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Abstract
Author: Shingo Genchi

Supervisor: Professor Hidekazu Tanaka

Transition metal oxide materials exhibiting metal—insulator or insulator—metal
transition (MIT or IMT) accompanied with several orders of magnitude resistance
changes have attracted attention for device application through growth of transition metal
oxide thin films. Thus far, transition metal oxide thin films with good crystallinity
showing MIT have been generally grown on single-crystal oxide substrates satisfying the
structural lattice matching at the interface between substrates and thin films, such as A12O3
and MgO. Therefore, the selection of the thin films and their growth substrates has been
limited. For realizing the universal growth of transition metal oxide thin films, I focused
on the use of two-dimensional layered hexagonal boron nitride (hBN) as a growth
substrate since weak van der Waals interactions play a role in connecting each layer in
hBN.

In this study, three kinds of transition metal oxide materials showing MIT with
different lattice structures and lattice constants were selected as growth materials on hBN:
VO; (vanadium dioxide), Fe3O4 (magnetite), and NdNiO3 (neodymium nickelate). It was
revealed that these thin films show clear MIT property accompanied with orders of
magnitude resistance changes on hBN. The structural characterization also revealed that
the growth of well-crystalized transition metal oxide thin films was realized on hBN,
despite the expected existence of the lattice mismatch of 5 to 13%. These results suggest

very weak lattice strain between the transition metal oxide films and hBN surface owing



to weak van der Waals interactions. I concluded that hBN could have a function of a
universal growth substrate for various transition metal oxide thin films.

In addition, in particular for device application using VO thin films, determination
of the size of metallic domains, which govern the MIT property is essential. Temperature-
dependent Raman spectroscopy and optical observation revealed that the metallic domain
size of VOz thin films on hBN is ~500 nm, which is one order of magnitude larger than
that of VO thin films on Al2O3(0001), a common growth substrate of VO, thin films.
Thus, it was found that VO/hBN microwires exhibit steep and step resistance changes
reflecting the IMT in sub-micrometer individual metallic domains by changing
temperature. This phenomenon originates from the confinement effect of the metallic
domains even in micrometer scale.

Moreover, device application of VO2 micro-structures on hBN was studied in
electrical switching devices by application of bias voltage for inducing IMT of domains.
The micro-structured VO2/hBN exhibited step electric current increase by application of
bias voltage owing to the formation of confined individual metallic domains, which was
observed by simultaneous optical observation. These results open a way for domain
engineering and contribute to creation of novel electrical switching devices, such as Mott
transistors.

In this dissertation, the functionality of hBN as a universal growth substrate for
various transition metal oxide thin films was discovered and the device application was

demonstrated.
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Chapterl

General Introduction






1.1 Transition metal oxide electronics

Transition metal oxide materials with strongly correlated electrons in spatially
narrow 3d orbits exhibit unique physical properties. For instance, these materials exhibit
metal-insulator transition (MIT) [1.1], colossal magnetic resistance [1.2, 1.3],
ferroelectric [1.4, 1.5], high-temperature superconductivity [1.6, 1.7], and so forth unlike
silicone (Si), which is a representative semiconducting electronic material in electronics
today. Figure 1.1.1 shows some examples of transition metal oxides and the device
application using transition metal oxide thin films.

VO; (vanadium dioxide) [1.8, 1.9], Fe3O4 (magnetite) [1.10], NdNiO3 (neodymium
nickelate) [1.11, 1.12] exhibit MIT. MIT in these materials have attracted much attention
to be applicable to novel electronics since giant resistance, electric current, and
magnetization change of several orders of magnitude can be induced from external stimuli.
Thus, studies on creation of field effect transistors (Mott transistors) [1.13—1.16],
electrical switching devices using Joule heating effect [1.17-1.19], smart windows [1.20,
1.21], magnetic switching devices [1.22, 1.23], memory devices [1.24] and so forth have
been reported.

Lao 825S10.17sMnO3 (LSMO) shows colossal magnetic resistance change and doping
of Sr affects the magnetic status of LSMO [1.25, 1.26]. As Sr is doped, La;xSrxMnO3
exhibits ferromagnetic property and it shows a temperature dependent resistance change,
where the order of the resistance change is dependent on the magnetic field due to the
difference in stabilization of the spin direction. These properties have been expected to

be applicable to magnetic/electric devices and tunneling junctions [1.27, 1.28].



Perovskite-structured SrTiOs; and BaTiO3z show dielectric property and have been
widely used in piezoelectric elements [1.29, 1.30] and multi-layer ceramic condensers
[1.31].

Moreover, YBa;CuzO7 (YBCO) is a representative transition metal oxide material
showing high-temperature superconductivity above 77 K. YBCO has been reported to be
utilized in Josephson effect [1.32], superconducting electrode capacitor [1.33] and so
forth. From the discovery of YBCO, much attention has been attracted to explore novel
high-temperature superconductivity materials including cupper. Such unique physical
property originates from strong Coulomb interactions among electrons. In other words,
the control of the motion of electrons is the key to determine the material property in
transition metal oxides. Based on these material properties, transition metal oxides have
attracted much attention as “Beyond Si”” materials to trigger electronics and spintronics
in the next generation.

Recently, study on growth of transition metal oxide thin films, exploration of
material properties for device application, and creation of electronics/spintronics devices

using transition metal oxide thin films has been called “transition metal oxide electronics”.



Transition metal oxides

Ti | V |Cr|Mn|Fe|Co| Ni |Cu
VO,, Fe;0,, NdNiOsi Lag 4,550 175MNO;

Metal-insulator transition : Colossal magnetic resistance

SrTiO,, BaTiO; i YBa,Cu;0,

High-temperature

Ferroelectrics

superconductivity
Application
@ Field effect transistor € Magnetic memory
@ Joule heat switching @ Piezoelectric element
4 Bolometer € Multi-layer ceramic capacitor
@ Spin transistor @ Josephson effect

Figure 1.1.1 Transition metal oxide materials showing various properties and device

application using transition metal oxide thin films.

1.2 Conventional growth of transition metal oxide thin films

For device application, establishment of the methods to grow high-quality thin films
is essential. In addition to synthesis of single-crystal bulk transition metal oxides, various
approach to grow thin films have been studied and established, such as sputtering
deposition, pulsed laser deposition (PLD), molecular beam epitaxy, and so forth. With the
progress in the synthesis of high-quality transition metal oxide thin films, novel material
properties of transition metal oxide thin films and the device application have been

explored. The high-quality well-crystalized transition metal oxide thin films exhibiting
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MIT have been commonly grown on single-crystal oxide substrates, such as magnesium
oxide (MgO) [1.34, 1.35], titanium dioxide (TiO2) [1.36—1.38], sapphire (Al2O3) [1.38—
1.40], SrTiOs [1.40, 1.41] and so force. Here takes an example of growth of VO» thin
films for simple explanation. For obtaining high-quality thin films showing prominent
MIT property, interfacial lattice mismatching should be reduced. In other words, it is
required that thin films and substrates have closer atomic arrangement and lattice
constants to each other. The interfacial matching of lattice structures and lattice constants
plays a significant role in the MIT property. For instance, single-crystal epitaxial VO; thin
films can be grown on TiO: substrates since VO2 and TiO2 have same rutile lattice
structure [1.42]. Accompanied with the interfacial lattice matching, VO2(001) thin films
on TiO2(001) substrates show steep resistance change, as shown in Fig. 1.2.1(a).

On the other hand, VO thin films on Al2O3(0001) substrates are in-plane
preferentially oriented polycrystalline since the lattice structures and lattice constants are
considerably different [1.39]. Thus, gradual resistance changes are observed because of
the bad crystallinity of VO. thin films, as shown in Fig. 1.2.1(b).

With these backgrounds, we can conclude that the restriction of the interfacial lattice
matching hinders various growth of transition metal oxide thin films. Considering that
transition metal oxide materials have a variety of lattice structures and lattice constants,
the matching of substrates and thin films is limited. Thus, a universal substrate to grow
various transition oxide thin films regardless of lattice structures and lattice constants is
required. With the negligible effect of the interfacial lattice mismatching, a universal

growth substrate can largely contribute to the novel synthesis of transition oxide materials.
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Fig. 1.2.1 (a) R—T curves of VO, thin films on TiO2(001) substrates. (b) R—T curves of
VO; thin films on Al,03(0001) substrates [1.37].

1.3 Hexagonal boron nitride: a new growth substrate

As a candidate material of a universal growth substrate, I have focused on two-
dimensional layered materials, where each layer is connected by van der Waals interaction
[1.43]. These two-dimensional layered materials also exhibit attractive material
properties, such as semimetal (graphene) [1.44, 1.45] and direct bandgap semiconductor
(transition metal dichalcogenides: TMDC) [1.46], and so forth. Besides, two-dimensional
layered materials have a possibility to reduce the lattice mismatch owing to weak van der
Waals interactions. Therefore, I assumed that it is attractive to apply these materials to
growth substrates of transition metal oxide thin films.

