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Chapter 1.  

Introduction 

1.1. Background 

 Last year, the three Japanese scientists, Prof. Nakamura, Prof. Amano, and Prof. 

Akasaki won the Novel Prize in Physics for the invention of efficient blue light emitting 

diode (LED). The central reason is that the blue LEDs were a foundational step in the 

creation of bright white LEDs which are inevitable for human society. Nowadays, many of 

the white incandescent bulbs have been replaced by white LEDs which have much smaller 

electrical consumption. The invention of a single electrical device has so much impact on 

human society. Not only the blue LED, many electrical devices like transistors, solar cells 

and Schottky diodes have taken human societies to the next stage in the long history. Most 

of these devices properties are strongly governed by 1) appropriate selection and 

development in the materials quality and 2) control over the electron transport across 

interfaces between different materials through interface band alignment. These device 

functionalities are predominantly governed by band alignment engineering. For example in 

a metal-semiconductor interface, a low barrier would be ideal where series resistance needs 

to be minimized as in Ohmic contacts, but a high barrier is essential in operating diodes. 

 Transition metal oxides have attracted much attention as promising candidates for 

new device applications not achievable in conventional semiconductors. This stems from 

the diverse electronic properties they exhibit and to their high chemical stability in 

atmosphere. Some examples such as transparent conductors and photocatalyts for pollutant 
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remediation are already applied on the industrial scale. Despite the wide range of bulk 

properties readily available in oxides, controlling the interface energy band alignments of 

these oxides has a small degree of freedom because of the strong electronegativity of the 

oxygen anion which predominantly forms the valence band independent of the metal cations 

leading to fixed ionization energies. This limits access to utilizing the unique intrinsic 

properties for different device applications in oxide materials [1]. For example, transparent 

conductors are widely used as top electrodes of solar cells and LEDs. However, the work 

functions of most transparent conducting oxides are in the range of 4 eV to 5 eV. Therefore, 

it is difficult to form Ohmic contacts for high work function materials like p-type 

semiconductors [2,3].  

 This problem can be resolved by considering the interface electrostatic boundary 

conditions. Band alignments for any pair of materials can be tuned by insertion of 

electrostatic dipoles at the interface. It has been demonstrated in compound semiconductors 

and organic interfaces by using depleted p-n junctions [4] and polar organic molecules as 

the inserted electrostatic dipoles [5]. Recently, this concept has been applied to oxide 

interface systems and continuous band alignment tuning has been demonstrated in an-all 

perovskite SrRuO3/0.02 wt % Nb doped SrTiO3 (100) Schottky junction using a perovskite 

LaAlO3 as the dipole layer [6]. The crystal structure of LaAlO3 is shown in Figure 1.1. In 

the pseudocubic [100] direction, the structure can be regarded as an alternate stacking of 

LaO layer and AlO2 layer. Considering the nominal valence of ions in each layer, LaO layer 

has +1 charge and AlO2 layer has 1 charge which is the origin of electrostatic dipole. 

Because of the highly ionic nature of oxides, the expected dipole moment of 1 u.c. LaAlO3 

is equal to dipole moment of +1 and 1 charge separated by the lattice constant of LaAlO3. 

Namely, it is calculated from the following:  

   
d

Q
QdNP   (1.1)  

Table. 1.1 Dipole moment densities of various systems employed in previous studies [4-7].

Dipole moment density (D/cm2)

(CF3)(CF2)7(CH2)Si(OC2H5)3 1.60 1015

Pair of p-type and 
n-type semiconductor

2.38  1014

GaN polar surface (0001) 5.25  1015

LaAlO3 (100) 1.26  1016



 

 3

where Q is charge density of single (LaO)+ or (AlO2)
 unit layer, d is the lattice constant of 

LaAlO3, N is the number of u.c. /cm2. The expected dipole moment densities of LaAlO3 and 

various dipoles in organic materials and compound semiconductors are summarized in 

Table. 1.1 [4-7]. The dipole moment density of the polar organic molecule is calculated as 

the product of the molecular dipole moment and the sheet density of the adsorbed molecule 

same as the study of Kobayashi et al. [5]. According to the table, the estimated dipole 

moment of LaAlO3 is at least three times larger than the other dipole layers employed 

previously.  

Figure. 1.1 Crystal structure of LaAlO3. 
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Figure. 1.2 (a) The schematic structure, (b) the band diagram, and (c) the I-V curves of 

SrRuO3/LaAlO3/SrTiO3 (100) junction. (d) Scanning tunneling electron microscopy 

(STEM) image of the SrRuO3/Nb:SrTiO3 (100) junction without LaAlO3 insertion [6]. 
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 Schematics of the junction structure, the band structure and the current voltage (I-V) 

curves for the all-perovskite Schottky junctions are shown Figures. 1.2 (a)-(c). The SBHs 

obtained from the I-V curves monotonically decreased with the insertion of LaAlO3. It 

should be noted that continuous tuning of SBH was achieved by depositing fractional layers 

of LaAlO3 which is difficult for polar organic molecules or polar surfaces of nitride 

semiconductors. Since the all-perovskite junctions can be grown with structural coherently 

from the bottom semiconductor to the top metal layer with a lattice mismatch smaller than 

4 %, atomically flat and abrupt interfaces were readily obtained as shown in Figure 1.2 (d).  

 The ultimate goal for exploring device functionalities in oxides, we need to expand 

the application of dipole engineering technique to potentially less well-defined interfaces 

and clarify the structural requirements for this technique to be feasible. The schematic of the 

strategy is shown in Figure. 1.3. In order to achieve the ultimate goal, two different 

challenges should be overcome. First, the structural requirement to utilize this dipole has to 

be clarified. Although the isostructural interface is suitable for the demonstration of the 

concept, most of the practical devices are non-isostructural interfaces where abrupt 

interfaces are not always available. For example, polycrystalline metal films, rather than 

epitaxial films, are widely used as metal electrodes since they still hold good metallicity as 

deposited by standard evaporator at room temperature without considering the epitaxial 

Band offset decrease
at all perovskite junction

Band offset increase
at all perovskite junction

Band offset decrease
at non-isostructual junction

Band offset increase
at non-isostructual junction

Band alignments in oxide heterojunctions are
not bound by the materials

Done

Next step

Next step

Ultimate Goal

Figure. 1.3 The grand strategy in this study. 
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relation. Furthermore, binary oxides, whose crystal structures are not perovskite, are 

promising for various applications because of its chemical stabilities and simplicity of 

stoichiometry. For example, TiO2 attracts much attention as photocatalysts [8], ZrO2 has 

been widely employed for fuel cells [9], ZnO is a promising material for UV LEDs cheaper 

than GaN [10].  

Second goal is bidirectional dipole tuning. If band alignment can be both 

decreased and increased in a wide range, the materials selection for devices can be made on 

the intrinsic bulk properties and unconstrained by the band offset. A sign of the perovskite 

oxide dipole is determined by the stacking order of charged layer on the semiconductor 

substrate. As shown in Figure 1.4 (a), if the negatively charged layer is adjacent to the 

semiconductor, the band offset is expected to increase. If LaAlO3 is utilized to achieve a 

band offset increase, the negatively charged (AlO2)
  layer has to be deposited on the SrO 

terminated SrTiO3 as shown in Figure 1.4 (b). However, the tunable range of the band offset 

by perovskite oxide dipole is 0.6 eV to +0.2 eV, with smaller range in increasing the dipole 

potential.  

1.2. Scope of this Thesis 

 Given the importance of band alignment tuning technique for designing device 

structures, the central motivation of this research is to clarify the feasibility of oxide dipoles 

in general. In particular, we set three goals shown below 
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Figure. 1.4 Stacking structures and band diagrams of (a) the LaO/TiO2 interface and (b) the 

AlO2/SrO interface of SrRuO3/LaAlO3/SrTiO3 (100). 
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1. Clarify the structural requirements to utilize electrostatic dipoles 

 Non iso-structural interfaces are susceptible to various phenomena that may screen 

electrostatic dipoles, for example, surface reconstructions of polar surfaces and pinning 

effects. These effects are strongly dependent on the crystal structures and forms of the 

constituting materials of the interface. Therefore, we aim to clarify the structural 

requirements to activate the dipole effect. Especially, considering the importance of binary 

oxides and polycrystalline metal electrodes for device applications, we set following three 

questions.  

(i) Can band alignments be tuned at a polycrystalline metal/single crystalline oxide 

semiconductor interface by oxide dipoles? 

(ii) Does the dipole layer need to be grown epitaxially? 

(iii) Can the oxide dipole tune the band alignment of non-perovskite interfaces? 

In order to answer these questions, we studied polycrystalline Pt/LaAlO3/anatase TiO2 (001) 

interfaces which have a polycrystalline metal electrode, a non-perovskite semiconductor 

and oxide dipole/semiconductor interface whose epitaxial relation can be controlled by the 

surface reconstruction of anatase TiO2 (001). 

 

2. Demonstration of increase in band offset by electrostatic dipoles 

 The previous study of bi-directional dipole tuning was based on using LaAlO3 as the 

dipole layer on the termination controlled SrTiO3 (100) surfaces exploiting the iso-structural 

nature of the junction. Namely, for a SrO terminated surface, an AlO2
- layer forms first and 

for a TiO2 terminated case, a LaO+ layer forms first thereby reversing the sign of the dipole. 

However, the experimentally obtained dipole sign was independent of the termination likely 

due to the instability of the SrO-terminated SrTiO3 (100) surface. Here we used an alternative 

perovskite insulator AgTaO3. Assuming the formal valence of Ag+ and Ta5+ in AgTaO3, we 

can expect to stabilize the negatively charged (AgO) layer on a stable TiO2-terminated 

SrTiO3 (100) surface. 

 

3. Establish SBH measurement technique of the junction with electrostatic dipole. 

 Generally, SBHs can be characterized by current voltage measurement, 

capacitance voltage measurement, and internal photoemission technique. Although they are 

very well established techniques in conventional semiconductors, SBHs obtained by them 

do not match all the time. In Schottky junctions consisting of a low doped compound 

semiconductor and a simple metal, internal photoemission technique is generally 

considered as the most reliable technique [ 11 ]. However, in the case of 
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metal-insulator-semiconductor junction, internal photoemission spectra can be complicated 

because of the existence of the tunneling barrier. Therefore, we aimed to apply these three 

different methods for the same heterojunction and compare the results to establish the 

understanding of the advantages and disadvantages of each in this system.  
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Chapter 2. Theory 

2.1. Concept of band alignment tuning by electrostatic dipole 

 Interface band alignments are determined by the relationship between the intrinsic 

physical properties of the two constituent materials. The basic principles of band alignments 

are described in Figure. 2.1 using a Schottky junction consisting of a metal and an n-type 

semiconductor. In the following discussion, it is assumed that there is no electric field in the 

EF

CBM

VBM

Evac

W

1.  Anderson rule: 
Evac is matched

1

Eg

1

W

Eg

2. Equilibrium
EF is matched

3. Maxwell’s eq. determine 
the band bending

Figure. 2.1 The basic principle of a band alignment for a n-type semiconductor and a 

metal. 1 and Eg are the electron affinity and the band gap of the semiconductor. W is the 

work function difference. Evac is the vacuum level, EF is the Fermi level of the metal.  
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metal since the carrier density of the metal is much higher than the semiconductor. First, the 

Anderson rule, which states that vacuum level of the two materials are equal when they are 

isolated at an infinite distance, determines the relative positions of the energy bands before a 

junction is formed [1]. Second, the Fermi level of these two materials matches as they form 

a junction. Third, the conduction band bottom of the semiconductor ((z)) is described by 

the Maxwell’s equation: 

   


 )()(
2

2 z

z

z





 (2.1)  

solved under the boundary conditions of, 

   0)( 0  zz  (2.2)  

   WEEz  F_semiF_metal)0(  (2.3)  
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)( 0 





z

zz
 (2.4)  

where EF_metal and EF_semi are the work function of the metal and the semiconductor. The 

coordination is defined so that z is defined as the distance normal to the interface towards 

the semiconductor and the origin is the interface of the semiconductor and the metal.  is the 

dielectric constant of the semiconductor and z0 is the thickness of the depletion layer. The 

conduction band bottom of the semiconductor at an infinite distance from the interface is 

defined as 0. Charge density ((z)) is given by  

  DqNz )(  (z0 < z < 0)  (2.5)  

  0)( z for else   (2.6)  

By using them, the solution of (2.1) is calculated as  
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  (2.7)  

As shown in Figure. 2.1, the band alignments are determined by the work function, the 

electron affinity and the semiconductor band gap. Since these physical properties are unique 

to each material and difficult to control, band alignments are determined by the constituting 

materials. However, it is often difficult to find an appropriate material that has desired bulk 

physical properties and forms ideal band alignments for a device with arbitrary materials. A 

reduction in the number of prerequisites for material choices lets us revisit device structure 

prohibited before. Out of the many restrictions, band alignments at interfaces can be tuned 

by inserting electrostatic dipoles between two materials. Figure. 2.2 explains the concept of 
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electrostatic dipoles in Schottky junctions. In the case of an ideal Schottky junction, the 

Schottky barrier height (SBH) is equal to the difference in work function of the metal and 

electron affinity of the semiconductor. When the electrostatic dipole is inserted at the 

interface, the vacuum level of the two materials at an infinite distance have an offset equal to 

the built in potential of the electrostatic dipole. When the junction is formed, the SBH is also 

modified by this built-in potential. Therefore, if we establish the technique to continuously 

tune the dipole moment at the interface, arbitrary SBH from any combinations of materials 

should be achievable.  

  

Figure. 2.2 Band diagrams of the Schottky junction (a) without and (b) with electrostatic 

dipoles. E corresponds to the built-in potential of the dipole. 

Without dipole

CBM

VBM
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2.2. Mechanisms that may hinder the dipole effect 

 In this section, two possible mechanisms in semiconductors and insulators that may 

hinder band alignments tuning by electrostatic dipoles are discussed. These are  

reconstruction at polar surfaces and pinning effects. The possibility of each phenomenon in 

oxide interfaces is discussed later. 

  

2.2.1. Atomic and electronic reconstructions of polar surfaces 

 .When electrostatic dipole moment at a surface becomes non zero, the surface is 

defined as a polar surface. The surface dipole moment is calculated from the spatial 

distribution of the Wannier functions of the occupied bands [2]. Polar surfaces are 

energetically unstable and are susceptible to atomic and electronic reconstructions. The 

spatial distribution of the charges can be estimated from the knowledge of the ground-state 

electron distribution in the bulk unit cell, which is quite accurately provided either by 

high-resolution x-ray diffraction experiments, as shown for example in the alumino-silicate 

compounds [3], or by first-principles methods, such as those based on the density functional 

theory (DFT) [4]. Actually, in most cases, atomic configurations of ions and their valences 
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Figure. 2.3 (a) The charge distribution and electrostatic potential of the polar surface that 

holds non-zero dipole moment in all the repeating unit cells. The origin is defined as 

surface. (b) The same polar surface with compensating charge at the top surface to 

suppress the divergence of electrostatic potential.    
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are enough to judge whether a surface is polar or not.  

 In the case of a polar surface that hold non-zero electrostatic dipole moment in all 

the repeating unit cells through the material, the electrostatic surface potential is cut along a 

polar direction is given in Figure. 2.3, where the unit cell consists of two atomic layers with 

charge densities of + and  separated by the spacing R1 and the inter-unit cell spacing is 

R2. Each unit cell bears a dipole moment density equal to µ = σR1, and, as a result, the 

electrostatic potential increases monotonically across the system by an amount δV = 4πσR1 

per unit cell which is typically of the order of several tens of eV in ionic oxides. The total 

dipole moment M = NσR1 and the electrostatic energy amounts to E = 2πNR1σ
2 for N unit 

cells. In the limit N → ∞, which is the bulk crystal, the electrostatic contribution to the 

surface energy diverges.  

