancies in strontium titanate (SrTiO3) thin 

films are particularly important due to a tendency to maintain high carrier mobility even 

at high carrier density, showing a metallic conducting behavior [100]. The profile of the 

oxygen vacancy concentration in the SrTiO3-δ superlattice films grown by pulsed laser 

deposition exhibits an abruptness on the atomic scale [101]. Oxygen deficient STO has 

a metallic conduction and superconducting transition at T=0.3 K [102, 103]. The oxygen 

vacancy related defect in STO substrates is monitored to investigate the effects of heat 

treatment in controlled O2 and vacuum environment [104]. In addition to reduced 

SrTiO3, the electron Hall mobility and electron concentration of niobium doped SrTiO3 

are measured to study the scattering mechanisms [100]. The mobility results are 
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analyzed in terms of scattering by polar optical lattice modes at high temperature and 

scattering by ionized defects at low temperature, respectively. 

Strontium titanate (SrTiO3) is one of the most popular substrates for oxide thin 

films for studies of novel properties at interface which are not observed in either of the 

bulk phase. An atomically well-defined and clean surface on the substrate enables one 

to accomplish layer-by-layer growth of various oxide thin films, which is prepared by 

selective etching of SrO atomic layer in NH4F-HF solution and by annealing above 

600°C in ultra high vacuum [105]. A wet treatment in buffered NH4F-HF solution (BHF or 

BOE) is used for atomically flat terraces with one unit cell high step [106].  

As atomic smoothness and surface termination play an important role in 

fabricating high temperature superconducting oxides and two-dimensional epitaxy of 

heterostructures such as superlattices, there are a number of publications of surface 

treatment of STO substrates including annealing and wet etching methods [106-110]. In 

addition to preparation of TiO2-terminated STO substrates, generation of SrO-

terminated perovskite surface was reported, which improves the quality of cuprate films 

[111, 112]. Beside the conventional wet-etch procedure, an alternative wet etching in 

HCL-HNO3 (3:1) acidic solution is used to obtain high-quality atomically flat TiO2-

terminated surfaces of STO with a controllability of the defect states that cause the 

presence of the Ti3+ states at the surface [113]. 

2.8 Metal Insulator Transition 

Since Mott expected a first-order metal insulator transition (MIT) without structural 

phase change induced by a strongly correlated electronic Coulomb energy [73, 114], 

the first-order metal insulator transition for a Mott insulator [115] is observed by 

pressure and temperature with a structural phase transition from the monoclinic 
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structure of an insulator to the tetragonal structure of a metal [116-118]. The 

conductivity of the electron gases showing MI transition is modulated by applying a 

voltage between the LaAlO3/SrTiO3 interface and the SrTiO3 substrate through a 

quantum phase transition from an insulating to a metallic state [119]. Cen et al. [120] 

reported an interfacial MI transition at room temperature with the creation and erasure 

of nanoscale conducting regions at the LaAlO3/SrTiO3 interface by using a conducting 

atomic force microscope probe. An abrupt MI transition without a structural phase 

transition is observed when a DC electric field is applied to an epitaxial VO2 film based 

two-terminal device [121]. Here, metal insulator transitions of the perovskite-related 

oxides in Mott-Hubbard systems [122] are introduced. 

2.8.1 Doping-induced Metal Insulator Transition 

Doping in transition metal perovskite oxides (AMO3) is caused by substitution of 

divalent cations (A') for trivalent cations (A) which changes the valence states of 

transition metal (M) ions from 3+ to 4+. The effect of the substitution (A1-xA'xMO3) is 

doping by controlling the 3d band filling. Doping-induced (bandfilling-controlled) MI 

transitions result from the disappearance of the carrier density. For example, the optical 

properties of V-O and Ti-O perovskites have been reported as a function of bandfilling in 

La1-xSrxTiO3 [123] and La1-xSrxVO3 [87]. 

2.8.2 Bandwidth-controlled Metal Insulator Transition 

Bandwidth (W) control in transition metal perovskites (A1-xA'xMO3) is achieved by 

variations in the rare earth (A) site. The influence of the decrease in the M-O-M bond 

angle is that the splitting (U-W) between upper and lower Hubbard bands increases. In 

other words, the increase in the splitting is caused by increasing the Coulomb energy 

(U) and by reducing the M-O-M overlap that governs the d conduction bandwidth (W). 



 

32 

The M-O-M bond angle decreases from 180° while the tolerance factor – it will be 

described later – decreases from 1, which relates the size of the rare-earth–oxygen 

bond length (dR-O) to the size of transition-metal–oxygen bond length (dM-O). 

Photoemission and optical studies have investigated the effects of bandwidth decrease 

which is increasing electron correlations (U/W) on the spectral weight transfer [124, 

125]. As a consequence, bandwidth-controlled MI transitions are governed by the 

divergence of the carrier effective mass. For example, RNiO3 (R is a rare-earth) series 

exhibits a bandwidth-controlled MI transition [126].  

Tolerance factor: The tolerance factor is defined as t ≡ (dR-O)/√2(dM-O). It 

becomes 1 in the ideal perovskite structure (AMO3). Deviation of the tolerance factor is 

a measure of the mismatch of the equilibrium (A-O) and (M-O) bond length. Isovalent 

substitution of a smaller A cation reduces the strength of both the π and σ M-O-M 

interactions [127].  

2.9 Examples Of Oxides With MI Transition Behavior 

2.9.1 Ternary Transition Metal Oxides 

In La1-xSrxVO3,  the hole doping by substitution of the Sr atom for the La atom site 

leads to an MI transition around x=0.2 [86, 91, 128]. Changes in electronic properties on 

the doping-induced MI transition in hole-doped Mott insulators of La1-xSrxVO3 result from 

the collapse of the Mott gap and resultant spectral weight transfer [87].  

Sr(Ti1-xVx)O3 composition-spread films on oxygen deficient STO buffer layer/STO 

substrates using pulsed laser deposition in vacuum shows sharp MI transitions in the 

composition range of x=0.5 to x=1.0. The sharp transition is considered to be related to 

a certain phase transition by forming a dead layer with an energy gap between Sr(Ti1-

xVx)O3-δ and SrTiO3-δ [129].  
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In addition, the superlattice of SrTiO3 and SrVO3 exhibits a MI transition at around 

150 K with an anomalous nonlinear conduction [130], while both SrTiO3-δ [100] and 

SrVO3 [131] shows metallic conduction.   

The bulk perovskite nickelate family (RNiO3, R is a rare-earth) shows bandwidth 

controlled MI transition caused by the increase or decrease in the Ni-O-Ni bond angle 

with larger or smaller rare earth cation, respectively [68]. NdNiO3 exhibits a first order 

metal-insulator transition with decreasing temperature, accompanied by an 

orthorhombic to monoclinic transition of the structural phase [132]. In the epitaxial 

ultrathin films of NdNiO3, the MI transition is quenched under the compressive strain, 

while it remains under the tensile strain, suggesting a sizable charge transfer gap 

remains in the ground state [133]. The strain-induced structural changes has an 

influence on the MI transition of the epitaxial SmNiO3 films [134]. NdNiO3 and PrNiO3 

thin films grown by pulsed laser deposition were investigated to demonstrate the effect 

of substrate on electrical transport properties [135]. The SmxNd1-xNiO3 thin-film solid 

solutions prepared by PLD using NdNiO3 and SmNiO3 targets make the position of 

temperature of MI transition (TMI) tunable [136]. The (Nd0.8Y0.2)NiO3 solid solution thin 

films displays MI transition near room temperature, indicating possible tunability of TMI. 

The essential role of strain in perovskite manganite epitaxial thin films of (Nd1-

xPrx)0.5Sr0.5MnO3 is demonstrated in the form of anisotropic and substrate-dependent 

crossover of the MI transition through the tetragonal symmetry breaking [137].  

2.9.2 Binary Oxides 

Vanadium oxide: Vanadium dioxide (VO2) shows a metal-insulator transition 

(MIT) near room temperature (TMIT = 340 K in bulk crystals) [116]. The sputtered thin 

films without post-annealing show a semiconductor to metal transition at 63°C 
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accompanied by a change in the electrical resistivity of nearly 105 [138]. The effect of a 

strong electric field on the metal-insulator phase transition in vanadium dioxide shows 

that this transition can be induced by an electric field [139]. An abrupt MI transition is 

also observed in VO2 thin films induced by a switching voltage pulse [140]. The 

tetragonal lattice exhibits the metallic phase above TMIT [141] and the monoclinic lattice 

exhibits the semiconducting phase under TMIT [142]. Either the electron correlation or 

the phase transformation leads to the metal-insulator transition [143-145].  

The metal-insulator transition characteristics are strongly related to the electronic 

structure changes in vanadium oxide thin films, which emphasize that the energy band 

structure of the valence levels is responsible for the MI transition [146]. While the metal-

insulator transition of VO2 exhibits the first order phase transition, accompanied by an 

abrupt resistivity change, the metallic and insulating phases co-exists and the different 

phases change dynamically in the process of the phase transition [147]. 

2.10 Complex Oxide Thin Films and Heterostructures 

In complex oxides, the complexity in crystal structure along with the localized 

nature of many electronic oxide properties yields opportunities to manipulate 

functionality via local modification and control of structure and chemistry. Perovskite-

related complex transition metal oxides have been widely investigated for various 

physical phenomena such as ferroelectricity, metal insulator transition, 

antiferromagnetism, double-exchange ferromagnetism, high temperature 

superconductivity, colossal magnetoresistance, and charge- and orbital-ordering. The 

wide variety of physical properties is mostly due to the electron correlation 

characteristic. One of the reasons is the directionality of the outer electron orbitals such 

as 3d or 4d of transition metals[148]. This directionality has an effect on the degree of 
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electron-electron interaction and the change of the crystal structure. Another is that 

many transition metal ions are multivalent in the compound. Electrons in the outer shells 

lead to the electron correlation without influence on the core states of the transition 

metal ions. For example, LaTiO3 is Mott insulator [149], La1-xSrxMnO3 shows the 

ferromagnetic property [150], and YBa2Cu3O7, which is derivative of perovskite crystal 

structure, is superconducting [150]. In LaMnO3, the colossal magnetoresistance (CMR) 

is related with a transition from a high-temperature paramagnetic insulator to a low-

temperature ferromagnetic metal by  hole doping from substitution of Ca or Sr atoms for 

La atoms [151]. 

2.10.1 Two-dimensional Electron Gas 

Dingle et al. [152] investigated modulation-doped GaAs-AlGaAs heterojunctions 

where AlGaAs layers are doped. Two dimensional electron gas (2DEG) in GaAs results 

from electron accumulation from dopant impurities in AlGaAs due to spatial separation 

between conduction electrons and impurity ions. Single heterojunctions and 

superlattices of GaAs-AlGaAs exhibits the high electron mobility behavior [153-155] of 

two-dimensional electron gas [156, 157]. Quantization of the Hall resistance of the two-

dimensional electron gas at the interface of GaAs/AlxGa1-xAs heterojunction prepared by 

using the molecular beam epitaxy techniques on semi-insulating GaAs substrates is 

observed at 4.2 K [158]. 

The quantum Hall effect in a high-mobility two-dimensional electron gas in polar 

ZnO/MgxZn1-xO heterosturctures grown by laser molecular beam epitaxy is observed 

and the electron density is controlled by tuning the magnesium content in the potential 

barrier and the growth polarity [159]. In ZnMnO/ZnO heterostructures, two-dimensional 
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electron gas is formed at the interface and the temperature dependence of the 

magnetoresistance behaviors exhibits in the heterostructure [160].  

