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Abstract 

Epitaxial perovskite oxide heterostructure 

using BaSnO3, BaHfO3, and LaIn1-xGaxO3 

Young Mo Kim 

Department of Physics and Astronomy 

The Graduate School 

Seoul National University 

BaSnO3 has been studied by many researchers in oxide electronics for its excellent 

properties. Cubic perovskite structure of BaSnO3 enables the incorporation of other 

perovskite oxides which possess novel physical properties such as 

superconductivity, ferroelectricity or colossal magnetoresistance. High electron 

mobility is another feature of BaSnO3. It has been reported that La-doped BaSnO3 

single crystals have the electron mobility as high as 320 cm2 V-1 s-1 and thin films 

show mobility about 150 cm2 V-1 s-1 although scattering from threading dislocations 

limits the mobility. In addition, high oxygen stability of BaSnO3 ensures the 

reliability of BaSnO3 in device application. Exploiting these superior properties of 

BaSnO3, field-effect transistors based on La-doped BaSnO3 channels with 

amorphous gate oxides have been demonstrated. 

In this dissertation heterostructures of BaSnO3 with other perovskite oxides will be 

discussed. BaHfO3 and LaInO3 were grown on Ba1-xLaxSnO3 to be used as the 

dielectric materials in field effect transistors. Epitaxial growth of both BaHfO3 and 

LaInO3 was confirmed by X-ray diffraction measurement. Reciprocal space maps 

of BaHfO3 and LaInO3 revealed that BaHfO3 and LaInO3 on BaSnO3 were under 

compressive strain. BaHfO3/BaSnO3 transistor and LaInO3/BaSnO3 transistor 
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showed typical n-type field effect transistor behavior with slight n-doping on the 

BaSnO3 channel layer. Both devices have shown remarkable performances. Field 

effect mobilities were 52.7 cm2 V-1 s-1 for BaHfO3/BaSnO3 transistor and 90 cm2 V-1 

s-1 for LaInO3/BaSnO3 transistor. The current on/off ratio was higher than 107 for 

both devices. the subthreshold swing was 0.80 V dec-1 and 0.65 V dec-1 for 

BaHfO3/BaSnO3 transistor and LaInO3/BaSnO3 transistor, respectively. Field effect 

mobilities of both devices are far better than other perovskite-based field effect 

transistors such as Al2O3/SrTiO3, Al2O3/KTaO3, and LaAlO3/SrTiO3 transistors. 

LaInO3/Ba1-xLaxSnO3 interface which was used in the field effect transistor was 

investigated in more detail. During the fabrication of LaInO3/BaSnO3 transistor, the 

conductance of the channel was found to increase after LaInO3 deposition by 3 

orders of magnitude. To identify the origin behind this conductance enhancement, 

series of experiments were conducted. First, effect of oxygen vacancies or La 

diffusion from LaInO3 to Ba1-xLaxSnO3 on the conductance enhancement was 

investigated. From the experiment in which LaGaO3/Ba0.997La0.003SnO3 interface 

hasn’t shown the conductance enhancement and other experiments, oxygen 

vacancies or La diffusion were excluded from the possible cause of the 

conductance enhancement. Deposition of non-polar perovskite oxides BaHfO3 and 

SrZrO3 on Ba1-xLaxSnO3 were tested next. Since the conductance of the interface 

hasn’t changed after the deposition of non-polar perovskite oxides, polar nature of 

LaInO3 could be related to the conductance enhancement. To find out properties of 

the conductance enhancement further, the conductance variation of LaInO3/Ba1-

xLaxSnO3 interface was measured as a function of La concentration in Ba1-xLaxSnO3, 

substrates on which films are grown, and LaInO3 thickness. Based on the 

experimental results, one-dimensional Poisson-Schrödinger simulation was 

performed to find the appropriate assumptions on the system that are consistent 

with the experimental results. It was revealed that appropriate modelling of traps in 

Ba1-xLaxSnO3, polarization in LaInO3 near the interface, and inclusion of charge 

screening effect in the simulation reproduced a reasonable two-dimensional 

electron density in agreement with the experiments. 
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Since bulk LaInO3 hasn’t been reported to have polarization-related properties such 

as ferroelectricity or piezoelectricity, structural properties of LaIn1-xGaxO3 on Ba1-

yLaySnO3 were measured to see if structural change in LaInO3 films has something 

to do with the polarization near the interface. As LaGaO3 has a significantly small 

pseudocubic lattice constant (3.890 Å ) compared with that of LaInO3 (4.117 Å ), 

tensile strain from Ba1-xLaxSnO3 (with a lattice constant 4.116  Å ) may have a large 

effect on structure of LaIn1-xGaxO3 when Ga ratio is large. Reciprocal space maps 

and transmission electron microscopy of LaIn1-xGaxO3 have shown that LaIn1-

xGaxO3 were epitaxially grown on Ba1-yLaySnO3. While reciprocal space maps 

indicated that LaIn1-xGaxO3 could be relaxed on average, transmission electron 

microscope images suggested that LaIn1-xGaxO3 near the interface could be 

pseudomorphically grown at certain Ga ratios. Relaxation of strain as going far 

away from the interface was investigated further in case of LaInO3/BaSnO3. 

Analysis of transmission electron microscope images showed that octahedral 

rotations were suppressed in LaInO3 near the interface and out-of-plane lattice 

parameter of LaInO3 near the interface was increased. This structural change of 

LaInO3 near the interface could be related to the conductance enhancement, 

considering the simulation with the polarization in LaInO3 near the interface was 

able to predict fairly accurate two-dimensional electron density consistent with the 

experiment.  

Keywords: BaSnO3, transparent conducting oxide, transparent semiconductor 

oxide, perovskite oxide, two-dimensional electron gas, polar interface, 

flexoelectricity, oxide interface, field effect transistor 

Student number: 2013-20359 
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Chapter 1 

Introduction 

 

In the field of oxide electronics, BaSnO3 (BSO) has several advantages compared 

with other oxides, such as its perovskite structure, high electron mobility, and 

thermal stability [1]. Oxide materials with perovskite structures have been reported 

to possess novel physical properties such as superconductivity [2], ferroelectricity 

[3], and magnetism [4]. Since BSO shares the same structure with these perovskite 

oxides, such interesting functional properties could be easily incorporated with 

BSO or BSO might have some of those properties. 

High electron mobility is another feature that draws attention of researchers in 

oxide electronics. At room temperature, La-doped BSO (BLSO) single crystals 

were reported to have electron mobility as high as 320 cm2 V-1 s-1, and the mobility 

of BLSO films were reported to be as high as 150 cm2 V-1 s-1 [5]. Such values of the 

mobility are higher than most oxides such as ZnO [6] or SrTiO3 (STO) [7] and 

comparable to conventional semiconductors like Si [8] or GaN [9]. Considering the 

mobility of BLSO are usually measured in degenerate doping regime, the mobility 

can be further improved by reducing impurity scattering. 

Thermal stability of BSO is an important property for device application since 

materials can undergo repeated thermal cycles during device fabrication process. 

Many oxide materials tend to have oxygen vacancies, which donate electrons. Such 

unintentional doping from oxygen vacancies makes it difficult to fabricate 

reproducible and stable samples since the density of oxygen vacancies is 

susceptible to the environment and varies with time [10]. Stable character of BSO 

implies oxygen stability and several field effect transistors (FETs) based on BLSO 

channels have been reported [11-15], indicating oxygen stability of BSO. 

 



15 
 

Figure 1.1: (a) Perovskite structure of BSO. (b) Band structure of BSO calculated 

from first principles using the HSE06 hybrid functional. [1, 16]  

In this dissertation, studies of heterostructures between BLSO and other perovskite 

oxides are presented. The first chapter briefly introduces properties of BaSnO3. The 

second chapter is about FETs based on BLSO channels and high-k dielectric 

perovskite oxides BaHfO3 (BHO) and LaInO3 (LIO). The third chapter describes 

detailed studies of the conductance enhancement at LIO/BLSO as a function of La 

concentration in BLSO, LIO thickness, and substrates on which films are grown. 

1D Poisson-Schrödinger simulation is performed to explain the experimental result. 

The fourth chapter is about the investigation of LaIn1-xGaxO3 (LIGO)/Ba1-yLaySnO3 

interface depending on Ga ratio and LIGO thickness. LIGO/BLSO interface will be 

compared with LIO/BLSO interface from the third chapter and origin of the 

conductance enhancement will be discussed based on transmission electron 

microscope images of the interface.  

1.1   Properties of BaSnO3 

BSO is known to have a cubic perovskite structure at room temperature as shown 

in Figure 1.1 (a). lattice constant measured from BSO single crystals is 4.116 Å  [1]. 

The band structure of BSO reveals that the conduction band is derived from Sn 5s 

orbitals and highly dispersive as shown in Figure 1.1 (b) [16]. The valence band 
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Figure 1.2: (a) Transmission spectra and (b) absorption coefficient () of BaSnO3 

and (Ba,La)SnO3 single crystals are plotted as a function of photon energy. [17] 

maximum (VBM) is located at R point and the conduction band minimum (CBM) 

is located at  

1.1.1   Wide bandgap 

Bandgap of BSO has been experimentally measured by transmission and optical 

absorption spectra [17]. Figure 1.2 (a) shows that transmittance of undoped BSO 

single crystals is about 0.7 in the visible spectral region (1.8-3.1 eV) despite the 

large thickness of the crystal. From the plot of  and  vs photon energy, 

indirect and direct bandgap of BSO was found to be 2.95 and 3.10 eV, respectively. 

Wide bandgap of BSO implies not only its application on transparent electronics, 

but also a possibility to be used in power electronics [18-20]. High breakdown 

voltages of wide bandgap materials enable to handle high electric field. 

1.1.2 High electron mobility 
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 Figure 1.3: Electron mobility (μ) in BLSO and other semiconductors plotted 

against carrier concentration (n). [6-9, 21-22] 

Electron mobility of BLSO has been reported to be higher than most oxides and 

comparable to conventional semiconductors such as Si [8] or GaN [9]. Figure 1.3 

shows that BLSO single crystals exhibit the mobility higher than GaN or Si in high 

doping regime. In case of BLSO films, the mobility is limited due to threading 

dislocation caused by lattice mismatch between the film and STO substrates [23] 

but it is still comparable or higher than well-known oxides such as ZnO [6] or STO 

[7]. Since the mobility of BLSO has usually been measured in degenerate doping 

region, it could be further enhanced by reducing impurity scattering. Techniques 

used in some semiconductors such as modulation doping or polarization 

discontinuity might be applied to BSO system to increase the mobility.  

From 𝜇 = 𝑒𝜏/𝑚∗ where  is scattering time and m* is the electron effective mass, 

high mobility of BLSO either originates from long scattering time or low electron 

effective mass. Experimentally determined effective mass of BSO ranges from 

0.2m0 to 0.6m0, which is not particularly smaller than that of other semiconductors 

[24-26]. This leads to the conclusion that BSO has a long scattering time, or 
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Figure 1.4: Resistance variation of 4 % BLSO film depending on temperature and 

gases (a) Temperatures and gas atmosphere were varied according to the profile in 

the upper panel and the resultant resistance variation is plotted in the lower panel. 

The temperature was maintained at 530 ℃ for 5 h. (b) The corresponding 

resistance vs temperature. [1] 

equivalently low scattering rate. Some theories were proposed to explain low 

scattering rate of BSO. The first is that A-site dopant La has the effect of lowering 

the scattering rate. Since the electronic bands of BSO near the Fermi level are 

derived from Sn 5s orbitals or O 2p orbitals [16,27,28], doping on A-site Ba may 

have little effect on SnO6 octahedra channels, leading to low scattering rate [24, 29]. 

The second is that a singly degenerate conduction band combined with low density 

of states from moderate effective mass limits the states that electrons can scatter 

into, reducing the scattering rate [16]. 

1.1.3 Thermal stability 

Figure 1.4 shows the resistance variation of 4 % BLSO film as the film was 

annealed in various gases [1]. The resistance of BLSO film was changed by 8 % 

when the film was annealed in Ar gas at 530 ℃ for 5 hours and 1.7 % when 

annealed in air. The small changes in the resistance at O2 poor environment 
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indicate stability of oxygen atoms in BLSO. The calculated oxygen diffusion 

constant from the resistance change is in the order of 10-15 cm2 s-1, which is lower 

than those of well-known perovskite oxides such as titanates (~10-8 cm2 s-1) [30] or 

cuprates (~10-11 cm2 s-1) [31]. 
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Chapter 2 

High-k perovskite gate oxide on BaSnO3 

 

When it comes to fabrication of a field effect transistor (FET), dielectric materials 

are as important as channel semiconductor materials. Importance of dielectric 

materials can be noticed by the fact that most microelectronics use Silicon 

technology although Si itself has an average performance compared with other 

semiconductors [32]. One of the main reasons for the popularity of Si is SiO2 

dielectric. SiO2 insulator is easy to be fabricated by thermal oxidation of Si and 

forms ideal abrupt interface with Si. In this respect, finding dielectric materials 

with good interface quality is necessary for the device application of BSO. In this 

chapter, dielectric properties of LaInO3 (LIO) and BaHfO3 (BHO), which are high-k 

perovskite oxides, are presented and performance of FETs based on BLSO 

channels with LIO and BHO dielectrics is demonstrated. 

2.1 Dielectric properties of high-k perovskite oxides 

There are several conditions for materials to be used as dielectrics for BSO [32]. 

1. the conduction band offset with BSO must be over 1 eV to minimize carrier 

injection into its bands. 

2. The dielectric constant (r) and breakdown field (EBD) must be high enough to 

ensure carrier modulation of BLSO channels. 

3. Dielectric materials must form a good electrical interface with BLSO. 

4. Dielectric materials must have few bulk electrically active defects to reduce 

leakage current. 
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Table 1: Dielectric constant, conduction band (CB) offset to BSO, and breakdown 

field of high-k materials. SiO2 was listed at the top as a reference although it 

doesn’t have a high dielectric constant. [13, 32-44] 

Since several oxides with high dielectric constant have perovskite structures [32-

43], BSO sharing the same perovskite structure may form a good interface with 

these oxides. Table 1 compares properties of high-k oxides including binary oxides 

and perovskite oxides. Among binary oxides, Al2O3 and HfO2 have been used as 

dielectrics in BLSO based FET and devices showed field effect mobility (FE) 

about 17.8~24.9 cm2 V-1 s-1 [11, 12]. Among perovskite oxides, LIO has an 

orthorhombic perovskite structure with a pseudocubic lattice constant 4.117 Å  [45] 

while BHO has a cubic perovskite structure with a lattice constant 4.171 Å  [46]. 

Considering BSO has a cubic perovskite structure with a lattice constant 4.116 Å  

[1], LIO and BHO were expected to grow epitaxially on BSO with a fine interface 

quality. 