 Specific modifications of the charge density in the outer layers may suppress the 

divergence of the dipole moment and the electrostatic energy. Figure. 2.3 (b) shows how this 

can be achieved, for example, by assigning a value σR2/(R1 + R2) to the charge density on 

the outer layers of the slab, and this results in a total dipole moment M = σR1R2/(R1 + R2) 

which is constant independent of the thickness. A polar surface can thus be stabilized by 

charge compensation achieved by reconstruction of atomic configuration, charged defects, 

or formation of two dimensional electron gases [5-7].  

 Since the charge modification decreases the total dipole moment of the polar 

surface, it should be suppressed for the sake of band alignment tuning. Because the driving 

force of this charge modification is the increase in the total surface electrostatic energy 

proportional to the thickness, there is a critical thickness at which the charge modification 

occurs [8]. Therefore, the dipole layer thickness should be smaller than the critical thickness 

in order to tune the band alignment.   

2.2.2. Pinning effect 

 The presence of a continuum of surface states in the gap may cause a pinning effect. 

Originally, this effect was found in Schottky junctions where the SBHs found for a wide 

range of metals on a particular semiconductor seemed to fall within the narrow range 

around at a two thirds of the band gap for n-type (one third for p-type) semiconductor from 

the valence band [9,10]. Since the Fermi level of the semiconductor surface appeared to be 

pinned to a specific value independent of the metal, this effect is called as the pinning effect. 

This is because the high density of surface states equilibrate with the bulk semiconductor 

and not between the metal and the semiconductor as shown in Figure. 2.4 (b).  
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 When the charge density of interface states are not enough to screen the space 

charges in the semiconductor, systematic trend was observed for the SBH and the metal 

work function. However, their correlation is much weaker than that expected from Schottky 

Mott rule where the SBHs is defined as the difference between the metal work function and 

the semiconductor electron affinity. The gradient of the linear fitting which is expressed as 

with pinning effect

without pinning effect
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with dipole and pinning effect
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Figure. 2.4 Band alignments of Schottky junctions (a) without pinning effect, (b) with 

pinning effect, (c) with dipole and without pinning, (d) with dipole and with pinning effect. 

W2 is the work function difference of the interface state and the bulk semiconductor. 
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S and obtained by the least-square technique for the SBH vs. metal work function is often 

utilized as strength of pinning effect for a given semiconductor.  

 Previously, it was reported that S monotonically increases with the ionicity of 

materials which is defined by the difference in the electron negativity of the constituent 

elements as shown in Figure. 2.6 (a) [11]. Therefore, most of the Schottky junctions 

consisting of transition metal oxides were expected to have no pinning effect because of its 

ionic nature. However, this trend has been denied by further research performed by M.  

Schluter proving that electronic dielectric constant is a good parameter to explain the trend 

in S as shown in (b) [12]. In addition, some of the oxides have large scattering in S values 

mainly due to the degree of disorder in the junction which is large in non-isostructual 

junctions. Therefore in the case of non-isostructural Schottky junctions, pinning effect is 

likely to happen even in ionic oxides.  

 Pinning effect is expected to screen the barrier height tuning induced by the dipole 

effect too. Figure. 2.4 (c) and (d) show the band alignment of the 

metal-insulator-semiconductor junction with and without pinning effect where the insulator 

has an electrostatic dipole. As we have already seen in the case of without the pinning effect, 

the SBH is changed by the built in potential of the electrostatic dipole. However, in the case 

of strong pinning effect, the dipole only changes the band offset between the interface state 

and the metal. SBH is determined by the band bending of the semiconductor which is still 

determined by the Fermi energy difference of the interface state and the bulk semiconductor. 

(a) (b)

Figure. 2.5 (a) S vs. electronegativities of various semiconductors [11]. (b) S vs. 

electronic dielectric constants of various semiconductors reanalyzed by M. Schluter [12]. 
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Therefore, pinning effect is expected to disable the dipole effect as well.  

 There are two major origins for interface states that cause pinning effect reported in 

conventional semiconductors. The first is overlap of wave functions at a metal 

semiconductor interface which can significantly alter the electronic structure and the charge 

distribution at the interface forming metal induced gap states (MIGS). Although the states 

are induced by the metal, the energy distribution of the states is determined by the 

semiconductor electronic structure within the band gap. The typical band alignment of a 

Schottky junction with MIGS is shown in Figure. 2.6 [13,14].  

 The MIGS effects in oxides are examined by considering the penetration length of 

the MIGS. The MIGS decay from the metal semiconductor interface toward the 

semiconductor with a characteristic length that correlates with the ionicity of the 

semiconductor. The barrier height lowering by MIGS is calculated from the following 

equation [15] 

   
SC

MIGS

s

SC
MIGS ln

Q

QQ
eΦ


   (2.8)  

where  is the penetration length of MIGS, s is the dielectric constant of the semiconductor, 

QSC and QMIGS are the charge density of the space charge region and the MIGS, respectively. 

MIGS always decrease SBH because MIGS are negatively charged and penetrate into the 

positively charged depletion layer in the n-type semiconductor. Since charge distribution of 

MIGS is explained by a simple tunneling picture of metal wave function to semiconductor, 

the penetration length is longer for smaller band gap material [16]. Thus, typical penetration 

QMIGS

QSC=WND





CBM

VBM

EF

Figure. 2.6 A band diagram of a Schottky junction with metal induced gap states. Band 

bending without MIGS is displayed as dashed lines. 
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length of MIGS in oxide material is smaller than 0.4 nm which is not enough to cause 

significant barrier height modification. 

 The second is a thin disordered layer produced by depositions of insulator or metal 

on semiconductors. Iso-structural interfaces tend to form epitaxial interface with small 

defect densities since long range order provides the largest energy gain by cohesion. 

However, at non-isostructural interfaces, conservation of perfect crystal in semiconductor is 

not necessarily the most energetically favorable atomic configuration. Namely, formation of 

defects or atomic reconstruction can lower the total energy at the interface. The disordered 

layers formed by them are characterized by the fluctuations of bond length and bond angles 

due to interface irregularity. Anderson localization, which is the wave interference between 

multiple scattering paths leads to the defect induced gap states (DIGS) in the energy gap 

whose density depends on the degree of the disorders.  

 The location of the Fermi level of the DIGS spectrum can be obtained by an LCAO 

tight binding model where the matrix size extends over all the sites in the structure so as to 

account for the disorder. In the case of conventional semiconductors like Si, Ge and III-V 

semiconductors, the Fermi level of DIGS is equal to the hybrid orbital energy of the bond 

EHO, which is the averaged energy of hybridized bonding in semiconductor independent of 

(a) (b)

Figure. 2.7 (a) The Fermi energy of proton bombarded GaAs and InP estimated from 

electrical conductivity data [17-19]. (b) Density of states of DIGS for I-S interface with 

small disorder (I), with highly disordered (II) and M-S interface [17]. Ec is the conduction 

band minimum, Ev is the valence band maximum, Ei is the intrinsic Fermi level and Nss is 

the density of states. 
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degree of disorder as shown in Figure. 2.7 (a) [17-19]. The density of states of DIGS at 

three different interfaces are shown in Figure. 2.7 (b) and they have symmetric distribution 

around the EHO. Their shapes are extremely sensitive to the properties and the degree of 

disorders of deposited insulator or metal and the deposition process itself [20].  

 Since DIGS depend on the preparation processes and the atomic configurations of 

the two materials at the interface, it can be a problem in non-isostrucual oxide interfaces. 

Therefore, optimizations of the growth conditions for dipole layers and metals could be 

crucial in activating the electrostatic dipoles. 
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Chapter 3.  

Experimental  

In this chapter, each experimental technique employed in this study will be briefly 

explained. Transition metal oxide thin films were deposited on (100) oriented perovskite 

oxide substrates by using the pulsed laser deposition (PLD) technique. The thickness of the 

films was estimated by counting the number of intensity oscillations from the reflection 

high-energy electron diffraction (RHEED) spots during growth. After the growth, X-Ray 

reflectometry (XRR) was used in order to confirm the actual thickness. The crystalline 

quality of thin films was characterized by X-ray diffraction (XRD), atomic force 

microscopy (AFM), and Raman scattering spectroscopy. The temperature dependent 

resistivity and Hall measurements were carried out in Physical Properties Measurement 

System (PPMS). Room temperature junction electrical transport measurements were 

performed using a probe station with an LCR meter and a semiconductor parameter 

analyzer (SPA). An internal photoemission technique was also utilized to obtain the SBH. 

Optical transmittance and reflectance were characterized by using ultraviolet-visible 

spectrometer (UV-Vis).  

3.1. Pulsed laser deposition technique 

In this study, PLD was employed for deposition of high-quality transition metal 

oxide thin films. This technique is widely used to grow functional oxides [1,2]. The basic 
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fabricating scheme is as follows: 

 

1. A high power pulsed laser beam is focused inside a vacuum chamber to strike a 

 target of the material that is to be deposited. 

2. The surface of the target is heated and the material is vaporized resulting in a

 plasma, so called ”plume” [3, 4]. 

 

The plasma expands away from the target surface due to the strong Coulomb repulsion 

among the ablated species and the recoil from the target surface under high vacuum (10
−5

 

Torr) [5]. The ablated species are deposited on the surface of a substrate positioned 

opposite to the target, a portion of which forms the nucleation cluster. The sticking 

coefficient is different from neutral atoms [6]. Finally, these nuclei coalesce and cover the 

entire surface producing a uniform thin film. 

 PLD is a physical vapor deposition process similar to molecular beam epitaxy 

(MBE) in the following senses. Both of them are processes under ultra high vacuum that 

eliminate impurities from residual gases and are capable of utilizing various in-situ growth 

monitoring techniques such as RHEED [7, 8], and surface X-ray diffraction [9,10].  

 There are many advantages in PLD techniques. Firstly, the stoichiometry of the 

grown thin film is mainly determined by that of the target enabling fabrication of 

multi-component materials. This contrasts to typical oxide MBE growth which requires 

independent control of the constituent cations. Secondly, the laser system is placed outside 

the chamber, that is not affected by the condition inside the chamber like oxygen partial 

pressure. Most of the growth techniques including MBE have their precursor sources inside 

the chamber. Thirdly, the high kinetic energy of the plasma makes it possible to perform 

low temperature growth of thin films compared with MBE [11,12]. Fourthly, PLD is 

applicable to many materials having high melting points. Figure. 3.1 shows the schematic 

picture of the PLD system employed in this study. A pulsed KrF Excimer laser 

(COMPexPro 201F, Coherent Inc.) with a pulse duration time of about 25 ns and λ = 248 

nm was used for the ablation of the oxide targets. The pulsed nature of the laser gives two 

independently controllable parameters which govern the growth kinetics, namely the 

volume of species ablated per shot and the time interval between pulses. The former 

parameter depends on the laser power on the target surface that is adjusted by rotating the 

variable attenuator. The latter parameter is determined by the laser repetition rate, which is 

modulated by changing the frequency of the input trigger voltage by a function generator 

(DS345, Stanford research systems, Inc.).  
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 The LaAlO3 (100) substrate was cut into (5 × 5 mm
2
) and attached to the center of 

a carbon plate with Pt paste. This carbon plate is mounted on the sample holder and fixed 

using Inconel wires. The thin film growth is performed under oxygen atmosphere. The base 

pressure of the chamber is around 10
−9

 Torr which mainly consists of water and nitrogen. 

High purity oxygen (99.999 %) is introduced during growth and its partial pressure is 

precisely controlled by a variable leak valve to 10
−8

 Torr accuracy. The oxygen partial 

pressure is monitored by an ion gauge under high vacuum (< 10
−5

 Torr) and a capacitance 

gauge for low vacuum (> 10
−3

 Torr). The substrate is heated by a continuous infrared laser 

(PA-LH0601-001-T, Pascal) guided through an optical fiber bundle from the top flange 

radiating the back side of the carbon plate where the substrate is mounted. The substrate 

temperature is monitored by the observation of the black body radiation from the carbon 

plate using a pyrometer. The maximum available temperature is around 1300 
◦
C. 

 During the growth, the thin film surface is monitored by RHEED (ARH-100 

Vacuum products Co., Ltd) which is widely used to characterize the surface structures of 

crystalline materials as shown in Figure. 3.2 [10,13]. The incident angle of the electron 

beam was kept at a glancing angle in order to prevent the electron beam from transmitting 

into the bulk region. The basic principle is that diffraction occurs when two different 

Figure. 3.1 A schematic pulsed laser deposition apparatus. 
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reciprocal points, which are Fourier transforms of the crystal structure in real space, exist 

on the surface of an Ewald sphere whose radius equals the incident electron beam wave 

vector k0. In the case of RHEED, the electrons are reflected mainly in the top-most surface 

of the thin film and the reciprocal points are degenerated into reciprocal rods. The wave 

vector of the incident electron is expressed as 

   
2

2

e2
1

c

E
Emk 


 (3.1)  

where k = 785nm
−1

 when the energy of the electron E =20 keV, and ℏ is the Plank constant 

divided by 2π, and me is the free electron mass. The lattice constant of reciprocal unit cell of 

anatase TiO2 is 2.64 nm
−1

 and 1.05 nm
−1

 for a-axis and c-axis, respectively. Since the radius 

of the Ewald sphere is substantially larger than the reciprocal of the lattice constant, the 

intersection of the Ewald sphere and the reciprocal rods become long that result in a streak 

pattern on the screen. In the Frank-van der Merwe growth mode, so called the 

layer-by-layer growth mode, where complete films form prior to growth of subsequent 

layers, the intensity of RHEED diffraction spot is known to oscillate periodically. The 

relationship between the intensity and the surface morphology change during growth is 

shown in Figure. 3.3. In the initial stage of the growth, adatoms attach to the surface and 

form many nuclei resulting in rough surface which lowers the diffraction intensity of the 

RHEED. As the growth progresses, the nuclei become large and the surface turns flat 

Figure. 3.2 The principle of reflection high energy electron diffraction (RHEED). 
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increasing the diffraction intensity. In the case of anatase TiO2 thin films, a single RHEED 

oscillation corresponds to the deposition of 0.5 unit cell [14]. This technique enables us to 

control the thickness of the grown thin films with sub-monolayer accuracy.

 

Figure. 3.3 (a) An intensity oscillation of RHEED diffraction spot during thin film growth. 

(i) to (iv) corresponds to the each step during the formation of one monolayer shown in (b). 

3.2. Atomic Force Microscopy (AFM) 

Atomic force microscopy (AFM) is one of the foremost techniques for imaging, 

measuring, and manipulating matter at the nanoscale. The principle of measurement depends 

on atomic force between the surface and the tip. Since atomic forces exist in all materials, 

AFM is capable of measuring any samples. In addition, the samples measured in AFM do not 

(a) (b)

Figure. 3.4 The principle of Atomic Force microscope. 



 

 24 

require any special treatment or environment such as metal coating or high vacuum unlike 

the case of scanning tunneling microscope, for example. A schematic picture of an AFM is 

shown in Figure. 3.4. In this research, the tapping mode AFM was employed, in which the 

cantilever is driven near its resonance frequency. Compared with contact mode where tip 

touches the surface, tapping mode causes minimal damage to the surface. Laser light from a 

solid state diode is reflected from the back of the cantilever and detected by a photodiode as 

the cantilever oscillates as it scans across the sample surface. The deflection of the 

cantilever is detected by the position of the laser spot on the photodiode. When the 

tip-surface distance changes, the amplitude of the tapping oscillation changes accordingly. 

The servomotor attached to cantilever adjusts the tip-surface distance to maintain a constant 

cantilever oscillation amplitude as the cantilever is scanned over the sample. A tapping 

mode AFM image is therefore produced by imaging the force of the intermittent contacts of 

the tip with the sample surface. Typical accuracy in the z-direction is better than 1 nm with 

the scan range of several micrometers. 

