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Abstract
Transparent conducting oxides (TCOs) and transparent oxide semiconductors (TOSs)
have become necessary materials for a variety of applications in the information and energy
technologies, ranging from transparent electrodes to active electronics components.
Perovskite barium stannate (BaSnO3), a new TCO or TOS system, is a potential platform
for realizing optoelectronic devices and observing novel electronic quantum states due to its
high electron mobility, stable electrical properties, high transparency, structural versatility,
and flexible doping controllability. Recently, we discovered that La doped BaSnO3 (BLSO)
single crystals exhibited the highest electron mobility of 320 cm2V1s1 at electron carrier
density of ~1020 cm3 among perovskite oxides and stable electrical properties at high
temperatures. However, most BLSO films grown on the SrTiO3(001) substrates have shown
much lower electron mobility (1070 cm2V1s1) due to the large lattice mismatch between
the films and the substrates. While there is great potential to increase electron mobility in
doped BaSnO3 films by defect minimization, heterostructure engineering provides another
promising route for achieving a metallic state at the interface between the BaSnO 3(001)
substrates and the insulating perovskite oxide layers.

Finding a suitable substrate to grow BLSO thin films has been one of major challenges.
An ideal substrate would be the insulating BaSO3 single crystal itself, as its lattice constant
matches well with those of BLSO within 0.08%. Chapter three of this dissertation discusses
the growth of insulating BaSnO3(001) single crystals as a substrate. The insulating
BaSnO3(001) substrates were grown by the Cu2O-CuO flux, in which the molar fraction of
KClO4 was systematically increased to reduce electron carrier density and thus induce a
doping induced metal-insulator transition, exhibiting a resistivity increase from ~10 3 to
~1012 Ω cm at room temperature. By optical transmission measurement in the mid-IR to

UV light range, we observe that the crystals grown with KClO4 show significantly less freecarrier absorption. Through Raman spectroscopy, we remark that the oxygen vacant
BaSnO3 crystals show first-order Raman scattering peaks at 138 cm1 and 250 cm1, which
indicates it is locally distorted even though the X-ray diffraction patterns show a cubic
perovskite structure.

Chapter four introduces the enhanced electron mobility in epitaxial BLSO films grown
on BaSnO3(001) substrates. We find that all the degenerate BLSO films turn out to be
epitaxial, showing good in-plane lattice matching with the substrate as confirmed by X-ray
reciprocal space mappings and transmission electron microscopy studies. The BLSO films
show degenerate semiconducting behavior, and the μ at room temperature reached 100 and
85 cm2V1s1 at doping levels 1.3×1020 and 6.8×1019 cm3, respectively. We also show that
a field-effect transistor with the homo-epitaxial BaSnO3 film as an active channel exhibits
an on/off ratio of 1.2 × 106 and a high field-effect mobility of 48.7 cm2V1s1, being
comparable to those of the well-known binary oxides and superior to those of the other
perovskite materials. This work demonstrates that thin perovskite stannate films of high
quality can be grown on the BaSnO3 (001) substrates for potential applications in
transparent electronic devices.

Chapter five discusses the oxygen diffusion phenomena in a BLSO thin film on
SrTiO3(001) substrate by measurements of time-dependent Hall effect at high temperatures
around 500 oC under different gas atmosphere. Under the Ar (O2) atmosphere, electron
carrier density and electrical conductivity are increased (decreased) while electron mobility
is slightly reduced (enhanced). This observation supports that although both electron carrier
density and electron mobility are affected by the oxygen diffusion process, the change of
electron carrier density is a major factor of determining electrical conductivity in the BLSO

ii

films. Detailed analyses of the time-dependent electron carrier density exhibit fast and slow
dynamics that possibly correspond to the oxygen exchange reaction at the surface and
oxygen diffusion into the BLSO grains, respectively. Fitting the time-dependence of
electron carrier density reveals that the chemical diffusion coefficient of oxygen in the
BLSO grains becomes ~1016 cm2s1. This coefficient marks the lowest value among
perovskite oxides around 500 oC, directly proving stable electrical properties of BLSO.
These results support that the donor-doped BaSnO3 system could be useful for realizing
transparent semiconductor devices at high temperatures.

Chapter six introduces the realization of atomically flat terraces with nearly single
SnO2 layer-termination on the BaSnO3(001) substrate with lateral dimension about 3  3
mm2 by deionized water leaching and thermal annealing. The surface topography shows the
evolution of the surface from chemically mixed termination to atomically flat single
terminated surfaces with step-terrace structures of one unit cell step height of ~4.116 Å .
The influence of out-of-plane and in-plane miscut angles on the surface, i.e., step bunching
and kinked steps, is described. The single-terminated BaSnO3δ(001) substrate has been
studied by X-ray photoemission spectroscopy. From the Ba3d5/2 and Sn3d5/2 signals with its
angle dependence, we confirmed that the topmost atomic layer of BaSnO 3δ(001) surface
mostly consists of SnO2 rather than BaO and that deoxidized Ba sources exist on the
surface of BaSnO3δ(001) substrates. These observations facilitate the preparation of
atomically aligned BaSnO3(001) substrates, which opens doors for realization of twodimensional electron gases at the interface between BaSnO3(001) and other oxides.

Chapter seven discusses the pathways to achieve two-dimensional electron gases at the
interface between BaSnO3 and other perovskite oxides. Theoretical predictions for twodimensional electron gases (2DEGs) at the heterojunction of BaSnO3 with KTaO3, LaAlO3,

KNbO3, LaAlO3, SrTiO3, CaSnO3, SrSnO3, SrHfO3, SrZrO3, and LaInO3 are introduced.
Experimental efforts on 2DEGs in BaSnO3 are presented and remaining challenges for
observing novel quantum phenomena at the heterointerface between BaSnO3 and candidate
barrier materials are described. By employing modulation or polar discontinuity doping on
the SnO2-terminated BaSnO3(001) substrates, superconductivity or quantum Hall effects in
the BaSnO3 system at ambient temperature may well be discovered.

Keyword : BaSnO3, single crystal growth, thin film growth, high mobility, thermal
stability, perovskite, heterostructure
Student Number : 2012-30900
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Chapter 1
1.1

Introduction

Transparent conducing oxides and transparent
oxide semiconductors

Transparent conducting oxides (TCOs) or transparent oxide semiconductors (TOSs)
often refer to the materials having simultaneously electrical conductivity (~108  103
Scm1) and high optical transmission (≥ 80 %). The combination of the two important
features makes TCOs or TOSs key materials for the passive or active components in
various modern optoelectronic or electronic devices (1-5). For example, transparent
electrical leads, pn junctions, and field-effect transistors have been heavily used in liquid
crystal displays (6), organic light-emitting diodes (7), solar cells (8), light-emitting diodes
(9), and gas sensors (10) etc. (11) (Fig 1.1). Moreover, there exist increasing demands for
the new TCOs or TOSs for next generation devices related to the information and energy
technologies.
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Figure 1.1 Varieties of industrial applications employing transparent conducting oxides &
transparent oxide semiconductors. A central photograph and its expanded view represent
the transparent (In,Sn)2O3 film on the glass substrate and (Ba,La)SnO3 film on the
BaSnO3(001) substrate. Image of transparent-flexible electronics adapted from Reference
(6). Images of LCD and OLED, touch panels, transparent displays, and virtual reality in
panel a from https://news.samsung.com/global.
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Table 1.1 electrical properties of prototypical n-type TCOs at 300 K in a degenerate regime
(high carrier concentrations above 1018 cm3)

In2O3

Crystal structure

Bixbyite

SnO2

ZnO

CdO

β-Ga2O3

aInGaZnO4

SrTiO3
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Indirect

Direct

Direct

Direct

Direct
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3
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3
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4
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3
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Film
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(12)
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Film
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Electron
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3

Maximum Hall
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2
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19

1.0 × 10
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4.0 × 10
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-

6.8 × 10
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8.0 × 10

1.0 × 10

19
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3
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(15)
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9
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(27,
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(29, 30)

(31, 32)

(33, 34)

(35, 36)

(37-39)

(25, 40)

1.9 × 10
2

5.1 × 10

3

a) Cation interstitial

b) Non-degenerate semiconductor regime

The majority of known TCOs or TOSs are n-type semiconductors in which oxygen
vacancies (VO), ionized donor substitutions, and cation interstitials usually donate electrons
to the conduction band, providing electron carriers for the flow of electric current (41). The
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most archetypal n-type TCO is the Sn-doped In2O3 (ITO), which has been heavily used by
more than six decades in industries and academies as passive transparent electrical leads
(26). Other n-type TCOs include the F-doped SnO2 (28), Al-doped ZnO (29), and so on
(12-25, 42, 43). These well-known n-type TCOs have typically electron carrier
concentrations (n) from 1018 to 1021 cm3 and electron mobility (μ) from 10 to 100
cm2V1s1, depending on the material qualities and growth conditions. These rather large
mobility values are coined to the characteristic electronic structure of the n-type TCOs, in
which the conduction band is mostly composed of spatially delocalized, metallic s orbitals
to result in large dispersion and low electron effective mass. Such a characteristic condition
is fulfilled in oxide materials with the cations having the closed-shell configuration of 4s0
or 5s0 ; In(III), Sn(IV), Zn(II), Cd(II), or Ga(III) (44, 45). For example, Fig. 1.2(a) shows
the electronic band structure for In2O3 with a dispersive conduction band composed of
mainly In 5s states (46). The large dispersion and small effective mass is thus a necessary
condition to achieve a high electrical mobility in a given material system.

Figure 1.2 Band structures of In2O3 and BaSnO3, respectively. adapted with permission
from Reference (46) and Reference (40).
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However, many known TCOs or TOSs still have their own limitations so that there
have existed active scientific searches for finding alternative materials, which could
potentially exhibit better physical properties. First, the overwhelming demands for ITO as
transparent electrodes, coupled with the low natural abundance of indium, have made
indium an increasingly expensive commodity, which has led to a large research drive to
search for an alternative material (47). Second, for the long-term reliability of oxide
electronic devices particularly operating in air, electrical stability of TCOs is crucial for
overcoming interface degradation problems frequently observed in the oxide pn junctions
and transistors. For example, the resistance of ZnO films at room temperature changed by
104 times after heat treatment at 400 oC for 2 hour (48). Such unstable electrical properties
probably stem from the unstable properties of oxygen at high temperatures, which can also
cause various unstable phenomena such as persistent current in the channel after photon
irradiation and unstable p-type properties (49, 50). Thus, the realization of stable p-type
TCOs remains as one of major challenges in oxide electronics (51). Third, the high carrier
mobility is one of important ingredients for developing fast logic devices because it
fundamentally limits the operation speed across the device (52, 53). Finally, controlling and
minimizing the density of defects or dislocations become also important for realizing highly
efficient devices based on TCOs or TOSs.

The materials with the perovskite structure have exhibited a plethora of interesting
physical properties, such as large photovoltaic effects (54, 55), superconductivity (56-58),
colossal magnetoresistance (59), ferroelectricity (60, 61), and multiferroicity (62, 63), etc.
Extensive researches have been performed to utilize such versatile physical properties in
the form of a single layered thin film and their heterostructures (64, 65). There have also
been growing interests toward new perovskite TCOs, in which carrier doping and structural
modification can be more flexible than those conventional ones made of binary oxides.
Most studied perovskite oxides in this context are doped SrTiO 3 and KTaO3, in which μ
5

Introduction


soars up to 32,667 cm2V1s1 for SrTiO3 and 23,000 cm2V1s1 for KTaO3 at temperatures

~2 K (17, 66). This large μ was achieved by the high dielectric constants (εSTO = ~20,000
and εKTO = ~4,500) at low temperatures, which helps reduce the ionic dopant scattering due
to high dielectric screening. However, these perovskite oxides generally showed much
lower μ (~1 ̶ 30 cm2V1s1) (66, 67) than those doped binary oxides at room temperature,
which has hindered practical device applications.

1.2

Transparent perovskite barium stannate : BaSnO3
The alkaline-earth stannates with the chemical formula ASnO3 (A = Ca, Sr, or Ba) are

another perovskite oxides that have brought recent attentions. With systematic increase of
the A-site effective ionic radius (rA) from Ca2+ (100 pm) to Sr2+ (118 pm) to Ba2+ (135 pm)
(68), the structure changes from the distorted perovskite structure with Pnma (CaSnO3 and
__

SrSnO3) to Pm3 m (BaSnO3) (69) (Fig 1.3(b)). At the same time, their Goldschmidt
tolerance factor defined by (rA + rO)/2(rB + rO) systemically increases from 0.927 to 0.961
to 1.018 with systematic reduction of the optical band gap (Eg) from 4.4 eV to 4.0 eV to 3.0
eV, respectively (70, 71). Although many novel physical properties await further attentions
toward this series of ASnO3, the author mainly focuses on BaSnO3 in the dissertation.
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Figure 1.3 Crystal structures of (a) BaSnO3 and (b) SrSnO3 having the cubic and the
orthorhombic perovskites, respectively.

The BaSnO3 is a transparent, wide-band-gap semiconductor with the Eg = ~3.1 eV and
forms a structure close to the ideal cubic perovskite (71). Its structure is characterized as a
three-dimensional framework of corner-sharing SnO6 octahedra, in which the Sn-O-Sn
bonding angle is close to 180 ◦ and thus the tolerance factor is close to 1 (Fig 1.3(a)). This
bonding feature allows one to achieve enhanced electron hopping between neighboring Sn
sites, constituting a physical origin for resulting in the conduction band with large
dispersion. Figure 1.2(b) presents the electronic band structure of BaSnO3 as calculated by
density functional theory (DFT) calculations with local density approximation (LDA)
functional, exhibiting considerably dispersive conduction band, mainly composed of Sn 5s
states (40). Similar band calculation results can also be found from the earlier works by
Singh et al. in 1991 (72) and Mizoguchi et al. in 2004 (71). It is worth noting that such
large dispersion and wide band gap is a common property of both BaSnO 3 and In2O3
although they have completely different crystal structures and electronic states in the
conduction band. Accordingly, Mizoguchi et al. firstly pointed out that BaSnO 3 with large
dispersion could be potentially a good TCOs (71). However, the formerly reported μ in the
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thin films and poly-crystals of electron-doped BaSnO3 was relatively low, being less than 1
cm2V1s1, and the conductivity reached 250 Scm1 at most (73-75). It is likely that those
earlier specimens were subjects to severe extra-scattering, possibly from off stoichiometry,
poor crystallinity, or grain boundaries. Therefore, the growth of high quality single crystals
of doped BaSnO3 has been highly demanding to understand their intrinsic physical
properties.

With motivations of searching for an alternative TCOs and finding out intrinsic
physical properties of the doped BaSnO3, we have undertaken systematic efforts of growing
single crystals and high quality thin films of BaSnO3, (Ba,La)SnO3 (BLSO), and
Ba(Sn,Sb)O3 (BSSO) since 2009. With these efforts, we have discovered that BLSO single
crystals produced unusually high μ up to 320 cm2V1s1 at room temperature and optical
transparency with enhanced Eg (≥ 3.1 eV) (25, 40). At room temperature, the value of μ =
320 cm2V1s1 was the highest among the perovskite oxides in a degenerate semiconductor
regime. Moreover, we found stable electrical properties of BLSO, i.e., less than 2 %
changes of conductivity under air atmosphere at high temperatures of 530 oC (25).
Therefore, the doped BaSnO3 system can potentially overcome the problems caused by the
thermal instability of oxygen in the oxide electronic devices (76). More importantly, the
new perovskite stannates with both high μ and stable electrical properties could be
combined with other perovskite materials with diverse physical properties, and thus realize
“all-perovskite” oxide electronic devices having exotic physical properties of constituent
materials or having unexpected novel quantum phenomena at the hetero-interface at
ambient temperatures. In the following Chapter 2, the author will introduce the effort to
growth high crystalline insulating BaSnO3(001) substrates by use of flux methods with
additive chemical of KClO4.
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Chapter 2
2.1

Experimental methods

Single crystal growth of insulating BaSnO3

Polycrystalline BaSnO3 powders were first synthesized and was used as the seed
material for BaSnO3 single crystal growth. High purity BaCO3 and SnO2 powders were
weighed in stoichiometric ratio. The mixture of powders was finely ground and pressed into
a pellet. The first calcination was done at 1250 °C for 8 hours and after an intermediate
grinding, the pellet was sintered at 1350 °C for 20 hours. X-ray diffraction patterns
indicated that the polycrystalline sample is a single phase BaSnO3. For the growth of single
crystals, polycrystalline BaSnO3 powders and a mixture of CuO and Cu2O flux with an
additional compound KClO4 were put into a Pt crucible with a molar ratio of BaSnO 3 :
CuO : Cu2O : KClO4 = 1 : 22.4 : 27.6 : y (0.0  y  3.0). It was fired in air up to 1230 °C
and then slowly cooled to 1070 °C. We could grow highly insulating BaSnO3 single
crystals by using mixed CuO and Cu2O powders as a main flux with a molar ratio of
CuO:Cu2O = 39:61. In the given molar ratio, the CuO+Cu2O flux forms an eutectic melting
point at 1090 oC (77), which is lower than the melting temperature of Cu2O flux only (1230
o

C) by 140 oC. Hence, the temperature window of the crystal growth has been widened,

possibly explaining why crystal sizes have increased overall (~3 × 3 mm2). We also found
that the best molar ratio of (CuO+Cu2O) : BaSnO3 for growing single crystals is ~50 : 1.
KClO4 has been used before as an oxidizer during the solid state synthesis under high
pressure (78, 79). It was thus expected that KClO4 could either provide additional oxygen
to reduce VO or potassium ions (K+) as acceptors to compensate the n-type carriers by VO in
the BaSnO3 crystals. Based on this motivation, the molar ratio of KClO4 was systematically
varied to determine the optimal condition for obtaining the most insulating transport
properties; the best molar ratio of BaSnO3 : CuO +Cu2O : KClO4 turned out to be 1 : 50 : 2.
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The EPMA study on BaSnO3 crystals revealed that they contained detectable amount of K
impurities (~1.4 × 1019 cm-3) (80), indicating that electron carriers were partially reduced by
compensation of hole carriers from K.

Figure 2.1 The growth of insulating BaSnO3 single crystals.

2.2

Preparation for terrace-structure of BaSnO3(001)
substrates
Grown BaSnO3 and BaSnO3δ single crystals were chemically- and mechanically-

polished to have an atomically flat surface along the c-plane by using a polishing machine
(Allied High Tech Products, Inc.) in company with polishing cloths and colloidal silica
suspensions. We investigated out-of-plane miscut angle by measuring the ω-scan (ϕ scan)
of the (002) peaks using X-ray diffractometer (Empyrean, PANalytical). The polished
BaSnO3(001) and BaSnO3δ(001) substrates were cleaned by using micro-organic soap,
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acetone, ethanol, and isopropanol. The cleaned substrates were agitated in deionized water
for 10 sec. Thermal annealing was carried out in a resistive heating furnace using an
alumina tube at temperatures between 1000 and 1300 oC for a duration of 5-100 min in 1
atm O2 flow of 10 ml/min. The heating rate used was 600 oC/h. At the end of the heating
period, the substrate was cooled to room temperature at a rate of 600 oC/h in the furnace.
Surface morphology was studied by atomic force microscopy (AFM) (NX10, Park
Systems) in ambient atmosphere at room temperature after the substrate was taken out from
the tube furnace. In order to examine the surface termination, angle-dependent X-ray
photoelectron spectroscopy (XPS) was performed using Al-K (1486.7 eV). As electron
doping of the substrates was necessary for preventing the charging effects in the XPS
measurements, conducting BaSnO3δ(001) substrates were measured.

2.3

Thin film growth of doped BaSnO3 by pulsed laser
deposition

BLSO thin films (90 nm) were deposited by pulsed laser deposition with a KrF
excimer laser ( = 248 nm) with a laser fluence of ~1.0 Jcm2, using BLSO (x =0.00, 0.005,
0.01, 0.02, and 0.04) targets. Figure 2.2 shows our pulsed laser deposition setup since early
2014. Insulating BaSnO3(001) substrates grown with KClO4 (y=2.0) were used and the
deposition was made in an O2 pressure of 100 mTorr at 790 °C.
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Figure 2.2 Pulsed laser deposition setup since early 2014.

