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Of great significance to the field of oxide electronics is the discovery of an oxide ma-

terial possessing all the three important physical properties: the perovskite structure,

high oxygen stability, and high electron mobility. The perovskite structure implies novel

physical properties typically exemplified by superconductivity or colossal magentoresis-

tance; the high oxygen stability ensures the bipolar dopability of oxide materials and

the reliability of devices made of them; the high electron mobility enables the triumph

of oxide materials over nitrides in the competition for high speed device applications. It

is BaSnO3 that fits for the description by judging from the cubic perovskite structure,

the thermal stability up to 1,000 ◦C and the electron mobility as high as 320 cm2 V−1

s−1 in the metallic state.

Discussed in this dissertation will be the endeavors to understand and utilize the phyi-

cal proprerties of BaSnO3 such as the growth of BaSnO3 epitaxial films, the analyses of

the transport properties of the films depending on the choices of dopants, the fabrica-

tion of field effect devices based on BaSnO3, and the investigation of interfaces formed

between BaSnO3 and polar perovskite oxides. The BaSnO3 epitaxial film growth on

SrTiO3 substrates has been successfully carried out by using the pulsed laser deposi-

tion technique. The crystallinity of the films has been investigated by X-ray diffraction

analyses; the full width at half maximum of the ω-rocking curves as narrow as 0.084◦

has proven that high-crystalline BaSnO3 films can be grown on the lattice-mismatched

SrTiO3 substrates. Cross-sectional transmission electron spectroscopy and etch-pit de-

veloping technique have been employed to inspect crystallographic defects or disorders in

the BaSnO3 films and have revealed the density of threading dislocations to the amount

of 6 × 1010 cm−2.
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The transport properties of electron-doped BaSnO3 epitaxial films on the SrTiO3 sub-

strates have been studied in details with the relaxation time approximation in the elec-

tron scattering theory. The semi-empirical analyses evince the dominance of the thread-

ing dislocations among the sources of the conduction electron scattering and elucidate

the hampered electron mobility in the epitaxial films (∼ 70 cm2 V−1 s−1). Lanthanum

is of an advantage that high electron mobility can be achieved in the BaSnO3 system

doped by it. But, it has been learned that lanthanum is likely to create the antisite

defects substituting the Sn-sites in lieu of the Ba-sites and trap up to about 3.7 × 1019

conduction electrons per cubic centimeters. Antimony, another dopant tried in order to

avoid the antisite problem, has provided the BaSnO3 epitaxial films with even poorer

electron mobility (∼ 10 cm2 V−1 s−1). The electon affinity of antimony, the propensity of

antimony to migrate, and the charged cores of the threading dislocations work together

and create highly effective defect clusters in scattering the conduction electrons.

The device fabrication has employed the metal-insulator-semiconductor structure where

a slightly doped BaSnO3 layer has been used as the semiconductor channel. Two insu-

lator materials, Al2O3 and LaInO3, have been tried to form interfaces with the channel.

At first, an Al2O3/BaSnO3 transistor has been demonstrated with the device perfor-

mances far better than those of Al2O3/SrTiO3 and Al2O3/KTaO3 transistors. Espe-

cially, the field effect mobility is two orders of higher in the Al2O3/BaSnO3 transistor.

Next, an LaInO3/BaSnO3 transistor has been fabricated with a heavily doped metal-

lic BaSnO3 layers used as the metal gate and contact terminals. The employment of

metallic BaSnO3 layers lets the transistor be composed exclusively of perovskite oxides.

The “all-perovskite transistor” has shown remarkable device performances: 90 cm2 V−1

s−1 of the field effect mobility, 107 of the current on/off ratio, and 0.65 V dec−1 of the

subthreshold swing. The field effect mobility of the LaInO3/BaSnO3 transistor is 18

times higher than that of the famous LaAlO3/SrTiO3 transistor at room temperature.

Last but not least, the conductive interface formation between LaInO3 and BaSnO3 has

been discussed in the context of polarity discontinuity at the interface. The 103 times of

enhancement in sheet conductance of La-doped BaSnO3 layer has been discovered, which

implies formation of two-dimensional electron gas by the interface formation only. The

enhanced sheet conductance reaches about the order of 10−4 Ω−1 sq. The robustness

of the two-dimensional electron gas after oxygen annealing process and the lack of it in

the non-polar interface made of BaHfO3 or SrZrO3 and La-doped BaSnO3 layers, which

show the two-dimensional electron gas is formed exclusively by the polar interface, have

been confirmed. The investigation of the effect of La concentration in La-doped BaSnO3

layer on the enhanced sheet conductance at the interface leads to the conclusion that

the origin of the two-dimensional electron gas at the interface is the accumulation of

electrons induced by the intrinsic polarization in the LaInO3 layer.
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Chapter 1

Introduction

This Ph.D. dissertation is devoted to a single material: BaSnO3 (BSO). BSO has drawn

a great deal of attention from researchers in the field of oxide electronics since reported

to be a stable perovskite oxide with high electron mobility in 2012 [1]. Especially, the

oxygen stability and the electron mobility in BSO were unprecedented as compared

with those in other oxide materials. Not a long time has passed before investigated were

transport properties of La-doped BaSnO3 (BLSO) single crystals [2] and epitaxial films

[3]. The first thin film transistor (TFT) utilizing BSO epitaxial films was demonstrated

in 2014 shortly after the characterization of the material [4]. Most recently, oxide het-

erostructures based on epitaxial BSO layers were investigated and adopted in TFTs to

obtain higher device performances [5].

Such rapid progress has an important implication of the material stability that the

surfaces and interfaces employed in the aforementioned researches were resistant to sig-

nificant reconstructions despite being formed at high temperature, and successively,

through several thermal cycles. Since numerous material properties critically depend on

the oxygen stoichiometry in oxide materials, the high thermal stability of BSO naturally

indicates the stability of oxygen stoichiometry in BSO. To appreciate fully the signifi-

cance of the oxygen stability in oxide materials, one may recall a major role of oxygen

vacancies in oxide materials: creating unintentional n-type carriers. A propensity of

deviation from the oxygen stoichiometry in oxide materials has been a major obstruc-

tion to utilize them as a semiconductor because the carrier density in oxide materials

with unstable oxygen anions is not so much controlled by dopant concentration as de-

termined by oxygen vacancies, density of which is not controllable and varies with time.

For this reason, the oxygen stability in oxide materials is one of the most important

factors to determine the reliability of oxide-based devices and, subsequently, prospects

for adoption of oxide electronics by the semiconductor industry.

1
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Another tempting property of BSO is high electron mobility at room temperature. In

BSO single crystals, electron mobility was measured as high as 320 cm2 V−1 s−1 when

doped by La impurities [1]. Such high electron mobility with impurities hints even

higher mobility in the pure form and potential for application to high-electron-mobility

transistors (HEMT) currently dominated by III-V compounds such as GaN over which

BSO has three advantages in the electronic device applications. The first is possible

reduction in the cost of manufacturing because barium and tin in BSO are relatively

cheaper elements than gallium in GaN; oxide materials are cheaper than nitride materials

in general. The second is the ternary of constituents in BSO. In contrast to binary

compounds, two sites of cation in ternary compounds produce another degree of freedom

in manipulation of the material properties. For instance, both electric and magnetic

impurities can be simultaneously incorporated into ternary compounds. The third is the

perovskite structure of BSO. The perovskite structure of oxides is known to be a template

for various novel physical phenomena such as high-temperature superconductivity [6],

colossal magnetoresistance [7], ferroelectricity [8], multiferroism [9], high thermopower

[10]. Since BSO has the same structure as the materials described in the listed references

do, BSO might share some of those properties or at least be incorporated into the

strongly correlated systems.

In this dissertation, studies of BSO have been presented in five different chapters. The

first is this introductory chapter, beginning from a brief history of BSO research and

ending with introducing the basic material parameters of BSO. The second chapter will

be about epitaxial growth of BSO thin films on conventional SrTiO3 (STO) substrates.

Emphasis will be placed on the density of threading dislocations in the BSO epitaxial

films caused by the lattice mismatch with the STO substrates. The third chapter will

be about transport properties of the BSO epitaxial thin films. Discussed in the chapter

will be the effects of threading dislocations and dopants such as La and Sb on electron

mobility in the BSO epitaxial films. The fourth chapter will be about the fabrication and

characterization of TFTs utilizing BLSO as well as the development of LaInO3 (LIO)

gate dielectric. The fifth chapter, which is the last, will be about the significant conduc-

tance enhancement at the interface between BLSO and LIO. The stability and origin of

the conductive interface will be discussed in the context of the polarity discontinuity in

the interface.

1.1 A brief history of BaSnO3 research

Prior to the seminal paper that showed the potential of BSO as a wide band gap semi-

conductor [1], BSO had been employed for various technical applications. The first
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English literature where BSO appeared might arguably be the U. S. patent published in

1944 [11]. The patent claimed that glass enamel composition including BSO improved

alkali resistance of the enamel. A few years later, a series of patents written by Wainer

followed it and claimed that doping of BSO into BaTiO3 (BTO) ceramics enhanced

thermal stability of dielectric constants with even higher values. [12–15].

It is known that Smolensky and Isupov first investigated the physics of the temperature-

dependent dielectric properties of BaTi1−xSnxO3 (BTSO) ceramics. [16, 17]. As the di-

electric constant of BTO ceramics has its maximum at the Curie temperature (∼ 135 ◦C)

of transition from the tetragonal to the cubic phases [18], the acquisition of higher di-

electric constant around room temperature was explained by the observation that the

substitution of Ti by Sn in BTO lowered the Curie temperature toward room tem-

perature. They also explained the thermal stability of the dielectric constant of BTSO

ceramics. The incorporation of Sn into BTO can create local structural disorders, diffuse

the transition temperature, and broaden the temperature-dependent dielectric functions

[17, 19]. The dielectric behavior bestowed a title of functionally graded material on

BTSO and had been further investigated in numerous literatures for decades [20–32].

Being motivated by the dielectric properties, BTSO ceramics had been also studied

for practical applications such as grain boundary layer capacitors [33–35], piezoelectric

bending actuators [36, 37] and gas sensors [38, 39]. Recently, the dielectric constant of

BSO ceramics itself was reported to be thermally stable up to 450 K confirming the

oxygen stability in the BSO systems [40].

Studies of BSO as a semiconductor had been probably the most consequential works that

ultimately led to the recent discovery of high electron mobility in BSO [1]. Undoped

BSO ceramics were reported to be a n-type semiconductor by Prokopalo in 1976 [41].

Using the semiconducting property of BSO, Ostrick et al. published, in 1997, two very

important papers about the thermal stability of the conductivity of BSO. They measured

carrier density of BSO ceramics [42] and thin films [43] in high temperature with varying

oxygen partial pressure of the testing environment. According to their experimental

results, the carrier density of BSO varied only by the order of 1017 cm−3 even when the

oxygen partial pressure plummeted from 104 to 102 Pa at 1000 ◦C. The variation of the

carrier density of BSO was less than the order of 1014 cm−3. at the same experimental

conditions except the lowered temperature: 700 ◦C. These observations, together with

the thermal stability of dielectric properties [40], evinced the thermal stability of oxygen

stoichiometry in the BSO system. The stability was later confirmed by measuring the

conductivity variation of BLSO epitaxial films at 530 ◦C in the Ar atmospheric ambience

[1].
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The thermal stability of BSO made it suitable for gas sensing application because the

gas sensing operations were usually carried out at high temperature environment such

as one during a combustion process. From 1985 to very recent days, many studies had

investigated the gas sensitivity of BSO on O2 [44, 45], H2O [39, 46, 47], NO [43, 48, 49],

CO [43, 45, 50–52], H2 [43], CH4 [43, 51, 52], liquefied petroleum gas [51, 52], NO2

[45, 49, 53], ethanol [54], and sulfides [55]. Since the gas sensitivity generally implied a

sensitive surface to an environment, another applications utilizing the sensitive surface of

BSO such as photocatalysis [56–59] and dye-sensitisized solar cells [60–63] had attracted

attentions and been studied, too.

The first chosen dopant in BSO was arguably Sb. In 1982, Jean-Marie Herrmann inves-

tigated the solubility limit of Sb impurities in BSO by measuring electrical conductivity

and concluded the limit was 17 % under which the Sb impurities preserved the pen-

tavalency [64]. Larramona and Gutiérrez estimated the bandgap of BSO to be 3.4 eV

from the diffuse reflectance spectrum and confirmed the pentavalency of Sb impurities

in BSO using photoelectron spectroscopy [65].

The most interesting part of the research of Sb-doped BSO systems (BSSO) was a series

of “non-observation claims” in 90’s. The first study was initiated in 1990 by Cava et al.

who observed lack of superconductivity in BSSO ceramics [66]. Since BaPb0.75Sb0.25O3,

electronically very similar to BSSO, had already been known as a superconductor with

3.5 K of the transition temperature, BSSO too was expected to be a superconductor.

Cava et al., however, could not observe any signs of superconductivity in the electrical

resistance measurement down to 4.2 K and in the magnetic susceptibility measurement

down to 0.05 K. They argued that Sb impurities were deep donors in BSO and created

only a midgap band. Therefore, electrons donated by some Sb impurities were not able

to get into the conduction band but trapped by the other Sb impurities, which produced

the microscopic Sb3+/Sb5+ charge disproportion. This observation of Cava et al. led

to the first electronic structure calculation of BSO. In 1991, Singh et al. performed the

calculation based on local density approximation, supported the speculation of Cava et

al, and explained the difference in the electronic structures between BaPbO3 and BSO

[67]. Interestingly, two experiments reported, in no more than 2 years, that no evidences

of the Sb3+/Sb5+ charge disproportion in BSSO were found by Mössbauer spectroscopy

[68] and photoelectron spectroscopy [69]. The two papers also proposed a new doping

mechanism of Sb impurities in BSO that Sb-5s electrons actually could get into the

conduction band as a displacement of O2− ions towards Sb5+ ions raised the energy of

Sb-5s states and lowered that of Sn-5s states. Although Huang et al. claimed, a couple

of years later in 1995, that the existence of the mixed valence states of Sb impurities in

BSSO by observing displacements of Sb-3d3/2 core level positions with their own X-ray

photoelectron spectroscopy (XPS), they did not provide the spectra and end the debate
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[70]. This claim was even countered in 2010 by the actual presentation of Sb-3d3/2 XPS

spectra of BSSO epitaxial films with no obvious shifts of the binding energy [71]. It was

not until 2013 that the existence of Sb3+ states in BSSO had eventually been proved by

low-temperature Mössbauer spectroscopy at 4.2 K [72]. Only the two weeks later, Kim et

al. too published transport data of BSSO single crystals implying mixed valence states of

Sb impurities in BSSO, although they claimed Sb4+/Sb5+-type of charge disproportion

[73].

In the meantime, La did not have a good start as a dopant in BSO system. In 1994,

Trari et al. tried La doping in BSO polycrystalline samples and investigated the elec-

trical properties of the BLSO system [74]. According to their report, not only is La

of insufficient solubility limit in BSO system for an investigation of superconductivity

but also insufficient activation in non-metallic regime owing to Anderson-type localiza-

tion. Huang et al. showed an order of higher electrical resistivity and smaller solubility

limit of the dopants in the BLSO system as compared with those in the BSSO system

[70]. Since late 90’s, for more than a decade, the BLSO system could not have attracted

much attention and had been considered as merely one of many possible impurity-doped

BSO systems such as Ba1−xSrxSnO3 [58, 75–79] and BaSn1−xMxO3 (M = Zr [80], Sb

[71, 81, 82], Cr [83], Co [84, 85], Nb [86–88], Te [89], Si [90], Pb [56], Ge [91, 92], Mn

[93]) systems, as the performances of BLSO polycrystalline ceramics had not been very

impressive in terms of the electron mobility or the electrical conductivity [47, 94–96].

Especially in 2007, the first comparative study of BLSO and BSSO single crystalline

epitaxial films showed that the BLSO system had no higher electrical conductivity than

the BSSO system did [82]. In 2010, it was followed by the literature reporting that

electron mobility of BSSO epitaxial films was 1.75 cm2 V−1 s−1, 2.5 times higher than

that of BLSO films (0.69 cm2 V−1 s−1) [71, 82]. Even the later report of the same group

in 2012 showed no improvement in the electron mobility of BLSO epitaxial films from

the result in 2007 [97].

At the lowest ebb of the BLSO research, it was the research group in Seoul national

university that stepped in and made a breakthrough for enhancing the electron mobility

of BLSO by a great deal even though the publication date of the results was narrowly

preceded by that of other group’s [98]. In the paper published in Applied Physics Ex-

press, H. J. Kim et al. reported 320 cm2 V−1 s−1 and 70 cm2 V−1 s−1 as the electron

mobility of BLSO single crystals and epitaxial films, respectively [1]. The electron mo-

bility of the BLSO single crystals is the highest, at the same temperature and doping

concentration, among those of oxide materials and even higher than that of GaN. The

superior transport properties, together with the excellent thermal stability, of the BLSO

system brought the fascination of BSO system back. Starting from the immediate sequel

to the first paper [2], plenty of research papers with respect to the BLSO system have
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poured out in three years. Electronic and phononic band structures of BSO system were

investigated using ellipsometry [99] and the first-principles calculations [100]. Another

theoretical studies dealt with the origin of high conductivity of BLSO system and at-

tributed it to the the small effective mass [101] and the shallow extrinsic donor level of

La [102, 103]. Owing to the high electron mobility in the BLSO system, the electron

effective mass was a center of intensive researches both theoretically and experimentally.

The first-principles calculations predicted various values of the effective mass: 0.4 m0

[2], 0.469 m0 [100], 0.22 m0 [102], 0.21 m0 [103], 0.03 m0 [78]. A few experimental tech-

niques were employed to measure the effective mass: 0.6 m0 by Burstein-Moss shift [2],

0.42 m0 and 0.35 m0 by ellipsometry [104, 105], 3.7 m0 by magnetic susceptibility mea-

surement [95]. The author’s group focused on scattering rate of conduction electrons in

BSO systems and reported the important role of threading dislocations in the electrical

transport [3, 104]. Wadekar et al. tried SmScO3 as well as STO substrates in the film

deposition and observed the relative enhancement of the electron mobility by reducing

the lattice mismatch between the BLSO films and the substrates [106]. Sallis et al.

reported a study of BLSO system using synchrotron X-ray spectroscopy and confirmed

the orbital characters of the conduction (Sn-5s) and valence (O-2p) bands [107]. The

first TFT employing the high electron mobility BLSO system was demonstrated by the

author’s group in 2014 [4]. The field effect mobility of the device was 17.8 cm2 V−1 s−1.

The highlight of the BLSO research was the all-perovskite TFT made of the interface

between BSO and LIO [5]. The field effect mobility reached up to more than 90 cm2 V−1

s−1 which was higher than any µ’s of BLSO films so far reported in other literatures.

The rapid progress of BLSO research led it ultimately to become one of “post-silicon”

candidates [108].

1.2 BaSnO3 as a wide band gap semiconductor

Wide bandage semiconductors have been used in power electronics, light-emitting diodes,

or high-electron-mobility transistors. Except the ubiquitous Si and its variation SiC,

GaN has been the leading material in those industries owing to the high electron mo-

bility, the high dielectric strength, thermal stability, and the bipolar dopability. Oxide

alternatives to GaN such as ZnO, SnO2, TiO2, and, In2O3, could have not competed

with GaN despite their cost-effectiveness and unique properties. It is mainly because of

the oxygen instability in those oxides, which subsequently leads to the thermal instability

and the lack of p-type dopability.

To be a wide band gap semiconductor, a material needs to be transparent to the visible

light, which means the band gap of the material needs to be larger than 3 eV. Since the
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size of direct band gap determines a wavelength of the light that the material can gener-

ate, the wide band gap semiconductors can be fabricated into light emitters generating

the wavelength of the ultraviolet range even though the presence of the indirect gap need

to be removed priorly by structural or chemical modifications. The size of band gap is of

importance to not only the transparency to the visible light or the emitted wavelength

but also the adequacy in high temperature electrical applications. The intrinsic carrier

density (ni) at given temperature is exponentially dependent on the size of band gap.

ni ∼ e−Eg/2kT (1.1)

where the Eg, k, and T are the band gap, the Boltzmann constant, and the temperature.

If the size of band gap of a semiconductor increases from 1 eV to 3 eV, ni will be

reduced by the factor of 10−17. For example, in the case for GaN, even the thermally

generated carrier density at 1000 ◦C (∼ 1012 cm−3 [109]) would be negligible as compared

with the commonly employed doping concentration in electronic devices (1015 ∼ 1018

cm−3). Another advantage of the large bandgap is that wide band gap semiconductors

generally have larger dielectric strength than conventional semiconductors do [110]. This

property is of particular importance to the power electronics applications where devices

are required to handle high electric field.

In following subsections, the author will introduce the basic material properties of BSO

relevant to the later discussions. The two important properties, the thermal stability

and high electron mobility of the BSO system will be discussed next.

1.2.1 Basic material properties of BaSnO3

To understand and exploit a material as a wide band gap semiconductor, it is required to

have a knowledge of five basic material parameters: 1) crystalline structure and lattice

parameters, 2) electronic band gap, 3) electron effective mass, 4) dielectric constant, and

5) electron affinity.

Crystal structure of BSO was investigated as early as 1940s. In 1943, Náray-Szabó

reported that BSO has the cubic perovskite structure with the lattice parameter of 4.10

Å [111]. The unit cell of perovskite structure is shown in Figure 1.1(a), where the Sn4+

ion in the center of the octahedron formed by six O2− ions. Ba2+ ions are located at

the corners of the cube. If the structure is drawn with having a Ba2+ ion at the center

of unit cell, it will look like Figure 1.1(b). One can easily notice that the coordination

number of the Ba2+ ion is 12.
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Figure 1.1: The perovskite structure. (a) The structure has been drawn with Sn at
the center of the unit cell. The lattice parameter of the unit cell is 4.116 Å[2]. (b) The
same structure has been drawn with Ba at the center to show the coordination
number of the Ba ion, which is 12.

Náray-Szabó’s report on the lattice parameter, however, seems to be underestimation.

In 1946, Megaw conducted more detailed analysis and gave the lattice parameter of

BSO with increased precision which is 4.109 Å [112]. Ever since, several researches have

reproduced and confirmed the cubicity of BSO; but reported a slightly different lattice

parameters. The reported values were 4.114 Å [113], 4.117 Å [114], 4.119 Å [115], 4.1151

Å [116], 4.116 Å [117] 4.1160 Å [2], and 4.1155 Å [98]. The smaller lattice parameters

reported in early days might be caused by deviation from the atomic stoichiometry,

especially the Ba deficiency, which could occur during the process of the syntheses. In

this dissertation, the author will use the value 4.116 Å as the lattice parameter of the

unstrained bulk BSO system.

The second material parameter to be discussed is the type and size of the electronic band

gap of BSO system. The type of band gap can be easily predicted by the first-principles

calculations. There are plenty of literature where the electronic band structure of BSO

system has been calculated by employing various calculation techniques and all predicted

the presence of indirect band gap [2, 57, 67, 72, 78, 99–103, 107, 118–120]. Figure 1.2(a)

shows an example of the electronic band structure of BSO system calculated by using

local density approximation (LDA) [2]. In Figure 1.2(b), the symmetric points in the

Brillouin zone are presented. The valence band maxima (VBM) are located at R and M

points while the conduction band minimum (CBM) is located at Γ point according to

the band structure calculation. Since the electrons at the Γ point in the valence band
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have energy about 0.3 eV lower than electrons at the VBMs do, the band gap of BSO

system is clearly indirect.

Figure 1.2: (a) The electronic band stucture of the BSO system. (b) Points of
symmetry in the first Brillouin zone of the cubic structure.

Experimental detection of the band gap had been carried out by employing a couple

of technique such as photoconductivity spectroscopy (PCS), diffuse reflectance spec-

troscopy (DRS), optical transmission spectroscopy (OTS), infrared spectroscopy (IRS)

and ellipsometry as shown in the Table 1.1. As early as 1978, Prokopalo et al. already

estimated the band gap of BSO system by measuring the photoconductivity of BSO sin-

gle crystals [121]. Although they did not comment on the type of the optical transition,

the author could infer from their measurement method that the measured gap was the

direct gap because the quantum efficiency of the indirect band-to-band transition would

have been too low to obtain the significant ratio of photocurrent to dark current (103)

in the literature. The first experimental report of indirect gap was done by Mizoguchi

et al.; but they did not discuss the experimental classification of the type of the optical

transition and rather had recourse to the first-principles calculations [118]. In 2007,

Hadjarab et al., reported complete experimental results for both values of indirect (2.85

eV) and direct gap (3.12 eV) obtained by DRS and the model exponents [95]. The size

of indirect gap reported by Hadjarab et al., however, might have been underestimated

because they used polycrystalline samples that might produce the Urbach tails [122].

In 2012, OTS with BSO single crystals was conducted in order to measure the band

gap and obtained 2.95 eV for the indirect gap and 3.1 eV for the direct gap [2]. The

author will use these values throughout the dissertation despite of the variation of the
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other reported values because none of them could provide the complete data for both the

indirect and direct gaps at the same time [57, 65, 71, 72, 74, 79, 97–99, 105, 123, 124].

Table 1.1: Experimental reports on the band gap of BSO system.

Indirect
gap (eV)

Direct
gap (eV)

Measurements Samples References

− 3.1 PCS Single crystals [121]
− 3.4 DRS Poly crystals [65]
− 3.23 DRS Poly crystals [74]
3.1 − DRS Poly crystals [118]
2.85 3.12 DRS Poly crystals [95]
3.1 − DRS Poly crystals [57]
− 3.48 OTS Epitaxial films on MgO [71]
− 4.05 Ellipsometry Single crystals [98]
2.95 3.1 OTS Single crystals [2]
− 3.49 OTS Epitaxial films on MgO [97]
− 3.50 OTS Epitaxial films on MgO [79]
− 4.05 Ellipsometry Single crystals [99]
3.1 − DRS Poly crystals [72]
− 3.3 IRS Epitaxial films on STO [105]
− 3.56 OTS Poly crystalline films on Al2O3 [123]
− 3.36 OTS Powder [124]

The electron effective mass is the third parameter to be discussed. Since the electron

effective mass is one of determinants of electron mobility, numerous literatures have

reported the values obtained either by the first-principles calculations or experimen-

tal techniques. The first report on the effective mass of BSO system was the work

of Hadjarab et al. in 2007, [95] where they claimed that the effective mass of 2 %

BLSO ceramics was measured to be 3.7 m0 by the electron paramagnetic resonance

(EPR) measurements. The next year, they published a similar result (3.9 m0) again

and ascribed the heaviness of the electron mass to the electron-electron correlation and

electron-phonon interaction [59]. These values seem to be unrealistically large, in hind-

sight, considering that none of later reports would ever reproduce their results and that

BLSO system would show much higher mobility in single crystals (320 cm2 V−1 s−1 [1])

than what they measured with their poly crystalline ceramics (0.1 cm2 V−1 s−1 [95]).

From 2012 has begun to be reported the effective mass calculated by the first-principles

calculations using local density approximation (LDA) [2], generalized gradient approx-

imation (GGA) [78], Heyd-Scuseria-Ernzerhof functional (HSE06) [100, 101, 103], and

Perdew-Burke-Ernzerhof functional (PBE0) [102, 107] as shown in the Table 1.2. Ex-

perimental confirmation has started from 2014. Seo et al. used IRS and measured 0.35

m0 for 4 % BLSO [105]. Shan et al. employed OTS and reported the dependence of the

effective mass of BLSO on the La-concentration [123]. The author and the collaborators
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performed ellipsometry and obtained the effective masses for both 4 % BLSO (0.42 m0)

and 5 % BSSO (0.44 m0) systems [104], consistent with the previous prediction using

LDA [2]. Lastly, Zhang et al. successfully measured the effective mass of the undoped

BSO system (0.14 m0) using the magnetic-field-dependent photoluminescence (MPL)

[125]. At this stage, the author cannot conclude which value is the most desirable and,

therefore will stick to the values to the measurement of which the author contributed:

0.42 m0 for the BLSO and 0.44 m0 for the BSSO.