3.3. X-ray Diffraction 

 X-ray diffraction (XRD) techniques are widely used as a non-destructive technique 

which reveals information about the crystallographic structure because wavelengths of 

X-rays is typically of similar order to the lattice constants. The XRD techniques are based 

on Bragg’s law: 

Incident X-ray beam

Atoms

Figure. 3.5 Bragg’s law.  
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   Mθd sin2  (3.2)  

where d is the spacing of atomic plane, θ is a half of the diffraction angle of incident X-ray, 

M is integer and λ is the wavelength of the X-ray. This means that the reflected X-ray 

intensity is strong when the reflected X-ray by the parallel crystal planes are interfered 

constructively as shown in Figure. 3.5. The XRD instrument (D8 Discover: Brucker AXS 

Inc.), consists of three basic elements, an X-ray source, a sample holder and a scintillation 

counter as shown in Figure. 3.6. The wavelength of the emitted X-ray is Cu K radiation (λ 

= 0.15406 nm). In this study, 2θ-ω scan was employed which changes θ and ω 

simultaneously maintaining the relation θ − ω = constant and find the proper angle that 

meets Bragg’s law. By using this technique, the c-axis lattice constant of the thin films 

under different growth conditions are obtained. The domain size in the film is evaluated 

from the full-width half maximum (FWHM) of the 2θ-ω peaks, which is one of the most 

important criteria of crystalline quality, by using Sherrer’s equation 

  
  

(3.3)  

where D is crystal domain size and K is Scherrer constant usually around 0.94 [15]. 

θB

K
D

cos




Sample

Figure. 3.6 The X-ray diffraction measurement system. 
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3.4. X-ray reflectivity 

 Accurate thickness measurement is always important for thin film samples. X-ray 

reflectivity (XRR) is a suitable technique for several tenths nm thick films grown by PLD 

where atomically flat surfaces and interfaces are readily obtained. In a reflectivity curve, 

clear intensity oscillations can be observed when constructive interference occurs between 

the x-rays reflected from the upper and lower interfaces. This has the same origin as thin 

film interference fringes observed in optical reflectance and transmittance measurements. 

The amplitude of the reflection strongly depends on the reflectivity of the interface which is 

determined by the refractive indices above and below the boundaries as well as the interface 

roughness. Assuming a single layer grown on a semi-infinite substrate, the reflectivity is 

described as 
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  (3.4)  

where r1 and r2 are the Fresnel reflectivity coefficients of the free surface and the substrate 

interface, respectively, k0x is the vertical component of the wave vector of the beam 

transmitted through the layer and t is the layer thickness as shown in Figure. 3.7 (a). From 

this formula it follows that the intensity maxima appear whenever exp(-2ikoxt) = 1. This 

means that at angle positions im satisfying the following equation will show maximum 

intensity, 
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Figure. 3.7 (a) A schematic of interference in XRR measurement. (b) XRR of AgTaO3 

(52 nm)/Nb:SrTiO3 (100). 
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   Mααt c 
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where c is the critical angle of total external reflection of the layer defined as sinc = 

        where N is the layer refractive index. Assuming the incident angle is 

sufficiently small enough to meet sin im  im, this formula can be approximated to: 
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Figure 3.7 (b) shows an example of clear oscillations observed for XRR data for AgTaO3 

thin film grown on Nb:SrTiO3.  

3.5. Electrical transport measurements 

 Electrical transport properties of the semiconducting thin films were characterized 

by temperature dependent resistivity measurements and Hall measurements using four 

probe methods. Compared with two probe methods, the four probe method has the 

advantage that the effect of the contact resistance can be ignored if it is small compared to 

the input impedance of the voltmeter (typically, GΩ range or higher). The samples were 

wired with Al wires by using an ultrasonic wire bonder (West Bond 74760, HiSOL, Inc.). 

All transport measurements were performed in a PPMS (Quantum Design, Inc.) down to 2 

K in temperature and under magnetic fields up to ± 14 T applied by a superconducting 

magnet. Hall measurement is a technique from which we can obtain a type, density and 

mobility of carriers from Hall coefficients when it is combined with inplane resistivity 

measurements. For a simple metal, where there is only one type of charge carrier (electron), 

the Hall voltage VH, which is the potential difference perpendicular to the current flow, 

given by 

   
ned

IB
V H

 (3.7)  

where I is the current across the plate length, B is the magnetic field, d is the thickness of 

the film, e is the elemental charge, and n is the charge carrier density of the carrier electrons. 

The Hall coefficient is defined as 
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H   (3.8)  

where jx is the current density of the carrier electrons, Ey is the induced electric field 



 

 28 

calculated from the VH divided by the distance of electrodes measuring Hall voltage. As a 

result, Hall measurement combined with inplane resistivity measurement is useful to 

measure the carrier density and mobility. 

3.6. Characterization technique of vertical transport 

In order to demonstrate the band alignment tuning, Schottky junctions consisting 

of simple metals and oxide n-type semiconductors are employed as model systems in this 

study. In particular, we focus on tuning the Schottky barrier height (SBH). There are two 

advantages for using Schottky junctions. First, its band diagram is simple because there is 

almost no band bending in the metal side. Second, various techniques are available to 

characterize the SBH. In this Section, the three techniques to characterize the band 

alignment will be introduced. 

 

3.6.1. Current-voltage measurement 

Current-voltage (I-V) measurement is the most commonly used technique to 

characterize the SBH of metal-semiconductor junctions. The example of I-V curve is shown 

in Figure. 3.8 [17]. Assuming the dominant charge transfer across the interface is 

thermionic emission, which originates from the electrons with kinetic energy higher than 

the SBH at the interface, the I-V characteristic is expressed by the thermionic emission 

model. 
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where V is the applied bias, T is the temperature, b is the SBH of the given junction, mn is 

the effective mass of the electron in the n-type semiconductor. A
* 

is called a Richardson 

constant which includes an empirical factor  that accounts for deviation from the ideal 

thermionic emission theory. According to Crowell and Sze,  ～ 0.65 for Si [18].  

 SBH is obtained by fitting I-V curve of Schottky junction by this thermionic 

emission model. However, there are several requirements to use this formula to calculate. 

First, this formula assumes that an external voltage drop is primarily across the metal 

semiconductor interface. In highly resistive low mobility and carrier density semiconductor, 

the current through the Schottky barrier may be limited more by processes of diffusion and 

drift in the space charge region rather than by the barrier at the metal semiconductor 

interfaces. Under such conditions, the electron quasi-Fermi level will vary in the depletion 

Figure. 3.8 Examples of forward bias I-V curve of W/Si and W/GaAs junctions [17]. 

Figure. 3.9 Band diagrams of Schottky junctions when (a) thermionic emission, (b) thermionic 

field emission, and (c) field emission are the dominant charge transfer mechanism [16]. 
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region, and the thermionic emission model will not be valid. The quantitative criterion of 

the validity of the thermionic emission model is obtained by comparing the mean free path 

of electrons with a characteristic distances dT and  defined below. 
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where Fmax is the maximum electric field at the interface expressed as  
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and the mean free path  of the electron given by 
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where n is the mobility of electron, Nd is the dopant density, Vbi is the built in potential  

which is related to the barrier height by the equation b = eVbi + V0 where V0 is the energy 

difference of the Fermi level and the conduction band minimum and s is the DC dielectric 

constant of the semiconductor. The thermionic emission model is valid only when  > dT. In 

the case of Pt/0.1 at % Nb doped TiO2 junction,  = 710
-10

 m and dT = 310
-11

 m meeting 

this condition.  

 Second, thermionic emission has to be dominant current flow process at the 

Schottky junction. There are two more current flow processes competing with thermionic 

emission which originate from tunneling current. The ratio of the thermionic emission and 

the tunneling processes are determined by the SBH and the dopant concentration because 

the depletion layer thickness of Schottky junction is expressed as, 
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where Vbi is the built in potential of Schottky junction. the thickness of depletion layer 

becomes smaller with increase of dopant density in the semiconductor. In Schottky 

junctions with highly doped semiconductors, the depletion region becomes sufficiently 

narrow that the electrons can tunnel through the barrier near the top, where the barrier width 

is thin. Therefore, the electrons with the kinetic energy less than the barrier height start to 

contribute to the current across the interface. This process is called thermionic field 

emission. In degenerate semiconductors, even the electrons near the Fermi level can tunnel 

through the barrier, which is called field emission. The band diagrams for the three different 
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cases are summarized in Figure. 3.9. In order to judge the dominant contribution of the 

current, a parameter E00 defined as 

   E00 = 
2

1

sn

d
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 (3.16)  

is compared with kBT. When E00 becomes much larger than kBT, field emission is dominant 

and when they are comparable, thermionic field emission is dominant. Only when kBT >> 

E00, thermionic emission model is valid. In the case of TiO2 whose carrier density reaches 

110
19

 cm
3

, E00 and kBT become comparable using the mn = me which is the free electron 

mass and s = 30 0 [19]. The I-V characteristic of thermionic field emission is given by the 

following equation. 
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Thus, an ideality factor becomes larger as E00 increases and a SBH obtained by the 

thermionic emission model becomes smaller than the actual barrier height. 

Third, the inplane distribution of the SBH has to be uniform since I-V 

characteristic is sensitive to spatial potential fluctuation at the interface. This is explained 

by considering the I-V characteristic of parallel diodes with different SBHs. When a 

Figure. 3.10 (a) The boundary condition at the interface between a metal and a 

semiconductor (z = 0) projected onto the plane of the interface. (b) The calculated potential 

profile using equation (3.19) using R0 = 2 nm, W = 30 nm,  = 0.8 eV, Vbi = 1.5 V. 
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forward bias is applied to this circuit, the I-V characteristic is always governed by the 

region with the smallest SBH. 

 This effect is discussed in detail by considering the Schottky junction having 

circularly-shaped patches with a smaller barrier height embedded in a host of higher barrier 

height [20]. The schematics of the boundary condition of the junction is shown in Figure. 

3.10 (a). In this model, the boundary condition at the metal semiconductor interface is 

described by the following formula 

   ),()0,,( bi yxeVyx    (3.18)  

where  is the conduction band minimum of the semiconductor,  is the local difference 

between the high and low SBHs. Coordinates are defined so that z is perpendicular to the 

interface. The conduction band minimum of the semiconductor at an infinite distance is 

defined as () = 0. Here, we treat the potential due to the presence of the SBH 

inhomogeneity as a perturbation. The local potential change can be regarded as a variation 

of interface dipole moment per area given by 2s(x, y), since it satisfies the boundary 

condition of Eq. (3.18). From this dipole approximation, the potential at a location (x, y) in 

the depletion layer is approximately described by 
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Assuming the local variation of the SBH is circular shape and its diameter R0 is much 

smaller than the depletion layer thickness W which is called as pinched off, the potential 

around the patch, except near the core of the variation is given by 
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where  is a dimension less parameter which is a criteria of a strength of a given patch 

defined as 
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The calculated potential around the patch is displayed in Figure. 3.10 (b) for parameters R0 

= 2 nm, W = 30 nm,  = 0.8 eV, Vbi = 1.5 V. Applying the thermionic emission theory to this 
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system, the effective barrier height (Beff) and the ideality factors (nideal) in I-V 

measurements are obtained as following. 

   )31(BBeff ΓΦΦ   (3.22)  

 

   Γnideal  1  (3.23)  

These two equations indicate that applying the thermionic emission model to I-V 

curves of inhomogeneous junctions gives a smaller SBH value than the averaged SBH and 

an ideality factor larger than unity.    

3.6.2. Capacitance voltage measurement 

Measuring the depletion capacitance of Schottky diode is also widely used to 

evaluate the SBH. Experimentally, the procedure involves application of DC bias voltage 

across the interface while measuring the impedance with an AC voltage superimposed. This 

technique is less sensitive to small variation of SBH at the interface compared with I-V 

measurement because the diode with the smallest barrier height dominates the I-V 

characteristic but the barrier height with the largest contact area dominates the capacitance 

measurement. Generally, a SBH measured by I-V is smaller than that is estimated from Vbi 

obtained by capacitance voltage measurement [21]. The capacitance per unit area of a 

Schottky diode is given by 
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  (3.24)  

Experimentally, Vbi is obtained by the voltage intercept of a linear extrapolation of 1/C
2
 vs. 

voltage as shown in Figure. 3.11. 

In order to obtain Vbi correctly, there are several requirements. First, the uniform 

doping concentration is needed. This is confirmed by the voltage independent derivative of 

C
-2

. Second, the impedance originated from any electrical elements connected in series with 

the depletion capacitor has to be negligibly small. In this study, the capacitance of the oxide 

dipole is always estimated from the thickness and the dielectric constant of the dipole layer 

material to make sure its impedance is negligibly small. Third, the leakage of the depletion 

capacitor should be sufficiently small. This is estimated from the dissipation defined as the 

ratio of the real part and the imaginary part of the impedance. Assuming the Schottky 

junction can be regarded as a parallel circuit of a capacitor (Cp) and a resistor (Rp), large 

dissipation value corresponds to low Rp. This results in the resistive impedance 

overwhelming the capacitive impedance, and the Cp value gets lost in the noise. 
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3.6.3. Internal photoemission  

Internal photoemission (IPE) is one of the most reliable techniques to determine 

the SBH [22]. The principle of IPE owes to the photocurrent through the Schottky junction 

due to optically excited carriers from the metal which can surmount the barrier. The barrier 

height is determined by measuring the spectral response of the photocurrent.  

The photocurrent is calculated by assuming that the quantum efficiency is 

proportional to the number of electrons with kinetic energy normal to the interface which is 

enough to surmount the potential barrier after photo-excitation. In this theory, all the 

absorbed photon energies are converted to the kinetic energy of the electrons normal to the 

interface. The parabolic bands of both the semiconductor and the metal are assumed as 

shown in Figure. 3.12. The z-axis is always chosen perpendicular to the interface of the 

junction. Additionally, translational invariance of the potential acting upon the carriers was 

assumed. Hence, the carrier momentum parallel to the interface is assumed to be conserved. 

The condition for electron injection from metal to semiconductor is 
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Figure. 3.11 Capacitance voltage measurements of W/Si and W/GaAs Schottky 

junctions [17]. 
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where mn and mm is the effective mass of electron in the semiconductor and the metal, px, pz, 

py are the x, y and z components of the momentum. When mn < mm, the number of electron 

per unit volume is calculated from the following formula. 

   2

B )( ΦY    (3.26)  

where Y is photoyield which is defined as the photocurrent per photons and  is the 

wavelength of the excitation light. The SBH is obtained by the photon energy intercept 

from a linear extrapolation of square root of Y as shown in Figure. 3.13. The basic 

experimental configurations are summarized in Figure. 3.14. A 300 W Tungsten-Halogen 

metal

),( zES B

Semiconductor

E

kz



kz

E

O O

Figure. 3.13 IPE data of W/Si and W/GaAs Schottky junctions. Solid lines are linear 

fittings to the square root of the photoyield [17].  

Figure. 3.12 The band diagram of metal semiconductor interface.  
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lamp was utilized as a standard light source covering from UV to IR range. The output 

wavelength was controlled by a grating monochromator which was coupled to an optical 

fiber. Long-pass filters were utilized to cut the higher-order harmonics from the gratings. 

The light was focused onto a circularly-shaped Schottky electrodes with typical diameter of 

several hundred micrometers using a microscope objective lens. Lock-in amplifier 

synchronized with an optical chopper was utilized to measure the photocurrent. The 

uniqueness of IPE is that the barrier height can be measured even without application of 

external voltage unlike I-V and C-V, probing the junction in equilibrium state.  
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Chapter 4.  