2.2 Investigation of LaInO3 and BaHfO3 on BaSnO3 

To investigate the epitaxial growth of LIO and BHO, 100nm of LIO and BHO 

films were grown by pulsed laser deposition (PLD) technique as shown in Figure 

2.1. A KrF excimer laser with 248 nm wavelength was used at the energy fluence 

about 1~1.5 J cm-2. LIO and BHO were grown on thin BSO 10 nm to check the 



22 
 

Figure 2.1: schematics of PLD system with growth condition and actual images of 

BSO, BHO, and LIO plume. 

 

Figure 2.2: X-ray diffraction measurement of BLSO, LIO, and BHO films. cross 

sections at the top panel shows thickness of each layer and substrates. (a) -

2 diffraction pattern. (b) Reciprocal space maps and lattice constants obtained 

from the measurement. 

epitaxial growth of both materials on BSO while signals of BSO in X-ray 

diffraction measurement are limited to be small. -2 diffraction pattern in Figure 

2.2 (a) shows that LIO and BHO were epitaxially grown on (001) direction. A 

small (002) peak of BSO was observed near (002) peak of BHO while LIO film  
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Figure 2.3: A schematic of TFT. 

exhibited no BSO peak, confirming almost same lattice constant of LIO and BSO. 

Figure 2.2 (b) shows Reciprocal space map (RSM) of BLSO, LIO, and BHO films. 

All three films were measured to have larger out-of-plane lattice constants than in-

plane lattice constants, indicating slight compressive strains in the films. 

Considering the lattice constant of STO substrates (3.905 Å ) is significantly 

smaller than those of film materials, lattice mismatch between BSO and STO might 

be related to larger out-of-plane lattice constants.  

2.3 Thin-film transistor  

Thin-film transistor (TFT) is a kind of FET made by depositing thin films of 

channel semiconductor, dielectric layer, and metallic contacts over a substrate. This 

differs from a conventional metal-oxide-semiconductor FET (MOSFET) where the 

semiconductor material is the substrate, such as a Silicon wafer. A Schematic of 

TFT is shown in Figure 2.3. The basic operation principle of TFT is similar to 

MOSFET but there exists a subtle difference [47, 48]. Since the information about 
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the operation of TFT is relatively harder to find than that of MOSFET, it will be 

explained in this section by comparing the operation of TFT with that of MOSFET.   

Consider n-channel TFT where source and drain contacts are degenerately n-doped 

and the channel semiconductor is slightly n-doped so that the channel resistance is 

not too low. If positive gate voltage with respect to source (VGS) is applied, 

electrons accumulated into the channel, lowering the channel resistance. If negative 

VGS is applied, electrons are pushed away from the channel layer, raising the 

channel resistance. Although both n-channel TFT and n-channel MOSFET become 

insulating when negative VGS is applied, situation in n-channel TFT at negative VGS 

is a little different from that in n-channel MOSFET. In case of n-channel MOSFET, 

the channel semiconductor is p-doped and source and drain contacts are 

degenerately n-doped. Therefore, when negative VGS is applied, hole is 

accumulated into the channel so the channel itself may not be insulating. However, 

the resistance of the channel is measured to be high because when drain voltage 

with respect to source (VDS) is applied, source-channel or drain-channel act like 

reverse-biased pn junction. To sum up, negative VGS makes the channel insulating 

in case of TFT but for MOSFET, negative VGS accumulates holes, leading to 

reverse-biased pn junction situation.  

For quantitative analysis of the TFT, consider a n-channel TFT which has a 

schematic and x, y, z direction given by Figure 2.3. When positive VGS is applied 

with source grounded, the current density 𝐽 can be written as 

𝐽 = 𝑞𝜇𝑛�⃗⃗� + 𝑞𝐷∇⃗⃗⃗𝑛    (2.1) 

where q, , n, �⃗⃗�, D are electron charge, mobility, carrier concentration, electric 

field, and diffusion coefficient, respectively. when positive VDS is applied, 𝐽 is in x 

direction. Moreover, diffusion current 𝑞𝐷∇⃗⃗⃗𝑛 can be neglected if the accumulation 

layer is formed on the entire channel so that drift current is dominant. Under these 

conditions, equation (2.1) become 

𝐽𝑥 ≈ 𝑞𝜇𝑛𝐸𝑥 = −𝑞𝜇𝑛
𝑑𝜙

𝑑𝑥
    (2.2) 
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where 𝜙 is electrical potential. Current from drain to source IDS can be obtained 

from 𝐽𝑥. 

IDS = − ∬ 𝐽𝑥𝑑𝑦𝑑𝑧 = −𝑊 ∫ 𝐽𝑥𝑑𝑧
0

−𝑧c
= 𝑞𝑊 ∫ 𝜇(𝑥, 𝑧)𝑛(𝑥, 𝑧)

𝑑𝜙

𝑑𝑥
𝑑𝑧

0

−𝑧c
 (2.3) 

Where W, zc are width of the channel shown in Figure 2.3 and thickness of the 

accumulation layer, respectively. 0 in z direction is set to be the interface between 

the channel and the dielectric. Since the thickness of the accumulation layer is very 

narrow, 
𝑑𝜙

𝑑𝑥
 in (2.3) can be regarded as a constant and come out of the integrand. 

For (x, z)n(x, z), introduction of average mobility �̅� gives 

IDS = 𝑊�̅�𝑞𝑛2D
𝑑𝜙

𝑑𝑥
,    �̅� =

∫ 𝜇(𝑥,𝑧)𝑛(𝑥,𝑧)𝑑𝑧
0

−𝑧c

∫ 𝑛(𝑥,𝑧)𝑑𝑧
0

−𝑧c

,    𝑛2D = ∫ 𝑛(𝑥, 𝑧)𝑑𝑧
0

−𝑧c
 (2.4) 

Since IDS is independent of x, integration of IDS in (2.4) over the length of the 

channel L gives 

IDSL = 𝑊 ∫ �̅�𝑞𝑛2D
𝑑𝜙

𝑑𝑥
𝑑𝑥

𝐿

0
≈ 𝑊�̅� ∫ 𝑞𝑛2D𝑑𝜙

𝑉DS

0
   (2.5) 

Here �̅�  is assumed to be independent of x. If gate-dielectric-channel structure is 

envisioned as a capacitor whose top electrode voltage is VGS and bottom channel 

voltage at point x is 𝜙, qn2D at electric potential 𝜙 can be written as 

𝑞𝑛2D = C(VGS−Vth−𝜙) =
𝜀

𝑑
(VGS−Vth−𝜙)  (2.6) 

Where C, , d are capacitance per unit area for the dielectric, dielectric constant, 

thickness of the dielectric, respectively. Substitution of qn2D in (2.6) into (2.5) and 

integration gives  

IDS=
𝑊�̅�𝜀

𝐿𝑑
[(𝑉GS − 𝑉th)𝑉DS −

𝑉DS
2

2
   ]   (2.7) 

Equation (2.7) is obtained under the assumption that the accumulation layer is 

formed at the entire channel. This assumption starts to fail as pinch-off of the 
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channel at the drain end occur, which means 𝑞𝑛2D(𝑥 = 𝐿) → 0 as VDS → VDS,sat. 

Requiring qn2D in (2.6) to be 0,  VDS,sat at which IDS is saturated is written as 

 VDS,sat=VGS−Vth    (2.8) 

and saturation current IDS,sat at VDS,sat is 

IDS,sat =
𝑊�̅�𝜀

2𝐿𝑑
(𝑉GS − 𝑉th)2

   (2.9) 

Neglecing �̅�’s dependence on VGS, equation (2.9) predicts IDS,sat varies as the square 

of VGS and (2.9) is sometimes called “square-law theory”. �̅� in equation (2.7), which 

is often called as field effect mobility (FE), can be extracted from transfer 

characteristics at VDS < VDS,sat by 

FE=
𝐿𝑑

𝑊𝜀𝑉DS
(

𝜕𝐼DS

𝜕𝑉GS
)    (2.9) 

FE often depends on VGS. VGS can affect FE through several parameters in the 

device such as n2D, zC, or leakage current. Maximum value of FE is usually 

presented as FE of the device. 

Another important parameter in TFT is subthreshold swing S. S is VGS change 

required to increase IDS by one decade. S can be written as 

𝑆 = (
𝜕 log 𝐼DS

𝜕𝑉GS
)

−1
    (2.10) 

Small values of S result in higher speeds and low power consumption [49]. 

Square law theory is known to overestimate IDS,sat and VDS,sat in case of MOSFET. 

This is due to neglecting variation of depletion width depending on VDS. Figure 2.4 

shows the widening of depletion width near the drain contact as VDS increases. 

Since ionized acceptors in depletion region have minus charges, charges in top gate 

electrode are not solely balanced by n2D like equation (2.6). Space charges in 

depletion region also contribute to charge balancing in addition to n2D and 

derivation of IDS‒VDS relationship with the inclusion of charges in depletion layer is                                    
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Figure 2.4: Visualization of various phases of VGS > Vth MOSFET operation. (a) 

VDS = 0 (b) channel (inversion layer) narrowing under moderate VDS biasing; (c) 

pinch-off; and (d) post pinch-off (VDS > VDS,sat) operation. (the inversion layer 

widths, depletion widths, etc. are not drawn to scale.) [48] 

sometimes called “bulk-charge theory”. In case of TFT, bulk-charge theory may 

not need to be considered since the effect of depletion region is absent or small due 

to undoped or negligibly doped nature of semiconductor films.  
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Figure 2.5: (a) Cross section and top view of LIO/BLSO FET. (b) Cross section 

and top view of BHO/BLSO FET. [13, 14] 

2.4 Field effect transistors using LaInO3 and BaHfO3 with 

Ba1-xLaxSnO3 channels                          

FETs based on BLSO channels and BHO or LIO dielectrics were fabricated on 

STO substrates. Si or stainless steel masks were used to make lateral patterns and 

channel doping was 0.5 % for the BHO FET and 0.07 % for the LIO FET. Cross 

sections and microscope images of both FETs are shown in Figure 2.5. During the 

fabrication of both FETs, channel doping of the channel was optimized to 

accomplish best performance of the device. It was found that lower doping on the 

channel led to increase of VGS required to accumulate the channel while the channel 

doping over 1 % led to conducting channels whose Ion/Ioff is smaller than 10 over 

accessible range of VGS. The requirement of slight doping on the channel can be 

related to the traps in BLSO that reduce carrier density in the channel. If channel 
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Figure 2.6: Output characteristics of LIO/BLSO and BHO/BLSO FET. 

doping rate is too small, electrons accumulated by positive VGS can be trapped and 

the channel remain insulating. When the channel doping rate is adequate to fill 

most of traps in BLSO, electrons accumulated by positive VGS may not be trapped 

and contribute to the conductance of the channel. As will be shown in chapter 3, 

BLSO films turn out to have a trap density in the order of 1019 cm-3, supporting the 

necessity of slight doping in the channel. 

Output characteristics of both FETs in Figure 2.6 shows typical n-type FET 

behaviors, where increasing gate voltage (VGS) increase source-drain current (IDS). 

At fixed VGS, IDS is linearly proportional to source-drain voltage (VDS) at small VDS 

and saturated at large VDS, confirming that devices operate close to ideal FETs.  

Figure 2.7 shows transfer characteristics and important device parameters obtained 

from transfer characteristics for LIO and BHO FETs. VDS was kept at 1 V to ensure 

that the channels weren’t pinched off. Ion/Ioff was measured to be higher than 107 for 

both BHO and LIO FET. Maximum field effect mobility (FE) was calculated to be 

52.7 cm2 V-1 s-1 for BHO FET and 90 cm2 V-1 s-1 for LIO FET. Subthreshold swing S 

was 0.80 V dec-1 for BHO FET and 0.65 V dec-1 for LIO FET. FE of the FETs 

outweighs the previously reported FETs based on other perovskite oxide channels  
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Figure 2.7: Transfer characteristics of LIO/BLSO and BHO/BLSO FET. 

and BLSO FETs with amorphous gate oxides [11, 12, 50-55]. S of the FETs is 

smaller than that of Al2O3/BLSO FET but larger than HfO2/BLSO FET or LaAlO3/ 

SrTiO3 FET. High FE and relatively moderate S of FETs suggest that high-k 

perovskite oxides can be grown on BSO epitaxially to properly function as the 

dielectric but there can be interfacial traps or bulk defects in the dielectric to 

impede a fast transition between low current (off) and high current (on) states. 

One interesting fact to notice is that LIO FET has a higher channel conductance at 

VGS=0 V than BHO FET, although channel doping of LIO FET is lower than that of 

BHO FET. This is related to the interface phenomenon at LIO/BLSO and will be 

further discussed in the next chapter. 
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Chapter 3 

Conductance variation at LaInO3/Ba1-xLaxSnO3 

interface  

 

During the fabrication of LIO/BLSO FET described in the previous chapter, the 

conductance of the channel was found to increase from 10-9 − to 10-6 − after the 

LIO layer deposition, indicating the formation of two-dimensional electron gas 

(2DEG). This naturally leads to the further studies of the conductance variation at 

LIO/BLSO and described in this chapter. 

Two-dimensional electron gas (2DEG) confined at the interface of heterojunctions 

is the core of modulation-doped field effect transistors (MODFETs) [48, 56]. In a 

common Si-based MOSFET, electrons are confined in an inversion layer at the 

interface of Si and SiO2. MODFET, also known as high electron mobility transistor 

(HEMT), is closely related to MOSFET but the mobility is greatly improved by 

separation between dopants and carriers. In MODFET, dopants are located at 

insulator materials while the channel is at the interface of the insulator and the 

semiconductor, leading to reduced impurity scattering. There is another method to 

create 2DEG without any dopants in which polarization discontinuity between an 

insulator material and a semiconductor induce the formation of 2DEG. 

In this chapter, 2DEG formation at LIO/BLSO interface and the effect of varying 

La concentration in BLSO, substrates, and LIO thickness are described. Based on 

the experiment, 1D Poisson-Schrödinger Simulation of the interface is performed 

to identify the mechanism of 2DEG formation. 

3.1 Two-dimensional electron gas in various heterostructures 

Formation of 2DEG in modulation doping can be illustrated using band diagrams 

as shown in Figure 3.1. When n-type AlGaAs and p-GaAs are separated, bands of 
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Figure 3.1: Steps in the construction of the band diagram for n-type AlGaAs/p-type 

GaAs junction. [56] 

each materials are flat like Figure 3.1 (a) with the band offset EC or EV 

determined from material properties. After two materials are connected to make a 

junction, electrons in n-AlGaAs will diffuse into p-GaAs until diffusive 

equilibrium is established and Fermi level is constant throughout the entire system. 

If we apply bias v to p-GaAs with respect to n-AlGaAs, Fermi level of n-AlGaAs 

and p-GaAs will differ by ev like Figure 3.1 (b). Comparing Figure 3.1 (a) and (b), 

bands near the interface should be bended to smoothly connect bands of bulk 

materials far away from the interface to bands of materials near the interface. 