Among these two-dimensional layered materials, I particularly focused on the use
of hexagonal boron nitride (hBN). Figure 1.3.1 shows the honeycomb lattice structure
and the lattice constants of hBN. Each layer of hBN is connected by weak van der Waals
interactions. Importantly, hBN keeps insulating property even thinned down to several

nm thicknesses [1.47, 1.48] with the bandgap energy of ~ 6 eV [1.49, 1.50] and chemical

stability when exposed to oxygen atmosphere at 723 K for hours [1.51, 1.52]. Taking into
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account that generally transition metal oxide thin films are grown in an oxygen ambient
and at a high temperature up to ~1000 K, hBN is expected to be a suitable material as a
substrate to grow various transition oxide thin films. Moreover, the stacks of thin
film/hBN may have a transferability onto arbitrary materials using a transfer technique
[1.53]. In this study, single-crystal hBN synthesized under high pressure was utilized

[1.54].

van der Waals
interactions

Fig. 1.3.1 Lattice structure and lattice constants of hBN. Green and gray circles indicate
boron and nitride atoms, respectively. The black dotted arrow indicates van der Waals

interactions.

Figures 1.3.2(a) and (b) show the schematic of the growth of transition metal oxide
thin films on single-crystal oxide substrates and hBN, respectively. Conventionally,
transition metal oxide thin films have been grown on single-crystal oxide thin films.
Because of the strong ionic/covalent interactions at the interface, the lattice mismatch
between a film and a substrate leads to the lattice strain effect. If the lattice strain is
significant owing to the large lattice mismatch at the interface, degradation of crystallinity,
i.e., formation of defects causes the poor MIT properties of the thin films. On the other

hand, if the interface interaction between the thin film and the hBN is negligibly small
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due to weak van der Waals interactions, various transition metal oxide thin films would
be grown on hBN despite the existence of the lattice mismatch. Namely, the growth of
transition metal oxide thin films could be promoted with a high degree of freedom beyond
the restriction on the matching of the lattice structures and lattice constants of substrates

and thin films.

(a) Thin film growth on single-crystal oxide  (b) Thin film growth on hBN

Thin film Thin film
Weak van der
Waals interactions
No-d-b-d-d

5
T 0—0 O—C
Substrate hBN 8 O_Co—c
o g

Figure 1.3.2 (a) Schematic of thin film growth on single-crystal oxide substrates. The

0000

yellow ovals indicate the interfacial connection with strong ionic and/or covalent
interactions. (b) Schematic of thin film growth on hBN. The green region indicates the

interfacial connection with weak van der interactions.

1.4 Scope of this study

In this dissertation, growth of VO thin films on hBN was attempted as an example
of high-quality thin films beyond the lattice mismatch between VO and hBN. In addition,
the applicability of hBN as a universal platform for growing various transition oxide
materials was studied through the growth of Fe3;O4 and NdNiOs; with spinel and
Perovskite structures, respectively. Through these studies, the universality of hBN as a
growth substrate was demonstrated as shown in Fig. 1.4.1. Finally, as an aspect of device
application, I demonstrated the functionality of VO, film grown on hBN with step

electrical switching property.
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Figure 1.4.1 Schematic of universal growth of transition metal oxide thin films on hBN.

This thesis is divided into 7 chapters and Appendix. In Chapterl, the general
introduction on the growth of transition metal oxide thin films and oxide electronics and
the aim of this study were presented. In Chapter 2, experimental and analysis details of
this study are indicated, such as pulsed laser deposition, photolithography, and so forth.

In Chapter 3, the growth of VO thin films on hBN was attempted. The crystal
structure and the MIT property of VO, thin films on hBN were characterized using Raman
spectroscopy, atomic force microscopy, scanning transmittance electron microscopy, and
electrical transport measurements. With the perspective of device application, transfer of
VO2/hBN stacks was demonstrated.

In Chapter 4, metallic domains, which determine the MIT property, were identified
and their size was analyzed using Raman spectroscopy and an optical microscopy. Next,
the device-size-dependent MIT property was measured for obtaining multi-level step-like
resistance changes owing to the confined metallic domains.

In Chapter 5, in the perspective of application in electrical switching devices using

Joule heating effect, electrical switching property was measured by fabrication of a micro-
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structured VO2/hBN sample with the size determined in Chapter 4 to obtain multi-level
step-like resistance changes. The optical microscopy images reflecting the emergence of
the metallic domains were obtained simultaneously using an optical microscopy during
the electric current measurement, which revealed that individual metallic domains
contribute to the step electrical switching property.

In Chapter 6, with the perspective of application in hBN as a universal growth
substrate, growth of Fe;O4 and NdNiOs thin films with different lattice structures and
lattice constants from those of VO> was attempted on hBN. With the MIT and structural
characterization of these thin films, the applicability of hBN as a universal growth
substrate was studied. Additionally, interpretation on the growth of transition metal oxide
thin films on hBN was proposed from the experimental results.

In Chapter 7, general conclusion and future perspective are summarized. In
Appendix, bubble-free transfer method, a new method to transfer thin film/hBN stacks
with high efficiency in number and high alignment accuracy, was demonstrated. In
addition, recently, high-quality hBN sheets have been successfully synthesized using
chemical vapor deposition (CVD) in a large size. Using the CVD-hBN sheets, growth of
VO; thin films on CVD-hBN sheets was attempted and the crystal structure was
characterized through out-of-plane X-ray diffraction in addition to the measurement of

the MIT property of VO2/CVD-hBN.
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2.1 Sample preparation
2.1.1 Pulsed laser deposition (PLD)

Fig. 2.1.1(a) shows the overall image of the pulsed laser deposition (PLD) system.
Fig. 2.1.1(b) shows the cross-sectional schematic. PLD is a kind of physical vacuum
deposition method and has been often used to grow oxide thin films with atomically
controlled flat surfaces. The pulsed laser beam is focused on the target surface and laser
ablation is locally induced in the vacuum chamber. The ablated atoms fly toward
substrates and thin films are formed on the substrates through the crystallization. The
ablated atoms form plasma called “plume”. This process is conducted under a high
vacuum condition or the presence of a background gas such as oxygen. In addition, the
temperature of substrates and the laser frequency should also be optimized for obtaining
well-crystallized the thin films.

For keeping a high vacuum condition, a rotary pump and a turbo molecular pump
are equipped in the PLD system. The base pressure of a PLD chamber is generally
maintained to be 10°~10" Pa. In my study, an ArF excimer laser was utilized (A = 193
nm). In my experiment, three types of the transition metal oxides were selected as a
growth material: VO2, Fe3O4, and NdNiO3. These thin films were grown under the

optimized growth condition.

(b) Heater Substrate
— N, for purge

ArF excimer laser

ArF excimerl’:
laser st

Figure 2.1.1 (a) Overall image of PLD system. (b) Schematic of PLD system.
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2.1.2 Raman spectroscopy

Raman spectroscopy is one of the vibrational spectroscopic techniques, which can
be used to obtain information on molecular vibrations and structure of a sample. This
technique is performed by laser irradiation to a sample to generate the Raman scattering
process. The Raman scattered light is detected with a CCD camera. The characteristic
peaks in Raman Spectrum make it possible to identify substances including polymorphs
and evaluate local crystallinity, stress profile and so forth in the sample. Fig. 2.1.2 shows
the schematic mechanism of Raman scattering. When the light is scattered by matter, the
process is mostly elastic (so called Rayleigh scattering) and there is no change in energy.
However, sometimes the scattering involves an inelastic process and the scattered light
has a different energy from that of the incident light. This inelastic scattering process is
called Raman scattering or Raman effect. The Raman scattering can be classified in two
types: Stokes Raman Scattering and Anti-Stokes Raman Scattering [2.1, 2.2]. The Stokes
Raman scattering is a process in which an electron is excited from the ground state level
to a virtual level by light and then, returns to a vibrational level. This process involves
energy absorption by matter, and thus, the scattered light has lower energy (longer
wavelength) than the incident light. In contrast, the Anti-Stokes Raman scattering is a
process in which an electron is excited from a vibrational level to a virtual level and then
falls to the ground level. This process involves an energy transfer from matter to a phonon.
Thus, the scattered light has larger energy than that of the incident light.

In my experiment, a commercial solid-state laser Raman spectroscopy (Raman
Touch, Nanophoton) was utilized to confirm the formation of the thin films on hBN. For
VO> and Fe3;04 thin films, temperature-dependent Raman spectroscopy was conducted

additionally to characterize the Raman shift owing to the structural lattice change due to
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MIT. Figure 2.1.3 shows the overview of the experimental system. The temperature was
controlled using a Peltier sample stage with liquid N> from 300 to 380 K for VO, thin
films and 90 to 140 K for Fe3Os thin films, respectively. Raman spectroscopy
measurement for VOo/hBN stacks after the transfer process was partly supported by Dr.

Mahito Yamamoto (currently Associate Professor of Kansai University).

Virtual
Energy state

Excitation

Vibrational
Energy states

Rayleigh  Stokes Raman
scattering scattering

Figure 2.1.2 Schematic mechanism of Rayleigh scattering, Stokes Raman scattering and
Anti-Stokes Raman scattering.