Fabrication of high quality 

LaAlO3/TiO2/LaAlO3 heterostructure 

4.1. Introduction 

We aimed to grow an epitaxial LaAlO3 layer on anatase TiO2 (001) to 

demonstrate the band alignment tuning at the interface of a polycrystalline metal and a 

binary oxide. There are two difficulties to fabricate the LaAlO3/TiO2/LaAlO3 (100)  

heterostructure. The first problem is crystalline quality degradation of TiO2 upon growth of 

LaAlO3 capping layers [ 1 ,2 ]. When heterointerfaces are formed, there are various 

phenomena that can lead to atomically non-abrupt interfaces, such as cation intermixing [3], 

electronic reconstruction [4], encapusulation [5] and chemical reactions [6]. In order to 

observe band offset change induced by electrostatic dipoles, crystalline quality variations, 

which can also affect the band alignment, caused by the deposition of the dipole layer has to 

be suppressed. Thus, we will establish the growth conditions for LaAlO3 where no 

degradation of TiO2 occurs by understanding its mechanism. 

 The second problem is (1  4) reconstruction of anatase TiO2 (001) surface that 

occurs for the thin films grown under high vacuum. Atomic structure of unreconstructed 

TiO2 surface and the reconstructed TiO2 surface predicted by first principles calculations [7] 

and STM studies [8] are shown in Figure. 4.2. Owing to the lattice mismatch, the epitaxial 

growth of an oriented perovskite oxide on the reconstructed surface may be unstable. 



 

 

Oriented single crystal perovskite oxides 

are regarded as an alternate stacking of 

specific crystallographic orientation

technique to stabilize unreconstructed TiO

LaAlO3 (100) surface. 

  

Figure. 4.1 (a) XRD patterns for a TiO

(b) The overlayer thickness dependence of

open symbol and LaAlO3 closed 

and line [1]. 

(a)

Figure. 4.2 Atomic structures

TiO2 (001) surface suggested from previous researches [
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le crystal perovskite oxides may be crucial to obtain dipole effect because they 

alternate stacking of positively and negatively charged layer only in 

orientations. Therefore, we will establish a surface treatment 

unreconstructed TiO2 (001) surface which is lattice matched with a 

XRD patterns for a TiO2 film capped by 3, 50, and 100 u.c. LaAlO

The overlayer thickness dependence of the resistivity of 16 nm thick TiO

closed symbol at 10 K square and dotted line and 300 K

(b)

s of (a) (1  4) reconstructed and (b) unreconstructed anatase 

(001) surface suggested from previous researches [7]. 

crucial to obtain dipole effect because they 

positively and negatively charged layer only in 

establish a surface treatment 

which is lattice matched with a 

and 100 u.c. LaAlO3 layers. 

TiO2 for LaTiO3 

and 300 K circle 

4) reconstructed and (b) unreconstructed anatase 
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4.2. Experimental 

 Anatase TiO2 films were epitaxially grown on LaAlO3 (100) substrates by using 

PLD with a KrF excimer laser imaged onto a spot size of 3.01 mm2. The growth sequence 

and observed reflection high energy diffraction (RHEED) patterns of a LaAlO3 (100) 

substrate and as-grown anatase TiO2 are shown in Figure. 4.3 (a)-(c). Prior to the deposition, 

the substrates were annealed at 900 oC at an oxygen partial pressure of 1×10−6 Torr to 

obtain atomically flat surfaces with single termination [9]. The 40 nm thick TiO2 thin films 

were deposited by ablating a polycrystalline target at substrate temperature and oxygen 

partial pressure of 700 oC and 1×10−5 Torr, respectively. These thermodynamic conditions 

has been already optimized previously [10], and are similar to those reported for high 

quality epitaxial anatase TiO2 thin films elsewhere [11,12]. In the previous study, the Hall 

carrier density was an important criterion for the crystalline quality variation induced by 

LaAlO3 deposition. Therefore, before the LaAlO3 deposition, the number of oxygen 

vacancies that emit free electrons in anatase TiO2 should be minimized to sensitively detect 

the crystalline quality change. Previously, we found that the growth rate strongly influences 

the number of oxygen vacancies induced in TiO2 [13]. In the case of pulsed laser deposition, 

the laser fluence varies the amount of the ablated species per shot and the repetition rate 

changes the interval between each pulse. The growth rate was regulated to 0.007 nm/s by 

setting the repetition rate to 1 Hz and the laser fluence to 0.66 J/cm2. RHEED was used to 

confirm the (1 × 4) reconstructed surfaces during the growth. In the case of anatase TiO2, 

one period of the RHEED oscillation corresponds to half of a unit cell [14]. The evaluated 

thickness showed good match with X-ray reflectivity measurement taken after the growth.  

50 min
900 oC

700 oC

600 oC TiO2

0.66 J/cm2

1 Hz

LaAlO3

0.38 J/cm2

1-3 Hz

10-5 Torr

10-6 Torr

(a)

Time

T
em
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u
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O
xygen
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re

(b)

(c)

Figure. 4.3 (a) The growth sequence of LaAlO3/TiO2/LaAlO3 (100) heterostructure. (b) 

RHEED patterns of as-grown anatase TiO2 thin film and (c) annealed LaAlO3 (100) substrate. 
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 The LaAlO3 capping layer was grown on anatase TiO2 by ablating LaAlO3 single 

crystal substrate. The oxygen partial pressure, the laser fluence and the repetition rate of 

LaAlO3 growth was changed within the range of 10-5 to 10-6 Torr, 0.28 to 0.58 J/cm2 and 0.6 

to 3 Hz, respectively. Although the LaAlO3 thickness required for the dipole effect is few 

u.c., 16 nm LaAlO3 capping layer was grown on the TiO2 to characterize the structural 

properties. In addition, it was previously reported that the crystalline quality degradation of 

TiO2 induced by LaAlO3 capping layer is known to be more significant as the LaAlO3 

capping layer becomes thicker [1]. The structural properties of the fabricated films were 

characterized by XRD. Raman scattering technique was utilized to detect the in-plane 

crystalline phase domains. Temperature dependent Hall measurements were utilized to 

study the number of oxygen vacancies in the TiO2. 

4.3. Anatase TiO2 thin films growth 

First, we'll introduce the brief history of the growth of anatase TiO2 thin films. 

The single crystal of anatase TiO2 has been difficult to grow because it is a metastable 

phase. Figure. 4.4 (a) shows the calculated Gibbs free energy at atomopsheric pressure [15]. 

The rutile phase is more energetically stable independent of temperature. In 2001, 

Yamamoto et al., demonstrated that the pulsed laser deposition technique can be utilized to 

grow single crystalline anatase TiO2 on lattice matched perovskite oxide substrate LaAlO3 

[16]. This result provided an ideal platform to study the basic physical/chemical properties 

of anatase TiO2 single crystal leading a discovery of transparent conductivity [17] and room 

temperature ferromagnetism [18] induced by transition metal doping. 

(a)

Figure. 4.4 (a) Gibbs free energy of anatase and rutile phase in air [15].  



 

 43

With expanding interest for electronic properties of anatase TiO2, the importance 

of controlling oxygen vacancies in anatase TiO2 has been more significant since oxygen 

vacancies can influence the physical properties in various ways. First, they behave as donor 

dopants emitting two electrons because the energy level of the oxygen vacancy is very close 

to the conduction band minimum of TiO2 [19]. Second, oxygen vacancies are ionized 

impurities that degrade the electron mobility. Generally, the number of oxygen vacancies in 

oxides can be easily tuned by changing the thermodynamic conditions during the thin film 

growth [20]. However, in the case of TiO2, anatase to rutile phase transition is easily 

induced by small variations in the growth temperature and the oxygen partial pressure [21]. 

Previously, we have established a technique to control the number of oxygen vacancies by 

the modulation of the growth rate [13]. The number of electrons, which corresponds to 

twice of the number of oxygen vacancies, were continuously tuned by the growth rate 

accompanied by the mobility change originated from ionized impurity scattering [22] 

(Figure. 4.5 (b),(c)). This trend is consistent with the growth rate dependence of critical 

excitation power in photoluminescence at which the photoluminescence intensity from 

oxygen vacancies are saturated. Associated with a systematic change in the number of 

oxygen vacancies, the clear insulator to metal transition was observed in temperature 

dependent resistivity as shown in Figure. 4.5 (a). This behavior is explained by Mott 

criterion which describes the critical dopant density of the metal to insulator transition in 

semiconductors. Mott criterion is expressed as 

   
3

H

c
)4(

1

a
n   (4.1)  

   
2

n

2
s

H

4

em
a


  (4.2)  

where aH is the effective bohr radious, mn is the effective mass of the electrons, and s is the 

dielectric constant of semiconductor. The calculated Mott criterion of anatase TiO2 is 2  

1018 cm-3 using the values of mn equal to the free electron mass and the relative dielectric 

constant of 30 [23] which is in the range of the number of oxygen vacancies we tuned. 

Although the number of oxygen vacancies are tuned by two orders of magnitude, the XRD 

pattern of anatase TiO2 (004) remained the same. There was no obvious change in surface 

morphology either. These results indicate that the successful control of the number of 

oxygen vacancies utilizing oxidization kinetics by the growth rate.  
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(d)

Figure. 4.5 (a) -T curves of anatase TiO2 for various growth rates (r). Numbers correspond 

to the growth rate (  10-3 nm/s). (b) Hall mobility, (c) carrier density and resistivity at T = 

300 K as a function of the growth rate. The dashed lines are guides for the eye. The solid

line gives the calculated carrier density from the kinetic simulation. (d) Growth rate 

dependences of carrier density and critical excitation power where defect mediated 

luminescence is saturated [13]. 
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4.4. Growth parameters for LaAlO3 capping layer and crystalline 

quality of TiO2 

In the following section, we discuss the optimization of the growth parameters of 

LaAlO3 capping layer on top of anatase TiO2. TiO2 was fabricated under the condition 

optimized before. First of all, the relationship between crystalline quality of anatase TiO2 

and the three growth parameters, oxygen partial pressure, laser fluence and repetition rate 

was investigated. The crystalline quality examined by XRD 2 -  scan is summarized in 

Figure. 4.6. The thickness of the grown LaAlO3 capping layer was fixed to 40 u.c. which is 

almost the same thickness as Takahashi’s work [1]. Only anatase TiO2 (004) peak and 

LaAlO3 (002) peak were detected in the conditions we employed. Anatase TiO2 peak 

intensity decreases under the conditions where oxygen incorporation from the atmosphere 

is suppressed , which are lower PO2, faster repetition rate, and higher laser fluence. In the 

following section, we will focus on the repetition rate dependence which can systematically 

tune the oxidization kinetic without major influences on the other growth kinetics and 

thermodynamics. The growth temperature, the oxygen partial pressure and the laser fluence 

were fixed to 600 oC, 10-5 Torr and 0.28 J/cm2, respectively.  

 

 

 

 

Figure. 4.6 The relation between XRD patterns of LaAlO3 (40 u.c.)/TiO2 (40 u.c.)/LaAlO3 

heterostructure and (a) laser fluence, (b) oxygen partial pressure and (c) repetition rate of 

LaAlO3 capping layer. The conditions not specified were fixed to the temperature of 600 oC, 

the oxygen partial pressure of 10-5 Torr, the laser fluence of 0.28 J/cm2 and the repetition rate 

of 1 Hz. 
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4.5. LaAlO3 Repetition rate dependence of anatase TiO2 

X-ray diffraction pattern and Raman spectra of LaAlO3 (40 u.c.)/TiO2 40 

(u.c.)/LaAlO3 (100) fabricated under various LaAlO3 repetition rates are summarized in 

Figure. 4.7. The intensity of anatase TiO2 004 peak in 2 -  scan monotonically decreases 

with the repetition rate of LaAlO3 indicating the degradation of the crystalline quality of 

anatase TiO2. It should be noted that there were no obvious change of XRD pattern in 0.6 

Hz compared with no LaAlO3 suggesting that high quality anatase TiO2 were preserved.  

 Raman spectra showed anatase B1g, A1g, and Eg modes for lower repetition rate 

samples which correspond to the peaks at 395 cm-1, 515 cm-1 and 636 cm-1, respectively 

[24]. The small shoulder on the left of A1g peak is originated from Eg mode of LaAlO3 [25] 

which mainly comes from substrate because the total volume of the LaAlO3 capping layer 

is negligibly small and TiO2 is transparent for the excitation wavelength as shown in Figure. 

4.8 (a) [26]. For 3 Hz case, the sharp anatase peaks disappeared and broad rutile-like peaks 

showed up. This result suggests that small rutile domains with poor crystallinity exist in the 

TiO2 layer which is consistent with the absence of a rutile peak in XRD 2 -  scan.  
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Figure. 4.7 (a) XRD 2 -  scan and (b) Raman scattering data of LaAlO3 (40 u.c.)/TiO2

(40 u.c.)/LaAlO3 (100) grown under various repetition rate of LaAlO3. The Raman 

scattering peaks originated from anatase and rutile are described as A and R, respectively. 

The small shoulder on the left of anatase peak at 515 cm-1 corresponds to the phonon mode 

of LaAlO3 substrate which was confirmed by measuring bare substrate. 
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 In order to determine the crystalline orientation of the rutile phase, Raman data of 

3 Hz sample was compared with those of rutile single crystal substrates as shown in Figure. 

4.8 (b). Because of the angular dependent cross section, the peak intensity ratio of the three 

rutile phonon modes depends on the crystalline orientation. The Raman scattering spectra 

of 3 Hz is similar to that of Rutile (110). Therefore, the (110) orientation of rutile domains 

are likely to be formed parallel to LaAlO3 (100).  

 In order to further understand the origin of the crystalline quality change, electrical 

transport measurements were performed. Temperature dependent resistivity with various 

repetition rates is displayed in Figure. 4.9 (a). Clear metal to insulator transition was 

observed by the growth of LaAlO3 capping layer. Although 3 Hz sample showed metallic 

behavior at high temperatures, the resistivity increases abruptly at low temperatures 

indicating the enhanced scattering by crystalline disorders [22]. Carrier density and 

mobility obtained from room temperature Hall measurements are displayed in Figure. 4.9 

(b). The carrier density monotonically increased with the repetition rate. The carriers are 

identified as electrons from Hall measurement. Since the activation energy of the carriers 

calculated from temperature dependent resistivity was 60 meV, the origin of the carriers is 

Figure. 4.8 (a) Transmittance spectra for TiO2/AlO2-LaAlO3 (100) and TiO2/LaO-LaAlO3

(100) heterostructures and a bare LaAlO3 (100) substrate. [26]. Inset photographs show the 

TiO2 films on AlO2- and LaO-terminated LaAlO3 substrates (left and right, respectively), 

placed on top of printed text. Lateral sample size is 10 mm by 10 mm. (b) Raman scattering 

spectra of LaAlO3/TiO2/LaAlO3 (100) with LaAlO3 capping layer grown under 3 Hz and 

rutile TiO2 substrates with (001) and (110) orientation. 
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dominantly oxygen vacancies [19]. In the 0.6 Hz case, the carrier density was identical to 

the sample without LaAlO3 capping indicating that no oxygen vacancies are induced by the 

LaAlO3 capping layer at the low repetition rates which is consistent with structural 

characterizations. The behavior of the mobility change was similar to mobility dependence 

on dopant density in Nb doped TiO2 where the major scattering process is grain boundary 

scattering in diluted case and ionized impurity scattering in heavily doped case [22]. 

The mechanism of the TiO2 crystalline quality degradations is explained by the 

competition of oxygen incorporation from the atomosphere and oxygen extraction from the 

anatase TiO2 underneath. It is widely known that the precursors ablated from the oxide 

target contains reduced elements, such as La, Al and LaO [27]. The precursors are oxidized 

by the reaction with the oxygen atmosphere on the topmost surface. In the 0.6 Hz case, the 

topmost surface has enough time to react with the oxygen molecule in the chamber due to 

the slow growth rate. However, in the 3 Hz case, the deposited layers are covered by the 

subsequent layers before they are fully oxidized. In order to compensate the oxygen 

deficiency in the LaAlO3, oxygen atoms are extracted from the TiO2 layer underneath. The 

driving force of the oxygen extraction is the difference of electron negativities. Since 

Pauling electron negativity in Al (1.61) in LaAlO3 is larger than that of Ti (1.54) in TiO2, 

the oxygen atoms can diffuse from TiO2 to LaAlO3. It was also previously reported that the 

difference in electron negativity is a driving force at heterointerface of transition metal 

oxides in general [28].  