Figure 3.1 (c) shows smooth connection of the bands for p-GaAs. The precise form 

of the curves is generally found numerically. band bending of n-AlGaAs is drawn 

to be parallel to the curves in Figure 3.1 (c). At the interface, EC or EV remain 



33 
 

                 

Figure 3.2: (a) Band diagram of the AlGaN/GaN if the polarization dipole is 

partially terminated by a surface hole gas. (b) Band diagram of the AlGaN/GaN if 

the polarization dipole is partially terminated by a surface deep donor. [57] 

same as those of Figure 3.1 (a) since band offset is an intrinsic material property. 

Fulfilling all these requirements result in the final band diagram given in Figure 3.1 
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(d). Triangular quantum well is formed at p-GaAs side interface and 2DEG is 

accumulated in the quantum well. AlGaAs near the interface is depleted and 

provides electrons for 2DEG. The final band diagram 3.1 (d) implies that EC is 

related to the depth of the quantum well, which determines the maximum density 

and confinement of 2DEG in the quantum well. 

Modulation doping described in Figure 3.1 is used in AlGaAs/GaAs and SiGe/Si 

system. AlGaN/GaN and MgZnO/ZnO system use a different approach, where 

dopants don’t exist and 2DEG is induced by the difference in polarization. AlGaN, 

GaN, MgZnO, and ZnO have a non-centrosymmetric wurtzite structure leading to 

spontaneous polarization and piezoelectric polarization [58, 59]. For strained 

AlGaN on relaxed GaN, AlGaN has a larger spontaneous polarization than GaN 

and piezoelectric polarization in AlGaN from the tensile strain increase the 

difference in polarization further. The built-in polarization dipole generates electric 

field in AlGaN, inducing a slope in bands of AlGaN as shown in Figure 3.2 [57]. 

The dipole in AlGaN can have a maximum moment approximately equal to Eg,GaN + 

EV as apparent from Figure 3.2 (a). The charge distribution is then composed of 

the polarization charges ±Q surface hole gas ps, 2DEG ns at the interface. In 

practice, experiments have shown that 2DEG is induced before surface hole gas 

formation by ionization of deep surface donors as shown in Figure 3.2 (b). In this 

case, surface plus charges are immobile deep donors (with ionization energy EDD 

and concentration 𝑁DD
+ ) and minus charge at the interface is 2DEG. MgZnO/ZnO 

can also be explained by the polarization difference between MgZnO and ZnO [59, 

60].    

LaAlO3/SrTiO3 (LAO/STO) system is also known to have 2DEG by the mechanism 

called polar catastrophe which goes by many acronyms including polar gating, 

polar discontinuity, and electronic reconstruction [61-65]. Figure 3.3 illustrates 

details of polar catastrophe hypothesis [62]. Perovskite material ABO3 can be 

viewed in (001) direction as alternating (001) planes of AO and BO2. In case of 

STO/LAO, STO is composed of SrO and TiO2 planes and LAO is composed of 

LaO and AlO2 planes. Imposing formal charges on each atom in STO or LAO gives 

charges on each plane. STO turns out to consist of alternating neutral layer while 
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Figure 3.3: Polar catastrophe illustrated for (001) interface between TiO2-

terminated SrTiO3/LaAlO3. (a) Before electronic reconstruction. net charges (ρ), 

electric field (E), electric potential (V) is presented together. (b) After electronic 

reconstruction. [62] 

LAO is composed of LaO+ and AlO2
- as shown in Figure 3.3. If STO is terminated 

by TiO2 layer like Figure 3.3, LaO+ should come next if the abrupt ideal interface is 

assumed. Resulting charge distribution along (001) direction is alternating sheet of 

+1e and -1e per unit cell area S, starting with +1e/S at the interface. This charge 

distribution in turn generates electric field E and electric potential V shown in 

Figure 3.3 (a). As LAO thickness increases, V at the top surface increases. At a 

certain critical thickness, the top surface layer tosses half of electrons per unit cell 

area to the next layer to reduce the energy of the system and the second layer in 

turn tosses half of electrons per unit cell area to the next layer. This process 

continues until LaO+ layer at the interface tosses half of electrons to the next TiO2 

layer. This electron redistribution can also be accomplished by tossing half of 

electrons per unit cell area in LaO+ layer to each side of it, as shown in Figure 3.3 

(b). Either way, 2DEG is created in STO side of the interface while two-

dimensional hole gas (2DHG) is created at LAO surface. Polar catastrophe 

hypothesis is very similar to the mechanism that induce 2DEG in wurtzite systems, 

in that polarization discontinuity between materials causes 2DEG at the interface. 

However, validity of polar catastrophe hypothesis is controversial due to a 

possibility that other mechanism is responsible for the 2DEG formation, such as 

oxygen vacancies, cation intermixing, and structural distortions [63-77]. 

2DEG in various heterostructures are summarized in Table 2. Heterostructures 

other than those comprised of perovskite oxides have EC lower than 0.6 eV and 
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Table 2. Parameters of heterostructures that contain 2DEG. Gap1 is a bandgap of 

the material that has a larger bandgap and Gap2 is a bandgap of the material that 

has a smaller bandgap. EC offset is the conduction band offset and n2D is 2DEG 

density. GaN/AlGaN system usually don’t use any dopants but in some research 

modulation doping is used in addition to polarization difference to further increase 

n2D. [58, 78-93] 

2DEG carrier density (n2D) lower than 2×1013 cm-2. LAO/STO system was reported 

to have unphysically large n2D of 2×1017 cm-2 in the first paper that discovered 

2DEG in LAO/STO system but it was suggested electrons may not be localized at 

the interface and may spread in the bulk of substrates [61, 66]. As described in later 

sections, LIO/BSO system turned out to have 2DEG whose density is as high as 

2.7×1013 cm-2, which is higher than most n2D in other systems. n2D can be further 

improved to 3.8×1013 cm-2 by optimizing material growth according to the 

simulation that will be discussed in the later section. Large EC is another 

advantage of LIO/BSO system, which ensures confinement of 2DEG near the 

interface. 

3.2 Origin of the conductance variation at LaInO3/ 

      Ba1-xLaxSnO3 interface 
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Figure 3.4: Growth process and schematics of LIO/BLSO samples made to 

measure the conductance. Upper panel shows the top view of the sample as each 

layer is deposited and lower panel shows the cross section of the sample. 

To understand 2DEG formation at the interface accurately, LIO/BLSO samples 

were fabricated in a specific geometric pattern described in Figure 3.4. Lateral 

geometric patterns were made using Si masks in the same way that the pattern of 

the FET in the previous chapter was made. Van der Pauw technique [94,95] was 

used to measure the conductance of channel before and after the LIO deposition, 

using the Keithley 4200 semiconductor characterization system. 

The mechanism of 2DEG formation has been studied in several semiconductor 

systems and there are three possible ways that can be applied to 2DEG formation in 

LIO/BLSO system to the author’s knowledge. 

(i) Oxygen vacancy formation during growth : 

As the sample goes through 100 mTorr of oxygen pressure at 750 ℃ during the 

growth of the LIO layer, this condition may cause BLSO surface with a lot of 

oxygen vacancies which act as donors. 

(ii) Cation mixing at LIO/BLSO interface : 

Since La acts as a donor in BSO, La diffusion from LIO to BLSO during growth 

may effectively dope the BLSO, making the interface conductive. 
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Figure 3.5: (a) s variation depending on the interface formation for epitaxial 

LIO/BLSO and amorphous or polycrystalline LIO/BLSO. (b) The thermal cycle 

employed in the interface formation. [22] 

 (iii) Polarization difference between LIO and BLSO : 

As reported in AlGaN/GaN or LAO/STO system, LIO on BLSO may have a 

polarization due to piezoelectricity, flexoelectricity, or polar discontinuity. 

To check the validity of (i) and (ii), three experiments were performed. In the first 

experiment shown in Figure 3.5, two 0.3 % BLSO layers were prepared. Both 

samples underwent the same thermal cycle as shown in Figure 3.5 (b). For the first 

sample, 10 nm of epitaxial LIO layer was deposited at 750 ℃ as usual. However, 

for the second sample, 10nm LIO layer was deposited at 150 ℃ which forms the 

amorphous or polycrystalline phase of LIO. The second sample underwent the 

same thermal cycle as the first sample after the LIO layer deposition. The first 

sample, marked by the red line in Figure 3.5 (a), shows the clear conductance 

enhancement after the LIO deposition. In contrast, the second sample marked by 

the blue line didn’t show the noticeable conductance enhancement. If La diffusion 

was the dominant cause of the 2DEG formation, both interfaces should have shown 

the same orders of the conductance enhancement. This experiment shows that La 

diffusion from LIO layer to BLSO layer is inadequate to explain the conductance 

enhancement and crystallinity of LIO is essential for 2DEG formation. 

In the second experiment described in Figure 3.6, the sheet conductance (s) 

change of three different samples were compared. LIO/0.3 % BLSO interface 
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Figure 3.6: Conductance (s) change after the interface formation for three 

different structures. Buffer BSO layers and substrates are omitted in cross sections. 

Red corresponds to LIO 10 nm/0.3 % BLSO 10 nm. Blue corresponds to LIO 10 

nm/BSO 7 nm/1 % BLSO 3 nm. Black corresponds to LIO 10 nm/BSO 10 nm. [96] 

exhibited large conductance enhancement after the interface formation while 

LIO/BSO didn’t show the noticeable conductance change. LIO/BSO 7 nm/1 % 

BLSO 3 nm showed the conductance enhancement similar to that of LIO/0.3 % 

BLSO. If oxygen vacancy formation was responsible for the conductance 

enhancement, all three samples should have shown the same behavior since they all 

underwent the same oxygen deficient growth condition, 100 mTorr of oxygen 

pressure at 750 ℃. La diffusion from LIO to BLSO couldn’t explain the 

experimental result either since LIO/BSO 7 nm/1 % BLSO structure showed the 

conductance enhancement whereas LIO/BSO structure didn’t show the 

conductance enhancement. In LIO/BSO sample and LIO/BSO/1 % sample, La 

diffusion occurred in the same way from LIO layers to undoped BSO layers. The 

fact that the conductance enhancement is determined by the existence of doped 

BLSO layer behind the undoped BSO layer at the interface and not determined 
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Figure 3.7: Conductance variation of LaInO3/0.3 % BLSO interface and LaGaO3 

(LGO)/0.3 % BLSO interface. A Cross section of the samples was also shown. 

from the interface chemical composition reflects that La diffusion is not a 

satisfactory answer to demonstrate the experiment. 

The last experiment was performed to further examine the possibility of oxygen 

vacancy formation and La diffusion. Figure 3.7 shows the conductance variation of 

LIO/0.3 % BLSO interface and LaGaO3 (LGO)/0.3 % BLSO interface. LGO is an 

orthorhombic perovskite oxide like LIO but has a smaller lattice constant than LIO. 

While s of LGO/0.3 % BLSO interface barely changed after the interface 

formation, s of LIO/0.3 % BLSO was significantly enhanced consistent with 

Figure 3.6. These two samples experienced the same growth condition which was 

100 mTorr of oxygen pressure at 750 ℃. In addition, La diffusion should have 

occurred in both samples if it ever existed. Since two samples show strikingly 

different s after the interface formation, both oxygen vacancies and La diffusion 

can’t be the adequate explanation for the conductance variation. 

Ruling out the possibility that the conductance enhancement is attributed to oxygen 

vacancies or La diffusion, polarization difference between LIO and BLSO is left to 

be tested whether it could explain the experimental result. As will be described in 

the following sections, series of experiments were conducted to identify the 

characteristics of the conductance variation at LIO/BLSO interface. 
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Figure 3.8: Atomic configurations of LIO/BSO, BHO/BSO, and SZO/BSO 

interface in ionic model. 

3.2.1 Polar vs non-polar oxides on Ba0.997La0.003SnO3 

Considering 2DEG formation in other perovskite system LAO/STO is usually 

explained by polar catastrophe hypothesis, it might be natural to attempt to explain 

2DEG formation in the same polar catastrophe hypothesis. Indeed, LIO/BSO has 

the same polar discontinuity like LAO/STO. In ionic model where electrons in the 

bonding are assumed to be occupied by oxygens, LIO can be viewed as alternating 

sheet of LaO+ and InO2
- in (001) direction as shown in Figure 3.8. In contrast, BSO 

is composed alternating neutral layer of BaO and SnO2 in (001) direction in ionic 

model. To check polar discontinuity is related to 2DEG formation in LIO/BLSO 

system, BLSO interfaces with other perovskite oxides were investigated. The 

conductance variation of BLSO interface with non-polar BHO and SZO perovskite 

oxides was measured, where atomic configuration of BHO/BSO and SZO/BSO are 

illustrated in Figure 3.8. In contrast to LIO/0.3 % BLSO, BHO/0.3 % BLSO and 

SZO/0.3 % BLSO didn’t show the noticeable conductance enhancement as shown 

in Figure 3.9 (d). Considering band alignments of BSO with LIO, BHO, SZO are 

similar as illustrated in Figure 3.9, the conductance enhancement only existing in 

LIO/BLSO interface implies that polar nature of LIO has something to do with 

2DEG formation. 
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Figure 3.9: The band alignments of BSO with (a) LIO, (b) BHO, and (c) SZO. (d) 

s variation of LIO/BLSO, BHO/BLSO, SZO/BLSO. La concentration of BLSO is 

0.3 % for all cases. [96] 

Experimental result shown in Figure 3.9 seems to support the application of polar 

catastrophe hypothesis to LIO/BLSO system. However, there are some 

experimental results that are hard to explain using polar catastrophe. First, polar 

catastrophe hypothesis predicts 2DEG formation in LGO/BLSO system, too. As 

mentioned above, LGO is a polar perovskite oxide like LIO so LGO/BLSO system 

should have shown s increase after the interface formation according to polar 

catastrophe hypothesis. However, Figure 3.7 shows that this is not the case. Second, 

polar catastrophe hypothesis requires strict control of termination layer for 2DEG 
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Figure 3.10: The interface conductance as a function of LIO thickness with 0.2 % 

BLSO. The green dots represent the case of LIO growth on BLSO while the red 

dots represent the case of BLSO growth on LIO. 

formation [63]. As described in section 3.1, TiO2-terminated STO is required for 

LAO/STO system to induce electronic reconstruction, thereby forming 2DEG. In 

case of LIO/BLSO, SnO2 termination of BLSO layer is necessary for 2DEG 

formation via polar catastrophe model. However, no intentional attempts to control 

the termination layer were tried in the experiments shown in Figure 3.6 or Figure 

3.7. Moreover, changing the deposition sequence of LIO and BLSO, that is, BLSO 

layer on top of LIO, doesn’t affect the conductance enhancement, as shown in 

Figure 3.10. For polar catastrophe hypothesis to be the origin of 2DEG formation 

in these experiment, natural termination of BLSO (or LIO) by SnO2 (or LaO+) 

should have occurred. However, atomic force microscopy (AFM) of BLSO films 

grown by PLD at the same growth condition as that used in the LIO/BLSO 

experiments didn’t show a stepped surface, which is a sign of surface termination 

by one kind of layer [23, 29]. Thermal annealing of BSO single crystals shows that 

temperature needs to be higher than 1100 ℃ for surface morphology to be changed 

[97]. It was also reported that thermal annealing at 1200 ℃ was necessary to obtain 

stepped surface in case of BSO films grown by PLD [98-102]. All these results 
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Figure 3.11: Dependence of σs of the LIO/BLSO interface on the La doping rate. 

suggest that the termination layer of BLSO in the experiments about LIO/BLSO 

interface is not composed of one kind of layer and 2DEG formation at LIO/BLSO 

interface is independent of the termination layer of BLSO, making an explanation 

of LIO/BLSO interface by polar catastrophe hypothesis impossible. 