2.4

Measurements of structural properties
We investigated structural properties of BaSnO3 crystals and BLSO/BaSnO3(001)

films using high-power X-ray diffractometers (Empyrean, PANalytical and AXS D8,
Bruker). The former was used for θ‒2θ scans and rocking curves (ω-scans), while the latter
was used for rocking curves and reciprocal space mapping (RSM). We confirmed that the
rocking curves obtained from the Empyrean in a channel-reducing mode provide the same
results from the AXS D8 in an open detector mode. To estimate actual La-doping levels in
the grown film, we performed electron-probe microanalysis (EPMA) with spatial resolution
of several micrometers. Surface morphology was studied by atomic force microscopy
(AFM) (NX10, Park Systems). Transmission electron microscopy (TEM) (JEM-3000F,
JEOL) experiment was performed for investigation of local structural properties of
BLSO/BaSnO3(001).
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2.5

Measurements of electrical properties

Electric transport properties of BaSnO3 single crystals were measured in a closedcycle cryostat (Displex, Sumitomo Heavy Industries), in the temperature region of 10–300
K. For the highly insulating samples, the resistance was measured by a two-probe scheme
while the rest were measured by a four-probe scheme. To measure the AC Hall effect
measurement, the single crystals were cut and polished into a thin rectangular bar. The
measurement was done in a physical property measurement system (PPMSTM Quantum
Design) by applying a magnetic field up to 9 T. To measure the Hall effects of BLSO thin
films at room temperature, we employed the Van der Pauw method in a magnetic field of
5200 Gauss. Temperature-dependent Hall effect of BLSO/BaSnO3(001) films was
measured by the conventional five-wire configuration from 2 to 300 K in a magnetic field
up to 9 T in a physical property measurement system (PPMS TM, Quantum Design). For the
electrodes, we deposited Sn-doped In2O3 (10% Sn) films in an O2 pressure of 10 mTorr at
300 °C using the PLD technique with a metal shadow mask.

2.6

Thin-film field-effect transistors

After depositing a BaSnO3 film (90 nm) on a BaSnO3(001) substrate by the PLD
technique as an active channel, we defined the source and drain electrodes using the metal
shadow mask. The Sn-doped In2O3 (10% Sn) films were deposited with a thickness of 20 –
30 nm to be used as the source and the drain electrodes by the PLD in an O 2 pressure of 10
mTorr at 300 °C, and Ti and Au layers were deposited by the thermal evaporator at room
temperature. Subsequently, we deposited an amorphous Al 2O3 (a-Al2O3) layer (50 nm
thick) as a gate insulator using the atomic layer deposition system (D150, Lucida). The aAl2O3 was deposited under the 50 sccm N2 flow at 220 °C with TMA (trimethylaluminum)
and H2O sources. r of a-Al2O3 films was measured at ~8, which is comparable to the
13

Experimental methods


reported values. For the gate electrode, we used the Au layer (50 nm) deposited by the
thermal evaporator with a metal shadow mask. I-V measurements were performed on a
probe station using a semiconductor parameter analyzer (KE4200, Keithley instruments) at
room temperature. The channel length (L) and gate width (W) were 150 (50) μm and 440
(200) μm, respectively, corresponding to a width-to-length ratio of 1 : 0.34 (0.25). Since
many of reported L/W values in the demonstration of transistors were within 0.2 – 0.5, we
thus tried to put the L/W value within this limit. We have indeed tried to change L/W values
within 0.2 – 0.5 (at least 20 devices) to find more or less the same FET characteristics but
the selected ones showed the best performance in terms of FE.

2.7

Measurements of Hall effect at high temperatures
A four-probe measurement with Au contacts on SrTiO3(001) substrate was also

performed at 565 oC under O2 and Ar atmosphere to check whether electrical conductivity σ
relaxation of the BLSO film is related to that of the SrTiO3(001) substrate or not. The
author has set up for the Hall effect measurements at high temperatures, in which a small
tube furnace combined with an electrical measurement probe and a gas flowing system is
inserted between the magnetic pole of an electromagnet (V-3900, Varian). The Hall effect
experiments could be carried out continuously at constant temperatures of 470 and 530 oC
for more than 16 hours under the same O2 or Ar atmosphere. Before the Hall effect
measurements, the BLSO film was annealed under O2 or Ar atmosphere for 16 hours to get
an equilibrium state. The five-wire configuration was employed in a magnetic field (H) up
to 0.45 T. The maximum time for sweeping H from -0.45 to 0.45 T took about 7 min.
Therefore, the Hall data could be obtained reliably only when the effect of H on the
longitudinal (Vxx) and transverse (Vxy) electrical resistivity is much larger than that of
different gas environments during the 7 min. It was also important to minimize the extrinsic
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sources of causing the time-dependent variation during the Hall effect measurements, for
example, temperature stability of the furnace. After starting a new gas environment, Vxx of
the BLSO film during the 7 min showed a rather large change of 0.5-1.5 % before 1 hour,
making it difficult to get reliable Hall data. On the other hand, Vxx variation during the 7
min became less than ~0.1% after 1 hour, from which reliable Hall data could be obtained.

Figure 2.3 Schematic drawings of the experimental set-up for the Hall effect measurements,
in which a tube furnace having an electrical measurement probe and a gas flowing system
inside is inserted between the gap of an electromagnet. (b) The field-dependent ρxx (open
triangles) and ρxy (open circles) of the BLSO film at 530 oC under O2 atmosphere. The inset
shows the prepared BLSO film with electrodes.

Figures 2.3(a) and (b) shows an example of Vxx and Vxy of the BLSO film at 530 oC
under O2 atmosphere. Transverse voltages (Vxy) measured at a positive H are subtracted
from those at a negative H to determine Vxy while longitudinal voltages (Vxx) are added to
extract the Vxx accurately. We note that after the gas exchange, the time lag for observing
the σ change was usually close to or less than 3 min in our experiments. We thus expect that
the time for changing gas atmosphere in the vicinity of the sample should be approximately
3 min.
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Chapter 3 Properties of insulating BaSnO3(001)
single crystals
3.1

Overview

It was recently found that La-doped BaSnO3 with the cubic perovskite structure,
(Ba,La)SnO3 (BLSO) single crystals, becomes n-type TOSs and TCOs with high  (320
cm2V1s1) (25, 40), wide band gap (> 3.1 eV), and excellent thermal stability (25, 76). One
of next necessary steps for applications is to grow high-quality thin films that exhibit high 
as in the single crystals even in a low doping regime. Until recently, most of reported
BLSO films were grown on SrTiO3(001) substrates (BLSO/SrTiO3), of which lattice
constant (~3.905 Å ) has a large mismatch of +5.40 % with that of BaSnO3(001) (~4.116 Å ).
As a result, lots of threading dislocations were found to exist in BLSO/SrTiO 3 (40) (81).
Naturally, the  value was limited to ~40 – 60 cm2V1s1 at high carrier concentrations (n)
(> 2 × 1020 cm3) and was smaller than 30 cm2V1s1 in a low n regime (< 7 × 1019 cm3).
This is in sharp contrast with the behavior of single crystals exhibiting a nearly carrierindependent  of ~300 cm2V1s1 (40).

Finding a suitable substrate to grow BLSO thin films remains as one of major
challenges. An ideal substrate would be the insulating BaSnO3 single crystal itself, as its
lattice constant matches well with those of BLSO within 0.08 % (82). However, it was
found that BaSnO3 single crystals grown by the Cu2O flux usually became oxygen deficient
to produce n-type carriers of ~1019 cm3 (82). Moreover, the crystals grown by the PbObased flux contained considerable amount of Pb impurities to reduce intrinsic mobilitiy (83).
Alternative efforts to grow BaSnO3 single crystals with an optical mirror furnace have so
far failed due to high evaporation and decomposition of constituent elements.
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In this chapter, the author will introduce the successful growth of highly insulating
BaSnO3 single crystals with lateral areas close to ~3 × 3 mm2. In addition, the author will
show the evidences of the reduced free carriers in BaSnO 3 single crystals based on the
optical transmittance, Raman shifts, and Hall effsects. Also, the possible mechanisms of the
free carrier reduction will be described.

3.2

Structural properties
Figure 3.1 shows the BaSnO3 single crystals grown in variation of KClO4 molar ratio

(BaSnO3 : CuO+Cu2O : KClO4 = 1 : 50 : y, y = 0, 0.5, 0.6, 1.0, 1.5, 2.0, and 3.0). It was
clearly seen that the color of BaSnO3 single crystals became more transparent by putting
more KClO4. The x-ray powder diffraction clearly indicated that BaSnO3 single crystals
had a single phase of the cubic perovskite structure without detectable impurity phases
regardless of the presence of KClO4 in the flux as shown in Fig. 3.2(a). By executing
Rietveld refinement on the acquired data, the lattice constants were extracted to be
identically a = b = c = 4.116 Å .

Figure 3.1 The photograph of the grown crystals with a different y (0.0 – 3.0) in the flux.
Although the crystals are mostly transparent, its color at the surface systematically changed
from bluish to yellowish tone with the increase of the y.
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X-ray θ‒2θ scan on the flat surface of the grown BaSnO3(y=2.0) exhibited only (00l)
peaks with the out-of-plane lattice constant (c) of ~4.116 Å , confirming good alignment of
the {001} plane (Fig. 3.2(b)). The inset of Fig. 3.2(b) shows the rocking curve measured at
the 2θ angle of (002) Bragg peak of BaSnO3(y=2.0). Upon fitting with the pseudo-Voigt
function, quite a small, full-width-at-half-maximum (FWHM) of 0.022° was obtained,
proving high degree of crystallinity.

Figure 3.2 (a) X-ray θ-2θ scan results of ground powders of BaSnO 3 (y=0.0, 0.5, 1.0, 2.0,
and 3.0) single crystals grown by the flux method, which uses a mixture of cupric oxides
and KClO4 as a flux with a molar ratio of BaSnO3 : CuO : Cu2O : KClO4 is 1 : 22.4 : 27.6 :
y (0.0  y  3.0). (b) The X-ray θ-2θ profile of the BaSnO3(y=2.0). The inset shows the
rocking curve of the (002) peak.

3.3 Electrical properties
A dramatic change in the electrical transport properties appeared by the addition of
KClO4. The electrical transport result was plotted in Fig. 3.3 for the case of different molar
ratio of KClO4 to BaSnO3. There were two groups by their electrical tendency, BaSnO3
crystals with y = 0, 0.5, and 0.6 showed a degenerately doped semiconducting behavior and
others with y = 0.75, 1.0, 2.0, and 3.0 showed an insulating behavior. Between y = 0.6 and y
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= 0.75, the room temperature resistivity differs by an order of 11. A comparable change
was observed in the case of SrTiO3 which went through heat treatment under low oxygen
partial pressure (84). The resistivity changed about an order of 11 at room temperature.
Thus, in comparison with previous reports, the grown insulating BaSnO3 single crystals
showed superior insulating behavior enough to use an insulating substrate.

Figure 3.3 Temperature-dependent electrical resistivity  of the grown BaSnO3 single
crystals. The BaSnO3 crystals with y = 0.0, 0.5, and 0.6 exhibited a degenerately doped
semiconducting (or metallic) behavior while those with y = 0.75, 1.0, 2.0, and 3.0 exhibited
an insulating behavior. Between y = 0.6 and 0.75, the room temperature  differs by 5 ×
1010, indicating there is a percolative transition.
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3.4

Optical properties

From the near-IR to UV transmission results, we extracted the absorption coefficient
by using the Kramers-Kronig constrained variational dielectric fitting. Figure 3.4 shows the
resultant absorption coefficient vs. wavenumber plot of the BaSnO3 single crystals (y = 0
and 1.5). The absorption in y = 0 occurs in a wide range below 10000 cm1, indicating the
presence of free carriers. Meanwhile, y = 1.5 single crystals do not show any significant
absorption in the same region which means the carrier concentration have been
significantly reduced.

Figure 3.4 Absorption coefficient versus wavenumber in room temperature. The inset
shows 2 versus photon energy to extract the optical band gap.

At the visible light and UV region, we can extract the optical band gap. Even though
band calculation suggests that BaSnO3 has an indirect band gap, due to the optical selection
rule, direct band gap nature is more strongly observed. From the 2 vs. photon energy plot
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in the inset of Fig. 3.4, the direct optical gap was extracted by applying a linear
extrapolation. The direct optical gap of y = 0 and y = 1.5 crystals were estimated to be 3.17
eV and 3.15 eV, respectively. Since the BaSnO3(y = 0) crystals has a carrier concentration
of ~1019 cm3 and shows a metallic resistivity curve, the energy difference of 20 meV can
be explained by Burstein-Moss shift. ΔE = h2(3n/π)2/3/(8m*), where ∆E was the difference
between the Fermi level and the conduction band minimum and m* presented the electron
effective mass. According to our results of ΔE vs. n in (Ba,La)SnO3 and BaSnO3 single
crystals (82), the energy shift of ~20 meV corresponded to n = ~1019 cm3. Therefore, the
optical transmission results indicated that n was effectively reduced in BaSnO3 by the
addition of KClO4 during crystal growth.

3.5

Origin of conductivity variations
Initially, we presumed that the insulating behavior of BaSnO3 single crystals with y >

0.6 attributed to the reduced VO. However, it was not decisive yet because we cannot rule
out the carrier compensation scenario. The EPMA result revealed that the BaSnO 3 single
crystals contained detectable amount of K impurities as shown in Fig. 3.5. When the K
impurities present at the Ba-site, they can act as acceptor impurities because their ionic
valence is K1+. In the case of y=2.0, the calculated K ratio at Ba-site is ~ 0.1 mol%, i.e., the
density of K impurities is ~1.4 × 1019 cm3. This density of K impurities is almost
comparable to the carrier density of BaSnO3 single crystal with y = 0.0, indicating that the
reduction of electron carriers also originated from the carrier compensation by K impurities.
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Figure 3.5 The molar ratio of K impurities in BaSnO3 single crystals.

To investigate further, we performed the Hall effects of the some BaSnO3 single
crystals at room temperature. Figure 3.6 shows the  vs. n of the BaSnO3 single crystals (y
= 0, 0.5, and 0.6). We observed that n slightly decreased as as y increasing while 
decreased clearly. If n only decreased while  did not decrease, we concluded that the
reduced n might originate mainly from the reduced oxygen vacnacies. However, the
decreased  indicated that there existed additional carrier scattering sources by putting
more KClO4. According to the EPMA results, we attributed the additional carrier scattering
sources to the increased density of K impurities. This interpretation indicated again that we
could not neglect the carrier compensation senario by K impurities when we consider the
origin of the insulating BaSnO3 single crystals.
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Figure 3.6  versus n of BaSnO3 single crystals at room temperatures.

We find that carrier doping in BaSnO3 produces significant local lattice distortion as
evidenced by Raman spectroscopy. Figure 3.7 shows the Raman spectra of metallic
BaSnO3 (y = 0.0 – 0.6) and highly insulating BaSnO3 (y = 0.67 – 0.75) singe crystals. All
the single crystals turned out to show very similar X-ray scattering profiles. We verified
from the refinement that all the scattering data could be well fitted by the cubic perovskite
structure. In an ideal cubic perovskite, the first order Raman modes should be absent by
symmetry. Consistently, we found almost no Raman active mode in the highly insulating
BaSnO3 single crystal except a small intensity at 833 cm1, which might be a local vibration
mode related to intrinsic defects, e.g., cation vacancies. In sharp contrast, metallic BaSnO 3
(y = 0.0 – 0.6) single crystals with n ~ 1.0 × 1019 cm3, respectively, exhibited quite strong
Raman modes at ~138 cm1, ~250 – 350 cm1, and ~615 – 650 cm1. Moreover, Raman
spectra of BaSnO3 (y = 0.0 – 0.5) single crystals are quite similar. This result implies the
presence of electron carriers in the BaSnO3 system produces local lattice distortion, which
24

Chapter 3


possibly breaks the cubic symmetry locally. One possible scenario is that occupation of the
antibonding state via electron doping can induce the expansion of the Sn-O bond length,
presumably involving the breathing mode distortion. This expansion in the bond length will
likely induce reduction of the Sn-O-Sn bonding angle from an ideal 180 o, which then
results in local symmetry lowering toward the orthorhombic structure. The main modes

observed in the Raman spectra in Fig. 3.7 are likely to be stretching (~615 – 650 cm1),
bending (~250 – 350 cm1) and external (~138 cm1) phonon modes expected of SnO6
octahedra in the lower crystal symmetry than cubic structure, i.e., the orthorhombic or
tetragonal symmetry (85, 86). Our results naturally imply that electron-phonon coupling in
doped-BaSnO3 can be significantly large.
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Figure 3.7 Raman spectra of BaSnO3 (y = 0.0 – 3.0) single crystals, providing evidence that
the presence of electron carriers produces local lattice distortions, thereby locally breaking
the cubic symmetry
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Chapter 4

Achieving highest electron mobility in

epitaxial (Ba,La)SnO3 films grown by pulsed
laser deposition
In this chapter, the author will introduce the successful growth of epitaxial BLSO
films on highly insulating BaSnO3(001) substrates [BLSO/BaSnO3(001)] by the PLD
method. The  at room temperature was as high as 102 cm2V−1s−1 at n = 1.0  1020 cm−3.
Recent efforts to grow insulating substrates and films grown by molecular beam epitaxy
(MBE) will be summarized. In addition, the author will discuss the operation of field effect
transistor based on BaSnO3 channel layer on BaSnO3(001) substrates.

4.1

Free carrier scatterings and mobilities in degenerate
semiconductors

As this chapter is focused on the mobility behavior due to the ionized dopants (e.g., VO
or La3+ dopants to Ba2+ site), the author will briefly explain free carrier scatterings mainly
due to the ionzied impurity scatterings. In a semiconductor under the influence of external
forces, transport coefficients can be derived from the Boltzmann transport equation using
the relaxation time approximation. An applied electric field or temperature is effective on
the electrons to change the distribution function of electrons from its equilibrium condition.
The Fermi-Dirac distribution function can describe the distribution of electrons in a
semiconductor under equilibrium conditions. However, the electron distribution function
may change from the equilibrium distribution function under the influenec of external fields,
e.g., electric field or magnetic field.
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Using the relaxation time approximtion, an analytical expression for the Boltzmann
transport equation can be derived. It is assumed that all the collision processes are elastic
and could be treated in terms of a relaxation time in a relaxation time approximation. This
apporoximation could be allowded to obatin analytical expressions for different transport
coefficients. In order to understand physical insights concerning the collision terms and the
validity of the relaxation time approximation, various scattering mechanisms associated
with the collision term in the Boltzmann equation have been discussed with several
important scattering mechanisms, e.g., acoustic phonon and optical phonon scatterings,
ionized impurity scattering, and neutral impurity scattering (87).

As the charge carriers could be scatterd by several defects, i.e., ionized impurities,
phonons, and dislocations, the scattering mechanisms could determine the transport
properties of semiconductors. In general, the electrical conductivity of an n-type
semiconductor can be described in terms of the electron mobility and electron concentration
by

  nq ,

Equation 4.1

where n, q, and  represent the electron concentration, the electronic charge, and the
electron mobility.  can be defined by



q
m*

Equation 4.2

,

where <> is the average relaxation time. Thus,  is proportional to the average relaxation
time, which is directly related to the scattering mechanisms.

Based on the relaxation time approximation (87), one obtains
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f
f  f0

,
t c


Equation 4.3

where f and f0 represent the nonequilibrium distribution function and the equilibrium FermiDirac distribution function. For the eleastic scattering case, Equation 4.3 can be defined by



f k 
   Pkk  f k  1  f k   Pk k f k 1  f k   ,
t c k  

Equation 4.4

where Pkk and Pkk represent the rate of transition probability from the final state k to the
initial state k and the rate of transition probability from the k-state to the k-state. k and k
are the electron distribution function in the k-state and the elctron distribution function in
the k-state. The net transition rates from the k- to the k state assummed over all the final
states k is expressed in the right-hand side of Equation 4.4.

As the qauntum states in the band can be treted as a quasicontinumm, it is possible to
replace the summation in Equation 4.4 by an integral, which is given by



f k 
N

 Pkk  f k  1  f k   Pk k f k 1  f k    d 3k 
t c  2 3  
=

N

 2 

P f  f k  d 3k 
3  kk   k 

,

Equation 4.5

where N and  are the total number of unit cells and the volume of the unit cell. Note that
Pkk is assumed equal to Pkk. In order to analytically solve Equation 4.5, one can use the
small-pertutbation, resultung in the nonequilibrium distribution function f(k,r) could be
expressed in terms of the equilibrium distribution function fk0 and a first-order perturbing
function, which is given by

29

Achieving highest electron mobility in epitaxial (Ba,La)SnO 3 films grown by PLD


f k  f k0  f k1    
f k   f k0  f k1    

.

Equation 4.6

If the scattering is elastic, Equation 4.5 can be simplified to



f k 
f1
N
 k 
Pkk   f k1  f k1  d 3k  .
3
t c 
 2  

Equation 4.7

Therefore, one can get the inverse relaxation time, which can be written as

1






f k1  3
P
1


 d k .
kk 
3
 2    f k1 
N

Equation 4.8

Under the isotropic scattering process, Equation 4.8 can be written as

1
N

Pkk  1  cos   d 3k  ,
  2 3 

Equation 4.9

indicating that scattering rate only depends on the angle between k- and k- states and the
rate of transition probability. Thus, one can derive the relaxation time for a speific
scattering process by determining the rate of transition probability and the differential
scattering cross-section.