Figure. 4.9 (a) Temperature dependences of electrical resistivity of LaAlO3/TiO2/LaAlO3

(100) heterostructure with various repetition rates of LaAlO3 capping layer. (b) LaAlO3

repetition rate dependence of carrier density and electron mobility measured by Hall 

measurement at room temperature and magnetic field of 3 T. 
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4.6. Surface treatment of anatase TiO

Generally, (1  4) surface reconstruction occurs at anatase TiO

in UHV [9] which could prevent the growth of physically abrupt LaAlO

due to the mismatch in the lattice symmetry between the reconstruc

perovskite (100) surface. Typical (1 

as-grown anatase TiO2 film as shown in the left image in

(1  1) unreconstructed TiO2 

dosed with water and left in air for 2 hours prior to LaAlO

showed (1  1) RHEED pattern which was preserved up to 625 

LaAlO3 growth temperature of 600 

was grown on a water-treated TiO

RHEED measurement compared with that on as

result strongly suggests that good lattice match between perovskite oxide and 

unreconstructed TiO2 surface is essential for the growth of high quality LaAlO

The stabilization by water is

atoms with oxygen atoms since

partially originated from the under

atoms are coordinated to the six neighboring oxygen

(short) equatorial bonds of length 

Figure. 4.10 (a) RHEED pattern

RHEED pattern of LaAlO3 grown on (c) as
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Surface treatment of anatase TiO2 (001) surface  

4) surface reconstruction occurs at anatase TiO2 (001) after growth 

] which could prevent the growth of physically abrupt LaAlO3/TiO

due to the mismatch in the lattice symmetry between the reconstructed TiO

ypical (1  4) reconstruction RHEED pattern appeared in the 

film as shown in the left image in Figure. 4.10 (a). In order to maintain 

 (001) surface, the as-grown anatase TiO2 (001) surface was 

dosed with water and left in air for 2 hours prior to LaAlO3 deposition. The water

1) RHEED pattern which was preserved up to 625 oC in PO2 = 10

growth temperature of 600 oC as shown in Figure. 4.10 (b). When 40 u.c. LaAlO

treated TiO2 surface, a clearer streak pattern were obtained from 

compared with that on as-grown TiO2 (Figure. 4.10

result strongly suggests that good lattice match between perovskite oxide and 

surface is essential for the growth of high quality LaAlO

The stabilization by water is explained by the chemical bonding of sur

since the instability of unreconstructed TiO2

under-coordinated Ti atoms [29]. In bulk anatase 

coordinated to the six neighboring oxygen atoms via two (long) apical and four 

(short) equatorial bonds of length 0.1979 nm and 0.1932 nm respectively at 15 K [

(a) RHEED patterns of as grown and (b) Water treated anatase TiO

grown on (c) as-grown and (d) water-treated TiO

 

(001) after growth 

/TiO2 (001) interface 

ted TiO2 surface and the 

4) reconstruction RHEED pattern appeared in the 

. In order to maintain 

(001) surface was 

water-treated TiO2 

= 10-5 Torr above the 

. When 40 u.c. LaAlO3 

streak pattern were obtained from 

10 (c) and (d)). This 

result strongly suggests that good lattice match between perovskite oxide and 

surface is essential for the growth of high quality LaAlO3 capping layer. 

explained by the chemical bonding of surface Ti 

2 (001) surface is 

anatase TiO2, each Ti 

via two (long) apical and four 

respectively at 15 K [30]. 

of as grown and (b) Water treated anatase TiO2 (001) film.  

treated TiO2. 
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However on the surface of TiO2, five-fold coordinated or four-fold coordinated Ti atoms are 

present. The density of such under-coordinated Ti atoms and TiO2 surface energy for 

various Ti-coordination are shown in Figure. 4.11 (a)-(c). Because of the high density of 

five-fold coordinated Ti atoms in anatase (001) surface, surface energy is higher than 

anatase (101) surface, which is the most stable surface with lowest density of 

under-coordinated Ti atoms. According to previous theoretical calculations, water molecules 

dissociatively adsorbs on anatase TiO2 (001) surface and hydroxyl groups bond with Ti 

atoms as shown in Figure. 4.11 (d) [31]. According to this proposed atomic structure, Ti 

atoms are now bonded to six oxygen atoms. Therefore, unreconstructed TiO2 (001) surface 

can be stabilized by the water treatment because of the decrease in the under-coordinated Ti 

atoms. 
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5

(a)

(b)

(c)

(d)

Figure. 4.11 (a) The schematics of atomic structure of anatase TiO2 (101) surface and (b) 

(001) surface. The coordination of Ti atoms are described by the number on atoms. (c) 

Table of formation energies of various TiO2 surfaces calculated in [29]. (d) Proposed 

atomic structure of dissociative adsorption of water on TiO2 (001) surface in [31]. 
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4.7. Conclusion 

We aimed to overcome two challenges to fabricate high quality 

LaAlO3/TiO2/LaAlO3 (100) heterostructure. The mechanism of the degradation of TiO2 by 

LaAlO3 growth was explained by the oxygen extraction from TiO2 to LaAlO3 driven by the 

difference in electron affinities of the cations. This effect is suppressed by the optimization 

of the repetition rate, controlling the balance of oxygen extraction from TiO2 and oxygen 

incorporation from the atmosphere. The (1 × 4) reconstruction of anatase TiO2 is solved by 

simple water treatment which decreases the density of under-coordinated Ti atoms by the 

dissociative water adsorption on the surface of anatase TiO2 (001). Therefore, it is 

concluded that the growth condition of high quality LaAlO3/TiO2/LaAlO3 (100) was 

successfully established. 
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Chapter 5.  

Band alignment tuning at 

Pt/LaAlO3/Nb:TiO2 interface 

5.1. Introduction 

The principal goal of this chapter is to clarify the structural requirement to utilize 

oxide dipole for device applications with non-isostructual interfaces. As discussed in 

Chapter 2, there are three possible mechanisms in general that might screen dipole effect, 

which are surface reconstruction of polar surface and pinning effect originating from metal 

induced gap states (MIGS) or disorder induced gap states (DIGS). Although the pinning 

effect caused by MIGS in ionic materials is expected to be limited because of the small 

penetration length, the surface reconstruction and DIGS are likely to take place in oxides 

materials too. Therefore, the feasibility of perovskite dipole at general interfaces is not 

obvious and needs to be examined. In Chapter 4, we have established growth techniques to 

obtain high quality LaAlO3/TiO2/LaAlO3 (100) heterostructure. Here, utilizing these 

samples, we aim to demonstrate the band alignment tuning at polycrystalline 

Pt/LaAlO3/TiO2 interface to clarify the structural requirement to activate perovskite oxide 

dipole. 
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5.2. Experimental 

In this section, the experimental procedure to fabricate Pt/LaAlO3/Nb doped 0.1 

wt % TiO2 (Nb:TiO2)/LaAlO3 (100) junction and SBH characterizations are described. 

Circular shape 5 nm thick Pt electrodes were deposited on top of LaAlO3 (0-2 

u.c.)/Nb:TiO2/(40 u.c.)/LaAlO3 (100) heterostructures. A schematic of the sample structure 

and expected band alignments are shown in Figure. 5.1. Nb:TiO2 was employed instead of 

non-doped TiO2 for stable control of carrier density by Nb dopant with small oxygen 

vacancies. The high quality LaAlO3/Nb:TiO2/LaAlO3 (100) heterostructure can be 

fabricated using the same procedure optimized in Chapter 4. Nb:TiO2 is grown by ablating 

polycrystalline Nb:TiO2 target under the same condition as the undoped TiO2.  

The thickness of Pt was varied from 2 nm to 10 nm to clarify the optimal 

thickness for the various measurements employed. Pt metal slug with 99.99 % purity placed 

on the carbon crucible was evaporated by the electron beam gun under room temperature 

and at base pressure of 10-8 Torr. The diameter and the shape of the metal electrodes were 

defined by a shadow mask directly attached to the surface of the sample. In order to clean 

the surface of Pt metal source, pre-evaporation of the Pt slug was performed with the closed 

shutter for 10 min.  

Prior to the Pt deposition, LaAlO3/Nb:TiO2/LaAlO3 (100) heterostructures were 

annealed under 450 oC and 760 Torr oxygen atmosphere for 5 min. using the tube furnace to 

remove contaminants and to fill oxygen vacancies on the topmost surface. Figure. 5.2 

shows the comparison of the current-voltage (I-V) characteristics of Pt/TiO2 junction with 

LAONb:TiO2

CBM

VBM

EF

Pt

LaAlO3

Pt

LaAlO3 (001)

Nb:TiO2

(a) (b)

Figure. 5.1 (a) The schematic sample structure and (b) the expected band alignment of 

Pt/LaAlO3/Nb:TiO2/LaAlO3 (100) heterostcuture. 
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and without this heat treatment. Most of the junctions without heat treatment showed poor 

rectification properties with large leakage current in the reverse bias. This result suggests 

that the oxygen vacancies on TiO2 (001) surfaces or carbon contaminations behave as an 

electrical leakage path in Pt/TiO2 junction. Since the saturation current at forward bias did 

not change after the heat treatment, only the surface oxygen vacancies are filled without 

affecting bulk structural properties. The junction without the heat treatment showed clear 

hysteresis by sweeping external bias. This result is consistent with the fact that oxygen 

vacancies are crucial for resistive switching behavior of Pt/TiO2 junctions [1]. Since 

suppression of reverse bias leakage is crucial for Schottky barrier height (SBH) 

measurements, this heat treatment was performed to all the junctions.  

The band alignment tuning at Pt/LaAlO3/TiO2 junction can be useful for practical 

devices because I-V characteristics of Pt/TiO2 junctions were widely studied for potential 

applications of resistive random access memories [1], photocatalysts [2] and gas sensors [3]. 

In spite of many studies about Pt/rutile TiO2 junctions focusing on I-V, the intrinsic value of 

the SBH is still controversial owing to limited studies on capacitance voltage measurement 

(C-V) and no report of internal photoemission (IPE) both of which are considered as more 

reliable techniques to obtain the SBH in conventional semiconductor interfaces. In addition, 

there is no study for Pt/anatase TiO2 junction which compare the SBHs obtained by C-V, 

I-V and IPE. The reported SBH values and measurement techniques are summarized in 

Figure. 5.2 (a) I-V curves of Pt Schottky electrodes deposited on as-grown anatase TiO2 

thin film and oxygen annealed films (760 Torr and 450 oC for 5 minutes). I-V curve of four 

different electrodes for as grown and three annealed samples are displayed. (b) Obtained 

Schottky barrier height and ideality factors from I-V measurements. 
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Table. 5.1. In this study, three different SBH measurement techniques were applied to 

Pt/anatase TiO2 heterojunction with small reverse bias leakage to establish a solid 

understanding of the SBH in this system. 

 

5.3. Current voltage measurements 

The I-V curves are summarized in Figure. 5.3 (a). All the junctions showed clear 

rectification proving the existence of Schottky barriers. The SBHs and ideality factors 

obtained from simple thermionic emission model discussed in Chapter 3 were summarized 

in Figure. 5.2 (b). The ideality factors were always larger than 1.5 indicating that simple 

thermionic emission is not valid. Therefore, although the SBH values are close to that 

reported for Pt rutile TiO2 junctions, the barrier height obtained from this model is not 

reliable.  

There are three possible reasons for the large ideality factors. First is that the 

contribution from thermionic field emissions and field emission in Pt/Nb:TiO2 is relatively 

high because of the small depletion layer width in the junctions as discussed in Chapter 3. 

The calculated depletion layer is 30 nm considering the dielectric constant of 30 [7] and the 

dopant density of 1 × 1019 cm-3 assuming full ionization of Nb dopant which is consistent 

with the carrier density obtained from Hall measurements. In this carrier density and 

depletion layer thickness, thermionic field emission is the dominant charge transfer process 

as discussed in Chapter 3. However, the calculated ideality factor from eq. (3.12) is 1.07 

which is much smaller than experimentally obtained ideality factor. Therefore, the large 

ideality factor increase cannot be attributed to thermionic field emission.  

The second possibility is the existence of small SBH region which is pinched off. 

As discussed in Chapter 3, if there is a small circular patches with smaller barrier height, 

Measurement techniques Measured SBH (eV) References

I-V, at room temperature 0.5 - 0.9 [3,4]

I-V Temperature dependent 0.5 - 1.37 [5,6]

C-V 1.3 [3]

Table. 5.1 The reported SBHs of Pt/Rutie TiO2 junction measured by various measurement 

techniques [3-6]. 
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the ideality factor n and the measured barrier height Beff are modified as follows [8] 

  Γn  1  (5.1)  

   ΓeVΦΦ biBBeff 3  (5.2)  

where B is the SBH and Vbi is the built-in potential of the junction without small 

patches. In the case of Nb:TiO2, eVbi almost equals SBH since the Fermi level is close to the 

conduction band bottom. If the large ideality factor at no LaAlO3 case can be explained by 

the spatial inhomogeneity of the SBH, paramter  = 0.6 from the Eq. (5.1). However, the 

substituting this value into Eq. (5.2) yields a negative barrier height which is not consistent 

with the positive barrier height obtained in the experiment.  

 The third possibility is the dominance of trap assisted tunneling. Trap assisted 

tunneling is a direct tunneling process from the electron occupied trap state in a 

semiconductor to a metal [9]. The current originated from trap assisted tunneling (Jtrap) is 

expressed as [10]  

   












 


Fe
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)(24
exp

T

trap  (5.3)  

where mn is the effective mass, Eg is the band gap of semiconductor ET is the 

energy level of the trap from the valence band and F is the electric field at the interface. 
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Figure. 5.3 (a) I-V curves of Pt (5 nm)/LaAlO3 (d u.c.)/Nb:TiO2 (40 u.c.)/ LaAlO3 (100) and 

(b) LaAlO3 thickness dependence of ideality factors derived from thermionic emission 

model. 
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Since the first derivative of the voltage dependence of Jtrap is not proportional to 

exp(eV/kBT), ideality factor should be larger than 1.0.   

 The increase of the ideality factor by the insertion of LaAlO3 is explained by the 

existence of mid-gap states at the interface of LaAlO3/TiO2. Assuming the number of 

pinholes in the insulating layer are small and the charge transfer at the interface is not 

dominated by the pinholes, the ideality factor is described by the following formula [11] 

   
ins

dDq
n


int

2

1  (5.4)  

where d is the thickness of the insulating layer, Dint is the energy density of interface states 

at the interface of the insulator and the metal, and ins is the dielectric constant of the 

insulator. In the Pt/LaAlO3/TiO2 junction case, the ideality factors linearly increase with the 

thickness of LaAlO3 capping layer in the gradient of 0.15 u.c.-1. From this gradient, Dint is 

calculated as 6.0 × 1013 cm-2eV-1 when ins = 30 [12] which is in the range of the interface 

states in the conventional semiconductor [13]. It should be noted that this value is the 

supremum of Dint because it is assumed that the ideality factor increase is just explained by 

the Eq. (5.4). 