The quasi–two-dimensional electron gas is observed at the interface between 

LaAlO3 and SrTiO3 that are insulating perovskites [161, 162]. The high mobility of the 

electrons at the interface is as large as 104 cm2/V-s at 4.2 K, indicating higher densities 

of 2DEG at heterostructure interface than those in III-V semiconductors [161-163]. In 

addition to LaAlO3/SrTiO3 interface, metallic electron gases are observed at the 

interface between LaTiO3 and SrTiO3 [164]. The electron gas formed at the interface 

between LaAlO3 and SrTiO3 behaves a two-dimensional superconductor with the 

transition temperature of ~200 mK [165].  

2.10.2 Polar Interfaces 

Polar interface exhibits a charge discontinuity between the LaO-AlO2 stacking and 

the vacuum because the vacuum has zero effective charge and LaAlO3 has orientation 

of alternating layers of LaO+ and AlO2
-. The charge discontinuity leads to a surface 

reconstruction in bulk materials such as LaAlO3 [166] and SrTiO3 [167]. Due to the polar 

nature of the LaAlO3, a potential diverges as the thickness of the LaAlO3 layer increases 

which may cause an electronic reconstruction above a certain critical thickness [119]. 

The polar discontinuity at the heterostructure interface of electron-correlated oxides 

including non-polar SrTiO3 and polar LaTiO3 [164] leads to an electronic construction.  

In addition, the polar heterojunction interface of semiconductors such as Ge-GaAs 

heterojunctions [168] may exhibit an ionic reconstruction.   

As described in Chapter 2.10.1, the high-mobility two-dimensional electron gas in 

polar ZnO/MgxZn1-xO heterosturctures is obtained by controlling magnesium 

concentration in the potential barrier and the growth polarity [159]. H. Tampo et al. [169] 
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observed 2DEG in Zn polar ZnMgO/ZnO heterostructures with strong confinement of 

electrons at the interface. The electron mobility is as large as 250 cm2/V-s at room 

temperature by increasing Mg composition of heterostructures. 

G.A. Baraff et al. [170] reported self-consistent calculation of electronic structure at 

the ideal interface between intrinsic GaAs, terminated on a (100) Ga plane, and intrinsic 

Ge. At the interface, there are incomplete bonds at the termination of the group IV Ge 

layer and the commencement of III-V alternations of GaAs. The electronic structure at 

an abrupt GaAs-Ge interface can be considered as interface of polarity or valence 

discontinuities. Kunc et al. [171] calculated the total energy, charge density, and 

electronic state of polar Ge-GaAs interface. 

2.10.3 Perovskite-Related Superlattices 

Perovskite transition metal oxides are attractive for fabrication of the artificial 

superlattice due to the chemical stability and simple structure. It is significant for the 

superlattice investigation to understand the interface properties of perovskite oxides. 

Here, complex oxide heterostructures of LaAlO3 (LAO) and SrTiO3 (STO) will be 

focused on.  

LaAlO3/SrTiO3 interfaces: As described before, the polar discontinuity exists at 

the interface between LAO and STO since polar LAO has ±1 alternating layers 

composed of positively charged planes of LaO+ and negatively charged planes of AlO2
- 

while non-polar STO has neutral layers composed of SrO0 and TiO2
0 [161]. The 

discontinuity distributes half a hole per unit cell area to the AlO2-SrO interface and half a 

electron per unit cell area to the LaO-TiO2 interface. The hole-doped AlO2-SrO interface 

turns out to be insulating while the LaO-TiO2 interface is conducting with high-mobility. 

No net free carriers of the insulating interface may results from hole-carrier 



 

38 

compensation by oxygen vacancies and from the difficulty of hole-doping of closed shell 

transition metal ions [172, 173]. Electrostatic potential builds up with a dipole shift and 

diverges in the limit of infinite LAO thickness in an electronically unreconstructed case. 

To avoid this polar catastrophic situation, charge redistribution at the interface is needed 

by injection of –q/2 into the TiO2 layer [173]. This electronic reconstruction [174] to 

compensate the interfacial polar discontinuity may explain the high conductivity of the 

interface between LAO and STO. The charge-transfer between perovskite LAO and 

STO heterointerfaces makes conduction layers with high electron mobility that show 

Schubnikov-de Haas oscillations [161]. Thiel et al. [119] observed a threshold thickness 

of LAO; the interface is not conductive until four monolayers of LAO thickness. Huijben 

et al. [175] observed a critical separation distance of LAO layers below which 

conductivity and carrier density at the interface decreases. One possible reason of 

carrier creation at the interface is oxygen vacancies. The transport properties at the 

LaO+-TiO2
0 interface varies as a function of the oxygen partial pressure during growth 

[161] due to the link between the vacancy concentration and the conductivity. Rijnders 

et al. [176] reported the effect of oxygen vacancies on the LAO-STO interface by 

showing the sheet-resistance characteristic as a function of temperature. The effect of 

oxygen vacancy may not be ruled out but it is not dominant origin of the carriers 

because both heterointerfaces in LAO-STO systems do not show n-type conductivity. 

The interfaces between insulating oxides with metallic and superconducting behaviors 

have been demonstrated with the role of oxygen vacancies [177, 178].  
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Figure 2-1. The delafossite structure of CuAlO2. Blue spheres represent copper (Cu) 
ions, light blue spheres represent aluminum (Al) ions, with red spheres 
representing oxygen (O) ions. 
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Figure 2-2. The spinel structure of ZnCo2O4. Grey spheres represent zinc (Zn) ions in 
tetrahedral sites, blue spheres represent cobalt (Co) ions in octahedral sites, 
with red spheres representing oxygen (O) ions. 
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Figure 2-3. The orthorhombic perovskite structure of LaVO3. Green spheres represent 
lanthanum (La) ions, yellow spheres represent vanadium (V) ions, with red 
spheres representing oxygen (O) ions. 
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Figure 2-4. The cubic perovskite structure of SrTiO3. Green spheres represent strontium 
(Sr) ions, light blue spheres represent titanium (Ti) ions, with red spheres 
representing oxygen (O) ions.
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CHAPTER 3 
EXPERIMENTAL DETAILS 

3.1 Thin Film Fabrication 

3.1.1 Substrate Preparation 

For the deposition of oxide and oxynitride thin films, the substrates include c-axis 

oriented sapphire wafer, (0001) α-Al2O3 and 4907 Corning glass. For the growth of 

complex oxide thin films and heterosturctures, the substrate is a-axis oriented SrTiO3.  

The crystal structure of ABO3 perovskites is composed of alternating stacks of AO 

and BO2 atomic layers. A terraced surface with step heights of around half a unit cell 

can be obtained by cutting or cleaving the crystal. The crystal structure has two different 

AO and BO2 termination on the surface. As received SrTiO3 substrates have mixed 

SrO- and TiO2- terminated domains on the surface. As a STO platform with a high 

crystalline quality and TiO2-single surface termination is critical for the fabrication of a 

novel oxide heterointerface showing a two-dimensional electron gas (2DEG) behavior, it 

is necessary to control the surface termination to obtain single-terminated surfaces. To 

prepare TiO2-terminated surfaces, the STO surfaces are treated as follows. STO 

substrates are rinsed in deionized water for 5 minutes, and then are etched using 

buffered oxide etch (BOE), also known as buffered HF or BHF, for 15 seconds. Etched 

STO substrates are rinsed in deionized wager for 5 minutes, and then are dried by 

blowing compressed nitrogen gas. As a last step, the substrates are annealed for 3 

hours at 900°C in an oxygen ambient using a tube furnace. Figure 3-1 shows terrace 

steps with height of unit cell on the etched and annealed STO substrates. 

Before mounting substrates on the substrate holder, all types of substrates are 

cleaned using trichloroethylene, acetone, and methanol for 10 minutes each in the 
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ultrasonic bath. Compressed nitrogen gas is used for blowing and drying cleaned 

substrates. The silver paste (Ted Pella product #16035) is used for adhesion of 

substrates on the substrate heater and for heat conduction from the heater to the 

substrates. Before loading substrate into the vacuum chamber, the silver paste is dried 

enough using a glassware to block particles. 

3.1.2 Target Preparation 

The targets are fabricated by mixing dry powders of precursor materials such as 

ZnO, Co3O4, La2O3, V2O5, SrTiO3 to meet the stoichiometric atomic ratios. Mixed 

powders are ground together using a clean mortar and pestle method without using any 

solvent, and then pressed at 2000-5000 psi into a cylindrical mold with 1 inch diameter. 

Lastly, the pressed target is sintered in an air ambient in a closed box furnace for 10 ~ 

15 hours. 

3.1.2.1 ZnCo2O4 target 

There are two different powders of CoO(II) and Co3O4 (Cobalt(II,III) oxide) to make 

a polycrystalline ZnCo2O4 target. Both are commercially available from Alfa Aesar. As 

polycrystalline ZnCo2O4 is a normal spinel structure, Co3O4 (spinel structure) powder is 

preferred to CoO (rock salt structure) powder. While CoO only includes Co2+ ions, 

Co3O4 contains a mixed oxidation state of 2+ and 3+. As explained, Co3+ ions in 

octahedral sites produce the low-spin configuration. Furthermore, the melting point of 

CoO is relatively high at 1830°C compared to Co3O4, which has decomposition 

temperature of 900°C. To prepare the target, Co3O4 and ZnO powders are mixed to 

satisfy stoichiometric Zn/Co ratio of the mole fraction of the chemical formula, ZnCo2O4. 

After the powders are mixed using mortar and pestle, the target is pressed in an 1 inch 

diameter die. Next, the pressed target is sintered in the box furnace at ~1000°C in air 
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ambient since the decomposition temperature of Co3O4 is around 900°C. The following 

is an expected equation of a chemical reaction during solid state synthesis ;  

3ZnO +2Co3O4 → 3ZnCo2O4-⅓    (3-1) 

Oxygen ambient can be used to prevent oxygen deficiency during synthesis.  

3.1.2.2 LaVO3+δ and SrTiO3 targets 

For LaVO3 thin film growth, a polycrystalline LaVO3+δ target is prepared using 

La2O3 and V2O5 from Alfa Aesar. Powders with precise weight are mixed to satisfy an 

equation of a chemical reaction;  

La2O3 + V2O5 → 2LaVO4     (3-2) 

In the box furnace in an air ambient, the mixed and pressed powder is sintered at 700°C 

for 10 hours, is cooled down to room temperature, and then sintered at 1000°C for 12 

hours additionally. LaVO3 thin films are prepared by varying oxygen pressure with the 

target.  

For SrTiO3 target fabrication, the SrTiO3 powder commercially available from Alfa 

Aesar is used and sintered at 1000°C for 12 hours using a box furnace in an air 

ambient. 

3.1.3 Pulsed Laser Deposition 

Pulsed laser deposition (PLD) is a simple and versatile tool for thin film and 

multilayer research using a pulsed laser beam which strikes a target of the desired 

composition in a vacuum chamber [179]. A pulsed laser rapidly removes material from a 

surface of a solid target and forms an energetic plasma plume, which moves onto a 

substrate. In brief, the mechanisms of PLD are laser ablation, plasma formation, plume 

propagation, and nucleation and growth. During laser ablation, the photon energy 

converts into electronic excitations and then into thermal, chemical, and mechanical 
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energy [180]. The photon energy is also absorbed by a background gas such as oxygen 

molecules and by optical elements such as mirrors and lens in the beam path. The 

wavelength of the laser such as KrF (248 nm) and ArF (193 nm) is an important factor 

since it determines the penetration path. When the energy is not mostly absorbed in a 

very shallow region near the surface of the solid target, particulates at the deposited film 

surface can increase significantly. While plume propagates with different velocities of 

neutral atoms, ions, and electrons, some degree of thermalization is required in order 

for smooth film growth and for re-sputtering prevention which generates by the most 

energetic ions in the plume [181]. The stoichiometric removal from the solid target is of 

paramount important in PLD technique. During growth (laser ablation), a pre-ablation 

step is applied in order to obtain a steady-state. However, the stoichiometric removal 

does not guarantee translation into the growth of stoichiometrically removed materials 

due to different sticking coefficients and re-sputtering. In addition, non-stoichiometric 

targets are used for compensation of atoms due to the difference in volatility. In case of 

oxides, oxygen content is needed to be controlled properly even if oxygen background 

pressure is applicable for oxide film growth. The effect of substrate heating on plume 

propagation in oxygen atmosphere shows the relationship between the substrate 

temperature and the plume dynamics of complex oxides [182]. With background oxygen 

gas, PLD is generally used for the oxide deposition to oxygenate the films. The 

deposition depends on following parameters: (i) the laser source and wavelength, (ii) 

the structural and chemical composition of the target material, (iii) the chamber pressure 

and chemical composition of the background gas, and (iv) the substrate temperature 

and distance between the target and the substrate. 
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In the study of room temperature deposited zinc cobalt oxide thin films, a KrF 

excimer laser with 248 nm wavelength is used as ablation source. Oxygen gas is used 

as a background gas. The working pressure is varied from 50 mTorr to 200 mTorr. 