In order to derive the rate of transition probability Pkk, one can start to use the oneelectron time-independent Schrödinger equation, which can be written as
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H 0k  r   Ekk  r  ,
2
 V r ,
,
2 m
ikr
k  r   u k  r  e
H0  

2

Equation 4.10

where H0, k(r), and uk(r) are the unperturbed Hamiltonian, the initial unperturbed electron
wave function, and the Bloch function. The slightly perturbed Hamiltonian can be written
as

H  H0  H  ,

Equation 4.11

where H0 and H are the unperturbed Hamiltonian and the first-order correction. Moreover,
under the perturbation, the time-dependent Schrödinger equation can be written as

H k  r , t   i

 k  r , t 

t
,
 k  r , t    ak  t  e  iE t / k  r 

Equation 4.12

k

k

where ak(t) and k(r) are the time-dependent amplitude function and the unperturbed
electron wave function. Based on the time-depndent perturbation theory, the amplitude
function can be used to express the transition probability per unit time from the k- to the kstate, which is given by

Pkk   t  

ak   t 
t

2

.

Equation 4.13

Based on the orthogonal properties of electron wave functions and some calculations
to Equation 4.12, the rate of transition probability of Equation 4.13 can be written as
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Pkk   t  

ak   t 

2

t



2

with H kk   k  H  k 

H kk    Ek   Ek  ,
2

1
  H  d 3r
 N   N k  k

,

Equation 4.14

where (Ek-Ek) and Hkk are the Dirac delta function and the matrix element. It is noted that
above matrix element will be finite if the Fermi golden rule is satisfied (88).
Now consider the relaxation time , which will be simplified by use of a differential
scattering cross-section (,). Baed on the isotropic scattering process, a differential
scattering cross-section can be written as

N

  ,   

 2 

3

Pkk 

vk
N

d 3k 
d

 N   Pkk d 3k 
,
3
 2  vk sin  d d 
2



Equation 4.15

where k, N, and d  are the initial particle velocity, the volume of the crystal, and the
solid angle between the incident wave vector and the scattered wave vector. Under iotropic
elastic scattering, by substrituting Equation 4.14 into Equation 4.15, a differential scattering
cross-section can be given by

    

 N   k 2 H kk 
.
2
 2 vk  
2

2

Equation 4.16

For the isotropic elastic scattering process, the toal scattering crosse-section (T) can
be expressed by
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 T  2     1  cos   sin  d  .
0

Equation 4.17

As the scattering rate -1 can be written as

1
 N T T vth .


Equation 4.18

where, NT and vth are the density of total scattering center and the mean thermal velocity,
one can use Equation 4.17 and Equation 4.18 to derive the scattering rates and carrier
mobilities, which will be affected by ionized impurities, the opitcal and acoustic phonons,
neutral impurities, and dislocations.

Now consider scattering of electrons by ionized donor impurities. As it could be an
elastic scattering, one can utilize the relaxation time approximation given by Equation 4.18.
First, the potential of the inozed donor impurities can be approximated by

V r  

qZ
,
4 0 r r

Equation 4.19

where Z is the charge number of ionized dopants (i.e., Z = +1 for La3+ and Z = +2 for VO).
As there is Coulomb screening effect due to electrons from the donor impurities, it is
essential to use screening Coulomb potential for deriving the mobility from the ionized
impurity scattering, which can be expressed by

V  r  

D 

qZ e  r / D
,
4 0 r r

 0 r k BT
q 2 n0

.
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where D is the Debye screen length.

To derive the matix element for ionized impurity scattering, the Brooks-Herring (B-H)
model (89) will be used. The perturbing Hamiltonian from the screening Coulomb potential
can be written as

H   qV   r  

q 2 Z e r / D
.
4 0 r r

Equation 4.21

By use of Bloch wave functions, which can be written as

k  r  

1
uk  r  eik r ,
N

Equation 4.22

and Equation 4.21, the matrix element in Equation 4.14 can be expressed by

H kk  


 r / D
2
1
 ik  r q Z e
e
eik r d 3r
N 
4 0 r r

q 2 Z D2
N  0 r 1  K 2D2 

,

Equation 4.23

where d3r is 2r2sinr dr dr and K is the reciprocal lattice vector, can be expressed by

 
K  k   k  2 k sin   .
2

Equation 4.24

By inserting Equation 4.23 into Equation 4.16, the differential scattering cross-section
can be written as
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q m Z 
   1  K  
2

 2

4 0 r
aB 
m q 2

2 2
D



2

2

2 2 2
D

0 r



4 Z 2D4

aB2 1  K 2D2 

2

,

Equation 4.25

2

where aB is the Bohr radius for the ground state of the impurity atom. The scattering rate
for the ionized impurity scattering is obtained by substrituting Equation 4.25 into Equation
4.18, which can be expressed by

1

 2 N I v 

I



0

4D4 Z 2 1  cos   sin  d 
aB2 1  4D4 k 2 sin 2   / 2  

2

4

  4 Z 2  1 
 2 N I v  D 2 
 Fii  d 
 aB  k D 
with  d  2 k D

Equation 4.26
,

where Fii is the screening function which can be written as

Fii  d   ln 1   d  

d

1  d

,

Equation 4.27

Equation 4.26 is known as the Brooks-Herring formula for ionized impurity scattering. By
using the relation of E=h2k2/(82m*), the scattering rate will be given by

1

I

Z 2 q 4 N I Fii  d 
2E  q2Z 
F




.

 ii d
1/ 2
2
m  4 0 r E 
16  2m      E 3/ 2
2

 2 N I

Equation 4.28

0 r

This equation indicates that the relaxation time is proportional to E3/2 and the temperature
dependence is quite small. Based on the Maxwell-Boltzmann statics, the average relaxation
can be expressed by
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0



0

3/ 2

3/ 2

e  E / kBT dE

e  E / kB T dE

Equation 4.29

.

Thus, one can obtain the electron mobility limited by the ionzed impurity scattering can be
written as

I 

q I
m



64   02 r2  2kBT 

3/ 2

N I q 3 m Z 2 Fii  d 

,

Equation 4.30

indicating that the the electron mobility governed by the ionized impurity in the nondegenerate semiconductor is proprotional to T3/2.

On the other hand, in order to understand the ionized-impurity scattering in the
degenerate semiconductors, Thomas-Fermi approximation should be considered (88),
assuming the constant chemical potential in the system. If one use a prabolic band and the
screened Coulomb potential, the scattering rate will be given by

2

  m q 2 Z 
 F  
 2 N I vF 
   h 2 k 2  ii d
I
F 
 0 r
,
1/
2
Z 2 q 4 N I Fii  d 
2

 2m   0 r  EF3/ 2
16
1

Equation 4.31

where vF and EF are the Fermi velocity and Fermi level. Thus the electron mobility
governed by the ionized impurity scattering in the degenerate semiconductors can be
written as
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q I
m



3 02 r2 h3n
,
m Z 2 q 3 N I Fii  d 

Equation 4.32

indicating the temperatire-independent electron moblity in the degenerate semiconductors
(30, 90). To derive the mobilities from other defects, e.g., the neutral impurities,
dislocations, acoustical and optical phonon scatterings, the readears can refer to the
following references (87, 91).

4.2

Structural properties of (Ba,La)SnO3/BaSnO3(001)
films

Using the grown single crystals as a substrate in combination with fine polishing, we
could grow epitaxial BLSO films on BaSnO3(001) substrates (BLSO/ BaSnO3) to find
enhanced  in a broad doping range (6.8 × 1019  n  5.3 × 1020 cm3) at room temperature
as compared with those grown on SrTiO3(001) substrates. Figures 4.1(a) and (b) show
AFM images of BLSO/ BaSnO3 (x=0.01 and 0.04) thin films. Their maximum height
difference and rms roughness were found to be about ~0.9 nm and ~0.24 ‒ 0.27 nm,
respectively, demonstrating that smooth films could be grown on BaSnO3(001) substrates.
The θ‒2θ scans of BLSO/BaSnO3 (x = 0.00, 0.01 and 0.04) (Fig. 4.1(c)) showed that they
were grown along (00l) directions without undesired phases. The inset shows expanded 2θ
profiles around (002) Bragg reflection of the films, showing systematic shifts toward lower
angles as x is increased. This observation implies that the out-of-plane lattice constant in x
= 0.00 and 0.01 films, which is close to that of BaSnO3(001) substrates, is expanded as x is
increased from 0.00 and 0.01 to 0.04. Figure 4.1(d) shows rocking curves measured at the
center of (002) Bragg peaks of three films (x = 0.00, 0.01, and 0.04). We find that the
rocking curves of BSO/BaSnO3 and BLSO/BaSnO3 (x=0.01) films are screened by the
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contribution of substrates or exhibit only a shoulder-like feature, respectively, making it
difficult to obtain FWHM of those films. However, the rocking curve of the BLSO (x=0.04)
film is well separated from that of substrates so that FWHM could be obtained to be as
small as 0.029 o, confirming the good crystallinity. In comparison, we recall in previous
reports that FWHMs in the -scans of BLSO films grown on SrTiO3(001) or MgO(001)
were 0.09 – 1.0 ° (25, 73, 75). Those results clearly indicate that thin BLSO films grown on
the BaSnO3 substrates have better crystallinity than those grown on SrTiO3(001) or
MgO(001).
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Figure 4.1 (a) and (b) show the surface morphology and heights of the Ba 1xLaxSnO3 (x =
0.01 and 0.04) films, respectively. Bottom panels show the height profiles along the dotted
solid lines. (c) The θ-2θ scan results of the Ba1xLaxSnO3 films. The inset shows the θ-2θ
scan near (002) peaks. Film peaks are indicated with the solid arrows, while the peaks
related with the BaSnO3 substrate are shown as dotted arrows. (d) The rocking curves
measured at the (002) peaks of the films.

To better understand structural evolutions with La doping, we investigated X-ray RSM.
Figure 4.2(a) displays (103) reflection of the BaSnO3(001) substrate, forming only one spot
in the (Qx, Qz) plane. Calculations of in-plane lattice constant (a) and c from the spot
position resulted in a nearly same value of 4.116 Å , being consistent with the cubic
symmetry of BaSnO3(001) substrates. Figure 4.2(b) shows RSM of the BLSO/BaSnO3
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(x=0.04), revealing that the Qx of the film spot is nearly same as that of the BaSnO3(001)
substrate while the Qz of the film spot is clearly smaller than that of the BaSnO3(001)
substrate. From this, it is concluded that the BLSO (x=0.04) film has a = ~4.116 Å , almost
same as the substrate, while c = 4.126 Å of the film is increased by + 0.24 % as compared
with that of the substrate. This implies that the in-plane of the BLSO (x=0.04) film is
subject to compressive strain to have the same a value with the substrate while its c-axis is
expanded than that of the substrate to meet the Poisson relation. Note that the BLSO (x =
0.03 and 0.04) polycrystals are known to have generally larger lattice constants (4.1175 ‒
4.1181 Å) than that of undoped one (4.1151 ‒ 4.1160 Å), according to the literatures (40,
69) (83). On the other hand, nearly one spot could be identified in the RSM of the BLSO
(x=0.01) film (Fig. 4.2(c)), implying that films with low x  0.01 have almost same lattice
constants with BaSnO3(001) substrates along both in-plane and out-of-plane directions. The
present RSM results thus indicate that BLSO films grown on the BaSnO3(001) substrates
may have increasing compressive strain as the La doping level is increased. This can be
understood because bulk BLSO shows the progressive increase of pseudo-cubic lattice
constants with La doping as electron carriers fill up antibonding states of Sn 5s character
(40).
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Figure 4.2 Reciprocal space maps of the (103) reflection for the (a) BaSnO 3(001) substrate,
(b) Ba0.96La0.04SnO3/BaSnO3(001), and (c) Ba0.99La0.01SnO3/BaSnO3(001).

Until recently, most reported BLSO films were grown on SrTiO 3(001) substrates,
whose ac = 3.905 Å has a large misfit of 5.13 % relative to the lattice constant of
BaSnO3(001) (ac = 4.116 Å ). Figures 4.3(a) and (b) show low- and high-magnification
cross-sectional transmission electron microscopy (TEM) images, respectively, at the filmsubstrate interface of Ba0.995La0.005SnO3-SrTiO3(001). Misfit dislocation arrays in the BLSO
film with period = ∼7.4 – 7.8 nm were found (76). These values correspond to the 19–20
layers of {101} planes in the SrTiO3 substrate and to the 18–19 layers of the {101} planes
in the BLSO film. Therefore, the main source for the dislocations should be the
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SrTiO3(001) substrate, which has a large lattice mismatch with BaSnO3.

Figure 4.3 TEM images showing film-substrate interfaces. (a) and (b) are low- and high
magnification cross-sectional TEM images, respectively, of the Ba0.995La0.005SnO3SrTiO3(001) interface. (c) and (d) are images of the Ba0.995La0.005SnO3-BaSnO3(001)

Figures 4.3(c) and (d) show cross-sectional TEM images of the BLSO/BaSnO3(001)
(x=0.005). We could not find any dislocations or grain boundaries in a bright field image
covering a wide area of film cross-section over ~100  500 nm2 (Fig. 4.3(d)). The highresolution image near the interface also demonstrates that the lattice periodicity of the
BLSO film almost perfectly matches that of the BaSnO3(001) substrate; twenty layers of
(101) planes in the BaSnO3(001) substrate have the same distance in the BLSO film. With
such a good lattice match, we could not distinguish well even the interface between the
substrate and the film, supporting that the high quality epitaxial BLSO films are realized on
the BaSnO3(001) substrate.
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4.3

Electrical properties

Figures 4.4(a) and (b) summarize ρ and  as a function of n at room temperature in
BLSO/BaSnO3 and reported BLSO/SrTiO3(001) (40). Red, blue, orange, and magenta
circles represent data points from BLSO/BaSnO3(001) grown by sintered Ba1xLaxSnO3
targets with x = 0.005, 0.01, 0.02, and 0.04, respectively. Although there exist scatterings in
data points among films, the measured n (ρ) values of BLSO/BaSnO3(001) are
systematically increased (decreased) in proportional to the La-doping level in targets.
Moreover, they are close to carrier numbers expected from those targets. An EPMA study
on one of BLSO/BaSnO3(001) (x=0.005) also showed that La dopants had small variation
over the 10 different spots measured and the averaged value was x = 0.0061  0.0011, being
close to the nominal doping level of the target. Figure 4.4(b) shows that the measured  of
BLSO/BaSnO3(001) is ~75 cm2V1s1 at a high n regime (~5.0  1020 cm3) and ~80–100
cm2V1s1 in a low n regime (≤ 1.0  1020 cm3). The slightly increasing trend of  with
decrease of n is somewhat similar to the behavior observed in BLSO single crystals, in
which ionic scattering due to La3+ ions became dominant scattering sources (25, 82). In
contrast, BLSO/SrTiO3(001) showed clear  decreases with the decrease of n due to strong
carrier scatterings at grain boundaries and dislocations (25, 40, 81). Our observation implies
that the  of BLSO thin films on BaSnO3(001) substrates are not dominated by scatterings
from dislocations/grain boundaries. Therefore, the enhanced  values and the nearly nindependent behavior of  should represent merits of epitaxial BLSO films on
BaSnO3(001) substrates with much reduced structural defects without threading
dislocations/grain boundaries.
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Figure 4.4 Electrical resistivity (ρ) and (b) electron mobility (μ) vs. carrier density (n) plots
for Ba1xLaxSnO3/BaSnO3(001) films (circles).
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Figure 4.5 Temperature dependent electron carrier concentration n, electron mobility , and
electrical resistivity  for selected Ba0.995La0.005SnO3 (60), BaSn0.097Sb0.03O3 (66), and
BaSnO3−

(66)

single

crystals

and

Ba0.99La0.01SnO3/SrTiO3(001) (60) thin films.
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Figure 4.5 shows the temperature-dependent n (electron carrier density), µ (electron
mobility), and  (electrical resistivity) to understand the electrical transport properties of
Ba0.995La0.005SnO3,

BaSn0.97Sb0.03O3,

and

BaSnO3δ

single

crystals

as

well

as

Ba0.99La0.01SnO3/SrTiO3(001) and Ba0.995La0.005SnO3/BaSnO3(001) thin films (40, 82, 92).
First, all the n is almost temperature independent in those crystals and films.  in both
crystals and films mostly increases with increase of temperature; this typical metallic
behavior clearly supports that they remain in a degenerately doped semiconducting regime.

 of the Ba0.995La0.005SnO3 crystal decreases nearly by a factor of two upon being cooled
from room temperature to 2 K due to the increase of µ by the same factor. The μ increase at
low temperatures mainly originates from the reduction of the acoustic phonon scattering,
indicating that the scattering rate due to acoustic phonons is approximately half of the total
scattering rate at room temperature.
It should be noted that  values in BLSO/BaSnO3(001) correspond to the largest one
among perovskite perovskite oxide films grown by PLD at room temperature . Furthermore,
those  values are comparable to or even larger than those of other familiar TOS films at a
similar n regime (93-95). Yet, they are still three times smaller than the best-known values
in BLSO single crystals (25). Moreover, the resistivity (residual-resistivity ratio) of the
BLSO films on the SrTiO3(001) and BaSnO3(001) substrates are generally larger (smaller)
than that of Ba0.99La0.01SnO3 crystals, implying that there exist extra-scattering sources in
the BLSO/SrTiO3(001) and BLSO/BaSnO3(001) films. Based on the extensive research
outcome for growing high quality SrTiO3 thin films (96-98), we attribute the extrascattering sources to cation vacancies or cation site mixing in the BLSO/BaSnO 3(001) films
(92) and to a large fraction of threading dislocations or grain boundaries in the
BLSO/SrTiO3(001) films (40). Therefore, it is worthwhile to investigate systematically the
effect of point defects on the  behavior of BLSO thin films in future studies.
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4.4

Recent efforts to improve mobility in doped BaSnO3
films

Researchers are currently attempting to grow thin films by using substrates with an ac
or pseudocubic lattice constant (apc) (99) close to that of BaSnO3. In Fig. 4.6, we
summarize the band gap versus ac (or apc) of the cubic (or orthorhombic) perovskite
materials that have been used or can be used potentially as substrates for growing BaSnO 3
films. Table 4.1 includes detailed data and references for Fig. 4.6.

Figure 4.6 Band gap versus either ac or apc (and lattice misfit with BaSnO3) in cubic (open)
or orthorhombic (solid) perovskites. Most of the band gap values are from experiments on
optical gaps, whereas those of scandates are from first-principles calculations. Table 4.1
includes detailed data and references.
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Table 4.1 Comparison of cubic or pseudo-cubic lattice parameters, lattice misfit to BaSnO3,
and band gap of the cubic or orthorhombic perovskite that have been used or can be used
potentially as a substrate for growing the BaSnO3 films.