Figure 2.1.3 Overall view of the experimental system during temperature-dependent

Raman spectroscopy measurement.
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2.1.3 Atomic force microscopy

Atomic force microscope (AFM) is a tool to characterize the structure and surface
morphology by using atomic force. Figure 2.1.4 shows the schematic of AFM. A small
needle on a cantilever is scanned around a surface while feedback is applied to maintain
the atomic force between the surface and the small needle. Laser light strikes the back of
the cantilever and the position of the laser spot is adjusted so that the spot is in the center
of the photodiode. Generally, atomic force consists of repulsive force and attractive force,
which are proportional to -6™ and -12" power of distance, respectively [2.3-2.5]. Thus,
there exists an energetically stable point where repulsive and attractive force are equal.
When the distance between the surface and the needle changes, feedback is applied to
maintain the position of the laser spot of the reflected light. The z position change
corresponds to the surface morphology and makes it possible to conduct mapping of the
surface structure and morphology. This is called contact mode.

Another mode exists to characterize the surface morphology: tapping mode. The
cantilever is oscillated at resonance frequency, making the amplitude maximum. When
the distance between the cantilever and the surface changes, the amplitude and the
frequency of the vibration also changes. As with contact mode, the mapping can be
conducted while feedback is applied to a piezo device to maintain the amplitude and
frequency of the vibration. The advantage of tapping mode is that the sample may not be
damaged since the cantilever doesn’t touch the surface of the sample. Nowadays, it is the
mainstream to use tapping mode in AFM measurements.

In my research, the AFM measurement was conducted using AFM 5000/5300E
(Hitachi High-Tech Corp.) at room temperature in an air ambient with Si cantilevers

(SPA-300HYV, Hitachi High-Tech Science).
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Figure 2.1.4 Schematic of AFM system.

2.1.4 Scanning transmittance electron microscopy

Scanning transmittance electron microscope (STEM) is utilized to obtain crystal
lattice images with atomically-ordered high resolution. Figure 2.1.5 shows the schematic
of STEM. The electrons irradiated to the sample magnifies the interference image when
the electrons penetrate the sample, forming atomically resolved images. The electrons are
scattered at higher angle as the atomic number of the element (Z) at the beam spot is larger
[2.6]. Due to this characteristic, an image contrast, which is proportional to 2™ power of
Z, can be obtained by using loop-shaped detectors. This method is called HAADF (High-
Angle Annular Dark Field) method. Bright field (BF) detectors and Electron Energy Loss
Spectroscopy (EELS) detectors are equipped below the sample to obtain the phase
contrast and the information on electronic structures, respectively. By the analysis of
cross-sectional image of thin films by STEM, lattice defects like dislocation can be

characterized in the atomic scale. STEM is nowadays an essential tool to obtain precise
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information on the crystal structure and growth dynamics.
In my experiment, STEM was used to obtain the cross-sectional image of the
interface between thin films and hBN. The STEM measurement for VO2/hBN samples

was conducted in Prof. Yasukazu Murakami group at Kyushu University, Fukuoka, Japan.

Electron beam

HAADF-STEM
detector

BF-STEM detector

é EELS detector

Figure 2.1.5 Schematic of STEM system composed of HAADF-STEM detector, BF-
STEM detector, and EELS detector.

2.1.5 Photolithography

Photolithography is a good precision process of making patterns with light-sensitive
photoresist covering on the sample surface. Figure 2.1.6 shows the schematic of the
photolithography process. Arbitrary patterns can be designed through a drawing software,
such as Vectorworks. The resolution limit is around 1-2 pm. In my experiment, a positive
photoresist (AZ5206E, Merck) was spin-coated on the substrate in a proper sequence
using a spin coater to spin-coat the photoresist homogeneously on the sample. Next, the

sample was placed on a hot plate at 368 K for 3 minutes. Then, the sample was placed on
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the lithography stage. The photoresist was exposed to ultraviolet (UV) light (A =365 nm)
to change the characteristic of the photoresist to melt in developer. The sample was put
into the developer after the exposure and rinsed with pure water to remove the developer.
Through these processes, photoresist patterns were obtained.

In my experiment, photolithography was used for electrode deposition and etching

to form microwires.

Hot plate

Photoresist

* & &

Substrate Spincoating

Baking

Developer/pure water

Photoresist pattern

Y= »Q

Photore3|st
Exposure Developlng/rlnse

Figure 2.1.6 Schematic of photolithography process.

2.1.6 Radio frequency sputtering deposition

When certain atoms or ions with high energy of several hundreds of electron volt
strike surfaces of solid target materials, some atoms are released from the surface of the
target material, which causes momentum exchange. This phenomenon is called spattering.
In general, sputtering deposition is utilized in an ambient of reactive ion gases, such as
Ar and O;. The reactive gases are ionized by applying bias voltage. The separated
electrons and atoms play a role in the deposition system. Suppose direct bias is applied to

the system and the electrons move to the target area. The negatively charged region in the
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target material attracts positive ions and the momentum exchange occurs accompanied
by strike of the ions. The target materials must be conductive using the direct current (DC)
sputtering deposition. In contrast, the radio frequency (RF) sputtering has an advantage
that even insulating materials can be utilized as target materials. Figure 2.1.7 shows the
schematic of RT sputtering deposition system. When alternation voltage is applied to the
sputtering system, the electrons can move faster than the charged atoms. This causes
negative self-bias to the voltage status of plasma. Consequently, the target has a negative
DC bias and can attract ions and cause momentum exchange accompanied with strike of
the atoms. Since large-scaled thin films can be obtained using sputtering deposition, RF
sputtering has been widely used for deposition of thin films, such as metals, oxides, and
insulating materials today.

In my experiment, RF sputtering was utilized at room temperature for deposition of
Pt and Cr electrodes for electric transport measurements at the partial Ar pressure of 1.0

Pa.

To vacuum pump ‘

/‘ ’\ Radio frequency
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@)

o power source
@) @
Atoms

Reactvegas O O @
Substrate

‘ ‘ Vacuum chamber

Figure 2.1.7 Schematic of RF sputtering deposition system.
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2.2 Measurement

2.2.1 Electric transport measurement system

Fig. 2.2.1(a) shows the schematic of two-terminal measurement system for electric
transport property of VO thin films showing MIT slightly above room temperature. In
this measurement system, source measure unit (2634A, Keithley) and variable-
temperature-controlled stage with Peltier element (T95, Linkam) were used as a power
source and a sample stage, respectively.

Sample Peltier stage

/4)be 1 Probe 2

Ground Bias

/ [/

Source meter
(Keithley 2634)

Fig. 2.2.1 Schematic of two-terminal electric transport measurement system

For in situ observation of the emergence of metallic domains in VO thin films on
hBN during MIT and simultaneous electric transport property (/—V characteristics)
measurements, a measurement system was constructed with a movie camera, a source
measurement unit (SMU: B2901A, Keysight), and an optical microscope (BX51M,
Olympus). The measurement program was Easy Expert, Keysight. Figure 2.2.2(a) shows
the overview of the experimental system. Figure 2.2.2(b) shows the magnified image of
the sample stage. The measurement sample was placed on the sample stage in the optical

microscope and the real-time observation was available. Note that the sample stage in the
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optical microscope was able to heat the sample up to 423 K. Using the temperature-

controllable sample stage, the emergence of the metallic domain was confirmed in

addition to the in situ electrical switching measurement. Figure 2.2.2(c) shows the

schematic of the measurement system. For this measurement, a VO/hBN sample was

placed on a slide glass and electrically connected to SMU with BNC cables, Ag paste,

and epoxy paste. This measurement was conducted in cooperation with Dr. Shu Nakaharai

(Principal Researcher) of National Institute for Materials Science, Tsukuba, Japan.

(a) |

Keysight Easy Exgert

Optical microscope

N
—
\

(C) Ground

Keysight B2901A

Bias

A

Ag paste and epoxy paste

- Sample

~Slide glass

Fig. 2.2.2 (a) Overview of the measurement system for electrical switching and

observation of the domain dynamics. (b) Magnified image of the variable-temperature

sample stage, sample, and objective lens. (c) Schematic of the circuit of the measurement

system.
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2.2.2 Physical Property Measurement System (PPMS)

PPMS is the name of a commercial material property measurement system invented
by Quantum Design, Inc. Using this system, various material properties, such as
temperature-dependent and/or magnetic dependent resistance/current change can be
investigated under a vacuum condition. The measurement temperature range is 4 to 400
K since liquid He is utilized in this measurement system. The magnetic field can be
applied up to ~7 T at maximum.

Figure 2.2.3(a) shows a Fe3O4 sample placed on the sample stage for PPMS. Figure
2.2.3(b) shows the schematic of the PPMS system. In PPMS, magnets are equipped beside
the sealed sample space for magnetic measurements. With the sample holder transferred
to the bottom of the sealed sample space, temperature-dependent material properties can
be measured. Since the measurement probe is sealed strictly, the material properties can
be measured with high stability in temperature. In my experiment, PPMS is suitable for
investigation of the MIT properties of Fe3O4 and NdNiOs thin films on hBN under low-
temperature measurement regions.