Oxygen with ozone gas can be utilized if oxygen gas itself is not enough to fully 

oxygenate the deposited film even in high pressure. It is because oxygen deficiency 

which may cause oxygen vacancies in the films can be a major blockage in achieving p-

type conducting oxide. In addition, laser energy and repetition rate are critical variables 

to acquire p-type amorphous oxide films. Laser energy is handled to vary from 130 

mJ/pulse to 200 mJ/pulse and laser repetition rates of 1~10 Hz is tested. Lastly, 

sapphire, spinel wafers, glass and plastic films are considered as deposition parameters 

even when the films are deposited at room temperature. The films in the range of 100 to 

500 nm on substrates are deposited at room temperature for characterization. To 

acquire p-type amorphous ZCO films and to control electrical properties, those 

parameters should be controlled overall. In the research of complex oxide thin films and 

heterostructures, a KrF laser is used as an ablation source and oxygen gas is used as a 

background gas. The working pressure varies from 1×10-5 to 1×10-3 Torr, and the 

substrate temperature varies in the range of 500 to 800°C during growth of LVO and 

STO layers. The targets are mounted on a rotating holder and placed in a vacuum 

chamber evacuated to a base pressure of low 10−6 Torr. Laser energy varies from 80 

mJ/pulse to 150 mJ/pulse with the repetition rate of 1~2 Hz. 

3.1.4 Sputter Deposition 

Sputter deposition is a vacuum deposition technique which is widely used in the 

semiconductor industry. Sputter deposition has an advantage in depositing materials 

which are hard to be evaporated due to high melting points. During sputtering, material 
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ejects from the target (the source material) due to collision of the target by energetic 

particles which have larger energy than the surface binding energy, and the collision 

cascade generates. Then, an ejected atom from the target material deposits onto the 

substrate. It is a physical vapor deposition (PVD) method which is explained by 

momentum exchange between the primary particles such as ions in the plasma and 

atoms in the target material because of bombardment. Substrates are located in the 

vacuum chamber that is pumped down to the base pressure. An inert gas such as 

argon (Ar) is often used as the sputtering gas to reach the working pressure. The atomic 

weight of the sputtering gas is preferred to be similar with the atomic weight of the target 

materials for efficient momentum exchange. Sputtering begins when a negative charge 

applied to the target, which cause a plasma or glow discharge. Positive-charge gas ions 

in the plasma travel to the negative-biased target material and generate the collision. 

Atoms or particles from the target materials are deposited as a thin film on the 

substrates. Sputtered films show good uniformity, density, purity, and adhesion.  

In the research, magnetron sputtering is used for metal deposition or oxide (or 

oxynitride) thin film deposition, which has almost no restriction in the target materials. It 

has a DC mode and a RF mode. DC sputtering is used for conducting materials like 

metals, not for non-conducting materials since the positive charge builds up on the 

material and stops sputtering. RF sputtering (or pulsed DC) is used for both conducting 

and non-conducting materials including semiconductors and isolators. The magnetic 

field is used to trap secondary electrons close to the target, which increase electron 

path length and increase probability of electrons striking Argon. It enhances the 

ionization efficiency causing a higher sputter rate, indicating that the plasma can 
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maintain at a lower pressure. The sputtered atoms are neutral so that the magnetic trap 

does not affect. 

3.2 Structural and Compositional Characterization 

3.2.1 X-Ray Diffraction 

Complex oxide thin films and heterostructures are optimally prepared in order to 

obtain good crystal quality, preferred orientation, and atomically smooth surface of thin 

films by varying the laser energy, the substrate temperature, and the oxygen pressure. 

After the growth, the structure and growth orientation of thin films and heterostructures 

are characterized using X-ray diffraction (Philips APD 3720) in UF Major Analytical 

Instrumentation Center (MAIC). X-ray diffraction is coherent elastic scattering of x-rays 

by atoms in a crystal and has been in use in two main reasons – to identify the 

crystalline solid with its unique characteristic and to determine the structure from X-ray 

crystallography. X-ray wave interference, commonly known as X-ray diffraction, is 

evidence for the periodic atomic structure of crystals.  n λ = 2d sin θ Bragg’s Law (nλ = 

2d·sinθ, n is an integer) is introduced to describe the condition for constructive 

interference from successive crystal planes and to explain why the faces of crystals 

reflect X-ray beams at certain angles of incidence (θ). The d is the distance between the 

planes in the atomic lattice, and lambda (λ) is the wavelength of the incident X-ray 

beam. In Philips APD 3720 system, a copper (Cu) anode, which has characteristic 

wavelength (λ = 1.5418 Å) for the K radiation, is used as the X-ray source, showing 

different spectral line wavelengths such as Kα1, Kα2, Kβ1 and so on. These wavelengths 

are known and emitted at known ratio of intensity. The system operates in a Theta – 

2Theta (θ-2θ) configuration with a θ-2θ angle range from 20° to 80° and works under 

high power 40 kV 20 mA. The incident X-rays may reflect in many directions but will be 
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measured at one detecting location where angle of incidence equals to angle of 

reflection by moving the detector. An out-of-plane θ-2θ scan plots X-ray intensity in the 

units of counts per second as a function of 2θ. The Philips MRD X’Pert System in the 

MAIC facility is also available to measure 2θ scans, phi (Φ) scans, and omega (ω) 

rocking curves. As the phi scans are characteristic of the orientation of the films, the 

profile shows the in-plane orientation between the film and the substrate, which 

determines if the films is epitaxially grown on substrates. The omega rocking curve 

examines the degree of crystallinity of the epitaxial film by measuring the value of the 

full width at half maximum (FWHM) as the diffraction rocking curves taken in the Bragg 

geometry include the variation of the interplanar distance. The superlattice periodicity 

(Λ) can be examined by using the equation 

     (3-3)  

where λ is the wavelength of x-ray source used, and θ1 and θ2 are the locations of two 

adjacent superlattice peaks [183].  

3.2.2 Auger Electron Spectroscopy 

Auger electron spectroscopy (AES) is an analytical tool for examining the chemical 

composition of solid surface. The major advantages include the high sensitivity for 

chemical analysis in the range of several angstrom near the surface, a rapid data 

acquisition speed, and a detecting ability all elements except hydrogen and helium, and 

a capability of high-spatial resolution. The Auger process is initiated by creation of a 

core hole by exposing samples to a beam of high energy electrons (typically in the 

range of 2 to 10 keV), which have sufficient energy to ionize levels such as K, L1, and 

L2,3  levels. After atomic ionization by removal of a core electron and electron emission, 
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X-ray fluorescence or Auger emission generates while the ionized atom relax back to a 

lower energy state. During the excitation process, Auger transition, at least two energy 

states and three electrons must take part in an Auger process, demonstrating that H 

and He atoms do not generate Auger electrons. Despite the advantages, AES has a 

main limitation in examination of non-conducting samples. Charging effect occurs when 

the number of secondary electrons moving out of the sample surface is different in the 

number of incident electrons. It leads to the shift of the measured Auger peaks since 

neutralization method is not applicable. After preparation of oxide (or oxynitride) thin 

films, the Perkin-Elmer PHI 660 system in the MAIC facility has been used for the 

compositional analysis 

3.2.3 X-ray Photoelectron Spectroscopy 

X-ray Photoelectron spectroscopy (XPS) is a quantitative surface analysis 

technique obtaining chemical information of the surface of solid materials instrument. It 

examines the elemental composition, chemical state, and electronic state of the 

elements at the surface. In contrast to Auger Electron spectroscopy, XPS analyzes the 

surface region of both insulators and conductors in the depth range of a few 

micrometers to a few millimeters. When exposing X-ray to the sample, the core-level 

electron of the atom comes out of the sample surface and the energy of the emitted 

electron is collected by an electron energy analyzer as a function of the binding energy 

(BE), which is characteristic of the element. One of the major advantages of the XPS is 

the ability to differentiate between different oxidation states and chemical environments. 

From the plot obtained by using the Perkin Elmer 5100 XPS system in the MAIC facility, 

the peak shape and precise position determine the chemical state of the element. 
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3.2.4 Scanning Probe Microscopy 

For characterization of oxide thin films and heterostructures, Atomic Force 

Microscopy (AFM), Field-emission scanning electron microscopy (FE-SEM), and High-

resolution transmission electron microscopy (HR-TEM) are used to examine the surface 

morphology and the surface roughness. The AFM Dimension 3100 in the MAIC facility 

is used to obtain the image of the thin-film surface and the root mean square (RMS) 

value of surface roughness. In general 5×5 µm2 areas at 512×512 points are scanned. 

JEOL 6335F FEG-SEM is used to investigate the image of the thin-film oxide surface 

with magnification above ×85,000. Focused ion-beam (FIB) dual-bean strata DB235 is 

used to prepare TEM samples since the TEM requires very thin samples typically 

around 100 nanometers. FIB is for cross-sectional investigation of complex oxide 

heterostructure to examine interfaces between two different perovskite oxide thin film 

layers. After FIB process, JEOL JEM 2010F scanning transmission electron microscope 

is used to obtain high-resolution TEM images over ×500,000 magnification. 

3.3 Electronic Characterization 

3.3.1 Seebeck 

The Seebeck coefficient, which is also called the thermoelectric power, is a 

material property defined as the Seebeck voltage per unit temperature. The Seebeck 

coefficient is understood on the basis that electrons are both carriers of electricity and 

heat. If the temperature difference exists over the sample, a net diffusion of electrons 

from the hot region to the cold region generates, and then the voltage or electric 

potential is induced creating an opposing electric field. In equilibrium, the electric field 

results in the electric potential that is called the Seebeck voltage. The phenomenon is 

explained well but the underlying solid-state physics is complicated to understand that 
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the Seebeck coefficient has different signs for different metals. Note that the sign and 

magnitude are related to an asymmetry of the electron distribution around the Fermi 

level. 

To investigate the carrier type of conduction of oxide thin films, the Seebeck 

coefficient is determined from a temperature gradient that is converted into a net 

diffusion of electrons, and it indicates a p-type conduction when positive values are 

obtained if pµp > nµn. When electrons are scattered by lattice vibrations, impurities, and 

defects, the mean free path of electrons and Seebeck coefficient  

TΔ

VΔ
=S

      
(3-4) 

are finally determined. 