Difficulty of applying polar catastrophe hypothesis to LIO/BLSO system means 

further studies are required to understand the system. Studies on LIO/BLSO system 

are presented in remaining sections of chapter 3. In chapter 4, experimental results 

of LGO/BLSO, which mentioned in Figure 3.7, and LaIn1-xGaxO3 (LIGO)/BLSO 

are described in detail. 

3.3 Conductance variation depending on La concentration 

The influence of varying La concentration in BLSO on the conductance was 

investigated first as shown in Figure 3.11. Before LIO deposition, s was increased 

as La concentration increased as expected. After LIO deposition, s of LIO/ 

undoped BSO interface barely changed by the interface formation as mentioned in 

Figure 3.6. The amount of conductance enhancement reached as high as 4 orders of 

magnitude when La concentration in BLSO layer was 0.2~0.4 % then decreased as 

La concentration increased further. At 1 % La concentration where BLSO becomes 

metallic, the conductance enhancement almost merged with the initial s before the 
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Figure 3.12: s variation of LIO/BLSO interface on MgO substrates. The cross 

section of the sample is shown in the left. Experimental data on STO from Figure 

3.5 is included in the background as faint markers and lines for comparison. [103] 

interface formation. The need of slight La doping on BLSO to observe the 

conductance enhancement can be attributed to traps in BLSO films combined with 

dislocation scattering. It is known that BLSO films on MgO grown by PLD has 

carrier concentration less than La concentration by 4×1019 cm-3 [15].  Considering 

BLSO films on STO and MgO exhibited similar electrical properties, similar traps 

are expected to exist in BLSO films on STO. The effect of traps can be noticed in 

Figure 3.11 by the fact that 0.2 % BLSO before LIO deposition shows low σs in the 

order of 10-9 -1 although 0.2 % La concentration corresponds to carrier 

concentration (n) 2.87×1019 cm-3. Therefore, even if the deposition of the LIO layer 

accumulates electrons at the interface, it can be trapped in BSO and do not 

contribute to the conduction of the interface. In addition, the mobility () and n in 

BLSO films are related to be  ∝ n1/2 when n is lower than ~1020 cm-3 [1]. This 

makes it hard to measure the noticeable conductance enhancement even if there 

exist some remnant electrons at the interface due to small  at small n. It is after 

traps are sufficiently filled by some electrons to neutralize the effect of traps that 

the 2DEG formation comes into the measurable range.                                                                                                                                                                                                                                                      

3.4 Conductance variation depending on substrates 
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Figure 3.13: Sheet conductance (s) and sheet carrier density (n2D) of the 

LIO/BLSO interface as a function of LIO thickness. 

Experiments similar to Figure 3.11 but with different buffer layers and substrates 

were also performed. Figure 3.12 shows the conductance variation depending on 

La concentration in BLSO and the interface formation. Films were grown on MgO 

substrates on which BLSO films were known to grow epitaxially with similar 

electrical properties as those grown on STO substrates [15]. BHO buffer layers, 

which have a cubic structure like BSO and a lattice constant (4.171 Å ) between 

BSO (4.116 Å ) and MgO (4.216 Å ) [104], were inserted between BSO buffer 

layers and MgO substrates. LIO/BLSO interface on MgO exhibited similar 

conductance variation like that on STO except that LIO/undoped BSO interface 

also showed the conductance enhancement. Considering lack of the conductance 

enhancement in LIO/BSO on STO is due to traps in BSO, the conductance 

enhancement in MgO substrate case implies reduced effect of traps when MgO 

substrates are used. This can be caused by the larger donor densities such as 

oxygen vacancies or smaller acceptor densities such as cation vacancies in 

threading dislocation cores. 

3.5 Conductance variation depending on LaInO3 thickness 

To further identify the mechanism of the 2DEG formation, the conductance 

variation of LIO/0.3 % BLSO as a function of LIO thickness was investigated. 

Figure 3.13 shows that the conductance of the interface reached its maximum at 4 
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unit cells of LIO then slightly decreased after 4 unit cells of LIO. n2D obtained from 

Hall measurement exhibited same behavior as the conductance. Compared with 

other 2DEG in LAO/STO, the critical thickness at which the conductance starts to 

increase doesn’t exist in case of LIO/BLSO interface. This implies again that polar 

catastrophe model usually used to explain LAO/STO system may not be applicable 

to LIO/BLSO system. 

3.6 1D Poisson-Schrödinger simulation of the interface 

So far, experiments on LIO/BLSO interface were explained by the qualitative 

argument. The validity of the argument can be further evidenced if the simulation 

based on the argument matches with the experimental result quantitatively. The 

calculation of 2DEG carrier density (n2D) was performed to find an adequate model 

to explain LIO/BLSO interface using 1D Poisson-Schrödinger (P-S) solver 

developed by Gregory Snider [105]. This program solves 1-dimensional Poisson 

equation and Schrödinger equation in effective mass approximation in a self-

consistent way to obtain band bending and charge distribution in the system. G. 

Snider didn’t specify the details of formulas and codes of the program but basic 

concepts of the program can be deduced from papers he or other people wrote 

[106-112]. In 1D P-S simulation, materials can be varied along x direction while 

they are assumed to be uniformly extended in y and z directions. Poisson equation 

in semiconductors is given by 

−
𝑑

𝑑𝑥
(𝜀𝑠(𝑥)

𝑑

𝑑𝑥
) 𝜙 = 𝑞(𝑝 − 𝑛 + 𝑁D

+ − 𝑁A
−)  (3.1) 

where s,  q, p, n, 𝑁D
+, 𝑁A

− are dielectric constant, electrostatic potential, electron 

charge, hole concentration, electron concentration, ionized donor concentration, 

ionized acceptor concentration, respectively. Equation (3.1) determines  when all 

the charges at the right side of equation is given. However, the charge distribution 

is unknown until the problem is solved so we need other equations to find out the 

charge distribution. First, ionized dopant concentration is given by [113, 114] 

𝑁D
+ =

𝑁D

1+2 exp(
𝐸F−𝐸D

𝑘B𝑇
)

,   𝑁A
− =

𝑁A

1+4 exp(
𝐸A−𝐸F

𝑘B𝑇
)
  (3.2) 
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Figure 3.14: Typical flow chart of 1D P-S solver. 

where ND, NA, EF, ED, EA, kB, T are total donor concentration, total acceptor 

concentration, Fermi level, donor impurity level, acceptor impurity level, 

Boltzmann constant, temperature, respectively. 2 and 4 in front of exponential 

functions in the denominators in the equation come from the spin degeneracy of 

electrons and valence band degeneracy (heavy hole and light hole), respectively. 

Equation (3.2) means that donors are more likely to be ionized if donor impurity 

level is high and Fermi level is low, which makes sense as electrons prefer to be in 

low energy states thermodynamically. Similar argument can be applied to 

acceptors. In case of n, Schrödinger equation in effective mass approximation is 

used for the calculation. 

−
ℏ2

2

𝑑

𝑑𝑥
(

1

𝑚∗(𝑥)

𝑑

𝑑𝑥
) 𝜓k(𝑥) + 𝑉(𝑥)𝜓k(𝑥) = 𝐸k𝜓(𝑥)  (3.3) 
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 where ℏ, m*, 𝜓k, V, Ek are reduced Planck constant, conduction band effective 

mass, x direction electron wave function of the k state, potential, energy of the k 

state in x direction, respectively. V is determined from  from Poisson equation and 

the conduction band offset EC. 

V(x) = -q(x) + EC(x)    (3.4) 

Equation (3.3) and (3.4) states that electron wave function is determined in 

materials as if electrons have effective mass m* and reside in the potential given by 

the conduction band offset and electrostatic potential generated by charges. It takes 

into account band structures of materials through m* and EC. Coulomb interaction 

between charges are reflected by  in (3.1) and (3.4). Once equation (3.3) is solved 

to obtain 𝜓k, n is followed from Fermi-Dirac distribution. 

𝑛(𝑥) = ∑ 𝜓k
∗(𝑥)𝜓k(𝑥)𝑛k

m
k=1 ,      𝑛k =

𝑚∗

𝜋ℏ2 ∫
1

1+exp
𝐸−𝐸𝐹
𝑘𝐵𝑇

𝑑𝐸
∞

𝐸k
  (3.5) 

nk describes average occupation in the k state. While electrons can experience 

various V in x direction, they are free electrons in y and z direction. Thus, electrons 

in the k state may have kinetic energy in y and z direction in addition to Ek. 

𝑚∗ 𝜋ℏ2⁄  in equation (3.5) comes from density of states of two-dimensional free 

electrons in y and z direction. With average occupation in the k state nk, spatial 

profile of electron in the k state is determined by |𝜓k|2 , and summing all 

contribution from possible states leads to equation (3.5). Similar argument can be 

applied in case of p.  

To sum up, charge distribution and band bending of the system can be obtained by 

solving equation (3.1) with charges in the right side of (3.1) obtained from 

equations (3.2)-(3.5). Equations (3.2)-(3.5) in turn depend on equation (3.1) since 

EF, V is dependent on n, p, or   self-consistent method to solve these coupled  

equations can be described by the flow chart in Figure 3.14. 

Since Poisson equation (3.1) or Schrödinger equation (3.3) are second order 

differential equations, two boundary conditions are required to solve (3.1) or (3.3). 

The program provided by G. Snider offers three options for boundary conditions at 
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Table 3. Material parameters needed for P-S simulation of LIO/BLSO interface. 

[13, 17, 29,115] 

either surface or interface with a substrate. First is ohmic boundary condition. This 

sets EC−EF at the boundary to the value necessary for charge neutrality at the 

boundary. Ohmic boundary condition will be valid if a metal is in contact at the 

boundary without any Schottky barrier that impedes equilibrium between the metal 

and the material. In this case, numerous charges in the metal can come in or out at 

the boundary to neutralize any charges existing at the boundary [112]. Second is 

Schottky boundary condition. This sets the barrier height EC−EF to a specified 

value. Last is “slope=0” condition. This sets the slope of bands to 0 at the boundary, 

i.e. zero electric field at the boundary. This is used when a sufficiently thick layer 

exists before the boundary. With two boundary conditions given, numerical 

calculation of equation (3.1) or (3.3) can be done by shooting method or matrix 

solution of the discretized Schrödinger equation [111]. 

For simulations in chapter 3, ohmic boundary condition has been used for surfaces 

and interface with substrates. This can be valid at the interface with substrates in 

simulations in chapter 3. All simulations in chapter 3 include undoped BSO buffer 

layers over 100 nm at the bottom of the structure. It turns out that charge transfer 

(and corresponding band bending) occurs near the interface between layers but 

bands goes back to its flat bulk values as going through buffer layers and 

approaching the substrate. Thus, it is natural to assume charge neutrality at the 

interface with the substrate since any charge transfer that can break the charge 

neutrality condition is far away from the interface with the substrate. On the other 

hand, the validity of charge neutrality condition at the surface is somewhat unclear. 

Physical structures that are simulated in chapter 3 have LIO at the surface in 

contact with air. It may not be justified to use ohmic boundary condition when 

charge reservoir metal is absent at the surface. For example, Figure 3.2 (a), where 

Materials 𝐸g (eV)  𝛥𝐸𝐶  to BSO (eV) 𝜀r 𝑚∗/𝑚0 

LIO 5.0 1.6 38 0.46 

BSO 3.1 - 20 0.42 
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Figure 3.15: Carrier concentrations of BLSO film on MgO at various La doping 

rate. [15] 

AlGaN is at the surface in contact with air, shows the surface with holes, leading to 

plus charges at the surface. Band diagrams of STO/LAO after the critical thickness 

based on polar catastrophe model also shows that the valence band of LAO at the 

surface is higher than Fermi level, implying holes at LAO surface [63].  It seems 

that surface boundary conditions in Figure 3.2 and STO/LAO in polar catastrophe 

model are determined by requiring whole charges in the structure sum to 0. In 

Figure 3.2 (a), EC ‒ EF is set almost equal to the bandgap of AlGaN to balance ns at 

the interface by creating ps at the surface. In Figure 3.2 (b), EC ‒ EF is set equal to 

EDD to ionize deep donors and 𝑁DD
+  balances ns. P-S simulations of STO/LAO with 

overall charge neutrality conditions in the whole structure also indicate electrons at 

STO/LAO interface and holes at LAO surface after the critical thickness, even 

when internal electric field in LAO expected in polar catastrophe model is not 

considered [116]. Zero external electric field outside the structure is also suggested 
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as the equivalent condition of the overall charge neutrality [117]. Unfortunately, 

the program provided by G. Snider doesn’t offer such boundary condition that 

ensure the overall neutrality of the structure. The validity of ohmic boundary 

condition at the surface is questionable but the overall behavior of the simulation 

will be same even if EC ‒ EF was set to some value EDD instead of the value required 

for the ohmic boundary condition at the surface. Fermi level pinning at the surface 

can be related to such fixed value of EC-EF. This point will be further explained in 

section 3.6.3. (One way to achieve overall charge neutrality using Snider P-S 

solver is adding an artificial material corresponding to the air, whose conduction 

band is at vacuum level and the intrinsic Fermi level is aligned to a material in 

contact with the air so that no band bending occurs by Fermi level alignment 

between two materials. Imposing slope=0 boundary condition on the material 

corresponding to air is same as overall charge neutrality condition, provided that 

slope of bands at the interface with substrates is 0.) 

To simulate an actual system, several parameters of materials are needed. Relevant 

parameters for the simulation of LIO/BLSO interface are listed in Table 3. In 

addition to parameters in Table 3, donor ionization energy of BSO is set to be -0.63 

eV to ensure full ionization of donors based on the experimental result that 4 % 

BLSO has the Fermi level above the conduction band by 0.45 eV [13]. 