(b) Sealed sample space

Thermometer Vacuum

Magnet

Sample stage

Heater and thermometer

Figure 2.2.3 (a) Image of Fe3O4 samples placed on a sample holder for PPMS. (b) Cross-

sectional schematic of PPMS.
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2.3 Transfer of thin film/hBN stacks

Two-dimensional layered materials including hBN can be transferred onto arbitrary
materials owing to weak van der Waals interactions. In my study, a transparent polymer
was utilized for the transfer method [2.7]. Figure 2.3.1 shows the schematic of the transfer
process. First, transparent PDMS polymer sheet (Gel-Pak film) was exposed to water
vapor. The PDMS sheet with water layer on the surface was attached to the stack of thin
film/hBN stacks while removing the bubbles formed between the PDMS sheet and thin
film at room temperature. Subsequently, the PDMS sheet was peeled off gently to pick
up the thin film/hBN stacks. The thin film/hBN stacks were dropped and transferred onto
arbitrary materials. Using this transfer method, serious damage such as formation of
cracks or wrinkles are avoided. For enhancing adhesive force between the thin film/hBN
stacks and the substrate after the transfer process, the samples were baked for 373 K for
10 minutes. This transfer method was partly supported by Dr. Mahito Yamamoto
(currently Associate Professor of Kansai University) and Associate Professor Ryo Nouchi

of Osaka Metropolitan University.

Exposure to water vapor

Tweezers

00

. Thin
‘ Pick up h; film Drop and transfer
Thin film » N » Thin film

hBN hBN

Original substrate _

Fig. 2.3.1 Schematic of method for transferring thin film/hBN stacks
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Chapter 3

Growth and characterization of VO
thin films on hBN with transferability
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3.1 Introduction

VO exhibits MIT accompanied with giant resistance change and is promising in
device application in transition metal oxide electronics. VO> has a bandgap of ~0.6 eV
and shows a resistance of 3—4 orders of magnitude owing to MIT accompanied with a
structural phase transition between monoclinic M1 phase and Rutile phase slightly above
room temperature (~340 K) [3.1, 3.2]. Figure 3.1.1(a) and (b) show the schematic of the
structural MIT in VO; between the insulating monoclinic M1 phase and metallic rutile
phase [3.3]. Figure 3.1.1 (c) show the band diagram of the monoclinic M1 phase and the
rutile phase. Growth of VO» thin films for application in devices, such as transistors [3.4—
3.7], sensors [3.8-3.11], smart windows [3.12, 3.13], electrical switching devices [3.14—
3.16], and so force has been actively studied. Thus far, high-quality VO, thin films have
been commonly grown on single oxide substrates, such as TiO [3.17], ALbO3 [3.18],
SrTiOs [3.19], and GaN [3.20]. However, the lattice matching plays a significant role in
the MIT property in VO thin films grown on these substrates. Studies on the growth of
VO; thin films on two-dimensional materials, such as mica and graphene, have been
reported for application in flexible devices [3.21, 3.22]. However, these materials are
chemically unstable or negatively charged under the high-temperature oxygen ambient
[3.23, 3.24]. Thus, considering the chemical stability of hBN, hBN is a proper material as
a substrate. With hBN as the growth substrate, the relaxation of the lattice matching could
be realized, leading to the universal growth of transition metal oxide thin films.

In this work, VO, thin films were grown on single-crystal hBN flakes exfoliated
from bulk crystals and the surface and cross-sectional structure of the VO thin films were
investigated using AFM and STEM, respectively. Then, the MIT property was measured

after fabrication of VO,/hBN microwires two-terminal with electrodes. In addition, the
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transfer of VO2/hBN stacks was performed from the original substrate to arbitrary

materials.
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Figure 3.1.1 Structure and band diagram of VOa. (a, b) Structure change of VO> from the
monoclinic insulating phase (M1) to the tetragonal rutile metallic phase (R) during MIT.
(c) Band structure change of VO: across the MIT. The left and right panels show the band
structures for the insulating and metallic phases, respectively [3.3].
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3.2 Sample preparation and experiments

Figure 3.2.1(a) shows the schematic of the transfer process of hBN flakes onto SiO>
substrates and preparation of VO; thin films. The hBN flakes were mechanically
exfoliated from bulk single crystal of hBN and transferred using the Scotch tape. Figure
3.2.1(b) shows the optical microscopy image of the single crystal of hBN on the Scotch
tape. The hBN flakes were annealed in an oxygen atmosphere to remove adhesive residue
for 3.5 h at 773 K. Figure 3.2.1(c) and (d) show the optical microscopy images of the
hBN flakes before and after the growth of thin films, respectively. VO3 thin films were
grown by PLD method using ArF excimer laser (A=193 nm) under the partial oxygen
pressure and substrate temperature of 0.95 Pa and 723 K, respectively. The thicknesses of

VO, thin films were ~50 nm.

(a) Scotch tape

hBN flakes VO, thin film

A hBN flakes
. 5
o Exfoliation of hBN \ Growth of VO,
>

7
\ <O+ flakes onto SiO, \L}'\~. by PLD

Figure 3.2.1 (a) Schematic of exfoliation and transfer of hBN flakes and growth of VO,
thin films. (b) Single crystal of hBN on Scotch tape before exfoliation. (c) Optical
microscopy image of hBN flakes after exfoliation and transfer. (d) Optical microscopy
image of hBN flakes after growth of VO, thin films.
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The confirmation of the growth of VO thin films was conducted using a Raman
system (Raman Touch, Nanophoton) at room temperature with a solid-state laser (A =532
nm). The Raman grating size was 1200 lines/mm. The laser spot size was ~1 pm. The
laser power was set to be 1 mW. The surface structural characterization of VO, thin films
was investigated using AFM5000/5300E (Hitachi High-Tech Corp.) in the dynamic focus
mode. Next, identification of the growth orientation of the VO, thin films on hBN was
conducted using HAADF-STEM. The HAADF-STEM measurements were conducted
using a JEOL JEM-ARM200F ACCELARM operated at an acceleration voltage of 200
kV. The probe semi-angle was 18 mrad. The probe current was 9 pA. The angular
detection range of the HAADF detector for the scattered electrons was 50—150 mrad.

Figures 3.3.2(a)—(c) show the microwire fabrication flow. After confirmation of the
growth of VO thin films on hBN by Raman spectroscopy, a pair of electrodes composed
of Pt and Cr were deposited on the stacks of VO2/hBN using photolithography and
sputtering deposition. Then, VO,/hBN stacks were etched and microwires were formed
using photolithography and reactive-ion (RIE) etching under a mixture of O, and sulfur
hexafluoride gases. The MIT property was measured using a variable temperature Peltier
stage with a source meter (2614, Keithley) at 0.1 K step and a ramp/cooling rate of 10
K/min. The transfer of VO2/hBN stacks was conducted using the transfer method

indicated in Chapter 2.3.
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Figure 3.2.2 (a) Optical microscopy image of VO2/hBN before fabrication of microwires.
(b) the VO2/hBN after electrode deposition with Pt and Cr. (c¢) the VO2/hBN after RIE
etching.
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3.3 Characterization through Raman spectroscopy

Figure 3.3.1 shows Raman spectrum of the VO, thin film on hBN in Fig. 3.2.2(a) at
room temperature. The Raman peaks observed at 520 and 1367 cm™! were assigned to Si
[3.25] and hBN [3.26], respectively. Prominent Raman peaks were observed at 193, 220,
390, 616 cm™! and so forth were identified to be the Raman active A, and B, modes of

monoclinic VO» [3.27, 3.28]. This result indicates the successful formation of VO thin

films on hBN.
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Figure 3.3.1 Raman spectrum of VO thin film on hBN at room temperature.

3.4 Structural characterization of VO: thin films on hBN

The in-plane and out-of-plane structure of VO, thin films on hBN was characterized
using AFM and STEM, respectively. Figures 3.4.1(a) and (b) show the surface
morphology of VO; thin films on hBN obtained by AFM. It was found that VO» thin films

have grain structures on the surface. Figure 3.4.2 shows the grain size distribution with
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the fitting function. The mean value of the grain size distribution was characterized to be
289 + 80 nm and up to sub-micrometer scale in length. Compared with VO, thin films
grown on Al2O3, whose grain size of ~50 nm [3.29], the grain size of ~300 nm on the VO:
thin film on hBN is one order of magnitude larger. The formation of large-sized grain
structures implies the relaxation of the lattice strain owing to the weak van der Waals
interactions. In addition, the formation of the grain structures indicates that the VO thin

films on hBN are polycrystalline.
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Figure 3.4.1 (a) AFM image of VO thin film on hBN. (b) Magnified AFM image of VO,
thin film on hBN. (c¢) Grain size distribution (black plots) and logarithmic-normal fitting

function (red curve).
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Figure 3.4.2(a) shows the cross-sectional STEM image including the interface of the
VO3 thin film and hBN. Clear lattice arrangement of hBN was observed as shown in the
inset of Fig. 3.4.2(a). In addition, parallel atomic arrangement of VO, lattices was clearly
observed in the red square region in Fig. 3.4.2(a). Figure 3.4.2(b) shows the magnified
STEM image of the VO lattices. It was discovered that the lattices of VO, were arranged
with periodicity and the distance between each crystal plane was 0.325 nm along the
perpendicular direction and 0.167 nm along the diagonal direction, respectively. Figure
3.4.2(c) shows the fast Fourier transformation (FFT) image of the VO lattices in Fig.
3.4.2(b). It was found that the FFT spots correspond to the projection of (113) plane of
the rutile phase in the reciprocal space. Importantly, VO thin films were found to be
oriented along [110] direction in the rutile phase to hBN (001) plane. It has been reported
through First-principle calculations that rutile-VO>(110) plane is the most energetically

favorable among VO planes in rutile phase [3.30].
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Figure 3.4.2 (a) Cross-sectional STEM image of VO thin film and hBN including the
interface. The upper and upper regions are VO and hBN, respectively. The white inset
indicates the atomically-resolved STEM image of hBN. The red square region is the area,
where atomically-oriented VO, lattices were observed. (b) Atomically-resolved STEM
image of VO in the red square area in (a). (¢) FFT image of the VO> projected along
[113] direction of rutile-VOs.