3.3.2 Hall Effect 

In order to characterize the type and the number of carriers, the Hall effect [184] is 

widely used for transport properties of semiconducting materials. The Hall effect occurs 

when the movement of carriers in the material generates in a magnetic field, and the 

charge carriers is under the influence of the Lorentz force in a direction perpendicular to 

both the electric field and the magnetic field. The induced electric field, Hall field, that 

resulted from accumulation of the charge carriers causes the Hall voltage (VH) between 

the top and the bottom of the thin film. Since the semiconducting material has both p-

type carriers (holes) and n-type carriers (electrons) with different concentrations and 

mobilities, the Hall coefficient (RH) is given by 

      
2

hn

2

h

2

e

H )μp+μn(•e

μp+μn
=R

.     
(3-5) 



 

54 

The positive Hall coefficients confirms a p-type carrier conduction when pµp
2 > 

nµn
2, which is more difficult to be realized than to get the positive Seebeck coefficient 

since the electron mobility is much larger than the electron mobility [185]. For the 

verification of p-type conduction and for the determination of the electrical resistivity, the 

carrier concentration, and the Hall mobility, Van der Pauw method [186] is employed at 

room temperature using a Lakeshore 7507 Hall Effect-Electronic measurement system 

in the UF Nanoscale Research Facility (NRF) as shown in Figure 3-2. By using the 

method, the Hall voltage (VH)     

  8

V+V+V+V
=V
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H
     

(3-6) 

where V13 = V13, P − V13, N, V24 = V24, P − V24, N, V31 = V31, P − V31, N, V42 = V42, P − V42, N , is 

obtained from the diagonal difference of the voltages between positive and negative 

magnetic fields. The polarity of the Hall voltage in various magnetic fields indicates the 

conducting carrier type of the film – a semiconducting thin film material is p-type if VH is 

positive, and it is n-type if VH is negative. 

3.3.3 Physical Property Measurement System 

The Quantum Design PPMS represents a unique concept in laboratory equipment: 

an open architecture, variable temperature-field system, designed to perform a variety 

of automated measurements (http://www.qdusa.com/products/ppms.html). Use the 

PPMS with our specially-designed measurement options, or easily adapt it to your own 

experiments. Sample environment controls include temperature range of 1.9 - 400 K in 

the presence of applied magnetic field up to 7 tesla. Its advanced expandable design 

combines many features in one instrument to make PPMS the most versatile system of 

its kind. The PPMS is capable of measuring the electric properties such as dc and ac 

http://www.qdusa.com/products/ppms.html
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resistivities as well as current-voltage characteristics (I-V curve), Hall measurements, 

and magnetic moments for any thin film, bulk material and nanowires. For general 

purpose resistance measurements and I-V curve characterization, a two-point electrical 

measurement is normally used. However, when the probe resistance or the probe 

contact resistance is relatively high, or the resistance of the measured sample is 

relatively low, a four-point probe measurement leads to more accurate results. When 

using 4-wire or Kelvin measurement, these parasitic resistances can be neglected for 

the two voltage probes because the voltage is measured with a high impedance 

voltmeter, which draws very little current. Since negligible current flows in these probes, 

only the voltage drop across the sample is measured, which increases an accuracy 

compared to two-point probe method. 

3.4 Optical Characterization 

The electronic optical band gaps (Eg) of semiconducting oxides are obtained from 

optical transmission spectra using Lambda 800 UV-Vis spectrophotometer (Perkin 

Elmer instrument). The spectrometer is used to measure transmittance or absorbance 

spectra as a function of wavelength. The absorption coefficient (α) of the film is 

calculated with parameters such as film thickness (l) and measured absorbance (A) or 

measured transmittance (T) by using Beer-Lambert law  

αlA ee
I

I
T

0

===
     

(3-7) 

where I0 is the intensity of the incident light at a given wavelength, and I is the 

transmitted intensity. The optical band gap energy is estimated from the plot of (αhν)2 or 

(αhν)1/2 as a function of photon energy (eV) to demonstrate if the band gap is direct or 

indirect, respectively. The value of band gap (Eg) is determined by extrapolating the 
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linear region to (αhν)2 = 0 or (αhν)1/2 = 0. This simple linear extrapolation procedure for 

Eg is valid for an empty or nearly empty conduction band (or valence band). In case of 

degenerate semiconducting materials with large carrier density, the Fermi energy level 

(Ef) can move into the conduction band (or valence band) and shift the absorption edge 

towards higher energies. The Moss-Burstein effect [187, 188] explains the shift in 

absorption edge and the overestimation of Eg. 
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Figure 3-1. Unit cell step surface of etched and annealed SrTiO3 substrates obtained by 
AFM measurement. [Adapted from Cianfrone, J. 2011. Functional complex 
oxide thin films and related superlattices grown via pulsed laser deposition. 
Ph.D. dissertation (Page 55, Figure 3-2). University Florida, Gainesville, 
Florida.] 
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Figure 3-2. Schematic of a Van der Pauw configuration to determine the Hall voltage 
(VH) by Hall effect measurements. 
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CHAPTER 4 
STRUCTURAL, ELECTRICAL, AND OPTICAL PROPERTIES OF N-TYPE INDIUM 

ALUMINUM ZINC OXYNITRIDE THIN FILMS 

4.1 Scientific Background 

In recent years, there has been significant interest in the use of semiconducting 

oxide thin films for a variety of electronic, magnetic, and optoelectronic applications [23, 

30, 189-195]. Technologies of interest have ranged from thin-film transistors [196, 197] 

to light-emitting diodes [198, 199].  To date, indium-zinc oxide [200] and indium-gallium-

zinc oxide [201] have been studied as active channel layers for transparent thin-film 

transistors. Within the broad family of electronic oxides, oxynitride thin films have also 

been of interest. In the area of diffusion barriers in metallization, tantalum oxynitride 

films have been examined [202]. Indium oxynitride [203], zinc oxynitride [204], indium-

tin-oxynitride [205] and titanium oxynitride [206] films have interesting properties 

relevant to optoelectronic devices. Cadmium-germanium oxynitride [207] films have 

been used for NH3 and H2S gas sensors, while indium oxynitride [208] films are useful 

in NO2 gas sensors. Oxynitride films are typically prepared by physical deposition in a 

background of oxygen and nitrogen.  RF magnetron sputtering in the Ar-N2 mixed 

plasma can be used [202-210]. Lithium phosphorous oxynitride [211] thin films have 

been fabricated by pulsed laser deposition in an ambient N2 gas; LaSrTiON [212] thin 

films have been fabricated by solution based spin coating. In many cases, tuning of film 

properties can be achieved by controlling nitrogen gas ratio in the Ar-N2 plasma [200, 

201, 204, 205, 208].  

RF magnetron sputtering technique has been predominantly used to prepare oxide 

or oxynitride thin films by mixing gases such as Ar, N2, O2, etc. By varying the 

composition of gases in plasma, film properties can be optimized to fabricate electronic 
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and optoelectronic devices. However, since some oxide films were sensitive to oxygen 

gas [200, 201], electrical properties significantly varied with small change of oxygen 

partial pressure in plasma. We expect, therefore, nitrogen gas in plasma can be an 

option to control thin-film properties effectively. This work was basically conducted at 

room temperature in order for further application for low-temperature and large-area 

device applications.  

In Chapter 4, the synthesis and electrical properties of InAlZnON thin films 

deposited by rf magnetron sputtering is reported. The films were synthesized by co-

sputtering from aluminum oxide and indium zinc oxide (IZO) targets. Nitrogen is 

introduced into the films by using an argon/nitrogen gas mixture during rf-magnetron 

sputter deposition. All films were deposited at room temperature. Chemical composition 

and nitrogen content in the films were measured by Auger electron spectroscopy (AES) 

and X-ray photoelectron spectroscopy (XPS). Surface morphology was studied with 

atomic force microscope (AFM) and optical absorption coefficients were obtained by 

using UV-Vis spectrophotometer. Varying the sputter power of the IZO and Al2O3 

targets resulted in continuous control of electrical properties. Tuning of the film carrier 

density could be achieved by varying the nitrogen concentration in the Ar-N2 plasma. 

Electrical conductivity, carrier density, and mobility were examined at temperatures 

ranging from 100 K to 300 K. 

4.2 Experimental Methods 

InAlZnO and InAlZnON thin films were deposited on glass substrates by rf-

magnetron sputtering. The 3-inch diameter IZO and Al2O3 targets were used for co-

deposition at room temperature. The substrates were cleaned in an ultrasonic bath for 5 

minutes each in trichloroethylene, acetone, and methanol, and were blown dry by 

http://en.wikipedia.org/wiki/X-ray
http://en.wikipedia.org/wiki/Photoelectron
http://en.wikipedia.org/wiki/Spectroscopy
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nitrogen gas. The sputter deposition chamber was pumped down to less than 5x10-6 

Torr. The sputter targets were precleaned in an Ar or Ar-N2 mixed plasma for 10 

minutes prior to deposition. A sputtering gas pressure of 10 mTorr was used for the 

deposition of all films. The nitrogen gas partial pressure was varied from 0 to 7 mTorr. 

Glass substrates were mounted on a substrate holder. Substrate temperature remained 

below 30 ºC during the deposition. The power applied to the IZO target was varied from 

100 W to 200 W; power to the Al2O3 target was varied from 150 W to 300 W. The 

electrical properties of the films, specifically the Hall coefficient, electrical resistivity, 

carrier density, and mobility, were determined by Hall effect measurements using a 

Lakeshore 7507 system employing a van der Pauw method at room temperature. For 

Auger analysis, films were pre-sputtered with argon for 3 minutes. For XPS analysis, 

aluminum was used as the X-ray source; the film was sputtered with argon for 1 minute 

prior to acquiring the data. Surface roughness was analyzed by AFM Dimension 3100 in 

tapping mode. The electrical conductivity, carrier density, and mobility of the films were 

measured from 100 K to 300 K by a four-probe technique. Indium was used to form an 

ohmic contact. Optical transmission spectra were obtained by a Lambda 800 UV-Vis 

spectrophotometer (Perkin Elmer instrument). The thicknesses of the films were 

determined by using an alpha-step Tencor profilometer. Thickness of all oxynitride films 

ranged between 300 nm and 400 nm. 

4.3 Results and Discussion 

4.3.1 Chemical Composition and Surface Morphology 

The dependence of chemical composition in the films as a function of the Al2O3 

target sputter power was examined by using AES. Figure 4-1 shows the results for the 

case when the IZO sputter power was fixed at 150 W, and the nitrogen partial pressure 
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was 0.5 mTorr during the deposition. Aluminum concentration in the InAlZnON films 

increased as Al2O3 sputter power increased. As will be discussed later, this also 

resulted in a lowering of the carrier density of the films. Both indium and zinc 

concentration decreased as Al2O3 sputter power increased from 150 W to 350 W. The 

presence of nitrogen in the oxynitride films was investigated by AES. Figure 4-2 shows 

the AES spectrum for a film deposited in 5% nitrogen/95% argon with an IZO sputter 

power of 150 W and an Al2O3 sputter power of 350 W. The differentiated Auger electron 

energy peak at 381 eV corresponds to nitrogen [208]. Unfortunately, a quantitative 

determination of nitrogen concentration was not possible from AES due to the low 

intensity of the nitrogen peak. The existence of nitrogen in the oxynitride film was also 

confirmed by XPS. Figure 4-3 shows an XPS spectrum for a film prepared with an IZO 

sputter target power at 200 W, an Al2O3 sputter power of 200 W, and a nitrogen partial 

pressure of 4 mTorr. The spectrum shows the N(1s) peak at 398 eV [213].  

Figure 4-4 shows the surface morphology of the oxynitride film as observed by 

AFM. The film was deposited with a N2 partial pressure of 0.5 mTorr, an IZO sputter 

power of 200 W, and an Al2O3 sputter power of 200 W. The scan area shown in the 

image is 5 × 5 µm2. The root mean square roughness for the film was determined to be 

1.79 nm. 