3.6.1 Modelling of traps in Ba1-xLaSnO3 

As mentioned in section 3.3, BLSO films on MgO substrates show n3D less than La 

concentration by 4×1019 cm-3 as shown in Figure 3.15. To take into account 

electron traps in the simulation, deep acceptors whose energy level is in the middle 

of the band gap in BSO are introduced. As shown in Figure 3.16, deep acceptors 

don’t accept electrons to make holes in the valence band at room temperature since 

activation energy Ea needed for electrons to jump into the impurity level is much 

higher than thermal energy kBT. However, deep acceptors can accept electrons if 

free electrons exist in the conduction band since lowering energy of electrons are 

preferred thermodynamically. The property that don’t ionize spontaneously to 

generate holes but accept free electrons in the conduction band is an appropriate 
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Figure 3.16: modelling of electron traps as deep acceptors. 

 

Figure 3.17: a cross section of the samples, simulation settings for each layer in the 

simulation, 2DEG carrier density (n2D) from the experiment on MgO substrates and 

the simulation. 

behavior to model electron traps. Based on the estimation of 4×1019 cm-3 of trap 

densities shown in Figure 3.15, deep acceptors with the density NDA=4×1019 cm-3 

were introduced in BLSO on MgO in the simulation. Detailed simulation 

parameters, a cross section of the samples measured in the experiment, comparison 
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of n2D from the experiment and simulation are shown in Figure 3.17. Deep 

acceptors are set only in the region where there are non-negligible free electrons 

for computational efficiency. With deep acceptors in BLSO, the polarization 

density in the LIO layer was adjusted to reproduce the simulation fitting well with 

the experiment. When the polarization density (P) was set to 12.5 C cm-2, the 

simulation result consistent with the experiment on MgO substrates was 

reproduced. The polarization density in LIO doesn’t need to be adjusted as La 

concentration in BLSO varies. Since the only possible way that BLSO layer can 

affect the LIO layer is through strain if we exclude cation diffusion during growth, 

it reflects that the lattice constant of BLSO barely changed as La concentration 

changed. Indeed, the lattice constant of BLSO films changes by less than 0.001 % 

when La concentration is changed from 0 % to 1 %, supporting the validity of the 

simulation [17]. 

Figure 3.18: Simulation settings, band diagram, and electron concentration of 

LIO/0.3 % BLSO interface. 

The band diagram for LIO/0.3 % BLSO structure is shown in Figure 3.18. Linear 

slope of LIO bands reflect the potential generated by the polarization in LIO, which 

induce 2DEG formation at the interface. The magnitude of P, which determines the 

slope of the LIO bands, can be different if EC turned out to be differ from the 

value used in the simulation 1.6 eV. Karthik Krishnaswamy et al. predicted EC to 

be 2.06 eV theoretically [16]. Since EC = 1.6 eV is determined by assuming that 

the leakage current of 4 % BLSO/LIO/4 % BLSO capacitor in high electric field is 
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Figure 3.19: Comparison of the experiment on STO substrates and the simulation 

described in Figure 3.12. 

mainly described by Fowler-Nordheim (F-N) tunneling process, there is a 

possibility to underestimate EC due to the contribution to the leakage current other 

than F-N tunneling. If EC is underestimated, P required to induce 2DEG will be 

smaller than 12.5 C cm-2 but overall behavior of the simulation will be same. 

Width of 2DEG is about 2 nm although 0.3 % BLSO layer is set to 12 nm. Bands 

of BSO become flat as going far away from the interface more than 20 nm, 

showing that deep acceptors work as electron traps and have a tendency to set the 

Fermi level of BSO away from the conduction band if the Fermi level is close the 

conduction band. Ionization of deep acceptors can also be interpreted in terms of 

electric field screening. If there were no deep acceptors in BSO, there were no 

charges in the BSO layer to cancel the electric field in the BSO layer so band 

bending can’t occur in BSO and bands of BSO should have been linear profiles. 

Due to deep acceptors in BSO ionized near the interface, band bending of BSO can 

occur and bands of BSO restore to its bulk profile as going away from the interface 

more than 20 nm. After BSO bands become flat, deep acceptors don’t ionize since 

there is no electric field to screen and spontaneous ionization is impossible due to 

high Ea. 
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Figure 3.20: a cross section of the samples, simulation settings for each layer in the 

simulation, n2D from the experiment on STO substrates and the simulation. 

While the simulation with NDA=4×1019 cm-3 reproduced the well-fitted result for 

MgO substrate case, comparison of this simulation with the experiment on STO 

substrates indicates a overestimation of n2D as shown in Figure 3.19. Considering 

NDA=4×1019 cm-3 is determined based on the experiments on MgO substrates, the 

overestimation of n2D may originate from different NDA on STO substrates. When 

NDA=6×1019 cm-3 was used for the simulation as shown in Figure 3.20, the 

simulation was consistent with the experiment on STO substrates. This simulation 

result supports the argument of reduced effect of traps on MgO substrates 

suggested in section 3.4. Considering NDA is not the intrinsic properties of BLSO 

films but varies depending on buffer layers, growth conditions, or substrates, n2D 

can be further improved by optimizing the film growth.  

3.6.2 Estimation of polarization in LaInO3 

Confirming the simulation works for the experiment varying La concentration, the 

same model was applied to the simulation changing LIO thickness of LIO/0.3 % 

BLSO structure. the polarization density of LIO was set to 12.5 C cm-2 and 

NDA=6×1019 cm-3 was assumed in BLSO and BSO layers. Figure 3.21 shows that 
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Figure 3.21: A cross section of the samples measured in the experiment, simulation 

settings, and n2D of LIO/BLSO interface as a function of LIO thickness. 

this setting of the simulation produced the result inconsistent with the experiment.  

In the experiment, n2D reached its maximum at 4 unit cells of LIO then decreased a 

little but 2DEG persisted as LIO became as thick as 100 nm. In contrast, the 

simulation predicted no 2DEG formation until 5 nm of LIO and n2D increased as 

LIO thickness increased from 10 nm to 100 nm. Only 10 nm LIO simulation 

matched with the experiment. 

To find out the reason for the discrepancy, band diagrams of LIO/BLSO for LIO  

28 Å  and LIO 10 nm were compared. Figure 3.22 shows that when LIO thickness 

is thin, the conduction band of BLSO is not close enough to the Fermi level to 

create 2DEG although the quantum well is formed at the interface. Band diagrams 

indicate that when the screening of the polarization by 2DEG is not considered, the 

conduction band of BLSO at the interface is lowered with respect to the conduction 

band of LIO at the surface by 

ELIO*d + C = 
𝑃

𝜀LIO
*d + C    (3.6) 

where ELIO, d, P, LIO are electric field inside LIO, thickness of LIO, polarization 

density in LIO, and dielectric constant of LIO, respectively. Therefore, proper LIO 

thickness is required to make the conduction band of BLSO closer to the Fermi 
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Figure 3.22: Band diagrams and n3D of LIO/0.3 % BLSO structure for LIO 28 Å  

and LIO 10 nm shown in Figure 3.21.  

 

Figure 3.23: Graded polarization setting in LIO and n2D of LIO/BLSO interface 

from experiments and simulations. A solid curve in the polarization graph at the 

left panel is a guide for eyes. 



59 
 

level, creating 2DEG in the quantum well. Band diagrams for 10 nm LIO shows 

that the conduction band of BLSO is lowered enough that 2DEG resides in the 

quantum well. One thing to notice is that the magnitude of slope of LIO bands is 

decreased for LIO 10 nm compared with LIO 28 Å . This is due to the screening of 

polarization electric field by 2DEG in the quantum well. 

Confirming a constant polarization density in LIO is not adequate to reproduce the 

experimental result, LIO thickness dependent polarization density was tried. As 

shown in Figure 3.23, P was set to be 65 C cm-2 in first 2 unit cells of LIO near 

the interface, 25 C cm-2 for the next unit cell, 10 C cm-2 for the next unit cell, 

then 0 C cm-2 for the rest of LIO. With the graded polarization in LIO, the 

simulation was consistent with the experiment when LIO thickness is thin but n2D 

decreased too abruptly in the simulation and disappeared at 7 nm of LIO. 

 

Figure 3.24: Band diagrams of LIO/0.3 % BLSO at LIO 16 Å  and LIO 10 nm with 

the graded polarization setting drawn in Figure 3.23. 

To identify the reason for the abrupt decrease of n2D in the simulation, band 

diagrams of LIO/BLSO were drawn as shown in Figure 3.24. When LIO thickness 

is 16 Å , 2DEG is formed due to sharp decrease of the conduction band of LIO 
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coming from large P near the interface. Comparing band diagrams of LIO 16 Å  

case in Figure 3.24 with those of LIO 28 Å  case in Figure 3.22, role of larger P in 

LIO 16 Å  case can be seen from the slope of LIO bands. In contrast, the quantum 

well at the interface in case of 10 nm LIO is above the Fermi level, prohibiting 

2DEG in the quantum well. This is due to the increase of the LIO bands as 

approaching the interface from the surface. Although the sharp decrease of the LIO 

bands near the interface still exists in case of LIO 10 nm, this decrease is 

compensated by the rise of the LIO bands away from the interface. Such increase 

of the LIO bands is a consequence of the potential generated by the interfacial 

polarization. When the polarization exists only near the interface, there are charges 

from the polarization at the boundary whose sheet charge density can be written as 

𝜎𝑃 = �̂� ∙ �⃗⃗� , with �̂�  being unit vector normal to the boundary. In case of the 

simulation in Figure 3.23, plus charges are located at the interface and minus 

charges are located in LIO. The electric potential generated by these charges tend 

to push out electrons in the left of the polarization region, or in terms of band 

diagrams, raise the conduction bands of LIO in the left of the polarization region. 

3.6.3 Modelling of charge screening in LaInO3 

To realize the more realistic model of LIO/BLSO interface, screening of the 

Figure 3.25: Illustration of screening of the polarization by deep donors. (a) Donors 

without ionization near the interface. (b) Ionized donors resulting the screening of 

the polarization. 
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Figure 3.26: Band diagram of LIO/0.3 %BLSO at LIO 16 Å  and LIO 10 nm with 

deep donors in LIO. 

potential generated by the polarization in LIO should be taken into account. 

Introduction of deep donors in LIO whose impurity level is in the middle of LIO 

bandgap can deal with the screening of the potential. When deep donors in LIO 

exist near the interface without ionization, it can be drawn like Figure 3.25 (a). 

Electrons in BLSO will be attracted to the interface to form 2DEG by the potential 

of the polarization. Deep donors usually don’t ionize spontaneously at room 

temperature, but situation like Figure 3.25 (a) is energetically unfavorable since 

electrons are near minus charges of the polarization. If P is large enough then 

electrons escape bound states in impurity level as shown in Figure 3.25 (b), leaving 

ionized plus donors near the polarization. Remaining ionized donors have an effect 

to screen minus charges of the polarization, or equivalently, prevent the rise of the 

LIO bands in the left of the polarization region. Although deep donors are used in 

the simulation to deal with the screening, it doesn’t need to be actual deep donors 

in real world. Other charges such as defects or mobile ions can screen the potential 

of the polarization in the same way described in Figure 3.25. In the simulation, all 

charges contributing to the screening of the polarization can be regarded to be 

incorporated in deep donors. 
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With the introduction of deep donors in LIO, LIO/0.3 % BLSO interface depending 

on LIO thickness was simulated again. Figure 3.26 shows the band diagrams of the 

structures at LIO 16 Å  and LIO 10 nm. At LIO 16 Å , the band diagram didn’t show 

a noticeable change compared with the band diagram for LIO 16 Å  in Figure 3.24. 

However, at LIO 10 nm, 2DEG existed unlike the simulation in Figure 3.24 

although n2D was reduced a little compared with that of LIO 16 Å . The existence of 

n2D confirms the effect of deep donors to screen the potential generated by the 

polarization and it is shown as flat bands of LIO away from the interface. With 

deep donor density NDD=2×1020 cm-3, the potential of the polarization is almost 

screened after LIO 5 nm. Since deep donors affect nothing when the bands become 

flat, NDD=2×1020 cm-3 were only set within LIO 5nm near the interface for 

computational efficiency. Considering oxygen vacancies in oxides usually act as 

deep donors donating two electrons per oxygen vacancy and the pseudocubic 

lattice constant of LIO is 4.117 Å , NDD=2×1020 cm-3 corresponds to LaInO2.993 if 

deep donors are assumed to originate from oxygen vacancies in LIO. In LAO/STO 

system, L. Yu et al. calculated that formation of ionized oxygen vacancies at the 

LAO surface depends on Fermi level [65]. L. Yu et al. showed that when Fermi 

level rises closer to the conduction band, formation energy of ionized oxygen 

vacancies is calculated to be decreased. Since Fermi level of LIO near the interface 

is close to the conduction band of LIO, oxygen vacancies can be easily formed in 

LIO near the interface similar to oxygen vacancy formation in LAO/STO system. 

NDD in LIO may actually be significant only near the interface like the setting of the 

simulation if formation energy of ionized oxygen vacancy depends on Fermi level. 

Figure 3.27 shows the comparison of n2D from the simulation and experiment. 

NDD=2×1020 cm-3 reproduced the simulation consistent with the experiment at both 

thin LIO case and thick LIO case, in contrast to the simulation with NDD= 0 cm-3 

which is same as that of Figure 3.23. When LIO is thin, introduction of deep 

donors nearly affect n2D up to 4 unit cells of LIO as can be seen from nearly 

coinciding lines for various NDD in Figure 3.27. Since the  polarization in LIO is set 

to exist in 4 unit cells of LIO near the interface, the effect of the polarization is 
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Figure 3.27: Comparison of n2D at LIO/0.3 % BLSO interface from the simulation 

and the experiment with varying NDD. 

dominant up to 4 unit cells of LIO. Decrease of n2D after 4 unit cells of LIO is 

dependent on NDD. As NDD is increased, n2D is less reduced at large LIO thickness 

due to larger effect of screening. n2D converges to certain quantities for all NDD 

reflecting that the interface is not affected by the rest of LIO once bands become 

flat. The larger effectiveness of the screening at larger NDD can be also noticed from 

the fact that LIO thickness required for n2D not to change increases as NDD 

decreases. The behavior of n2D that reaches its maximum at 4 unit cells of LIO then 

decreases and converges to a certain quantity contrasts the reported behavior of n2D 

in LAO/STO system. In LAO/STO system, 2DEG doesn’t exist up to 3 unit cells of 

LAO and n2D barely changed after 4 unit cells of LAO [63,65]. The absence of the 

critical thickness and slight decrease of n2D after 4 unit cells of LIO indicate that 

polar catastrophe model used to explain LAO/STO system is not suitable to explain 

LIO/BLSO interface. 