Table 1.2: Reports on the electron effective mass of BSO system. m0 is the free
electron mass, 9.11 × 10−31 kg.

Electron effective mass (m∗/m0) Materials Techniques References

3.7 2 % BLSO EPR [95]
3.9 2 % BLSO EPR [59]
0.4† LDA [2]
0.05† (Γ → M), 0.03† (Γ → R), 0.09† (Γ →
X)

GGA [78]

0.2† HSE06 [101]
0.21† (Γ→ X) HSE06 [103]
0.22† PBE0 [102]
0.957† (Γ → M), 1.463† (Γ → R), 0.469†

(Γ→ X)
HBE06 [100]

0.22† PBE0 [107]
0.14 BSO MPL [125]
0.31, 0.2, 0.34, 0.26, 0.43 for (x = 2, 4, 6, 8,
10)

x% BLSO OTS [123]

0.35 4 % BLSO IRS [105]
0.42 4 % BLSO Ellipsometry [104]
0.44 5 % BSSO Ellipsometry [104]
†The values were obtained by the first-principles calculations.

The fourth parameter to be discussed is the dielectric constant of BSO which was also an

object of an extensive investigation. In 1953, Coffeen measured the dielectric constant of

BSO ceramics and reported the value, 14 [126]. In 1959, Piercy reviewed three different

experimental results including his own (κ = 15) and concluded that his and Coffeen’s

results were consistent [127]. More recently, Singh measured the dielectric constant

of BSO again and reported its dependence on driving frequency and temperature [128].

According to his result, the intrinsic value of the dielectric constant was about 20 despite

the huge variations of the dielectric constant at low frequency and room temperature

owing to the polarization associated with grain boundaries. Throughout the dissertation,

the author will use 20 as the dielectric constant of the BSO system.

The fifth and the last parameter to be discussed is the electron affinity of BSO. The

electron affinity in semiconductors is the change in the energy when one electron is
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added to the material. Since the newly added electron will join in the conduction band,

the change in the energy will be simply the electronic energy difference between the

conduction band and the vacuum level. This electron affinity is of particular importance

to analysis and design of heterostructures where the band alignment between materials

determines the physical properties of the structure. In author’s knowledge, only one

literature reported on this matter. Hadjarab et al. estimated 4.4 eV for the electron

affinity of BSO by using the photoelectrochemistry [59].

The table 1.3 summarizes the five material parameters that will be employed throughout

this dissertation.

Table 1.3: Summary of the five material parameter of BSO system that will be used
throughout this dissertation.

Parameters Values References

Lattice parameter (a) 4.116 Å [2]
Band gap (Eg) 2.95 eV (indirect) and 3.1 eV (direct) [2]
Electron effiective mass (m∗) 0.42 m0 [104]
Dielectric constant (κ) 20 [128]
Electron affinity (χ) 4.4 eV [59]

1.2.2 Thermal stability

As mentioned in the history section, Ostrick et al. demonstrated the thermal stability

of BSO ceramics under the O2-poor environment [42, 43]. As shown in Figure 1.3, they

measured the carrier density of BSO ceramics at given temperature as the O2 partial

pressure varied from 2 × 105 to 2 × 103 Pa. According to their experiments, the carrier

density increased from about 8 × 1016 cm−3 to about 2 × 1017 cm−3 at 1000 ◦C.

One method of testing the stability of oxygen stoichiometry in oxide materials is the

measurement of the chemical diffusion constant of oxygen vacancies in the materials.

Oxide materials will lose a certain amount of the oxygen contents in O2-poor environment

with high temperature. The oxygen vacancies will contribute to the conductivity by

creating two mobile carriers into the conduction band. If one monitors the change in the

conductivity for a certain amount of time in the oxygen-vacancy-creating environment,

he can deduce the amount of oxygen vacancies created during the time interval and

calculate the diffusion constant of the oxygen vacancies using a proper model associated

with the sample geometry.

The experiment was carried out by H. J. Kim et al. [1] with a 100 nm thick BLSO

epitaxial thin films with 5 × 5 mm lateral size were used (See Chapter 2 for the detailed
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Figure 1.3: The carrier density of BLSO ceramics as a function of the O2 partial
pressure in the surrounding gas. [43]

film-growth conditions). The result is presented in Figure 1.4. Figure 1.4(a) The proce-

dures consisted of putting the films in the BLSO films in the environments with three

different gases: air, O2, and Ar, raising the temperature up to 530 ◦C, and waiting for

the conductance of the film to be stabilized over time. Since it could be presumed that

the oxygen vacancies were removed in the second annealing process in the Figure 1.4(a)

(the annealing in O2 environment), the third annealing process in the Ar environment

can be regraded to provide the data in the oxygen-vacancy-creating environment from

which the chemical diffusion constant can be extracted.

Since the samples under test were thin films where the vertical dimension (100 nm) was

negligible as compared with the lateral dimension (5 mm), the diffusion process was

essentially one-dimensional. The detailed way of analysis was reported by Malavasi et

al. [129]. Here will be presented only the final result.

ρ (t)−ρ (∞)

ρ (0)−ρ (∞)
∼ et/τ0 (1.2)

where ρ(t), ρ(0), and ρ(∞) are the resistivities at time t, the beginning, and the steady

state, respectively. The time constant τ0 is defined by
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Figure 1.4: Variation of electrical resistance of BLSO epitaxial films at different
gases [1]. (a) Time dependence of the resistance at T = 530 ◦C. (b) Temperature
dependence of the resistance with the environments of three different gases.

τ0 =
d2

π2D
(1.3)

where D is the oxygen diffusion constant. Fitting the variation of resistivity of BLSO

films in the Ar environment using Equation 1.2 yielded D ∼ 10−15 cm2 s−1, which is

much lower than those of titinates (10−8 cm2 s−1) [130], cuprates (10−11 cm2 s−1) [131],

and manganites 10−13 cm2 s−1 [129].

1.2.3 High electron mobility

The high electron mobility of BLSO system is the one major reason for the ignition of

BSO research. To appreciate the high mobility of BLSO system, the room temperature

electron mobilities of several semiconductors have been presented in Figure 1.5. Except

GaAs, which is known for high electron mobility because of its small effective mass,

BLSO single crystals show higher mobility (320 cm2 V−1 s−1 [1] as the maximum electron

mobility) in the degenerate regime (n & 1019 cm−3) than any other listed materials,

including GaN, do. The observation of the high electron mobility in BSO system is a

significant discovery considering the electron mobility of ZnO, a leading oxide competitor

to GaN, has been much lower than that of GaN. If the comparison is confined to the
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perovskite family, the electron mobility of BLSO is 30 times higher than that of STO,

the most popular semiconducting oxide in the perovskite family, in the most conservative

estimate.

Figure 1.5: Electron mobilities in La-doped BaSnO3 (BLSO) and other
semiconductors plotted against the carrier density. The original data can be found in
the following literatures: GaAs [132], GaN [133], Si [134], ZnO [135], STO [136],
BLSO single crystals [2], BLSO films on STO [1].

The non-degenerate regime (n . 1018 cm−3) of BSO has not been explored because

the technology of the material synthesis is not mature enough to control the density of

intrinsic defects to be lower than such low carrier density. It is reported that defect-

related carrier scattering or localization are the dominant causes of the disappearance

of conductivity in the non-degenerate regime [1, 3, 104]. In the BLSO single crystals,

the oxygen vacancies, likely created by high synthesis temperature (1230 ◦C) [137],

might become very effective scattering centers in the non-degenerate regime. In the

BLSO epitaxial films, high density of threading dislocations is believed to be the main

cause of the carrier localization in the order of 1018 cm−3 [3, 104]. Maturity of defect-

minimization and low-concentration-doping techniques are required to investigate the

transport properties of BSO system in the non-degenerate regime.

Since the electron mobility (µ) is defined by µ = eτ/m∗, where 1/τ and m∗ are the

scattering rate of the electrons and the electron effective mass, respectively, one might
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expect quite small electron effective mass of BSO system to explain the high electron

mobility. As shown in the table 1.4, however, the electron effective mass of BSO is no

smaller than those of other semiconductors. Even though the author adopts the smallest

among the measured effective masses of BSO, the value is 0.2 m0 [123] and does not

provide a satisfactory explanation for the fact that the electron mobility of BSO is almost

thrice than that of GaN.

Table 1.4: Electron effective masses of semiconductors. m0 is the free electron mass,
9.11 × 10−31 kg.

Materials Electron effective mass (m∗/m0)

BaSnO3 0.42 [104]
GaAs 0.067 [138]
GaN 0.222 [139]
Si 0.259 [140]
ZnO 0.23 [141]
SrTiO3 1.8 [142]
SnO2 0.35 [143]
In2O3 0.30 [144]

Insignificant difference between the effective masses of BSO and other semiconductors

implies unusually low scattering rate in BSO system for which two explanations have

been proposed. The first is the bond angle theory that argues the cubicity of the struc-

ture and the 180◦ of Sn-O-Sn bond angle in BSO are the origin of the low electron

scattering rate and, thereby, the high electron mobility [108]. Contrasting BSO with

SrSnO3 (SSO) may illustrate the point of the theory. SSO belongs to the same per-

ovskite oxide family, but has orthorhombic structure owing to the small ionic radius of

Sr ions [116]. Despite the large band gap (4.06 eV) [57], SSO is known to be dopable

and proposed by theorists as a transparent conducting oxide possessing high electron

mobility [145]. The experimental reports, however, could not have caught up the high

expectation of the theorists. Especially, Hall effect measurement revealed far low elec-

tron mobility of La-doped SSO (SLSO) epitaxial films as compared with that of BSO

counterparts [146]. According to the bond angle theory, the poor performances of SSO

system might be ascribed to the “distorted” Sn-O-Sn bonding (∼ 160◦) [147]. The octa-

hedral tilting, however, affects the transport properties of perovskite materials through

the modification of the band dispersion, i.e. the effective mass [118], which has already

been discarded from the list of possible causes. Therefore, even though the bond angle

theory seems to explain a few transport phenomena in perovskite oxides system, it is

still not clear how the angle of Sn-O-Sn bonds actually affects the scattering rate of

electrons.
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The second is the theory of modulation doping in atomic scale. AMO3-type of perovskite

oxides has a peculiar property that the elements at A-site do not contribute to the

construction of the conduction and valence bands [148]. In BSO system, it is Sn-5s

and O-2p states that mostly constitute the electronically relevant bands near the Fermi

level while Ba ions participate almost only in the formation of the crystal structure

[118]. One can imagine, with invoking a classical picture, that the electric conduction

channels in BSO are formed through the SnO6 octahedral paths and Ba2+ ions stand

aside from the channels. In this sense, the substitution of Ba2+ ions by La3+ ions

donates electrons to the SnO6 channels without interrupting the channels themselves.

In other words, the ionized impurities at the A-site in AMO3-perovskite structure will

be much less effective scattering centers that they would be otherwise at the B-site. This

theory can explain well the difference between the transport properties of BLSO and

BSSO systems. According to the published reports, BLSO single crystals or epitaxial

films have showed the superior electron mobility over BSSO counterparts [73, 104]. This

fact can be understood by the reasoning that La impurities, occupying the A-site in

BSO, become much less effective scatting centers than Sb impurities, occupying M-site

in BSO, are.

This theory, however, has an unsatisfactory point. To realize the effective impurity-

channel separation, the electric field produced by the charged impurities needs to be

screened effectively by the conduction electrons. The screening is called effective when

the screening length of the field becomes larger than the distance between the channels

and the impurities. In the degenerate regime, Thomas-Fermi screening length (λTF) can

be used in the comparison.

λTF =
}π2/3

e

√
ε

m∗
(3n)−1/6 (1.4)

where e, ε, and n are the elementary charge, the permittivity of BSO, and the carrier

density in BSO, respectively. The value will be roughly 9 Å even in highly degenerated

BLSO system (n ∼ 5 × 1020 cm−3). But the channel-impurity distance is equal to the

distance between Ba2+ and the adjacent O2− ions which is only 2.9 Å.



Chapter 2

Epitaxial growth of BaSnO3 thin

films

An investigation of single crystalline material is of importance to characterization of

the intrinsic material properties without involvement of numerous crystalline defects.

Carefully grown single crystals are essential for the study owing to minimization of

density of the defects. Epitaxial films, however, have several advantages over single

crystals despite the limitation on the defect controlling capacity owing to the lack of

freestanding from the substrates. Fair quality epitaxial films can be grown much easier,

faster, and larger than the single crystals. No less significant advantages for oxide

materials are the possibility of the precise local doping control and the preservation of

oxygen stoichiometry due to relatively low growth temperature. The emphasis, however,

will be placed on the fact that the epitaxial films are more application-friendly than

the single crystals. From heterostructure fabrications by controlling the one of three

dimensions to exploitation of exotic physical properties caused by crystallographic strain

and surface termination, the studies of epitaxial films exert influences on far broader area

than those of single crystals do.

In this chapter, the author will first introduce the epitaxial growth of BSO films on

STO substrates using pulsed laser deposition (PLD) technique. The author will give a

brief introduction to the PLD system and present the actual epitaxial growth conditions.

Next, the author will discuss X-ray diffraction patterns of our films obtained by θ-2θ

scans, ω-rocking scans, and reciprocal space mapping in order to provide evidences

of BSO epitaxy. Last, the presence of threading dislocations will be presented with

transmission electron microscopy (TEM) images. The density and origin of the threading

dislocation will be discussed as well.

18
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2.1 Pulsed laser deposition of BaSnO3 epitaxial films

Among the diverse thin film growth techniques, the author has used the PLD technique

to grow BSO epitaxial films. The schematic of PLD system is presented in Figure 2.1.

The operation principle of the PLD technique the author has used is basically ablating

a surface of a BSO target using the pulsed laser inside the vacuum chamber. The laser

pulses produces high energy plasma, called “plume” containing separated Ba, Sn, and

O ions. The ablated elements contained in the plume will be deposited on the substrate

temperature of which can be fixed at a certain level by the underneath heater. The

vacuum chamber is filled with O2 gas to compensate the possible loss of oxygen ions

during element transfer from the target to the film.

Figure 2.1: A schematic of PLD system

The biggest advantage of the PLD technique is the stoichiometry-preserving material

transfer from the ceramic targets to the films. The second biggest advantage is the

availability of oxygen-supplying gaseous agents with high partial pressure. These are

actually the reasons why the PLD technique is widely used for especially the growth of

complex oxide materials in which the control of stoichiometry and oxygen vacancies is

of the uttermost importance.

Quality of the samples is determined by various growth conditions such as laser pulse

duration, laser wavelength, energy fluence, target density, target-to-substrate distance,

base pressure, O2 pressure during operation, substrate materials, and substrate tem-

perature. It is necessary to understand how PLD works to control a multitude of the

growth parameters effectively and obtain samples worth any experimental efforts.
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The growth parameters may be classified into three categories: stoichiometric ablation,

stoichiometric transfer, and crystallization. Not completely independent as the classifi-

cation are, roughly, everything about the laser and optics belongs to the first; the O2

partial pressure and the target-to-substrate distance belong to the second; the things

related to the substrates such as the substrate material and temperature belong to the

third.

The stoichiometric ablation is due to the rapid heating rate (∼ 1111 K s−1) [149] achieved

by the high energy irradiation in such a short period as tens of nanoseconds. Such rapid

heating create a phenomenon called the phase explosion in which the different kinds of

constituents are dissociated from the bulk in no reference to the parameters governing

equilibrium processes [150]. Laser wave length, Laser pulse duration and energy fluences

are the three controlling parameters to be considered to prepare the optimal ablation

conditions.

Common choices of the laser wavelength are 193 nm (ArF), 248 nm (KrF), and 266

nm (frequency-quadrupled Nd:YAG), which are equivalent to 6.42, 5.00, and 4.66 in the

unit of electron volts, respectively. Since the photon energy must be absorbed by target

materials, the laser wavelength is of a serious concern to especially the ablation of wide-

gap complex oxides some of which have band gaps larger than the photon energy. When

it is necessary to ablate a material the band gap of which is higher than the photon

energy, the energy fluence should be so large that absorption by multi-photon process

occurs when the pulse hits the target surface.

In most cases, the laser pulse duration is fixed by the specification of the employed laser

like the laser wavelength is. Long pulse duration (the order of µs) or continuous wave

are not suitable in the ablation of materials because the time interval of delivering the

energy from the photon to target materials is so long that the irradiated surface of the

target might melt before being ablated. The melted surface might produce droplets or

particulates which eventually degrade the quality of films.

The energy fluence is defined by the photon energy delivered by a single pulse in a

unit area. The energy fluence is what researchers can easily control by adjusting the

irradiated area of target materials. The problem is the difficulty in delineating the exact

irradiated area because of the non-flat-top beam profiles. An example of excimer laser

beam profiles is shown in Figure 2.2. If the non-flat-top profiles are used as they are,

the lower energy around the edges of the beam profiles and the higher energy around

the center of the beam profiles might lead to unwanted consequences even though the

optimal window of energy fluence is employed on average to ablate a material. The lower

energy fluence than the optimality, which depends on properties of the target material, is

likely to start not so much the ablation process, in which all the constituent elements are
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Figure 2.2: Vertical and horizontal beam profiles of COMPex 205, Lambda Physik
[151].

discharged simultaneously without loss of the stoichiometry, as the evaporation process,

in which a constituent with higher vapor pressure is discharged more rapidly than those

with lower vapor pressure are, through heating the irradiated surface with an insufficient

rate. The higher energy fluence than the optimality, is likely to cause the chunk by chunk

ablation in which, instead of being dissociated from one another and becoming mono-

or di-atomic ions, the constituents of the target material are detached in the form of

nano- or micro-sized granular particles.

Achieving the uniformity of energy fluence over the irradiated area is of critical impor-

tance to avoiding the problems described in the previous paragraph. Using an aperture

clipping the edges of the beam profiles is recommended to alleviate the problems in the

cheapest but effective manner. The author has used a rectangular aperture the dimen-

sion of which is 17 × 7 mm2 to clip the beam produced by Coherent COMPexPro 201,

the size of which is 24 × 10 mm2 [152]. The beam homogenizer, the schematic of which

is shown in Figure 2.3, might be very effective in achieving the uniformity of the energy

fluence in a technological perspective and was actually employed to obtain better YBCO

films on LaAlO3 substrates [153]. The cost of it, however, is almost as expensive as that

of an excimer laser itself and unlikely to be a smart choice for research groups which are

concerned about balancing the budget.

The irradiated area of target materials should not be too large because it is difficult to
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Figure 2.3: A schematic of the beam homogenizer. [151].

achieve the desirable energy fluence (1 ∼ 1.5 J cm−2 for typical complex oxide materials)

with the large area of irradiation. Small size of beam spot is also advantageous to slowing

down the wear of the targets. For these reasons, the clipped beam is usually focused

by utilizing a convex lens in most of the PLD systems. A common mistake in focusing

the beam is to situate the target surface at the focal point of the lens where the flat-top

beam profile will turn into non-uniform profile [154]. The right approach to shrinking

the irradiated area is to situate the target surface at an image plane, where the beam

profile will be preserved, with a proper demagnification ratio. Once the demagnification

ratio is decided, the positions of the three components, the clipping aperture, the convex

lens, and the target surface, are determined by the thin film formula.

1

f
=

1

a
+

1

b
(2.1)

where f , a, and b is the focal length of the convex lens, the distance of the clipping

aperture from the lens, and the distance of the target surface from the lens, respectively.

The author has used the ratio of 0.14 with which the long axis of the beam is shrunk

from 17 mm to 2.4 mm.

The beam divergence and the diameter of the convex lens are another parameters to be

pondered in order to obtain the clear delineation of the irradiated area on the target

surface. Usually for the imaging of the beam, the distance between the clipping aperture
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and the convex lens is settled to about three meters. Since a laser beam is not perfectly

collimated and has a finite divergence in the most cases, there is such a possibility that

the size of the divergent beam might exceed the diameter of the convex lens. The failure

to collect the whole beam at the lens leads to the well-known problem of the optical

vignetting in which the edge of the beam spot on the target surface blurs. The blurred

edge might result in non-uniformity of energy fluence around the edge. Assuming the

best performance of a laser with respect to the beam divergence and a small size of the

clipping aperture, a convex lens with two-inch diameter could be enough. The beam

divergence, however, could be larger than the values in the specifications for whatever

reasons. In this case, the employment of a lens with three-inch diameter or additional

collimating optics might be required.

Figure 2.4: The typical shape of BSO plume with the conditions: 100 mTorr of O2

pressure, 2.4 × 1.2 mm2 of the spot size, and 1.4 J cm−2 of the fluence.

The most important as the stoichiometric ablation is for the stoichiometric transfer from

a target material to a film, there are another parameters to be considered to obtain the

film without loss of stoichiometry. One of them is the relative position of substrate

with respect to the size of plume, the gaseous plasma of high energy ions discharged

from the target. The shape of the plume depends on the pressure of a background gas.

Typically, for the growth of the complex oxide films, an operation chamber is filled with

an O2 gas with the pressure of the order of 100 mTorr (13.3 Pa) in order to preserve the

oxygen stoichiometry in the films. The shape of typical BSO plume in the 100 mTorr-O2

environment is presented in Figure 2.4. Once the shape of the plume is given by the
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consideration of other parameters such as the pressure of the background gas, beam

spot size on the target surface, and the energy fluence, the position of substrate will

be determined accordingly. If the position of substrates is too near the brightest inner

region of the plume, where the high energy plasma resides, the high kinetic energy of

impinging ions can damage the surface of the substrates, degrade the crystallinity of

the deposited films, and even resputter the surface of the films. These phenomena are

sometimes called the ion bombardments. More importantly, the ions discharged from

the target forfeit the sufficient oxidation before arriving at the surface of the substrates

by the lack of scattering events with the background O2 molecules, and hence prevalence

of oxygen vacancies in the deposited films. The fact reported in some literatures that

carrier density is higher than the dopant concentration in BSO films grown by PLD

under high O2 pressure might originate from the improper adjacency of the substrates

to the inner region of the plume during the growth process [71, 82, 97].

The position of the substrates which is too far from the faint outer region of the plume

causes another problems leading to the loss of stoichiometry, the formation of alien

phases, and the degradation of the film crystallinity. As the high energy ions lose

the kinetic energy because of the scattering by the background gas, the propagation

of the plume becomes dominated by the diffusion of the elements in which the angular

distributions of the diffusive flow depend on the properties of each element and eventually

become non-stoichiometric [155]. The excessive scattering with the background gas

molecules might result in the formation of unwanted phases during the flight of ions

from the target to the film. In the case of BLSO film deposition, La2O3 phase, so

localized that is hardly detected by X-ray diffraction analyses, might be formed in the

film if the position of the substrates is too distant from the optimal position. The

lack of surface mobility of atoms arriving at the surface of the substrates caused by

the excessive loss of the kinetic energy leads to the poor crystallinity containing higher

density of threading dislocations or grain boundaries than otherwise.

The lesson here is that the background gas pressure, the energy fluence, the size and

shape of the irradiated spot, and the target-to-substrate distance are not completely in-

dependent parameters the individual optimality of which does not necessarily guarantee

the optimality of the entire system. After all, as Prof. Char succinctly remarked, the

optimal position of substrates is the edge, however vague it still is, of the faint part of

the plume.

The growth conditions the author has employed to grow BSO epitaxial films and the

pictures of the BLSO and BSSO flims on STO substrates are presented in Table 2.1 and

Figure 2.5, respectively. The yellowish color is due to the oxygen vacancies in the STO

substrates created during the film deposition process.
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Table 2.1: PLD growth conditions employed in our experiments

Parameters Values

Laser wavelength KrF excimer, 248 nm
Energy fluence 1 ∼ 1.5 J cm−2

Target density > 70 %
Target-to-substrate distance 50 ∼ 60 mm
Base pressure 10−6 ∼ 10−5 Torr
O2 pressure during operation 100 mTorr (13.3 Pa)
Substrate materials 5 × 5 mm2 SrTiO3

Substrate temperature 750 ◦C

Figure 2.5: Pictures of BLSO and BSSO films on STO substrates.

2.2 Structural properties of BaSnO3 epitaxial thin films on

SrTiO3 substrates

Desirable as a homo-epitaxy is for obtaining high crystalline films, to the extent of the

author’s knowledge, the growth and polishing techniques of BSO single crystal have

not been mature enough to supply high quality BSO substrates with large area for the

homo-epitaxy. Since it is a well known fact that a common structure of substrates and

epitaxial films yields better crystallinity of the films. The next option is the selection

among the commercially available perovskite oxide substrates presented in Figure 2.6.

LaAlO3, STO and KTaO3 have cubic unit cells; BaTiO3 has a tetragonal unit cell;

the others have orthorhombic (or pseudocubic) unit cells. The lattice parameters of

pseudocubic unit cells (apc) have been calculated by the following rule preserving the

corresponding cell volumes.
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apc =

[
bor

√
a2

or + c2
or

4

]1/2

(2.2)

where aor, bor, and cor are the lattice parameters of orthorhombic unit cells; bor is the

longest one in particular.

Figure 2.6: Lattice parameters of commercially available perovskite oxide
substrates. The webpage of MTI corporation presents the information about the most
of the substrates including LaAlO3, NdGaO3, SrTiO3, DyScO3, TbScO3, GdScO3,
KTaO3, BaTiO3 [156]. The information about the other substrates is found in other
literatures: SmScO3 [157], PrScO3 [158], and LaLuO3 [159].

Various as the possible candidates are in the commercially available perovskite oxide

substrates, no substrates presented in the figure, unfortunately, seem to provide a lattice-

matched template for BSO films. PrScO3, among the rare-earth scandates, can provide

the longest but insufficient lattice constant to compensate the remaining mismatch and

orthorhombicity of the structure. The LaLuO3 has another issue such as causing micro-

cracks in BSO epitaxial films grown on it. KTaO3 and BaTiO3 are costly and yield no

better substrates than PrScO3.

Owing to the cubicity and the relatively cheap price, STO, despite the large lattice

mismatch about 5.4 %, seemed to be the best substrate at the moment the experiments

were carried out. Even though the better template utilizing MgO substrates and BaHfO3

buffer layers has been already developed by the author’s group, the physical properties

of BSO epitaxial films on STO substrates are worth discussing in that the role of defects

caused by the lattice mismatch can be revealed.

In the following subsections, the three types of BSO films on the STO substrate will

be discussed: pure BSO, BLSO, and BSSO epitaxial films. Not only on the epitaxy of
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BSO film itself will emphasis be placed but also on the fact that negligible changes in

crystallinity and defect density have been introduced by the dopants La and Sb.

2.2.1 X-ray diffraction analysis

This section will be begun with θ-2θ diffraction pattern of a BSO powder sample in Fig-

ure 2.7 [160]. The powder diffraction pattern is the reference to which X-ray diffraction

patterns of our films will be compared. Since the 2θ positions depend on the wavelength

of X-ray being used, it is important to use the same wavelength of X-ray in order to

compare two diffraction patterns directly. The common wavelength of X-ray employed

in the diffraction analysis is 1.5406 Å produced by Kα1 transition in Cu and was also

employed both in obtaining the data in the Figure 2.7 and our data presented in Figure

2.8.

Figure 2.7: θ-2θ diffraction pattern of a BSO powder sample [160].

The samples the diffraction pattern of which will be analysis are a 100 nm-thick x %

BLSO (x = 0, 1, 4, and 7) epitaxial films deposited on the STO substrate. Figure 2.8

shows the θ-2θ diffraction patterns of the samples. The range of 2θ is taken from 15◦ or

20◦ to 80◦ in the measurement. The first thing to note is the absence of BSO crystalline

peaks except those corresponding to (00l) directions in the films, which indicates the
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epitaxial growth of all the BLSO film on the STO substrate. None of alien peaks other

than those of BSO and STO means the films are single-phased. Next, the clearly resolved

(003) peaks shows that the crystallinity of our BLSO films are superior to the films in

other reports where the (003) peak is barely resolved or unpresented [71, 106].