Here, the lattice mismatch between planes of VO> and hBN(001) is discussed in

detail. The lattice mismatch is defined as |asup=aum] X 100 along rutile-VO;[110] and

Asub

rutile-VO»[001] directions. Figure 3.4.3 indicates the schematic of the lattice arrangement
of rutile-VO2 on hBN(001). The lattice mismatch between rutile-VO>(110) and hBN(001)
was calculated to be 12% and 14% along rutile-VO>[110] and rutile-VO2[001] directions,
respectively. Here, the total lattice mismatch between rutile-VO2(110) and hBN(001) was
estimated to be the geometric mean value, 13%. Using this estimation method for the

lattice mismatch, the rutile-VO2(010) plane have smaller lattice mismatch, in total 9%
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than the rutile-VO2(110) plane. Generally, growth of transition metal oxide thin films
occurs with small lattice mismatch due to energetic restriction. However, the growth of
VO planes on hBN(001) was realized with the energetically favorable planes of rutile-
VO; despite the existence of larger lattice mismatch. This should originate from the weak
connection force at the interface with van der Waals interactions.

The competition between the energy of van der Waals interactions and the surface
energy of rutile-VO> plane is discussed. The surface energy of rutile-VO2(110) plane
calculated by theoretical calculation is 0.29 J/m? [3.30]. The order of van der Waals
interactions is 1.0 x 10* J/mol [3.31]. When 1 m?-sized square is covered with atoms with
the size of 1 A, the total number of the atoms are 10'° x 10'®=10°, This is equal to 1.67
x10* mol. Thus, the energetic order of van der Waals interactions in 1 m? is equal to 1.0
x 10* x 1.67 x10* = 1.67 J/m?. This value is comparable to the surface energy of
VO(110) plane. Considering that energy of van der Waals interactions is two orders of
magnitude weaker than that of covalent or ionic force [3.31], growth of VO, thin films
on hBN is estimated to be governed by minimization of surface energy ignoring interface
interaction, whereas that on single-crystal oxide substrates are governed by lattice
matching owing to strong ionic/covalent force. Therefore, growth unique mechanism of
VO» thin films on hBN can be explained by weak van der Waals interactions and surface

energy.
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Figure 3.4.3 Schematic of in-plane lattice arrangement of rutile-VO2(110) and rutile-
VO>(010) on hBN(001).

3.5 Characterization of MIT property in VO2/hBN

Figure 3.5.1 shows the temperature-dependent resistance curves (R—7 curves) of the
VO2/hBN microwire shown in Fig. 3.2.2 (c). A resistance change of three orders of
magnitude was observed with the transition temperature of approximately 340 K, which
1s same as the transition temperature of a bulk crystal of VO, [3.1, 3.2]. Combined with
the indication of the relaxation of lattice strain in Chapter 3.4, it is reasonable that the
transition temperature was same as that of a bulk VO, crystal. The order of magnitude of
the resistance change owing to MIT is comparable to that grown on TiO2 and Al>O;
substrates [3.17, 3.18], which guarantees high-quality VO> thin films. In addition, it is
notable that a significant resistivitance jump was observed during MIT in the VO2/hBN
microwire. Generally, the electric conduction in the VO is governed by the manners of

percolative conduction pass [3.32], where spatial elements called metallic domains play
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an important role [3.33]. When the number of the metallic domains is reduced, resistance
changes showing resistance jumps are observed [3.34]. For example, VO, nanowires on
AlO3(0001) substrates exhibit step-like resistance changes since tens of nanometer-sized
domains were confined [3.34] in the nanowire, whereas the VO, thin films show gradual
resistance change [3.34]. Thus, the resistance jump in the VO2/hBN microwire implies

that confinement effect of the metallic domains in the micrometer scale.
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Figure 3.5.1 R—T curves of the VO/hBN microwire accompanied with a prominent MIT.
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3.6 Transfer of VO2/hBN stacks
Owing to the transferability of hBN, the stacks of VO>/hBN are expected to be

applicable to transferable and flexible devices. Here, the transfer of the VO2/hBN stacks
was attempted using transparent polymer after exposure to water vapor [3.35]. Figures
3.6.1(a)—(c) show the optical microscopy images of the VO2/hBN stacks after the transfer
process. Interestingly, the stacks of VO2/hBN were successfully transferred onto arbitrary
materials: glass, Au, and paper, where VO thin films cannot be grown directly. Raman
spectroscopy was measured to confirm the existence of VO thin films on hBN after
transfer process. Raman peaks attributable to A; and By modes of VO, were clearly
observed in all the transferred VO2/hBN stacks [3.27, 3.28]. The peaks except VO and

hBN were assigned as those of glass and paper in Fig. 3.6.1(d) and (f), respectively [3.36,

3.37].
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Figure 3.6.1 Optical microscopy images of VO2/hBN stacks transferred onto (a) glass, (b)
Au, and (c) paper. The scale bars are 10 pm. Raman spectra of the VO2/hBN stacks after
transfer onto (d) glass, (e) Au, and (f) paper. The prominent Raman peaks attributable to
Ag and Bg modes were indicated with circles and squares. The Raman peaks of hBN is
indicated with brown letters.
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The MIT property of the transferred VO2/hBN stack was also measured after
deposition of a pair of electrodes. Figure 3.6.2(a) shows the optical microscopy image of
the transferred VO»/hBN stack onto a SiO> substrate. Figure 3.6.2(b) shows the R—T
curves of the transferred VO2/hBN stack (Fig. 3.6.2(a)). A resistance change of 3 orders
of magnitude was observed with the transition temperature of approximately 340 K. This
result shows that the MIT property VO2/hBN stack hardly changes before and after the
transfer process. The stable properties of the VO2/hBN stacks can open a way for various

device application using transferability, such as smart windows, paper electronics and so

forth.
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Figure 3.6.2 (a) Optical microscopy image of transferred VO2/hBN stacks with Au/Cr
electrodes. (b) R—T curves of the transferred VO2/hBN stacks.
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3.7 Conclusion

In this study, the growth of VO, thin films on single-crystal hBN flakes exfoliated
from bulk crystals was demonstrated. The VO thin films on hBN were observed to have
grain structures with the mean size of several hundred nanometers. The rutile-VO»(110)
plane was observed to grow on hBN(001). The rutile-VO»(110) plane is predicted to be
the most energetically stable by the theoretical calculation. The formation of large-sized
grain structures and the growth of the energetically favorable planes indicates the
relaxation of the interfacial lattice matching owing to weak van der Waals interactions.
VO; thin films on hBN undergo MIT at approximately 340 K, with a resistance change
of nearly three orders of magnitude. The resistance change, which is comparable to those
of VO films grown on common substrates shows preparation of high-quality VO2 thin
films on hBN. Therefore, hBN has a potential of a growth substrate beyond the lattice
mismatch. The transferability of VO2/hBN stacks is one of the advantages for various

application.
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Chapter 4

Characterization of size-dependent
MIT property in VO2/hBN
mICrOwWIres
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4.1 Introduction

As reported in Chapter 3, the VO; thin films grown on hBN show prominent MIT,
meaning the high potential for functionalities of high-quality VO thin films on hBN.
When we consider the device application using VO, thin films on hBN, the determination
of the size of a special element called metallic domain is essential. It is known that the
MIT property in VO3 is generally governed by the emergence of the metallic domains
[4.1, 4.2]. Generally, the size of metallic domains is sensitive to the quality of VO, thin
films, namely, dependent on the substrate materials. For example, Figure 4.1.1 show the
electronic phase separation phenomena, where metallic domains of a VO, thin film grown
on ALO3(1012) substrate were observed by scanning near-field infrared microscopy
(SNIM) [4.1]. The insulator and metallic domains coexist through the MIT process, where

the metallic domain size of VO; thin films grown on Al,03(0001) substrates is reported
to be 50—70 nm [4.3]. The electric transport properties of the VO, thin films are dominated

by the competition of the metal and insulator domains. Thus, when the sample sizes are
comparable to that of individual metallic domains, steep single- or multilevel step
resistance changes are observed [4.3]. To obtain multi-level step-like resistance changes,
nanowires have been fabricated to reduce the number of metallic domains for obtaining

steep resistance changes owing to MIT.
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Figure 4.1.1 Electronic phase separation during metal-insulator transition in VO, thin
films on Al,03(0001) observed by SNIM [4.1].