From Figure 3.26, one can now guess the effect of changing the ohmic boundary 

condition at the surface of LIO. When LIO thickness is over 5 nm, imposing ohmic 

boundary condition will be same as requiring overall charge neutrality of the whole 
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structure since charge transfer and balancing of charges are taken care of near the 

interface and surface charges don’t need to complete the charge neutrality of the 

whole structure. When LIO thickness is less than 5 nm, requiring overall neutrality 

of the whole structure will set EC-EF to deep donor ionization energy EDD as 

mentioned in section 3.6. However, this is same as imposing ohmic boundary 

condition since EDD is set to half of LIO bandgap. Changing EDD may affect n2D and 

P necessary to reproduce n2D should be changed in turn, but overall behavior 

depending on LIO thickness, in which n2D increases until 4 unit cells of LIO then 

decreases and converges to a certain value, will be same. 
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Chapter 4 

Conductance variation at LaIn1-xGaxO3 

/Ba0.997La0.003SnO3 interface  

 

In the last chapter, LIO/BLSO interface was investigated and the simulation was 

performed to find the appropriate assumptions consistent with the experiment. It 

turned out that graded polarization in LIO near the interface with the screening of 

the potential generated by the polarization can explain the observed behavior of n2D. 

The remaining question is, what causes the polarization in LIO? LIO is not known 

to have ferroelectricity and piezoelectricity of bulk LIO is not possible due to the 

centrosymmetric structure of LIO. To find out the origin of 2DEG formation in 

LIO/BLSO interface, it will be helpful to investigate other perovskite oxides/BLSO 

interface and compare the difference of each interfaces. 

In this chapter, interfaces between BLSO and LaIn1-xGaxO3 (LIGO) are 

investigated. Electrical properties of LIGO/0.3 % BLSO interfaces are measured as 

a function of Ga ratio and LIGO thickness. Based on the conductance variation of 

LIGO/BLSO interface, combined with structural properties obtained from 

reciprocal space map (RSM) and transmission electron microscope (TEM), origin 

of the 2DEG formation at LIO/BLSO interface will be discussed. 

4.1 Structural properties of LaGaO3 

If polar discontinuity at the interface is responsible for 2DEG formation as 

described in section 3.2, other polar pervoskite oxide on top of BLSO has a 

possibility to induce 2DEG formation. In this respect, LaGaO3 (LGO), which was 

used to test La diffusion during growth in section 3.2, on BLSO was investigated. 

LGO is a polar material and shares the same GdFeO3 type structure with LIO 

[118,119]. A pseudocubic lattice constant of LGO is 3.890 Å  [118], and thus 
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Table 4. Material parameters related to structures of LaInO3, LaGaO3, and BaSnO3. 

 

Figure 4.1: X-ray diffraction pattern of LGO 100 nm/BSO 100 nm/MgO substrate. 

-2 diffraction pattern and rocking curve of (002) LGO peak are plotted. 

exhibits a significant 5.8 % lattice mismatch to BSO. Structural properties are 

summarized in Table 4. Bandgap of LGO is calculated to be larger than that of LIO 

and conduction band offset of LGO with BSO is also calculated to be larger than 

that of LIO [120]. Due to a large difference in lattice constants of LIO and LGO, it 
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Figure 4.2: s variation depending on Ga ratio in LIGO. A cross section of samples 

is also drawn. 

is expected to see the influence of lattice constant change and strain if LaIn1-

xGaxO3/BLSO interface is investigated. 

Since lattice mismatch between BSO and LGO is significant, there exists a 

possibility that LGO doesn’t grow on BSO epitaxially. To confirm the epitaxial 

growth of LGO on BSO, X-ray diffraction pattern was measured on LGO 100 

nm/BSO 100 nm/MgO substrates, as shown in Figure 4.1. MgO substrate was used 

instead of STO substrate since a lattice constants of STO (3.905 Å ) is so close to a 

pseudocubic lattice constant of LGO that signals from STO substrate might 

obscure the measurement of LGO signals. Clear peaks from LGO in -

2 diffraction pattern shows that LGO is epitaxially grown on BSO. Due to large 

lattice mismatch between BSO and LGO, LGO peaks are substantially away from 

those of BSO, indicating that LGO is relaxed on BSO. Rocking curve of (002) 

LGO peak shown in the inset of Figure 4.1 shows that full width half maximum 

(FWHM) is 1.70 °, which is fairly large compared with FWHM of LIO on BSO, 

0.52 ° [13]. Broad FWHM of LGO indicates that although LGO is epitaxially 
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Figure 4.3: Conductance variation of LIGO/0.3 % BLSO interface as a function of 

Ga ratio and thickness. A cross section of measured samples are shown on the left. 

grown on BSO, overall crystallinity of LGO is lower than that of LIO due to large 

lattice mismatch.  

4.2 Conductance variation of LaIn1-xGaxO3/Ba0.997La0.003SnO3 

      interface depending on Ga ratio 

Confirming epitaxial growth of LGO on BSO, LIGO/BLSO interface depending on 

Ga ratio was investigated as shown in Figure 4.2. The geometric pattern and 

thickness of each layers are similar to those employed in LIO/BLSO samples 

described in Figure 3.4 and Figure 3.7. Van der Pauw technique was used to 

measure the conductance of channel before and after the LIGO deposition, using 

the Keithley 4200 semiconductor characterization system. As mentioned in section 

3.2, s of LGO /BLSO interface barely changed after the interface formation. This 

indicates that polar materials on top of BLSO are not enough to induce 2DEG 

formation and properties of LIO other than polar nature may be related to 2DEG 

formation. At 20 % Ga ratio, s was reduced but had the same order as that of LIO 

case. s decreased abruptly as Ga ratio increased larger than 40 %. Overall 

behavior of s as a function of Ga ratio shows that s is not linearly varied 

depending on Ga ratio but decreases abruptly after a certain Ga ratio. 
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4.3 Conductance variation of LaIn1-xGaxO3/Ba0.997La0.003SnO3 

      interface depending on LaIn1-xGaxO3 thickness 

As thickness dependent s variation at LIO/0.3 % BLSO in section 3.5 is useful to 

estimate the polarization in LIO, s variation depending on LIGO thickness might 

be helpful to understand the phenomenon at LIGO/BLSO interface. Figure 4.3 

shows s variation as a function of LIGO thickness and Ga ratio. When Ga ratio is 

fixed and LIGO thickness is varied, s reaches its maximum at 4~5 unit cells of 

LIGO for all Ga ratio. One peculiar thing to notice is that 80 % LIGO/BLSO 

interface exhibits the higest s at 1 unit cell of LIGO and even LGO/BLSO 

interface seems to show a little conductance increase at 1 unit cell of LGO. s of 

80 % LIGO/BLSO is outruned by other LIGO/BLSO with less Ga ratio as LIGO 

thickness increases, since s of 80 % LIGO/BLSO increases slightly with the order 

of s unchanged while other LIGO/BLSO interface with less Ga ratio exhibited the 

enhancement of s more than two orders of magnitude. To sum up, the behavior of 

s depending on Ga ratio and LIGO thickness can be written as 

(i) At LIGO 10 nm, s decreases as Ga ratio increases and s LGO/BLSO interface 

barely changed by the interface formation. 

(ii) s reaches its maximum at 4~5 unit cells of LIGO for all Ga ratio. 

(iii) At 1 unit cell of LIGO, s of 80 % LIGO/BLSO interface is the highest among 

all s of LIGO/BLSO interface. 

One property might be related to above behaviors of s is strain between LIGO and 

BLSO. If strain is assumed to induce polarization in LIGO, (i) can be explained by 

strain relaxation at sufficiently thick LIGO. As confirmed in Figure 4.3, LGO is 

relaxed on BSO when LGO is thick due to large lattice mismatch between LGO 

and BSO. Therefore, we expect LIGO on BLSO will undergo larger tensile strain 

as Ga ratio increases but strain will be relaxed if Ga ratio is too high and lattice 

mismatch between LIGO and BSO becomes too significant to sustain strain. This 

may explain the abrupt decrease of s after a certain Ga ratio with respect to abrupt 
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Figure 4.4: Critical thickness of AlGaN grown on relaxed GaN vs Al concentration 

x (lower horizontal scale), or strain of pseudomorphic grown heterostructures x 

(upper scale). Solid curves are calculated from theoretical models. AlGaN layers 

with different thicknesses and alloy compositions grown pseudomorphically on 

GaN are marked by black symbols. Partially relaxed AlGaN layers (white symbols) 

are separated from pseudomorphic heterostructures by a dashed line. The insert 

shows the degree of relaxation r(x) measured by high resoultion X-ray diffraction 

vs alloy compositions for AlGaN barriers with a thickness of about 300 Å  [58, 121-

123]. 

strain relaxation after a certain Ga ratio. As for (ii), it is already explained in 

section 3.6.3 that thickness dependent s can be demonstrated by the graded 
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polarization near the interface combined with charge screening in case of 

LIO/BLSO interface. Similar demonstration can also be applied to LIGO/BLSO 

interface to explain (ii) but P in LIGO can differ from that of LIO if relaxation of 

strain reduces P. (iii) can also be interpreted relative to strain relaxation. In case of 

strained AlGaN/relaxed GaN structure, relaxation of strain is dependent not only 

on Al ratio but also on the thickness of AlGaN [58]. Figure 4.4 shows the critical 

thickness at which AlGaN starts to be relaxed depending on Al concentration. At 

fixed Al concentration, AlGaN is relaxed as the thickness becomes larger than the 

critical thickness. At fixed thickness d of AlGaN, AlGaN starts to be relaxed after a 

certain Al concentration x. The inset shows that for d≈300 Å , relaxation r(x) can be 

approximated by 

𝑟(𝑥) =
𝑎(𝑥)−𝑎GaN

𝑎0(𝑥)−𝑎GaN
= {

0 0 ≤ 𝑥 < 0.38
3.5𝑥 − 1.33 0.38 ≤ 𝑥 ≤ 0.67

1 0.67 < 𝑥 ≤ 1
  (4.1) 

where a(x), a0(x), aGaN are in-plane lattice constant strained AlGaN, in-plane lattice 

constant of relaxed AlGaN, and in-plane lattice constant of relaxed GaN, 

respectively. Such strain relaxation can also happen in LIGO/BLSO system. At 1 

unit cell of LIGO, the critical thickness may not be  approached for All Ga ratio 

except LGO where lattice match is so large that misfit dislocation can be formed at 

the early stage of LGO deposition to partially relax the strain. With this assumption, 

80 % LIGO/BLSO interface can show the highest s due to the largest strain. 

However, as LIGO thickness becomes larger, strain relaxation  can easily occur at 

large Ga ratio to reduce the polarization in LIGO, leading to small increase of s 

for large Ga ratio. 

The hypothesis of relation between strain and polarization can give a plausible 

explanation of s variation depending on Ga ratio and LIGO thickness but the 

relaxation of LIGO is given in a somewhat  handwaving way. To further support 

the hypothesis, actual measurement of interface structure is necessary, which will 

be demonstrated in the next section. 
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Figure 4.5: (a) RSM of (103) reflection for LIGO thin films 50nm grown on BSO 

10 nm/STO [001] substrate. (b) In-plane lattice constant (ax) and out-of-plane 

lattice constant (az) obtained from RSM. apc is expected pseudocubic lattice 

constant from bulk values of LIO and LGO. 

4.4 Analysis of structures of LaIn1-xGaxO3/Ba1-yLaySnO3 

      interface 

To investigate the structural properties of LIGO on BSO, reciprocal space map 

(RSM) and transmission electron microscope (TEM) of LIGO were measured. 

RSM gives the information about overall structures of the whole film while TEM is 

used to investigate the sturucture near the interface. Combining the result of RSM 

and TEM, the relation between the structure and 2DEG formation is studied. 
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Figure 4.6: Cross-sectional high-angle annular dark field scanning transmission 

electron microscope (HAADF-STEM) images of BLSO / LIGO interface. 

4.4.1 Reciprocal space maps of LaIn1-xGaxO3 on BaSnO3  

RSM of LIGO was measured varying Ga ratio from 23 % to 80 % as shown in 

Figure 4.5 (a). LIGO films were 50 nm thick on 10 nm BSO layers on STO 

substrates. From the obtained reciprocal space vectors, in-plane lattice constant ax 

and out-of-plane lattice constant az were calculated. In Figure 4.5 (b) ax and az were 

plotted with expected pseudocubic lattice constant apc from the lattice constants of 

bulk LIO and LGO. Variation of lattice constants of alloy A1-xBx can be written as  

𝑎mix
𝑛 = (1 − 𝑥)𝑎𝐴

𝑛 + 𝑥𝑎𝐵
𝑛   (4.2) 

where amix, aA, aB are lattice constants of the alloy, A, and B, respectively [124]. 

n=1 or n=3 are conventionally used and called Vegard’s law and Retger’s law, 

respectively [125, 126]. Interestingly, az were measured to be larger than ax except 

for 23 % Ga ratio, which is odd at first sight since larger az usually means a 

comperessive strain. This might be related to the fact that orthorhombic LIGO is 

grown on cubic BSO. While ax and az in Figure 4.5 are average pseudocubic lattice 
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constants of the whole film, bulk LIGO has three different lattice parameters. 

Depending on which axis is parallel to the BSO surface and which axis is normal to 

the BSO surface, larger az could be possible even if LIGO is under tensile strain. 

An easier way to check the effect of the strain is focusing on the variation of ax and 

az as a function of Ga ratio. Both ax and az were found to be almost linearly varied 

with respect to Ga ratio, indicating that films were almost relaxed for 50 nm of 

LIGO. Relaxation of the strain in LIGO films is consistent with the bebavior of n2D 

which reaches its maximum at 4~5 unit cells of LIGO then decreases and 

converges to a certain quantity as LIGO grows thicker. If the strain induces the 

polarization, LIGO near the interface may have larger polarization but most of the 

whole film except the region near the interface may have a weak or no polarization 

due to the strain relaxation in the bulk of the film [127, 128]. Considering the 

simulation in chapter 3 assumes decreasing polarization as going away from the 

interface, the relaxation of the strain could be related to the graded polarization 

from the simulation. 

4.4.2 Transmission electron microscopy of LaIn1-xGaxO3/ 

         Ba0.997La0.003SnO3 interface 

While RSM gives the information about average structure of the whole film, 

behavior of n2D depending on LIGO thickness and the simulation from chapter 3 

suggest that interfacial structure can be more important. To investigate local 

structures of the interface, high-angle annular dark field scanning transmission 

electron microscope (HAADF-STEM) was performed on LIGO/BLSO interfaces 

using JEM-ARM200F. Figure 4.6 shows that all layers are epitaxially grown. 