Figure 2.8: θ-2θ diffraction patterns of BLSO epitaxial films.

The ω-rocking curves of the BLSO films are presented in Figure 2.9. The full widths

at half maximum (FWHM) are the indicator of crystalline quality because the more

aligned the grain is along c-axis, the sharper the ω-rocking curve will be. The FWHMs

are 0.112◦, 0.088◦, 0.084◦, and 0.092◦ for 0, 1, 4 and 7 % BLSO films which are smaller

than that reported in other literatures [71, 106].

One remarkable result of the X-ray diffraction analyses of BLSO epitaxial films is the

observation of the alien peak in the θ-2θ diffraction patterns of some 7 % BLSO epitaxial

films. Figure 2.10 displays the θ-2θ diffraction patterns of two 7 % BLSO films grown

with identical growth conditions. The blue curve represents the film with no secondary

phase; the red curve represents the film with the alien peak in no way attributable to the

BSO phase. The alien peak can be identified as La2Sn2O7 phase. A previous study of

BLSO ceramics had already reported the presence of La2Sn2O7 phase in BLSO system

with La the content of which is larger than 5 % [94]. Since the thin film growth by

the PLD technique employs higher energy that the solid state reaction route does, the



Chapter 2. Epitaxial growth of BaSnO3 thin films 29

Figure 2.9: ω-rocking curves of the BLSO epitaxial films.

Figure 2.10: Secondary phase detection in a 7 % BLSO epitaxial film. The
diffraction pattern of La2Sn2O7 came from ICDD PDF 04-009-5871.
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solubility limit of La in BLSO film grown by the PLD might be higher accordingly;

this might be the reason why the most of 7 % BLSO films do not show the secondary

phase in their θ-2θ diffraction patterns. But, the author believes that the localized and

disorderd La2Sn2O7 phase can still exist in the 7 % or lower BLSO films without being

detected by θ-2θ scans as a result of lack of the long range order.

Figure 2.11: θ-2θ diffraction patterns of BSSO epitaxial films.

The BSSO films are also studied by X-day diffraction analyses. The samples under

investigation are 100 nm-thick x % BSSO films (x = 1, 2, 3, 4, 5, 7, 9, and 10) grown on

STO substrates. As anyone can anticipate, to switch the dopant from La to Sb does

not make any recognizable change in the crystallinity of BSO epitaxial films as shown

in Figure 2.11. The θ-2θ diffraction patterns of all the BSSO films in the figure show

neither polycrystalline nor alien peaks and confirm the epitaxy of the films up to 10 %

of Sb incorporation.

The solubility limit of Sb in BSO system seems much higher than that of La, according

to the θ-2θ diffraction patterns. The previous study had already been reported the

single-phased 30 % BSSO epitaxial films. The investigation in this dissertation can be

considered as a confirmation of the fact up to 10 % BSSO epitaxial films.

The ω-rocking curves of the BSSO films are presented in Figure 2.12. According to

the data, it is hard to make a conclusion whether the FWHMs of the ω-rocking curves
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Figure 2.12: ω-rocking curves of BSSO epitaxial films.

depend more on the Sb contents than on the subtle variations in the growth conditions

or the other way around. But what can be said here is that the FWHMs of ω-rocking

curves do not seem to make any significant differences between in the BSSO epitaxial

films and BLSO epitaxial films, previously discussed with Figure 2.9.

Discussed lastly in this section is the reciprocal space map of 4 % BLSO films on STO

substrates. The reciprocal space mapping of thin films is the experimental method to

create a contour plot including a reciprocal lattice point of the films with respect to

that of substrates. In contrast to the θ-2θ scan, which extracts the information limited

to the out-of-plane parameters, the reciprocal space mapping technique can produce as

well the information about in-plane parameters such as an in-plane lattice parameter or

residual stress.

To understand the reciprocal space mapping, one needs to understand the first the

reciprocal space itself. The reciprocal space is a space made of wave vectors of plane

waves with periodicity of crystal lattice in the real space [161]. While the direction of

the wave vectors indicates the direction of the wave propagation, the magnitude of the

wave vectors means the number of periodic cycles in a unit length. Therefore, if the

plane waves with the wave vectors happening to be the same as one of vectors in the

reciprocal space, the waves have an integer number of periodic cycles between two real
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space lattice points. If R and K denote the real space Bravais lattice vector and the

reciprocal space vector, respectively, the following relation holds at any given position

r.

eiK·(r+R) = eiK·r (2.3)

A more concise definition can be written as

eiK·R = 1 (2.4)

Figure 2.13: Illustration of von Laue condition for the constructive interference
between diffracted plane waves.

The diffraction can be understood as a sequence of imaginary absorption and reemission

processes of an incident plane wave. In this picture of diffraction, the incident plane wave

would be regarded to be completely absorbed at the lattice points and reemitted in any

directions. In certain directions, the plane waves reemitted from all the lattice points

would interfere constructively with one another. The condition for the constructive

interference can be obtained by considering the optical path difference between one
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lattice point and any others which is distant from it by the Bravais lattice vector, R. In

Figure 2.13, an incident plane wave is incoming with a wave vector k, absorbed at the two

lattice points (A and B), and reemitted with another wave vector k′. For the reemitted

(or diffracted) plane waves to interfere constructively, the optical path difference must

be a multiple of wavelength, λ. which is assumed to be unchanged during the diffraction

process and, thereby, defined by the relations |k| = |k′| = 2π/λ. As shown in the figure,

the optical path difference is the summation of two line lengths; AC and AC ′. Each of

those can be obtained by the projections of R onto k and k′, respectively.

AC =

∣∣∣∣R · kk · k
k

∣∣∣∣ = − λ

2π
R · k (2.5)

AC ′ =

∣∣∣∣R · k′k′ · k′
k′
∣∣∣∣ =

λ

2π
R · k′ (2.6)

where the negative sign on the second equality in 2.5 comes from the fact that R ·k itself

is negative because the angle between R and k is larger than 90◦ in the figure. Since

the optical path difference is defined by AC + AC ′, the condition for the constructive

interference can be written as

λ

2π
R · (k′ − k) = nλ. (2.7)

where n is any integer. A simple rearrangement of Equation 2.7 yields the following

relations.

ei(k
′−k)·R = ei(2πn) = 1 (2.8)

The final form of the condition for the constructive interference can be obtained by the

comparison between Equation 2.4 and 2.8.

K = k′ − k (2.9)

According to Equation 2.9, whenever the difference between the wave vectors of an

incident and diffracted plane waves is equal to one of the reciprocal space vectors, the

constructive interference occurs.

Concise is the condition defined with the aid of the reciprocal space vectors. Nonethe-

less, real space parameters must be linked to the reciprocal space vectors because the
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controlled parameters in any experiments will belong to the real space. In a typical

experimental setup for X-ray diffraction analyses, the controlled parameters are two an-

gles ω and θ. The former is defined by the half angle between the incoming ray and

the sample surface; the latter is defined by the angle between the incoming and the

diffracted rays. The geometry is illustrated in Figure 2.14. For the sake of simplicity,

the argument here will be restricted in two dimensions: x and z which denote in-plane

and out-of-plane orientations of the sample surface, respectively. The decomposition of

the wave vectors into the two dimensions in accordance with the figure yields

k =
2π

λ
[x̂(−cosω) + ẑ(−sinω)] (2.10)

k′ =
2π

λ
[x̂(−cos(2θ − ω)) + ẑ(sin(2θ − ω))] (2.11)

If Q denotes the difference between k and k′ as Q = k′ − k, the components of Q can

be written as

Qx =
2π

λ
(cos ω − cos(2θ − ω)) (2.12)

Qz =
2π

λ
(sin ω + sin(2θ − ω)) (2.13)

Figure 2.14: The relation between the reciprocal space vectors (k, k′, and Q)and
the real space control parameters (ω and 2θ).
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Figure 2.15: Reachable points in the reciprocal space of BSO and STO systems.
The displayed Miller indices are based on the BSO system. The nearest point of the
STO system to each point of the BSO system shares the same indices.

Not all points in the reciprocal space can be reached by the vector Q because of practical

limitations in the experiments. The first limit is due to the wavelength of the X-ray.

In the most experimental setups, the wavelength of the incident X-ray is fixed. Since

the magnitude of wave vector of X-ray is determined by the wavelength, the magnitude

of Q will be ultimately determined by the wavelength as well. The maximum of |Q| is

obtained as 2|k| when the diffracted ray propagates in exactly the opposite direction of

that in which the incident ray came. Therefore, the first limit can be written as

|Q| ≤ 2|k| (2.14)

The first limit indicates the explorable reciprocal space will be limited by the circle the

radius of which is 2|k|.

In thin film analyses, thick substrates underneath the films make an experimental setup

for X-ray transmission unfavored. Therefore, in the most cases, both the X-ray source

and detector are set to describe only the semicircle faced with the film surface. This

limitation implies that only half of the reciprocal space can be explorable. Hence the

second limit written as
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Qz ≥ 0 (2.15)

The prohibition of the transmission geometry implies more than the simple exclusion of

the lower half space because some reciprocal lattice points in the upper space require the

transmission geometry, in which either the source or detector must reside in the lower

half space, to be reached. The obvious boundaries including such the special points are

determines by the traces of vector Q with conditions that one of source and detector is

fixed in parallel with the sample surface while the other describes the semicircle. Those

traces can be easily found by setting ω = 0 for the fixed source condition or 2θ − ω = 0

for the fixed detector condition in Equation 2.12 and 2.13. Through a simple algebra,

the third limit will be obtained as

(Qx ± |k|)2 +Q2
z ≥ |k|2 (2.16)

Figure 2.15 displays the reciprocal lattice points of BSO and STO systems with the

three limits imposed by typical experimentations. The wavelength of X-ray is 1.5406 Å.

The reciprocal space vectors enclosed by the green area are the only point reachable by

the experimentations excluding the transmission geometry with the fixed wavelength of

X-ray.

Figure 2.16: Two scan directions in the reciprocal space with the polar coordinates.
(a) The tilting of ω means the angular scan in the reciprocal space. (b) The tilting of
ω and the simultaneous shifting of 2θ by the double of the ω-tilting in the opposite
orientation mean the radial scan in the reciprocal space.
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The next step is to determine which reciprocal space points will be mapped and how

those points will be scanned. Since the mapping requires at least a two-axis scanning to

produce a contour plot, the actual experiment is considerably time consuming. For this

reason, it is usual to map only one pair of points sharing the same miller indices, one

of which belongs to the reciprocal space of the films; the other belongs to that of the

substrates. it is also necessary to choose a pair of points with non-zero miller indices

in the reciprocal space except the third dimension parameter, for example, the out-of-

plane dimension with respect to the space presented in Figure 2.15, namely y. In this

dissertation, (103) plane has been chosen for the analysis.

The one of natural ways to scan a vector space is the scanning based on the polar

coordinates as shown in Figure 2.16. The first scan direction is the one along the angular

coordinate in which the sample surface is to be tilted by −∆ω. In the viewpoint of the

sample surface, the tilting by −∆ω is equivalent to the tilting of both the source and the

detector simultaneously by ∆ω as shown in Figure 2.16(a). The resultant wave vector

difference Q′ has the changed direction by ∆ω, as compared with that of the previous

wave vector difference Q, while preserving the magnitude. By this way of tilting the

sample surface, one can perform the angular scan in the reciprocal space (ω-scan).

The second scan direction will be naturally the one along the radial coordinate in which

the angular positions of the sample surface and the detector are changed in a way that

those two are moved in the opposite angular direction; but the detector is to revolve

twice further than the sample surface is to rotate as shown in Figure 2.16(b). In this

geometry, the wave vector difference Q′ will be parallel with Q but have a different

magnitude. This way of scanning is called the radial scan or ω/2θ-scan.

The actual RSM experiments were conducted with a 4 % BLSO epitaxial film and a 7 %

BSSO film both on STO substrates, but the thicknesses of which were 200 nm and 50 nm,

respectively. The results are presented in Figure 2.17. The in-plain lattice parameters

can be calculated from the Qx by the relation a = 2π/Qx to be 4.107 Å for the BLSO

film [1] and 4.112 Å for the BSSO film [104]. Comparing those lattice parameters with

that of the bulk BSO (4.116 Å), the two films were almost relaxed but still contained

remnant compressive strain. Since the critical thickness of the films on STO substrate,

under which the films would be grown fully strained, will be much smaller than the order

of tens of nanometers because of the large lattice mismatch between the films and the

substrates, the remnant strain is likely to be comparable in both films regardless of the

thickness difference. Therefore, the comparison between the in-plane lattice parameters

can be regarded as the comparison between the effect of the dopants, La and Sb, on the

in-plane lattice parameters. The conclusion here is that the effect of the dopants on the

in-plane lattice parameters will be almost the same.
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Figure 2.17: Reciprocal space maps of (a) BLSO [1] and (b) BSSO [104] thin films.

2.2.2 Threading dislocations

In spite of the high crystallinity of our BSO epitaxial films, the difference in the lattice

parameter between the films and the STO substrates implies high density of disloca-

tions in the relaxed films. The high density of dislocations plays a significant role in

determining the transport properties of doped BSO films as explained in Chapter 3.

In this section, I will discuss the measurement of the dislocation density in the doped

BSO films by employing transmission electron spectroscopy (TEM) and the method of

etch-pit developing (EPD).

The dislocations are crystallographic defects that describe partial lattice expansion or

twist creating atomic disconnection. Figure 2.18(a) shows a perfect crystalline lattice.

If the partial plane ABCD is inserted as shown in the Figure, the consequence will look

like the drawing in Figure 2.18(b) where the part of lattice underneath the plane ABCD

has expanded in the direction normal to the plain and the atomic disconnection has been

created along the line CD. This type of dislocations is called edge dislocations. The

other type of dislocations shown in Figure 2.18(c). It can be understood by invoking

an imagination that the perfect crystalline lattice is ripped off along the plane ABCD,

twisted by a single lattice unit, and bonded again. In this case, atomic disconnection is
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Figure 2.18: Geometry of two different types of dislocations. (a) Perfect crystals.
(b) Edge dislocations. (c) Screw dislocations [162]

created along the helix the orientation of which is in turn along the line CD. This type

of dislocations is called screw dislocations. In both types of dislocations, the line CD is

called a dislocation core that makes the dislocations become line defect.

Figure 2.19: The origin of misfit dislocations.

Interfaces in heterostructures such as those between epitaxial films and lattice-mismatched

substrates are places prone to the formation of dislocations as shown in Figure 2.19. The

dislocations reside in the interface of heterostructures are called misfit dislocations. In

other words, the core lines of the misfit dislocations are in-plane with the film-substrate

interfaces. For the misfit dislocations, a simple calculation can estimate their density

in the film-substrate interfaces. For example, since the lattice constants of BSO films

(aBSO) and STO substrates (aSTO) are different, the numbers of planes in each side of

the interface are supposed to be different too if the films are relaxed. Supposing the

lateral dimension of a film is lf, the numbers of unit cells contained in that dimension are

lf/aBSO and lf/aSTO, respectively, for BSO and STO sides of the interface. This means

that, along the lateral dimension of the film, there must be lf/aSTO− lf/aBSO extra unit

cells which has one-to-one correspondence to the extra planes coming from the STO

side. Therefore, the density of misfit dislocations will be simply the difference in the

line density of unit cells in the lateral dimension. In the case of BSO/STO interfaces,

the density is calculated to be 1.3 × 106 cm−1.
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Figure 2.20: The origin of threading dislocations [163].

As forementioned, the misfit dislocations are confined in the interfaces. In the viewpoint

of transport properties, the effect of MDs would be negligible unless the film is so thin as

to be comparable with the critical thickness over which the films start being relaxed. The

misfit dislocations, however, are the origin of threading dislocations, the dislocations the

core of which reaches the top surface of films. Figure 2.20 depicts the relation between the

misfit and threading dislocations. Since it is the threading dislocations that significantly

affects the transport properties of the films, our experimental efforts were focused on

measuring the density of the threading dislocations in our epitaxial films.

The density of the threading dislocations is not necessarily identical to that of the

misfit dislocations. Once the film thickness exceeds the critical thickness, the density of

MDs can be estimated from the given lattice mismatch at least qualitatively and almost

ceases to be changed as the film becomes thicker. On the other hand, the density of TDs

depends on the thickness of the films and the method of deposition as well as the lattice

mismatch. To author’s knowledge, no theory-based calculation can estimate, from the

given lattice mismatch, the density of TDs even with the qualitative level of accuracy,

if the film thickness is far thicker than the critical thickness. It is because that several

TDs may be merged into one TD during the deposition process and vice versa; all the

formation and merging of TDs is non-equilibrium process. The density of TDs should

be estimated by experimental methods.

Samples under the investigations were 100 nm-thick 4 % BLSO and 5% BSSO epitaxial

films on STO substrates. The doped films were chosen because examination of the effect

of threading dislocations on the transport properties of the doped films would be the

ultimate goal of measuring the density of threading dislocations.
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Figure 2.21: Cross-sectional TEM images of (a) 4 % BLSO [3] and (b) 5 % BSSO
epitaxial films on STO substrates [104].

The first employed method was cross-sectional TEM to directly observe the density of

threading dislocation in the BSO films. The instrument used was JEOL-3000F high-

resolution microscope. The images in the Figure 2.21 were taken by using the two-beam

condition for the diffraction contrast of the dislocations. In those images, the threading

dislocations are indicated by the dark lines crossing both the top surfaces of the films and

the interface between the films and the substrates while the misfit dislocations are shown

as the black dots confined in the interface. For the density of the misfit dislocations,

one can count 6 or 7 black dots in the lateral scale of 50 nm near the interface in

both Figure 2.21(a) and (b); this observation gives the value 1.3 × 106 cm−1 on average

and is the consistent with the simple calculation employing the information of the lattice

constants only. For the density of threading dislocations, even though it is not very clear

to actually count the number of dark lines in the images, the density of the threading

dislocations seems to be in the order of 1010 to 1011 cm−2.

The method of EPD too was tried to alleviate the vagueness of determining the density of

the threading dislocations by the cross-sectional TEM. The topographs of the unetched

surfaces of 4 % BLSO and 5 % BSSO epitaxial films on STO substrates were the first

obtained and examined by atomic force microscopy (AFM) as shown in Figure 2.22(a)

and (b). The information the author can obtain with those images is that the lateral

grain size of the epitaxial films are about 100 nm.

The surface of the same films were etched by with 0.3 vol% HNO3 solution for 10 seconds,

rinsed by deionized water, and investigated by using the AFM again. Figure 2.22(c) and

(d). clearly show the etch pits at the surface of the films. The density of threading
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Figure 2.22: AFM images of etched surfaces of (a) 4 % BLSO [3] and (b) 5 % BSSO
epitaxial films on STO substrates [104].

dislocations can be calculated by counting the number of etch pits; the calculated values

are about 6 × 1010 cm−2 for both of the BLSO and BSSO films.
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Transport properties of

electron-doped BaSnO3 epitaxial

films

At room temperature, the electron mobility of the BLSO system is unprecedentedly high

compared with that of other wide band gap semiconductors as mentioned in Chapter

1. If the materials to be compared with are bounded in oxide perovskite materials, the

contrast between the electron mobilities will become even more conspicuous. STO and

KTaO3 (KTO) are arguably the most famous perovskite oxide materials for their high

mobility at low temperature. The mobility soars up to 32,667 cm2 V−1 s−1 for STO

and 22,000 cm2 V−1 s−1 for KTO when those materials are cooled down to about 2 K

owing to the very high dielectric constants (κSTO ∼ 20, 000 and κKTO ∼ 4, 500) enabling

effective screening of charged impurities at the low temperature [136, 164]. But, in the

perspective of device applications, the performance and reliability at room or higher

temperature are much more important than those at the low temperature because the

working temperature of the most device applications is room or higher temperature and

seldom as low as 2 K. At room temperature, the electron mobility of those two materials

plummets by a factor of about 1,000 to 10 cm2 V−1 s−1 for STO [136] and 30 cm2 V−1

s−1 for KTO [164]. On the other hand, the electron mobility of BLSO system at room

temperature is 320 cm2 V−1 s−1 [1], more than 10 times higher than those of STO and

KTO.

The superior mobility of the single crystals, however, does not imply an immediate

application to electronic devices unless the size of crystals can be acquired as large

as the diameter of Si wafers. Especially, in the most electronic device applications,

materials need to be fabricated in the form of films. Emphasis will be on the transport

43
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properties of the BLSO epitaxial films the electron mobility of which has been reported

to be about 70 cm2 V−1 s−1 at best. This chapter, therefore, begins with an analysis of

discrepancy between the mobility of BLSO single crystals and that of BLSO epitaxial

films with discussing the effects of crystalline defects such as ionized impurites and

threading dislocations.

3.1 Carrier transport in degenerate BaSnO3 films

In the most elementary description, the electrical current is the net movement of charged

carriers in response to an external electric field. To find and solve equations of motions of

the carriers is actually the essence of understanding the transport properties of any ma-

terials. In the most cases, not only intricate is the full quantum mechanical description

of the motion of carrier, but it is also superfluous for concise analyses of experimental

data. The classical equations of motion, therefore, will be adopted throughout this dis-

sertation. If there are N carriers in a materials, the classical equations of motion will

be

dpi

dt
= −eE , (i = 1, 2, ..., N) (3.1)

where e, p, and E are the elementary charge, the momentum of carrier, and the external

applied field, respectively. Few can be more unrealistic to solve the equations of motion

directly considering the carrier density of non-degenerate semiconductors (less than 1018

cm−3) let alone degenerate semiconductors or metals, hence the necessity of a statistical

method to deal with the problem.

A probability distribution function of a carrier, f(r,k, t), is defined by the probability

that the carrier is located at position r with momentum ~k at given time t. Once

f(r,k, t) is defined, the carrier density (n) and the electrical current density (J) can be

easily calculated by

n(r, t) =
1

Ω

∑
k

f(r,k, t) (3.2)

and

J(r, t) = − e
Ω

∑
k

v(k)f(r,k, t) (3.3)
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where Ω and v(k) are the volume of the sample containing the carrier and the velocity

of the carrier, respectively.

Now, solving the N equations of motions is replaced by finding the probability distribu-

tion function, f(r,k, t). To find f(r,k, t), one needs to solve Boltzmann equation, which

can be obtained by time derivative of f(r,k, t).

d

dt
f(r,k, t) = ṙ · ∇rf + k̇ · ∇kf +

∂f

∂t
(3.4)

In the most experiments, the spatial uniformity condition (∇rf = 0) and the steady state

condition (∂f/∂t = 0) hold, which means that the probability distribution function is

essentially the function of k only (f(r,k, t) = f(k)). Therefore, the first and third terms

in Equation 3.4 can be dropped.

d

dt
f(k) = k̇ · ∇kf = − e

~
E · ∇kf (3.5)

where the symbol E is the external electric field; the second equality is given by the

equation of motion of electrons, ~k̇ = −eE . To simplify Equation 3.5 further into a

more amenable form, the relaxation time approximation is to be introduced at this

stage.

d

dt
f(k) = −f(k)− f0(k)

τ(k)
= −f1(k)

τ(k)
(3.6)

where f0(k) is the Fermi-Dirac distribution defined by

f0(k) =
1

exp[(E(k)− EF)/kBT ] + 1
(3.7)

where EF and kB are the Fermi energy and the Boltzmann’s constant, respectively. f1(k)

in the second equality of Equation 3.6 comes from the weak collision approximation that

f(k) is so slightly different from f0(k) as to be effectively written by the sum of f0(k)

and its small variation, f1(k).

In usual experimental conditions, the electric field is applied to only one direction,

namely, z-direction. If this is combined with the relaxation time approximation, the sec-

ond equality of Equation 3.5 can be transformed through the following chain of equality.

f1(k) =
eτ(k)

~
Ez
∂f(k)

∂kz
=
eτ(k)

~
Ez
∂f(E)

∂E

∂E

∂kz
=
e~τ(k)

m∗
Ezkz

∂f(E)

∂E
(3.8)
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The last equality of Equation 3.8 is derived by the assumption of the parabolic band

structure, E = ~2k2/2m∗, where the m∗ is the effective mass of the carrier. If ∂f1(E)/∂E

is assumed to be negligible, f1(k) becomes

f1(k) =
e~τ(k)

m∗
Ezkz

∂f0(E)

∂E
(3.9)

In the meantime, the time derivative in the left side of the first equality in Equation 3.5

is closely related to the carrier scattering or collision inside the samples. In fact, it is

the carrier scattering, by definition, that creates the time variation of the probability

distribution functions which remain unchanged otherwise. There are two possibilities of

change in f(k) by the event of carrier scattering. The first is the incoming event where

the carriers are scattered into the state k from other state k′. If the time rate of such

transition of states are devoted by S(k,k′), the first part of df(k)/dt attributable to

the incoming scattering event will be the multiplication of S(k,k′) and the probabilities

of the state k being unoccupied, 1 − f(k), and the state k′ being occupied, f(k′). By

the same token, the second event, which is the outgoing event where the carrier are

scattered from the state k to the other state k′, can be expressed the multiplication of

three terms, S(k′,k′), f(k), and 1 − f(k′). Finally, df(k)/dt can be obtained by the

subtraction of the outgoing event term from the incoming event term and subsequent

summation for all possible k′ states.

df(k)

dt
=
∑
k′

[S(k,k′)f(k′)(1− f(k))− S(k′,k)f(k)(1− f(k′))] (3.10)

In thermal equilibrium, df(k)/dt = 0, Equation 3.10 is reduced into

0 = S(k,k′)f0(k′)(1− f0(k))− S(k′,k)f0(k)(1− f0(k′)) (3.11)

Using this information, the incoming transition rate S(k,k′) in Equation 3.10 can be

replaced by the outgoing transition rate S(k′,k) and well-known Fermi-Dirac distribu-

tion. Furthermore, if elastic scattering is assumed, which means the energy of carrier

does not change by the scattering, the two equilibrium distribution functions become

equalized, f0(k) = f0(k′). The elastic scattering assumption, therefore, leads to the

identical transition rates for incoming and outgoing events, S(k,k′) = S(k′,k) and the

following equation in combination with the relaxation time approximation, the weak

collision approximation, and Equation 3.10.
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1

τ(k)
=
∑
k′

S(k′,k)

(
1− f1(k′)

f1(k)

)
(3.12)

Finally, Equation 3.9 can be plugged into the Equation 3.12.

1

τ(k)
=
∑
k′

S(k′,k)

(
1− k′z

kz

)
(3.13)

The transition rate, S(k′,k) will be determined by Fermi’s Golden rule.

S(k′,k) =
2πND

~
|
〈
k′
∣∣V |k〉 |2δ(E(k′)− E(k)) (3.14)

where V is a potential energy generated by a scattering source. The factor ND is the

total number of the scattering centers in the samples. Since the problems to be dealt

with in this dissertation are the scattering events in solid-state materials described by

a periodic lattice, the state wave functions of an electron, |k〉 and |k′〉, are supposed to

be Bloch functions, which are the combinations by multiplication of a plane wave and a

function with a periodicity of the lattice, uk(r).

|k〉 = uk(r)eik·r (3.15)

Handling the exact Bloch functions is an unnecessary complication for the purpose of

the argument. Therefore, the state wave functions will be approximated to the plane

waves.

|k〉 ≈ 1√
Ω
eik·r (3.16)

where Ω is the normalization factor representing the total volume of a sample. Employ-

ing this approximation, the integral in Equation 3.14 essentially turns into the Fourier

transformation of the scattering potential energy, which is a function of r, V (r).