On the other hand, in the VO, thin films on TiO; substrates, a single-step resistance
change changing by one order of magnitude in microwires has been reported [4.4, 4.5]
owing to the micro-sized domains. In detail, the VO- thin films on TiO; substrates have
two types of metallic domains: micro-sized domains and nano-sized domains as shown
in Figure 4.1.2. The size of metallic domains is restricted by cracks formed on the surface
and their sizes are dependent on the film thicknesses and/or crystal qualities [4.4—4.6].
The nano-sized metallic domains have been observed through Kelvin probe force
microscopy [4.7, 4.8] and they are regarded as the original element to induce MIT. Based
on these backgrounds, it is important to determine the metallic domain size and it is
necessary that the device size is small, on the order of the metallic domain size to obtain
a steep and large resistance change since it can be a critical factor for enhancing the

performance of the device using the MIT of VO» thin films.
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Figure 4.1.2 Optical microscopy images of VO thin films on TiO; (001) substrate during
MIT with thicknesses of (a) 10 nm, (b) 15nm, (c) 25nm, and (d) 50nm. Dark region is

metal and the other region is insulator [4.6].

In this chapter, the emergence of the metallic domains in VO thin films on hBN was
observed and the metallic domain size was determined to be ~500 nm on average in length
and up to sub-micrometer scale from optical microscopy images. Furthermore, the
device-size-dependent MIT property of VO, thin films grown on hBN was investigated
by electric transport measurements using microwires. The multi-level step-like resistance
changes were prominently observed when the width and the length were small enough to
be comparable to the metallic domain size, ~2 pm. Notably, the giant single-step
resistivity change changing by two orders owing to the confined metallic domains was

observed.
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4.2 Sample preparation and experiments

The hBN flakes were mechanically exfoliated from bulk hBN single crystals and
transferred onto Si0,/Si substrates, and the flakes were annealed in an oxygen atmosphere
to remove the adhesive residue. Pulsed laser deposition (PLD) was utilized to grow VO
thin films with sintered V2Os as a target and an excimer laser (193 nm). The partial oxygen
pressure was 0.95 Pa and the substrate temperature was 723 K. The thickness of the VO>
thin film was 80 nm. The crystallinity of the VO thin films grown on hBN was
characterized by temperature-dependent Raman spectroscopy (Raman touch, Nano
photon) with a solid-state laser (532 nm). The laser spot size was ~1 um and the grating
was 1200 lines/mm. Temperature-dependent in situ Raman spectroscopy was conducted
at 300 K, 342 K, and 380 K on a temperature-controllable stage to identify the metallic
domains. Next, temperature-dependent optical microscopy images were obtained to
determine the metallic domain size. The metallic domain size was defined as the full
width at half maximum of fitting Gaussian curves in the line profile of the color contrast.
The cover ratio of the metallic domains over the observed area was calculated by
binarization of the optical microscopy images.

For electric transport measurements, a pair of electrodes were deposited by
photolithography and sputtering deposition on VO2/hBN flakes, and subsequently,
VO2/hBN microwires were fabricated by photolithography and reactive ion etching under
a mixture of O2 and sulfur hexafluoride gases. The temperature-dependent resistivity of
VO2/hBN microwires was measured in air ambient on a thermally conductive Peltier
stage in 0.1 K steps at a ramping/cooling rate of 1.5 K/min. To obtain the resistivity—
temperature (R—7) curves with device size dependence, three microwires with different

widths and lengths were fabricated as shown in Table 4.2.1. Although the VO2/hBN
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microwires were fabricated from VO2/hBN flakes different from that used for Raman
spectroscopy measurement, they were prepared under the same experimental condition.
Note that wire (2) was fabricated by etching from wire (1) to reduce the width of the
microwire.

Table 4.2.1. Sizes of VO,/hBN microwires

Length (L) Width (W)
Wire (1) 23.5 um 12.7 pm
Wire (2) 23.5 um 2.6 um
Wire (3) 1.1 um 2.6 um

4.3 Characterization of metallic domains through Raman spectroscopy

Figure 4.3.1(a) shows the optical microscopy image of the target VO2/hBN flake on
the SiO2/Si substrate, confirming the homogeneous formation of the thin film. Figure
4.3.1(b) shows the Raman spectra of the VO thin film grown on hBN at 300 K and 380
K. Clear Raman peaks observed at 193, 223, 391, and 615 cm™! and so forth were
attributable to Raman active Ag and Bg modes of VO of the insulating monoclinic M1
phase [4.9, 4.10] in addition to the Raman peaks of Si at 520 cm ™! [4.11] and hBN at 1367
cm ! [4.12], respectively at 300 K. The Raman peaks of VO of the M1 phase disappeared
at 380 K, implying that the VO thin film grown on hBN underwent MIT accompanied
by the structural change from the M1 phase to the rutile phase.

Figure 4.3.2(a) shows a magnified monochrome optical microscopy image of the
VO2/hBN flake at 342 K during MIT. In this image, an inhomogeneous geometry
composed of a gray region and black dots whose size was on the order of hundreds of

nanometers was observed. Figure 4.3.2(b) shows the Raman spectra of the VO thin film
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grown on hBN at 342 K. In the gray region, the Raman peaks attributable to the M1 phase
were observed. On the other hand, the Raman spectra at a black dot exhibited no Raman
peaks attributable to the M1 phase, similarly observed for the VO thin film at 380 K. As
shown in Fig. 4.3.2(c), in a minority, Raman peaks observed at 200 cm ™' and 642 cm™!
were assigned as the monoclinic M2 phase [4.10] in addition to the Raman peaks
attributable to the M1 phase Although the M2 phase was not able to be optically

distinguished by the color contrast, these results suggest that the gray region and the black

dots correspond to the insulator phase and the metallic phase, respectively.
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Figure 4.3.1 (a) Optical microscopy image of the target VO/hBN stack. (b) Raman
spectra of the VO2/hBN at 300 K (black line) and 380 K (red line).
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Figure 4.3.2 (a) Magnified monochrome optical microscopy image of the VO2/hBN flake
at 342 K composed of black dots and gray region. (b) Raman spectra of the VO2/hBN
flake at the gray region and a black dot at 342 K. The green and blue dotted lines inducate
the Raman peaks of Si and hBN, respectively. (c) Raman spectrum of the VO2/hBN flake
at 342 K. Yellow and pink arrows indicate Raman peaks attributable to the M1 and M2
phases of VOo.

4.4 Statistical observation of the metallic domains

To determine the metallic domain size, temperature-dependent optical microscopy
images were obtained. Figure 4.4.1(a) shows the magnified temperature-dependent
optical microscopy images of the flake in the same region. Upon heating to 360 K, the
metallic domains, which correspond to dark blue dots, appeared and a clear change in the
color contrast was observed. The color contrast was found to return to the initial one after
cooling to 300 K. Figure 4.4.1(b) shows the temperature-dependent cover ratio of the

metallic domains over the entire area of the optical microscopy images. Note that the
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cover ratio was defined to be 0% at 300 K and 100% at 360 K, respectively since the
entire area of the images was covered by the insulator and the metallic domains at each
temperature. The temperature-dependent cover ratio exhibited hysteresis characteristics
with a sharp increase above 340 K during the heating process. The increase in the cover
ratio of the metallic domains is consistent with the resistance change above 340 K in the

R-T curves of the VO2/hBN microwire as shown in Fig. 3.5.1.
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Figure 4.4.1 (a) Magnified temperature-dependent optical microscopy images of flake (1)
in the same region. The scale bars are 5 um. (b) Temperature-dependent cover ratio of

metallic domains. The red and blue curves correspond to the heating and cooling
processes, respectively.