However, there exists some blur of images that ruins the periodic lattice structure 

in some regions when Ga ratio is higher than 42 %, which could come from local 

collapse of periodic structure resulting from lattice mismatch. The effect of lattice 

mismatch is more evident when we compare STEM images of 20 % LIGO/BLSO 

interface LGO/BLSO interface in a wide range. Figure 4.7 shows that when a 

rectangular is drawn following lines connecting same atoms in adjacent unit cells, 

the same number of unit cells is counted at the top LIGO and bottom BLSO in case 
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Figure 4.7: Comparison of STEM images for 20 % LIGO/BLSO and LGO/BLSO. 

of 20 % LIGO/BLSO, confirming layers are pseudomorphically grown. In contrast, 

LGO/BLSO STEM image shows that 22 unit cells are counted at the top of LGO 

while 21 unit cells are counted at the bottom of BSO, indicating misfit dislocations 

at the interface. Red and blue dots on atom positions show the misfit between LGO 

and BLSO clearly. STEM images show that as Ga ratio increases, local collapse of 

periodic structure and misfit dislocations start to occur near the interface. 

Considering the crystallinity matters for 2DEG formation in the interface as 

described in section 3.2, deviation from ideal periodic structure could be 

responsible for the decreasing s as Ga ratio increases. 

4.4.3 Analysis of atom positions in transmission electron 

         microscope images to obtain lattice constants 

STEM images can be further analyzed quantitatively to obtain the information 

about lattice constants [129-132]. Gatan Microscopy Suite Software, which is 

provided to control STEM equipment, is also used to process images [129, 

133,134]. As a first step toward STEM image processing, noise in the images could 

be reduced by filtering images. Since TEM images of LIGO/BLSO interface are 

comprised of periodically repeating atoms with some deviation at local regions, 

fast Fourier transform (FFT) of images can be helpful to identify noise [132]. 

Figure 4.8 shows the image filtering of LGO/BLSO STEM images based on FFT. 
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Figure 4.8: Fast Fourier transform (FFT) of LGO/BLSO STEM images and 

filtering based on FFT. 

FFT of original image shows that constant noise composed of tiny black and white 

dots which looks similar to analog television noise is covering the entire FFT 

images. In addition, bright points at the center of FFT image indicate that a 

constant intensity is imposed on the entire image. Besides noise and the constant 

intensity, the FFT image of LGO/BLSO interface shows a periodic grid pattern 

around the center of the image, as expected from the periodic structure of the 

interface. To improve the quality of the image, signals of bright spots around the 

center of the image were kept and the intensities of rest of the area were set to 0. 

Then inverse FFT was performed to obtain the image in real space as shown at the 

bottom of Figure 4.8. Compared with the original image, overall sharpness of the 

image was confirmed to be improved without noticeable distortion of the image. 
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Figure 4.9: Example of fitting the LGO/BLSO STEM image around a local 

maximum of intensity to Gaussian function (4.3). The image generated by the fitted 

Gaussian function is shown on the right. 

Filtering of the image produces the sharper image compared with the original one 

but more useful information can be obtained by filtering the image, besides 

aesthetic satisfaction. By fitting the intensity of the image around a local minimum 

or a local maximum to two-dimensional Gaussian function, atom positions in the 

image can be obtained with sub-pixel precision. Filtering of the image is helpful to 

obtain more accurate atom positions due to noise reduction. Use of Gaussian 

function to obtain the atom positions are found in other papers and a freely 

accessible open-source software for the analysis is available [129,135]. Although 

proper determination of atom positions from STEM images requires image 

simulations taking into account various experimental parameters such as thickness, 

atomic number, tilting, collection angle, atom positions obtained in this way can be 

useful as a first approximation. 

Gaussian function used for fitting can be written as 

𝐼(𝑥, 𝑦) = exp [−
(𝑥−𝜇𝑥)2

2𝜎𝑥
2 ] exp [−

(𝑦−𝜇𝑦)
2

2𝜎𝑦
2 ]  (4.3) 

where I(x, y) is the intensity of the image at (x, y) coordinate. The example of 

fitting the image to Gaussian function (4.3) is shown in Figure 4.9. In this example, 
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an atom positioned at left-bottom corner was chosen for the estimation of the 

position. After setting the fitting region where Gaussian function (4.3) tries to 

produce the best fitting result, fitting was performed to find the most suitable x, y, 

x, y in the equation (4.3). An image produced by Gaussian function with founded 

parameters was drawn at the right panel of Figure 4.9. It can be confirmed that 

actual position of the atom in the real image and that of the white oval produced by 

Gaussian function almost coincide. x, y calculated from the fitting can be used as 

the coordinate of the fitted atom, which can be used to calculate the lattice constant. 

Some readers may wonder that the equation (4.3) is not going to fit well to the 

image due to the limitation of the equation. While the intensity of the image can be 

any number larger than 0, the intensity in equation (4.3) can have the value 

between 0 and 1. As mentioned in Figure 4.8, a constant intensity in addition to 

Gaussian function may also exist. Actually, the author first tried a slightly different 

function instead of equation (4.3) which can be written as 

𝐼(𝑥, 𝑦) = 𝑁 ∗ exp [−
(𝑥−𝜇𝑥)2

2𝜎𝑥
2 ] exp [−

(𝑦−𝜇𝑦)
2

2𝜎𝑦
2 ] + 𝐶  (4.4) 

Equation (4.4) is more general than equation (4.3) in that it can deal with the 

intensity larger than 1 by adjusting N and a constant intensity is handled by C. 

However, increase of parameters from 4 to 6 turned out to be computationally too 

costly so the author determined to try a different approach. This approach is 

adapted from the script written by D. R. G Mitchell for Gatan Microscopy Suite 

Software, which can be downloaded for free [136]. In this approach, the image is 

first normalized to 0 and 1 by modifying the intensity of the graph. 

𝐼′(𝑥, 𝑦) =
𝐼(𝑥,𝑦)−𝐼min

𝐼max−𝐼min
    (4.5) 

where 𝐼′(𝑥, 𝑦), Imin, Imax are the modified intensity at (x, y), minimum intensity of 

the image, and maximum intensity of the image. Using this normalization, N and C 

in equation (4.4) became unnecessary and fitting could be done efficiently to 

produce Figure 4.9.  
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Figure 4.10: (a) STEM images of LGO/BLSO interface with image size expressed 

in pixel. 13×13 pixel size rectangular is also shown. (b) Illustration of a local 

maximum for 5×5 pixel region. If yellow pixel has the highest intensity in the 

region, it is defined as a local maximum in the script. 

While deciding the position of one atom can be done by manually setting the fitting 

region, it would be time-consuming to find positions of all atoms in this way. The 

author coded a script for Gatan Microscopy Suite Software to set an appropriate 

fitting region automatically. The algorithm of the script is as follows. Typical 

STEM images of LIGO/BLSO are comprised of 1024×1024 or 512×512 pixels as 

shown in Figure 4.10. The script searches through all the pixels in the image and 

check whether the intensity of each pixel is a local minimum or a local maximum 

depending on the initial setting. In the script, a local maximum is defined to be the 

highest intensity around a certain size of the region where the pixel with a local 

maximum is centered. A size of the region is given from the initial setting. For 

example, a yellow pixel in Figure 4.12 (b) has the local maximum if the intensity 

of the yellow pixel is the highest in the region shown in Figure 4.2 (b). A local 

minimum is defined in the similar way in the script. If the pixel doesn’t have the 

local extremum, the script continues to check the next pixel. If the pixel is turned 

out to be a local extremum, the script operates fitting procedure around the region 

centered on the pixel with a size determined from the initial setting. 13×13 or 
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Figure 4.11: Flow chart of the script finding atom positions. 

 

Figure 4.12: atom positions found from the script in case of LIO/BLSO interface. 

A size of fitting region is shown on the left figure and atom positions found from 

the center of Gaussian function are marked as white dots in the right figure. 

19×19 size turned out to be adequate for the procedure. Actual size of 13×13 is 

shown in Figure 4.10 (a) as a square. A flow chart of the script is described in 

Figure 4.11. 
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Actual code for the fitting procedure is adapted from aforementioned script written 

by D. R. G Mitchell. This script finds x, y, x, y by Monte Carlo method, that is, 

randomly change each parameter and see if changed parameters show better fitting. 

If not, undo the change and randomly change the parameters again. Combining the 

script from D. R. G Mitchell with the code the author wrote to find the fitting 

region, atom positions were obtained to extract lattice constants. 

Figure 4.12 shows the atom positions found by running the script in case of 

LIO/BLSO STEM image. Atoms are expressed in black in this image so local 

minima were searched in the procedure. White dots in the left panel of Figure 4.12 

are founded centers of atoms, which shows that the code works appropriately. 

Repeating same procedure for LIGO/BLSO STEM images, lattice constants near 

the interface were obtained. Figure 4.13 shows the relative lattice constants of 

LIGO obtained from STEM images and s as a function of Ga ratio. Relative 

lattice constants of LIGO are defined to be 

𝑎LIGO−𝑎BLSO

𝑎BLSO
∗ 100    (4.6) 

where aLIGO, aBLSO are average constants of LIGO at 4~5 nm away from the 

interface and average constants of BLSO at 4~5 nm away from the interface. 

Actual lattice constant obtained from STEM images are not used since it depends 

on the direction of the sample. Unlike the behavior of lattice constant measured 

from RSM where both in-plane and out-of-plane lattice constants are almost 

linearly decreased with respect to Ga ratio, in-plane lattice constants of LIGO 

seems to sustain close to that of BLSO up to 42 % Ga ratio then decreases as Ga 

ratio increases. Out-of-plane lattice constants, which are not directly affected by in-

plane strain from BLSO, shows more linear behavior compared with that of in-

plane lattice constants. Lattice constants from RSM and STEM images indicate that 

although the whole films of LIGO on BLSO are relaxed in average sense, a few 

unit cells near the interface might be under the influence of the strain from the 

bottom layers. The strain only near the interface is consistent with the hypothesis 

that strain induces the polarization which is estimated to exist near the interface. 
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Figure 4.13: Lattice constants and conductance change depending on Ga ratio in 

LIGO. 

In Figure 4.13, s at 4~5 unit cells of LIGO and 100 nm of LIGO are also 

compared. The difference between maximum s and s at LIGO 100 nm seems to 

decrease as Ga ratio increases. Considering decrease of s at large LIGO thickness 

can be related to charge screening as illustrated in section 3.6.3, it might be 

explained from the large effectiveness of charge screening when P is small. In 

addition, increase of local collapses of periodic structure, which can have charges, 

might be related to charge screening. 

To sum up, structural properties obtained from RSM and STEM suggest that LIGO 

on BLSO are relaxed on average but a few unit cells of LIGO near the interface 

might be strained depending on Ga ratio to induce interfacial polarization described 

in section 3.6.3. The hypothesis that the strain induces the polarization and leads to 

2DEG formation seems to explain most experiments but there also exist unclear 

aspects in the hypothesis. Figure 4.13 shows that LIGO near the interface are 

strained up to 42 % Ga ratio but s starts to decrease as soon as Ga is introduced in 

LIGO. According to the hypothesis, 42 % LIGO/BLSO interface may have to show 

similar s compared with that of LIO/BLSO interface since the strain seems to 
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persist at 42 % Ga ratio. This inconsistency between the hypothesis and the 

experiment suggests that although the hypothesis manages to explain most of the 

experiments, there can be other effect which can be as important as the strain 

relaxation in a certain circumstance. For example, aforementioned inconsistency 

might be explained by different P value in LGO when the same strain is given. Or 

increase of charged defects originated from misfit dislocations might be related to 

decrease of s as Ga ratio increases. Since varying Ga ratio in LIGO not only 

changes the lattice constant but also other relevant parameters such as P, band gap, 

dielectric constant or possibly defects or crystallinity, such other parameters could 

be related to 2DEG formation besides the strain. However, the strain relaxation 

model seems to offer the most comprehensive picture that explain various 

experiments by one origin and the author thinks this model is at least one of the 

dominant effect relative to 2DEG formation even if there exist other properties that 

could affect 2DEG formation. 

4.4.4 Analysis of structure change in LaInO3/BaSnO3 

         interface from transmission electron microscopy 

Having done the analysis of LIGO/BLSO interface, structural properties of 

LIO/BSO interface was further investigated in more detail. This time, high 

resolution transmission electron microscopy (HR-TEM) measurements were 

performed with an aberration corrected FEI Titan 80-300 operated at 300 kV. 

Specimens for TEM investigations were prepared by tripod polish and Ar ion 

milling at liquid nitrogen temperature using a Gatan PIPS at sequentially reducing 

ion beam energies between 4.0 ~ 0.2 keV. In STEM images of LIO/BLSO interface 

shown in Figure 4.6 or Figure 4.12, the boundary of interface is hard to be 

distinguished due to pseudomorphically grown LIO on BLSO. Moreover, 

difference in atomic number Z between Ba-La and Sn-In is only 1, making a size 

of Ba/La and Sn/In atoms appeared in STEM images look similar. To overcome 

this issue, image simulation is used in addition to performing HR-TEM.  Figure 

4.14 (a) shows the amplitude of an exit wave reconstruction retrieved from a cross-

sectional HRTEM defocus series of the BSO/LIO interface together with an image 
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Figure 4.14: (a) Cross-sectional HRTEM image of the BSO/LIO interface.  The 

inset with the black frame is a HRTEM image simulation.  (b) Magnified view of 

LIO from (a) together with a stick-and-ball-model of the orthorhombic crystal 

structure of LIO indicating the tilt of the oxygen octahedra (violet).  Green, violet 

and red balls represent La, In and O atomic columns, respectively. Tilt angle toop, tip, 

the out-of-plane lattice parameter 2doop, and the intensity of the oxygen atomic 

column of the corresponding octahedra are indicated in the image.  (c) Color coded 

maps evaluated from the region indicated by the white frame in (a), from left to 

right: toop, its modulus |toop|, 2doop, and the intensity of the oxygen atomic column of 

the corresponding octahedra.  (d) Line profiles across the BSO/LIO interface of the 

laterally averaged values of |toop|, |tip|, 2doop, and the intensity of oxygen atomic 

columns. 

simulation (inset with the black frame). Atomic columns appear dark in the image. 

Having a closer look at the intensity of the whole HRTEM pattern and at individual 
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atomic columns reveals that a distinction between BSO and LIO is possible despite 

a small difference in atomic numbers between BSO and LIO. This is confirmed by 

comparing the experimental image with a simulation which reproduced the slightly 

lower intensity as well as the lower overall image contrast in the BSO layer. 