〈
k′
∣∣V |k〉 =

1

Ω

∫∫∫
V (r)e−iK·rdr (3.17)

where K = k′ − k. This equation will be used in the derivations of specified scattering

rates in the later subsections.
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3.1.1 Screening by conduction electrons

In any electronic systems, external electric field induces a response of the system which

alters the electric field itself. The response is called screening because the system exerts

the influence in a way that cancels the external electric field. In a dielectric material,

induced dipoles align counter to the direction of the field. In a metal or a conduc-

tive semiconductor, conduction electrons are redistributed so that the external field is

completely or partially cancelled.

Charged defects inside semiconductors are regarded as the agents exerting the external

electric field to the intact systems without them. The electric field generated by those

defects, major sources of carrier scattering, induces the screening effect by free carriers in

the semiconductors. Especially, in a system containing high density of free carriers such

as a degenerate semiconductor, the screening effect is so considerable that no quantitative

argument can be discussed properly without taking the effect into account. Therefore,

in this subsection, the general features of the screening effect will be summarized for

later applications to analyses of the transport properties of electron-doped BSO systems,

which are degenerate semiconducting systems. The goal is to find the relation between

the external electrostatic energy Vext and screened electrostatic energy V , both of which

satisfy Poisson’s equations.

− ε0∇2φext(r) = ρext(r) (3.18)

and

− ε0∇2φ(r) = ρ(r) (3.19)

where φext(r) and φ(r) are electrostatic potential defined by Vext = qφext and V = qφ,

respectively; ρext(r) and ρ(r) are the corresponding the charge densities for external and

screened potentials, respectively.

Maxwell’s equation gives the relation between the external charge density, ρext, and

electric displacement field, D, at a spatial position r.

∇ · D(r) = ρext(r) (3.20)

If the induced charge density is denoted by ρind, the total charge density ρ will be the

sum of those two components: ρ = ρext + ρind. Gauss’s law gives the relation between ρ

and screened electric field E .
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ε0∇ · E(r) = ρ(r) (3.21)

Assuming spatial uniformity and linear response of the system, the relation between D

and E is given by

Dj(r) =

∫
ε(r− r′)Ej(r′)dr′ (3.22)

where Dj and Ej are j-components of each fields; ε is the permittivity acting as a

response function. Since Equation 3.22 indicates a convolution of two functions, the

Fourier transformation of it yields the algebraic form.

Dj(u) = ε(u)Ej(u) (3.23)

where u is a conjugate variable of r. The Fourier transforms of Equations 3.20 and 3.21

are

iu · D(u) = ρext(u) (3.24)

and

iε0u · E(u) = ρ(u) (3.25)

Combining Equations 3.23, 3.24, and 3.25 gives

ε0
ε(u)

=
ρ(u)

ρext(u)
= 1 +

ρind(u)

ρext(u)
(3.26)

The Poisson’s equations 3.18 and 3.19 can be Fourier-transformed, too.

ε0u
2φext(u) = ρext(u) (3.27)

and

ε0u
2φ(u) = ρ(u) (3.28)

Feeding Equations 3.27 and 3.28 to Equation 3.26 with the introduction of induced

carrier density nind defined by ρind = qnind yields
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V (u) = Vext(u)

(
1− q2

ε0u2

nind(u)

V (u)

)−1

(3.29)

The screened potential energy V has been represented in terms of the external potential

energy Vext and the induced carrier density nind. The V (u) inside the parentheses will be

cancelled later by Thomas-Fermi approximation assuming V (r) is a very slowly varying

function of r so that the total system of energy E(k) is written as

E(k) = E0(k) + V (r) (3.30)

where the E0(k) is the energy of the system without the external potential and can be

written as E0(k) = ~2k2/2m0 in the assumption of the isotropic and parabolic conduc-

tion band. Once the energy of the system is determined by Equation 3.30, the local

carrier density will determined accordingly through the summation of Fermi-Dirac dis-

tribution over all possible electron wave vectors, k. The spatial distribution of the carrier

density comes through the spatial dependence of the perturbation energy, V (r). The

induced carrier density nind(r) can be calculated by the subtraction of the initial carrier

density of the unperturbed system from the total carrier density with the energy given

by Equation 3.30.

nind(r) =
2

Ω

∑
k

[f0(E0(k) + V (r))− f0(E0(k))] (3.31)

where f0(k) was defined by Equation 3.7. Taylor expansion of the first term simplifies

the equation.

f0(E0(k) + V (r)) ≈ f0(E0) +
∂f0

∂E0
V (r) (3.32)

The derivative of f0 with respect to E0 should be identical to that of f0 with respect to

the chemical potential, µ with the negative sign. ∂f0/∂E0 = −∂f0/∂µ. It is because the

Fermi-Dirac distribution always depends on the different between the two variables i.e.

E0−µ. With this knowledge in hand, one can transform Equation 3.31 into the simpler

form.

nind(r) = −∂n0

∂µ
V (r) (3.33)



Chapter 3. Transport properties of electron-doped BaSnO3 epitaxial films 51

where

n0(r) =
2

Ω

∑
k

f0(E0(k)) (3.34)

Fourier transform of Equation 3.33 can replace the term nind(u)/V (u) in Equation 3.29.

V (u) = Vext(u)

(
1 +

u2
TF

u2

)−1

(3.35)

where

uTF =

√
q2

ε0

∂n0

∂µ
(3.36)

The inverse of uTF is called Thomas-Fermi screening length, λTF. At zero temperature,

the chemical potential µ becomes Fermi energy, EF, which is, in three dimensional

electronics systems, (~2/2m)(3π2n)2/3. Feeding it to Equation 3.36 leads to the result

in Equation 1.4.

A slight rearrangement of Equation 3.35 leads to

(u2 + 1/λ2)φ(u) = u2φext(u) (3.37)

where V = qφ type of relations has been used; and the subscript TF has been dropped

from λ for simplicity. The inverse Fourier transformation of 3.37 yields the screened

Poisson equation.

(−∇2 + 1/λ2)φ(r) = ρext(r)/ε0 (3.38)

This equation will be used in the next subsections to derive models for scattering po-

tentials of ionized impurities and threading dislocations.

3.1.2 Ionized impurities scattering

Ionized impurities are activated donors or acceptors inside semiconductors. If an impu-

rity creates Z free carriers by donating or accepting the equal amount of electrons, the

impurity will be charged by Zq. Since the ionized impurity can be essentially regarded

as a point charge with the spherical symmetry, the charge density of the impurity can

be modelled by using three-dimensional Dirac’s delta function.
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ρii(r) = Zqδ3D(r) (3.39)

With this model, Equation 3.38 can be written as

(−∇2 + 1/λ2)φii(r) =
Zq

ε
δ3D(r) (3.40)

Note that the dielectric permittivity ε (= κε0) has been used to take into account the

screening effect by the dipoles in semiconductors. Fourier transformation of Equation

3.40 yields

φii(u) =
Zq

ε

1

u2 + 1/λ2
(3.41)

Inverse Fourier transformation of it yields the real space electrostatic potential generated

by one ionized impurity screened by conduction electrons.

φii(r) =
Zq

4πε

e−r/λ

r
(3.42)

The potential energy Vii(r) will be defined as qφii(r). The next mission is to find the

transition rate of a conduction electron Sii(k
′,k) caused by the ionized impurities. Ac-

cording to Equation 3.17, the Fourier transform of Vii(r) needs to be calculated first.

〈
k′
∣∣Vii(r) |k〉 =

Zq2

4πεΩ

∫∫∫
e−r/λ

r
e−iK·rdr (3.43)

Interestingly, it is just the inverse process of what have been done from Equations 3.41

to 3.42. The author, therefore, will omit the detailed derivation process and present the

result directly. Combining Equations 3.14, 3.43, and the relation ND = NiiΩ, where Nii

is the concentration of ionized impurities, yields

Sii(k
′,k) =

2π

~
Z2q4Nii

ε2Ω(1/λ2 +K2)2
δ(E(k′)− E(k)) (3.44)

To calculate the relaxation time, Equation 3.44 needs to be plugged into Equation

3.13. Before proceeding to the actual calculation, the things are to be remarked. Since

the elasticity of the scattering has already been assumed, which means k = k′, the z-

component of k′ in Equation 3.13 can be represented by k′z = k′cosθk = kcosθk with the
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zenithal coordinate θk in the spherical coordinates system (k′, θk, φk). The summation

in Equation 3.13 needs to be replaced by the integration to obtain an analytic result.

1

τii(k)
=

Ω

8π3

∫ 2π

0
dφk

∫ 1

−1

∫ ∞
0

Sii(k
′,k)(1− cosθk)k

′2dk′d(cosθk) (3.45)

Since K = k′−k, the squared magnitude of it K2 in Equation 3.44 will be 2k2(1−cosθk).

The integration needs to be done will be

1

τii(k)
=
Z2q4Nii

4π2ε2~

∫ 2π

0
dφk

∫ 1

−1

∫ ∞
0

(1− cosθk)δ(E(k′)− E(k))

[1/λ2 + 2k2(1− cosθk)]2
k′2dk′d(cosθk) (3.46)

The integration over φk is trivial and just yields 2π. The integration over k′ can be done

by employing the change of variables E(k′) = ~2k′2/2m∗ and dk = [(2m∗/~2)3/2
√
E/4]dE.

1

τii(k)
=
Z2q4Nii

4πε2~

(
2m∗

~2

)3/2√
E(k)

∫ 1

−1

(1− cosθk)

[1/λ2 + 2k2(1− cosθk)]2
d(cosθk) (3.47)

This integration yields Brook-Herring formula. The detailed derivation is straightfor-

ward but will be omitted here. One who wishes to read the derivation can refer to any

standard textbooks on solid state physics or semiconductor physics [165].

1

τii(k)
=

Z2q4Nii

16πε2
√

2m∗E3(k)

[
ln(1 + γ2)− γ2

1 + γ2

]
(3.48)

where

γ2 =
8m∗λ2

~2
E(k) (3.49)

Up until this moment, the theory presented in this subsection can be applied in general

to both non-degenerate and degenerate semiconductors. But the author’s goal is to

analyze the transport properties of electron-doped BSO systems, which are degenerate

semiconducting systems. In degenerate semiconductors, where the Fermi level is well

above the conduction band minimum, the electrons with the Fermi energy EF are the

most relevant agents to determine the transport properties because the movement of the

electrons, the energy of which is lower than the Fermi energy, tends to be cancelled out

by that of other electrons which propagate with the same speed but into the opposite
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direction. As already mentioned in the previous subsection, the Fermi energy of the

degenerate semiconductors can be written in terms of carrier density n.

EF =
~2

2m∗
(3π2n)2/3 (3.50)

Replacing E(k) in Equations 3.48 and 3.49 by the EF in Equation 3.50 yields the de-

generate form of Brook-Herring formula.

1

τii
=

m∗Z2q4

24π3ε2~3

Nii

n

[
ln(1 + γ2)− γ2

1 + γ2

]
(3.51)

with

γ2 =
2π2~2ε

q2m∗
(
3π2n

)1/3
(3.52)

The λ in Equation 3.49 has been replaced by the formula presented in Equation 1.4.

3.1.3 Threading dislocations scattering

Threading dislocations are viewed as line defects carrying the linear charge density of

Zq/c each, where c is the lattice parameter of an axis normal to the surface of the

samples. In order to avoid unnecessary complication, the threading dislocations are

assumed to scatter electrons only when the electrons are impinging in perpendicular to

the core lines. This assumption essentially lets the author deal with a two-dimensional

problem with the cylindrical symmetry, for the external charge density provided by one

threading dislocation can be modelled by the two-dimensional Dirac’s delta function.

Therefore, the screened Poisson’s equation in this case can be written as

(−∇2 + 1/λ2)φtd(r) =
Zq

εc
δ2D(r) (3.53)

Fourier transformation of it in two dimension yields

φtd(v) =
Zq

εc

1

v2 + 1/λ2
(3.54)

Inverse Fourier transformation from the polar conjugate space, v = (v, ϕv), to the polar

real space, r = (%, ϕ) with the cylindrical symmetry is essentially Hankel transform

defined by



Chapter 3. Transport properties of electron-doped BaSnO3 epitaxial films 55

1

(2π)2

∫ ∫
φ(v)eiv%cosϕvvdvdϕv =

1

2π

∫
φ(v)J0(%v)vdv (3.55)

where J0 is a zeroth order Bessel function of the first kind. According to a table of

Hankel transform [166], a Lorentzian function like Equation 3.54 is transformed into a

zeroth order modified Bessel function of the second, K0.

φtd(r) =
Zq

2πεc
K0(%/λ) (3.56)

This is the screened electrostatic potential generated by one threading dislocation, which

was originally derived by Bonch-Bruevich and Glasko [167]. From this moment onward,

the road to the relaxation time is identical to what was taken in the previous subsection.

The matrix elements of the transition rate will be given by

〈
k′
∣∣Vtd(r) |k〉 =

Zq2

2πεcA

∫∫
K0(%/λ)e−iQ·rdr (3.57)

where Q is defined as the difference between k⊥ and k′⊥, the perpendicular components

of the electron wave vectors to the threading dislocation before and after the scattering

event, respectively, i.e. Q = k′⊥ − k⊥; A is two-dimensional area used, instead of Ω,

for the normalization of two-dimensional components of the plane waves. The Fourier

transform of Equation 3.57 is simply the previous Lorentzian function. With the relation

ND = NtdA, where Ntd is the density of threading dislocations in samples, the transition

rate in Equation 3.14 is given by

Std(k′,k) =
2π

~
Z2q4Ntd

ε2c2A(1/λ2 +Q2)2
δ(E(k′)− E(k)) (3.58)

Next process is to evaluate Equation 3.13 using 3.58. The k′z in Equation 3.13, in this

case, should be understood as a vector in the two-dimensional plane directing a specific

direction. The elasticity of the scattering means k′⊥ = k⊥, which subsequently leads

to k′z/k = k′z⊥/k⊥ = cosϕ⊥, where ϕ⊥ is the angle between two vectors k′⊥ and k⊥.

The summation in 3.13 is to be transformed into the integration with polar coordinates

(k′⊥, ϕ⊥).

1

τtd(k)
=
A

4π2

∫ 2π

0

∫ ∞
0

Std(k′,k)(1− cosϕ⊥)k′⊥dk
′
⊥dϕ⊥ (3.59)

Since Q2 = 2k2
⊥(1− cosϕ⊥), the integration becomes
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1

τtd(k)
=
Z2q4Ntd

2πε2c2~

∫ 2π

0

∫ ∞
0

(1− cosϕ⊥)δ(E(k′)− E(k))

[1/λ2 + 2k2
⊥(1− cosϕ⊥)]2

k′⊥dk
′
⊥dϕ⊥ (3.60)

The integration over k′⊥ can be easily carried out by the change of the variables: E =

~2k′2/2m∗ and (m∗/~2)dE = k′⊥dk⊥.

1

τtd(k)
=
Z2q4Ntd

2πε2c2~
m∗

~2

∫ 2π

0

(1− cosϕ⊥)

[1/λ2 + 2k2
⊥(1− cosϕ⊥)]2

dϕ⊥ (3.61)

The integration over ϕ⊥ can be evaluated without any approximations and was already

reported by Pödör [168] and, later independently, by Look and Sizelove [169].

1

τtd(k)
=
m∗Z2q4Ntd

ε2c2~3

λ4

(1 + 4k2
⊥λ

2)3/2
(3.62)

If the carrier to be scattered is assumed to initially impinge in perpendicular to the

threading dislocation, k2
⊥ can be replaced by (2m∗/~2)E, where E will be subsequently

replaced by EF for the degenerate semiconductors. Combining this assumption with

Equations 1.4, 3.50, and 3.62 yields

1

τtd
=
Z2~Ntd

4qc2

(
π4

3n

)2/3
1

(1 + γ2)3/2
(3.63)

where γ is already defined by Equation 3.52.

3.1.4 Grain boundaries scattering

Effects of grain boundaries are usually neglected in analyse of the electron scattering if

the matereial is not polycrystalline. But the epitaxial films, unlike single crystals, are not

completely immune to the formation of grain boundaries, detailed mechanisms of which

depend on various conditions such as the crystalline structure of the film materials, the

lattice mismatch between the films and substrates, film growth methods and conditions,

surface mobility of adatoms, and so forth. However highly-aligned along the c-axis,

the epitaxial films may still suffer from in-plane misalignment, especially, if the growth

mode is more inclined to three-dimensional island growth. Therefore, in the conductive

epitaxial films, the grain boundaries are the most likely to act as planar structures which

exert influences on the in-plane movement of the conduction electrons.

In 1975, Seto proposed a model to explain the effect of grain boundaries on the trans-

port properties on polycrystalline silicon films [170]. According to his model, the grain
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boundaries first create deplete regions around them by trapping carriers. The depletion

region means that there will be local potential barriers around the grain boundaries.

Therefore, the potential barriers block carriers the energy of which does not exceed the

barrier height and effectively turn the drift character of the conduction mechanism into

the thermal emission process in the vicinity of the grain boundaries.

Seto’s model, widely used in , does not fit for degenerate semiconductors because, in the

materials with such a high carrier density, it is unlikely to create the depletion regions

by trapping a certain portion of the carriers. Even though the depletion regions are

actually formed, the width of the regions will become so narrow that the carriers not so

much experience the thermal emission process at the boundaries as pass through them

by direct tunnelling process.

In metallic systems, including the degenerate semiconductors, the effect of the grain

boundaries will be more like the actual scattering in which the carriers undergo changes

in the direction of their wave vectors. Mayadas and Shatzkes proposed, in 1970, such

a model to explain the effect of grain boundary scattering in metallic systems [171].

The Mayadas-Shatzkes model assumes the grain boundaries have one-dimensional δ-

function-like potentials distributed randomly inside a material. The scattering event

by grain boundary potential is described by the reflection coefficient R indicating the

probability that an impinging electron wave is reflected on the boundary. By solving

the Boltzmann equation, they concluded the background scattering rate (1/τ0) without

the presence of the grain boundaries could be corrected by using the factor α in the

following way.

1

τ
=

1

τ0

[
1− 3

2
α+ 3α2 − 3α3ln

(
1 +

1

α

)]−1

(3.64)

with

α =
l0
d

R

1−R
(3.65)

where 1/τ , l0, and d are the scattering rate with the presence of the grain boundaries,

the background mean free path without the grain boundaries, and the average size of

the grains, respectively. In degenerate semiconductors, the mean free path is determined

by the mobility and the carrier density.

l0 =
~µ(3π2n)1/3

q
(3.66)
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3.2 Semi-empirical analysis of carrier transport in electron-

doped BaSnO3 epitaxial films

The theoretical tools introduced in the previous sections are to be applied to analyze the

carrier transport properties of electron-doped BaSnO3 systems. Even though emphasis

will be placed on the transport properties of epitaxial films in this section, an analysis of

those in single crystals will be beneficial to achieve the goal because the single crystals

are likely to contain fewer kinds and less amounts of defects that complicate the analyses

and show transport properties more closer to the intrinsic one. Based on the analyses

of the single crystals conducted by H. J. Kim et al. [2, 73], the detailed analyses on the

transport properties of BSO epitaxial films will be introduced in this section.

3.2.1 La-doped BaSnO3 epitaxial films

Figure 3.1 shows the temperature-dependent transport properties of BLSO single crys-

tals and epitaxial films. At first, the carrier density of BLSO systems does not change

regardless of the change in the temperature from 300 K to 2 K as shown in Figure

3.1(a) and (b), which confirms the degeneracy of the BLSO systems with the carrier

density higher than about 4 × 1020 cm−3. Figure 3.1(c) and (d) show the temperature

dependence of electron mobility in BLSO systems. Comparison between the electron

mobilities at 300 K (µ300 K) and 2 K (µ2 K) provides the electron mobility limited by

phonons (µph)

1

µ300 K
=

1

µ2 K
+

1

µph
+

1

µ(T )
(3.67)

where µ(T ) is the temperature dependent mobility limited by different origins other than

the phonons. To minimize the interference of µ(T ), the µph is determined by the most

highest values available (µ300 K = 320 cm2 V−1 s−1 and µ2 K = 620 cm2 V−1 s−1) and

calculated to be 661 cm2 V−1 s−1.

In degenerate semiconductors, scattering mechanisms tend to lose the temperature de-

pendence because the thermal generation is no longer dominant source of carriers in the

conduction band. Therefore, to obtain the better understanding of the transport prop-

erties of denegerate BLSO system, the electron mobility as a function of carrier density

is to be analyzed, too, which reveals the carrier screening aspect of the transport mech-

anisms. Figure 3.2 shows the electron mobility vs. carrier density plots of BLSO single

crystals and epitaxial films on STO substrates. To illustrate how the analysis of the

mobility vs. carrier density works, the single crystal data is to be analyzed first. First of
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Figure 3.1: Temperature dependent transport properties of BLSO system [2]. The
carrier density of (a) the single crystals and (b) the epitaxial films. The electron
mobility of (c) the single crystals and (d) the epitaxial films. The resistivity of (e) the
single crystals and (f) epitaxial films.

all, the electron mobility limited by the phonons (µph) has already found in the analysis

of temperature dependent mobility curves and been calculated to be 661 cm2 V−1 s−1.

Obviously, µph does not depend on the carrier density since the phononic scattering is

not scattering by charged impurities. The second source of scattering is the ionized La

impurities, which, owing to the charged Coulomb potential, are screened by the carriers

and, thereby, produce the carrier density dependence of electron mobility. In degenerate

semiconductors, the relation between the electron mobility and carrier density is well

described by the degenerate form of Brooks-Herring formula. The mobility is given by

the relation µ = qτ/m∗ where the relaxation time τ was derived in Equation 3.51.

µii =
24π3ε2~3

Z2q3m∗2
n

Nii

[
ln(1 + γ2)− γ2

1 + γ2

]−1

(3.68)
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Figure 3.2: Electron mobility of the BLSO single crystals and epitaxial films on
STO substrate. The black dashed curves are electron mobilities limited by each single
scattering source: phonons and ionized impurities. The red curve is the combination
of the two black dashed ones by the Matthiessen’s rule [2].

In Equation 3.68, Z and Nii is the charged state (1 in this case) and the density of

the ionized impurities, respectively. The relation between n and Nii in Equation 3.68

determines the shape of the mobility curve. For the BLSO single crystals, it might be

safe to assume the full activation of the La impurities (n = Nii) owing to no evident

charge traps to be reckoned with. Finally, the two mobilities, µph and µii are to be

combined by Matthiessen’s rule.

1

µsc,BLSO
=

1

µph
+

1

µii
(3.69)

The combination produces the red solid curve in Figure 3.2, which agrees well with the

experimental data.

The next question to be discussed is the reason why the mobility is much lower in the

epitaxial films than in the single crystals. The temperature dependence mobility curves

in Figure 3.1 are not particularly conducive to the elucidation of the mobility degradation

in the epitaxial films because, as already mentioned, few scattering processes depend on
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the temperature in degenerate semiconductors. For this reason, the electron mobility

vs. the carrier density plot will be employed for the analysis again.

Figure 3.3 displays essentially the same plot as the one presented in Figure 3.2, but

different scattering sources that limit electron mobility. The mobility limited by the

phonons, µph, will be naturally the same as 661 cm2 V−1 s−1 with no dependency on

the carrier density. But, the mobility limited by the ionized impurities, µii is different

from the one used in the previous analysis of the BLSO single crystals. It is because

of the change in the relation between n and Nii in Equation 3.68, which is caused by

the charge trapping defects. There are likely to be two main sources of charge trapping

in the BLSO epitaxial films: the threading dislocations and the antisite defects of La

impurities.

Figure 3.3: Electron mobility of the BLSO single crystals and epitaxial films on
STO substrate [1, 2]. The black dashed curves are electron mobilities limited by each
single scattering source: phonons (µph), ionized impurities (µii), and threading
dislocations (µtd),. The black curve (µtot) is the combination of the four black dashed
ones by the Matthiessen’s rule. The blue curves is one obtained by the
grain-boundary-scattering-correction by Mayadas-Shatzkes model.

Figure 3.4 shows the formation energy plots produced by Scanlon [102] and assists in

understanding charged states of the two charge trapping defects. The µBa, µSn, and

µO represent chemical potentials of Ba, Sn, and O, respectively, in the environment of

the system formation and should not be confused with the electron mobility typically
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denoted by the same greek letter µ. According to the notations in the upper parts

of Figure 3.4, (a) and (c) represent a Sn-rich environment while (b) and (d) represent

an O-rich environment. The thin film growth conditions employed in this dissertation

appear to be more closer to the O-rich environment on the grounds of the high O2 partial

pressure as high as 100 mTorr. A simple argument can test the statement. In the PLD

process that the author employed, the growth rate per a single laser pulse is in the sub-

angstrom range (t ∼ 0.2 Å/pulse). The numbers of Ba and Sn atoms in the thin layer

formed by the single laser pulse will be n0At for both atoms where n0 and A is the number

density of Ba or Sn in BaSnO3 system and the area of the substrate, respectively. Since

it is the space between the target and the substrate where the Ba and Sn atoms form the

BaSnO3 phase by encountering with surrounding O2 molecules in the growth chamber,

the density of Ba and Sn atoms can be calculated by the number, n0At, divided by the

space volume, Ad where d is the target-to-substrate distance (∼ 55 mm). Therefore,

the number density of Ba and Sn atoms in the growth environment is n0(t/d), which is

in the order of 1012 cm−3. On the other hand, the number density of O2 molecules in

the growth environment can be estimated by the ideal gas law (N/V = P/kBT ). The

value is calculated to be in the order of 1014 cm−3 with P = 100 mTorr and T = 750◦C.

In conclusion, the thin film growth conditions that the author employed have provided

the environment where the density of the surrounding O2 molecules is about 100 times

higher than those of Ba and Sn atoms.

Figure 3.4: Formation energy of intrinsic and extrinsic defects in BSO and BLSO
systems [102]. (a) Intrinsic defects in Sn-rich environment. (b) Intrinsic defects in
O-rich environment. (c) Extrinsic defect in Sn-rich environment. (d) Extrinsic defect
in O-rich environment.

Going back to Figure 3.4, the relevant plots are (b) and (d) representing the O-rich

growth environment. According to Figure 3.4(b), in the degenerated BLSO system in
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which the Fermi level is located at well above the conduction band, not only double-

charged Ba vacancies (V 2−
Ba ) can be easily generated but also quadruply charged Sn

vacancies (V 4−
Sn ) are generated with the almost equal likelihood. This has an important

implication for the charged state of the cores of the threading dislocations in the BLSO

epitaxial films. For the sake of simplicity, if only edge dislocations are to be considered,

the dislocation cores can be regarded as edge lines of inserted partial planes. The charged

state of the cores depends on the atomistic defects along the edge lines. Considering the

result of the formation energy calculation, it is both V 2−
Ba and V 4−

Sn that are probably

created along the cores the threading dislocations in the BLSO epitaxial films. If this

scenario is true, the cores of the threading dislocations in the BLSO epitaxial films can

be modelled by a line defect with a charge density 6q/c where c is the c-axis parameter

of the BLSO epitaxial films. The density of the charge traps provided by the threading

dislocation too is calculated to be 6Ntd/c. Applying the results obtained in Chapter 2,

Ntd = 6× 1010 cm−2 and c = 4.127 Å, 6Ntd/c = 8.7 × 1018 cm−3.

Another defect that is able to trap the mobile charges in the BLSO epitaxial films is the

La-antisite defect that describes the substitution of La for Sn instead of Ba in the BSO

system. In the BSO system, two cations, Ba and Sn, have +2 and +4 valence states,

respectively. Hence two natural ways of doping the material. One is the substitution

of Ba2+ by dopants with +3 valence state ; the other is the substitution of Sn4+ by

dopants with +5 valence state. The problem of the former is that the dopant with +3

valence state can also substitute the Sn4+ ions because of the equal differences in the

valence states. Since both substitutions for Ba2+ and Sn4+ are energetically viable, the

difference between the ionic radii of the dopants and the elements to be replaced will

be the key factor to determine in which sites the dopants eventually substitute for the

host ions. The ionic radii of La3+ are 1.50 Å when it substitutes for Ba2+ (1.75 Å) and

1.172 Å when it substitutes for Sn4+ (0.830 Å) as listed in Table 3.1. Even though the

La3+ favors Ba2+ in terms of the ionic-radius-similarity, the La-antisite defects could

still possibly be formed. According to Figure 3.4(d), the La-antisite defects have even

lower formation energy than the La impurities at the Ba-sites in the degenerate BSO

system with the O-rich environment synthesis.