5.4. Capacitance voltage measurement 

As I-V measurement technique is not reliable technique to estimate the SBH 

because of too high ideality factor, the C-V measurement technique was applied to this 

system. In order to obtain the capacitance value of the junction, the equivalent circuit of the 

Schottky junction has to be clarified. The electrical impedance of the Schottky junction is 

described by a parallel a resistor and a capacitor in series with another resistor as shown in 

Figure. 5.4 (a) and C is the capacitance of the Schottky junction. First, frequency dependent 

impedance measurement was performed to obtain the Rp, C, Rs value in the model at V = 0 

V. Frequency dependence of Cp was measured, which is the capacitance value when the 

equivalent circuit is assumed as a parallel circuit of a capacitor and resistor (Figure. 5.6 (b) 

and (c)). D is the dissipation defined as the real part of the impedance divided by the 

imaginary part. The relation between Cp, D, measurement frequency  and impedance Ztot 

is represented by the following formula, 

   )1(ptot DiCZ    (5.5)  
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 In this model, Ztot is expressed as  

The obtained C, Rp, Rs values from these two equations are summarized in Figure. 5.6. As 

the thickness of LaAlO3 layer increases, the Rp decreases indicating that increase of the 

electrical leakage at the junction though the insertion of the robust insulating layer at the 

interface. This trend implies the possible decrease in the SBH. The Rs value is almost 

independent of the LaAlO3 layer thickness and roughly same as the resistance of the 

Nb:TiO2 between the Pt electrode and the InGa Ohmic contact measured by a 4-probe 

method.  

 The measurement frequency of the capacitance voltage measurement was fixed to 

1000 Hz because it should be performed at the frequency with minimum dissipation value 

to suppress the error bar of the capacitance which is expressed as  
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1 D
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Figure. 5.4 (a) A parallel resistor and a capacitor in series with another resistor model. (b) a 

parallel resistor and capacitor model. (c) Capacitance frequency measurement of Pt (5 

nm)/LaAlO3 (d u.c.)/Nb:TiO2 (40 u.c.)/LaAlO3 (100). Cp and D shown by open and filled 

symbols, respectively. 
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 The obtained C-V data of Pt/LaAlO3 (d u.c.)/Nb:TiO2 (40 u.c.)/LaAlO3 (100) 

junctions are shown in Figure. 5.5. All the junctions showed linear relation in 1/C2 vs 

voltage indicating nearly uniform distribution of Nb dopant in the film. The calculated Nb 

dopant density from the gradient was 1.5  1019 cm-3 which is equal to the nominal dopant 
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Figure. 5.5 C-2 vs. voltage of Pt/LaAlO3(d u.c.)/Nb:TiO2 (40 u.c.)/LaAlO3 (100) junctions. 

Solid lines are linear extrapolations of the plot and Vbi is obtained as the voltage intercept of 

these linear fits. 

Figure. 5.6 Thickness dependence of Cp, Rs and Rp defined in Figure. 5.4 (a) and (b). 
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density of the ablated target. Vbi value, which is almost same as SBH in heavily doped 

semiconductors, is obtained by the voltage intercept of the linear extrapolation of 1/C2 vs. 

voltage. The LaAlO3 thickness dependence of Vbi is shown in Figure. 5.7 (b). The Vbi 

linearly decreases by 0.4 eV/u.c. with the thickness of LaAlO3 suggesting the active role of 

LaAlO3 as a dipole layer. 

 There are four possible origins for the decrease in Vbi. First, the dipole effect 

caused by the LaAlO3 which is the goal in this study. Second, even if LaAlO3 is a simple 

insulator without electrostatic dipole, there is a voltage drop as a capacitor connected in 

series with depletion layer of Nb:TiO2. In order to examine the second possibility, band 

alignment in a simple metal-insulator-semiconductor junction (MIS) was considered as 

shown in Figure. 5.7. From the Maxwell's equation, the voltage drop in the LaAlO3 is 

calculated from the following formula,  

   
)(2

)0(
)(

TiO2LAO

biLAO
bi

VCC

dVC
dV




  (5.8)  

where ��� (�) is built in potential inside the Nb:TiO2 depending on the LaAlO3 thickness, 

CLAO and CTiO2 are the capacitance of LaAlO3 and the depletion layer, respectively. The 

derivation of this formula is discussed in Appendix A.1. The thickness dependent voltage 

drop in LaAlO3 and Nb:TiO2 are calculated assuming a dielectric constant of 30 for both 

LaAlO3 (LAO) and TiO2 (TiO2). According to this simulation, almost no voltage drop (~0.04 

Figure. 5.7 (a) Band diagram of a MIS junction and equivalent series capacitor model. (b) 

LaAlO3 thickness dependence of experimentally measured semiconductor built-in potential 

and that of simulated MIS model. 
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V) is expected. Therefore, the MIS model cannot explain the experimentally obtained data.  

 The third possibility is the screening effect of the charged mid-gap states at the 

interface of the insulator and semiconductor. They form the dipole with the screening 

charges in the metal side as shown in Figure. 5.8 (a). The magnitude of SBH change is 

described as following [14] 

   
int

iFint
int

)(
)(



EEedD
dV


  (5.9)  

where Ei is the charge neutrality level in the semiconductor. Vint = 0.06 V when the 

thickness of LaAlO3 is 1 u.c. using the value of Dint obtained by the gradient of ideality 

factor. Therefore, this is not the main reason of the SBH decrease either. 

 The fourth possibility is the charged defects at the insulator. Transistor turn-on 

voltage shift brought by the charged defects in the high-k dielectric is widely known 

phenomenon [14]. The basic principle is same as the interface states case discussed above 

as shown in Figure. 5.8 (b). Assuming there are only positively charged defects, the SBH 

modification is expressed as  

   
int

0
defect

int )(


zdzSNe
dV

d


  (5.10)  

where Ndefect is the density of positively charged defects, S is the number of charges in a 

defect, z is defined normal to the interface, 0 and d are the positions of the metal/insulator 

and the insulator/semiconductor interfaces. Assuming the entire barrier height change is 

explained by (5.10), Vint (d) = 0.05 eV at 1 u.c. for SNdefect  0.5 u.c-1 which is not realistic. 

Therefore, this is not the major contribution either. 
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Figure. 5.8 Band diagrams focusing on the interfaces of metal insulator semiconductor 

junctions with (a) interface states and (a) positively charged defects in the insulator. 
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5.5. Internal photoemission technique 

 IPE technique was also employed to directly measure the SBH. First, the thickness 

of the Pt electrode on the top of TiO2 was optimized to maximize the signal to noise ratio. 

This is because the monochromatic light is incident from the metal side, and considering 

the optical absorption of Pt in the measured wavelength region, it is expected that when the 

Pt thickness is too thick, the photocurrent is generated only at the surface of Pt and cannot 

reach the interface. On the other hands, as thickness decreases, photoexcitation in Pt 

becomes smaller and total photocurrent decreases. Figure. 5.9 shows the photoyield, which 

is defined as the photocurrent generated by photon, of Pt/Nb:TiO2/LaAlO3 (100) junction 

with various Pt electrode thicknesses. When the Pt thickness is 5 nm, the photocurrent 

became maximum. For the following experiment, the Pt thickness was fixed to 5 nm for all 

the junctions by a crystal monitor during the deposition. 

The IPE data of Pt/LaAlO3/Nb:TiO2/LaAlO3 (100) with various LaAlO3 

thicknesses are summarized in Figure. 5.10 (a). The SBH is obtained by the photon energy 

intercept of the linear extrapolation of the square root of the photoyield defined as 

photocurrent generated per photon. However, the obtained square root of photoyield was 

not a simple linear function of the photon energy when LaAlO3 was inserted. In order to 

explain the unexpected behavior of the photoyield, theoretical calculation of the 

photocurrent was performed. The Fowler's formula explained in Chapter 3 is modified by 
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considering the tunneling effect by LaAlO3. The concept of the model is shown in Figure. 

5.10 (c). In this model, the total photoyield (J) is described as follows: 

     dkESETJ z )()( z   (5.11)  

where �(�� + ℏ�) is the tunneling probability at a given kinetic energy of electrons 

normal to the surface (Ez) and S(Ez) is the number of occupied electrons. The tunneling 

probability is calculated from the Fowler Nordheim tunneling with a triangle potential with 

WKB approximation using the following formula [15,16].  
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 (5.12)  

   FzΦzU  PtLAO)(  (5.13)  

where U(z) is the conduction band minimum of LaAlO3 along the out of plane, F is the 

electric field in the LaAlO3 layer, PtLAO is the band offset between LaAlO3 conduction 

band and Pt Fermi level at the Pt/LaAlO3 interface. The barrier height between Pt and 

LaAlO3 is estimated from the reported band alignment measured by XPS measurement [17]. 

The gradient of the potential in LaAlO3 is assumed to be same as the gradient of Vbi shift 

obtained from C-V measurements because the SBH change induced by the LaAlO3 is equal 

to the dipole potential of LaAlO3. The reported LaAlO3 and TiO2 band gaps are 3.2 eV and 

5.6 eV [7,18]. The electron energy dependence of the calculated tunneling probability for 1 

u.c. LaAlO3 is shown in Figure. 5.10 (d). The tunneling probability drastically changes in 

the energy range of 2.0 eV to 2.6 eV which corresponds to the maximum and the minimum 

of the energy difference between Pt Fermi level and LaAlO3 conduction band. S(Ez) is 

calculated by using the following formula assuming a parabolic band of the semiconductor 

as discussed in Chapter 3. 

   
2

F )(2
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z

z

EEm
ES





 (5.14)  

where m is the effective mass in anatase TiO2 which is equal to the free electron mass. 

Simulated photoyield and the experimentally obtained IPE data are compared in Figure. 

5.10 (a) and (d) whose trend matches quite well. For LaAlO3 inserted sample, both the 

experiment and the theory show clear kinks around 2.2 eV. This energy is almost equal to 

the average of the energy difference between the conduction band of LaAlO3 and Pt Fermi 

level where the first derivative of tunneling probability becomes large. As photon energy 

becomes smaller than 2.2 eV, the square root of the photo yield is proportional to the photon 
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energy indicating that the Fowler's formula is applicable to obtain the SBH. Linear fittings 

in the magnified region of IPE data are shown in Figure. 5.11 (a) as solid lines. As LaAlO3 

becomes thicker, the monotonic shift in SBH is observed. In Figure. 5.11 (b), the Vbi 

obtained from C-V and SBH by IPE showed good agreement except for 1.75 u.c. and both 

of them linearly decrease with the thickness of LaAlO3. The disagreement in 1.75 u.c is 

explained by the strong energy dependence in T(E) for thicker tunneling barriers. From 

these result, it is concluded that the SBH decrease induced by LaAlO3 was confirmed by 

multiple measurement techniques.  

 

 

5.6. The origin of barrier height change 

 In order to examine the validity of the dipole explanation for the result, three 

questions should be answered.  

1. Is the sign of the SBH change is correct? 

2. Is the magnitude of the SBH change reasonable? 

3. Is the SBH change proportional to the dipole moment of the dipole layer? 
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For the first question, the stacking order of (LaO)+ and (AlO2)
 layer has to be clarified 

because that determines the direction of the dipole moment. Previously, adhesion energy 

Wad of LaO/TiO2 and AlO2/TiO2 were calculated from first principles calculation [19]. The 

definition of the adhesion energy is, 

   LaAlO3TiO2interfacead WWWW   (5.15)  

where Winterface is the total energy of the single terminated LaAlO3/TiO2 junction, WTiO2 and 

WLaAlO3 are the cohesive energy of isolated TiO2 and LaAlO3, respectively. According to 

their calculation, the adhesion energy of LaO/TiO2 is 4.02 J/cm2 and AlO2/TiO2 is 3.02 cm2. 

Therefore, the energetically favorable LaO/TiO2 interface is expected where the positively 

charged layer is adjacent to TiO2, SBH should decrease in our case which is consistent with 

the result. 

 The second question would be answered by treating LaAlO3 as a parallel plate 

capacitor with Q equal to the charge density of single (LaO)1+ layer and (AlO)2- layer. 

Based on this assumption, the dipole moment is calculated from the following formula 

   
d

Q
V ins

dipole  (5.16)  

where Vdipole is the built in potential of the dipole layer, Q is the charge density of the single 

(LaO)+ layer and d is the thickness of inserted LaAlO3. If LaAlO3 is a purely ionic crystal 

Figure. 5.12 The simulated SBH change when LaAlO3 is treated as purely ionic crystal (red 

line) and when covalency is considered (blue line). Experimentally obtained SBH from IPE 

and C-V is also displayed in black markers. 
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where LaO layer and AlO2 layer have +1 and -1 charge as expected from their ionic 

valences, Q is calculated as 1.11 × 10-5 C/cm-2 by using the bulk lattice constant of LaAlO3, 

which is 0.379 nm. The thickness dependence of the SBH simulated by this theory and the 

experimental data are shown in Figure. 5.12, which shows a clear difference in their 

gradients. According to a first principles calculation, LaAlO3 can be regarded as an 

alternate stacking of +0.4 and -0.4 charges considering the coexistence of covalency and 

ionicity in LaAlO3 [20]. Considering the covalency of LaAlO3, the thickness dependence of 

SBH is recalculated as shown in Figure. 5.12. The simulated data and the experimental 

result show good agreement with each other. The gradient of the simulated data is almost 

same as the SrRuO3/SrTiO3 data (0.75 eV/u.c.) reported previously too. The small 

difference in the gradient can be explained by the surface roughness of TiO2 or pinning 

effect by DIGS. 

 In order to answer the third question, various dipole layers were inserted to Pt/TiO2 

interface. Three different interlayers, LaAlO3, solid solution of LaAlO3 and SrTiO3, which 

is expressed as (LaAlO3)0.5(SrTiO3)0.5, and SrZrO3 were employed. They can be regarded as 

alternate stacking of +1/1 charges, +0.5/0.5 charges and neutrally charged layers as 

shown in Figure. 5.13. Since the reported dielectric constant of LaAlO3, 

(LaAlO3)0.5(SrTiO3)0.5 and SrZrO3 are 30, 30 and 28, respectively, the Vdipole expected from 

the Eq. (5.16) should be proportional to the charge density of the dipole layers. 
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Figure. 5.13 Schematic structures of three different dipole layers, LaAlO3, 

(LaAlO3)0.5(SrTiO3)0.5 and SrZrO3 employed in this study. 

 



 

 70

The SBH of Pt (5 nm)/(LaAlO3)0.5(SrTiO3)0.5 or SrZrO3 (d u.c.)/Nb:TiO2 (40 nm) 

were characterized by C-V and IPE measurement as shown in Figure. 5.14. The monotonic 

shift in Vbi and SBH with the increase of (LaAlO3)0.5(SrTiO3)0.5 thickness was observed and 

almost no thickness dependence in SrZrO3 case. The variation of SBHs induced by the 

Figure. 5.15 The summary of SBH change induced by three different kinds of dipole layers, 

(LaAlO)3, (LaAlO3)0.5 (SrTiO3)0.5 and SrZrO3 at Pt/Nb:TiO2 interface characterized by IPE 

(open symbol) and C-V (filled symbol). Linear fitting are drawn by solid lines. 
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three different dipole layers are summarized in Figure. 5.15. SBH and Vbi measured by IPE 

and C-V are proportional to the thickness of the dipole layers and showed good agreements 

in all the three dipole layers. The gradient of SBH change by (LaAlO3)0.5(SrTiO3)0.5 is 

roughly half of LaAlO3 and there are no variation in SrZrO3 case. These results indicate that 

the entire barrier height variation follows Eq. (5.16) which describes the SBH change 

induced by electrostatic dipole. Therefore it is concluded that all the data is explained by 

the electrostatic dipole effect originated from the ionic charges of the inserted layer. 