Orthorhombic

Cubic or

Cubic
Pseudo-

Cubic

cubic lattice

lattice

parameters

parameters

(Å )

(Å )

Lattice parameters (Å )
Orthorhombic

Lattitce

Band

misfit to

gap

BaSnO3

References

(eV)
(%)

a

b

c

apc

ac

SrTiO3

Cubic

-

-

-

-

3.905

-5.13

3.26

(100, 101)

aSnO3

Orthorhombic

5.5142

7.8816

5.6634

3.948

-

-4.08

4.44

(70, 102)

TbScO3

Orthorhombic

5.466

7.917

5.731

3.958

-

-3.84

6.10

(103, 104)

KTaO3

Cubic

-

-

-

-

3.990

-3.07

3.64

(66, 105)

SmScO3

Orthorhombic

5.527

7.965

5.758

3.987

-

-3.14

5.60

(104, 106)

PrScO3

Orthorhombic

5.608

8.025

5.780

4.021

-

-2.30

5.70

(104, 107)

SrSnO3

Orthorhombic

5.709

8.065

5.703

4.034

-

-1.99

4.00

(70, 108)

LaScO3

Orthorhombic

5.6803

8.0945

5.7907

4.053

-

-1.54

5.80

(109, 110)

SrHfO3

Orthorhombic

5.752

8.134

5.765

4.070

-

-1.11

6.50

(111, 112)

PrInO3

Orthorhombic

5.908

8.1538

5.6605

4.085

-

-0.75

3.70

(113)

SrZrO3

Orthorhombic

5.800

8.205

5.822

4.107

-

-0.22

5.60

(114, 115)

BaSnO3

Cubic

-

-

-

-

4.116

0.00

3.00

(40, 101)

LaInO3

Orthorhombic

5.9414

8.2192

5.7249

4.119

-

0.08

5.00

(116)

BaHfO3

Cubic

-

-

-

-

4.1710

1.34

5.80

(117, 118)

LaLuO3

Orthorhombic

5.8259

8.3804

6.0218

-

-

1.77

5.50

(119, 120)

BaZrO3

Cubic

-

-

-

-

4.1930

1.87

5.30

(121, 122)
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Figure 4.7 shows μ at room temperature as a function of n for electron-doped BaSnO3.
Several studies have improved crystallinity and μ of films by using substrates with reduced
lattice misfits. Substrates with an orthorhombic structure include SmScO 3(110)O,
TbScO3(110)O, and PrScO3(110)O. Here, the subscripted O refers to the orthorhombic
index. For these structures, apc and lattice misfit compared with BaSnO3 are as follows:
SmScO3(110)O (3.868 Å , −3.07 %), TbScO3(110)O (3.958 Å , −3.84 %), and PrScO3(110)O
(4.021 Å , −2.30 %)) (Table 4.1). In 2014, Wadekar et al. (123) fabricated BLSO films on
SmScO3(110)O substrates by the PLD technique and found μ = ~10 cm2V−1s−1. As an
alternative idea to enhance μ, Park et al. (124) deposited a BaSnO3 buffer (thickness t = 110
nm) on SrTiO3(001) substrate before growing BLSO films to find reduced threading
dislocations and enhanced μ = ~80 cm2 V−1 s−1 in the BLSO film. Shiogai et al. (125) also
grew BLSO films grown on (Ba,Sr)SnO3 buffer (t = ~200 nm)/SrTiO3(001), finding μ = 78
cm2 V−1 s−1 at n = 1.6 × 1020 cm3.
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Figure 4.7 Summary of experimental μ data in thin films prepared by pulsed laser
deposition [BLSO/SrTiO3 (40, 81), BLSO/SmScO3 (123), BLSO/BSO/SrTiO3 (124),
BLSO/SBSO/SrTiO3a

(125),

BLSO/BaSnO3

(92),

H-BLSO/SrTiO3

(126),

(Ba,Gd)SnO3/SrTiO3 (127), BLSO/MgO (128)], sputtering [BaSnO3−δ/MgO (129)], solution
deposition [BLSO/SrTiO3b (130)], and molecular beam epitaxy [BLSO/PrScO3 (18),
BLSO/TbScO3 (131)] at room temperature. μ of BLSO/SrTiO3a (40) closely follows the n1/2
dependence (red dashed line). Abbreviations: μ, electron mobility; BLSO, (Ba,La)SnO 3;
BSO, BaSnO3; H-BLSO, hydrogen-treated BLSO; n, electron carrier concentration; SBSO,
(Sr,Ba)SnO3.

In addition to these known substrates, there are recent research efforts to find new
substrate materials. Uecker et al. (132) recently synthesized large single crystals of
(LaLuO3)1−x(LaScO3)x with apc between 4.09 and 4.18 Å by the Czochralski method. The
grown crystals had a length of approximately 75 mm and a diameter of 15 mm. We
anticipate that new single crystals of (LaLuO3)1−x(LaScO3)x for which ac is near 4.116 Å
could be useful for growing high-quality BaSnO3 films. In another effort, our group
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recently succeeded in growing large LaInO3 single crystals by the optical floating-zone
method (116). LaInO3 forms an orthorhombic perovskite structure with the Pnma space
group, and the cell parameters are a = 5.9414 Å , b = 8.2192 Å , and c = 5.7249 Å . Although
LaInO3 has an orthorhombic distortion, its apc = 4.119 Å is close to that of BaSnO3. The
length of the grown crystal is ~50 mm, and its diameter is ~7 mm. The main direct gap and
εr are 4.13 eV and 23.7, respectively, demonstrating that the system is another transparent
material with a rather high εr. Indeed, several theoretical and experimental studies show that
LaInO3 is a polar material at the atomic scale [due to sequential layers of (LaO) + and
(InO2)] and can thus induce two-dimensional electron gases (2DEGs) and electrical
conductivity in a LaInO3-BaSnO3 heterostructure (133, 134). Therefore, systematic studies
of uniaxial or biaxial strain effects on the physical properties of LaInO 3 become necessary
for designing and understanding possible 2DEGs behavior at the LaInO3-BaSnO3
heterointerface.

4.5

Attempting to realize homo-epitaxial BaSnO3 thin
film field-effect transistors

A key device in such transparent applications is a field-effect transistor (FET). In
particular, to produce FETs with high performance, single crystalline films of TOSs have
become essential because they can minimize the density of defects and dislocations. In this
regard, thin film transistors (TFTs) based on single crystalline films have been fabricated
(135-139) to provide a field-effect mobility (FE) as high as ~80, ~70, and ~9 cm2V1s1 in
the InGaO3(ZnO)5 (135), ZnO (136), and In2O3 (137) channels, respectively. Moreover, FE
in a TFT based on SrTiO3 reached only ~3 cm2V1s1 at room temperature even though a
single crystalline film was used as an active channel (140-142). Therefore, the low FE
remains as one of the main hurdles to overcome in the utilization of the perovskite-based
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TFTs.
Recently, TFTs based on BLSO channel with FE = ~18 and ~90 cm2V1s1 were
reported (124, 143). However, those TFTs have used SrTiO3(001) substrates and a thick
BaSnO3 buffer layers, due to the lack of a suitable substrate with good lattice matching
property. By use of insulating BaSnO3(001) substrates, we have demonstrated a successful
operation of a TFT, in which the homo-epitaxial BaSnO3 film on the BaSnO3(001)
substrate becomes an active channel (BSO-TFT/BSO(001)).

Figures 4.8(a) and (b) show a schematic drawing of our TFT structure and a top-view
image of the device (TFT1) under a polarization microscopy, respectively. Figure 4.8(e)
and (f) show the output (source-to-drain current vs. source-to-drain voltage, IDS vs. VDS) and
transfer (source-to-drain current vs. source-to-gate voltage, IDS vs. VGS) characteristics of
the TFT1, respectively. From the output characteristics, we found that IDS increased with
VDS increase at a positive VGS, indicating that the channel was n-type and n was generated
by a positive VGS. TFT1 exhibited ohmic properties at a low VDS regime and current
saturation at a high VDS regime. This observation shows that the operation of the TFT1
follows the typical FET behavior and that the Fermi level in the BaSnO3 channel is
controlled by VGS and VDS. The saturation current (IDS_Sat) in the standard FET is predicted
from the following equation (144):

I DS_Sat 

 cox w
(VGS  VT ) 2
2L

Equation 4.33

Here, cox is a gate capacitance per unit area and VT is a threshold voltage. We extracted
VT from a linear fit in the IDS0.5 vs. VGS plot to find VT = 1.52 V. This value shows that TFT1
operates in an enhancement mode. The positive value of VT indicates that the Fermi level in
the BaSnO3 channel is located below the energy level of the conduction band minimum.
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Figure 4.8 (a) Schematic device structures for the homo-epitaxial thin-film field-effect
transistor grown on BaSnO3(001) substrate with a top-gated metal-insulator-semiconductor
configuration (TFT1). (b) A top-viewed picture of TFT1 under a polarization microscope.
(c) A schematic device structure and (d) a top-viewed picture showing four BSO-TFT
channels under a polarization microscope, which was fabricated by use of the Si stencil
masks (TFT2). The channel length and the width of the device were 50 and 200 μm,
respectively. (e) Output (IDS vs. VDS) and (f) transfer (IDS vs. VGS) characteristics of TFT1.
(g) A transfer characteristic of TFT2 in (d).

The transfer characteristics show that the off-current was on the order of 100 nA and
the on-to-off current ratio and subthreshold swing (S) were ~3 × 103 and 1.67 V/dec,
respectively. In the off-state, the conductivity of the BaSnO3 channel was found to be ~4.0
× 103 S cm1 and n = ~2.6 × 1014 cm3, as estimated from μ = ~100 cm2V1s1 of the BLSO
films. This implies that a single-crystalline BaSnO3 film with n < 1017 cm3 is realized
without the counter-doping of acceptors. From the transfer characteristics in Fig. 4.8(f), the

FE can be extracted based on the following equation (144):
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FE 

dI DS
L
dVGS wcoxVDS

Equation 4.34

The calculated FE in TFT1 was as high as ~45.0 cm2V1s1, which is much larger than the
typical FE values (< 3 cm2V1s1) reported in other TFTs based on the perovskite materials
(140-142).

On the other hand, the relatively low on-to-off current ratio in TFT1 was mainly
caused by the large off-current, coming from the exposure of large area (typically, 1 × 1
mm2) of the BaSnO3 film layer to the source/drain electrode although the growth condition
for the gate oxide has been optimized. In order to reduce the off-current coming from the
ill-defined channel area, we adopted micro-patterning technology to fabricate Si stencil
masks, which allows us to reduce the BaSnO3 film area. Figures 4.8(c) and (d) show a
schematic drawing and a top-view image of the BSO-TFT/BSO(001) fabricated by the Si
stencil masks (TFT2), respectively. The channel length and the width of the device are 50
and 200 μm, respectively. Figure 4.8(g) summarizes a transfer characteristic, IGS vs. VGs,
and FE of TFT2. The on-to-off current ratio was indeed increased up to 1.2 × 106 while the

FE and the S were 48.7 cm2V1s1 and 1.55 V/dec, respectively. For comparison, we also
measured the FE of the BSO-TFT on the SrTiO3(001) substrate (BSO-TFT/STO(001)) and
found only ~5 cm2V1s1 (not shown). Moreover, the reported BLSO-TFT/STO(001) using
a thick BSO buffer layer exhibited FE of ~17.8 cm2V1s1 (124), indicating that the homoepitaxial BaSnO3 channel is superior to those thin films grown on the SrTiO3(001)
substrates with the same a-Al2O3 gate oxide.
On the other hand, our FE (S) are still lower (higher) than a recently reported FE =
~90 cm2V1s1 (S = 0.65 V/dec) of BLSO-TFT/STO(001) with a thick BaSnO3 buffer layer
and a new gate insulator LaInO3 with high dielectric constant r of ~39 (143). The relatively
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low FE and high S value of our TFT1 and TFT2 could be attributed to the interface charge
traps between the channel and the gate oxide, indicating that FE and S could be improved
further. However, it should be noted that the obtained FE = 48.7 cm2V1s1, albeit without
employing the gate oxide with high dielectric constant, is still quite high. This value is
already comparable to those of the well-known TFTs based on the transparent binary oxide;
for example, FE was ~40 cm2V1s1 in the ZnO-based TFT (139), in which a similar topgate TFT was fabricated with an a-Al2O3 gate insulator. We also postulate that the electrical
performance of the BSO-TFT can be further improved similar to the cases of the ZnObased TFTs, in which various efforts, e.g., tuning the material property and the use of gate
oxides with high dielectric constant have resulted the increase of FE (135, 143). Therefore,
our work clearly demonstrates that fabricating homo-epitaxial films by use of the BaSnO3
substrates could be a good pathway toward realizing new high-speed, multi-functional
transparent devices based on the perovskite stannates.
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Chapter 5

Stable electrical properties of

(Ba,La)SnO3 films
5.1

Overview

The thermal instability of oxygen is among the most intriguing of the physical
properties that have become major bottlenecks in the device applications of oxide thin films.
For example, many oxides are often subject to severe degradation due to thermal instability
of oxygen. Moreover, in perovskite titanates, whether there is oxygen deficiency at the
interface remains controversial in spite of much ongoing research on their 2DEG behavior
(145, 146). Furthermore, in oxide-based resistive memory devices, the thermal stability of
oxygen at the interface and/or their reaction with hydrogen and water fundamentally govern
the electrical transport behavior of these devices under electric field (147, 148). The
diffusion coefficient of oxygen is closely associated with its thermal stability, particularly
above room temperature. On the other hand, it is rather difficult to find proper
instrumentations to extract the diffusion coefficient of oxygen; several methods include
secondary ion mass spectroscopy, thermo-gravimetric analysis, and electrical conductivity
(σ) relaxation (149-155). In particular, the last method corresponds to an indirect but simple
way of extracting the chemical diffusion coefficient of oxygen (DO) from the measurement
of σ relaxation in a specimen at high temperatures when VO are created (or annihilated)
inside the sample in low (or high) oxygen partial pressure (P(O2)). It is based on the
assumption that one VO provides two electron carriers in oxides, and then the variation of σ
= neμ should directly reflect the change of VO (156-158). The method has been often
employed in thin films due to their relatively short relaxation times involved in the
diffusion process and rather large variation of σ (159-161).
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On the other hand, in some of donor-doped perovskite titanates, it is known that VO is
created only at low P(O2) condition to give rise to electron carriers while at high P(O2)
condition, cation vacancies (VC) become predominant to compensate donor-type dopants
(162-164). Thus, the σ relaxation measurements could be also affected by the diffusion
process of VC inside a specimen rather than by only that of oxygen. In a previous σ
relaxation measurements on BLSO/SrTiO3(001) films, the diffusion process was assumed
to occur by oxygen predominantly at 530 oC, and the value of DO was roughly estimated to
be ~1015 cm2s1 (Figs. 5.1(a) and (b)) (25). It is yet to be confirmed whether the diffusion
process of VC could be negligible in BLSO/SrTiO3(001) films at 530 oC. On the other hand,
BLSO/SrTiO3(001) films showed lots of TDs due to the large lattice mismatch between the
substrate and the film, and resulted in much smaller μ coming from the extra carrierscattering in the TDs (25, 81). As a result, the electron carriers were always less-activated
than the expected value, indicating the charge-trapping effect in the TDs is significant.
Accordingly, DO extracted from the σ measurements was uncertain whether it truly reflects
the n-change inside the BLSO grains or it is more affected by the μ- and n-variation due to
the presence of TDs. Therefore, it is necessary to investigate n and μ separately for accurate
extraction of DO values. Furthermore, understanding the transport properties and diffusion
processes of BLSO/SrTiO3(001) film will provide useful guidelines for future device
applications based on BaSnO3 and BLSO films.
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Figure 5.1 (a) Temperature T and gas atmosphere were varied according to the profile in the
top panel. The resultant resistance (R) variation of a Ba0.96La0.04SnO3/SrTiO3(001) film is
plotted in the bottom panel. (b) R decreased (increased) by approximately 8 % (9.5 %)
under Ar (O2) atmosphere in 5 h at 530 ◦C, whereas it changed by only approximately
1.7 % in air. The numbers (1 through 6), along with their corresponding arrows, denote the
sequence of measurements under Ar (1, 2), O2 (3, 4), and air (5, 6) atmospheres.

In this chapter, the author will introduce the investigation of time-dependent Hall
effect of the BLSO/ SrTiO3(001) film under O2 (or Ar) atmosphere at high temperatures
around 500 oC. We obtained the time-dependent n and μ separately, and found out that the
change of n is a main cause of the σ variation. Moreover, we found that the time-dependent
n curves under O2 or Ar atmosphere exhibited two relaxation times, indicating that two
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different kinds of oxygen transport possibly occur in the BLSO/SrTiO3(001) film.

5.2

Hall effect of (Ba,La)SnO3/SrTiO3(001) films at high
temperatures
Figure 5.2 summaries the time-dependent variations of electrical properties i.e., n, μ,

and σ of the BLSO film at 530 oC under O2 or Ar atmosphere. The initial values n0, μ0, and
σ0 at t = 0 were used to normalize each data; n0, μ0, and σ0 were 4.35 (4.30) × 1020 cm-3,
21.17 (20.97) cm2V1s1, and 1.47 (1.44) × 103 Scm1 at 470 (530) oC, respectively. It is
noteworthy that n values of BLSO film is about 76 % of n expected from the
Ba0.96La0.04SnO3 polycrystalline target; fully activated electron carriers should result in n =
5.73 × 1020 cm3. Moreover, measured μ of BLSO film is much lower than that of BLSO
single crystals. Those reduced n and μ values are likely to originate from the large number
of charge traps and scattering centers, possibly with higher La 3+ ion concentration, that
could be located in the grain boundaries and threading dislocations (25, 81).
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Figure 5.2 Time-dependent n, μ, and σ of the BLSO/SrTiO3(001) film at 470 oC and 530 oC
under O2 or Ar atmosphere. The time-dependent n, μ, and σ data are normalized by the
initial values (n0, μ0, and σ0) (t = 0). Values of n0, μ0, and σ0 are represented at the bottomleft corner of each graph.

Because the BLSO film has n-type carriers as confirmed by the Hall effect study, the
increasing (or decreasing) behavior of n under Ar (or O2) atmosphere implies the increase
(or decrease) of the n-type carriers. This is seemingly consistent with the general wisdom
that the reducing (or oxidizing) atmosphere generates (or fills-up) VO present in the BLSO
film. More importantly, the increasing behavior of μ under O2 atmosphere implies the
decrease of the scattering sources (e.g., VO) rather than increase (e.g., VC). In donor-doped
perovskite titanates particularly at high temperatures more than 1000 oC, it is known that VC
are predominantly created at high P(O2) conditions to compensate donor-type dopants (162,
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164, 165). In the present case of rather low temperature environment of ~500 oC, however,
the observation of increased μ under O2 atmosphere supports that the reduction of VO is
dominant over the creation of VC even at high P(O2) condition. Therefore, we argue that
equilibration kinetics in BLSO at such relatively low temperatures close to 500 oC should
be mainly controlled by VO rather than VC in both reducing and oxidizing atmosphere.
Main findings in Fig. 5.2 can be thus summarized as followings. First, the change of σ/σ0
was mainly determined by that of n/n0 while the variation of μ was not negligible in the
BLSO film. Second, there exist fast and slow time scales that directly reflect the variation
of n/n0. Third, the variation of n is dominantly controlled by the change of VO. Although we
cannot completely rule out the possibility of creating a small amount of V C, VO seem to
play a major role in resulting in the σ variation at a rather low temperature of ~500 oC.

5.3

Substrate effects on the electrical properties of
(Ba,La)SnO3 films
In order to check the effect of the SrTiO3(001) substrate on the electrical transport

properties of BLSO film, we also measured the time-dependent σ of the same SrTiO3(001)
substrate at 565 oC under O2 and Ar atmosphere as summarized in Fig. 5.3. The overall σ
value of SrTiO3(001) (1 × 104 – 7 × 10-4 Scm1) is more than 107 times lower than that of
BLSO film at 530 oC. As a result, electrical conductance of SrTiO3(001) substrate (500 μm
thick) turns out to be more than 350 times lower than that of BLSO film (60 nm thick).
After annealing the SrTiO3(001) substrate for 12 hours under O2 atmosphere, the gas
atmosphere was changed from Ar to O2. Then, σ showed a fast increase during the initial 30
min. After the 30 min, σ kept increasing slightly. In contrast, when the gas atmosphere was
changed from O2 to Ar, σ decreased with a fast response in an hour and kept decreasing
slightly after the initial 1 hour. Those time-dependent σ variations of SrTiO3(001) substrate
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are consistent with the previous results (166-168), but are completely opposite from those
of BLSO film. This opposite behavior of σ relaxation and much insulating properties of the
SrTiO3(001) substrate rules out a possibility that the Hall effect behavior of BLSO film
might be influenced by any change in the SrTiO3(001) substrate.

Figure 5.3 Electrical conductivity relaxation of the SrTiO3(001) substrate at 565 oC under
O2 and Ar atmosphere.

5.4

Scattering analysis

Figure 5.4 shows the μ vs n curve obtained from the Hall data in Fig. 5.2. The closed
triangles (closed circles) and open triangles (open circles) represent μ vs. n data for O2 (Ar)
atmosphere at 530 and 470 oC, respectively. It is clearly observed that μ is overall decreased
when n is increased. Under the O2 atmosphere, VO will be reduced to result in the decrease
of the n-type carrier numbers and then the carrier scattering is supposed to decrease as the
ionized impurities are reduced to result in the increment of μ. This is an expected behavior
in the limit of ionized impurity scattering.
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Figure 5.4 μ vs n curves of the BLSO/SrTiO3(001) film extracted from the data in Fig. 5.2.
Triangles (circles) represent O2 (Ar) atmosphere and closed (open) symbols represent the
measurement temperature of 530 (470) oC. Gray (green) line shows the estimated μ curve at
530 oC (470 oC). Arrows and each step indicate the time evolution sequence of the μ(n) data.
Time interval between each symbol roughly corresponds to 1-2 hours.