The role of a La-antisite defect in the BLSO system is trapping one mobile carrier

because La impurities in Sn-site are likely to act as deep acceptors rather than shallow

ones. To estimate the density of the La-antisite defects in the BLSO epitaxial films, a

comparison is to be made between the nominal concentration of La impurities and the

measured carrier density. Since the La impurities reside at either Ba-sites or Sn-sites in

the BLSO epitaxial films, the following relation holds.
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Table 3.1: Ionic radii of constituents and possible dopants in the BSO system [172].
RX denotes the ionic radius with the coordination number X.

Elements valence state R6 (Å) R12 (Å)

Ba +2 1.49 1.75
Sn +4 0.830 −
La +3 1.172 1.50
Sb +5 0.74 −
K +1 1.52 1.78

NLa(tot) = NLa(Ba) +NLa(Sn) (3.70)

where NLa(tot), NLa(Ba), and NLa(Sn) are the concentration of La impurities in total, Ba-

sites, and Sn-sites, respectively. In the viewpoint of the carrier density, La impurities

at the “normal” position (Ba-sites) produce one carrier per impurity; La impurities

at the antisite position (Sn-site) trap one carrier per impurity; the cores of threading

dislocations trap six carriers per core.

n = NLa(Ba) −NLa(Sn) − 6Ntd/c (3.71)

Since the NLa(tot), n, and Ntd/c are already known, other two variables can be calculated;

the results are summarized in Table 3.2. An interesting point is that NLa(Sn) seems to

stay unvaried with increasing NLa(tot) because NLa(Sn) would have been more likely to

increase as the raised Fermi level makes the La-antisite defects easier to form, according

to the formation energy analysis in Figure 3.4(d). The constant NLa(Sn), therefore, might

imply the solubility limit of the La-antisite defects imposed by the difference in the ionic

radii.

The high density of La-antisite defects seems to be the cause of sudden drop of conduc-

tivity of BLSO system in the range of the lower part of 1019 cm−3 order.

Table 3.2: The roles of La impurities in the BLSO epitaxial films. NLa(tot), NLa(Ba),
and NLa(Sn) are the concentration of La impurities in total, Ba-sites, and Sn-sites,
respectively.

NLa(tot) (cm−3) n (cm−3) NLa(Ba) (cm−3) NLa(Sn) (cm−3) Ntd/c (cm−3)

1.15 × 1020 3.06 × 1019 7.71 × 1019 3.77 × 1019 1.46 × 1018

1.43 × 1020 5.97 × 1019 1.06 × 1020 3.75 × 1019 1.46 × 1018

2.87 × 1020 2.04 × 1020 2.50 × 1020 3.71 × 1019 1.46 × 1018
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The electron mobility limited by the ionized impurities described in Equation 3.68 needs

to be modified to take into account the presence and the charge trapping of the La-

antisite defects and the threading dislocations. Since Nii in Equation 3.68 is equal to

NLa(tot), the following relation can be derived from Equation 3.70 and 3.71.

Nii = n+ 2NLa(Sn) + 6Ntd/c (3.72)

If Nii in Equation 3.72 is plugged into Equation 3.68, the resultant mobility curve will

be drawn differently from the one used to describe the carrier mobility of BLSO single

crystals. As shown in Figure 3.3, the mobility curve, µii bends downward as the carrier

density decreases.

Electron mobility limited by the threading dislocations is given by the following formula.

µtd =
4qc2

Z2~Ntd

(
3n

π4

)2/3 (
1 + γ2

)3/2
(3.73)

which has, of course, come from Equation 3.63. All parameters necessary for the calcu-

lation are already given by Z = 6, c = 4.127 Å, and Ntd = 6 × 1010 cm−2; γ is given

by Equation 3.52. As shown in Figure 3.3, the threading dislocations are the domi-

nant scattering source in the low carrier density region owing particularly to the high

charged state of the cores. The upward tendency with the carrier density increase is the

consequence of diminishing screening length of the scattering potential.

The mobilities limited by the ionized impurities scattering and the threading dislocation

need to be combined by the Matthiessen’s rule to yield the µtot-curve in Figure 3.3.

1

µtot
=

1

µii
+

1

µtd
(3.74)

The grain boundary correction will be carried out with the total mobility µtot

µef,BLSO = µtot

[
1− 3

2
α+ 3α2 − 3α3ln

(
1 +

1

α

)]
(3.75)

with

α =
~µtot(3π

2n)1/3

qd

R

1−R
(3.76)
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To analyze the experimental data, the author employed d = 100 nm (given by Figure

2.22) and R = 0.75.

3.2.2 Sb-doped BaSnO3 epitaxial films

Doping the BSO system with La impurities has been successful in obtaining the high

electron mobility in the degenerate regime of carrier density. The problem, however,

is the formation of La-antisite defects trapping the mobile carriers. It seems to be

considerably difficult to eliminate the antisite defects entirely because it is the inherent

problem of La3+ ions the valence state of which falls into the middle of those of two

cations (+2 for Ba and +4 for Sn) in the BSO system.

One solution to this problem is using another dopants with the higher valence state

because it is energetically unlikely for a dopant with such high valence state (+5) to

substitute Ba in the system. Antimony (Sb) has been known to be swallow donor in

SnO2 and proven to be in +5 valence state [173]. Furthermore, as already mentioned in

the history section, Sb has been chosen by numerous researchers as a dopant owing to

its high solubility in the BSO system and demonstrated to produce even higher electron

mobility than La has been in the polycrystalline and even in the epitaxial films of BSO

system [70, 82].

The film growth conditions were identical to those employed for the BLSO epitaxial films,

which are presented in Table 2.1. Crystallinity of the Sb-doped BSO epitaxial films on

STO substrates has already been discussed in Chapter 2. Discussed in this section

will be the transport properties of the BSSO films. As has been done throughout the

previous subsection, the transport properties of BSSO single crystals will be introduced

first for better understanding of the carrier scattering mechanisms in the BSSO system,

although the emphasis will be placed on the properties of the epitaxial films.

The ambitious attempt of eliminating the antisite defects, however, has ended up with

a half success. Figure 3.5 displays the mobility vs. the carrier density plot obtained by

H. J. Kim et al. who studied the transport properties of the BSSO single crystals [73].

According to their results, not only lower is the mobility of the BSSO single crystals than

that of the BLSO single crystals but also shows clear downward tendency as the carrier

density increases. Erginsoy’s model of the neutral impurity scattering was employed to

analyze the electron mobility of the BSSO single crystals [174]. According to the model,

electron mobility limited by the neutral impurities (µni) is given by

µni =
q

20~a0

1

Nni
(3.77)
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Figure 3.5: Electron mobility of BLSO and BSSO single crystals [2, 73].

where a0 is supposed to be Bohr radius of the hydrogen-like impurity defined by

a0 =
ε~2

m∗q2
(3.78)

H. J. Kim et al. observed that roughly the half of Sb impurities were not activated

and retained Sb4+-like character in the BSSO system. It implies that the density of the

neutral impurities is equal to the carrier density (n = Nni). The n−1-dependence of the

electron mobility agrees well the sharp downward tendency in the µ-n plot.

But they could not directly apply the model in a quantitative way. The value of a0 would

have been 1.4 Å had it been calculated as is given by Equation 3.78 despite the large

effective mass (0.6 m0) that they employed for the BSSO system in the literature [73];

the resultant µni would have been too low to explain their measurement data. Instead of

using the Bohr radius of the hydrogen-like impurity, they used the ionic radius of Sb4+

ion (0.69 Å) which in turn was given by the average values of those of Sb3+ and Sb5+

ions. With the assumption that a0 = 0.69 Å, they obtained the µni curve presented in

Figure 3.5. If the µni curve is combined with the mobility curve of the BLSO single

crystals in which no La neutral impurities are believe to exist, the combined mobility

curve agrees well with the experiment data.
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Even if the analysis produces the plausible semi-empirical curve in the µ-n plots, the

argument proposed by H. J. Kim et al. still have unclear points. First, using ionic

radius of Sb4+ ion, estimated from the radii of Sb3+ and Sb5+ ions, instead of the

Bohr radius in Erginsoy’s model (Equation 3.77) seems to be arbitrary. Second, the

quadruply charged state of Sb ions are rarely reported in literatures. Third, the existence

of neutral impurities implies the deepness of the impurity-energy levels. If only half of

the Sb impurities are activated at 300 K, the freeze-out of the impurities are naturally

anticipated at lower temperature. But, according to the same literature [73], H. J. Kim

et al reported the temperature-dependent carrier density in BSSO single crystals where

no sign of the freeze-out was observed down to 2 K. Such weakness of the argument

might undermine the credibility of the presence of Sb neutral impurities in the BSSO

system.

Figure 3.6: Comparison between the electron mobility of BSSO epitaxial films
obtained by direct measurement manner and one obtained by the analysis starting
from the electron BSSO single crystals. The data presented here were excepted from
other literatures: BLSO single crystals [2], BSSO single crystals [73], BLSO/STO [1],
and BSSO/STO [104].

However unsatisfactory as the current explanation for the transport properties of BSSO

single crystals, fortunately, the discussion about the main topic in this subsection, the

analysis of the electron mobility of BSSO epitaxial films on STO substrates would not be

hampered. In previous subsection, the electron mobilities of BLSO single crystals and
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BLSO epitaxial films have been well-described by the consistent theoretical framework.

The electron mobility of BLSO single crystals could be explained by introducing the

scattering by phonons and La ionized impurities. The electron mobility of BLSO epi-

taxial films was basically described by the combination of that of BLSO single crystals

with the effects of scattering by the defects which were not contained in the single crys-

tals but in the epitaxial films. This process of reasoning is so general that is supposed to

be applied to the case of the BSSO system as well. In other words, the electron mobility

of BSSO epitaxial films would be explained by the adding the effects of scattering by

the defects contained only in the epitaxial films to the electron mobility of BSSO single

crystals.

Interestingly, the same process of analysis that was taken for the BLSO systems yields,

the discrepancy between the analytic prediction and the experimental data of the elec-

tron mobility of BSSO epitaxial films as shown in Figure 3.6. On the one hand, The

purple hollowed circles represent the electron mobility of BSSO films grown on STO

substrates; the purple solid curve has been drawn for an empirical guide for an eye.

On the other hand, the black curve represents the electron mobility calculated, through

Matthiessen’s rule, by adding the effects of scattering by threading dislocations and grain

boundaries to the electron mobility of BSSO single crystals. The discrepancy between

the purple and black curves are represented by the grey-shaded region. Phenomenally,

the discrepancy is almost an order of magnitude. To provide a plausible explanation for

this phenomenon is the goal of this subsection.

In the simplest model, the electron mobility µ can be written as

µ = q
τ

m∗
(3.79)

The effective mass m∗ is determined by the band structure of BSO system. The doping

of BSO system to the extent of making it be a degenerate semiconductor may produce

a slight variation from the original value through introducing strain effects to the host

material or forming impurity bands near the conduction band minimum as is the case

for the other perovskite systems [175, 176]. In Chapter 2, the reciprocal space mapping

analysis yielded no significant difference in the strain between the BLSO and BSSO

epitaxial films. But, according to the calculated electronic band structures in Figure

3.7, the Sb impurities in BSO system form the impurity band near the Fermi level and

seem to increase the effective mass in the direction from X to M.

To test the effect of the Sb impurity band on the effective mass, the actual measurements

of the effective masses of each system were carried out with ellipsometry. The samples

investigated in this experiment were two epitaxial films on the STO substrates with
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Figure 3.7: Electronic band structures of (a) 3.7 % BLSO [2] and (b) 3.7 % BSSO
[73] systems.

Figure 3.8: Real and imaginary parts of dielectric functions of (a) 4 % BLSO and
(b) 5 % BSSO epitaxial films [104]. The red data sets correspond to the red axes; the
blue data sets correspond to the blue axes.
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similar doping concentrations: 4 % BLSO and 5 % BSSO films. The transport properties

had been priorly studied through Hall effect measurement, the results of which were

summerized in Table 3.3.

Table 3.3: The transport properties of the investigated samples [104] and the
parameters obtained by Drude-Lorentz fitting of the dielectric functions.

Parameters BLSO/STO BSSO/STO

Dopant concentration (%) 4 5
ρ (mΩ cm) 0.546 2.50
µ (cm2 V−1 s−1) 40.6 6.18
n (cm−3) 2.81 × 1020 4.04 × 1020

ε∞ 4.08 3.86
~ωp (eV) 0.96 1.13
m∗/m0 0.42 0.44

Figure 3.8 shows the real (ε1) and imaginary (ε2) parts of the dielectric functions of BLSO

and BSSO epitaxial films on STO substrates obtained by the ellipsometry measurement.

To extract information about the effective mass, the plasma frequency (ωp) is need to

be obtained first. Then the effective mass can be calculated by the formula.

ωp =

√
q2n

ε0m∗
(3.80)

The plasma frequency itself was obtained by Drude-Lorentz fitting of the experimental

data.

ε(ω) = ε∞ −
ωp

ω(ω + iγ)
+

N∑
j=1

Sjω
2
j

(ω2
j − ω2)− iγjω

(3.81)

where Sj , ωj , and γj are the oscillator strength, resonance frequency, and scattering rate

of jth Lorentz oscillator, respectively; γ is the optical scattering rate of free carriers; ε∞

is the high frequency dielectric constant. Among those fitting parameters, the plasma

frequency and the high frequency dielectric constant have been presented in Table 3.3.

The conclusion the author could derive from the ellipsometry measurement is displayed

the last row in Table 3.3. The effective masses of the BLSO and BSSO films on STO

substrates were measured to be almost identical to each other. It means that the forma-

tion of Sb impurity band, especially the loss of dispersion along the X → M direction,

does not have significant influences on the effective mass of free carriers in the BSSO

system.
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Since the difference in the effective masses between the two systems is negligible as

compared to the difference in the electron mobilities between the same systems, the

scattering rate of carriers ought to be the one that varies greatly, in accordance with

Equation 3.79, as the dopants are changed from one to another. The black curve in Fig-

ure 3.6 has been derived with an underlying assumption that the threading dislocations

are dominant scattering sources in BSSO epitaxial films as well as in BLSO films, for it is

unlikely to imagine the presence of another scattering sources which are more dominant

than the threading dislocations. If such an unidentified but dominant scattering source

actually existed in the BSSO epitaxial films, neither between BLSO and BSSO systems

nor between the single crystals and the epitaxial films must it be common. Otherwise,

either the BLSO epitaxial films or the BSSO single crystals would suffer from such a

significant drop of electron mobility as the BSSO epitaxial films did.

Figure 3.9: Impurity-dislocation cluster model in BSSO films. The drawing of the
dislocation is used by courtesy of OpenStax [177]

The assumption that the threading dislocations are the dominant scattering sources in

both BLSO and BSSO epitaxial films, therefore, still holds. The question to be asked

is what causes an order of magnitude increase in the scattering rate of carriers by the

threading dislocations only in the BSSO films. The author’s speculation finds an answer

in the impurity-dislocation clustering. First, the cores of the threading dislocations, as

discussed in the previous subsection, are believed to be sextuply charged by trapping

six electrons . The sextuply charged cores will attract, with the considerable coulomb

interaction, the donor impurities which are positively charged by losing electrons. Here

is the difference between the La and Sb impurities. The vapor pressure of Sb in the film

growth temperature is about 104 times higher than that of La in the same temperature

[178, 179]. This fact is a clue that Sb impurities may be more mobile than La impurities
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in the film growth conditions. Especially, for the Sb impurities, there have been lit-

eratures reporting the Sb-segregation into grain boundaries in the BSO polycrystalline

samples [65, 69]. If Sb impurites can migrate to the grain boundaries, they can equally

well migrated to the cores of threading dislocations. The author assumes, at this stage,

that the Sb impurities migrating toward the threading dislocations form clusters with

the dislocations cores, as shown in Figure 3.9 , even though the microstructures that the

clusters can possibly take have not been investigated at all. Once the impuriy-dislocation

clusters have been formed, the carriers impinging onto the clusters are likely to experi-

ence multiple or inelastic scattering processes and lose the kinetic energy further than

those which experience only single scattering processes summable by Matthiesses’s rule

[180].

Figure 3.10: Spatial distribution of conduction electron density in (a) BLSO and
(b) BSSO systems. [104]

The multiple scattering processes may not be sole reason for the change in the scattering

rate by an order of magnitude. Another additional factor might come from the modifi-

cation of the conduction electron distribution in the real space caused by Sb impurity

bands. To investigate the real space distribution of conduction electrons, the density

functional theory calculations were performed by using a supercell containing 3 × 3 ×
3 repetition of the BaSnO3 primitive unit cell with a Sb (La) atom substituted for a Sn

(Ba) atom. The calculated electron distributions are presented in Figure 3.10(a) for the

BLSO system and 3.10(b) for the BSSO system. The conduction electrons in the BSSO

system concentrate around the Sb impurities and the nearby oxygen sites while no such
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concentration occurs in the BLSO system. For this reason, the conduction electrons in

the BSSO films, which have greater magnitude of charge density near the Sb impurities

and the nearby oxygen sites, might undergo the scattering by TDs with relatively larger

cross section than in the case of BLSO films.



Chapter 4

Field effect devices based on

BaSnO3 thin films

Electronic switching devices such as transistors are the fundamental building blocks

of modern electronics where all information is transmitted and stored in the binary

digital manner, namely, zero or one. It is the first stage of research that is increasing

the speed, reliability, and durability of the switching characteristic of the conventional

transistors. The second stage of research is incorporating novel physical properties other

than simple electricity into the functions of the transistors, for instance, functions like

switchable superconductivity or switchable magnetoresistance. Oxide electronics has

been a promising field in terms of fulfilling the second stage of research with various

novel properties of perovskite oxide materials; but still suffering in terms of the first

stage of research because of the instability of oxygen in those oxide materials, which

ultimately ends up with the unreliability of device performances.

It, therefore, is of great importance to the full-fledged oxide electronics that the conven-

tional TFT is demonstrated by utilizing the stable perovskite oxide materials. Demon-

strated in Chapter 4 will be the fabrication processes and device performances of TFTs

employing BSO as a channel layer.

4.1 Metal-insulator-semiconductor field effect transistors

The metal-insulator-semiconductor field effect transistors (MISFET) are the most widely

used devices where a metal gate and a semiconductor channel layers are separated by a

thin dielectric layer as shown in Figure 4.1 (courtesy of Thomas et al. [181]). The source

75
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(S) and drain (D) contacts adjoin the interface between the dielectric and semiconduc-

tor layers. The operation principle is as simple as to change electrical resistance of the

semiconductor layer by applying electrical voltage on the metal gate. If the positive

voltage is applied on the metal layer relative to the semiconductor layer, electrons will

be injected to the semiconductor layer; the electrical resistance of the layer will be low-

ered; the current flows though the semiconductor from the drain to the source contacts

will be increased. If the negative voltage is applied on the metal gate relative to the

semiconductor layer, electrons will be pushed away from the semiconductor layer; the

electrical resistance of the layer will be raised; the current will be decreased.

Figure 4.1: A schematic of MISFET [181].

The MISFET is, of course, the device existing in three-dimensional place. But, in most

cases, the devices have a symmetry along the width of the channel, which means every

physical phenomena or parameters are identical along the width. For example, if the

orientation of the channel which is denoted by z-axis (Figure 4.1), the electrical potential

φ(x, y, z) will be no more a function of z, (φ(x, y, z) = φ(x, y)). Next, if no bias between

the source and the drain contacts is applied, the device will also have symmetry along

the length of the channel, the orientation of which is denoted by y-axis. In this scenario,

the device essentially become a capacitor.
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To analyze device performances, it is required to understand the operation principles

in a more quantitative way. The goal is obtaining the current flow from the drain to

source (IDS) as a function of the gate bias against the source terminal (VGS). In order

to generate the current flow, the drain bias against the source terminal (VDS) is required

as well. For simplicity, the source terminal is being grounded (VS = 0 V)

Since the accumulation layer is very narrow, the conduction channel can be treated as

a sheet, which makes the problem be two-dimensional. Without the drain bias against

the source terminal (VDS), the charge accumulation (qn2D) in the semiconductor side

can be written as in terms of the dielectric capacitance and the gate bias against the

source terminal (VGS).

qn2D =
ε

d
(VGS − Vth) (4.1)

where ε and d are the oxide layer dielectric constant and thickness, respectively; Vth

is the threshold voltage over which the free carriers in the semiconductor layer start to

accumulate at the interface. If the drain bias is applied the sheet carrier density n2D will

be no more constant and a function of y (Figure 4.1) again) because the potential drop

across the channel will be a function of y, too. If φ(y) denotes the electrical potential

at y generated by the application of VDS, this potential can be regarded to effectively

increase Vth at y by the its magnitude. Therefore, in the circumstance where both VGS

and VDS are applied, n2D(y) can be written as

qn2D(y) =
ε

d
(VGS − Vth − φ(y)) (4.2)

It is to be assumed the drift current will be dominant when VGS exceeds Vth + φ(y).

J2D(y) = qµn2D(y)Ey(y) (4.3)

where constant carrier mobility (µ) throughout the channel has been assumed. The cross

section of the current density is the width of the channel (Z). Owing to the symmetry

along the z-axis, the integration over the width yields the simple multiplication of Z to

the J2D(y).

IDS =
Zµε

d
(VGS − Vth − φ(y))

∂φ

∂y
(4.4)
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where the electric field Ey has been replaced by ∂φ/∂y In the steady state condition, the

current must be independent of y. The integration Equation 4.4 over the length of the

channel yields

IDS =
Zµε

Ld

∫ L

0
(VGS − Vth − φ(y))

∂φ

∂y
dy (4.5)

The integration in the right side can be easily evaluated by changing the integration

variable from y to φ and the range from (0, L) to (0, VDS).

IDS =
Zµε

Ld

[
(VGS − Vth)VDS −

V 2
DS

2

]
(4.6)

This equation holds only in the “non-saturated” region of VDS because during the deriva-

tion process VGS > Vth +φ(y) has been assumed. If otherwise is true, the assumption of

the dominance of the drift current will not hold anymore. Therefore, in order to hold the

dominance of the drift current over the whole channel, the charge accumulation should

be ensured up to right before the drain terminal.

VGS > Vth + VDS (4.7)

As VDS increases, the inequality in Inequation 4.7 can be reversed: VDS > VGS − Vth.

Once the inequality is reversed, IDS does not increase with VDS because the carrier accu-

mulation does not occur in that condition to the extent that the drift current dominates

the current flowing mechanism over the channel. This phenomenon is called the current

saturation the boundary of which will be obviously

VDS = VGS − Vth (4.8)

Plugging Equation 4.8 into Equation 4.6 yields the saturated current IDS,sat.

IDS,sat =
Zµε

2Ld
(VGS − Vth)2 (4.9)

Since IDS,sat is proportional to (VGS − Vth)2, the whole derivation process to arrive at

Equation 4.9 is sometimes called “square-law theory” [182]. Conventionally, Zµε/Ld

is denoted by β and called “gain factor” because of its relevance in the application of

MISFET as voltage amplifiers.
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Two important device parameters can be extracted from the non-saturated current

(Equation 4.6) and the saturated current (Equation 4.9). The first one is the field

effect mobility (µFE) which can be obtained by the differentiation of Equation 4.6 with

respect to VGS.

µFE =
Ld

ZεVDS

(
∂IDS

∂VGS

)
(4.10)

The transconductance (∂IDS)/(∂VGS) in a real device would not be constant as expected

by the square-law theory which obviously allows an oversimplification of the real world

device for the conciseness of the theory. The author will use the maximum value of µFE

if it varies with the gate bias, VGS.

The field effect mobility is one indicator how fast a device can operate. For a device to

operate, i.e. to be able to switch between on and off, under high frequency gate bias, in

the simplest consideration, the carriers need to be able to the round trip from the source

via the drain to the source again before the half period of the driving signal. Since

the distance of the round trip is 2L; the electron velocity (assuming the saturation) is

µ(VGS − Vth)/L, the highest driving frequency (f) under which the device can operate

will be

f =
µ(VGS − Vth)

L2
(4.11)

The second parameter to be discussed is the threshold voltage (Vth), which can be

obtained from Equation 4.9. The square root of Equation 4.9 yields

√
IDS,sat =

√
Zµε

2Ld
(VGS − Vth) (4.12)

If a plot of
√
IDS,sat vs. VGS can be drawn, the linear region of the plot can be ex-

trapolated by the linear fitting starting from the highest value of VGS. The resultant

horizontal-axis-intercept will be Vth.

The threshold voltage is the parameter determining the dominant term of the current

mechanism. As already mentioned, under the circumstance where VGS is higher than

Vth, the sufficient charge accumulation in the interface ensures the dominance of the

drift current over the channel. If the VGS is lower than Vth, the dominant term in the

current flowing mechanism will be diffusion term.
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4.2 Devices utilizing Al2O3 dielectrics

The first device to be demonstrated is the BSO devices utilizing amorphous gate di-

electric. Amorphous gate dielectrics have two advantages over crystalline dielectrics.

The first, arguably the most important advantage, is the inexpensiveness in fabrication

because high temperature processes can be avoided. The second, is homogeneity of the

crystalline structure. Ironically, the widespread crystalline disorder in amorphous ma-

terials renders their structure more homogenous. On the other hand, poly crystalline

materials suffer mainly from inhomogeneity created by grain boundaries acting as chan-

nels for leakage current. Even epitaxial dielectrics cannot escape from the inhomogeneity

in structure unless grown without any threading dislocations which too can be channels

of leakage current.

The material chosen was amorphous Al2O3 grown by atomic layer deposition (ALD).

Since the material properties of ALD-Al2O3 is well-known as summarized in Table 4.2.

According to the parameters in Table 1.3 and 4.2, the conduction band offset between

BSO and ALD-Al2O3 will be calculated to be about 2.0 eV, which is large enough to

effectively block the Schottky emission process of electrons in BSO over ALD-Al2O3.

Table 4.1: Summary of the material parameters of ALD-Al2O3.

Parameters Values References

Band gap (Eg) 6.77 eV [183]
Dielectric constant (κ) 9 [184]
Electron affinitya (χ) 2.39 eV [183]
Dielectric strength (EBD) 6.9 MV cm−1 [185]
aThe values were calculated from the band offset (1.68 eV) between ALD-Al2O3
aand GaAs. 4.07 eV was used for the electron affinity of GaAs [186].

The device structure is presented in Figure 4.2(a). The 100 nm-thick undoped BSO

buffer layer was deposited by PLD on the STO substrate first. The 0.14 % BLSO layer

was deposited by PLD upon it with the thickness of 12 nm. And then the ITO contact

pads were deposited by PLD with a wedge-patterned SUS mask. The deposition of

60 nm Al2O3 layer by ALD was the next step. Lastly, the ITO gate contact pad was

deposited on the top. The horizontal view of the device is presented in Figure 4.2(b),

which shows the lateral dimension of the device; the channel length (L) and width (Z)

are 140 µm and 60 µm, respectively.

The device performances are presented in Figure 4.3. The output characteristics of the

device in Figure 4.3(a) show the qualitative agreement with the standard square-law

theory discussed in the previous section and, more importantly, high output current
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Figure 4.2: A FET based on the Al2O3/BLSO interface. (a) A schematic of the
vertical structure. (b) An optical microscope image showing lateral structures and
dimensions of the FET [4].

Figure 4.3: Device performances of the Al2O3/BLSO FET. (a) Output
characteristics. (b) Transfer characteristics [4].

level (∼ 10−4 A) in spite of the relatively long channel length and short channel width,

which can be regarded as a harsh condition.