4.3.2 Electrical and Optical Properties 

Hall measurements were used to determine carrier type, carrier concentration, and 

mobility. In this study, all films were n-type as determined by room temperature Hall-

effect measurement. Figure 4-5 shows the electrical resistivity and carrier density for 

oxynitride films deposited at various Al2O3 sputter target power with the IZO sputter 

power fixed at 150 W and a nitrogen pressure of 0.5 mTorr. The carrier density 
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decreased as the Al2O3 target power increased from 150 W to 350 W. The decrease in 

the carrier density is consistent with the increase in resistivity in that range. As shown in 

Figure 4-1, this decrease in carrier concentration correlates with an increase in 

aluminum concentration. By controlling aluminum concentration with Al2O3 target power, 

the carrier density could be systematically varied from 1015 to low 1019 cm-3. Figure 4-5 

shows the corresponding mobility of the films. The mobility varies from 1.5 to 4 cm2/V-s, 

showing a moderate increase with increasing carrier concentration. This increase in 

mobility with increasing carrier concentration behavior is qualitatively similar to that seen 

in InZnO films [214]. The transport properties were also examined as a function of the 

IZO sputter power. Figure 4-6 shows the resistivity and carrier density as a function of 

the IZO target power. The Al2O3 sputter power was fixed at 250 W; the nitrogen partial 

pressure was 0.5 mTorr. As the IZO target power increased from 100 W to 200 W, the 

carrier density increased from high 1015 cm-3 to low 1019 cm-3, reflected in a decrease in 

the electrical resistivity. The relative aluminum concentration was reduced by increasing 

IZO sputter target power, resulting in an increased carrier density in the indium 

aluminum zinc oxynitride films. The mobility was measured to be 1.5 to 3 cm2/V-s as 

shown in Figure 4-6. A.J. Leenheer et al. [200] reported the control of the electrical 

resistivity and carrier density in conductive InZnO films by varying the oxygen gas 

pressure in the Ar plasma. As the amount of oxygen in the plasma increased, the carrier 

density decreased due to reduced oxygen vacancies of films. The present study shows 

that, by co-sputtering an aluminum oxide target, the carrier density can be 

systematically controlled through the Al concentration. 
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The effects of nitrogen on electronic properties of deposited films were also 

examined. Figure 4-7 shows the resistivity, carrier density, and mobility of films 

deposited at constant IZO (200 W) and Al2O3 (200 W) sputter power with varying N2 

partial pressure. By increasing the partial pressure of nitrogen gas ratio in the Ar-N2 

plasma, the carrier density and mobility were reduced and the electrical resistivity 

increased. The carrier density decreased from 1019 cm-3 to 1017 cm-3 when the N2 partial 

pressure was varied from 0 to 4 mTorr in the sputter gas mixture. The carrier density 

increased to 1018 cm-3 when the nitrogen gas partial pressure was increased to above 6 

mTorr. In previous work on indium oxynitride [208] and indium-tin-oxynitride [205] films, 

both carrier density and mobility decreased with increasing nitrogen incorporation. In 

that work, it was speculated that nitrogen occupation of oxygen vacancies caused the 

reduction in carrier density [205]. Nitrogen incorporation also decreased the mobility of 

the InAlZnON films. Above 20% N2, the mobility of oxynitride films was an order of 

magnitude lower than that of the InAlZnO film with no nitrogen.  

The temperature-dependent transport properties of the oxynitride films were also 

examined. Figure 4-8 shows the film conductivity over a temperature range of 100 K to 

300 K for a film deposited with a N2 partial pressure of 0.5 mTorr, an IZO sputter power 

of 150 W, and an Al2O3 sputter power of 250 W. The conductivity of the film was 0.102 

S-cm-1 at room temperature. The plot indicates semiconducting behavior and Arrhenius-

type behavior with a thermal activation energy of 62 meV, which is similar to other oxide 

films [215]. This is consistent with the Fermi level lying close to the conduction band for 

electron conduction. 
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Both the carrier concentration and mobility were measured as a function of 

temperature. Figure 4-9 shows the temperature dependence of the carrier density. The 

carrier density was 4.14×1017 cm-3 at room temperature. The carrier density decreases 

as temperature is decreased. Figure 4-9 also includes the temperature dependence of 

the electron mobility. At room temperature, the mobility was 1.56 cm2/V-s. The electron 

mobility decreased as temperature decreased, suggesting that ionized impurity 

scattering limits the mobility. The change in the mobility as a function of temperature 

was larger than that of the carrier density.  

Figure 4-10 shows the optical absorption spectrum obtained from the optical 

transmission measurement in the range of 250 nm to 800 nm. The optical bandgap (Eg) 

of the oxynitride film deposited with a N2 partial pressure of 0.5 mTorr, an IZO sputter 

power of 200 W, and an Al2O3 sputter power of 250 W was estimated to be ~3.55 eV by 

extrapolating the linear portion to (αhν)2=0, indicating the film is transparent. 

4.4 Summary 

Indium aluminum zinc oxynitride (InAlZnON) films were fabricated by rf-magnetron 

sputtering using both the IZO target and Al2O3 target in Ar/N2 plasma. All the films 

were determined to be n-type electric conduction by Hall measurement at room 

temperature. Atomic concentration of indium, zinc, and aluminum was examined by 

AES analysis. By varying Al2O3 power, the amount of aluminum was controlled in 

InAlZnON film. Nitrogen incorporation into oxynitride films was investigated by AES and 

XPS analyses. Surface roughness of oxynitride film was examined by AFM. Carrier 

densities of as-deposited films were reduced by increasing Al2O3 power with the fixed 

IZO power. In addition, carrier densities were augmented by increasing the IZO power 

with the fixed Al2O3 power. By increasing the amount of nitrogen gas in the Ar-N2 
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plasma, the carrier density and mobility were reduced. The carrier density and mobility 

of InAlZnON films were lower than those of InAlZnO film. Temperature dependent 

properties such as the conductivity, carrier density, and mobility were investigated in 

this work. The conductivity of the oxynitride film exhibited Arrhenius behavior with an 

activation energy of 62 meV. Optical bandgap energy of InAlZnON film was determined 

to be ~ 3.55 eV, which means transparent. These transparent InAlZnON films would 

extend electronic and optoelectronic applications for low-temperature process due to 

easily controllable properties by sputter-deposition parameters at room temperature. 
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Figure 4-1. Indium, zinc, and aluminum atomic concentration as a function of Al2O3 
power of the InAlZnON film 
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Figure 4-2. Differential Auger pattern of the InAlZnON film 
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Figure 4-3. X-ray photoelectron spectroscopic analysis of N(1s) of the InAlZnON film 
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Figure 4-4. AFM image of InAlZnON film with the root mean square (RMS) value of 1.79 
nm 
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Figure 4-5. Resistivity, carrier density, and mobility of InAlZnON films in the Al2O3 power 
range of 150 W to 350 W 
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Figure 4-6. Resistivity, carrier density, and mobility of InAlZnON films in the InZnO 
power range of 100 W to 200 W 
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Figure 4-7. Resistivity, carrier density, and mobility of InAlZnON films as a function of 
nitrogen ratio in the Ar-N2 plasma 
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Figure 4-8. Temperature dependence of the electrical conductivity for the InAlZnON film 
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Figure 4-9. Temperature dependence of the carrier density and the electron mobility for 
the InAlZnON film 
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Figure 4-10. Optical absorption spectrum of the InAlZnON. The optical bandgap energy 
(Eg) is determined to be ~3.55 eV. 
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CHAPTER 5 
ELECTRICAL AND OPTICAL PROPERTIES OF N-TYPE ZINC ALUMINUM 

OXYNITRIDE THIN FILMS 

5.1 Scientific Background 

Transparent conducting oxides (TCOs) are attractive materials due to electrical 

conductivity and visual transparency, and they are widely applied in opto-electronic 

devices such as flat panel displays or thin-film solar cells [190, 216-220]. With 

controllable electrical conductivity and optical transparency in the visible region, some 

oxide thin films have been used as active materials for rectifying junctions and field 

effect transistors [21, 23, 201, 221-225]. The zinc oxide (ZnO) film has been studied as 

a wide band gap semiconductor, which shows n-type conduction dominated by oxygen 

vacancies and Zn interstitial atoms [224, 226-229]. Moreover, Xiong et al.[19] reported 

intrinsic p-type ZnO films by using reactive sputtering by adjusting the oxygen partial 

pressure in the plasma. To achieve a high conductivity as well as a high transmittance 

in the visible range, the doped ZnO films with the group III elements such as aluminum 

(Al), indium (In), gallium (Ga), and boron (B) have been investigated [230-232]. It has a 

potential to replace InSnO2 (ITO) because doped ZnO is cheaper, more temperature 

stable, and nontoxic with similar electrical and optical properties [233]. Among them, Al 

doped ZnO (ZnO:Al) films have become attractive because of surface texturability for 

efficient light trapping in silicon thin-film solar cells [234, 235].  

To date, studies of ZnO:Al films prepared by using various sputtering targets of 

different Al doping concentration have been reported to optimize and to improve 

structural, electrical, and optical properties [36, 236, 237]. The large conductivity values 

of ZnO:Al films have been achieved with an Al concentration of 2-3 at % [238]. In 

addition, Perkins et al. [195] reported zinc aluminum oxide thin films prepared by co-
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sputtering from two targets. Furthermore, nitrogen source such as N2 and N2O has been 

used to study electrical and optical properties of ZnO [239] and ZnO:Al [230] films by 

annealing them after deposition. However, the effect of nitrogen incorporation of zinc 

aluminum oxide (Zn-Al-O) thin films has not been studied systematically.  

In Chapter 5, we have examined the influence of nitrogen introduction during 

sputtering on electrical and optical properties of Zn-Al-O thin films deposited on 

sapphire substrates at room temperature. In addition, the effect of N2 volume ratio in the 

mixed working gas of argon and nitrogen (Ar-N2) was also investigated. 

5.2 Experimental Methods 

Nitrogen incorporated Zn-Al-O thin films were prepared on single crystal sapphire 

(0001) substrates by radio-frequency (RF) magnetron sputtering with a base pressure at 

around 5 × 10-6 Torr. The 3-inch diameter ZnO and Al2O3 targets were used for co-

sputtering deposition at room temperature in the mixture of Ar-N2. The working pressure 

was kept at 10 mTorr and the sputtering power of two targets varied from 150 W to 300 

W. The thickness of films was in the range of 400 - 500 nm and the temperature was 

remained below 30 ºC during the deposition. The electrical properties were obtained by 

Hall effect measurements using a van der Pauw method at room temperature. Optical 

properties were measured by a Lambda 800 UV-Vis spectrophotometer. For Auger 

analysis, films were pre-sputtered with argon for 3 minutes. The thickness of films was 

determined by using an alpha-step Tencor profilometer. 

5.3 Results and Discussion 

Electrical and optical properties: The electrical properties of nitrogen 

incorporated Zn-Al-O thin films deposited in 5% N2/95% Ar at room temperature are 

shown in Figure 5-1. The sputtering power of ZnO varies from 150 W to 300 W while the 
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sputtering power of Al2O3 fixed at 250 W. The resistivity increases from 3.43×103 to 

4.01×105 ohm-cm due to decrease in carrier density from 2.60×1015 to 8.15×1012 cm-3 

as the sputtering power of ZnO increases. This decrease in electron-carrier 

concentration correlates with decrease in aluminum concentration, which is consistent 

with the contribution of substitutional Al3+ ions on Zn2+ sites and Al interstitial atoms. The 

electron mobility varies between 2.58×10-1 and 2.01 cm2/V-s with no clear trend as the 

ZnO sputtering power varies. Figure 5-2 shows the optical absorption spectra of Zn-Al-

O films in various ZnO target powers. The optical band gap (Eg) determined by Tauc 

plots reduces as the ZnO target power increases, which indicates that the effect of 

Al2O3 decreases. This result may be caused by the large band gap of Al2O3 (~6.2 eV) 

[240] in comparison with that of ZnO (~3.3 eV) [241]. 