Figure 4.4.2(a) shows the magnified temperature-dependent optical microscopy
images of the VO2/hBN flake at 331, 333, and 336 K. The optical microscopy images
were obtained at these temperatures since the metallic domains start to appear around 330
K. Note that the images were obtained in the same region in each flake. The individual
appearance of the metallic domains was confirmed at each temperature. Figure 4.4.2(b)
shows the temperature-dependent metallic domain size and the number of the metallic
domains in the same region. In the narrow temperature range, it was found that the
metallic domains appeared discretely and the number of the metallic domains increased
with the size of ~500 nm on average in length. Figure 4.4.2 (c) shows the metallic domain
size distribution at 336 K. The size of the metallic domain was determined to be 539 +
159 nm on average in length through Gaussian fitting. These results suggest that the multi-
level step-like resistance changes can be observed even in micrometer scale owing to the

confined metallic domains.
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Figure 4.4.2 (a) Magnified temperature-dependent optical microscopy images of the
VO,/hBN flake in the same region. The metallic domains correspond to the dark blue and
red dots in the VO2/hBN flake. The scale bars are 5 pm. (b) Temperature dependence of
the size and the number of the metallic domains in the VO2/hBN flake. (¢) Size
distribution of the metallic domains at 336 K. The red curve corresponds to Gaussian
fitting function.
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4.5 Size-dependent MIT property of VO2/hBN microwire

Figure 4.5.1(a) shows the R—T curves measured ten times consecutively for wire (1),
exhibiting three orders of magnitude resistivity change at approximately 340 K in each
measurement. The observed MIT property is consistent with the result of the increase in
the cover ratio of the metallic domains shown in Figure 4.4.1(b). To investigate the size
effect, Wire (1) was etched to fabricate wire (2) to reduce the width, as shown in the inset
of Fig.4.5.1(b). Figure 4.5.1(b) shows the R—T curves measured ten times consecutively
for wire (2), exhibiting three orders of magnitude resistivity change at approximately 340
K with different multi-level step-like resistivity changes in each measurement. The
electric conduction is governed by the percolation paths [4.13] and when the size of the
microwire is equal to several times of the metallic domain size, such multi-level step-like
resistance changes appear owing to the confinement effect of the metallic domains [4.14].
Besides, a similar electric behavior was also reported for the R—T curves measured eight
times consecutively for a VO/r-Al,O3 device [4.15]. Figure 4.5.1(c) shows the schematic
of the electric conduction path in the heating process between a pair of electrodes. The
possible reason for such electric behavior is the fluctuation of the transition temperature
of each metallic domain, leading to different electric conduction paths. However, the
magnitude order of the resistivity/resistance change is considerably different. An
approximately one order of magnitude resistivity change was observed in wire (2),
whereas less than one order of magnitude resistance change has been observed in the
VO2/r-Al,03 device [4.15]. This result reflects the difference in the metallic domain size

between VO thin films grown on hBN and those grown on Al20s.
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Figure 4.5.1 (a) R—T curves measured ten times consecutively for wire (1). The inset is
the optical microscopy image of wire (1). The thickness of the VO, thin film was 52 nm.
The red and blue arrows indicate the heating and cooling processes, respectively. The
scale bar 1s 20 pm. (b) R—T curves measured ten times consecutively for wire (2). The
inset indicates the optical microscopy image of wire (2). The scale bar is 20 um. (¢)
Schematic of electric conduction path in the heating process between a pair of electrodes.
The blue and red areas correspond to the insulator phase and metallic phase, respectively.

The white arrow indicates the electric conduction path.
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Next, in order to enhance the confinement effect of the metallic domains, wire (3)
was prepared as shown in the inset of Fig. 4.5.2 (a). Figure 4.5.2 (a) shows R—T curves
measured for wire (3). The order of magnitude of the multi-level step-like resistivity
changes became more pronounced than that of wire (2) shown in Fig. 4.5.1 (b).

For comparison, a VO2/A1,03(0001) microwire with L = 2.4 um and W = 2.3 um
was fabricated (see the inset of Fig. 4.5.2(b)) and R—T curves were measured under the
same experimental conditions. Figure 4.5.2(b) shows the R—T curves of the VO2/Al,03
microwire and no multi-level step-like resistivity changes were observed despite the
comparable device sizes. This reflects the difference in the metallic domain size of VO,
thin films on Al>O3; and hBN. The giant single-step resistivity change changing by two
orders of magnitude in wire (3) shown in Fig.4.5.2(a) is an evidence for the effect of the
confined metallic domains. Such giant single-step resistivity change is observed when the
metallic domain size is comparable to the wire length [4.16, 4.17]. Considering that the
length of wire (3) is 1.1 um, the observed giant single-step resistivity change implies the
presence of a metallic domain with the size comparable to 1.1 um. This is reasonable
since the optically determined metallic domain size was up to sub-micrometer scale.
Therefore, the giant single-step resistivity change is attributable to the limited number of
metallic domains in wire (3). It is also of great importance that such a giant single-step
resistivity change was observed even in micrometer scale. These results indicate the
applicability of VO thin films to electrical switching devices, such as Mott transistors

with the steep and large resistance change in micrometer scale.
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Figure 4.5.2 (a) R—T curves of wire (3) showing the giant single-step resistivity change

changing by two orders. The inset indicates the optical microscopy image of wire (3). (b)

R-T curves of the VO»/Al,O3 microwire without multi-level step-like resistance change.

The inset indicates the optical microscopy image of the VO»/Al,O3 microwire.
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4.6 Conclusion

In conclusion, the metallic domain size of VO, thin films grown on hBN is ~500 nm
on average in length and up to sub-micrometer scale, as determined by temperature-
dependent Raman spectroscopy and in situ optical observation. The multi-level step-like
resistivity changes is attributable to the confinement effect of the metallic domains in
micrometer scale. Importantly, the giant single-step resistivity change changing by two
orders was observed, implying the presence of the metallic domain whose size is
comparable to 1.1 pm. These results show the usefulness of the application of VO2/hBN
to electrical switching devices with a steep and large resistance change in micrometer

scale.
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Chapter 5

Electrical switching using MIT of
individual metallic domains in
VO,/hBN
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5.1 Introduction

Using the MIT or insulator—metal transition (IMT) property of VO thin films,
device application such as Mott transistor [5.1-5.3], bolometer [5.4], smart windows [5.5,
5.6] and so forth has been actively studied through the growth of VO thin films since the
resistance/electric current changes can be induced with tiny energy. Particularly, use of
Joule heating effect by applying voltage into VO thin films to induce IMT is one of the
promising ways to derive the electrical switching property. Thus far, Joule heating effect
has been studied through I-V characteristics measurements of VO thin films [5.7, 5.8],
channels [5.9-5.11], micro/nanowires [5.12, 5.13], and nanonets [5.14] mainly prepared
on Al203 and TiO> substrates.

For designing an effective electrical switching device using Joule heating effect,
attention should be paid to the creation of metallic domains in the VO channel region.
The IMT property of VO3 thin films is generally governed by the spatial unit elements
called “metallic domains”, which appear inhomogeneously during IMT. For instance, the
size of the metallic domains in VO thin films on Al.O3(0001) substrates are tens of
nanometers, which is observed by scanning near-infrared microscope [5.15, 5.16].
Besides, the metallic domain size of VO thin films on TiO2(001) substrates observed
through optical microscopy is ~1 um [5.17, 5.18]. Thus, steep multi-level step-like
resistance changes are observed in VO thin film devices when the device sizes are
comparable to individual metallic domains owing to the confinement effect of the metallic
domains [5.18-5.20]. Based on these backgrounds, derivation of the utility of metallic
domains for device application is attractive for designing electrical switching devices
with high performance. For exploration of the effective Joule heating devices using VO2

thin films, the use of hBN as a growth substrate of VO thin film is promising. As
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indicated in Chapter 3, it was discovered that hBN would be a good substrate for growth
of VO thin films. In addition, it was revealed that the VO, thin films on hBN showed a
prominent IMT property and the metallic domains of these VO thin films are observable
by means of the optical microscopy, as indicated in Chapter 4. The domain size of the
VO thin films on hBN is determined to be ~500 nm on average in length, which is one
order of magnitude larger than that of the VO thin films on Al.O3(0001) [5.15, 5.16, 5.19,
5.20]. The optically visible metallic domains suggest high accessibility to the individual
metallic domains in the VO thin films on hBN and can enhance the presence of the
individual metallic domains in device application. Owing to the large-sized metallic
domains in VO thin films on hBN, the real space evolution of metallic domains
(operando observation) in addition to the |-V characteristics measurements can be
performed at the same time. This leads to the direct understating a role of domain
evolution for electrical functionality.

In this work, two-terminal VO2/hBN devices were fabricated and the in situ
observation of the metallic domains evolution was conducted to study the domain
dynamics. It was observed that the emergence of the metallic domains and the step-like
electric current increases owing to the IMT in the individual metallic domains by applying
bias voltage. It was revealed that the electrical switching in the VO2/hBN device was
induced locally with the electric current in the order of micro ampere and individual
metallic domains played a role in the electrical switching property through in situ optical
observation. These findings contribute to the novel creation of electrical switching device

using IMT in the individual metallic domains.
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5.2 Sample preparation and experiments

For the fabrication of VO2/hBN devices, hBN flakes were mechanically exfoliated
from a single-crystal bulk hBN and transferred onto SiO2/Si substrates using the Scotch
tape. Oxygen annealing was conducted for the hBN flakes on SiO»/Si substrates at 773 K
for 3.5 hours to remove adhesive residue. VO- thin films were prepared on hBN by pulsed
lased deposition under the partial oxygen pressure of 0.95 Pa and the substrate
temperature of 723 K using a sintered V205 as a target and an ArF excimer laser (A =193
nm). The laser frequency was 2 Hz. The thickness of the VO thin films was ~50 nm. The
stacks of VO2/hBN were transferred onto a SiO»/Si substrate using transparent polymer
(PF Gel-Film, Gel-Pak) after exposing polymer to water vapor. Next, a pair of electrodes
composed of Pt (80 nm) and Cr (5 nm) were deposited onto the transferred VO2/hBN
stacks for the electrical transport measurements.