On the other hand, it is known in the BLSO film that carrier scattering occurs mostly
in the TDs although carrier scattering due to ionized impurities still exists (25, 40, 81). As
dominant ionized impurities, La3+ ions and VO should be considered. According to the
Matthiessen’s rule, μ of the BLSO film can be expressed as

1
1
1
1
1




,
 ii_La ii_Vo TD other

Equation 5.1

where μii_La, μii_Vo, and μTD represent the μ contributions from La dopants, VO, and TDs,
respectively. Here, μother is governed by all remaining scattering sources, such as phonons
and other unexpected defects. For degenerate semiconductors, μii can be expressed as (30,
90),
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where r of BaSnO3 is ~20 (169) and m* of BaSnO3 is ~0.2  0.6m0 (40, 133, 170-174).
Considering that n of the BLSO film should be the sum of concentrations of the La dopant
(nLa=NLa) and VO (nVo= 2NVo), Equation 5.1 can be rewritten as
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Equation 5.5

We can estimate μ from the ionized impurity scattering with Equation 5.5. Two solid
lines in Fig. 5.4show the estimated μ curves at 470 and 530 oC, respectively. In order to
obtain the estimated μ curves, we assumed that in the final stage after the O2 annealing for
16 hours, nVo becomes almost negligible and μ approaches the experimental value [by
adjusting (1/μTD + 1/μother) as a constant]. The estimated lines well explain the slow
variation of μ near the step 2 under O2 atmosphere, suggesting that the slow relaxation
should be related to the reduced VO located inside the BLSO grains.
On the other hand, the fast relaxation causing the μ-variation during the initial
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annealing sequence (step 1) under O2 atmosphere is much steeper than the estimated solid
lines near the step 2. This indicates that there is another source to change the carrier
scattering and concentrations considerably. One tempting scenario to explain the initial fast

increment of μ might be due to the diffusion process along TDs or grain boundaries (156,
161). In the TEM results of the BLSO/SrTiO3(001) film (Fig. 4.3(a)), TDs have indeed
been observed as a main feature of the local structure. Moreover, in some of oxide materials,
say YBa2Cu3O7, the fast relaxation of σ was sometimes associated with the fast in-plane
diffusion via the dislocation regions (175). However, there exists a conflicting result that
diffusion along the dislocations might not be fast enough (176), which is obviously
inconsistent with the above scenario. In the present film, as densities of TDs calculated
from AFM images are typically less than 1011 cm2 (81), which corresponds to < 1017 cm3
for 60 nm thickness, the influence of TDs on the n relaxation might not be significant
enough to cause such a large and fast increase of n = ~1020 cm3 as observed in Fig. 5.4
(step 1 at 530 oC). Moreover, BLSO has the cubic perovskite structure so that DO would be
quite isotropic in contrast to the case of YBa2Cu3O7.

5.5

Oxygen diffusion in (Ba,La)SnO3 film
It is generally known in thin films that overall oxygen transport is controlled by two

steps, i.e., the bulk diffusion and the oxygen reaction kinetics at the gas-film interface.
Oxygen surface activation can then compensate VO at surfaces, resulting in the n variation
and the reduced scattering centers. In the SnO2 nanowires and polycrystals (177, 178), the
two relaxation times have been similarly observed due to the existence of oxygen reaction
kinetics at the surface regions as well as subsequent diffusion into the grains. The former
was attributed to the existence of depleted layer due to the fast electron transfer to the
adsorbed oxygen on the surface, resulting in initial abrupt increase of electrical resistance.
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In analogy with the case of SnO2, we postulate that the BLSO film, which likely terminates
in the SnO2 layer, might have similar reaction kinetics due to the adsorbed oxygen at the
surface, possibly causing the fast variation of μ and n in Fig. 5.4. For Ar atmosphere, it
seems that the slow μ variation is located in the middle of the steeply increasing sequence
to result in apparent three different regions. This observation indicates that complex
interplay between gas reaction kinetics and bulk diffusion processes coexists in the Ar
atmosphere.

As we have determined the variation of n reflecting the density of VO inside the BLSO
grains, time-dependence of n could be an ideal parameter to investigate time-dependent
oxygen diffusion process in the BLSO film. In order to fit time-dependent n curves, rather
than comparing the discrete experimental n(t) data points in Fig. 5.2, we first calculated
time-dependent n curve (ncal) to add up more data points especially in the first 1 hour after
changing the gas atmosphere. Figures 5.5(a) and (b) show ncal curves under Ar and O2
atmospheres at 470 (thick black lines) and 530 oC (thick blue lines). For this, we
interpolated finite μ data in Fig. 5.2 to obtain smooth μ curves (μfit) by a polynomial fit.
Using the interpolated σ data from the rather continuous experimental σ data in Fig. 5.2, we
calculated ncal = σ/(eμfit). We also confirmed that the extracted ncal curves well matched with
the discrete n data points in Fig. 5.2. It is noteworthy that ncal relaxation curves do not reach
an equilibrium point. Those unsaturated relaxation curves even in the film indicate that the
oxygen diffusion into the BLSO grains occurs quite slowly. Such an unsaturated behavior
has also been observed in the σ relaxation of the SnO2 nanowires with increasing thickness
(179), supporting that the slow bulk diffusion process can cause apparently unsaturated n
relaxation.
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Figure 5.5 Time-dependent ncal = σ/(eμfit) and the fitting results (thin red solid lines) under
(a) Ar atmosphere and (b) O2 atmosphere. Thick black and blue solid lines correspond to
ncal data at 470 oC and 530 oC, respectively. Fitting results with the two exponentially
decaying functions well explain the experimental data.

Related to this, our efforts to fit ncal(t) curve with a single exponential decay produced
large discrepancy, supporting that there clearly exist another time constants in the
exponentially decaying ncal(t) curves (161). To achieve a good fit of the experimental
curves, we should fit the ncal(t) curves at least with the two exponentially decaying
functions with two different τ, which we term τ1 and τ2, respectively (161, 175). Figures
5.5(a) and (b) show that the fitted curves (thin red lines) are well matched with the ncal(t)
curves in all the conditions used, i.e., under O2 and Ar atmospheres and at 470 and 530 oC.
The fitting results again support that the two steps of oxygen transport could exist in the
BLSO film. Because short τ1 is mainly associated with the fast surface reaction kinetics,
only the long τ2 should be linked to the intrinsic chemical diffusion time inside BLSO
grains.

To extract the DO value in the BLSO grains based on the above fit, we first note that
the diffusion inside the BLSO grains mostly occurs along the c-axis (161). Even if the
diffusion along the ab-plane occurs via the TDs, the related relaxation time due to the in68
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plane diffusion will be similar to that along the c-axis because the diffusion coefficient is
expected to be isotropic in the cubic perovskite and a typical distance of ~50 nm between
TDs is comparable to the film thickness of 60 nm. We can then consider one-dimensional
diffusion equation that presents a single exponential time constant due to the diffusion
inside homogeneous grains along the c-axis (161, 180, 181). From the determined τ2, it is
straightforward to extract DO by the relationship τ2 = df2/(π2DO). Table I summarizes the
resultant τ1, τ2, and DO of BLSO/STO(001) film. The obtained DO at 470 and 530 oC under
Ar (O2) atmosphere are 1.17 × 1016 (1.10 × 1016) cm2s1 and 1.24 × 1016 (1.31 × 1016)
cm2s1, respectively. The different gas atmosphere appears to yield similar τ2 and DO values,
implying that oxygen in- and out-diffusion processes in the BLSO grains have similar τ2
and DO values at ~500 oC. Obtained DO values are one order lower than that obtained by
previous σ relaxations (25). Most importantly, DO values turn out to be much lower than
those of the perovskite oxides such as SrTiO3, BaTiO3, and LaCoO3, in which the global
values of diffusion coefficient of oxygen from chemical and tracer diffusion are in the
range of 1010, 1011, and 1011 cm2s1 at a similar temperature region, respectively (182185). The low value of DO of BLSO at around 500 oC constitutes a solid evidence for why
the electrical properties of BLSO films are stable up to 530 oC.
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Table 5.1 All fitted relaxation time constants (τ1 and τ2) and chemical diffusion coefficient
of oxygen (DO) values of BLSO/SrTiO3(001) film.

τ1 (s)

τ2 (s)

D (cm2s1)

470 ℃ Ar

3099

31253

1.17 × 1016

470 ℃ O

2

2185

33175

1.10 × 1016

2

3657

27843

1.31 × 1016

530 ℃ Ar

3164

29485

1.24 × 1016

530 ℃ O
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Chapter 6

Atomically flat SnO2-terminated

BaSnO3(001) substrates
6.1

Overview

Although there exits currently worldwide research activities to increase electron
mobility in doped BaSnO3 films through defect minimization (18, 92, 131), heterostructureengineering could provide yet another promising route to realize high electron mobility at
ambient temperature via achieving oxide based 2DEGs. Several theoretical predictions have
recently proposed that the BaSnO3 system as a channel material could be a great candidate
to generate 2DEGs (133, 186, 187). In contrast to such ample theoretical predictions, the
experimental activity on possible 2DEGs in the BaSnO3 system is in a still nascent stage
(101, 134). To control the interfacial properties in the BaSnO 3-based heterostructure, it is
essential to secure a proper substrate with a good lattice match. For this, it will be useful to
realize a BaSnO3(001) substrate with an atomically flat surface with a termination of single
oxide layer. However, surfaces of most ABO3(001) substrate as obtained by cleaving,
cutting, or polishing resulted in a mixed nature with coexisting domains with AO- and BO2termination (188, 189). These chemically mixed termination can be turned into atomically
flat, single oxide terminating surface with step-terrace structures by performing solution
etching and/or thermal annealing (190).

In this chapter, the author will introduce successful realization of atomically flat,
nearly single oxide terminating surfaces of BaSnO 3(001) substrates by employing a short
deionized water leaching and applying proper thermal annealing conditions. The effects of
substrate miscut angles on the step bunching and kinked step behaviors will be also
discussed. From the Ba2+ and Sn4+ signals in the 3d core-level spectra in combination with
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atomic force microsocpy, we demonstrated that the top most surface of BaSnO 3(001)
substrates is nearly composed of the SnO2-terminating terraces with a single unit step
between neighboring terraces.

6.2

Surface reconstruction by thermal annealing
Figure 6.1(a) shows transparent BaSnO3(001) and BaSnO3δ(001) substrates grown by

the flux method. In contrast to the BaSnO3δ(001) substrate showing metallic resistivity of 1
mcm, BaSnO3(001) substrate exhibited superior insulating behavior of ~1012 mcm (92).
The crystal miscut angles are known to be crucial parameters to produce a terrace
nanostructure on the surface (191), In order to obtain well-defined topography of terraces
and parallel steps, we polished sample surface by considering two miscut angles, i.e., outof-plane miscut angle α = atan(H/W) and in-plane miscut angle φ, where H and W are
height and width of terrace, respectively. Figures 6.1(c) and (d) display schematically the
two miscut angles of α and φ. During the polishing procedure, α and φ were carefully
controlled by tilting the single crystals to result in the variation of α from 0.05 to 1.0 o and
the variation of φ from 0 to 45 o. After the etching and thermal treatment, we found that the
change of α from 0.1-1.0 o resulted in the variation of one terrace width from 230 to 23 nm
range. Moreover, between the two close terraces with the same termination type, a step with
one unit cell (u.c.) height, i.e. 0.4116 nm, was formed (see below).
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Figure 6.1 (a) Polished (001) and BaSnO3δ(001) single crystals grown by the CuO/Cu2O
flux method. (b) Surface morphology and height profile of the polished BaSnO3(001)
substrate. The height profile is taken along the dotted solid line. (c) Schematic of a substrate
with miscut angles. The out-of-plane miscut angle α is atan(H/W). L and W are the terrace
width and step height, respectively. (d) Top view of a surface where the steps show an inplane miscut angle  with respect to the b axis of the cubic perovskite structure.

The AFM study of an as-polished BaSnO3(001) substrate resulted in a maximum
height difference of 0.5 nm and root-mean-square (rms) roughness of ~0.2 nm (Fig. 6.1(b)).
Because the rms roughness of commercial SrTiO3(001) substrates is typically around 0.1
nm, the rms roughness of ~0.2 nm in the as-polished surface seemed reasonably small
enough before being chemical etching and heat treatment. In addition, the polished
BaSnO3δ(001) substrate showed almost similar surface morphology with an rms roughness
~0.2 nm (not shown here).

Figure 6.2 illustrates how the top most surface of the BaSnO3(001) substrate exhibits
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progressive transformation in the surface texture by thermal annealing. In general, the
chemical control of top most surface termination can be realized by electronic
reconstruction, changes in stoichiometry, or combination of both electronic and atomic
reconstructions. For this, one usually applies several processes such as acidic solution
etching, thermal annealing, or both acidic solution etching and thermal annealing (191). In
our case, after cleaning the as-polished surface, the substrates were agitated in deionized
water for 10 sec for achieving weak surface etching. Then, we annealed the substrates in the
tube furnace. No change in the surface morphology occurred in the thermal annealing
process below 1100 oC as compared with the as-polished surface. Upon annealing at 1100
o

C for 10 min in an O2 flow atmosphere, however, a small corrugation starts to appear in

the surface of BaSnO3(001) substrate (Fig. 6.2(a)). This indicates that the thermal annealing
at 1100 oC produces electronic and atomic reconstructions. At this stage, it is likely that the
top most surface is still composed of mixed-chemical terminations, i.e., both SnO2 and BaO
terminations.
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Figure 6.2 Surface morphology studies of BaSnO3(100) substrates after the process of
soaking in deionized water followed by thermal annealing. AFM topographic images after
thermal annealing at (a) 1100 oC, (b) 1200 oC, and (c) 1250 oC for 10 min in O2 flowing
atmosphere with a flow rate of 10 ml/min. (d) The corresponding topographic profiles
along the dotted line shown in (c).

When the BaSnO3(001) substrate was annealed at 1200 oC for 10 min in O2 flow, the
surface shows the formation of partially aligned, stripe-like patterns, which might develop
further into step edges (Fig. 6.2(b)). However, even if we increase the annealing time up to
2 hours at 1200 oC, the surface diffusion was not high enough to induce further noticeable
morphological changes. Therefore, annealing condition was then adjusted into 1250 oC for
10 min in an O2 flow condition, which finally produced atomically flat and wide terrace
regions as seen in Fig. 6.2(c). The resultant mean-terrace-width is about 500 nm wide and
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each step has one u.c. in height (~0.4116 nm) with straight ledges. We found that this kind
of wide terrace was formed when the miscut angle α was adjusted to be less than 0.1

o

before polishing. The small miscut angle of α was also confirmed by the X-ray ω-scan. As
a result, the rms roughness within a terrace did not exceed 1 Å . The line profile measured
along the dotted line, shown in Fig. 6.2(c), exhibits only single unit cell steps of BaSnO3
within the AFM resolution (Fig. 6.2(d)). This result has been reproduced in many equally
treated BaSnO3(001) as well as BaSnO3δ(001) substrates. This observation also supports
that the top most surface layer is terminated with one kind of chemical layers such as BaO
or SnO2.

6.3

Step bunching & kinked steps
In order to study the dependence of the surface morphology variation with respect to α,

BaSnO3(001) substrates having relatively large values of α were investigated after the same
heat treatment, i.e., 1250 oC for 10 min in an O2 flow condition. Figure 6.3(a) shows AFM
image of the BaSnO3(001) substrate with α = ~0.7 o and φ = ~0 o, displaying a characteristic
feature that the terrace width growth is delimited by having crossed facets between
neighboring step edges. The average terrace width turns out to be ~250 nm and the height
profiles reveal ~4-8 u.c. high steps in the step edges (Fig. 6.3(c)), which is in agreement
with the miscut angle extracted by the X-ray ω-scan. This step-bunching formation is
consistent with those observed in SrTiO3(001) (192) and Si(113) (193) substrates with α
values close to 0.2 o and 1.7 o, respectively. Furthermore, in order to check the effect of φ,
BaSnO3(001) substrates having large φ were investigated too. Figure 6.3(b) presents the
surface morphology of BaSnO3(001) substrate with α = ~0.2

o

and φ = ~45 o, in which

significant step-edge meandering and sharp triangular shape domains are found. The
presence of such triangular shaped domains can be associated with the large value of φ. A
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similar morphological feature has been also reported in the SrTiO 3(001) substrates prepared
with such high values of 35 o and 6 o (192, 194).

Figure 6.3 AFM topographic images of BaSnO3(001) substrates with (a) large in-plane
miscut angle (α ~0.7 o) and (b) large out-of-plane miscut angle (φ ~45 o) treated at 1250 oC
for 10 min in O2 atmophere. (c) and (d) The corresponding height-profiles along the dotted
lines shown in (a) and (b).

6.4

Surface termination of BaSnO3δ(001) substrate

In order to determine the surface termination layer, the XPS was used to characterize
BaSnO3δ(001) surface, which has formed a large terrace width ~ 500 nm and one u.c. high
step edges, similar to the case shown in Fig. 6.3(c). In particular, the XPS measurements
were performed at various photoemission angles  with respect to the surface normal (Fig.
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6.4(a)). Figures 6.4(b) and (c), the core-level spectra are presented in the vicinity of Ba3d
and Sn3d states measured at various . First of all, when  increases from 0 to 70 o, it is
expected that the surface contribution to the spectra should increase considerably (195, 196).
In other words, by going to larger , the effective electron escape depth described as λeff =
λcos (λ : mean free path of escaping electrons) should decrease (see Fig. 6.4(a)) so that
photoelectron intensities of both Ba3d and Sn3d states are expected to decrease.

Figure 6.4 (a) A schematic plot illustrating the angle-dependent X-ray photoemission
spectroscopy. Spectral intensity I is proportional to exp(-z/(cos)), where z, , and 
correspond to the depth of atoms, the mean free path of escaping electrons, and the
emission angle, respectively. Photoemission spectra of (b) Ba3d and (c) Sn3d states of
BaSnO3δ(001) substrates with various . (d) The area ratio of the 3d5/2 states of SnO2 and
BaO at each .

In Fig. 6.4(b), the spectra of Ba3d core-levels measured at various are displayed.
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First, the spectra of Ba3d normalized with the total area after subtracting backgrounds show
the change of spectral weight. The spectra exhibit d5/2 and d3/2 white lines due to the large
spin-orbit splitting of a core hole. The spectral intensity is systematically reduced at higher

 as expected above. The low binding peak at 3d5/2 white lines is attributed to BaO (197)
while the high binding peak is known to be deoxidized Ba (198) as well established in the
core level spectra of BaTiO3 (199, 200). As can be seen in Fig. 6.4(b), upon  being
increased, the intensity of BaO peak (779.65 eV) decreases whereas that of deoxidized Ba
peak (780.9 eV) increases. Because the spectrum using the high take-off angle is more
surface sensitive, this information suggests that the deoxidized Ba atoms remain on the topmost surface. In other words, although 2  2 m2 surface morphology in the AFM image
doesn’t show any evidence of other residual particles except single-layer termination, there
seem to exist a small amount of deoxidized Ba-like particles in the surface region. The
residual deoxidized Ba might have formed possibly due to the Ba diffusion from the surface
and/or inside bulk. Those deoxidized Ba-like particles could be reduced further in future
works by optimizing etching and annealing conditions.

In order to understand what is the termination layer in the surface of BaSnO 3δ(001)
substrates showing wide terraces and a single atomic step-edge, the core level spectra of
Sn3d was also measured at the same time at each . Figure 6.4(c) displays the core level
spectra of Sn3d after subtracting backgrounds, which could be well fitted by a pair of Voigt
peaks where the Gaussian and Lorentzian broadening was fixed for each spectrum. A
similar expression can be also used to describe the BaO spectra. The binding energy Eb for
Sn3d5/2 is 486.66 eV. In order to emphasize the relative intensity change depending on θ,
the spectra are normalized with the spectral area of BaO (ABaO), which is indeed the area of
the Lorentzian peak located at Eb = 779.65 eV. As can be seen in Fig. 6.4(c), with increase
of θ, the intensity of Sn3d spectra monotonically increases without any change of the
spectral line shape.
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To quantify the increase of the relative intensity, the ratio (ASnO2( )/ABaO( )) between

the integrated areas of SnO2 ASnO2( ) and of ABaO( ) is calculated at each  in the case of
3d5/2 states, as displayed in Fig. 6.4(d). It is clearly seen that the ratio of ASnO2( )/ABaO( )
increases significantly at higher  values, i.e., in the more surface sensitive regime. Since
the mean free path of escaping electrons, of which kinetic energy is 700 eV (Ba3d) or 1000
eV (Sn3d), is ~10 Å , the intensity of top layer atoms increases exponentially. Therefore, it
is concluded that the measured spectra verify that the termination surface layer mostly
consists of SnO2 rather than BaO. A similar analysis of angle-dependent XPS
measurements has been reported also for the ZnO(0001) and SrTiO 3(001) substrates (195,
201). Our works thus clearly show that the atomically flat surfaces in both BaSnO 3(001)
and BaSnO3δ(001) are terminated mostly with SnO 2 layers albeit having small residual
deoxidized Ba-like particles. These substrates therefore could become useful platforms for
developing BaSnO3-based heterostructure in combination with other wide band gap oxides
and for investigating possible realization of 2DEGs as predicted by recent theoretical works.
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Chapter 7

Toward two-dimensional electron

gases based on BaSnO3(001) substrates
7.1

Overview

From the viewpoint of both fundamental physics and new device applications, one of
the most exciting developments in oxide semiconductors can be the realization of 2DEGs at
heterointerfaces. Such oxide interfaces can be a platform for observing a plethora of
emergent and novel electronic states that have not been observed in any of the constituent
materials. An archetypal example is the 2DEG realized at the interface of two band
insulators, the LaAlO3/SrTiO3 heterointerface (202). On the other hand, the mechanism
behind still seems to remain unclear (203). The reason for the lack of a definite consensus is
closely associated with the characteristic of SrTiO3 that can easily deviate from the oxygen
stoichiometry (182, 183, 204). The study of 2DEGs at the heterointerface of the BaSnO 3
layer with a polar oxide could be useful as BaSnO3 shows the thermal stability of oxygen
with a low diffusion coefficient of oxygen (76). Moreover, BaSnO3 has the same cubic
perovskite structure as SrTiO3, which could allow more chances for the growth of heteroepitaxial films with other perovskite materials. Therefore, BaSnO 3 could be another
exciting platform to realize the 2DEG at the heterointerfaces formed with other insulators.