The transfer characteristic in Figure 4.3(b) shows the sufficiently low level of the leakage

current (IGS), which are two orders of magnitude lower than the channel current (IDS)

over the whole range of the gate bias. Such low leakage current level indicates that

the device is working properly. The field effective mobility curve obtained by applying

Equation 4.10 has been drawn in the right axis of the plot. The maximum value of

the field effect mobility is 17.8 cm2 V−1 s−1; the on/off ratio (Ion/Ioff) is 105. The

subthreshold swing (S) is 3.2 V dec−1. These performances may not be sufficiently

impressive when compared with those of other devices based on ZnO or other variants

[187]. But such oxide semiconductors have been developed more than decades and been

benefited by the maturation of defect-controlling or fabrication technologies. The author
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believes that the underperformance of BSO based devices is a matter of technology, not

due to the fundamental limitation of the material. The demonstration of the properly

working device based on BSO is in itself a recognizable achievement at this stage.

Table 4.2: A comparison of device performances between Al2O3/perovskite oxides
FETs

Interfaces µFE (cm2 V−1 s−1) Ion/Ioff S (V dec−1) References

Al2O3/BLSO 17.8 105 3.2 [4]
Al2O3/STO 0.1 102 − [188]
Al2O3/KTO 0.4 104 − [189]

To appreciate the benefit derived from adopting BSO channel layer, it may be helpful

to compare the performances of the Al2O3/BLSO device with those of devices which

can be classified into the same class such as devices based on STO and KTO channel

layers with the same dielectric Al2O3. The comparison has been made in Table 4.2. As

shown clearly, the room temperature field effect mobility of the Al2O3/BLSO device is

two-orders-of-magnitude higher than those of other two devices [4, 188, 189].

4.3 LaInO3 as a dielectric

Epitaxial gate dielectrics are not desirable in a viewpoint of the cost or the leakage. The

epitaxy, however, is essential to exploit the versatile physical properties inherent in the

perovskite structure. Device structures made exclusively of perovskite layers are the key

to incorporate those properties into the functions of the device and have been tried to

realize a ferroelectric field effect device applicable to nonvolatile memory elements or a

device controlling two-dimensional superconductivity in oxide heterostructures. But, no

conventional MISFET made entirely of perovskite layers has been demonstrated. The

demonstration of all-perovskite TFT based on BSO, therefore, is a natural course of

research progress.

BLSO has already proven itself to be a superior channel material for a TFT in the per-

ovskite family according to the performances of the Al2O3/BLSO devices. A highly epi-

taxial perovskite dielectric can significantly improve the device performances. Reviewed

in this section will be material parameters of possible candidates for the dielectric in the

BLSO based TFT. The candidates were SrSnO3 (SSO), SrZrO3 (SZO), BaZrO3 (BZO),

SrHfO3 (SHO), BaHfO3 (BHO), and LaInO3 (LIO). LIO will be the chosen material ow-

ing to the excellent lattice-match with BSO; Its dielectric properties will be investigated

in detail to assess the suitability of LIO as a gate dielectric in the BLSO based TFT.
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Table 4.3: Relevant material parameters of perovskite dielectric materials. ∆ECBM

is the conduction band offset with respect to BSO.

Materials Structure a (Å) Eg (eV) ∆ECBM (eV) κ EBD (MV cm−1)

BaSnO3
a Cubic 4.116 2.95 0 20 −

SrSnO3
b Pseudocubic 4.034 4.06 0.68 12.5 −

SrZrO3
c Pseudocubic 4.089 5.6 2.4 60 0.4

BaZrO3
d Cubic 4.194 5.3 1.8 40 0.4

SrHfO3
e Pseudocubic 4.109 6.5 2.9 35 −

BaHfO3
f Cubic 4.180 5.8 1.9 38 2.7

LaInO3
g Pseudocubic 4.116 5.0 1.6 38.7 3.13

aReaders can refer to Table 1.3 for the original literatures.
b[57, 190, 191]
c[192–194]
d[195–198]
e[199–201]
f [199, 202, 203]
g[5, 204]

Summarized in Table 4.3, are the material parameters of the gate dielectric candidates

such as the lattice constant (a), the bang gap (Eg), the conduction band offset with

respected to BSO (∆ECBM), the dielectric constant (κ), and the dielectric strength

(EBD).

The lattice match is one of the most important properties in selecting the epitaxial gate

dielectric because the misfit dislocations created by the lattice mismatch can degrade

the device performances dramatically. Not every perovskite structure is cubic because

of the difference between in the radii of constituents as estimated by Goldschmidt [205].

According to his report, tolerance factor (t), defined by the following formula, determines

whether any AMO3-type perovskite structures become cubic or orthorhombic.

t =
rA+rO√

2 (rM+rO)
(4.13)

where rA, rM, and rO are the radii of A2+, M4+, and O2− ions. As t becomes a value

closer to unity, the ABO3 structure will approach to the ideal cubic; while t becomes

less than 0.9 the structure will become orthorhombic.

Since two in-plane lattice parameters in the orthorhombic structure are inherently dif-

ferent, the pseudocubic structure need to be defined to compare the in-plane lattice

parameters between cubic and orthorhombic structures. The pseudocubic in-plane lat-

tice (apc) parameter can be defined by
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apc =
√
a′b′, where a′ =

√
a2

or+c
2
or

2
and b′ =

bor

2
(4.14)

where aor, bor, and cor are the three lattice parameters in the orthorhombic structure.

The geometric mean has been used to preserve the total cell volume. According to the

definition and the orthorhombic lattice parameters of LIO (aLIO = 5.9404 Å, bLIO =

8.2158 Å, and cLIO = 5.7229 Å [204]), the pseudocubic lattice parameters of LIO is

identical, down to the third decimal place, to the lattice parameter of bulk BSO as

shown in the Table 4.3.

Other candidates have been discarded in spite of their own advantages. SSO belongs to

the same stannate family as BSO does and, thereby, is likely to produce fewer interface

defects when combined with BSO. But, SSO is not desirable because all other material

parameters, the lattice parameter, the band gap, the conduction band offset, and the

dielectric constant, are not very satisfying. Especially, the conduction band offset of

SSO does not fit in one of the qualifications of being a gate dielectric that the band

offset is required to be larger than 1 eV in order to suppress the leakage by Schottky

emission effectively [206]. In terms of dielectric constants, zirconate materials (SZO and

BZO) are the most desirable; But the dielectric strength of those materials is too low to

provide the channel with enough carrier modulation when those materials are employed

as the gate dielectrics. SHO might have been ideal owing to the fair lattice match with

BSO, the large band gap, the large conduction band offset, and even high dielectric

constant. It, however, is prone to local phase mixing with other Ruddlesden-Popper

series, Srn+1HfnO3n+1 (n =1, 2, and 3) [207]. BHO tends to stay in the single phase;

but, it has a little larger lattice parameter than BSO and is not free from creating the

misfit dislocations at the interface.

Since LIO had been a relatively unknown material as a dielectric, no consensus had

been reached about the electronic band gap, and dielectric constant of LIO; no literature

has ever published about the conduction band offset and dielectric strength except my

group’s [5]. The values for the material parameters of LIO listed in Table 4.3 are actually

4.3.1 Electronic structure

The first principle calculations based on LDA were carried out to investigate the elec-

tronic structure, the type of optical band-to-band transition, and the effective mass.

The result is presented in Figure 4.4(a). The first thing to note is that the valence band

maxima in LIO system seem to be shared by 3 different symmetric points: Γ, U and T

points. The band gap size is 3.1 eV for the both direct and indirect transitions. The
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calculated band gap appears to be a significant underestimation because it is not un-

common that band gap calculations based on LDA estimate smaller gap by about 40 %

[208]. Therefore, the true gap size might be higher than 5 eV, which is to be confirmed

by optical transmission spectroscopy in the later sections.

Figure 4.4: (a) Electronic band structure of LIO system [5]. (b) The symmetry
points in the orthorhombic Brillouin zone.

Effective masses of LIO at Γ-point have been calculated in the directions of various sym-

metric points [5]. The results are summarized in Table 4.4. The electron effective masses

will be later used in the investigation of leakage current through the LIO dielectric.

Table 4.4: Effective masses of LIO calculated by the first-principles calculations [5].

Directions m∗e/m0 m∗h/m0

Γ→ X 0.41 0.43
Γ→ Z 0.52 1.5
Γ→ Y 0.50 4.6
Γ→ R 0.48 0.95
Γ→ T 0.47 0.80
Γ→ S 0.45 0.78

4.3.2 Thin film growth

LIO had never been reported in the form of epitaxial films before my group’s attempts

[5]. The growth method and conditions are essentially the same as those which employed

to grow BSO epitaxial films; LIO epitaxial films were grown by the PLD technique the

growth parameters of which is shown in Table 2.1. The only difference is that the LIO

epitaxial films were grown not directly on STO substrates but on BSO layers which
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had been deposited on the STO substrates in advance. The sample investigated in this

section is the 100 nm-thick LIO films on 10 nm-BSO-buffered STO substrate.

Figure 4.5: The crystallinity of LIO epitaxial films [5]. (a) θ-2θ diffractions of BLSO
and LIO films. ω-rocking curves are presented as an inset. (b) Reciprocal space maps
of BLSO and LIO epitaxial films on STO substrates.

Figure 4.5 shows the X-ray diffraction analyses of the LIO epitaxial films. At first,

Figure 4.5(a) displays θ-2θ diffraction pattern of the LIO epitaxial films without any

signs of secondary phases or polycrystallinity. The peak positions of LIO films have

been shifted to the small angle orientation with respect to the those of BLSO films,

which indicates the c-axis parameter of LIO epitaxial films is slightly larger than that

of BSO films. Presented in the inset of Figure 4.5(a) are the ω-rocking curves of LIO

and BLSO epitaxial films, both of which have been normalized by the respective area

under the curves to visualized the FWHM. The FWHM of the ω-rocking curve of LIO

films is 0.52◦ which is not very large if the orthorhombicity of the LIO system is taken

into account. Figure 4.5(c) is the reciprocal space map where the similarity of in-plane

lattice constants between LIO and BSO films can be clearly observed.

4.3.3 Dielectric properties

Electronic band gap of LIO system is the first dielectric parameter to be discussed in

this section. The earliest literature argued that the band gap of LIO was 2.2 eV with

the Seebeck coefficient measurement [209], In 2008, Elisei et al. reported the band gap

of 3.6 eV by performing diffuse reflectance of LIO ceramics [210]. Lastly, there was

a literature in which 4.1 eV was mentioned without any explanation [211]. The first

two reports do not seem to be very plausible because if the band gap of LIO had been

really 2.2 eV or 3.6 eV, there would have been no less than one literature that reported
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the semiconducting properties of LIO. One literature reported p-type conduction in Ba-

doped LIO ceramics at high temperature [212]; not even has the n-type conduction of

electron-doped LIO been so far reported. The third literature is no less unconvincing

because of the lack of explanation about and references to the value, 4.1 eV.

The value, 5.0 eV, for the band gap of LIO in Table 4.3 is actually what we measured

through the optical transmission spectroscopy. The details will be discussed here. Since

the previously reported values have been dispersed and unreliable, the independent mea-

surement was mandatory. To measure the size of the band gap, the optical transmission

spectroscopy was employed for an LIO epitaxial film grown on a doubly-polished LaAlO3

(LAO) substrate the band gap of which (5.6 eV) is known to be larger than that of LIO

[213]. The thickness of LIO film was 40 nm.

Figure 4.6: Absorption coefficient measured by the optical transmission
spectroscopy. The measured band gap was 4.96 eV which will be rounded up to be 5.0
eV [5].

In the optical transmission spectroscopry, the absorption coefficient (α) was obtained

by assuming no reflectance and comparing the intensity of incident (I0) and transmitted

(I) light.

I = I0e
−(αt+αsts) (4.15)
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where t, ts, and αs are the thickness of the film, the thickness of the substrate, and the

absorption coefficient of the substrate. The variables t and ts are already given; the

variable αs are to be obtained by another independent measurement on a bare LAO

substrate.

Since LIO has a direct band gap, the absorption coefficient and the incident light energy

(E) are interrelated by

(αE)2 ∝ E − Eg when E > Eg (4.16)

Figure 4.6 shows the (αE)2-E plot obtained by the optical transmission spectroscopy

on the LIO epitaxial film on LAO substrate. In the plot, the linear fit can determine

the x-axis intercept which is the band gap. The obtained value is 4.96 eV which will be

rounded up to 5.0 eV for later use in the dissertation.

The second dielectric property of LIO epitaxial films to be discussed is the dielectric

constant. Like the case of the electronic band gap, few literatures are available as a

reference to the dielectric constant of LIO system. Dielectric constant of LIO, in the

author’s knowledge, has reported only in one literature where the dielectric constant

of LIO ceramics was investigated [214]. According to the literature, LIO ceramics,

prepared in different sintering conditions, showed widely varied dielectric constant from

about 5 to 25 with dependence on frequency of driving AC voltage. In author’s opinion,

the intrinsic value obtained by the literature was 5; the higher value, 25, in the low

frequency was probably due the polarization induced by grain boundaries. A similar

frequency-dependent behavior of dielectric constant was observed for BSO ceramic as

well [128]. Furthermore, the author does not believe that 5 is the true dielectric constant

of LIO, because the value is too small to be a dielectric constant of perovskite oxides,

famous for high dielectric constants (Table 4.3). Commonly, ceramic samples tend to

have lower dielectric constant because of the porosity inherent in ceramic samples [215].

To obtain the dielectric constant of the LIO epitaxial films, the capacitance of the

junction structure presented in Figure 4.7, where a LIO layer was sandwiched by two

metallic BLSO layers, was measured. Since the junction structure is equivalent to a

parallel capacitor, the dielectric constant can be calculated by

κ = C
t

A
(4.17)

where C, t, and A are the capacitance, thickness and area of the junction, respectively.

The calculated dielectric constant will be 38.7 with the thickness of 244 nm and area
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Figure 4.7: Dimensions of the LIO junction used in the capacitance measurement.

of 221 × 80 µm2. The relatively large value of dissipation factor (tan δ) is not so

much due to any intrinsic dielectric loss mechanisms as due to the series resistance and

parasitic capacitance, which, fortunately, yield negligible correction to the measured

parallel capacitance.

The third is the dielectric strength (FBD) of the LIO epitaxial films. The dielectric

strength is important because it determines, together with the dielectric constant, the

ultimate capacity of sheet carrier modulation defined by εFBD/q. To measure the dielec-

tric strength, the experiment was designed to apply the electric field that is high enough

to break down the junction and monitor the leakage current flowing through it. The

broken junction is shown in the left side in Figure 4.7; the monitored leakage current

is presented in Figure 4.9(b). The leakage current suddenly soared at the electric field

higher than 3.13 MV cm−1 and never recovered the previous current level during the

backward field sweeping, which indicates that FBD = 3.13 MV cm−1.

The monitored leakage current gives another essential dielectric property of the LIO

epitaxial film: the conduction band offset with BSO, which will be the fourth to be

discussed. The shape of the monitored leakage current plot in Figure 4.9(b) implies that
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Figure 4.8: Parallel capacitance (Cp) of the LIO film vs. driving frequency (f).

Figure 4.9: Leakage analysis of the LIO thin film (a) The Fowler-Nordheim
tunnelling process in the LIO film. (b) The characteristic plot of the FN tunnelling
process is shown in the inset.
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Fowler-Nordheim (FN) tunnelling process dominates the origin of the leakage mecha-

nism. The FN tunnelling process is described in Figure 4.9(a) where electrons in one

metallic BLSO contact layer tunnel through the triangular potential wall caused by the

high electric field applied across the LIO dielectric and reach the BLSO contact layer

in the other side. The key parameter to determine the current generated by the FN

process is the electronic barrier height (Φ) which denotes the energy difference between

the CBM of the LIO dielectric and Fermi level in the metallic BLSO layer. In the FN

tunneling, the relation between the current density (J) and the applied electric field (F )

is given by

J = AF 2e−B/F (4.18)

where A and B are constants. Especially, B denotes

B =
4
√

2m∗LIOΦ3

3q~
(4.19)

If the characteristic plot of the FN tunnelling process, ln(J/F 2) vs. F−1 is drawn as

shown in the inset of the Figure 4.9(b), the electronic barrier height Φ can be obtained

from the slope of the fitting line which indicates the constant B. The calculated elec-

tronic barrier height is 1.15 eV using m∗LIO = 0.46 m0, which is the harmonic mean of

the effective masses along the directions of T and S.

Calculating Φ is only a part of the whole story. To determine the conduction band

offset between the LIO and BSO, the energy difference between the Fermi level and the

CBM in the metallic BLSO is required. The energy difference can be easily calculated

by assuming the parabolic band.

EF − ECB,BLSO =
~(3π2n)2/3

2m∗BLSO

(4.20)

where n is assumed to be 3.7× 1020 cm−3, which is the average carrier density obtained

in 4 % BLSO epitaxial films, leads to EF − ECB,BLSO = 0.45 eV. The summation of Φ

and EF − ECB,BLSO yields the conduction band offset (∆ECB) between LIO and BSO;

the result is ∆ECB = 1.60 eV.

The highlight in this subsection is the complete band alignment between LIO and BSO

systems presented in Figure 4.10. The values obtained in this dissertation are the band

gap of LIO (Eg,LIO) and the conduction band offset (∆ECB). As forementioned, the

band gap and the electron affinity of BSO (Eg,BSO and χBSO) were given by the previous
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Figure 4.10: The band alignment between LIO and BSO systems [5].

literatures [2, 59]. The other values, the electron affinity of LIO and the valence band

offset, can be calculated in the straightforward arithmetic.

4.4 Devices utilizing LaInO3 dielectrics

The material characterization of LIO dielectric in the previous section was the prelim-

inary step for the demonstration of the field effect device utilizing the LIO dielectric.

The seemingly superior material parameters of components do not guarantee superior

performances of a device, a specific combination of the components. Field effect devices

utilizing epitaxial dielectrics mostly entails high temperature process required for the

crystalization of the dielectrics. The high temperature process can cause a couple of

problems during the fabrication process, such as material inter-diffusion, not just be-

tween the components but also between the components and external tools like stencil

masks; thermo-mechanical stresses caused by difference in thermal expansion coefficients

of the components; oxygen vacancy generation; long process time. All of these prob-

lems would contribute to increase the cost of production of such devices and make the

industrial application virtually impossible.
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The goal here, however, is not the development of readily applicable devices, but the

demonstration of so far untested devices made of the components with the promising

material properties. The fabrication process used in this dissertation is fairly rudimen-

tary as compared with one employed by highly developed industries. However promising

devices are tried in the level of a single laboratory, it is extremely unlikely to acquire

something readily befitting to industrial standards. Nevertherless, the demonstration of

feasibility has its own worth in that it contributes to getting the insight which technology

is worth pursuing and which one is junk as well.

As discussed in the subsections, LIO/BLSO devices work properly and show remarkable

device performances in spite of the rudimentary and harsh growth tools and conditions

resulting in high density of defects inside the devices.

4.4.1 Fabrication process and device structure

The fabrication process of the LIO/BLSO devices is worth being remarked upon in

detail because it is an indicator that shows the thermal stability of the device. The

schematics are presented in Figure 4.11. As shown in the schematics, the fabrication

process consisted of the five independent parts of layer deposition: 1) undoped BSO

buffer; 2) 0.07 % BLSO channel; 3) 4 % BLSO contact; 4) LIO dielectric; 5) 4 % BLSO

gate. The PLD growth conditions of each layer were 100 mTorr of O2 environment at

750 ◦C, which implies the previously deposited layers had to experience thermal cycles,

from room temperature via 750 ◦C to room temperature again, until the deposition of

the last layer finally ended. For example, the channel layer experienced the thermal

cycle thrice; the LIO/BLSO interface experienced the thermal cycle once.

Experiencing such high temperature thermal cycles is of serious concern to the perfor-

mances of the device, for, during the thermal cycles, the difference in thermal expansion

coefficients (α) of each layer can cause thermo-mechanical stresses to the components of

the device and, thereby, lead to degradation of the device performances [216]. 750 ◦C

exceeds by a great deal, the temperature employed in conventional prognostics of oxide

TFTs [217].

Table 4.5: A comparison of thermal expansion coefficients

Materials α (10−6 K−1) a[RT] (Å) a[750 ◦C] (Å) References

SrTiO3 32.3 3.905 3.996 [218]
BaSnO3 9.3 4.116 4.144 [117]
LaInO3 9.9 4.116 4.145 [219]
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Figure 4.11: The fabrication process of LIO/BLSO devices.

The difference in the thermal expansion coefficients of the component materials of the

device is summarized in Table 4.5 The difference between BSO and LIO is negligible.

But the difference between STO and other two materials is more than three times, which

can cause significant thermo-mechanical stresses on the components. Since STO was the

substrate, the stresses were exerted upon the component layers for all the five thermal

cycles. The LIO/BLSO device not only survived the five thermal cycles but also showed

the superior device performances over the other perovskite-oxide-based devices.

Figure 4.12: The structure of the LIO/BLSO devices. (a) The vertical structure.
(b) The horizontal structure.

The device structure is presented in Figure 4.12(a) The 100 nm-thick undoped BSO

buffer layer was deposited on the STO substrate as the first step to reduce the influence

of threading dislocations on the channel layer. As the second step, the two line-patterned

0.07 % BLSO channel layers were deposited by using a Si stencil mask. The thickness

of the channel was controlled to be 10 nm. In the third step, the patterned 4 % BLSO
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contact layers were deposited using a stainless steel stencil mask. As the fourth and

last step, 244 nm-thick LIO dielectric and 4 % BLSO gate layers were deposited in that

order using Si stencils mask again. A top view of the LIO/BLSO device is presented in

Figure 4.12(b) to show the lateral sizes of our FET. The channel width is 56 µm. The

source and drain contacts were separated by 118 µm which became the channel length.

The line-patterned gate had the width of 143 µm.

Figure 4.13: The cross-sectional TEM image of the LIO/BLSO device.

Figure 4.13 shows the cross-sectional TEM image of the device. First of all, the image

confirms the vertical dimensions of the device, parameters the precise determination of

which is of importance to the analyses of the device performances in the next subsection.

Second, the image reveals more that doubled density of threading dislocations observed

in the single layer of thin films (Figure 2.21) According to the image in Figure 4.13, the

density of threading dislocation in the device seems to be about 2 × 1011 cm−2. Such
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increase of the density of threading dislocations is probably due to the undergoing of

the five high-temperature thermal cycles discussed beforehand.

4.4.2 Device performances

Figure 4.14 shows the transfer characteristic of the LIO/BLSO and Al2O3/BLSO devices

in non-saturated region. The solid curves are the characteristics of the LIO/BLSO

device; the dashed curves are those of the previous Al2O3/BLSO devices presented for

the purpose of comparison. The field effect mobility curves according to Equation 4.10

have been drawn in the right axis of the plot.

Figure 4.14: The device performances the LIO/BLSO device (the solid curves and
circles) [5]. The performances of the previous Al2O3/BLSO device have been plotted
together for the purpose of comparison (the dashed curves) [4].

The LIO/BLSO device outperformed the Al2O3/BLSO device in every respect except

the level of leakage current. The ratio of IDS to IGS in the LIO/BLSO device decreases

down to about 10 as the gate bias goes higher than 30 V. Not entirely negligible as

the level of IGS is, it is not significant either and probably can cause about 10 % of

“underestimation” of the field effect mobility because the IGS would have ended up

flowing to the source and been added to the IDS if the LIO dielectric had blocked the

leakage more effectively.
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Three parameters, field effect mobility, on/off ratio, and subthreshold swing, can be

extracted by the transfer characteristics. The maximum value of the field effect mobility

curve is about 90 cm2 V−1 s−1; the on/off ratio is 107; the subthreshold swing 0.65 V

dec−1. These performances are comparable to the best performances of conventional

ZnO-based devices or their variants [187, 220]. If a technique to reduce the density

of threading dislocations in the device (Figure 4.13) is developed and improved in the

future, the device performance will become much higher.

Table 4.6: A comparison of device performances between perovskite oxides based
FETs

Interfaces µFE (cm2 V−1 s−1) Ion/Ioff S (V dec−1) References

LIO/BLSO 90 107 0.65 [5]
Al2O3/BLSO 17.8 105 3.2 [4]
LAO/STO 5 106-108 0.06-0.07 [221]
CaHfO3/STO 2 105 − [222]
DyScO3/STO 2.1 106 − [223]

Table 4.6 summarizes more fruitful comparisons. Needless to say, the outperformance

of the LIO/BLSO device over the Al2O3/BLSO device is so clear as to prove the ad-

vantage of utlizing epitaxial gate dielectrics. The performance comparison between the

LIO/BLSO device and LAO/STO device reveals the superiority of BLSO channel layer

over STO in terms of the room temperature field effect mobility. The field effect mobil-

ity of LIO/BLSO device, containing huge density of threading dislocation, is 18 times

higher than that of LAO/STO device with the atomically aligned interface [221]. The

atomically aligned interface can be achieved in the LIO/BLSO device. the subthreshold

swing will be substantially reduced to the theoretical limit, let alone the enhancement

of the field effect mobility and the on/off ratio.

Figure 4.15(a) shows the transfer characteristic in the saturate region. Since VDS = 20

V, the device would be in the state of current saturation in the applied range of VGS.

The
√
IDS vs. VGS plot has been constructed to obtain the threshold voltage of the

device. The horizontal-axis-intercept is given by the linear extrapolation of
√
IDS and

found to be 1.9 V. The gain factor (β) of the device can be also calculated by

β = 2

(
∂
√
IDS

∂VGS

)2

(4.21)

The β obtained in this way for the LIO/BLSO device is 3.6 × 10−6 A V−2.

Figuer 4.15(b) the output characteristics of the LIO/BLSO device. VDS was applied

up to 30 V in the measurement because of the long channel length. VGS was varied
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Figure 4.15: Device performances of LIO/BLSO device [5]. (a) Transfer

characteristic of the LIO/BLSO device in the saturated region. I
1/2
DS vs. VGS plot is

constructed to extract Vth. (b) The output characteristics. The black solid line and
blue dashed lines are the semi-empirical boundary dividing the IDS into non-saturated
and saturated regions and the semi-empirical output characteristic.

from 0 V to 30 V with the interval of 5 V. The corresponding seven red solid lines in

Figure 4.15(b) show the linear region in the low-VDS limit and the saturated region in

the high-VDS limit. To visualize the conformity of the device to the standard square-law

theory, the author first obtain the following semi-empirical boundary which divides IDS

into the non-saturated and saturated regions,

IDS,sat =
β

2
(VGS − Vth)2 (4.22)

Once the boundary is established, IDS in the non-saturated region (VDS < VGS − Vth)

can be determined semi-empirically by

IDS = β

[
(VGS − Vth)VDS −

V 2
DS

2

]
(4.23)

The graphs constructed in this manner agree well with the experimental data in Figure

4.15(b).



Chapter 5

Conductive interfaces between

LaInO3 and BaSnO3 layers

Seldom would a bulk material alone become an electronic device. For example, the

field effect device discussed in Chapter 4, requires a gate and a dielectric to control

the electronic properties in a channel. Since the controlling unit, including the gate

and the dielectric, must be in contact with the channel to operate, the formation of an

interface between them is inevitable to the proper operation of the device. As Herbert

Kroemer, a Nobel prize laureate, put it in his lecture, “the interface is the device” [224],

ever shrinking size of modern electronic devices accelerates the dependence of device

performances on the interface. In this respect, the importance of a study of interfaces

to device applications cannot be overemphasized.

The most famous phenomenon occurs at interfaces, to those who are familiar with device

physics, may arguably be the formation of two-dimensional electron gas (2DEG) in the

very vicinity of an interface between two materials with different energy levels of the

conduction bands. By definition, the 2DEG is a group of electrons which have completely

lost a degree of freedom in their motion, for instance, movement to a specific direction

along namely z-axis, while been retaining the other two degrees of freedom in the planar

motion perpendicular to the z-axis. In other words, the z-components of wave functions

of the 2DEG are bounded in one-dimensional potential well and cannot be extended

over the well without evanescence. To achieve this confinement of electrons along a

certain dimension, the width of the potential wells usually needs to be in the range of

nanometers. It is no coincidence that the accumulation or inversion layers in MOSFETs,

a common example of the potential wells, are formed in such a narrow scale that the

widths of the wells are commonly neglected in the elementary analysis.