5.7. Attempt to increase barrier height 

 In this Chapter, the SBH decrease at Pt/TiO2 interface has been successfully 

demonstrated. In this section, an attempt to demonstrate an increase in the Pt/TiO2 SBH is 

presented. As discussed, the sign of the dipole is determined by the sign of the charges 

adjacent to the semiconductor. Namely, a negatively charged AlO2 layer has to be grown on 

top of bare anatase TiO2 surface instead of an energetically favorable LaO layer to increase 

SBH. In order to achieve this, charge neutral SrO layer was grown on top of TiO2 since 

subsequent LaAlO3 layer is expected to start from the AlO2 layer as shown in Figure. 5.16 

(a). However, Vbi obtained by C-V measurement of Pt/LaAlO3/SrO (1 u.c.)/Nb:TiO2 has not 

shown systematic change as displayed in Figure. 5.16 (b).   

 

Figure. 5.16 (a) The atomic layer diagrams of LaAlO3/TiO2 and LaAlO3/SrO/TiO2 (b) C-V 

measurement of Pt (5 nm)/LaAlO3 (d u.c.)/SrO (1 u.c.)/Nb:TiO2 (40 nm)/LaAlO3 (100) 

heterostructure. 
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5.8. Comparison of three measurement techniques 

 I-V, IPE and C-V have been employed to estimate SBH of Pt/LaAlO3/Nb:TiO2 

junction. Although IPE is considered as the most reliable technique for simple Schottky 

junction cases, the interpretation of IPE data can be difficult when multiple barriers exist as 

in the junction employed in this study. Here we summarize the advantages and the 

disadvantages of each measurement technique. Although I-V measurement is simple, it is 

most sensitive to local variations of SBH at the interface and difficult estimate the SBH of 

the largest contact area. In addition, when the density of interface states between insulator 

and metal is as high as 1013 cm-2, the ideality factor linearly increases with the thickness of 

the insulator layer. Also, the tunneling barrier should be so thin that the contact resistance of 

the tunneling barrier is negligible.  

 In the case of IPE, Fowler's formula is valid only when transmittance in Eq. (5.11) 

has no photon energy dependence. As we have already seen, small kinks showed up 

originating from the tunneling barrier which is not expected from the Fowler's formula. 

Since there is a strong energy dependence around the band offset between metal Fermi level 

and insulator conduction band, Fowler's fitting to obtain the metal/semiconductor barrier 

height should be performed below that photon energy. 

 For C-V, the capacitance originated from the insulator should be negligible. Since 

the dielectric constants of most of the oxide semiconductors and insulators are of the same 

order, depletion layer should be much larger than the thickness of insulating layer. This 

effect is negligible as long as the dopant density of the semiconductor is small and Vbi is 

high. Another assumption for Vbi derivation from linear fitting is the uniform distribution of 

the dopant density and no electric field dependence in the dielectric constant. Especially, 

SrTiO3 is a representative example for its strong field dependence in the dielectric constant 

[21]. The strongest electric field of the junction is always at the interface. Therefore, the 

dopant density and Vbi should be low enough for electric field not to hit this limit. In our 

system, C-V is considered as most reliable measurement technique since there is no strong 

field dependence in dielectric constant and negligible capacitance of the insulating layer. 

5.9. Conclusion 

 We aimed to demonstrate the band alignment tuning at the interface of 

polycrystalline Pt and anatase Nb:TiO2 to clarify the structural requirement to utilize the 
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electrostatic dipole. In order to clarify the band alignment, Schottky barrier height is 

characterized by the three different techniques, current voltage, capacitance voltage, and 

internal photoemission. Current voltage technique is found to be not reliable to evaluate the 

Schottky barrier height because the simple thermionic emission model is no longer 

available to explain the result. Schottky barrier height estimated from the capacitance 

voltage measurement and the internal photoemission technique matches well. The linear 

decrease of Schottky barrier height was observed on LaAlO3 grown on (1 × 1) 

unreconstructed anatase TiO2 (001) surface and not on (1 × 4) reconstructed surface 

indicating that epitaxial relation between semiconductor and electrostatic dipole is crucial 

to enable the dipole. The sign and the gradient of the Schottky barrier height change agree 

with the theory. The obtained Schottky barrier height decrease was proportional to the 

thickness and the charge density of the dipole layer indicating that the entire result can be 

explained by the dipole effect. Therefore, we conclude that electrostatic dipole can be 

applicable to the interface consists of polycrystalline metal or non-perovskite oxide as long 

as the dipole is grown epitaxially.  
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Chapter 6.  

Band offset increase by AgTaO3 dipole 

layer at Pt/Nb:SrTiO3 interface 

6.1. Introduction 

 The central goal of this Chapter is the demonstration of band offset increase at a 

Schottky junction in which the semiconductor and the dipole layer are both perovskite 

oxides. In the previous study, the amplitude of band offset increase has remained smaller 

than 0.2 eV [1]. The major challenge in increasing the SBH lies is growing an oxide dipole 

layer whose negatively charged layer is adjacent to the oxide semiconductor as discussed in 

Section 5.9. Here we focus on the (100) orientation which has two independent 

terminations, BO2 and AO. In case ABO3 (A
3+, B3+) is used as the dipole layer, the B-site 

(AlO2-) is always negatively charged. Since an alternate stacking of A-site and B-site is 

most energetically favorable for perovskite heterointerfaces, the perovskite semiconductor 

should be A-site terminated. However, in the case of SrTiO3, which is the most commonly 

utilized semiconductor in perovskite oxides, the A-site terminated surface is unstable 

compared with the B-site terminated. For example, The surface energy of SrO terminated is 

larger than that of TiO2 [2]. Also, during the growth of LaAlO3 on SrTiO3 (100), higher 

density of oxygen vacancies are formed at the AlO2/SrO interface compared to that of the 

LaO/TiO2 interface [3]. The surface energy of SrO terminated is also larger than that of 

TiO2. 
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In this study, we focused on AgTaO3 as an alternative oxide dipole layer in which 

the A-site layer (AgO-) has a negative charge and the B-site (TaO2+) has a positive charge as 

shown in Figure. 6.1. Thus, the barrier height increase would be achieved by AgTaO3 grown 

on B-site terminated perovskite semiconductor such as TiO2-terminatd SrTiO3 (100). We 

aimed to demonstrate the barrier height increase of Pt/SrTiO3 (100) 0.02 at % by insertion of 

the AgTaO3 layers.  

 In order to understand the band alignment of Pt/AgTaO3/Nb:SrTiO3 (100), it is 

crucial to understand the physical properties of constituting layer. The study of the physical 

properties of AgTaO3 is still limited since there are only two reports for epitaxial thin films 

grown by PLD focusing on dielectric properties at high frequency (>100 KHz) [4,5] and 

one report for single crystal study focusing on the structural analysis [6]. Part of the reason 

for the limited number of studies is the difficulty in the growth of high purity AgTaO3 

samples. In this study, we will first characterize the basic physical properties such as band 

gap, dielectric constant and conductivity which are crucial in understanding the band 

alignment control of Pt/AgTaO3/Nb:SrTiO3 (100) heterostructure.  
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Figure. 6.1 The schematic band diagram of Pt/SrTiO3 (100) required to achieve the increase 

of band offset where negatively charged layer of the dipole is adjacent to the SrTiO3 (100).

Schematic structure of LaO/TiO2 interface of LaAlO3/SrTiO3 (100) where dipole works and 

AlO2/SrO interface where dipole tuning is not effective. The structure of AgTaO3/SrTiO3

(100) interface that may show SBH increase by the dipole effect. 
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6.2. Experimental 

AgTaO3 films were epitaxially grown on 0.02 at.% Nb-doped SrTiO3 (100) 

(Nb:SrTiO3) substrates by using PLD with a KrF excimer laser onto a spot imaged size of 

9.01 mm2. Prior to the deposition, the substrates were annealed at 1000 oC under oxygen 

pressure of 1×10−6 Torr to obtain atomically flat and single TiO2-terminated (100) surface. 

The RHEED pattern of the annealed substrate is shown in Figure. 6.2 (a). The AgTaO3 films 

were grown under substrate temperature and oxygen partial pressure of 650 oC and 0.8 Torr, 

respectively. For laser conditions, a repetition rate and laser fluence were fixed to 10 Hz 

and 2.28 J/cm2. The fast growth rate (0.04 nm/s) and the highly oxidizing atmosphere are 

crucial because Ag+ is easily reduced. It was also reported that high oxygen pressure was 

crucial to obtain stoichiometric AgTaO3 nano particles [7]. The RHEED pattern, the AFM 

image and the XRD patterns of the fabricated films are summarized in Figure. 6.2 (b) - (d). 

The full width half maximum of AgTaO3 200 peak in pseudocubic representation was 0.21o 

which is smaller than the previous report of 0.28 o [5]. Optical transmittance and reflectance 

measurement was performed to characterize the band gap by using UV-Vis spectrometer 

(wavelength range 200 nm ~ 1000 nm). The dielectric constant of AgTaO3 was 

characterized by the impedance measurement by making a AgTaO3 capacitor using Pt and 

Nb:SrTiO3 as the top and the bottom electrodes. The structural properties of AgTaO3 were 

characterized by atomic force microscopy (AFM) and X-ray diffraction techniques (XRD). 

In order to observe the dipole effect, Schottky barrier height (SBH) was characterized by 
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Figure. 6.2 (a) RHEED patterns of pre-annealed Nb:SrTiO3 (100) substrate and (b) 

AgTaO3 film grown under the optimal condition. (c) The XRD 2 -  scan and (d) AFM 

image of 27 nm thick AgTaO3 grown on Nb:SrTiO3 (100) substrate. 
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capacitance voltage (C-V), current voltage (I-V) and internal photoemission (IPE) as done 

in the previous Chapter.  

6.3. Characterizations of basic physical properties of AgTaO3 

In this Section, we will determine the basic physical properties of AgTaO3 to 

understand the band alignment of Pt and AgTaO3. AgTaO3 is a rhombohedral phase (R3c) at 

room temperature whose lattice constant is 0.396 nm as a pseudo perovskite [6]. It is a 

robust insulator whose band gap is around 3.4 eV [8]. 

First, the band gap is determined by optical transmittance and reflectance 

measurement. Since the reported band gap is around 3.4 eV [8], the 24 nm AgTaO3 was 

grown on a LaAlO3 (100) substrate which is a wide gap (5.6 eV) insulator [9]. The obtained 

absorption coefficients of AgTaO3/LaAlO3 (100) and LaAlO3 (100) substrate are plotted in 

Figure. 6.3 (a). Since the film thickness is thinner than quarter of the shortest measurement 

wavelength (200 nm), there is no thin film interference from the reflected waves at the film 

surface and the film/substrate interface. A clear absorption edge originating from the onset 

of photoabsorption in AgTaO3 was observed at 3.4 eV which does not appear in the LaAlO3 

Figure. 6.3 (a) Optical transmittance data for LaAlO3 (001) substrate and AgTaO3 (24 

nm)/LaAlO3 (100) heterostructure. The abrupt change in transmittance at 800 nm and 450 

nm originate from the exchange of the grating and the light source, respectively. (b) √ℎ��

vs. excitation energy where  is the absorption coefficient of AgTaO3 obtained from (a) 

and  is the frequency of excitation light. The linear extrapolation of the data is shown in 

dashed line and band gap is linear energy intercept of it. 
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(100) substrate. In order to clarify the band structure and the accurate band gap, vs. the 

photon energy vs. the product of the square root of the absorption coefficient and the 

photon energy is plotted on Figure. 6.3 (b). Linear behavior around the absorption edge 

indicates that AgTaO3 has a 3.45 eV indirect band gap.  

Next we characterized the dielectric constant of AgTaO3 thin films. The dielectric 

constant of AgTaO3 has to be clarified for two reasons. First, the dielectric constant 

determines the built-in potential of the dipole following Eq. (5.16). Second, the series 

capacitance originating from the AgTaO3 dipole layer could affect the capacitance values in 

Figure. 6.4 (a) Cp (left), D (right) vs. frequency data and C-V data at 1000 Hz of AgTaO3 (63

nm)/1 at.% Nb-doped SrTiO3 (100) and AgTaO3 (27 nm)/1 at.% Nb-doped SrTiO3 (110) (c) 

Capacitance data of the same sample under the bias where 1 at.% Nb-doped SrTiO3 is 

accumulated and entire capacitance is originate from AgTaO3. (d) Band alignment of the 

Pt/AgTaO3/1 at.% Nb-doped SrTiO3 under forward bias.  
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the junction C-V measurements. The dielectric constant was characterized using a  

AgTaO3 thin film capacitor with a Pt top electrode and 1 at.% Nb-doped SrTiO3 (110) and 

(100) substrates utilized as bottom electrodes to measure the crystal orientation dependence 

of the dielectric constant. The frequency dependence of Cp and D of fabricated capacitors 

are shown in Figure. 6.4 (a). The almost constant Cp value over the measurement frequency 

range (10 Hz to 10000 Hz) indicates that there is no apparent admittance from defects in the 

AgTaO3 thin film at room temperature. 

Capacitance voltage measurement was performed as shown in Figure. 6.4 (b). In 

the reverse bias, the 1/C2 vs. voltage plot showed a linear decrease indicating that although 

the substrate is heavily doped, the depletion layer exists and contributes as a capacitor 

connected in series with the AgTaO3 thin film capacitance. When the applied forward bias 

was higher than 1.0 V, which is close to the SBH of Pt/Nb:SrTiO3 junction (1.5 eV), the 

capacitance value became almost constant as shown in Figure. 6.4 (c). This result indicates 

that the Nb-doped SrTiO3 is now in the accumulation mode and there is no depletion 

capacitance. Therefore, the capacitance value in the forward bias larger than 1.0 V can be 

regarded as the AgTaO3 capacitance. The dielectric constant is obtained from the simple 

formula C = /d where  is the dielectric constant and d is the thickness of AgTaO3 film 

characterized by the X-ray reflectivity measurement. The obtained dielectric constants in 

the (100) and the (110) directions are 88 and 89, respectively which are slightly lower than 

the previously reported value of 110 for PLD grown AgTaO3 on SrRuO3 [4].  
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Figure. 6.5 (a) IPE data of Pt/AgTaO3 (40 nm)/Nb:SrTiO3 (100) heterostructure. Linear 

fitting of the photoyield is shown as a solid line. The intercept to the photon energy gives 

the Pt/AgTaO3 barrier height. (b) Band diagram of Pt/AgTaO3/Nb:SrTiO3 (100) from the 

sequence of measurements. 
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Third, we aimed to determine the band offset between AgTaO3 conduction band 

and Pt Fermi level which affects the tunneling probability of I-V and IPE measurements as 

discussed in Chapter 5. The band offset is characterized by IPE measurement of a 

Pt/AgTaO3 (40 nm)/0.02 at.% Nb-doped SrTiO3 (100) heterostructure as shown in Figure. 

6.5 (a). Since the AgTaO3 is thick enough to suppress any tunneling current from the Pt 

through the AgTaO3, the linear extrapolation of the square root of the photoyield is 

expected to give the band offset as shown in Figure. 6.5 (b). The obtained IPE data is shown 

in Figure. 6.4 (a) and the band offset was calculated as 1.9 eV. From these results the band 

alignment between Pt and AgTaO3 is identified as shown in Figure. 6.5 (b). Because of the 

large dielectric constant of AgTaO3, the gradient of voltage drop as a simple insulator in 

AgTaO3 is small.  

6.4. Schottky barrier height characterization 

In this Section, we will demonstrate the barrier height tuning in Pt/AgTaO3 (d 

u.c.)/Nb:SrTiO3 (100) Schottky junctions. First, I-V measurement was performed to 

characterize the SBH. The I-V data are shown in Figure. 6.6 (a) and all the junctions 

showed clear rectifying properties indicating formations of Schottky barriers. The saturation 

current under forward bias decreased as AgTaO3 thickness became larger than 8 u.c. 

indicating that the junction resistance is dominated by the tunneling barrier in this voltage 
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Figure. 6.6 (a) I-V curves and (b) SBH (left) and ideality factor (right) obtained from the 

thermionic emission model for Pt (5 nm)/AgTaO3 (d u.c.)/Nb:SrTiO3 (100) junctions. 