7.2

Theoretical predictions for two-dimensional electron
gases at heterointerfaces

Although there were earlier theoretical discussions on the possible 2DEGs at the
heterojunction of BaSnO3 with KTaO3 or LaAlO3 and KTaO3 or KNbO3 by Bjaalie et al.
(186) and Fan et al., (187), respectively. It is in 2016 that Krishnaswamy et al. proposed
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two major strategies in detail for the realization of 2DEGs in the BaSnO3 system, i.e., a
polar discontinuity and a modulation doping (133). One key requirement in the both
strategies is to find an oxide material with higher conduction band minimum than BaSnO 3
in order to confine well electron carriers in the BaSnO3 layer. Under this condition, free
electrons will readily spill over into and remain in the BaSnO 3 layer. As the two strategies
are quite important for future researches, we here explain more on the calculation results by
Krishnaswamy et al. and the physics related.

Out of the two main strategies, doping due to a polar discontinuity is particularly
appealing, as it is a form of “remote doping” without the direct introduction of dopants or
chemical disorder. For the polar discontinuity doping, like the polar mechanism invoked for
the LaAlO3/SrTiO3(001) system (202), a thin film of an A3+B3+(O2)3 polar oxide with
relatively good lattice match, such as LaInO3, on the SnO2-terminated (001) surface of a
BaSnO3 single crystal (nonpolar oxide) could lead to the formation of 2DEGs (Fig. 7.1(a)).
As long as the band offset of the polar material is high enough not to spill over the carriers
at the interface, the maximum 2D carrier density n2D,max expected at the interface should be
0.5 electron/(in-plane unit cell), which corresponds to n2D,max = 2.9 × 1014 cm2.

Figure 7.1 (a) A band diagram depicting polar discontinuity doping between a nonpolar
BaSnO3 and a polar ABO3. (b) A band diagram describing modulation doping at a nonpolar
heterointerface.
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In a modulation doping as depicted in Fig. 7.1(b), dopants are introduced in a barrier
material whose conduction band minimum is located higher than that of BaSnO 3. Electrons
from the dopants can transfer from the barrier material into the BaSnO 3 layer to form
2DEGs at the interface. An insulating spacer layer should be grown to enhance the
separation between electrons and ionized donors. These 2DEGs are then separated from the
dopants and therefore less prone to impurity scattering (205, 206). The most viable dopant
profile could be a delta doping, where the dopants are introduced as a sheet in the barrier
material at a distance d away from the interface (207, 208). Krishnaswamy et al. indeed
calculated the n2D as a function of dopant sheet concentrations based on the band offsets of
barrier materials (SrTiO3, LaInO3, KTaO3) (133). The maximum confined carrier density
n2D,max has generally increased as the conduction band offsets (CBOs) of those materials
increases.

Figure 7.2 replots the calculation results of Krishnaswamy et al. (133), summarizing
the theoretically used CBOs of the barrier materials and the resultant n2D,max induced in the
BaSnO3 layer. Moreover, ac, apc, and lattice misfits of the barrier materials to BaSnO 3 are
also plotted. All the n2D,max was extracted from the n2D vs. CBO plot (Fig. 5 in (133)). Note
that the CBOs used in the calculations were generally larger than those from the
experimental results (Fig. 7.3) because the calculation employed a smaller band gap = 2.4
eV of BaSnO3 from the HSE06 hybrid functional while the experimental Eg is ~3.0 eV. In
turn, the predicted n2D,max can overestimate the real experimental data.
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Figure 7.2 On the basis of the theoretical results of Schrödinger-Poisson simulations in
Reference (133), the conduction band offsets (blue circles) and n2D,max (red squares)
between BaSnO3 and other ABO3 barrier materials are replotted as a function of cubic or
pseudocubic lattice parameters. The dashed magenta line indicates the n2D,ideal, where all the
electrons provided by polar discontinuity doping (0.5 electrons per in-plane unit cell) are
confined in BaSnO3.

7.3

Experimental situation
Whereas there are ample predictions from theory, the related experimental activity is

still nascent. A necessary step is to grow a heteroepitaxial film in which BaSnO 3 works as a
channel material and the other joint material as a barrier material. For this purpose, the
candidate barrier material should have (i) a higher conduction band minimum than does
BaSnO3 and (ii) a good lattice match with BaSnO 3. Experiments should be undertaken to
determine the CBOs between BaSnO3 and the candidate materials. The use of accurate Eg
or CBOs can provide more accurate estimation of n2D at the interface.

Chambers et al. (101) recently reported, using photoemission spectroscopy, that the
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conduction band minimums of SrTiO3 and LaAlO3 are higher than the conduction band
minimum of BaSnO3 by 0.42 and 3.72 eV, respectively. These authors thus discussed the
possibility of 2DEGs at the SrTiO3/BaSnO3 interface by modulation doping or at the
LaAlO3/BaSnO3 interface by polar discontinuity doping. In addition to this research, it is
worthwhile to list promising candidate materials on the basis of their band alignments.
Figure 7.3 presents the summary of experimental information on the band alignments of
candidate materials to provide some guidance for future research. For details on how Fig.
7.3 was generated, please refer to Chapter 7.4..

Figure 7.3 Summary of band alignments of various perovskite oxides, including BaSnO 3, as
extracted from the available experimental data. The numbers reported in red are the
conduction band offsets between BaSnO3 and various perovskite oxides and reflect the
position of the conduction band minimum.

85

Toward two-dimensional electron gases based on BaSnO3(001) substrate


In 2016, Kim et al. (134) reported a significant increase in conductivity after LaInO 3
films were grown on top of BLSO films (0.1% < La < 0.5%), which in turn were grown on
a BaSnO3 buffer (110 nm)/SrTiO3(001) substrate. In contrast, there was no increase in the
case of undoped films. The authors claimed that the conductivity increase is due to the
formation of a conducting interface by polar discontinuity doping at the LaInO 3-BLSO
interface and that such an increase can occur only when the EF of BaSnO3 increases due to
(low) La doping. However, the dislocations in the low-La-doped BaSnO3 film may have
decreased the original EF to make the film p-type. Therefore, whether the 2DEG actually
formed at the polar interface between insulating BaSnO3 and LaInO3 awaits more extensive
exploration.

To summarize the experimental situation, the growth of large-area and homogeneous
thin films without dislocations or defects by the use of, e.g., MBE with a proper substrate
like BaSnO3 will be necessary for elucidating the interfacial physics in the BaSnO 3-based
heterostructure. For this, it will be useful to utilize a BaSnO3(001) substrate with an
atomically flat surface and a terrace-step structure. As we have succeeded in obtaining such
a structure at the surface of a highly insulating BaSnO3(001) substrate, it will allow
researchers to realize 2DEGs at the interfaces of BaSnO3 layers in perovskite stannates.

7.4

How to determine band alignment in Fig. 7.3
In order to summarize experimental band alignment of BaSnO 3 and candidate

materials for a reference for future researches, we first note that the known electron affinity
of SrTiO3 (4.0 eV) (209) was used to determine its conduction band minimum with respect
to the vacuum level. Chambers et al. indeed determined accurately the valence band offsets
(VBO) of SrTiO3 and LaAlO3 with respect to BaSnO3 (101). They then estimated the CBOs
of SrTiO3 and LaAlO3 with respect to BaSnO3 in combination with the known Eg of SrTiO3
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and LaAlO3. In Fig. 7.3, we used the known information as it is to plot the band alignments
of SrTiO3, LaAlO3, and BaSnO3.

To determine the band alignment of SrZrO3, the VBO between SrTiO3 and SrZrO3 as
measured by photoelectron spectroscopy and the known Eg (5.6) of SrZrO3 (115) was used.
For the cases of SrSnO3 and CaSnO3, we first noticed that Dorenbos et al. provided the
band alignments of SrSnO3, CaSnO3, and BaSnO3 as estimated by the chemical shift model
and the experimental reflection, luminescence and absorption spectra (210). However, the
proposed Eg of the three compounds were overestimating the more accurate experimental
values determined by optical transmission measurements by 0.5 – 0.75 eV. Therefore, we
only adopted the VBOs and CBOs of SrSnO3 and CaSnO3 with respect to BaSnO3 from the
results by Dorenbos et al. to draw the band alignments of SrSnO 3 and CaSnO3 in Fig. 7.3.
For the band alignment of LaInO3, we used recent reports by Kim et al, in which the CBO
of LaInO3 was determined by the estimation of a tunneling barrier in the I-V measurements
(134). The VBO of LaInO3 was determined by the Eg of 5.0 eV as reported by Kim et al. It
should be reiterated that the reported Eg = 5.0 eV in the LaInO3 film is clearly different
from that of the single crystal (Eg = 4.3 eV) (116), presumably due to the strain effect from
the substrate. Therefore, the Eg and/or dielectric properties of a LaInO 3 thin film should be
investigated for each substrate material employed in the film growth for, e.g., accurate
determination of n2D in Fig. 7.3.

For drawing band alignments of SrHfO3, BaHfO3, and BaZrO3, we first used the
experimental fact that SrTiO3 has almost the same electron affinity with Si (211). The VBO
between SrHfO3 and Si was indeed determined by the photoelectron spectroscopy (112).
We used the VBO of SrHfO3 with respect to Si and its known Eg to draw the band
alignment of SrHfO3 in Fig. 7.3. Similarly, the VBOs among SrHfO3, BaHfO3, and BaZrO3
were determined by XPS and X-ray absorption spectroscopy (118). We used the VBOs of
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the three materials and the Eg to draw the band alignments of BaHfO3, and BaZrO3 (118,
122).

7.5

Structural and dielectric properties of epitaxial
LaInO3 films
In order to study polar oxide interface between SnO 2-terminated BaSnO3(001) and

another ABO3 material, the author chosen LaInO3 as a polar barrier material due to its
similar lattice constants (~4.120 Å ) (116). As structural and dielectric properties of
epitaxial LaInO3 films have been rarely reported, the author will first present the epitaxial
growth of LaInO3 films and its structural properties. LaInO3 films were deposited on TiO2terminated SrTiO3(001) and SnO2-terminated BaSnO3(001) substrates by pulsed laser
deposition with a KrF excimer laser ( = 248 nm) with a laser fluence of ~1.0 J cm2 using
LaInO3 polycrystalline target. The deposition was made in an O2 pressure of 100 mTorr at
790 oC.
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Figure 7.4 Surface morphology of 90 nm thick LaInO3 films grown on (a) SrTiO3(001) and
(b) BaSnO3(001) substrates. (c) X-ray -2 scan results of LaInO3/SrTiO3(001) and
LaInO3/BaSnO3(001) films. (d) The rocking curves measured at the 2  angle of (002)
Bragg peak of LaInO3 films grown on SrTiO3(001) (grey) and BaSnO3(001) (red) substrates.
(e) Reciprocal space maps of the (103) reflection for the LaInO 3/BaSnO3(001) films.
Figures 7.4(a) and (b) show AFM topography of 90 nm thick LaInO 3/SrTiO3(001) and
LaInO3/BaSnO3(001) films. Their maximum height difference and rms roughness were
found to be about 2.0 nm and 0.37-0.43 nm, respectively, demonstrating that smooth films
could be grown on SrTiO3(001) and BaSnO3(001) substrates. The X-ray -2 scans of
LaInO3/BaSnO3(001) and LaInO3/SrTiO3(001) showed that LaInO3 films were grown along
(00l) directions without undesired phases (Fig. 7.4(c)). Figure 7.4(d) shows the rocking
curve measured at the 2 angle of (002) Bragg peak of LaInO3 films grown on
BaSnO3(001) and SrTiO3(001) substrates. Upon fitting with the pseudo-Voigt function,
FWHM of 0.05

o

and 1.42

o

were obtained, respectively. These results prove high

crystallinity of LaInO3 films grown on BaSnO3(001) substrates owing to its lattice
matching properties. Figure 7.4(d) shows RSM of the LaInO3/BaSnO3(001), showing that
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the Qx of LaInO3 is nearly same as that of BaSnO3, while the Qz of LaInO3 spot is clearly
smaller than that of BaSnO3. From this, it is estimated that LaInO3 film has a of 4.116 Å ,
while c = 4.155 Å of the film is increased by +0.95 % as compared with that of
BaSnO3(001) substrate. This implies that the in-plane of LaInO3 film is subject to
compressive strain to have the similar a value with BaSnO3(001) substrate, while its c-axis
is expanded than that of the substrate.

Figure 7.5 (a) An HAADF-STEM (high-angle annular dark-field-scanning transmission
electron microscopy) image at the interface of LaInO 3/BaSnO3(001) films. Ba, Sn, La, and
In ions are brightest. (b) EELS (electron energy loss spectroscopy) profiles for chemical
analysis at the interface of LaInO3/BaSnO3(001) films. Dotted orange line will be likely an
interface between lanthanum oxide and tin oxide. (e) Reciprocal space maps of the (103)
reflection for the LaInO3/BaSnO3 (001) films.
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In order to invesitage the local structural properties, the TEM measurements were
performed. Figure 7.5(a) shows a HAADF-STEM image of LaInO3/BaSnO3(001),
indicating that there are no dislocations or grain boundaries. With such a good lattice match
between LaInO3 and BaSnO3, the interface couldn’t be distinguished well, supporting that
the high quality epitaxial LaInO3 film are realized on the BaSnO3(001) substrate. To
understand the interface terminations, we examined the interfaces with atomic-resolution
electron energy loss spectroscopy (EELS) performed in a scanning transmission electron
microscope (STEM), as shown in Fig. 7.5(b). We find intermixing layer of ~1 u.c. at the
LaInO3/BaSnO3(001) interface indicating that the LaInO3/BaSnO3(001) interface is more
abrupt than LaAlO3/SrTiO3 interface (212). The origin of intermixing between Ba and La
and Sn and In could be understood from the low formation energies of LaBa and InSn (173,
213).

In order to understand dielectric properties of epitaxial LaInO3 films, we measured 40
nm-thick LaInO3 dielectric layer which was sandwiched between (Ba,La)SnO 3 contacts
with an area of 100  100 μm2. Figure 7.6(a) shows measured r and tanδ. First, the
decrease of r and the increase of tanδ at high frequency range could be understood by
interface charge traps. Second, at low frequency range, r of LaInO3 films grown on
SrTiO3(001) and BaSnO3(001) substrates is 24 and ~24-27, respectively. These values are
similar as r of ~23-24 reported for LaInO3 single crystals (116). It is noted that r of 24-27
is cleary smaller thant that of 38.7 reported for an epitaxial LaInO 3 film grown on
(Ba,La)SnO3/SrTiO3(001) (143).
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Figure 7.6 (a) Frequency dependent-dielectric constant (r) (left) and dissipation (right) of
90nm thick LaInO3 films between (Ba,La)SnO3 contacts on BaSnO3(001) (solid symbols)
and SrTiO3(001) (open symbols) substrates. (b) The schematic of the band alignment
between BaSnO3 and LaInO3.  is potential build-up to induce the electronic
reconstruction.
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The exact value of r could be utilized to estimate the critical thickness (tc) for the

metal-insulator transiton of LaInO3/BaSnO3(001) heterostructure. In the case of
LaAlO3/SrTiO3(001), the linear decrease of formation energy of surface VO with increase of
LaAlO3 thickness could expalin the tc for the metal-insulator transition (146, 214). The
intrinsic doping mechanism for LaInO3/BaSnO3(001) might be explained by the
polarization of LaInO3. LaInO3 may have a formal polarization PLIO = 0.5e/S = 0.472 C m2
(S = in-plane unit cell of the interface), whereas in nonpolar BaSnO3, PBSO = 0, resulting in
an appearance of an built-in polar electric field ELIO = PLIO/(0r,LIO), where 0 and r,LIO are
the vacuum permittivity and dielectric constant of LaInO3, respectively. ELIO might bend
the electronic bands as shown in Fig. 7.6(b). tc can be written as /ELIO = 0r,LIO

/(ePLIO) which predicts an tc of ~3.6 u.c.. Note that  is the energy difference between
valence band maximum of LaInO3 and conduction band minimum of BaSnO3 as shown in
Fig. 7.6(b). At a thickness of tc, the valence bands of LaInO3 at the surface could reach the
conduction bands of BaSnO3 at the interface, resulting in metallic interface. Above tc,
electrons can be transffered continuously from the surface to the interface.

In order to check the electronic properties at the LaInO3/BaSnO3(001) interface, we
grew 6 u.c. of LaInO3 films on SnO2-terminated BaSnO3(001) substrates by PLD method,
which is expected to be similar to the n-type interface of 2DEGs. Figure 7.7 shows the
surface morphology before and after deposition of LaInO 3 layers. The surface is atomically
flat and terminated with one single termination before deposition while an atomically well
defined single terminated step-terrace structure is conserved even after growth.
Subsequently, the transport property was examined by four-probe measurements with a
distance between electrodes of ~1 mm. However, the grown sample was highly insulating
at room temperature when the silver epoxy was used on the surface and the interface. It is
worthwhile to investigate the effect of donor doping, i.e., La 3+ ion on Ba2+ site or VO,
controlling the Fermi level. In addition, layer by layer growth by laser MBE or various
93

Toward two-dimensional electron gases based on BaSnO3(001) substrate


contact method, i.e., wire bonding or e-beam lithography after Ar ion milling, could be
effective for realization of 2DEGs.

Figure 7.7 Surface morphology of SnO2-terminated BaSnO3(001) substrate (left) and 6 unit
cell of LaInO3 grown on SnO2-terminated BaSnO3(001) substrate (right). The step-andterrace structure is clearly visible before and after deposition of LaInO 3 6 u.c..

7.6

Outlook for 2DEGs at ABO3/BaSnO3(001) interfaces
Various potential applications await researcher’s attentions. Figure 7.8 plots the

expected μ behavior of the electron-doped BaSnO3 system with available experimental data
at 2 K as a function of carrier density n. The expected μ was calculated from the ionized
impurity scattering model in a degenerate doping regime and plotted as a dashed violet line.
The ABO3/BaSnO3 interfaces can hold 2DEGs by either modulation or polar discontinuity
doping, thereby paving the way for the investigation of quantum phenomena. First of all,
number of phonons at such a low temperature will be naturally reduced, resulting in almost
zero phonon scattering. Then, one can investigate the μ in a low n region less than 1018 cm3.
According to the ionized impurity scattering model, μ can increase with decrease of n due
to the decreased number of scattering centers. In this regime, one can pursue to observe the
quantum Hall effect in the 2 DEG system at the ABO3/BaSnO3 heterostructures. Moreover,
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the quantum oscillation could be observed to allow the understanding fundamental
properties of the 2DEG system as in the LaAlO3/SrTiO3 heterostructures (206, 208, 215).
Therefore, by employing the modulation or polar discontinuity doping, the fascinating
phenomena of quantum oscillation and quantum Hall effects await for discoveries in the
BaSnO3 system.

Figure 7.8 Expected electron mobility  behavior and anticipated physical phenomena of
the doped BaSnO3 system at low temperatures. The dashed line represents the predicted 
from ionic dopant scattering;  can increase more in a nondegenerate regime. The solid
green and red circles indicate the best currently available experimental data for
(Ba,La)SnO3 single crystals and thin films, respectively. Two-dimensional electron gases
formed at the heterointerface between BaSnO3 and other ABO3 materials may exhibit
fascinating quantum phenomena such as the quantum Hall effect and superconductivity in
low- and high-doping regimes, respectively. To illustrate the importance of using the proper
substrates, we show optical images of transparent LaInO3 (t = 300 m) and BaSnO3 (t =
700 m) crystals grown by our research group (top middle).
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Another fascinating phenomenon will be the superconductivity at the BaSnO 3 system,
which are likely to occur at a high n regime. Based on the carrier accumulation by electrical
double layer (EDL) transistor as well as modulation and polar discontinuity doping,
interfacial superconductivity was recently emerged in the channel made of similar wide
band-gap oxides, SrTiO3, KTaO3, and heterointerface of LaAlO3/SrTiO3 (207, 216-218).
Therefore, we also anticipate superconductivity in the BaSnO3 based heterostructure by
accumulation of carriers by EDL and/or modulation or polar discontinuity doping.
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Appendix A

New design of a microcalorimeter

for measuring absolute heat capacity from 300 to
550 K
A.1

Introduction

Heat capacity (Cp) measurements are one of the most fundamental probes for studying
the basic properties of solids such as magnetic [1,2], structural and electronic phase
transitions [3-5]. Since many interesting new materials including oxide single crystals,
polymers and bio materials often exist in a small volume, the Cp measurements of those
small samples become quite challenging due to the relatively large addenda heat capacity,
Cadd, of a calorimeter platform. The Cadd value of a commercially available calorimeter is
typically as high as 1-10 mJ K1 at room temperature. Therefore, if the sample Cp is not
large enough to compared to Cadd, accurate Cp measurements becomes quite difficult. In
order to overcome those limitations, it is important first of all to reduce Cadd.