99
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Figure 5.1: The method of modulation doping [225]. (a) The formation of interfaces
between two materials with the different energy levels of the conduction bands. (b)
The formation of 2DEG confined in the potential well.

Greater interest in 2DEG was brought about by the idea of modulation doping to achieve

effective separation between the conduction electrons and ionized dopants. The forma-

tion of an interface between two materials with different energy levels of the conduction

bands essentially yields a potential barrier that the conduction electron must overcome

to flow from one with the lower energy level of the conduction band to the other with the

higher one (Figure 5.1(a)). If the material with the higher level of the conduction band

can be doped by impurities, the free electrons generated by the impurities will fall from

the potential barrier and reside in the material with the lower level of the conduction

band (Figure 5.1(b)). The electric field between the positively charged impurities and

the free electrons will create a potential well near the interface and confine the electrons

in it, i.e creation of a 2DEG. The confinement of 2DEG in this way reduces the scat-

tering cross sections of the ionized impurities by a great deal because the impurities are

separated from the conducting plane which is perpendicular to the axis of confinement.

This idea was demonstrated in 1978 by Dingle et al. who used AlxGa1−xAs/GaAs

superlattice as a quantum well where the free electrons generated by the doping of the

AlxGa1−xAs sides, the one with the higher energy level of the conduction band, were

confined in GaAs side, the one with the lower level of the conduction band [225]. They

found the electron mobility in the superlattice was greatly enhanced as compared with

the electron mobility in the bulk GaAs, especially at low temperature, as shown in 5.2(a).

It is an evidence of the reduced scattering cross sections of the ionized impurities which

becomes the dominant scattering sources in the low temperature.

After since the modulation doping was proven to work, a lot of endeavors have been

exerted to enhance the mobility of 2DEG in GaAs. Figure 5.2(b) is a plot, organized

by Schlom and Pfeiffer, displaying the historical progress of two-dimensional electron
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Figure 5.2: Electron mobility in GaAs. (a) Temperature-dependent electron
mobility curves. MD represent modulation-doped AlxGa1−xAs/GaAs superlattices
[225]. (b) Historical progress of the two-dimensional electron mobility in GaAs [226].

mobility in GaAs [226]. According to the plot, the highest reported mobility reaches

36,000,000 cm2 V−1 s−1.

Figure 5.3: A graphical comparison of device performances of GaAs-based (a)
HEMT and (b) MESFET [227].

A field effect device utilizing the method of modulation doping was realized in 1980 by

Mimura et al. who developed the device based on the AlxGa1−xAs/GaAs heterostruc-

ture and compared the device performances with those of metal-semiconductor field
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effect transistors (MESFET) based on the bulk GaAs [227]. The outperformance of

the device based on the AlxGa1−xAs/GaAs heterostructure over the MESFETs was so

extraordinary in terms of the electron mobility that they even invented the acronym,

HEMT, standing for a high electron mobility transistor, as well as the device itself

(Figure 5.3).

In the viewpoint of fundamental science, the most striking manifestation of two dimen-

sionality of electron gas is the observation of the integer and fractional quantum Hall

effects, the quantization of vertical Hall coefficients in the conditions of high magnetic

field and low temperature. Considering how those two phonomena were discovered to

begin with reveals an interesting implication. While the integer quantum Hall effect

was discovered by Klitzing et al. who employed Si-based MOSFETs in his experiment

[228], the fractional quantum Hall effect was discoverd by Tsui et al. who employed

GaAs-based heterostructures [229]. It was no coincidence because, according to Buth

and Merkt, the fractional quantum Hall effect can be observed only in high electron

mobility systems [230].

The author summarized briefly the significance of interfaces, by employing the 2DEG

in GaAs as an example, to the device applications as well as the fundamental scientific

observations. But there are interfaces the importance of which is no less than that

of GaAs-based one: III-V family AlGaN/GaN interfaces, a II-VI alike MgZnO/ZnO

interfaces, and pervoskite oxides interfaces represented by the famous LaAlO3/SrTiO3

heterostructure. LaInO3/BaSnO3 interfaces, which the author has been investigated,

belongs to the perovskite oxides interface family and will be the main topic throughout

this chapter. In order to a better appreciation of the significance and context of the

study of LaInO3/BaSnO3 interfaces, the author will summarize the studies of other

relevant interfaces in the first section. In the next section, the author will discuss the

discovery, stability, and origin of 2DEG in LaInO3/BaSnO3 interfaces.

5.1 Two-dimensional electron gases in polar interfaces

As the development of heterostructure-fabrication techniques has enabled the acquisi-

tion of materials with higher crystalline perfection, nitride- and oxide-heterostructure

interfaces have fallen within the scope of intensive investigations and device applications

[226, 231]. Remarkable progress was the discovery of the formation of 2DEG in interfaces

without any extrinsic charged dopants, the presence of which had definitely required in

the GaAs-based interfaces.
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5.1.1 Wurtzite interfaces

The first discovered system was interfaces between materials with wurtzite structure.

AlGaN/GaN interfaces had known for the formation of 2DEG without any extrinsic

charged dopants owing to the piezoelectricity inherent in the structure [232]. Such

interfaces could yield 2DEG density higher 1013 cm−2 [233] and electron mobility as high

as 160,000 cm2 V−1 s−1 [234]. Both integer and fractional quantum Hall effects were

observed with the 2DEG in AlGaN/GaN interfaces [235]. The AlGaN/GaN HEMTs

have been commercialized in various industries such as power amplifier and radar sensor

applications [236].

The MgZnO/ZnO interfaces belong to the same wurtzite family and have shown very

similar research history to that of AlGaN/GaN interfaces. Without any extrinsic charged

dopant, doping of isovalent Mg impurities yielded the formation of 2DEG in the MgZnO/ZnO

interfaces with the density higher than 1013 cm−2 [237]. Tsukazaki et al. obtained

electron mobility as high as 180,000 cm2 V−1 s−1 and observed integer and fractional

quantum Hall effects in MgZnO/ZnO interfaces [238, 239].

The origin of the 2DEG in interfaces made of the wurtzite system was explained by

Ibbertson et al. [240]. Starting from the charge neutrally of the entire system, they

argued that the 2DEG in the AlGaN/GaN interface originated from donor-like states

on the top of AlGaN surface if no extrinsic dopants were to be involved and explained

the presence of the critical thickness of AlGaN layer in the formation of interface 2DEG.

As shown in Figure 5.4, when the thickness of AlGaN is not thick enough, the energy

level of the donor-like surface states is located under the Fermi level of the whole system

and preserves an electron with them (Figure 5.4(a)). But as the thickness of AlGaN

increases, the energy level of the surface states approaches the Fermi level because of

the electric field induced by the spontaneous or piezoelectric polarizations inside AlGaN.

Once the energy level crosses the Fermi level of the system, the surface states begin the

donation of electron from the surface to the interface (Figure 5.4(b)). This transfer of

electrons proceeds until the electric field created by the electron (2DEG)-hole (surface

donors) pairs completely screens the polarization field inside the AlGaN layer.

Since the critical thickness (tc) is defined by the thickness of AlGaN layer at which

the energy difference between the donor states and the conduction band of GaN layer

equates with the energy exerted by the polarization field over the thickness. From the

notation in Figure 5.4,

ED −∆EC = tcq
σ

ε
(5.1)
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Figure 5.4: The origin of 2DEG in AlGaN/GaN interfaces [240]. (a) The interface
with the AlGaN layer which is thinner that the critical thickness. (b) The interface
with the AlGaN layer which is as thick as the critical thickness. (c) Estimated 2DEG
density as a function of the thickness of the AlGaN layer.

where σ is the surface charge induced by the polarization; ε is the dielectric permittivity

of AlGaN. If the thickness of AlGaN exceeds the critical thickness, the free carriers begin

accumulating in the interface and cancelling the surface charge. If the density of the

2DEG is denoted by n2D, Equation 5.1 can be modified as

ED −∆EC = tq
σ − qn2D

ε
, (t > tc) (5.2)

where t is the thickness of AlGaN layer. A straightforward algebra yields

n2D =
σ

q

(
1− tc

t

)
(5.3)

Using Equation 5.3 as a fitting function, Ibbertson et al., in the same literature [240],

performed the fitting of their experimental data obtained by Hall effect measurements
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Figure 5.5: Comparison of theoretical estimation and the experimental data on
2DEG density in AlGaN/GaN interface [240].

(Figure 5.5). The fitting parameters tc and σ/q they obtained as 35 Å and 1.43 × cm−2,

respectively, agreed well with the theoretically expected values. This analysis could be

applied and yield the good agreement with the experimental results for MgZnO/ZnO

interfaces [241].

5.1.2 Perovskite oxides interfaces

In 2004, Ohtomo and Hwang reported the formation of 2DEG in LAO/STO interfaces

without any extrinsic dopants in any layers [242]. According to their results, the electron

mobility of the 2DEG exceeded 10,000 cm2 V−1 s−1. They also reported the important

observation that termination of STO layer determined the formation of 2DEG at the

interface. When STO was terminated by TiO2 layer, the LAO deposition yielded the

formation of 2DEG at the interface. On the other hand, when STO was terminated by

SrO layer, the interface remained insulating.
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After since the discovery of the interface, superconductivity [243, 244], ferromagnetism

[245], and giant photoconductivity [246] have been reported in LAO/STO interfaces.

Devices utilizing the LAO/STO interface 2DEG has been tried as well [221, 247–249].

Figure 5.6: The electronic reconstruction model for LAO/STO interface [250]. (a)
Before the reconstruction. (b) After reconstruction.

The origin of the 2DEG in the LAO/STO interface was first explained by Nakagawa

et al. [250]. Starting from the termination-layer-dependance of the 2DEG formation,

they viewed the perovskite structure as a stack of atomic sheets as shown in Figure

5.6. According to this viewpoint, SrTiO3 is a stack of alternate SrO and TiO2 sheets;

LaAlO3 is a stack of alternate LaO and AlO2 sheets. Next, they assigned formal charges

to each sheet in accordance with the formal valence states of individual ions. Since the

valence states of Sr2+ and Ti4+ ions are formally 2+ and 4+, those valence states can be

exactly balanced by one O2− and two O2− ions, respectively. Therefore SrO and TlO2

sheets are charge neutral. But both La3+ and Al3+ ions have formally 3+ of the valence

states, which means La and Al ions both tend to lose three electrons to make ionic

bonding. Therefore, in the LaO sheet where the O2− ion accepts only two electrons,

there remains one additional electron that La ions wants to lose to be La3+ state. On

the other hand, in the AlO2 sheet where the two O2− ions accepts four electrons in

total, there is deficiency of one electron for Al ions to be Al3+ state. For free standing

LaAlO3, the additional electron in each LaO sheet can be tossed to each AlO2 sheet;

the positively charged LaO+ and negatively charged AlO−2 sheets are created.

If TiO2 is the termination layer of the STO side, the facing layer in the LAO side

must be LaO+ to form the LAO/STO interface. But, as shown in Figure 5.6(a), if

LAO layer, deposited on STO, starts from LaO+, the electrical dipoles induced by the

pairs of atomic sheets LaO+ and AlO−2 will create the upward electric field and raise

potential energy of the electrons as another pairs of the sheets are added on the top.

Once the potential energy of the topmost electrons reaches a certain critical point, half

of electrons in the topmost sheet is tossed to the second topmost sheet, which again

tosses the half to the next sheet. This tossing the half of electrons continues until the

LaO+ sheet finally tosses them to the top TiO2 sheet in the STO side. This electronic

redistribution is equivalent to the scenario described in Figure 5.6(b) where each LaO
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sheet in LAO tosses half of electrons each side of it in the first place. Either way, the

electronic reconstruction, namely “polar catastrophe”, creates free electrons on STO side

of the interface while leaving behind the identical number of holes in the top surface of

the LAO layer.

The concept that Nakagawa et al. employed is actually equivalent to the one used

in the explanation for the AlGaN/GaN interfaces given by Ibbertson et al. in the

previous subsection [240]. Figure 5.7 (courtesy of Bristowe et al. [251]) shows the band

schematics of the polar interfaces. The substrate can be regarded as STO because in

the most cases, STO single crystal substrates are used to form the interface, the film

can be regarded as LAO film. Figure 5.7(a) shows the interfaces where the thickness

of LAO is smaller that the critical thickness, which is the exactly the same situation as

the one described in Figure 5.4(a). Figure 5.7(b) shows the LAO/STO interface after

the electronic reconstruction occurs, which describes the same situation as the one in

Figure 5.4(b) except one difference that the electrons in the interface are coming not

from the surface donor-like states but from the valence band of LIO. Figure 5.7(c) shows

the situation where the thickness of LIO exceeds the critical thickness of the electronic

reconstruction.

The reasoning behind the polar catastrophe is that the critical thickness of LAO layer

measured by experiments is always what amounts to four unit cells of LAO (about 16

Å) [252]. The critical thickness calculated by Equation 5.1 produces very similar value,

about 14 Å with σ/q ≈ 3.0×1014 cm−2, ε ≈ 25, and ED−∆Ec ≈ 3 eV. But, the problem

in this argument is that experimentally determined 2DEG density in the LAO/STO

interface (∼ 1013 cm−2) is an order of magnitude smaller than what is expected to be by

the model of polar catastrophe (∼ 3.0× 1014 cm−2) [247]. Furthermore, if the electrons

in the interface came from the valence band of LAO, the surface of LAO would have to

show p-type conduction. But in the author’s knowledge, the p-type conduction in LAO

surfaces has never been reported.

The problem of the smaller carrier concentration in the interface might be simply solved

by adopting Ibbertson’s model of the surface states. Bristowe et al. developed more

complicated model based on it [253]. Figure 5.7(d) is essentially the same diagram as

the one in 5.4(b). The surface donor states are most likely to be created by oxygen

vacancies, which can donate two electrons to the interface. In the course of it, the

creation of oxygen vacancies might reduce the polarization inside the LAO because the

polarization of LAO must depend on the crystalline perfection. This scenario can explain

not only the problem of the smaller carrier concentration but also the lack of electric

field inside LAO layer thinner than the critical thickness, especially, when measured by

spectroscopic means [254–256].
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Figure 5.7: Band diagrams for polar interfaces [251]. (a) Before electronic
reconstruction. (b) After electronic reconstruction. (c) Electronic reconstruction with
polar material which is thicker than the critical thickness. (d) Electronic
reconstruction in a situation where a surface donor exists.
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More detailed analyses on the models within the framework of the polarity discontinuity

can be found elsewhere [251, 257]. Especially, Yu and Zunger summarized the problems

of the existing models including the polar catastrophe model and proposed their own

model, presumably the most unified one so far, combining the polarity discontinuity and

thermodynamic formation process of various defects [257].

Some theories suggest that the role of the polarity discontinuity at the interface in the

formation of 2DEG should be regarded as minor at best. One theory stemmed from

the propensity of STO for losing oxygen atoms. Literatures reported the reduction of

2DEG carrier density in the interface after the annealing the interface in O2 environ-

ments [258, 259]. Kalabukhov el al. demonstrated that the oxygen-losing propensity of

STO in the interface formation environments, usually high temperature (∼800 ◦) and

high vacuum (∼10−4 mbar) could lead to surface conductivity even without the forma-

tion of any interfaces and that the formation of the LAO/STO interface at higher O2

environment (5 × 10−2 mbar) yielded insulating interface. [260, 261]. This observation

was later confirmed by spectroscopic methods such as angle-resolved photoelectron spec-

troscopy and scanning tunnelling spectroscopy [262–264]. The insulating LAO/STO in-

terface fabricated by RF sputtering bolstered the proposal that the high-energy-particle

bombardment (see Chapter 2) inherent in PLD process could be another cause of the

formation of 2DEG in the interface by re-sputtering oxygen ions on the surface of STO

during the interface formation, in addition to the oxygen-deficient growth environments

[258]. The numerous reports about the formation of 2DEG in the STO interfaces in-

volved by no polarity discontinuity such as SrTiO3−δ/STO [265], γ-Al2O2/STO [266],

amorphous-Al2O2/STO [267], amorphous-LAO/STO [268], and amorphous-STO/STO

[268] seem to imply the major role of oxygen vacancies in any interfaces involved by

STO.

Since no interface can be perfectly abrupt, cation intermixing was also proposed as a

possible cause of the formation of 2DEG in LAO/STO interface by Chambers et al.

[269, 270]. They argued the preferential diffusion of La ion to STO side over other

diffusion mechanism could lead to the formation of 2DEG in the LAO/STO interfaces.

5.2 LaInO3/BaSnO3 interfaces

The important of the LIO/BSO system as a polar interface is rooted in the excellent

oxygen stability in BSO system. For the oxygen stability of BSO can rule out the

possibility of the involvement of oxygen vacancies, at least created in the BSO side, in

the eventual formation of interface 2DEG. In this section, the author will demonstrate

the conductance enhancement of LIO/BSO interfaces, which can be ascribed to the
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formation of interface 2DEG, and provide evidences that oxygen vacancies in LIO/BSO

interface do not play such a major role that they played in the LAO/STO interfaces.

5.2.1 Discovery

The discovery of the conductance enhancement in the LIO/BSO interface was made

during the fabrication process of the field effect devices discussed in Chapter 4. As

shown in Figure 5.8(a), the 0.07 % BLSO channel was fabricated on the BSO-buffered

STO substrate. The contact pads were made of metallic 4 % BLSO layers. Before

the deposition of the LIO dielectric layer, the sheet conductance (σs) of the channel

was measured through the two contact pads; the result was 1.1×10−9 Ω−1. After the

deposition of the LIO dielectric layer (250 nm) on the channel, the measurement of

the sheet conductance of the channel in the same way yielded about 1,000 times of

enhancement of the conductance up to 1.2×10−6 Ω−1. Such huge enhancement of the

sheet conductance indicates the formation of 2DEG in the LIO/BLSO interface.

Figure 5.8: The discovery of the conductance enhancement in the LIO/BLSO
interface. (a) Experimental process to measure the change of the sheet conductance of
LIO/BLSO interface. (b) Enhancement of the sheet conductance of the BLSO channel
after the LIO layer deposition. The thickness of BLSO contact pads was 50 nm.

An important remark to be made here is that all the layers in Figure 5.8(a) were grown

in 100 mTorr ( = 1.3 × 10−1 mbar ) of O2 pressure, which is more than doubled pressure

yielding the insulating LAO/STO interfaces (5 × 10−2 mbar) [261].

5.2.2 Annealing in O2 environment

Because of the previous experience, however, the author was aware of the similar con-

ductance enhancement in the Al2O3/BLSO interface, which turned out to be due to

incorporation of hydrogen atoms into the channel during the deposition of the Al2O3
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layer by ALD process. In common ALD process, trimethylaluminum (Al(CH3)3) and

water (H2O) are used as a precursor and oxidation agent, respectively [271]. It is well

known that the hydrogen atoms, once incorporated into oxide materials, can become

shallow donors and yield a drastic change in the conductivity of the materials [272].

Even though the growth process of LIO layers was not ALD but PLD, where the un-

intentional hydrogen incorporation was unlikely to happen, a confirmatory experiment

was required to rule entirely out of the possibility of the hydrogen doping caused by un-

usually high humidity of the laboratory or indiscreet manners of conducting the sample

growth.

Figure 5.9: The test of the possibility of the hydrogen doping. (a) The LIO/BLSO
and (b) Al2O3/BLSO interfaces under the test. (c) The variations of the sheet
conductances in the LIO/BLSO and Al2O3/BLSO interfaces.

Since the hydrogen atoms are supposed to be volatile, annealing the samples in O2 en-

vironment at 400 ◦C was believed to be sufficient to remove the hydrogen atoms from

BLSO channel layers. Figure 5.9(a) and (b) shows two samples used in this test; one

was LIO/BLSO interface; the other was Al2O3/BLSO interface. The structures in both

samples were identical to the one described in Figure 5.8(a). Before the formation of

interfaces, the two BLSO channel layers showed the similar sheet conductances in the

order of mid-10−7 Ω−1 as shown in Figure 5.9(c). (These higher initial conductances

compared to the previous case were due to the higher La concentration in the BLSO

channels (0.21 %), which was not relevant as long as the channels contained the same

amount of the La impurities.) The deposition of LIO and Al2O3 layers upon the each

BLSO channel, through PLD and ALD, respectively, resulted in the conductance en-

hancement in both samples even if the degrees of enhancement were different. But

after experiencing the annealing process, the sheet conductance of Al2O3/BLSO inter-

face restored to the original value while that of LIO/BLSO interface did not vary at
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all. This result confirmed that hydrogen atoms were not the cause of the conductance

enhancement, i.e. the formation of 2DEG, in the LIO/BLSO interface.

5.2.3 Contribution of oxygen vacancies.

Figure 5.10: The test of the possibility of oxygen-vacancy-derived 2DEG formation
in the BLSO surface. The inset displays the annealing conditions. The solid lines
indicate the linear variations of the parameters over time; the dashed lines indicate
non-linear variations.

The next test aimed at sorting out the contribution of oxygen vacancies to the formation

of 2DEG in the LIO/BLSO interfaces. The film growth is usually carried out at high

temperature in vacuum environment. If the oxygen vacancies were created in the surface

of the BLSO layer during the ramping and growth stages, they would play a role in the

conductance enhancement even without any layers deposited upon the BLSO layer. To

test this possibility, a BLSO layer was put into the same environment as the one employed

in the growth of LIO layers and cooled down without LIO layer deposition (the inset of

Figure 5.10). The temperature as high as 750 ◦C with the O2 pressure as low as 100

mTorr could be an oxygen-losing environment for oxide materials with unstable oxygen

stoichiometry. Even though 1 atm of O2 pressure was used in the cooled down process,

such high concentration of oxygen vacancices that created metallic 2DEC at the surface

would not have been compensated in such a short cooling time that the temperature



Chapter 5. Conductive interfaces between BaSnO3 and LaInO3 layers 113

dropped until lower than 300 ◦C in several minutes. The sheet conductance variation

after this process has been recorded in the same figure (Figure 5.10). The variation is

a slight decrease in the conductance. Therefore, it can be concluded that the oxygen

vacancies created by growth conditions do not play any roles in the formation of 2DEG

in the BLSO surfaces or LIO/BLSO interfaces.

5.2.4 Polar vs. non-polar interfaces

In the previous subsections, the author showed the surface of BSO itself did not play

any major role in the interface conductance. But, there is still the possibility that the

high-energetic particle bombardment might cause the loss of oxygen stoichiometry in the

BSO surface during the PLD deposition. Therefore, the author tested three different

interfaces: LIO/BLSO, BHO/BLSO, and SZO/BLSO.

Figure 5.11: Band alignments of large-band-gap materials with BSO. (a) BSO/LIO
alignment [5] (b) BSO/BHO alignment (Table 4.3). (c) BSO/SZO alignment (Table
4.3).

The band alignments of the top-layer materials with BSO are shown in Figure 5.11.

Considering the band alignments, if sheet conductance enhancement was observed in

the BHO/BLSO ore SZO/BLSO, there might be another possibility, other than the ion

bombardment, that the intrinsic built-in potentials between BSO and adjacent layers

causes band bending in the BSO with unintentional dopants.

For the experiments, 0.4 %, 0.07 %, and 0.3 % BLSO layers were prepared in a way that

described in Figure 5.8(a). Their initial sheet conductances were measured to be in the

order of 10−10 Ω as shown in Figure 5.12. After the initial characterization of the sheet

conductances. The 10 nm LIO layer, 50 nm BHO layer, 10 nm SZO layer were deposited

on 0.4 %, 0.07%, and 0.3 % BLSO layers, respectively, in the environment of 100 mTorr

of O2 pressure and 750 ◦C of substrate temperature. The sheet conductances of the
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Figure 5.12: Comparison of the sheet conductance enhancement between the three
interfaces: LIO/BLSO, BHO/BLSO, and SZO/BLSO interfaces.

interfaces were measured again and plotted in Figure 5.12. The result shows clearly the

conductance enhancement occurs only in the LIO/BLSO interface and confirms that the

polarity discontinuity in the interface matters.

One might wonder why different La doping concentration in BLSO layers were allowed

in the experiment. That was because of difficulty in controlling the defect density in

BSO system. As explained in Chapter 2 and Chapter 4, BSO films and LIO/BLSO

interfaces on STO substrate were plagued by the high density of threading dislocations

which could vary greatly with subtle changes in the PLD growth conditions, substrate

quality, and thermal-cycle experiences. The carrier density trapped by the threading

dislocations are estimated to be in the range from high-1010 cm−2 to low-1012 cm−1

depending on the charged state of the dislocation cores. There is the La-antisite issue,

too, as mentioned in Chapter 3.

Nevertheless, the uncontrollability of the defect density did not play such a significant

role as to alter the result the author obtained. For detailed argument on this matter,

refer to Section 5.2.7.
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5.2.5 LaInO3 thickness dependence

The critical thickness is an important parameter to the formation of 2DEG in polar

interfaces according to either Ibbertson’s model or the electronic reconstruction model.

Unfortunately, because of lack of proper tools to control the layer thickness in the scale

of unit cells, the critical thickness of LIO/BLSO interface could not be experimented.

Moreover, in the presence of such high density of charge trapping centers in the in-

terface, the determination of the critical thickness is virtually impossible through the

measurement of carrier density in the interface.

But the other side of thickness problem is no less worth being answered, which means the

answer to the question “what will happen in the LIO/BLSO interface if the thickness of

LIO layer greatly exceeds the critical thickness by more than two orders of magnitude?”.

In AlGaN/GaN interfaces, the carrier density in the interface starts decreasing with the

thickness from a certain point (Figure 5.5). Ibbertson el al. explained the phenomena

by the partial loss of polalization accompanying the relaxation of the AlGaN layer [240].

For the LAO/STO interfaces, the author has been informed about the existence of

“deactivation thickness of LAO layer” over which the interface becomes insulating again

[273]. The existence of the deactivation thickness, if it is true, might be also ascribed

to the relaxation of LAO layer, the lattice parameter of which is much smaller than

STO (see Figure 2.6). If the thickness of LAO exceeds a certain thickness, the lattice

relaxation of LAO layer on the STO substrate will be started and will create misfit and

threading dislocation in the layer, which might lead to the cancellation of the intrinsic

polarization of LAO layer.

The 0.07 % BLSO layer was prepared in the way that described in Figure 5.8(a); the

initial sheet conductance, the order of 10−9 Ω−1, was recorded in Figure 5.13. Next, 10

nm LIO layer was deposited on the BLSO layer; the sheet conductance was measured

again. The sheet conductance was enhanced to be in the order of 10−7 Ω−1. The same

measurement was performed after another 10 nm LIO layer deposition and yielded no

change in the sheet conductance. Lastly, another 230 nm LIO layer was deposited and

the total LIO layer thickness become 250 nm; the sheet conductance of the interface

showed the negligible decrement as shown in Figure 5.13. This experiment shows that

the LIO/BLSO interface is almost immune to the lattice relaxation of LIO layer, which

is the obvious consequence owing to the perfect lattice-match between BSO and LIO

systems (see Table 4.3 and Figure 4.5(b)).

The degree of conductance enhancement might be questioned because it was only two

orders of magnitude, which seemed too small as compared to previous cases with the

same La concentration, for example, the conductance enhancement in Figure 5.8(b). The
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Figure 5.13: Dependence of the sheet conductance of the LIO/BLSO interface on
the LIO thickness.

author supposes that it was because of the different coverage of BaO layer on the BSO

surface. Through this dissertation, the termination layer of BSO surface has never been

controlled. Nevertheless, it has been assumed that most area of BSO surface are covered

by SnO2 layer owing to its stability. There is, however, still possibility of the presence of

BaO-covered area of the BSO surface leading to the cancellation of the polarization build-

up inside LIO layer. But again, the uncontrollability of the termination layer is of less

significance to the monitoring the LIO thickness dependence of the sheet conductance

in the LIO/BLSO interface and does not alter the conclusion.