Figure 5-3 shows the Al2O3 sputtering power dependence of the electrical 

resistivity and carrier density of the films deposited in 5% N2/95% Ar at room 

temperature. The sputtering power of Al2O3 varies in the range of 150 to 300 W with the 

fixed sputtering power of ZnO at 150 W. The decrease in resistivity from 5×105 to 5.44 

ohm-cm with increasing the Al2O3 sputtering power results from increasing carrier 

density 1.95×1014 to 3.34×1018 cm-3 due to higher Al doping concentration in the films, 

which is consistent with explanation for Figure 5-1. The resistivity of ZnO films is large in 

the order of 105 ohm-cm when it is not doped intentionally and it decreases by doping of 

aluminum to ZnO grains in the crystalline film [242]. The optical band gap shown in 

Figure 5-4 increases as Al2O3 target power increases, suggesting the enhanced 

influence of Al2O3 of Zn-Al-O films. 
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Figure 5-5 shows the effect of nitrogen volume ratio in the mixture of Ar-N2 on the 

electrical properties of the films deposited at room temperature with the ZnO sputter 

power of 250 W and the Al2O3 sputter power of 250 W. The resistivity increases from 

2.81 to 2.99×105 ohm-cm as nitrogen volume ratio increases, which results from the 

carrier density decrease from 9.6×1018 to 8.17×1013 cm-3. Since nitrogen incorporated 

Zn-Al-O films show n-type conduction and N2 is a n-type dopant [16], this result may not 

look reasonable. Probably, N source from N2 may act as a p-type dopant during 

sputtering deposition. As shown in Table 5-1, Auger analysis confirms the incorporation 

of nitrogen into the Zn-Al-O film. The amount of N inclusion in the films increases with 

the increase of nitrogen volume ratio except at 5%. Note that substitutional N at an O 

site is an acceptor and substitutional N2 at an O site is a double shallow donor [16]. As 

shown in Table 5-1, however, Zn/Al atomic concentration ratio obtained from Auger 

analysis presents an increase in deposition rate with increasing nitrogen volume ratio. 

Only nitrogen partial ratio varies and all other deposition parameters are same, which 

suggests that nitrogen has an effect on the ZnO deposition rate during co-sputtering of 

ZnO and Al2O3 targets based on the increase of the net growth rate during co-

deposition. The reason why the total rate of co-sputtering changes is not clear but an 

increase of Zn/Al ratio leads to decrease the carrier density and to increase the 

resistivity by reducing Al doping concentration. Figure 5-6 shows the variation of the 

optical band gap as a function of nitrogen volume ratio. It shows that the band gap gets 

narrower with increasing N2 ratio which results in the decrease of Al concentration as 

shown in Table 5-1. The widening band gap with increasing Al concentration can be 

explained based on the Burstein effect [188].    
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Figure 5-7 shows a relationship between the electrical resistivity and the Zn/Al 

atomic ratio to understand the effect of nitrogen partial pressure during co-deposition 

since the Al content is dependent on deposition conditions such as the nitrogen volume 

ratio and the sputtering power. All data points are obtained from the films shown in 

Figure 5-1 ~ 5-6. The resistivity continuously increases with increasing the Zn/Al ratio 

from 2.81 to 4.01×105 ohm-cm, which is caused by decreasing carrier density from 

9.6×1018 to 8.15×1012 cm-3. Nitrogen volume ratio in the range of 0 to 4% has an effect 

on Al atomic concentration of nitrogen incorporated Zn-Al-O films during deposition, and 

the change of Zn/Al ratio shows a trend including the ratio of other films tuned by 

sputtering target powers in the N2-Ar mixture. The Hall mobility of the films introduced in 

the paper varies in the range of 0.11 to 2.01 cm2/V-s with no trend. Figure 5-7 do not 

show a clear linear trend but include fluctuation of data points, which suggests that the 

formation of aluminum oxide or Al suboxide during deposition may cause the number of 

active Al dopants in the films. 

5.4 Summary 

We have studied the effect of nitrogen incorporation on the electrical resistivity and 

the optical band gap energy of Zn-Al-O thin films prepared by co-sputtering of ZnO and 

Al2O3 targets. The increase of Al atomic concentration of the films leads to increase the 

band gap energy as well as to decrease the resistivity by increasing the carrier density. 

Al atomic concentration is controlled by varying the sputtering power of two targets and 

by varying nitrogen volume ratio in the mixture of Ar-N2. Increasing N2 ratio in the 

mixture causes decreasing Al concentration by changing the deposition rate of the ZnO 

target. The electrical resistivity as a function of Zn/Al atomic ratio is presented to see the 

effect of sputtering powers and nitrogen ratio on Zn/Al ratio during co-deposition.  
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Figure 5-1. Resistivity, carrier density, and mobility as a function of the ZnO sputtering 

power of nitrogen incorporated Zn-Al-O films. 
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Figure 5-2. Optical absorption spectra of various ZnO sputtering powers in the range of 
150 to 300 W. 
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Figure 5-3. Resistivity, carrier density, and mobility as a function of the Al2O3 sputtering 
power of nitrogen incorporated Zn-Al-O films. 
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Figure 5-4. Optical absorption spectra of various Al2O3 sputtering powers in the range of 
150 to 300 W. 
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Figure 5-5. Resistivity, carrier density, and mobility as a function of the N2 volume ratio 
in the mixture of Ar-N2. 
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Figure 5-6. Optical absorption spectra of various N2 volume ratios in the range of 0 to 
5%. 
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Figure 5-7. Resistivity and carrier density as a function of the Zn/Al atomic ratio. 
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Table 5-1. Atomic concentration of nitrogen (N), oxygen (O), zinc (Zn), and aluminum 
(Al) obtained from Auger analysis including the Zn/Al atomic ratio. Net 
deposition rates of co-sputtered films are measured to investigate the 
nitrogen effect during deposition at room temperature. 
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CHAPTER 6 
STRUCTURAL, ELECTRICAL, AND OPTICAL PROPERTIES OF P-TYPE ZINC 

COBALT OXIDE THIN FILMS 

6.1 Scientific Background 

Amorphous and polycrystalline semiconductors have long been exploited for large 

area electronic applications. Amorphous silicon has been prominent in electronic device 

technologies since the creation of hydrogenated amorphous silicon [1] in 1975. 

However, amorphous silicon has limitations. A relatively low bandgap makes it opaque 

in the visible spectrum. Amorphous silicon also has a relatively low carrier mobility. In 

contrast, many of the amorphous and polycrystalline oxide semiconductors are optically 

transparent due to large bandgaps. Many exhibit a relatively large carrier mobility, 

particularly in the n-type materials [195, 243, 244]. For example, indium gallium zinc 

oxide (In-Ga-Zn-O) is an n-type amorphous semiconducting oxide currently being 

explored for thin-film transistor technology due to its high electron mobility of 10~60 

cm2/V-s [20]. N-type semiconducting oxides such as ZnO [21], InZnO [22], and 

InGaZnO [23] have been used as active materials for rectifying junctions [192, 221, 222, 

245] and n-channel field effect transistors (FET) [201, 224, 225, 246] fabricated at room 

temperature. 

In contrast to the relatively large number of n-type amorphous or polycrystalline 

oxide semiconductors, there are fewer p-type semiconducting oxides, particularly those 

that can be fabricated at or near room temperature. The formation of p-type ZnO is 

challenging [247, 248]. Narushima et al. [59] reported the first p-type amorphous oxide 

semiconductor, a-ZnO·Rh2O3, which has the bandgap energy of 2.1 eV and the 

electrical conductivity of 2 S cm-1 at room temperature. The limited number of p-type 

amorphous or polycrystalline semiconducting oxides is a consequence of the charge 
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localization in the oxide valence band that is principally comprised of oxygen 2p orbitals. 

Typical oxides exhibit strong localization of holes at the valence band edge due to the 

large electronegativity of oxygen. For p-type crystalline oxide semiconductors, 

modification of the energy band structure is needed to reduce localization and enhance 

hole mobility. Localization of holes at the valence band edge can be mitigated by using 

cations with the closed shell electronic configuration. To date, several p-type crystalline 

semiconducting oxides have been reported, and include delafossites such as CuAlO2 

[47], and spinels such as ZnM2O4 (M = Co, Rh, Ir) [50-52]. In the delafossite structure of 

CuAlO2, the copper ion (Cu+) has a d10 electronic configuration which is the closed shell 

valence state overlapping with O 2p states. In the spinel structure of ZnM2O4 (M = Co, 

Rh, Ir), the B-site ions have a d6 electronic configuration which is the “quasi-closed shell 

configuration” [51]. The closed shell hybridization with ligand O 2p orbitals is key to 

yielding p-type conduction. 

P-type spinel oxides are composed of transition metal ions in an octahedral crystal 

environment, keeping a d6 electronic configuration that forms a hole-carrier conduction 

path [63]. Furthermore, the bandgap between empty eg
0 and fully occupied t2g

6 

originates from the ligand-field splitting generated by the octahedral environment of 

transition metal ions. In low-spin electron configuration, t2g d orbitals interacting with 

oxygen 2p orbitals yield a band that favors p-type conduction. In the case of amorphous 

ZnO·Rh2O3 films, T. Kamiya et al. [60] reported that the network structure made of 

RhO6 octahedra is stable even in an amorphous phase. Hole-transport paths result from 

the edge-sharing and corner-sharing RhO6 network. 
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In Chapter 6, we report on p-type conductivity in zinc cobalt oxide (Zn-Co-O) films 

deposited at room temperature using pulsed laser deposition (PLD). The X-ray 

diffraction (XRD) scans of Zn-Co-O films deposited at room temperature shows no 

crystalline peaks. Film deposition is carried out at relatively high oxygen pressure. Both 

Seebeck coefficient and Hall coefficient measurements indicate that Zn-Co-O films can 

be p-type oxide semiconductors. The properties of junction between Zn-Co-O and n-

type semiconducting oxides are also reported. 

6.2 Experimental Details 

The Zn-Co-O films were deposited at room temperature on single crystal sapphire 

(0001) substrates by pulsed laser deposition using a KrF 254 nm excimer laser and 

polycrystalline ZnCo2O4 target. The laser energy was 185 mJ/pulse and the laser 

repetition rate was 2 Hz. The ablation target was fabricated from a mixture of 

commercial Co3O4 and ZnO powders (Alfa Aesar). Powders were pressed into 1 inch 

diameter target and sintered at 1000oC in the box furnace. The films were deposited at 

room temperature with oxygen as a background gas. Film thickness measured by a 

profilometer was 100 nm – 200 nm. The Seebeck coefficient was obtained from the 

thermoelectric power measurement near room temperature. The Hall coefficient, 

electrical conductivity, carrier concentration, and Hall mobility were determined by Hall 

effect - electronic measurements (Lakeshore 7507) using a van der Pauw method at 

room temperature. Temperature dependent conductivity was obtained from a typical 

four-point probe measurement. Optical transmission spectra were obtained by a 

Lambda 800 UV-Vis spectrophotometer (Perkin Elmer instrument). Surface morphology 

was examined by using FE-SEM with the acceleration voltage between 10 and 15 kV. 

For p-n junction formation between Zn-Co-O and InGaZnO, the InGaZnO film was 



 

93 

deposited by the RF sputtering system in Ar using an InGaZnO4 target. The RF power 

was 150 W and the working pressure was 5 mTorr. The substrate temperature was 

room temperature. A shadow mask was used for Au metal deposition on the Zn-Co-O 

layer and for the InGaZnO/Ti/Au deposition in series. The dimension of the deposition 

mask features was 250 μm. The device characteristic was measured at room 

temperature in air. 