Over the past three decades, numerous efforts have been made to fabricate novel micro
or nanocalorimeters with greatly reduced Cadd [6-13]. In particular, it has well known that a
calorimeter made of amorphous Si:N (a-Si:N) membrane is useful for achieving the
extremely small Cadd down to a few nJ K1 [9-12]. With these developments, the
microcalorimeter is being progressively used to measure various small samples with greatly
enhanced sensitivity. A few examples include the samples with a nanometer length scale,
i.e., thin nanofilms [11,12,14-17], nanoparticles [18], nanopolymers [13,19-21], micro
organic materials [22], carbon nanotubes [23,24] and micro bio materials [25]. However,
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most heater designs of these micro or nanocalorimeters consist of serpentine lines, which
often produces temperature gradient within the sample platform [9,11,17,24,26,27].
Therefore, in order to achieve the isothermal condition on the sample platform, a thick
thermal conduction layer or a thin membrane layer has been tried, which consequently
gives rise to a large Cadd or a fragile membrane, respectively. Recently, the conventional
design of a heater and a thermal sensor was modified to the circular shape design [28,29].

We have previously developed several types of microcalorimeters based on the a-Si:N
membrane, i.e., Type I-III, which consist of basically meander-shaped heater/sensor leads
on the sample platform [30,31]. Type I and II microcalorimeters, however, produced rather
large errors in the Cp data as high as 15-20 % from 20 to 300 K. Those errors were mainly
coming from an imperfect isothermal condition in the sample platform. Moreover, a Type
III microcalorimeter with well separated and relatively thin heater/sensor leads has
exhibited reduced measurement errors down to 10 % from 20 to 300 K. In spite of these
results, Cadd values were rather large at room temperature (~20 μJ K1), and the
measurement error systematically increased at higher temperatures to reach as high as 1015 % [32]. In order to enhance the accuracy of the measured Cp data and to reduce the
temperature gradient within the sample platform, it has become necessary to modify
geometry of a heater and a thermal sensor.

In this work, we report a new Type IV microcalorimeter with further reduced errors
above 300 K. Based on the computer simulation of the two dimensional (2D) thermal
profile and actual microfabrications, we found that the sample platform composed of an
isothermal Au film of a disc shape and concentric Pt leads (a heater and a thermal sensor)
has better heat confinement, and thus produce a good isothermal condition. Moreover, we
designed the microcalorimeter to have all the isothermal platform and heater/sensor leads in
one side of the membrane by use of an amorphous SiO2 (a-SiO2) insulation layer so that the
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microfabrication became easy and cost-effective.

A.2

Experimentals

A.2.1 Thermal simulation

To apply thermal simulation by use of the COMSOL MultiphysicsTM, the two types of
microcalorimeters were prepared. Figure A.1 shows a structure of Type III and of newly
designed Type IV microcalorimeters used in the simulation. The cross-sectional and planar
views of Type III are shown in Figs. A.1(a) and (b), respectively, which consists of the Au
isothermal layer located in the center of the a-Si:N membrane (1000 nm thick). Meandershaped Au heater/sensor leads (50 nm thick) are located on the left and right sides of the Au
isothermal layer, respectively. The width of Au heater/sensor leads is 20 μm and the
distance between each line is 40 μm. The cross-sectional and planar views of Type IV are
also shown in Figs. A.1(c) and (d), respectively. In sharp contrast to the case of Type III,
Type IV is composed of two amorphous membrane layers, i.e., a-Si:N (500 nm thick) and
a-SiO2 (200 nm thick). The circular Pt heater/sensor leads (50 nm thick) are located in
between the two membrane layers so that they are electrically isolated with the Au
isothermal layer (200 nm thick). The width of the heater/sensor leads is 10 μm and the
distance between each line is 20 μm.
Table A.1 κ (W m1 K1) values of components used in the thermal simulation at 20, 300
and 600 K.

20 K

300 K

600 K

a-Si:N

0.8 a)

3.0 a)

3.5 f)

a-SiO2

0.15 b)

1.0 c)

1.3 b)
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Au

400 d)

320 d)

305 e)

Pt

450 d)

70 d)

73 e)

a) Ref. 32,

b) Ref. 33,

c) Ref. 34, d) Ref. 35,

e) Ref. 36

f) This value was extrapolated by using κ vs T in Ref. 32.
Since the total membrane thickness of ~1 µm is much smaller than the planar length
scale [33], we safely used the 2D finite element method to predict the planar temperature
profiles. Here, we used 2D thermal conductivity as κ2d = κ∙t, in which κ and t are thermal
conductivity and thickness of the deposited materials (a-Si:N, a-SiO2, Au and Pt). All the κ
values used in the simulation are summarized in the Table 1 [34-38]. As Cp measurements
are performed under high vacuum (~105 Torr), we considered the thermal conduction and
black-body radiation effects in the simulation. In order to increase the temperature of the
sample platform, we applied power, P, to the Pt heater and monitored temperature values in
a steady state. Increased temperature (ΔT) was set to be about 4 % of the reservoir
temperature (T0) in the simulation (ΔT = 0.8 K at 20 K, 12 K at 300 K and 24 K at 600 K).
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Figure A.1 Schematic drawings showing (a) cross-sectional and (b) planar layouts of our
previous microcalorimeter (Type III, reproduced from Refs. 28 and 29), and (c) crosssectional and (d) planar layouts of the new microcalorimeter fabricated in this work (Type
IV). In (a) and (b), the a-Si:N membrane is supported by the Si frame (10 × 10 mm2) while
the Au isothermal layer is located in the backside of the a-Si:N membrane. In (c) and (d),
the membrane area is composed of a-Si:N and a-SiO2 layers while the Au isothermal layer
of a disc shape and Pt heater/sensor leads of a concentric shape are located in the center of
the membrane. The area of the Au isothermal region is reduced in Type IV
microcalorimeter.

A.2.2 Fabrication

In the previous fabrication processes based on the a-Si:N membrane, metal films for
an isothermal layer were deposited at the back side of the microcalorimeter [30,31]. This
has often caused a mismatch between the areas of the metal isothermal films and
heater/sensor leads because a perfect alignment of the shadow mask was somewhat difficult.
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Moreover, the use of a shadow mask in the backside made the fabrication of a smaller
isothermal area difficult, which in turn prevented the Cadd from being reduced further.

In order to overcome the limitations, we introduced the a-SiO2 layer on top of the aSi:N membrane. There are several reasons and advantages for using the additional a-SiO2
layer in the membrane. First, it was used for making electrical insulation between
heater/sensor leads and the Au isothermal layer. Second, because the deposition process in
the backside is not necessary anymore, the microfabrication became more simpler than the
previous cases using the deposition in both sides of the membrane [30,31]. As a result, all
the isothermal platform and heater/sensor leads are located in the top side of the membrane,
which made the microfabrication easier and more cost-effective. Third, due to the superior
mechanical strength of the a-SiO2, the a-SiO2 layer of 200 nm thick in combination of the
a-Si:N layer of 500 nm was enough to constitute the strong membrane layers as compared
with the previous case of using ~1000 nm thick a-Si:N membrane only (Type III) [31].
Detailed fabrication procedures are summarized below and are displayed in Fig. A.2.

(a) A low stress a-Si:N layer of 500 nm thick was deposited in both sides of a fourinch Si (100) wafer using low-pressure chemical vapor deposition (LPCVD) at 820 C.

(b) Photolithography with a photo-mask 1 was used to form heater and sensor patterns.
Cr/Pt layers of 5/50 nm thick were subsequently deposited through the sputtering. After the
lift-off process, only metal patterns remained in the a-Si:N layer.

(c) The a-SiO2 layer of 200 nm thick was deposited by the plasma-enhanced chemical
vapor deposition (PECVD) at 350 C.

(d) Photolithography with a photo-mask 2 was used to form the isothermal Au layer of
a circular shape. Ti/Au layers of 5/200 nm thick were deposited sequentially through the
thermal evaporation method. After the lift-off process, only the isothermal layer remained
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in the a-SiO2 layer.

(e) Photolithography with a photo-mask 3 was used to expose the contact pad of a
heater and a thermal sensor. The a-SiO2 layer on the contact pad was etched away in a
buffered oxide etch solution for one minute.

(f) Photolithography with a photo-mask 4 was used to form the square shaped
membrane layer (5 × 5 mm2). Then, the square shaped a-Si:N layer was etched by a
reactive ion etcher. The residual photoresist was removed with acetone. The backside of the
Si bulk was subsequently etched away in the 20 wt.% KOH solution at 90 C for 5 hour.
The etch rate was found to be ~2 μm min1. Since the a-SiO2 layer should be protected from
the KOH etching, the top side of the wafer was covered by a plastic cap.

Figure A.2 Fabrication procedures for Type IV microcalorimeter; (a) deposition of the low
stress a-Si:N using LPCVD at 820 C, (b) photolithography with a photo-mask 1 to form Pt
heater/sensor leads, (c) deposition of the a-SiO2 film using PECVD at 350 C, (d)
photolithography with a photo-mask 2 to form an circular isothermal Au layer, (e)
photolithography with a photo-mask 3 to open the Pt contact pad, (f) photolithography with
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a photo-mask 4 and reactive ion etching of the a-Si:N back layer for creating the square (5
× 5 mm2) and etch-line shapes, and the etching of bulk Si in a hot KOH solution. Finally, in
(g), a planar view of the fabricated Type IV microcalorimeter and the expanded circular
isothermal region are shown.

Figure A.2(g) shows the final photograph of the fabricated Type IV microcalorimeter,
in which transparent a-Si:N and a-SiO2 layers and a circular Au isothermal film with
concentric Pt leads can be found. It should be stressed once more that the new
microfabrication method became easier than the previous case. Therefore, the method can
be applied easily in larger wafer sizes although our current method employs the four-inch
wafer, which allows us to obtain a total of 49 devices.

A.2.3 Cp measurements and black-body radiation

Figure A.3 shows a schematic diagram of the instrumentation and circuit connections
used in the Cp measurement. We performed the Cp measurement by using a home-made
probe [32]. We controlled the base temperature (T0) by using a tube furnace and measured
T0 by use of a S-type thermocouple. In order to compensate T0, the outside temperature of a
probe was measured by a thermistor. To provide P to a Pt heater, we applied the dc current,
IH, and measured the voltage, VH, generated across the Pt heater by using a source meter
(Keithley 236). The total P, i.e., IHVH, given to the Pt heater was automatically adjusted to
induce the temperature increase (ΔT) within 3-4 % of the T0. Typical applied P during the
Cadd measurements is about 1.5 mW (~0.24 mA) around 550 K. During the measurements
of the sample heat capacity (Csample), however the applied P depends on the amount of the
loaded sample. For athe measurement of the 0.2 mg α-Al2O3 single crystal, P of 36 mW
(~1.18 mA) is applied around 550 K.
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Figure A.3 A schematic diagram of the instrumentation and circuit connections for
measuring heat capacity, Cp with the microcalorimeter.

The commercial lock-in amplifier (SR 830) was used to read the sensor resistance at a
frequency of ~1k Hz. An ac output voltage from the lock-in amplifier, VC, was sent to the
input of a current calibrator (2500 EP, Valhalla) to generate an ac current, IS, across the
thermometer on the sample platform. VC was set to generate IS of ~10-50 µA. Then, the
same lock-in amplifier measured VS generated across the thermometer. All these
measurements were automatically performed by a custom-made program based on
LabVIEWTM [30]. It controlled all of the instruments and calculated the Cp value
simultaneously based on the curve fitting method (CFM) [39].

The CFM assumes that finite thermal conductance exists between the sample and the
sample platform, λs, in addition to the total thermal conductance between the sample
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platform and the outside world, λl. Thus, the CFM employs two relaxation time constants,
i.e., external one, τ1, and internal one, τ2, based on the lumped-τ2 model [40]. This method
can remedy the problems caused by the poor λs between the sample and the sample
platform by including τ2. If we assume that the T0 is constant and initially in equilibrium
with the platform temperature T', the general heat transfer equations in the lumped-τ2 model
can be expressed as

dT 
 s T   T   l T   T0 
dt
dT
 s T  T  
dt

P(t )  Cadd
0  Csample

Equation A.1

where T is the temperature of the sample. By employing the general linear-least-square
fitting scheme, we can eventually determine Cadd, Csample, λl, λs, τ1 and τ2.

Because the Cp measurements are performed at high temperatures, the black-body
radiation can also affect the measured Cp. Upon applying ΔT onto the sample platform
sitting at a T0, the effective power loss due to the emissive radiation, ΔPr, can be expressed
as Aσ(εAu+εa-Si:N)((T0+ΔT)4–T04)  4Aσ(εAu+εa-Si:N)T03ΔT based on the Stefan–Boltzmann
law. Here, A is the area of the Au isothermal region εAu and εa-Si:N are emissivity of the Au
film (~0.02) and the a-Si:N layer (~0.1) [41,42], and σ is the Stefan–Boltzmann constant.
Such ΔPr through the sample platform upon applying ΔT can effectively constitutes
additional thermal conductance between the sample platform and the outside world, as in
the form of ΔPr/ΔT  4Aσ(εAu+εa-Si:N)T03 [7]. In the CFM, λl can thus include the
conductance through the radiation (ΔPr/ΔT) as well as the conductance through the
membrane and metal leads (λcond) which can be expressed as λl  λcond + 4Aσ(εAu+εa-Si:N)T03.
It should be stressed once more that the black-body radiation over ΔT during the Cp
measurements based on the lumped-τ2 model is certainly included in λl which is not related
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with the uncertainties of the measured Cp.
For the Cadd measurement at T0 = 550 K, ΔPr is roughly calculated as ~0.27 mW with
ΔT = 22 K, which is about 17.9 % of the typically applied P (~1.5 mW). On the other hand,
ΔPr/ΔT at 550 K becomes approximately 12.2 μW K1, which corresponds to about 17.5 %
of λl in the Type IV microcalorimeter (see Fig. A.5(c)). Moreover, in the case of the Csample
measurements, if the λs is sufficiently high due to the good thermal contact between the
sample and the platform, ΔPr/ΔT could be also contained in the λl. However, if the thermal
contact is bad, we should consider ΔPr/ΔT, which is not included in λl. In the worst case, at
T0 = 550 K, ΔPr through the α-Al2O3 single crystal (~0.9 × 0.9 × 0.8 mm3) with the
emissivity value of 0.02 [43] is expected as ~50.8 μW with which is only about 0.14 % of
the applied P (~36 mW). Therefore, in the CFM scheme, we postulate that the uncertainty
of our measured Csample due to the thermal radiation can be less than 0.14 % around 550 K
as the CFM is subject to the uncertainty in the determination of absolute ΔT due to the
radiation through the sample platform while it can fit the λl increase without significant
errors. We note that, in the case of the bad thermal contact between the sample and the
platform, if the Cp of the sample with the large area and high emissivity was measured at
high temperatures, the amount of the radiation through the sample will be significantly
increased which should be corrected.

For the thermal sensor calibration, we loaded a microcalorimeter on top of the Cu
block (10 × 10 × 5 mm3), which acted as a thermal bath with relatively high κ. The Cu
block with a loaded microcalorimeter was then inserted into a home-made probe. A T0 was
slowly varied by ramping up and down repeatedly with a ramping rate of 3 K min 1. The
measured ac resistance by the four-probe technique followed almost linear temperature
dependence in repeated cycles up to 600 K in both Type III and IV. During the sensor
calibration of Type III (IV), the temperature errors of the Au (Pt) thermometer were
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approximately ±0.2 K (±0.1 K) as estimated by the fluctuation in the resistance data. In the
case of Type III (IV), repeated thermal cycling from 300 to 600 K resulted in slight
increases in the resistance offset by about 0.5–1 % (0.1 %) in each run. Such an increase
was quite predictable so that the calibration was slightly adjusted after each run by adding
up a small constant resistance.
In order to obtain Cp of an α-Al2O3 single crystal, we measured first Cadd with a drop
of silicon oil (KF-96-1000CS, Shin-etsu), which turned out to be a good thermal grease for
increasing thermal contact between the sample and the platform [32]. The Cadd
measurements were performed from 300 to 550 K during a slow increase of a T0 with a
ramp rate 0.3 K min1. After measuring the Cadd, we carefully loaded an α-Al2O3 single
crystal (~0.2-0.4 mg), which was weighed by a micro-balance (SE2, Satorius). We then
measured the Cp of an α-Al2O3 single crystal with the platform from 300 to 550 K. The Cadd
obtained earlier was automatically subtracted from the acquired data to calculate the Cp of
an α-Al2O3 single crystal at each temperature.

A.3 Results and discussions
In order to compare thermal behavior of the two types of microcalorimeters, we
carried out thermal simulations. Resultant isothermal contour plots of Type III at 20, 300,
and 600 K are displayed in Figs. A.4(a), (b), and (c), respectively. The distance between the
neighboring isothermal contour represents 5 % of each ΔT as represented in the bars at the
bottom. The simulation results for Type III indicate that the temperature difference between
the central regions of both the heater and the sensor is roughly about 0, 4, and 5 % at 20,
300, and 600 K, respectively. These temperature gradients persisting inside the sample
platform are coupled to the errors in the absolute value of the measured specific heat, cp
(see Fig. A.6(b)). It is thus important to reduce the temperature gradient in the isothermal
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platform to increase the accuracy of the measured cp.

Figure A.4 Isothermal contour plots for Type III microcalorimeter at (a) 20, (b) 300 and (c)
600 K, and for Type IV microcalorimeter at (e) 20, (f) 300 and (g) 600 K. Magenta and
cyan colors represent the high and low temperature contours, respectively. Each spacing of
the neighboring isothermal contour represents the 5 % of ΔT. Isothermal contour plots of
Type III at 600 K are also displayed with an α-Al2O3 sample of (d) 0.4 mg (0.5 × 0.5 × 0.4
mm3) and (h) 2.6 mg (0.9 × 0.9 × 0.8 mm3).

The temperature gradient is generally linked to the three physical parameters: κ2d ratio
defined as κ2d,s/κ2d,m, geometry of heater/senor leads, and the distance between the metal
isothermal layer to the Si frame. Here, κ2d,s refers to a sum of κ2d contributions of the
sample platform (such as Au, Pt, a-Si:N and a-SiO2), and κ2d,m represents a sum of κ2d
contributions of the membrane region (such as a-Si:N and a-SiO2). First, we considered the
κ2d ratio in the Type III microcalorimeter, which was reported in Ref. [33]. If κ2d,s is high
and κ2d,m is low to result in a large κ2d ratio, the heat can be easily confined in the sample
platform. Therefore, the value of κ2d,s/κ2d,m stands for a gauge on the degree of the
isothermal condition and heat confinement in the sample platform at each structure. Using
122

Appendix A


the value of κ and t of the used materials, we evaluated the value of κ2d,s/κ2d,m of Type III as
106, 23.4, and 18.4 at 20, 300, and 600 K, respectively. The isothermal contour of Type III
confirms that the higher value of κ2d,s/κ2d,m clearly satisfy better the isothermal condition in
the sample platform.
If one wants to increase the κ2d ratio for better accuracy, it is thus possible to either
increase thickness of the metal isothermal layer or reduce thickness of the amorphous
membrane layers. However, increasing the thickness of the metal isothermal layer
obviously results in a larger Cadd while reducing the thickness of the membrane produces
relatively weak membrane strength, which can cause easy breaking of the platform. As a
result, a modification of geometry of a heater and a sensor will be additionally helpful even
without directly increasing the κ2d ratio. Once the lateral layout of the sample platform
becomes different, the absolute value of κ2d,s/κ2d,m that is required to reach the isothermal
condition is likely to be also different.

As the second consideration to achieve a better isothermal condition, we have thus
considered various geometry of the lateral layout in the sample platform and sequentially
carried out the thermal simulation. Because Type III has separated heater and sensor
regions to reduce the capacitive coupling during the Cp measurements, it was located in the
left and right sides of the platform, resulting in a larger sample platform (see Fig. A.1(b)).
Moreover, most heater designs of well-known micro or nanocalorimeters consist of
serpentine lines [9,11,17,24,26,27]. Without a thick metal isothermal layer or a thin
membrane layer, these structures may cause an unwanted temperature gradient in the
sample platform. To remedy the shortcoming while maintaining the thickness of the metal
isothermal layer, we considered concentric geometry with the isothermal platform of a disc
shape in the Type IV microcalorimeter, as displayed in Figs. A.1(c) and (d).