 

 82

range. The thickness dependence of the ideality factor and the SBH is plotted in Figure. 6.6 

(b). The SBH monotonically increased until 4 u.c. of AgTaO3 with small ideality factor 

suggesting the active role of AgTaO3 as a dipole layer. The abrupt increase of ideality factor 

above 8 u.c. is explained by the increase of tunneling resistance which is consistent with the 

decrease of saturation current [10].  

Since the tunneling effect is not negligible as AgTaO3 becomes thicker, C-V 

measurement was performed. First, the equivalent circuit is determined by the frequency 

dependent impedance measurement as displayed in Figure. 6.6. All the junctions showed 

small dissipation value up to 10000 Hz and constant Cp value throughout the measured 

frequency range. This result indicates that these junctions can be regarded as a series 

connection of a simple capacitor with small electrical leakage and a resistor. This small 

electrical leakage is consistent with the small reverse bias current in the I-V data. In the C-V 

data in Figure. 6.8 (a), all the junctions showed linear 1/C2 – V behavior indicating uniform 

dopant distribution in the Nb:SrTiO3 substrate as expected. The impedance originating from 

AgTaO3 can be negligible because C-2 of 10 u.c. AgTaO3 is as small as 2.58  109 cm4F2. 

The Vbi value, which was obtained by the voltage intercept of linear extrapolation of 1/C2-V, 

did not show monotonic change with respect to the thickness of AgTaO3 layer as shown in 

Figure. 6.8 (b). The monotonic increase in Vbi was observed up to 8 u.c. and suddenly 

dropped at 11 u.c. This trend can arise from the electronic reconstruction driven by the 

Figure. 6.7 Capacitance-requency data of Pt (5 nm)/AgTaO3 (d u.c.)/Nb:SrTiO3 junctions. 

The definition of Cp and D are described in the previous Chapter. 
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accumulated total electrostatic energy with the AgTaO3 thickness as discussed in Chapter 2 

similar to the report in LaAlO3/SrTiO3 (100) interface [11]. If this is the case, the critical 

thickness of AgTaO3 where the reconstruction happens is three times bigger than that of 

LaAlO3. This is justified by calculating the total electrostatic energy E in the dipole layer 

using the following equation 

   dFE dipole
2

2

1
  (6.1)  

where d is the thickness of the dipole layer and F is the electric field and which can be 

calculated from the gradient of Vbi vs. thickness. F in AgTaO3 is approximately three times 

smaller and dipole is three times bigger than LaAlO3. Therefore, assuming the electrical 

reconstruction occurs at the same electrostatic energy independent of the material, the 

critical thickness of AgTaO3 is three times bigger than LaAlO3 which is consistent with the 

experiment.  

 IPE was also performed to obtain the SBHs for different AgTaO3 thickness. The 

square root of the photoyield vs. photon energy of Pt (5 nm)/AgTaO3 (d u.c)/Nb:SrTiO3 is 

plotted in Figure. 6.9 (a). The SBHs were estimated from the photonenergy intercept of the 

linear extrapolation of the square root of the photoyield. The obtained thickness dependence 

of the SBH is plotted in Figure. 6.9 (b). Unlike the Vbi, the photonenergy intercept 

monotonically increases even beyond 8 u.c. and approaches to 1.9 eV. This is because the 

photoelectrons excited in the Pt metal cannot tunnel to the SrTiO3 conduction band at 

Figure. 6.8 (a) C-V data of Pt (5 nm)/AgTaO3 (d u.c.)/Nb:SrTiO3 (100) junctions. Liner 

fittings of C-2 vs. V are shown as solid lines. (b) AgTaO3 thickness dependence of Vbi 

obtained from (a). 
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thicker AgTaO3, and therefore the photothreshold converges to the Pt/AgTaO3 barrier 

height. Therefore, the Pt/SrTiO3 SBH cannot be obtained from IPE at d > 8 u.c. 

The obtained SBH change from IPE and C-V are compared in Figure. 6.9 (b). The 

basic trend until 8 u.c. matches quite well. The absolute values of SBH by IPE and Vbi are 

always different by 0.15 eV suggesting that Fermi level of Nb:SrTiO3 is lower than that of 

conduction band minimum which is also reported in I-V and C-V measurement of the 

SrRuO3/LaAlO3/Nb:SrTiO3 junctions [1]. Therefore, it is concluded that SBH increase was 

successfully demonstrated by AgTaO3 dipole layer. 

6.5. Solar cell operation of Pt/AgTaO3 junction 

As an example of possible applications of the dipole tuning technique to practical 

devices, photovoltaic properties of Pt (5 nm)/AgTaO3 (d u.c.)/Nb:SrTiO3 (100) junctions 

were studied. In this Schottky-type solar cell, photoabsorption at the Pt/Nb:SrTiO3 interface 

occurs and the generated photocarriers are efficiently separated by the depletion width in 

Nb:SrTiO3. Since the SBH is raised by AgTaO3, an open circuit voltage increase is expected. 

An equivalent circuit and a typical I-V curve of general solar cells are displayed in Figure. 

6.10 where a constant current source and a diode correspond to the generation of 

photocurrent and the Schottky junction, respectively. Under an open-circuit condition, all 

1.4

1.2

1.0

0.8

0.6

0.4

0.2

0.0

P
ho

to
yi

el
d 

(x
10

-1
2   

A
0.

5 )

2.42.22.01.81.61.4

Photon energy (eV)

   d (u.c.)
 0.0
 2.0
 4.0
 8.0
 11.0
 13.0
 100

AgTaO3 thickness (u.c.)

(a) (b)
IPE

C-V

2.0

1.8

1.6

1.4

1.2

S
B

H
  

(e
V

)

14121086420

Figure. 6.9 (a) IPE data of Pt (5 nm)/AgTaO3 (d u.c.)/Nb:SrTiO3. (b) Summary of obtained 
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the photogenerated current flows through the diode. Thus, open circuit voltage VOC is 

defined as following equation. 

   






 


Tkn

eΦeV
TAI B

sc

Bideal

OC2 exp*  (6.2)  

where A* is the Richardson constant, B is the SBH, nideal is the ideality factor of 

the diode and Isc is the generated photocurrent. When A* and nideal is not affected by the 

dipole insertion, the increase of the B  is equal to that of Voc. . 

 The photovoltaic properties of the devices are measured under an 1 sun condition 

generated by a solar simulator (AM1.5G, 100 mW/cm2) from the top electrode side which 

was calibrated by a 1-sun checker. The current voltage properties under an 1 sun radiation 

and a dark condition with various AgTaO3 thicknesses are shown in Figure. 6.11 (a). All of 

them showed typical solar cell behaviors.. The thickness dependences of the short circuit 

current and the open circuit voltage are displayed in Figure. 6.11 (b). The open circuit 

voltage increased from 0.7 to 0.82 V by the AgTaO3 insertion which saturated at 2 u.c. 

because of the decrease of the short circuit current originated from the increasing tunneling 

barrier. The solar cell efficiency at the maximum power point where the current voltage 

product becomes maximum was 0.1 % for the 0 u.c. to 4 u.c. sample and 0.06 % for the 8 

u.c. sample. Therefore it is concluded that we successfully demonstrated the open circuit 

voltage increase induced by the insertion of AgTaO3 without killing their solar cell 

efficiency. 
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Figure. 6.10 (a) An equivalent circuit of a typical solar cell. (b) A typical I-V curve of a 

solar cell under photo irradiation. Definition of open circuit voltage and short circuit 

current are also given. 
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6.6. Conclusion 

 Although there are several ABO3 (A3+ B3+) perovskite insulators, attempts to 

increase band offsets using ABO3 (A
3+ B3+) perovskite insulator always face the instability 

issue of A-site terminated surface of perovskite semiconductor where negatively charged 

(AO2)
 layer can be grown. In order to overcome this problem, we focused on AgTaO3 as a 

dipole layer whose A site is negatively charged (AgO) layer and can be grown on stable 

TiO2 terminated SrTiO3 (100) surface. The high quality epitaxial AgTaO3 film was obtained 

on Nb:SrTiO3 (100) substrate under the high repetition rate and the high oxygen partial 

pressure that prohibits the reduction of Ag+ ion to a silver metal. The Vbi and SBH measured 

by C-V and IPE matched well and linearly increased until 8 u.c indicating the active role of 

AgTaO3 as an electrostatic dipole. The possible device application of the dipole was 

demonstrated by the increase in the open circuit voltage of the dipole engineered 

Pt/Nb:SrTiO3 Schottky junctions under light illumination. 
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Chapter 7. Conclusion 

 

 Electronic devices based on conventional semiconductors ranging from transistors 

to light emitting diodes have made human life more convenient and more efficient 

throughout the 20th century. In the 21st century, transition metal oxides have attracted much 

attention as promising candidates for new device applications not achievable in 

conventional semiconductors. This stems from the diverse electronic properties they exhibit 

and their high chemical stability in the atmosphere. Despite the wide range of bulk 

properties readily available in oxides, controlling the interface energy band alignments of 

these oxides has a small degree of freedom because of the strong electronegativity of the 

oxygen anion which predominantly forms the valence band independent of the metal cations 

leading to fixed ionization energies. This limits access to utilizing the unique intrinsic 

properties for different device applications in oxide materials.  

 This problem can be resolved by considering the interface electrostatic boundary 

conditions. Band alignments for any pair of materials can be tuned by insertion of 

electrostatic dipoles at the interface. Recently, this concept has been applied to oxide 

interface systems and continuous band offset decrease has been demonstrated in an all 

perovskite SrRuO3/0.02 at. % Nb doped SrTiO3 (100) Schottky junction using a perovskite 

LaAlO3 as a dipole layer.  

 Although the validity of the concept was demonstrated at all perovskite junction, 

there are two more challenges before the application of this technique to general oxide 

devices. First, practical interfaces in devices are not necessarily iso-structual where epitaxial 
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interfaces can be readily obtained. Given the large variations of the crystal structures and 

forms of oxides, the structural requirement of the oxide dipole has to be examined. In this 

study, polycrystalline Pt/LaAlO3/anatase Nb:TiO2/LaAlO3 (100) heterojunction was utilized 

to study the feasibility of the oxide dipole. The Schottky barrier height was decreased only 

when LaAlO3 was grown on (1  1) unreconstructed surface which is in epitaxial relation 

with LaAlO3 but not on (1  4) reconstructed TiO2 (100) surface. The magnitude of the 

Schottky barrier height lowering is proportional to the thickness of the oxide dipole layer 

and the charge density as shown in Figure. 7.1. These results suggest that, oxide dipoles are 

applicable to the interface consists of polycrystalline materials and non-perovskite oxides as 

long as the dipole layer/semiconductor interface is epitaxial. 

 Second, the tunable range of the band offset was large when decreasing but small 

when increasing. In order to release material choice for devices from the restriction for the 

band alignments, bi-directional band offset tuning is crucial for the device application. Band 

offset increase by using ABO3 (A3+ B3+) perovskite insulators was hindered by the 

instability of semiconductor surface where negatively charged AO grows. In order to 

overcome this problem, we focused on AgTaO3 as a dipole layer whose A site is negatively 

charged (AgO) layer and can be grown on stable TiO2 terminated SrTiO3 (100) surfaces. 

Schottky barrier height of Pt/AgTaO3/Nb:SrTiO3 (100) linearly increased with the thickness 
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Figure. 7.1 The summary of band offset change induced by electrostatic dipoles employed 

in this study. 
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of AgTaO3 indicating the successful application of this concept as shown in Figure. 7.1. As 

an example of a potential application, the enhancement of open circuit voltage under 1 sun 

radiation was also demonstrated.  

 This band alignment tuning technique can be utilized for the various applications. 

For example, the Schottky barrier height of ferromagnetic metals and semiconductors can 

be tuned to improve the spin injection efficiency. The quantum efficiency in light emitting 

diodes and solar cells can be tuned by the insertion of oxide dipoles between p-type and 

n-type semiconductors varying the band offset. The electrical leakage in a gate electrode of 

a transistor can be suppressed by increasing the band offset.  

 For future development of dipole tuning, further improvement in techniques to 

increase the band offset is required since the built in potential in AgTaO3 was small 

compared with that of LaAlO3. One possible solution for this problem is a pair of SrAlO3 

and LaTiO3 sandwiched by SrTiO3 which can be regarded as a negatively and positively 

charged layer, respectively. Since both of them can be stably grown independent of the 

termination of SrTiO3 (100) surface, the sign of the dipole can be tuned by just the growth 

order of the two charged layers as shown in Figure. 7.2.  
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Figure. 7.2 Stacking structures and expected band alignments of (a) SrAlO3/LaTiO3/SrTiO3

(100) and (b) LaTiO3/SrAlO3/SrTiO3 (100). 



 

 91

 In summary, we successfully formed oxide dipole layers at a polycrystalline metal 

and binary oxide interface and developed a technique to increase a band offset by forming a 

stable dipole layer which had been the two major challenges in previous studies as shown in 

Figure. 7.1. These results open the door to applying this band alignment tuning technique to a 

much wider range of various transition metal oxide devices, ranging from light emitting 

diodes to solar cells. 
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Appendix 

A.1. Maxwell's equation for a metal insulator semiconductor junction. 

In this appendix, the derivation of the Eq. (5.8) is explained. Consider the metal 

insulator semiconductor junction consists where insulator does not have electrostatic dipole 

and semiconductor is n-type. The schematic band diagram is shown in Figure A.1. The 

Maxwell's equation that has to be solved is following,  

   )(
)(

122

2

zzz
eN

z

z

S

D 







  (A.1)  

 

   )(0
)(

122

2

zzandzz
z

z




 
  (A.2)  

where ND is the dopant density in semiconductor, s is the dielectric constant of 

semiconductor and )(z is the vacuum level of metal insulator semiconductor junction. z is 

defined as normal to the interface. The boundary conditions are given by 
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where W is defined as the work function difference of metal and semiconductor. From the 

continuity of electric flux at the interface, 
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where ins is the dielectric constant of insulator. Since there is no charges in the insulator, 

from (A,1), (A.2) and (A,5) 
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Since semiconductor is charge neutral at z < z1, From (A.5) 
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Therefore, solution for (A.1) is 
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Considering the continuity at z = z2, from (A.6) and (A.8) 
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From the quadratic formula 
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From (A.9), the ratio of voltage drops in the insulator and semiconductor are  
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Figure A.1 A band alignment of a metal insulator semiconductor junction.  
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where Cs = s/(z2  z1) and Cins= ins/z2 is defined as the capacitance of depletion layer and 

insulator. From this formula, 
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A.2. Maxwell's equation for a MIS with a dipole layer. 

 Here the metal insulator semiconductor junction when insulator has electrostatic 

dipole will be considered. The schematic band diagram is shown in Figure A.2. The charge 

distribution of electrostatic dipole layer is defined as following 
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Therefore, the boundary condition (A.5) is modified as 

   
z

z
Q

z

z








 )0()0( 2
ins

2
s





  (A.14)  

where ins is the dielectric constant of insulator. Since there is no charges in the insulator, 

from (A,1), (A.2) and (A,14) 

   

2

ins

2
2

ins

s

2
2

0

2

)0(

)0()(
)0(

2

z
Q

z

z
zW

z

z
zWdz

z

z
Wz

z


























 

 (A.15)  

Since semiconductor is charge neutral at z < z1, From (A.5) 
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Therefore, the solution for (A.1) is 
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Considering the continuity at z = z2, from (A.6) and (A.8) 
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From the quadratic formula 
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From (A.18), the voltage drop in insulator and semiconductor is given by 
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from (A.11) and (A.22) 
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Figure A.2 A band alignment of a metal insulator semiconductor junction with an 

electrostatic dipole. 
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The first term in Vins correspond to standard MIS voltage drop and second term is originated 

from dipole effect. 