6.3 Results and Discussion 

6.3.1 P-type Conduction 

Figure 6-1 shows the thermoelectric power measurement near 300 K for a Zn-Co-

O film deposited at an oxygen pressure of 50 mTorr. The Seebeck coefficient is 

determined to be +102.34 μV/K. The positive Seebeck coefficient is consistent with p-

type conduction for the Zn-Co-O film. P-type conduction is also confirmed by the 

positive Hall coefficient of 4.82×10-2 cm3/C which is obtained by using the four-point van 

der Pauw method at room temperature. The electrical conductivity of the film deposited 

in 50 mTorr is determined to be 21.8 S cm-1 at room temperature. 

Figure 6-2 shows the temperature dependence of the electrical conductivity in the 

range from 160 K to 350 K for the film deposited at 50 mTorr. The thermal activation 

energy is determined to be 73 meV from the Arrhenius-type plot indicating 

semiconductive behavior. This is consistent with the Fermi level lying close to the 

valence band for hole conduction. The values of the electrical conductivity obtained for 

the Zn-Co-O film is larger than that for p-type polycrystalline ZnCo2O4 films [52] and that 

for p-type amorphous zinc rhodium oxide [59]. The optical properties of the films were 

examined using optical transmittance measurements. 
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6.3.2 Structural Properties 

The surface morphology was examined using Field Emission Scanning Electron 

Microscope (FE-SEM). Figure 6-3, 6-4, and 6-5 shows FE-SEM micrograph images of 

Zn-Co-O films deposited at various oxygen pressures. As shown in Figure 6-3, the Zn-

Co-O film deposited in 50 mTorr exhibits a smooth and continuous surface morphology. 

As shown in Figure 6-4, the film deposited in 80mTorr displays a granular morphology 

made of small-size grains. As shown in Figure 6-5, the film deposited in 100 mTorr is 

composed of larger-size grains. Note, however, that X-ray diffraction of these films 

yields no apparent diffraction peaks. The microstructure observed for Zn-Co-O films 

deposited in oxygen pressures above 110 mTorr suggests possible segregation of the 

constituents.  

6.3.3 Optical Properties 

Figure 6-6 shows the optical absorption spectrum obtained from the optical 

transmission measurement in the range of 250 nm to 900 nm. The optical bandgap (Eg) 

of the Zn-Co-O film deposited in 100 mTorr is estimated to be ~2.3 eV, which is similar 

with the measured optical bandgap of the polycrystalline ZnCo2O4 film [52]. The band 

gap, Eg, of the Zn-Co-O films is independent of oxygen pressure used during deposition 

for the oxygen pressure range of 50 mTorr to 110 mTorr. 

6.3.4 Transport Properties 

The transport properties of the films were examined as a function of deposition 

pressure. Figure 6-7 shows the dependence of resistivity (ρ) on oxygen gas pressure 

(mTorr) during growth. The lowest resistivity (4.59×10-2 Ω-cm) is obtained for the film 

deposited in 50 mTorr. The highest resistivity (952 Ω-cm) is obtained for the film 

deposited 110 mTorr. As the pressure of oxygen background gas increases, the 
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electrical resistivity increases. The increase in apparent phase segregation with 

increasing oxygen may lead to weakened connectivity between conductive regions. This 

discontinuity of Zn-Co-O film may play a role in the increase of electrical resistivity. 

Some Zn-Co-O films deposited in oxygen pressure greater than 110 mTorr have high 

resistivity on the scale of 104 Ω-cm. 

Figures 6-8 and 6-9 show the dependence of the carrier density and the mobility 

on the oxygen pressure used during deposition. The carrier density and mobility are 

obtained from Hall measurement at room temperature. In addition to the positive 

Seebeck coefficient of the 50 mTorr film, positive Hall coefficients for films deposited in 

the range of 50 mTorr to 110 mTorr are consistent with the Zn-Co-O films being p-type. 

The apparent hole-carrier concentration decreases continually from 1.49×1020 cm-3 (50 

mTorr) to 2.60×1016 cm-3 (110 mTorr) as oxygen pressure increases, which is consistent 

with the tendency of the electrical conductivity (1/ρ). Note that the high carrier density 

for films deposited at 50 mTorr may be an anomaly due to applying a single carrier 

channel model to a highly compensated material. As shown in Figure 6-9, the mobility 

varies from 0.12 cm2/V-s to 1.6 cm2/V-s. 

6.3.5 Oxide Heterojunction 

In order to further explore the properties of Zn-Co-O films, junctions were formed 

between Zn-Co-O films (p-type layer) and amorphous InGaZnO films [23] (n-type layer). 

For the junction, the p-type Zn-Co-O layer is deposited at room temperature by using 

PLD with an oxygen pressure of 100 mTorr. The n-type InGaZnO layer is deposited by 

using radio-frequency (RF) sputtering at room temperature. The electrical resistivity of 

the InGaZnO single layer was approximately 3.83 Ω-cm. The carrier density and the 

electron mobility in the InGaZnO film are determined by Hall measurements to be 
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1.78×1017 cm-3 and 9.14 cm2/V-s, respectively. Figure 6-10 shows the current-voltage 

characteristics of the junction. Figure 6-11 shows the junction structure, indicating that 

Au metal on the top of p-type Zn-Co-O layer is used as a p-side electrode and Au/Ti 

metals on the top of n-type InGaZnO layer are used as a n-side electrode. Ohmic 

contact is observed between Au metal and p-type Zn-Co-O film. For the device 

fabrication, a shadow mask is used for Au deposition and Au/Ti/InGaZnO deposition 

using RF sputtering system. As shown in Figure 6-10, the junction is rectifying, with a 

threshold voltage of approximately 2.5 V. This is somewhat larger than the optical 

bandgap energy (~2.3 eV) of the Zn-Co-O film. The on-off current ratio at ±7 V is around 

102. The I-V curve in the positive voltage range for voltage exceeding turn-on is linear, 

indicating that the p-n heterojunction diode is non-ideal due to highly resistive films of p-

type layers. This rectifying junction additionally confirms that the Zn-Co-O film is p-type 

oxide semiconductor. 

6.4 Summary 

We have examined the properties of semiconducting Zn-Co-O films deposited at 

room temperature. The Zn-Co-O film deposited at room temperature shows p-type 

conduction as confirmed by the positive Seebeck coefficient and the positive Hall 

coefficient. The electrical conductivity as large as 21 S cm-1 is obtained from the film 

deposited in 50 mTorr. The increase in the electrical resistivity is observed as oxygen 

pressure increase. The carrier density decreases with increasing oxygen pressure. 

Semiconducting oxide p-n junctions fabricated at room temperature show rectifying 

characteristics by using p-type Zn-Co-O. The threshold voltage is somewhat larger than 

the bandgap energy. P-type Zn-Co-O with controllable electrical properties may prove 

useful in thin-film electronics and optoelectronics. 



 

97 

 

Figure 6-1. Thermoelectric power measurement of the Zn-Co-O film deposited in 50 
mTorr with the positive Seebeck coefficient of +102.34 μV/K. 
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Figure 6-2. Temperature dependence of the electrical conductivity of the Zn-Co-O film 
deposited in 50 mTorr with the thermal activation energy of 73 meV. 
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Figure 6-3. FE-SEM surface image (×85,000 magnification) of the Zn-Co-O film 
deposited in 50 mTorr. 
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Figure 6-4. FE-SEM surface image (×100,000 magnification) of the Zn-Co-O film 
deposited in 80 mTorr. 
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Figure 6-5. FE-SEM surface image (×100,000 magnification) of the Zn-Co-O film 
deposited in 100 mTorr. 
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Figure 6-6. Optical absorption spectrum of the Zn-Co-O film deposited in 100 mTorr with 
the optical bandgap energy of ~2.3 eV. 
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Figure 6-7. Electrical resistivity as a function of oxygen gas pressure in the range of 50 
to 110 mTorr. 
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Figure 6-8. Carrier density as a function of oxygen gas pressure in the range of 50 to 
110 mTorr. 
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Figure 6-9. Hall mobility as a function of oxygen gas pressure. 
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Figure 6-10. Current density - applied voltage (J-V) curve of amorphous oxide p-n 
junction using a p-type Zn-Co-O film and a n-type InGaZnO film. 
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Figure 6-11. Schematic illustration of the p-n junction structure.
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CHAPTER 7 
METAL INSULATOR TRANSITION AT THE INTERFACE OF LAVO3/SRTIO3 

SUPERLATTICES GROWN ON TIO2-TERMINATED SRTIO3 

7.1 Scientific Background 

Perovskite-related complex oxide thin films and heterostructures exhibit novel 

properties such as high-temperature superconductivity, colossal magnetoresistance, 

ferroelectricity, and metal-insulator transition. Advanced growth techniques and well-

defined TiO2-terminated SrTiO3 substrates make it possible to fabricate perovskite-

based oxide heterostructures with the structural control at the nanoscale via molecular 

beam epitaxy (MBE) and pulsed laser deposition (PLD). Atomically controlled 

superlattices such as LaTiO3/SrTiO3 [164] and LaAlO3/SrTiO3 [161, 162, 173] include 

the n-type LaO/TiO2 interface with the formation of two-dimensional electron gases 

(2DEGs) at the interface between complex insulating oxides. Formation of the 

LaAlO3/SrTiO3 heterostructures on silicon (Si) wafers integrates oxide electronics with 

Si technology [249].  

Ohtomo and Hwang reported a conducting two-dimensional electron gas layer at 

the heterointerface between two perovskite insulators, SrTiO3 and LaAlO3 [161, 162]. 

The (LaO)+/(TiO2)
0 interface between LaAlO3 and SrTiO3 shows the metallic behavior 

with the carrier density of ~1017 cm-2 and the mobility of ~104 cm2V-1s-1 due to polar 

discontinuity at the interface [161, 162, 250]. Above a threshold thickness of LaAlO3 

layers, the electronic reconstruction occurs to compensate for the interfacial polar 

discontinuity and prevents the catastrophic situation arising from the divergence of the 

electric potential in the limit of infinite LaAlO3 thickness [119, 250]. A sheet carrier 

density is higher than what is expected, half an electron per unit cell (~3.2×1014 cm-2), 

due to the creation of oxygen vacancies in the SrTiO3 substrate during the growth [161, 
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163, 251, 252]. M. Basletic et al. reported the carrier density profile in the LaAlO3/SrTiO3 

heterostructure by using a conducting-tip atomic force microscope [253]. 

To date, most recent experimental studies have focused on LaAlO3/SrTiO3 

superlattices. Further investigation of the interfacial polar discontinuity has been 

reported between Mott insulator of LaVO3 and band insulator SrTiO3. Y. Hotta et al. 

[254] investigated polar discontinuity doping by electronic reconstruction at the 

heterointerfaces inducing n-type and p-type polar discontinuity between LaVO3 and 

SrTiO3. L. F. Kourkoutis et al. [255] observed the growth asymmetry at the polar 

LaVO3/SrTiO3 heterointerfaces. 

In Chapter 7, we focus on the interfacial study of the LaVO3/SrTiO3 

heterostructures with the structural and electronic properties by x-ray diffraction, high-

resolution transmission electron microscopy with fast Fourier transform, atomic force 

microscopy, and physical property measurement system. Temperature dependence of 

the electrical resistance shows the metallic behavior with the upturn of the resistance at 

low temperature. 

7.2 Experimental Details 

The LaVO3(n unit cell)/SrTiO3(n unit cell) superlattices were prepared on TiO2-

terminated or as-received SrTiO3 (100) single-crystal substrates by pulsed laser 

deposition using a KrF excimer laser with ceramic targets of LaVO4 and SrTiO3. The 

laser energy was 120 mJ/pulse and the laser repetition rate was 2 Hz. The LaVO4 target 

was fabricated by mixing commercial La2O3 and V2O5 powders (Alfa Aesar) and the 

SrTiO3 target was prepared from a SrTiO3 powder (Alfa Aesar). In an air ambient, the 

LaVO4 target and the SrTiO3 target were sintered at 700°C for 10 hours and at 1000°C 
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for 12 hours, and at 1000°C for 12 hours, respectively. The growth temperature of the 

superlattices was 600°C and the oxygen pressure was 5×10-5 Torr for all processes.  