5.2.6 Preferential La diffusion

In this subsection, the possibility of preferential La diffusion from LIO to BLSO, leading

to the effective La doping to the BLSO layer, will be discussed. A simple experiment

can test the possibility. Two identical 0.3 % BLSO layers were prepared in a way that

described in Figure 5.8(a); their initial sheet conductance were in the orders of 10−11 to

10−12 Ω−1 and recorded in Figure 5.14(a). Both layers underwent the identical thermal

cycle, described in Figure 5.14(b), during the interface formation except the timing of

LIO layer deposition. For the first BLSO layer, marked by the red line in Figure 5.14(a),
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10 nm epitaxial LIO layer was directly deposited at 750 ◦C as always throughout this

dissertation. But, for the second BLSO layer, marked by the blue line in Figure 5.14(a),

10 nm amorphous (or polycrystalline) LIO layer was deposited at 150 ◦C. The second

interface formed in this way underwent the rest of thermal cycle (heated up to 750

◦C for 60 min and rested there for 5 min without additional deposition). The sheet

conductance measurements were conducted for both LIO/BLSO interfaces after the end

of the thermal cycle. The result was the six-orders-of-magnitude difference presented in

Figure 5.14(a).

Figure 5.14: The test of the possibility of the preferential La diffsion. (a)
Comparison of the sheet conductances between Epitaxial-LIO/BLSO and Amorphous-
or Polycrystalline-LIO/BLSO interfaces. (b) The thermal cycle employed in the
interface formation.

If the preferential La diffusion was the dominant cause of the formation of 2DEG in the

interface by doping of BLSO side, both interfaces would have to show the same degree

of the conductance enhancement regardless of the crystallinity of LIO layer forming the

interface. This experiment, however, clearly shows that the crystallinity of LIO layer is

essential to the interface conductance enhancement and leads to the conclusion that the

preferential La diffusion can be safely discarded from the list of possible causes.

5.2.7 La concentration dependence

Up until this moment, all the experiments have focused on the qualitative change in

the sheet conductance before and after the interface formation between BLSO and LIO

layers. It was because of two reasons mentioned in the previous subsections: the un-

controllability of the density of charge trapping defects and the termination layer of

the BLSO surface. The reason why the La dopants in BSO layers were so far required

was the compensation of carrier density trapped by the defects, presumably threading

dislocations. Emphasis will be placed on the fact that those experimental limitations

will never change the qualitative conclusions have been made, because the orders of
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conductance enhancement (102 to 106) are much higher than the orders of the errors

possibly caused by the variation of the uncontrollable parameters (101).

The qualitative conclusion obtained so far is that both oxygen vacancies and the preferen-

tial La diffusion process play negligible roles in the formation of 2DEG in the LIO/BLSO

interfaces. Therefore, from this moment onward, the discussion can be made within the

framework of polarization discontinuity of the interface, the biggest contribution of the

study of LIO/BLSO interfaces to the field of oxide interface electronics.

Figure 5.15: Dependence of the sheet conductances of the LIO/BLSO interfaces on
the La doping concentration.

In this section, the author will introduce the trial to obtain a quantitative conclusion as

well by controlling carefully the La concentration in the BLSO side of the LIO/BLSO

interfaces. Four BLSO layers with different La doping concentration (0 %, 0.07 %, 0.21

%, and 0.45 %) were prepared in the way described in Figure 5.8(a); the inital sheet

conductances were measured and recorded in Figure 5.15. Undoped BSO layer was too

insulating to be measured, while other BLSO layers showed the sheet conductances with

the reasonable tendency (the red curve in Figure 5.15). Next, 250 nm LIO layers were

deposited on the each BLSO layers; the sheet conductances were measured and plotted

again (the blue curve in Figure 5.15) . Undoped BSO layer did not show any measurable

conductance, probably because of the trapping all the carriers by interface defects. But,

the area shaded by blue color still shows clearly the contribution of interface formation
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to the sheet conductance. If the mobility is assumed to be in the order of 10 cm2 V−1

s−1, the calculated carrier density will be about 8 × 1013 cm−2 for the interface with

0.45 % BLSO layer.



Appendix A

Curriculum Vitae

Useong Kim

Institute of Applied Physics useongkim@gmail.com

Dept. of Physics and Astronomy TEL: +82-2-886-0388

Seoul National University Mobile: +82-10-3325-0286

151-747, Seoul, Republic of Korea

EDUCATION

2011-2015 Doctor of Philosophy in Physics, Dept. of Physics and Astronomy,

2011-Present Seoul National University, Seoul, Korea.

2011-Present Supervisor: Prof. Kookrin Char

2011-Present Supervisor: Prof. Kookrin Char

2008-2011 Ph.D. candidate, Dept. of Physics and Astronomy,

2008-2011 Seoul National University, Seoul, Korea.

2008-2011 Supervisor: Prof. Se-Jung Oh

2008-2011 Supervisor: Prof. Se-Jung Oh

2004-2008 B. S., Dept. of Physics and Astronomy,

2004-2008 Seoul National University, Seoul, Korea.

RESEARCH INTERESTS

• Interfacial defect control in lattice-mismatched oxide heterostructures

120



Appendix B. Curriculum Vitae 121

• Physics of low dimensional systems in complex oxide interfaces

• Physics of complex oxide superlattices

• Device fabrication utilizing functional oxide interfaces

• Search for high mobility p-type complex oxides

RESEARCH EXPERIENCE

• Epitaxial thin film growth with pulsed laser deposition

– BaSnO3 (doped by La or Sb)

– SrSnO3 (doped by La or Sb)

– LaInO3

– BaHfO3

– ZnO (doped by N, Ga, or Cu)

• Semiconductor devices characterization and analysis

– Thin film transistors based on LaInO3/BaSnO3 interfaces

– pn-junctions based on BaSnO3 system

• Thin film characterization

– X-ray diffraction measurement (X’Pert Pro/PANalytical)

– Atomic force microscopy (XE-150/Park Systems)

– Scanning electron microscopy (S-4800/Hitachi)

– Electron probe micro-analysis (JXA-8900R/JEOL)

– Hall effect measurement (HL5500PC/BIO-RAD)

– Capacitance measurement (4200 SCS/Keithley)

• Experience in photolithography and ion milling system

– Patterning on BaSnO3 thin films

– Si stencil masks fabrication

• Experience in synchrotron facilities at PAL (Korea) and NSRRC (Taiwan)

– Photoelectron spectroscopy

– X-ray absorption spectroscopy

PUBLICATIONS



Appendix B. Curriculum Vitae 122

1. U. Kim, C. Park, T. Ha, Y. M. Kim, N. Kim, C. Ju, J. Park, J. Yu, J. H. Kim, K.

Char, “LaInO3/Ba1−xLaxSnO3 polar interface states controlled by Fermi level,”

Preprint.

2. U. Kim, C. Park, T. Ha, Y. M. Kim, N. Kim, C. Ju, J. Park, J. Yu, J. H. Kim, K.

Char, “All-perovskite transparent high mobility field effect using epitaxial BaSnO3

and LaInO3,” APL Mat. 3, 036101 (2015).

3. C. Park, U. Kim, C. J. Ju, J. S. Park, Y. M. Kim, K. Char, “High mobility field

effect transistor based on BaSnO3 with Al2O3 gate oxide,” Appl. Phys. Lett. 105,

203503 (2014).

4. U. Kim, C. Park, T. Ha, R. Kim, H. S. Mun, H. M. Kim, H. J. Kim, T. H. Kim,

N. Kim, J. Yu, K. H. Kim, J. H. Kim, K. Char,“Dopant-site-dependent scattering

by dislocations in epitaxial films of perovskite semiconductor BaSnO3,” APL Mat.

2, 056107, (2014).

5. H. Mun, U. Kim, H. M. Kim, C. Park, T. H. Kim, H. J. Kim, K. H. Kim,

K. Char, “Large effects of dislocations on high mobility of epitaxial perovskite

Ba0.96La0.04SnO3 films,” Appl. Phys. Lett. 102, 252105 (2013).

6. H. J. Kim, U. Kim, T. H. Kim, J. Kim, H. M. Kim, B.-G. Jeon, W.-J. Lee, H. S.

Mun, K. T. Hong, J. Yu, K. Char, K. H. Kim, “Physical properties of transparent

perovskite oxides (Ba,La)SnO3 with high electrical mobility at room temperature,”

Phys. Rev. B 86, 165205 (2012).

7. H. J. Kim*, U. Kim*, H. M. Kim, T. H. Kim, H. S. Mun, B.-G. Jeon, K. T. Hong,

W.-J. Lee, C. Ju, K. H. Kim, K. Char, “High mobility in a stable transparent

perovskite oxide,” Appl. Phys. Express 5, 061102 (2012). (*These two authors

contributed equally to this work.)

8. D.-Y. Cho, H.-S. Jung, I.-H. Yu, W. G. Park, S. Cho, U. Kim, S.-J. Oh, B.-

G. Park, F.-H. Chang, H.-J. Lin, C. S. Hwang. “Nondestructive investigation

of interface states in high-k oxide films on Ge substrate using X-ray absorption

spectroscopy,” Phys. Stat. Sol. (RRL) 6, 181 (2012).

PRESENTATIONS

1. U. Kim, C. Park, T. Ha, Y. M. Kim, N. Kim, C. Ju, J. Yu, J. H. Kim, K.

Char, “A Study of LaInO3/BaSnO3 Polar Interface for High Field Effect Mobility

at Room Temperature,” Materials Research Society Meeting, San Francisco, CA,

April 2015. (Abstract accepted, Oral)



Appendix B. Curriculum Vitae 123

2. U. Kim, C. Park, T. Ha, Y. M. Kim, N. Kim, C. Ju, J. Yu, J. H. Kim, K. Char,

“A Conductive Polar Interface with high mobility formed between LaInO3 and

BaSnO3 perovskite oxides,” American Physics Society Meeting, San Antonio, TX,

March 2015. (Oral)

3. U. Kim, C. Park, C. Ju, W. Lee, K. H. Kim, K. Char, “Field Effect in transparent

perovskite semiconductor BaSnO3,” American Physics Society Meeting, Denver,

CO, March 2014. (Oral)

4. U. Kim, C. Park, C. Ju, K. Char, “Field Effect Carrier Modulation in All-

perovskite Heterostructure made of La-doped BaSnO3 and LaInO3 Layers,” Work-

shop on Oxide Electronics 20, Singapore, September 2013. (Poster)

5. U. Kim, C. Park, C. Ju, K. Char, “Realization of Oxide Thin Film Transistor

Using La doped BaSnO3 Epitaxial Film as the Channel Layer,” The 13th Japan-

Korea-Taiwan Symposium on Strongly correlated Electron System, Osaka, Japan,

January 2013. (Poster)

6. U. Kim, C. Park, T. Ha, H. S. Moon, H. M. Kim, H. J. Kim, T. H. Kim, K.

H. Kim, J. H. Kim, K. Char, “Dopant-site Dependent Carrier Transport in High-

mobility Barium Stannate Epitaxial Films,” Fall 2012 Materials Research Society

Meeting, Boston, MA, November 2012. (Oral)

7. S. Cho, U. Kim, W. G. Park, S.-J. Oh, P. Berthet, “TiO2 single crystal doped with

chromium,” 11th Korea-Japan-Taiwan on Strongly Correlated Electron system,

Jeju, Korea, February 2011. (Poster)

8. U. Kim, S. Cho, C.-H. Min, H. W. Kwon, D. Y. Cho, W. G. Park, S.-J. Oh,

“Growth of Ga and N co-doped zinc oxide thin film with nitric oxide by laser

ablation,” A3 Kyoto Autumn School, Kyoto, Japan, November 2010. (Poster)

9. U. Kim, S. Cho, C.-H. Min, H. W. Kwon, D. Y. Cho, W. G. Park, S.-J. Oh,

“Growth of fluorine doped zinc oxide thin film with zinc fluoride precursor by

pulsed laser deposition method,” 10th Japan-Korea-Taiwan Symposium on Strongly

Correlated Electron Systems, Himeji, Japan, March 2010. (Poster)

10. S. Cho, U. Kim et al., “Spatial-resolved Surface States on Chromium doped

SrZrO3 System,” 26th Synchrotron Radiation Users? Workshop, November 2009.

(Poster)

11. S. Cho, U. Kim et al., “Study of chromium doped SrTiO3 and SrZrO3 sys-

tem,” Joint Research on Novel Properties of Emergent Materials, Yellow Mountain,

China, October 2009. (Poster)



Appendix B. Curriculum Vitae 124

12. U. Kim, S. Y. Jang, T. W. Noh, and S.-J. Oh, “Photoemission and x-ray ab-

sorption study on metal-insulator transition in Ca1−xSrxIrO3 (x = 0, 0.5, 1)”, A3

Foresight Summer School, Hokkaido, Japan, August 2009. (Poster)



Bibliography

[1] Hyung Joon Kim*, Useong Kim*, Hoon Min Kim, Tai Hoon Kim, Hyo Sik Mun,

Byung-Gu Jeon, Kwang Taek Hong, Woong-Jhae Lee, Chanjong Ju, Kee Hoon

Kim, and Kookrin Char (*These two authors contributed equally to this work).

High Mobility in a Stable Transparent Perovskite Oxide. Applied Physics Express,

5(6):061102, May 2012. ISSN 1882-0778. doi: 10.1143/APEX.5.061102. URL

http://apex.jsap.jp/link?APEX/5/061102/.

[2] Hyung Joon Kim, Useong Kim, Tai Hoon Kim, Jiyeon Kim, Hoon Min Kim,

Byung-Gu Jeon, Woong-Jhae Lee, Hyo Sik Mun, Kwang Taek Hong, Jaejun Yu,

Kookrin Char, and Kee Hoon Kim. Physical properties of transparent perovskite

oxides (Ba,La)SnO3 with high electrical mobility at room temperature. Physical

Review B, (16):165205, October . ISSN 1098-0121. doi: 10.1103/PhysRevB.86.

165205.

[3] Hyosik Mun, Useong Kim, Hoon Min Kim, Chulkwon Park, Tai Hoon Kim, Hyung

Joon Kim, Kee Hoon Kim, and Kookrin Char. Large effects of dislocations on high

mobility of epitaxial perovskite Ba0.96La0.04SnO3 films. Applied Physics Letters,

102(25):252105, 2013. ISSN 00036951. doi: 10.1063/1.4812642. URL http://

link.aip.org/link/APPLAB/v102/i25/p252105/s1&Agg=doi.

[4] Chulkwon Park, Useong Kim, Chan Jong Ju, Ji Sung Park, Young Mo Kim, and

Kookrin Char. High mobility field effect transistor based on BaSnO3 with Al2O3

gate oxide. Applied Physics Letters, 105(20):203503, November 2014. ISSN 0003-

6951. doi: 10.1063/1.4901963. URL http://scitation.aip.org/content/aip/

journal/apl/105/20/10.1063/1.4901963.

[5] Useong Kim, Chulkwon Park, Taewoo Ha, Young Mo Kim, Namwook Kim, Chan-

jong Ju, Jisung Park, Jaejun Yu, Jae Hoon Kim, and Kookrin Char. All-

perovskite transparent high mobility field effect using epitaxial BaSnO3 and

LaInO3. APL Materials, 3(3):036101, 2015. ISSN 2166-532X. doi: 10.1063/1.

4913587. URL http://scitation.aip.org/content/aip/journal/aplmater/

3/3/10.1063/1.4913587.

125

http://apex.jsap.jp/link?APEX/5/061102/
http://link.aip.org/link/APPLAB/v102/i25/p252105/s1&Agg=doi
http://link.aip.org/link/APPLAB/v102/i25/p252105/s1&Agg=doi
http://scitation.aip.org/content/aip/journal/apl/105/20/10.1063/1.4901963
http://scitation.aip.org/content/aip/journal/apl/105/20/10.1063/1.4901963
http://scitation.aip.org/content/aip/journal/aplmater/3/3/10.1063/1.4913587
http://scitation.aip.org/content/aip/journal/aplmater/3/3/10.1063/1.4913587


Bibliography 126

[6] R. J. Cava, B. Batlogg, J. J. Krajewski, R. Farrow, L. W. Rupp, A. E. White,

K. Short, W. F. Peck, and T. Kometani. Superconductivity near 30 K without cop-

per: the Ba0.6K0.4BiO3 perovskite. Nature, 332(6167):814–816, April 1988. ISSN

0028-0836. doi: 10.1038/332814a0. URL http://www.nature.com/doifinder/

10.1038/332814a0.

[7] Y Tokura and Y Tomioka. Colossal magnetoresistive manganites. Journal of

Magnetism and Magnetic Materials, 200(1-3):1–23, October 1999. ISSN 03048853.

doi: 10.1016/S0304-8853(99)00352-2. URL http://linkinghub.elsevier.com/

retrieve/pii/S0304885399003522.

[8] Gene H. Haertling. Ferroelectric Ceramics: History and Technology. Journal of

the American Ceramic Society, 82(4):797–818, April 1999. ISSN 00027820. doi:

10.1111/j.1151-2916.1999.tb01840.x. URL http://doi.wiley.com/10.1111/j.

1151-2916.1999.tb01840.x.

[9] T Kimura, T Goto, H Shintani, K Ishizaka, T Arima, and Y Tokura. Magnetic

control of ferroelectric polarization. Nature, 426(6962):55–8, November 2003. ISSN

1476-4687. doi: 10.1038/nature02018. URL http://www.ncbi.nlm.nih.gov/

pubmed/14603314.

[10] Kunihito Koumoto, Yifeng Wang, Ruizhi Zhang, Atsuko Kosuga, and Ryoji Fu-

nahashi. Oxide Thermoelectric Materials: A Nanostructuring Approach. Annual

Review of Materials Research, 40(1):363–394, June 2010. ISSN 1531-7331. doi:

10.1146/annurev-matsci-070909-104521. URL http://www.annualreviews.org/

doi/abs/10.1146/annurev-matsci-070909-104521.

[11] C. J. Harbert and R. F. Morrison. Glass enamel composition, August 22 1944.

URL https://www.google.com/patents/US2356317. US Patent 2,356,317.

[12] E. Wainer. High dielectric material and method of making same, April 23 1946.

URL https://www.google.com/patents/US2399082. US Patent 2,399,082.

[13] E. Wainer. High dielectric material and method of making same, June 18 1946.

URL https://www.google.com/patents/US2402515. US Patent 2,402,515.

[14] E. Wainer. High dielectric material and method of making same, June 18 1946.

URL https://www.google.com/patents/US2402518. US Patent 2,402,518.

[15] E. Wainer. High dielectric material, October 26 1948. URL https://www.google.

com/patents/US2452532. US Patent 2,452,532.

[16] G. A. Smolensky and V. A. Isupov. Zh. Tekh. Fiz., 24:1375, 1954.

[17] G. A. Smolensky. J. Phys. Soc. Jpn. Suppl., 28:26, 1970.

http://www.nature.com/doifinder/10.1038/332814a0
http://www.nature.com/doifinder/10.1038/332814a0
http://linkinghub.elsevier.com/retrieve/pii/S0304885399003522
http://linkinghub.elsevier.com/retrieve/pii/S0304885399003522
http://doi.wiley.com/10.1111/j.1151-2916.1999.tb01840.x
http://doi.wiley.com/10.1111/j.1151-2916.1999.tb01840.x
http://www.ncbi.nlm.nih.gov/pubmed/14603314
http://www.ncbi.nlm.nih.gov/pubmed/14603314
http://www.annualreviews.org/doi/abs/10.1146/annurev-matsci-070909-104521
http://www.annualreviews.org/doi/abs/10.1146/annurev-matsci-070909-104521
https://www.google.com/patents/US2356317
https://www.google.com/patents/US2399082
https://www.google.com/patents/US2402515
https://www.google.com/patents/US2402518
https://www.google.com/patents/US2452532
https://www.google.com/patents/US2452532


Bibliography 127

[18] S. L. Swartz. Topics in electronic ceramics. IEEE transactions on electrical insu-

lation, 25(5):935–987, 1990. ISSN 00189367. doi: 10.1109/14.59868.

[19] Kenji Uchino. Relaxor Ferroelectrics. Journal of the Ceramic Society of Japan, 99

(1154):829–835, 1991. ISSN 0914-5400. doi: 10.2109/jcersj.99.829.

[20] E. C. Subbarao. Ceramic dielectrics for capacitors. Ferroelectrics, 35(March 2015):

143–148, 1981. ISSN 0015-0193. doi: 10.1080/00150198108017677.

[21] R. Vivekanandan and T.R.N. Kutty. Hydrothermal synthesis of Ba(Ti, Sn)O3

fine powders and dielectric properties of the corresponding ceramics. Ceramics

International, 14:207–216, 1988. ISSN 02728842. doi: 10.1016/0272-8842(88)

90023-5.

[22] Manling Bao, Weidong Li, and Peinan Zhu. Study on the dielectric properties

of oxide-doped Ba(Ti,Sn)O3 ceramics prepared from ultrafine powder. Journal of

Materials Science, 28:6617–6621, 1993. ISSN 00222461. doi: 10.1007/BF00356405.

[23] Naohiko Yasuda, Hidehiro Ohwa, and Shigeto Asano. Dielectric Properties and

Phase Transitions of Ba(Ti1-xSnx)O3 Solid Solution. Japanese Journal of Applied

Physics, 35:5099–5103, 1996. ISSN 0021-4922. doi: 10.1143/JJAP.35.5099.

[24] Wei Xiaoyong, Feng Yujun, and Yao Xi. Dielectric relaxation behavior in barium

stannate titanate ferroelectric ceramics with diffused phase transition. Applied

Physics Letters, 83(10):2031–2033, 2003. ISSN 00036951. doi: 10.1063/1.1609037.

[25] Volkmar Mueller, Horst Beige, Hans-Peter Abicht, and Christian Eisenschmidt.

X-ray diffraction study revealing phase coexistence in barium titanate stannate.

Journal of Materials Research, 19(10):2834–2840, 2004. ISSN 0884-2914. doi:

10.1557/JMR.2004.0386.

[26] V. Mueller, H. Beige, and H. P. Abicht. Non-Debye dielectric dispersion of barium

titanate stannate in the relaxor and diffuse phase-transition state. Applied Physics

Letters, 84(8):1341–1343, 2004. ISSN 00036951. doi: 10.1063/1.1649820.

[27] Xiaoyong Wei and Xi Yao. Preparation, structure and dielectric property of barium

stannate titanate ceramics. Materials Science and Engineering: B, 137:184–188,

2007. ISSN 09215107. doi: 10.1016/j.mseb.2006.11.012.
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국문 초록

페롭스카이트 구조, 높은 전자이동도, 높은 산소안정도를 동시에 갖고 있는 물질을 발견하는 것은 산화물 전자공
학 분야에 매우 중요하다 페롭스카이트 구조는 초전도성이나 거대 자기저항과 같은 새로운 물리현상의 발견 가능
성을 의미하고, 높은 산소안정성은 양극도핑 가능성과 소자의 신뢰성을을 의미하며, 높은 전자이동도는 질화물에 
대한 경쟁력을 의미한다.  BaSnO3는 위와 같은 조건에 들어 맞는 물질로서 정방형 페롭스카이트 구조를 가지고 
있고, 섭씨 1000도 까지 열 안정성이 보고되었으며, 금속상태에서 320 cm2 V-1 s-1 의 전자이동도 값을 가진다. 

이 논문에서는 BaSnO3의 에피택셜 박막 성장, 도펀트에 따른 전도 측성, 소자 제작, 극성 페롭스카이와의 계면과
같은 물성을 연구하기 위한 노력을 소개한다. SrTiO3 기판위에 BaSnO3 박막은 펄스레이저증착 방식으로 성공
적으로 증착되었고 필름의 결정화도는 X선 회절 분석에 의해 조사되었으며, ω-로킹 커브의 반값전폭은 0.084◦ 

로 높은 결정성의 BaSnO3 박막이 격자부정합된 SrTiO3 기판상에 성장 될 수 있음을 증명했다. 횡단면 투과형 
전자 분광법 및 에치-피트 현상 기술을 이용하여  BaSnO3 필름의 결정 결함이나 장애를 검사하였고, 6 × 1010 
cm-2의 밀도를 가지는 관통 전위를 관측하였다.

SrTiO3 기판에 전자 도핑된 BaSnO3 에피 막의 수송현상은 전자 산란 이론에 기반한 이완 시간 근사법을 통해 
상세히 연구되었다. 반-경험적 분석을 통해 전도 전자 산란의 요소 중 관통 전위의 지배적인 역할 하는 것을 규명
하여 에피택셜 박막에서의 낮은 전자 이동도 (~ 70 cm2 V-1 s-1) 를 설명하였다. La에 의한 도핑은 높은 BaSnO3 
시스템에서 전자 이동도를 만들어내는 이점이 있다. 그러나, La이 Ba사이트 대신 Sn사이트를 치환하는 안티사이
트 결함으로 인해 약 3.7 × 1019 cm-3 전도 전자가 트랩될 가능성이 있다. Sb는  안티사이트 문제를 해결하기 위
해 시도되었으나 더 열악한 전자 이동도를 얻는 문제가 있었다. 그리고 이것은 Sb의 전자친화도 이동셩향 관통전
위의 대전 코어가 전도전자에 매우 효과젹인 결함 클러스터를 만드는 것으로 이해되었다.

소자 제조를 위해서 미세하게 도핑된 BaSnO3 층을 반도체 채널로 사용하여 금속-절연체-반도체 구조를 채용하
였다. 두 부도체 재료인 Al2O3 및 LaInO3을 채널과 계면을 형성하였다. 처음의 Al2O3/BaSnO3 트랜지스터의 특
성은 Al2O3/SrTiO3 와 Al2O3 / KTaO3 트랜지스터보다 훨씬 더 나은 소자 측성을 보이는 것이 입증되었다. 특히, 
Al2O3/BaSnO3 트랜지스터의 전계효과 이동도는 다른 두 비교 트랜지스터들의 전계효과 이동도에 비해 두 오더
가 높은 크기를 보였다. LaInO3/BaSnO3 트랜지스터는 금속 게이트 및 접촉 단자로서 이용되는 고농도 금속성 
BaSnO3 층을 사용하여 제조되었다. 금속 BaSnO3 층 사용은 페롭스카이트 산화물만으로 구성된 트랜지스터를 
가능하게 한다. 이와같은  "전-페롭스카이트 트랜지스터” 는 90 cm2 V-1 s-1의 전계 효과 이동도, 107 의 ON/
OFF 비, 및 서브 임계 스윙 0.65 V dec-1 와 같은 현저한 소자 성능을 보여준다. LaInO3/BaSnO3 트랜지스터
의 실온 전계 효과 이동도는 LaAlO3/SrTiO3로 트랜지스터의 실온 전계효과 이동도 보다 18배 더 높다.

마지막으로 LaInO3 및 BaSnO3 사이의 전도성 계면 형성이 계면에서의 극성 불연속이라는 측면에서 논의되었
다. 계면이 형성되었을 때 103 배 증가하는 La도핑된 BaSnO3의 시트 전도도는 계면 형성에 의한 2차원 전자 가
스의 형성을 의미한다. 향상된 시트 전도도는 10-4 Ω-1 sq 오더에 달한다. 산소 어닐링 공정 후의 2차원 전자 기체
의 견고성과 BaHfO3 또는 SrZrO3 과 La 도핑된 BaSnO3으로 이루어지는 비극성 계면에서 2차원 전자 기체의 
결여는 2차원 전자 가스 극성계면에서만 형성되는 것임을 입증한다. La 도핑된 BaSnO3의 La 농도에 따른 계면
에서 향상된 시트 전도도를 분석함으로써 계면에서의 2차원 전자 가스의 기원은 LaInO3의 분극에 의한 전자의 
축적이 결론에 이르게 되었다.
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