Analyzing the HRTEM pattern shows that the LIO film grows coherently on the 

BSO layer, consistent with the former STEM images. However, the film consists of 

approximately 5~20 nm wide domains which correspond, due to the reduced 

symmetry of the orthorhombic lattice of LIO, to the different 90° rotated variants 

of the pseudocubic unit cell. Only for domains with the orthorhombic c-axis along 

the viewing direction the tilt of oxygen octahedra can be analyzed from the 

HRTEM image because only for these domains the octahedra are tilted along the 

beam direction with the same sense (see Figure 4.14 (b)). In this case oxygen atoms 

at the corners of the octahedra are aligned as straight columns along the electron 

beam direction and their positions and spacing can be measured in the HRTEM 

image. Using this procedure, the in-plane tilt angle of oxygen octahedra (tip), out-

of-plane tilt angle of oxygen octahedra (toop), their respective modulus (|tip| and 

|toop|), the out-of-plane lattice parameter (2doop), and the intensity of oxygen atomic 

columns of the corresponding oxygen octahedra were analyzed. These quantities 

are schematically indicated in Figure 4.14 (b). Two pseudocubic spacings 2doop 

were measured instead of a single pseudocubic spacing because of the 

orthorhombic symmetry of LIO. A single pseudocubic spacing measurement is 

modulated by a checkerboard like modulation of smaller and larger spacings which 

prevents a clear visualization of the present strain. Color coded representations of 

tip, toop, and 2doop, measured in a region across the BSO/LIO interface marked by 

the white frame in the HRTEM image in Figure 4.14 (a), are shown as maps in 

Figure 4.14 (c). Line scans of the laterally averaged values of the aforementioned 

quantities are shown in Figure 4.14 (d). Looking first at the intensity of oxygen 

columns we can clearly identify the LIO/BSO interface from chemistry point of 

view by the abrupt change in intensity. The BSO layer extends from layer 1-8 

along the growth direction in Figure 4.14 (c) and (d), LIO from layer 9-16. For toop, 

the predominant white color in the BSO layer indicates zero tilt of the octahedra 

with a standard deviation of the tilt measurement of 1.0°. In the LIO film adjacent 
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columns of oxygen octahedra, both along the in-plane as well as the out-of-plane 

direction (i.e. the growth direction), are tilted oppositely leading to the overall red-

blue checkerboard pattern in the left map in Figure 4.14 (c). The same behavior 

was found for the tilt angle of the in-plane axis of oxygen octahedra tip. The 

modulus of the out-of-plane tilt angle |toop| is displayed in the second map from left 

in Figure 4.14 (c). In the BSO layer, the modulus of the octahedra tilt does not 

exceed our measurement precision of 1°. On the other side, in the LIO film the 

modulus of the octahedra tilt amounts to a constant value of approximately 5.5°.  

The most interesting observation is the behavior at the interface between the BSO 

layer and the LIO film. The increase of the modulus of the octahedra tilt from BSO 

to LIO occurs gradually over a distance of 3 pseudocubic perovskite layers, as 

shown in red and blue graphs in Figure 4.14 (d). At the same time, for the same 

layers at the BSO/LIO interface that exhibit a suppression of octahedra tilt, it is 

observed that the out-of-plane lattice parameter is increased by more than 1 %, as 

shown in the second map from right in Figure 4.14 (c) and orange graph in (d). 

Since the double pseudocubic lattice spacing was measured as a representation of 

the out-of-plane spacing, the spatial resolution of the strain measurement, i.e. the 

information from where the increased lattice spacing originates from, is limited to 

approximately 2 pseudocubic/perovskite unit cells. Therefore, the accumulated 

displacement was quantified instead of a local strain value. The accumulated 

displacement of the LIO perovskite lattice with respect to that of BSO due to the 

increased lattice parameter at the interface amounts to approximately 0.13 Å . In 

contrast, the pseudocubic lattice parameters of BSO and LIO differ by less than 

0.01 Å (corresponding to ≈ 0.2 % difference). 

Detailed analysis of LIO/BSO interface revealed that oxygen octahedral tilt 

existing in the bulk of LIO is suppressed near the interface over 3 pseudocubic unit 

cells while out-of-plane lattice parameter is increased. Such gradual suppression of 

octahedral tilt has been observed in BiFeO3/(LaSr)MnO3 interface [137], where the 

Fe-O-Fe bond angle was modified over a distance of 10 unit cells by 6° near the 

interface. Similar suppression of octahedral tilt and its polar effect has been 

reported in SrTiO3/LaAlO3 interface [138]. Ferroelectric-like polarizations due to 

the strain across the interface have also been suggested as a possible origin of 
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2DEG in STO/LAO interface [139]. Considering the simulation in section 3.6.2 

and 3.6.3 suggests the polarization near the interface decreases over 4 unit cells of 

LIO, suppression of octahedral tilt may have something to do with the polarization 

like aforementioned systems where octahedral suppression and electrical properties 

are related. In ferroelectric perovskite materials, octahedral rotations are believed 

to be related to ferroelectricity. This is from the observation that large majority of 

perovskites has octahedral rotations but most common ferroelectric perovskites 

such as BaTiO3 and PbTiO3 are lack of such distortions [140]. Several theoretical 

studies also showed that reducing the magnitude of octahedral rotations via tensile 

strain or artificially disabling them induce ferroelectricity in some materials [141-

144]. Therefore, it can be possible that suppression of octahedral tilt by coherent 

epitaxial growth on a cubic lattice creates the interfacial polarization. Besides 

piezoelectricity which is not possible for LIO due to its centrosymmetric structure, 

a property that can couple strain and polarization is flexoelectricity [145]. 

Flexoelectricity is a property that an inhomogeneous deformation polarizes 

materials. Relation between polarization density P and strain gradient u can be 

written as 

𝑃 = 𝜇
𝜕𝑢

𝜕𝑥
    (4.7) 

where  is the flexoelectric coefficient. From the measured change of lattice 

parameters of LIO,  can be estimated from (4.7). Since the displacement of out-

of-plane lattice constant of LIO pseudocubic unit cell is 0.13/2 Å , u near the 

interface can be estimated to be 𝑢 ≈
0.13 2⁄  Å

4.117 Å
≈ 1.6 × 10−2. If u is relaxed over 3 

pseudocubic unit cells of LIO as shown in Figure 4.16, ∂u/∂x will be  
1.6×10−2

3×4.117 Å
≈

1.3 × 105 cm−1. Using average value of P from the simulation in section 3.5.3, the 

flexoelectric coefficient is estimated to be 

𝜇 ≈
𝑃

𝜕𝑢 𝜕𝑥⁄
≈

65 𝜇C cm−2∗
2

4
+25 𝜇C cm−2∗

1

4
+10 𝜇C cm−2∗

1

4

1.3×105 cm−1 ≈ 3.2 × 10−2 𝜇C m−1.  

Measured  for other perovskite ceramics in the paraelectric phase ranges from 

0.5-150 C m-1 [145]. Lower  estimated in case of LIO/BLSO interface indicates 

that particularly large  is not necessary for flexoelectricity to induce 2DEG. 
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So far 2DEG has been created in various semiconductor systems based on various 

approaches. One is based on modulation doping used for SiGe/Si and 

AlGaAs/GaAs. Another approach is based on the difference of spontaneous 

polarization and piezoelectric polarization between two junction materials, which is 

a route for AlGaN/GaN or MgZnO/ZnO. Polar catastrophe model is proposed as 

origin of 2DEG in LAO/STO, which can be viewed as exploiting the difference of 

spontaneous polarization between LAO and STO. To the author’s knowledge, no 

2DEG has been reported to be induced from flexoelectricity, except for possibly 

LIO/BLSO system. If flexoelectricity is the origin of 2DEG formation in 

LIO/BLSO system, it adds one more possible route to create 2DEG. Identification 

of the origin of 2DEG formation may also lead to increase of n2D. For instance, 

manipulation of strain via changing buffer layers under BLSO layer or deposition 

of other perovskite layers on top of LIO layer may affect n2D. Since LIO has nearly 

same pseudocubic lattice constant as that of BSO, effect of tensile or compressive 

strain on LIO is still unclear. Further study of LIO/BLSO may reveal the optimized 

way to manipulate n2D accomplishing high mobility at low temperature, which will 

enable quantum transport measurement of a unique 2DEG state in the future. 
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국문 초록 

BaSnO3는 산화물 반도체 분야에서 가지는 우수한 성질들로 인해 많은 

연구가 진행되고 있다.  BaSnO3의 입방 페로브스카이트 구조는 초전도성,  

강유전성, 거대자기저항 등의 흥미로운 물성을 보이는 다른 

페로브스카이트 산화물 물질과 결합을 용이하게 할 수 있다. BaSnO3의 

다른 특징은 높은 이동도이다. La이 도핑된 BaSnO3 단결정의 경우 320 

cm2 V-1 s-1 의 이동도를 가지는 것으로 보고되었으며, 박막의 경우 

어긋나기에 의한 산란이 이동도를 제한함에도 불구하고 150 cm2 V-1 s-1의 

이동도를 갖는 박막이 보고된 바 있다. 추가로 높은 산소 안정성은 

BaSnO3의 소자 응용시 안정성을 보장해준다.  언급된 바와 같은 BaSnO3의 

우수한 특징을 활용하여 La이 도핑된 BaSnO3 채널을 기반으로 비결정성 

게이트 유전체를 이용한 장효과 트랜지스터가 보고된 바 있다. 

이 학위 논문에서는 BaSnO3와 다른 페로브스카이트 산화물의 이질구조에 

대해 연구하였다. La이 도핑된 BaSnO3 위에 BaHfO3와 LaInO3을 증착하여 

장효과 트랜지스터의 유전체로 사용하였다. 엑스선 회절 측정을 통해 

BaHfO3와 LaInO3 모두 켜쌓기 성장했음을 확인했다. BaHfO3와 LaInO3의 

역격자 공간 사상은 BaSnO3 박막 위에서 BaHfO3와 LaInO3가 압축성 

변형을 받고 있음을 보여줬다. BaHfO3/BaSnO3 트랜지스터와 

LaInO3/BaSnO3 트랜지스터 모두 La이 조금 도핑된 BaSnO3 채널이 

사용되었을 때 전형적인 엔형 장효과 트랜지스터의 모습을 보였다. 두 소자 

모두 매우 좋은 소자 특성을 보여줬다. 장효과 이동도의 경우 

BaHfO3/BaSnO3 트랜지스터가 52.7 cm2 V-1 s-1로 측정되었고 

LaInO3/BaSnO3 트랜지스터가 90 cm2 V-1 s-1로 측정되었다. 전류의 on/off 

비율은 두 소자에서 모두 107 이상으로 측정되었다. 문턱전압 이하 스윙은 

BaHfO3/BaSnO3 트랜지스터와 LaInO3/BaSnO3 트랜지스터에 대해 각각 
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0.80 V dec-1 와 0.65 V dec-1로 측정되었다. Al2O3/SrTiO3, Al2O3/KTaO3, 

LaAlO3/SrTiO3 트랜지스터 등 다른 페로브스카이트 기반의 장효과 

트랜지스터와 비교했을 때, BaHfO3/BaSnO3 트랜지스터와 LaInO3/BaSnO3 

트랜지스터는 훨씬 좋은 장효과 이동도를 보유하고 있다.  

장효과 트랜지스터에서 사용된 LaInO3/Ba1-xLaxSnO3 계면이 더 자세히 

연구되었다. LaInO3/BaSnO3 트랜지스터의 제작 중 LaInO3를 증착했을 때 

채널의 전기전도율이 대략 103배 증가하는 것이 관찰되었다. 이 

전기전도율 증가현상의 원인을 파악하기 위해 일련의 실험을 수행하였다. 

첫번째로 산소 빈자리나 LaInO3에서 BaSnO3로 La의 확산이 주는 영향을 

조사하였다. LaGaO3와 La이 0.3 % 도핑된 BaSnO3의 계면은 계면 

형성으로 인한 전기전도율의 증가를 보여주지 않았다. 이로 볼 때 산소 

빈자리나 La의 확산은 전기전도율 증가의 원인으로 가능하지 않다고 

판별하였다. 다음으로 무극성 페로브스카이트 산화물인 BaHfO3와 

SrZrO3를 La이 도핑된 BaSnO3에 증착했을 때 변화를 관찰하였다. 무극성 

페로브스카이트 산화물의 증착은 전기전도율을 유의미하게 변화시키지 

않았고, 이로 볼 때 LaInO3가 가지고 있는 극성 성질이 전기전도율 증가와 

관련이 있을 것으로 추정하였다. 전기전도율 증가의 특성을 더 자세히 

이해하기 위해 LaInO3와 La이 도핑된 BaSnO3의 계면에서 전기전도율 

변화를 BaSnO3의 La 농도, 박막이 증착되는 기판, LaInO3의 두께를 

변화시키면서 측정하였다. 실험결과를 기반으로 실험결과를 적절히 설명할 

수 있는 가설을 찾기 위해 일차원 푸아송-슈뢰딩거 방정식 시뮬레이션을 

수행하였다. BaSnO3에 존재하는 전자 덫에 대한 적절한 모형, 계면 근처에 

있는 LaInO3의 편극, 전하가림 효과의 반영을 시뮬레이션에 적용하면 

실험결과와 부합되는 이차원 전하 밀도를 얻을 수 있었다.  

덩어리 LaInO3의 경우 강유전성, 압전성과 같은 편극과 관련된 일반적이지 

않은 성질을 가진 것으로 보고된 적이 없기 때문에, LaInO3 박막의 구조 

변화가 계면 근처의 편극과 관련이 있는지 조사하기 위해 La이 도핑된 
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BaSnO3에 증착된 LaIn1-xGaxO3의 구조적 특징을 측정하였다. LaGaO3는 

LaInO3에 비해 현저히 작은 격자 상수를 가지고 있으므로, Ga 비율이 클 

경우 La이 도핑된 BaSnO3에서 받는 당김 변형이 LaIn1-xGaxO3의 구조에 

큰 영향을 줄 수 있다. LaIn1-xGaxO3을 역격자 공간 사상과 투과 전자 

현미경법으로 측정한 결과 LaIn1-xGaxO3가 La이 도핑된 BaSnO3 위에 

켜쌓기 성장하였다. 역격자 공간 사상은 LaIn1-xGaxO3이 평균적으로 변형 

풀림된 상태로 성장하였음을 나타냈지만, 투과 전자 현미경 사진은 계면 

근처의 LaIn1-xGaxO3가 특정 Ga 비율 이하에서 유사동형으로 성장했음을 

보여주었다. LaInO3/BaSnO3의 경우 계면에서 멀어짐에 따라 변형이 

풀리는 현상을 좀 더 자세히 조사하였다. 투과 전자 현미경 사진을 분석한 

결과 계면 근처에서 LaInO3의 팔면체 회전이 억제되었고 계면과 수직한 

방향의 LaInO3 격자 상수가 계면 근처에서 증가하는 것이 확인되었다. 

이러한 계면 근처에서 LaInO3 구조의 변화는 시뮬레이션에서 계면 근처 

LaInO3의 편극이 필요했다는 것을 고려했을 때 전기전도율의 증가와 

관련이 있을 수 있다.   

Keywords : BaSnO3, 투명 전도성 산화물, 투명 산화물 반도체, 

페로브스카이트 산화물, 이차원 전자 가스, 극성 계면, 휨유전성, 산화물 
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