The long-range periodicity and high crystallinity of the superlattice films were 

examined by x-ray diffraction using a θ-2θ scan method. The cross-sectional and 

topographic images were examined by using high-resolution transmission electron 

microscopy (HRTEM, JEOL JEM 2010F) and atomic force microscopy (AFM, 

Dimension 3100). The transport properties of the LaVO3/SrTiO3 superlattices such as 

temperature dependent resistance and current-voltage characteristic were examined by 

using the quantum design physical property measurement system (PPMS). 

7.3 Results and Discussion 

7.3.1 Structural Characterization 

Figure 7-1 shows a θ-2θ X-ray diffraction profile of the heterostructure. 

LaVO3/SrTiO3 superlattice peaks exhibit good regularity of the periodic structure. The 

zero-order peak of the film is located at 22.85 degree next to the peak of (100) SrTiO3 

substrate with additional satellite peaks spaced around the main peak. A θ-2θ scan of 

the superlattice shows no other peaks except the Bragg reflections of the substrate, 

constituent film, and satellites peaks [256]. From equally spaced satellite reflections, the 

periodicity of the superlattice is evaluated to be 72.5 Å using a diffraction evaluation of 

Schuller analysis [183, 257] which is slightly larger than the attempted period of 70.5 Å 

resulting from 9 monolayers of both LVO and STO layers. The discrepancy may be 

caused by a deviation of the lattice constants of oxides from the bulk values when 

grown as thin-film layers [258].  

Figure 7-2 shows a bright-field HRTEM image of [(LaVO3)10/(SrTiO3)10]5 

superlattice with the magnification of 500,000. For HRTEM analysis, a cross-sectional 
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sample is obtained by using focused ion beam (FIB) technique from the LaVO3/SrTiO3 

heterostructures along the [100] direction of SrTiO3. The growth direction is from top to 

bottom. Between two different polar interfaces, the TiO2/LaO interface looks more 

diffuse than the VO2/SrO interface. The VO2/SrO interface is more atomically abrupt on 

the LaVO3 layer. This asymmetric interface may result from the presence of Sr surface 

segregation which results in cation interdiffusion at the interface [255]. As Sr atoms are 

energetically preferred to be on the surface, a fraction of Sr atoms moves to the surface 

during LaVO3 growth on the SrTiO3 layer. As a consequence, the SrTiO3 layer growth 

on the LaVO3 layer forms the VO2/SrO interface which shows more atomically sharp 

interface compared to the TiO2/LaO interface formed by the LaVO3 growth on the 

SrTiO3 layer. Note that polar interfaces lead to both electronic and structural 

reconstruction [164, 173]. In addition, Figure 7-3 shows another HRTEM image of the 

superlattice with the magnification of 800,000. 

Figure 7-4(a), (b), (c) shows Fast Fourier Transform (FFT) of the images of the 

LaVO3 layer, SrTiO3 layer, and SrTiO3 substrate. The periodic superlattice structure in 

HRTEM image gives rise to sharp spots in the resulting diffraction pattern. Diffraction 

patterns from FFT show that the superlattice film is epitaxially grown along [100] zone 

axis on the (100) STO substrate. 

The surface morphology and roughness of the LaVO3/SrTiO3 superlattice films are 

examined by AFM as shown in Figure 7-5 and 7-6. Figure 7-5 shows that the surface of 

the oxide heterostructure is obtained from the [(LaVO3)10/(SrTiO3)10]5 superlattice which 

is grown on TiO2-terminated STO substrate, showing single terrace steps with the 

height of ~0.4 nm. The average root-mean-square (RMS) roughness is determined to 
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be 0.11 nm over a 3 square micrometer area. Figure 7-6 image is observed from the 

[(LaVO3)10/(SrTiO3)10]5 superlattice grown on non-etched STO substrate that includes 

both SrO and TiO2 termination. The RMS value is evaluated to be 0.13 nm over a 3 

square micrometer which is close to the value of Figure 7-5, indicating quite smooth 

surface. 

7.3.2 Transport Property 

The transport properties of the LaVO3/SrTiO3 heterostructures are examined as a 

function of temperature by van der Pauw resistance measurement method using 

Quantum design PPMS. Figure 7-7 shows the temperature dependent resistance of the 

[(LaVO3)5/(SrTiO3)5]5 superlattice, suggesting that the interface between two insulating 

oxides exhibits metallic behavior. In the [100] growth direction, LaVO3 is composed of 

the alternating LaO and VO2 layers which are charged +1 and -1 while SrTiO3 consists 

of the alternating SrO and  TiO2 layers which are neutral in charge. The heterostructure 

forms polar interfaces such as the TiO2/LaO interface and the VO2/SrO interface. The 

+1 valent LaO layer gives electrons to adjacent TiO2 layers which increases the electron 

carrier density near the interface. Since the VO2/SrO interface is expected to be the p-

type interface and shows insulating behavior [161, 254], the TiO2/LaO interface has a 

dominant effect on the metallic behavior arising from the electronic reconstruction 

caused by polar discontinuity. The conducting (La,Sr)TiO3 and (La,Sr)VO3 formation 

caused by interdiffusion does not have a significant effect on the metallic behavior at the 

interface [254]. Note that we may not rule out the effect of growth-induced oxygen 

vacancies at the surface (interface) of the SrTiO3 substrate [161, 163, 252] because it is 

not easy to get fully oxidized interface by oxygen post-annealing due to the LaVO4 film 

formation [259]. The system remains metallic in the range from 300 to 13.5 K with the 



 

113 

decrease of the resistance from 40 kΩ to 336 Ω. As temperature reduces lower to 4 K, it 

shows insulating behavior which indicates temperature-induced MI transition. This 

insulating behavior may arise from the formation of LaTi1-xVxO3 near the TiO2/LaO 

interface. Note that the resistivity of LaTi1-xVxO3 phase shows an upturn at low 

temperature – the upturn may arise from electron localization due to impurity scattering 

or grain boundary effects [260]. The upturn may also be associated with magnetic 

ordering, temperature dependence of inverse magnetic susceptibility (χ-1 ) [261]. The 

effect of the contact resistance on the insulating behavior at low temperature can not be 

disregarded, which is observed from current-voltage characteristic. 

7.4 Summary 

In conclusion, we have epitaxially grown periodical LaVO3/SrTiO3 superlattices 

and observed asymmetric interfaces in heterostructures. VO2/SrO interfaces show 

more atomically sharp than TiO2/LaO interfaces due to surface segregation effect. As-

deposited superlattices remain single terrace steps as TiO2-terminated STO substrates 

do. Temperature dependent electrical resistance profiles show two-dimensional electron 

gases at heterointerfaces with insulating behavior below 13.5K, indicating temperature-

induced metal-insulator transition. 
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Figure 7-1. XRD θ-2θ scan of a 9×9 LaVO3/SrTiO3 superlattice grown at 600°C in 5×10-

5 Torr of oxygen on a (100) SrTiO3 substrate. 
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Figure 7-2. HRTEM image (×500,000 magnification) of [(LaVO3)10/(SrTiO3)10]5 

superlattice 

LaVO
3

 

SrTiO
3

 

STO substrate 
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Figure 7-3. HRTEM image (×800,000 magnification) of [(LaVO3)10/(SrTiO3)10]5 
superlattice  
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Figure 7-4. Fast Fourier Transform (FFT) of the images of the (a) LaVO3 layer, (b) 

SrTiO3 layer, and (c) SrTiO3 substrate. 
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Figure 7-5. AFM Image of the [(LaVO3)10/(SrTiO3)10]5 superlattice grown on TiO2-

terminated SrTiO3 substrate. 
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Figure 7-6. AFM Image of the [(LaVO3)10/(SrTiO3)10]5 superlattice grown on non-etched 

SrTiO3 substrate. 

500 nm 

(b) on non-etched STO 
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Figure 7-7. Resistance of the [(LaVO3)5/(SrTiO3)5]5 superlattice as a function of 

temperature 
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CHAPTER 8 
CONCLUSIONS 

This dissertation has covered functional oxide materials such as transparent 

conductive oxides (TCOs) and functional complex oxides with structural, electrical, and 

optical properties. 

InAlZnON has been investigated for its structural, electrical, and optical properties. 

Oxynitride thin films are prepared by co-sputtering from aluminum oxide and indium zinc 

oxide targets at room temperature. Nitrogen is introduced into the films by using 

nitrogen gas in the plasma and nitrogen incorporation is measured by AES and XPS. 

Surface morphology is determined to be Ra= 1.79 nm which is smooth for device 

application by AFM. Varying the sputter target power leads to varying chemical 

composition of In, Zn, and Al with the ability to control electrical resistivity and carrier 

density of thin films. Varying nitrogen concentration in the plasma enables tuning carrier 

density. Temperature dependence of the dc conductivity shows Arrhenius behavior with 

the activation energy of 62 meV. InAlZnON films are determined to be transparent with 

the optical band gap energy of 3.55 eV. 

ZnAlON has been investigated with interest in nitrogen incorporation effect on 

electrical and optical properties. ZnAlON thin films are prepared by co-sputtering from 

aluminum oxide and zinc oxide targets at room temperature. Varying either sputter 

target power allows controlling resistivity and carrier density as well as tuning optical 

band gap energy. Increase in nitrogen volume ratio in the plasma also plays a role in 

decreasing aluminum atomic concentration, indicating the ability to control electrical and 

optical properties of nitrogen incorporated zinc aluminum oxide films. It is observed that 
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increase of Zn/Al ratio in the films results in increase of resistivity and decrease of 

carrier density. 

P-type conduction of zinc cobalt oxide films has been synthesized via pulsed laser 

deposition at room temperature with the background gas of oxygen. Both positive 

Seebeck coefficients and positive Hall coefficients convince p-type conductivity in zinc 

cobalt oxide thin films. While FE-SEM images show granular morphology, X-ray 

diffraction scan shows no crystalline peak, indicating as-deposited films at room 

temperature may be amorphous. The electrical conductivity of the film deposited in 50 

mTorr is determined to be around 21 S cm-1 at room temperature by using the 

thermoelectric power measurement and Hall effect measurement. As oxygen 

background gas pressure increases, the electrical resistivity increases with decrease of 

carrier density. The microstructures of the films suggest that the connectivity between 

conductive regions gets weakened as oxygen pressure increases. Room temperature 

fabricated oxide p-n junction shows rectifying characteristic with a threshold voltage of 

2.5 V, which additionally confirms zinc cobalt oxide thin films show p-type conduction. 

Superlattices of LaVO3/SrTiO3 have been investigated with interest in metal-

insulator transition behavior at the heterointerface between LVO and STO. These 

superlattices show not only periodic structures, as measured by XRD, but also 

atomically controlled interfaces, as observed by high resolution TEM. It has been 

observed by AFM that superlattices grown on TiO2-terminated STO substrate maintain 

single terrace steps with the RMS roughness value of 0.11 nm. Temperature dependent 

resistance shows metallic behavior with an upturn at low temperature. Possible reasons 

of temperature-induced MI transition include LaTi1-xVxO3 formation near the TiO2/LaO 
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interface and electron localization due to impurity scattering or grain boundary effects. 

The upturn may also be associated with magnetic ordering and the effect of contact 

resistance. Future research may focus on verifying grounds of insulating behavior at low 

temperature by magnetic property measurements as a function of temperature and 

infrared optical reflectivity (or conductivity) measurements.
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APPENDIX 
CRYSTAL SYSTEMS 

Table A-1. Atomistic parameters of CuAlO2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

125 

Table A-2. Atomistic parameters of ZnCo2O4. 
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Table A-3. Atomistic parameters of LaVO3. 
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Table A-4. Atomistic parameters of SrTiO3. 
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