As the third consideration of improvement, a shortest (longest) distance between the
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metal isothermal layer and the Si frame was increased to be ~1.6 (2.8) mm in Type IV as
compared with ~1.25 (1.8) mm in Type III, reducing heat flow from the isothermal region
to the Si frame. Heat confinement is thus likely to become enhanced in Type IV. With an
extended distance between the Au isothermal layer and the Si frame, the isothermal area is
naturally reduced to be about ~10 % of the total membrane area in Type IV as compared
with 25 % in Type III, giving rise to reduction of Cadd. In order to reduce Cadd further, we
also reduced the thickness of the a-Si:N membrane from 1000 nm in Type III to 500 nm in
Type IV as the a-SiO2 of 200 nm thick is newly added. We note that the reported κ value of
the a-SiO2 is varied in literatures but obviously smaller than the a-Si:N from 20 to 300 K by
more than two times [34-36].

Finally, since the smaller width of heater/sensor leads can be useful to increase the
accuracy of the measured cp [31], we also reduced the width of heater/sensor leads from 20
to 10 μm and the distance between each leads as 40 to 20 μm in the Type IV
microcalorimeter. This thin width of heater/sensor leads consequently prevents the heat loss
in the membrane regions during the Cp measurement. In Fig. A.4, the temperature gradient
from heater leads on the membrane layer shows that the heat loss from the heater leads of
Type III is bigger than that of Type IV.

Figures A.4(e), (f), and (g) display the resultant isothermal contour plots of Type IV
at 20, 300, and 600 K, respectively. Using the value of κ and t of deposited materials, we
calculated the κ2d ratio in Type IV; 201, 38.3, and 30.2 at 20, 300, and 600 K, respectively.
This value is 1.6-1.9 times higher than those of Type III because of reduced effective
thickness in the membrane. At 20 K, a perfect isothermal platform is achieved with a higher
value of the κ2d ratio. Thus, if we replace the Pt sensor of Type IV to the low temperature
sensor, e.g., NbxSi1x [7] to have better sensitivity at low temperatures, it is expected that
the same Type IV microcalorimeter can be also operating successfully even well below 20
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K. Moreover, at 300 K, although κ2d,s/κ2d,m = 38.3 is rather low, the sample platform shows
completely a perfect isothermal condition. Another noteworthy finding is that even though
κ2d,s/κ2d,m = 30.2 at 600 K in Type IV is only 30 % higher than that of Type III at 300 K, the
sample platform is nearly isothermal. Therefore, the concentric heater and sensor seems to
provide better heat confinement if the κ2d ratio is fixed.

Above thermal simulations were based on the empty platform. In practice, the
presence of the sample can also distort the thermal profiles as well as the resultant Cp
values. In order to know such effects of the sample on the temperature profile, we
performed the 2D thermal simulation with an α-Al2O3 sample and a value of κ [44] at 600
K in the Type III microcalorimeter, in which the effects of the sample on the temperature
gradients are clearly visible. The resultant contour plots are shown in Figs. A.4(d) and (h)
for the Al2O3 sample with 0.4 mg (0.5 × 0.5 × 0.4 mm3) and with 2.6 mg (0.9 × 0.9 × 0.8
mm3), respectively. Both results show that the temperature gradients are overall reduced
upon increasing the sample mass and volume. However, due to the heat loss through the
sample, it is found that the measured ΔT are also reduced to become 0.16 K (0.7 % of ΔT)
and 0.51 K (2.1 % of ΔT), respectively. Based on these results, it is expected that the Cp
measurements with Al2O3 samples with ~0.4–2.6 mg should not affect the resultant Cp data
within 1-2 % of errors while the larger sample volume can further deteriorate the accuracy
of Cp. As we have used a standard α-Al2O3 single crystal of 0.2–0.4 mg in the
measurements in Fig. A.5, the main errors of cp shown in Fig. A.6(b) for Type III are
attributed to the lack of isothermal condition in the platform rather than the effect of sample
mass/volume to the temperature profile.

Figure A.5(a) compares the total Cp of the platform with the sample and the Cadd of
Type III (solid blue dots) and IV (solid red dots) microcalorimeters. We find that the Cadd of
Type IV at 300 K (6 μJ K1) is smaller than that of Type III (20 μJ K1) by about three times.
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It is thus possible to measure the smaller Cp, practically as low as 10 μJ K1 at 550 K by use

of Type IV. It has been known in the thermal relaxation method that 1/3 of Cp of the
surrounding membrane, 1/3Clink, contributes to Cadd [7,40]. In our microcalorimeters, the
Clink should consist of membrane and leads so that Clink equals Vmembrane × ρmembrane × cmembrane
+ Vleads × ρleads × cleads, where V, ρ, and c represent volume, density, and specific heat of each
material, respectively [34,45]. The calculated 1/3Clink of Type III (IV) at 300 K was ~6.3
(6.1) µJ K1 while the Cp value of the sample platform in Type III (IV) was estimated to be
~9.4 (1.3) µJ K1. As a result, the total Cadd values are estimated to become ~16 µJ K1 and
~7 µJ K1 in Type III and IV microcalorimeters, of which values are in good agreement
with the actual data shown in Fig. A.5(a). We note that the Cp value of the silicon oil,
ranging from ~1-3 µJ K1, can also contribute to the experimentally obtained Cadd in Fig.
A.5(a). Therefore, we confirmed by simple estimations and experiments that the Cadd value
of Type IV is clearly smaller than that of Type III by a factor of two at least.
The measured Cp values of an α-Al2O3 single crystal are ~170-350 µJ K1 in both Type
III and IV micocalorimeters. These Cp data measured with 0.2-0.37 mg samples are much
bigger than the Cadd. These results show that one can safely measure the Cp of the sample
with the Type III and IV microcalorimeters without being affected much by the Cadd.
Therefore, errors found in Fig. A.6(b) below in Type III microcalorimeter should not be
related to the Cadd itself.

126

Appendix A



Figure A.5 Temperature dependence of (a) total Cp and Cadd, (b) the two time constants and
(c) λl for the Type III (solid blue dots) and IV (solid red dots) microcalorimeters.

Figure A.5(b) shows the temperature dependent evolution of the two time constants
during the measurements using the Type III and IV microcalorimeters. Typical fit results
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using the two time constants are plotted in our earlier publication (Fig. 4 in Ref. 28) [30].
We found that in both measurements of Cp, the τ2 value becomes much smaller than τ1. As
shown in Fig. A.5(b), the value of τ2 is typically ~0.01-0.03 s in both measurements while
τ1 was larger by more than two orders of magnitude (~4.0-6.0 s). This finding shows that
the thermal contact between our sample and the sample platform was quite good when the
silicon oil was used as the thermal grease. Moreover, the temperature dependence of the
time constants is rather monotonous and does not change much between 300 and 550 K,
showing the fit results are maintained at overall temperature. When one of the time constant
becomes close to 0.01 s or less, there is tendency to have increased noises in the measured
data, due to the limit of the measurement speed in the lock-in amplifier (1 kHz with a time
constant ~10-30 ms). On the other hand, once the time constants become larger than 0.02 s,
the measurements become more stable as indicated by the results for the Type IV
microcalorimeter. Thus, one of key reasons to have higher data scatterings and larger
standard deviations in Type III (see also, Fig. A.6(b)) may be due to the small τ2 values
while the increased temperature gradient in Type III may also play a role partially.
Figure A.5(c) compares λl of Type III (solid blue dots) and IV (solid red dots)
microcalorimeters. It is found that λl of Type IV at 300 K (44 µW K1) is smaller than that
of Type III (64 µW K1). Moreover, the slope of λl over the temperature is smaller in Type
IV than in Type III. According to our previous results [31], the small λ l was another
important factor to increase the accuracy of the Cp measurement in the membrane-based
microcalorimeter. Therefore, Type IV is expected to provide the more accurate Cp values at
overall temperatures than Type III.
Figure A.6(a) shows the measured cp of an α-Al2O3 single crystal (NIST standard) by
using Type III (solid blue dots) and IV (solid red dots) microcalorimeters from 300 to 550
K. Solid black dots are the standard cp data of an α-Al2O3 [46]. The measurement errors of
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Type III is as large as 15 % at 300 K and keeps increasing up to about 20 % (Fig. A.6(b)).
On the other hand, the measured cp from Type IV well matches with the standard value
within 3 % from 300 to 550 K. It is also found that a standard deviation of the cp measured
by Type IV (~0.45 J mol1 K1) is smaller than that measured by Type III (~1.57 J mol 1
K1). This result is consistent with the data scatterings appeared in Fig. A.5 and should be
attributed to quite small τ2 values as well as the larger thermal gradient in the Type III
microcalorimeter. Combining the thermal simulation and experimental data, all of the
results prove that Type IV is superior to Type III in obtaining the smaller Cp data with
better accuracy. Concentric geometry of heater/sensor leads allowing the measurement of
the temperature inside the circular isothermal region as well as the reduced volume of the
platform all seem to be key ingredients in obtaining better heat confinement and thus the
smaller Cp with better accuracy.
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Figure A.6 (a) Temperature dependence of the specific heat, cp of an α-Al2O3 single crystal
(NIST standards) as measured by Type III (solid blue dots) and IV (solid red dots)
microcalorimeters. The NIST standard values (solid black dots, from Ref. 43) are compared.
(b) Temperature dependence of relative errors of the cp as compared with standard values.

A.4

Summary

Based on the 2D thermal simulation, we have designed and fabricated a new type of
microcalorimeter (Type IV) that has two amorphous Si:N and SiO 2 layers as the membrane,
and an isothermal platform of a disc shape with concentric Pt leads as a heater and a
thermal sensor. As a result, we could achieve a perfect isothermal sample platform from 20
to 600 K. We find that the Type IV microcalorimeter provides a low Cadd (~6 μJ K1) value
at room temperature and that the uncertainty of the cp measurement is less than 3 % from
300 to 550 K. The employed microfabrication method putting all heater/sensor leads and
130

Appendix A


the isothermal meatal layer in one side of the membrane may allow easier fabrication of the
nanocalorimeter in future upon further reducing the lateral size of the sample platform and
the thickness of the membrane.
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국문 초록
투명 전도성 산화물 및 투명 산화물 반도체는 가시광선 영역에서 투과도가 약 80 % 이상
으로 투명하면서도 전기전도도 (~10-8 – 103 S cm-1)를 갖는 산화물을 의미한다. 지난 20여년 동
안 이러한 산화물의 고유한 전기적, 구조적, 광학적 특성을 이용하여 투명 전극, 투명 트랜지
스터, 투명 pn다이오드를 활용한 투명 디스플레이, 터치 패널, 스마트 창 등의 투명 전자소자
가 활발하게 연구개발되고 있다. 응용소자뿐만 아니라, 최근에는 투명 산화물 반도체 기반 이
종접합구조 에서의 높은 전하이동도를 활용한 고속 투명 산화물 반도체 소자 연구가 활발히
진행되어오고 있다. 하지만 대표적인 투명 전도성 산화물인 In2O3의 In 고갈 문제, 고온에서의
불안정한 전기적 특성 문제, 기존 반도체에 비해 낮은 상온에서의 전하이동도 문제 등이 보다
우수한 특성을 보이는 새로운 투명 전도성 산화물 개발의 촉매제 역할을 하고 있다. 매장량이
풍부하면서, 고온에서 전기적으로 안정적이며, 상온에서 높은 전하이동도를 가지는 산화물을
찾는 것이 투명 전자소자의 성능 향상뿐만 아니라 향후 Si을 대체할 반도체 융합기술개발과
관련하여 중요한 연구방향 중 하나일 것이다.

2012년 우리는 입방 페로브스카이트 구조의 넓은 밴드갭 (~3.1 eV)을 가지는 BaSnO3의 Ba
자리에 La을 치환한 (Ba,La)SnO3 단결정을 Cu2O+CuO 플럭스를 이용한 융제법을 활용하여 세
계 최초로 성장하는데 성공하였다. 성장한 단결정이 가시광선 영역에서 투명한 동시에 전자농
도 1  1020 cm-3 근방에서 최대 320 cm2V-1s-1의 높은 상온 전하이동도를 갖는 n-형 반도체 성질
을 보인다는 것을 최초로 보고하였다. 이 전하이동도는 전자농도 1020 cm-3 근방에서 산화물
가운데 상온에서 가장 높은 값이다. 또한 (Ba,La)SnO3의 고온에서의 전기적인 안정성을 확인
한 결과, 산소 또는 알곤 분위기에서 (Ba,La)SnO3 박막의 저항 변화가 10% 이내임을 확인하였
고, 공기 분위기에서는 2% 이내로 굉장히 작았다. 이는 (Ba,La)SnO3의 전기적 특성이 고온에
서 매우 안정적, 즉 BaSnO3의 산소가 매우 안정적일 수 있음을 의미한다. 마지막으로 Ba, La,
그리고 Sn의 지구매장량은 In에 비해서 최소 50배 이상 많다. 따라서 (Ba,La)SnO3의 높은 상온
전하이동도와, 고온에서의 전기적 안정성, 그리고 풍부한 지구매장량을 활용한다면 기존의 투
명 산화물 반도체 기반 투명 전자소자의 한계점을 극복하여 차세대 투명 전자소자 구현이 가
능 할 것이다.

하지만 BaSnO3 기반 투명 전자소자 구현을 위해서는 (Ba,La)SnO3 박막 연구 개발이 필수
적이다. 우리는 이를 위해 SrTiO3(001) 기판 위에 (Ba,La)SnO3 박막을 c-축으로 성장하였고, 이
박막의 전하이동도 값이 전자농도 6  1020 cm-3에서 최대 ~70 cm2V-1s-1로 단결정에 비해 현저히
작은 것을 확인하였다. 이는 SrTiO3 (~3.905 Å )와 BaSnO3 (~4.116 Å )의 약 5%의 격자상수 차이
에 의해 선 어긋나기가 자유 전하에 추가적인 산란을 유도하기 때문이다. 따라서 격자 상수가
맞는 기판을 이용하여 (Ba,La)SnO3 박막을 성장한다면 자유전자의 산란을 줄여서 단결정과 비
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슷한 정도의 높은 전하이동도를 관측할 수 있을 것으로 기대할 수 있다. 하지만 현재까지
BaSnO3의 격자상수와 2% 이내의 차이를 가지는 단결정 기판은 시중에서 판매되고 있지 않다.
Cu2O+CuO 플럭스를 이용한 융제법으로 성장한 BaSnO3 단결정을 기판으로 활용할 수 있지만,
고온에서 단결정 성장 시 발생한 산소공핍으로 인한 자유전자로 인해 단결정의 전기 전도성
이 약 103 Scm-1로 높기에 기판으로 사용하기 부적절하다.

우리는 부족한 단결정 기판에 동기를 부여 받아 전기 절연성 BaSnO3 단결정을 성장하여
기판으로 활용하고자 다양한 노력을 기울였다. 그 결과 고압합성에 사용하는 KClO4라는 첨가
물을 Cu2O+CuO 플럭스 융제법에 도입함으로서 최초로 전기 절연성 BaSnO3 단결정 성장에
성공하였다. 성장한 단결정의 비저항을 상온에서 측정한 결과 약 1012 ohmcm으로 높고, 엑스
선 오메가 스캔 결과 반값온폭이 0.02 o로 결정질이 우수하여 기판으로 사용하기 적합한 것을
확인하였다. BaSnO3 단결정의 성분분석 결과 K이 약 0.1 % 검출되었고, 라만 분광학 측정 결
과 비저항이 증가함에 따라 일차 라만 봉우리의 크기가 감소하는데, 이를 통해 K이 Ba자리에
치환되어 정공이 증가하여 전자농도를 감소시켰다는 것을 예상 할 수 있다. 이후 전기 절연성
BaSnO3 단결정의 c-축을 잡고 연마도구를 사용하여 표면을 원자단위로 평평하게 연마하였다.
원자힘현미경 측정결과 연마한 BaSnO3(001) 기판 표면의 아르엠에스 거칠기가 0.2 nm로 상용
화된 기판의 그것과 거의 비슷한 수준이다. 성장하여 연마한 기판 위에 펄스레이저법을 활용
하여 (Ba,La)SnO3 박막을 성장하였다. 역공간본뜨기 측정 결과 박막이 결맞게 잘 증착되었고,
투과전자현미경 측정결과 박막에 선 어긋나기 등의 결함이 없이 깨끗한 것을 관찰하였다. 또
한 상온에서 전하이동도가 최대 102 cm2V-1s-1로 SrTiO3(001) 기판 위에 증착한 (Ba,La)SnO3 박
막의 전하이동도보다 약 45 % 가량 향상 된 것을 확인하였다. BaSnO3를 투명 전자소자로 활용
하기 위한 기초 연구로 우리는 성장하여 연마한 BaSnO3(001) 단결정을 기판으로 사용하여 이
위에 BaSnO3 채널, Al2O3 게이트 산화물, Au/Ti의 소스, 드레인, 게이트 전극을 증착하여
BaSnO3 전계효과트랜지스터를 제작하여, 온/오프 전류비가 1.2  106이고 전계효과 이동도가
48.7 cm2V-1s-1인 특성을 얻었다.

(Ba,La)SnO3의 고온에서의 안정된 전기적 특성의 물리적인 근원을 이해하는 것도 중요하
다고 말할 수 있다. 우리는 전자석을 이용하여 고온에서 홀 효과 측정이 가능한 셋업을 구축
후, 530 oC의 산소와 알곤 분위기에서 시간에 따른 (Ba,La)SnO3 박막의 홀 효과를 측정하였다.
그 결과 (Ba,La)SnO3의 전하이동도 (전자농도)는 산소공핍이 증가함에 따라 감소(증가)하는 경
향을 확인하였다. 전자농도에 따른 전하이동도의 변화를 피팅한 결과, 산소공핍이 이온화된
불순물 산란의 영향이라는 것으로 이해할 수 있었다. 또한 시간에 따른 전자농도의 변화를 통
해서 초반의 박막 표면에서의 빠른 산소 반응과 후반의 박막 내부로의 느린 산소 확산의 두
가지 매커니즘으로 분석 할 수 있었다. 또한 시간에 따른 전자농도를 피팅하여 구한
(Ba,La)SnO3의 산소 확산계수가 약 10-16 cm2s-1 정도로 페로브스카이트 산화물 가운데 가장 작
은데, 이것이 BaSnO3의 고온에서의 안정된 전기적 특성과 밀접한 관련이 있을 것이라 예상
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할 수 있다.

2004년 페로브스카이트 산화물의 이종접합구조 (LaAlO3/SrTiO3)의 계면에서 이차원전자가
스가 발현되어 다양한 물리현상과 함께 활발한 연구가 진행중이다. 만일 BaSnO3 기반의 이종
접합구조에서 이차원전자가스를 구현한다면 전기적으로 안정하면서 높은 전하이동도를 가지
는 신 투명 산화물 반도체 전자소자를 바탕으로 기존에 연구되어온 GaN 또는 IGZO 기반의
투명 반도체 소재&소자를 대체할 수 있을 뿐만 아니라 페로브스카이트 산화물 이종접합구조
계면에서 발현하는 이차원전자가스의 메커니즘을 이해할 수 있을 것이다. 하지만 BaSnO3 기
반의 이종접합구조를 구현하기 위해서는 원자단위로 평평하면서 스텝-테라스 구조를 가지는
BaSnO3 기판 표면 확보가 중요하다. 이를 위해 우리는 먼저 BaSnO3 기판의 두 가지 틀어짐
각도를 조절하여 표면을 연마하였다. 연마한 기판을 증류수에 식각 후 1200도의 고온에서 다
양한 시간동안 어닐링을 시도하였다. 원자힘현미경 측정 결과 BaSnO3 기판 표면에서 원자단
위로 평평한 선명한 스텝-테라스 구조를 확인하였다. 스텝-테라스 표면이 어떠한 원자층으로
구성되어 있는지 확인하고자 방사각에 따른 엑스선광전자분광학을 활용하여 기판을 측정한
결과 테라스 표면이 SnO2로 구성되어 있다는 것을 분석하였다. 이러한 SnO2로 종결된 BaSnO3
기판 위에 면-면 성장법을 활용하여 격자상수가 비슷한 고품질의 극성 또는 비극성 절연체 페
로브스카이트 산화물을 접목시킨다면, 전기적으로 안정하면서 높은 전하이동도를 가지는
BaSnO3 기반 저전력 고속 투명 전자소자 구현이 상온 근방에서 가능할 것이라 예상할 수 있
다.

주요어 : 바리움스테네이트, 단결정 성장, 박막 성장, 높은 전하 이동도, 열적 안정성,

이종구조

학번 : 2012-30900

140