Figure 5.2.1 shows an optical microscopy image of a VO2/hBN device with Pt/Cr
electrodes. The electrode width was 5.8 pm and the electrode gap distance was 2.3 pm.
Hereafter, the VO» region is defined as that surrounded between the electrodes in the
VO2/hBN device for simplicity. To investigate the IMT property in the VO2/hBN device,
the temperature-dependent electric transport property was measured using a variable
temperature Peltier stage and a source meter (2634B, Keithley). The resistance—
temperature (R—7) curves were obtained under a ramp/cooling rate of 6.0 K/min and at
0.2 K step. For the in situ optical observation of the electrical switching in the VO2/hBN
device, an electrical source measurement unit (SMU: B2901, Keysight) and an optical
microscope (BX51M, Olympus) were used. The bias voltage were applied up to 4.00 V

at 20 mV step at room temperature, while the applied duration was set to be 1 sec.
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Figure 5.2.1 Optical microscopy image of a representative VO2/hBN sample on SiO»/Si
substrate with a pair of Pt/Cr electrodes. The inset indicates the schematic of the VO2/hBN
sample.

Figure 5.2.2 shows the R—T curve of the VO/hBN device. The VO2/hBN device
exhibited a resistance change of three orders of magnitude at the transition temperature
of ~340 K. Importantly, significant multi-level step-like resistance changes were observed
in the R—T curve in Fig. 5.2.2. The clear step-like resistance changes indicate the confined

domain structures in the VO- region between the electrodes in the micrometer size.

82



—
(e ]
[4,]
1
o
..I"

Res_i\stance (Q)
o

(,

102 1 ' I ! I ' | ! I
300 320 340 360 380
Temperature (K)

Figure 5.2.2 R—T curve of VO2/hBN sample with L =2.3 pm and W= 5.8 pm.

To evaluate the metallic domain contribution to the IMT property, the temperature-
dependent optical microscopy observation of the VO2/hBN sample in the heating process
was conducted. Figures 5.2.3(a)—(c) show the optical microscopy images of the VO/hBN
sample at 300, 350, and 360 K, respectively, during the heating without any bias voltage
application. Note that a black dot between the electrodes in Fig. 5.2.3(a) was formed due
to the contamination and not related to IMT. The color change of VO, with the increase
in temperature shows the generation of metallic domains in the insulating VO», which
reflects the evolution of IMT in VO,. The light blue region at 300 K (Fig. 5.2.3(a))
corresponds to the insulating phase of VO2 (VO2 (1)). At 360 K, where VO was almost
completely transitioned to metallic, the color of VO> was red-purple, as shown in Fig.

5.2.3(c). The color change of VO from light blue to red-purple can be explained by the
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optical property change through IMT. At the intermediate temperature of 350 K, the
generation of metallic domains (VO2 (m)) in VO; (i) was clearly observed. In Fig. 5.2.3(b),
the size of VO, (m) was on the several hundred nanometers to sub-micrometer scale,
which is consistent with the metallic domain size in VO, thin film/hBN. The coincidence
between the resistance change (Fig. 5.2.2) and the creation of metallic domains (Fig.
5.2.3(c)) confirms that the multiple step resistance change in Fig. 5.2.2 was caused by the

generation of metallic VO2 domains.

Fig. 5.2.3 Optical microscopy images of VO2 region without applying bias voltage at (a)
300, (b) 350, and (c) 360 K in the heating process. The light blue region in (a) is the
insulating phase of VO2 (VO2 (1)). At 350 K in (b), the red-purple regions surrounded by
the dotted circles emerged partially corresponding to the metallic domains of VO2 (VO
(m)). At 360 K in (c), almost the entire area changed to VO> (m). The scale bars are 2 pm.
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5.3 Electrical switching property of VO2/hBN sample

Next, to utilize the confined structure for device demonstration, bias voltage was
applied for insulating VO, while monitoring the electric current and microstructure.
Figure 5.3.1(a) shows the /-V characteristics of the VO>/hBN sample at room temperature
with the bias voltage increasing from V=0V to V'=4.90 V. Initially, the electric current
monotonically increased below V= 2.70 V, and a sharp increase was observed at around
V'=3.40 V. Then, the electric current dropped sharply at around V"= 3.52 V, and again the
electric current increased with the bias voltage. The abnormal electric current increase
deviating from the ohmic behavior shown in Fig. 5.3.1(a) is considered to originate from
the IMT of VO, because of the Joule heating effect upon applying bias voltage [5.7, 5.8].
Typically, the step increases in the electric current highlighted with black arrows in Fig.

5.3.1(b) should be caused by the metallic domain generation in the VO: region.
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Fig. 5.3.1 (a) I-V characteristics of VO2/hBN sample at room temperature. (b)
Magnification of /-V characteristics around ¥ = 3 V. The step current increases are

indicated with black arrows.
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Figures 5.3.2(a)—(c) show optical microscopy images at V=0V, V'=3.52V, and V'
=3.76 V, respectively, of the same VO2/hBN sample showing prominent step resistance
changes in Fig. 5.2.2. At V=0 V (Fig. 5.3.2(a)), the entire region showed the light blue
color corresponding to VO: (i). On the other hand, the color of the VO region partially
changed from light blue to red-purple at V' = 3.52 V (Fig. 5.3.2(b)), indicating the
emergence of metallic domains (VOz (m)). The size of the region with the color change
was several hundred nanometers, which is consistent with the metallic domain size in
heater-controlled IMT (Fig. 5.3.2(b)). In addition, the black region was formed at V' =
3.52 V where the electric current sharply decreased. The simultaneous appearance of the
black region and the electric current decrease indicates that a break in the electric path in
VO., namely, VO, was partially degraded to become insulating. Moreover, under the
additional application of bias voltage at V= 3.76 V (Fig. 5.3.2(¢c)), the red-purple region
was observed clearly. Note that the degraded VO; region didn’t return to the initial state
after stopping application of the bias voltage. Since the emergence of metallic domains
was synchronized with the step increase in electric current in the VO2/hBN sample, the
electric current increased reflects IMT in the individual domains, i.e., the emergence of
metallic domains under bias voltage application.

Considering the locally induced IMT, i.e., the emergence of metallic domains in the
VO2/hBN sample, the electric current is expected to flow predominantly through several
metallic domains induced by the applied bias voltage, where the IMT can be induced by
Joule heating. This is expected to be the origin of the step electrical switching in Fig.
5.3.1(b). The concentration of the electric current led to the excess Joule heat, which
resulted in the partial degradation of the VO, region. The size of the degraded region:

~500 nm, which is comparable to that of a single domain or a few domains, also supports
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this assumption. These results confirm the inhomogeneous phenomenon in IMT in VOa,
leading to the selective local electrical switching and open a path to the creation of
electrically effective switching devices with the Joule heating effect under domain
confinement effect, and indicate the applicability of single metallic domains of VO, thin

films on hBN.

Fig. 5.3.2 Optical microscopy images in the same VO regions as in Figs. 4(a)—4(c) at (a)
V=0V, (b) V=3.52V,and (c) ¥=13.76 V at room temperature. The light blue regions in
(a)—(c) are the insulating phase of VO (i). In the dotted area in (b) and (c), the red-purple
regions corresponding to the metallic domains ((VOz (m)) appeared. The black regions in

(b) and (c) indicate the degraded VO; regions. The scale bars are 2 um.
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5.4 Conclusion

The electrical switching property of the VO/hBN device was measured by inducing
IMT through Joule heating effect and the emergence of the metallic domains was
observed simultaneously at room temperature. Step electric current changes were
observed corresponding to the appearance of the metallic domains through the optical
microscopy images, which indicates that the individual metallic domains play a major
role in the electrical switching property. In this electrical switching accompanied with
IMT, the local concentration of the electric current flow is considered to happen.
Importantly, it was revealed that the utility of the IMT in the individual domains was
demonstrated in the VO2/hBN. These findings can contribute to domain engineering and

enhance the applicability of VO, thin films on hBN.
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Chapter 6

Application of hBN as a universal
substrate for various transition metal
oxide thin films
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6.1 Introduction

Based on the results reported in chapters 3 and 4, hBN indicates the possibility as a
universal substrate to grow transition metal oxide thin films regardless of the lattice
mismatch at the interface between thin films and substrates. Therefore, the growth of
other thin film materials, which has different lattice structure and lattice constants from
those of VO», can demonstrate the functionality of hBN as a universal thin film growth
substrate. Here, I focused on the growth of Fe3Os and NdNiO; thin films on hBN and
characterized their crystallinity and MIT properties.

Fe30s4 is a cubic-structured half-metallic material with the lattice constant of 8.39 A
showing MIT, which is called Verwey transition accompanied with a
resistance/magnetization change of 1-several orders of magnitude [6.1-6.4]. In a bulk
single crystal, the transition temperature is approximately 110 K [6.2]. Fe3Os4 has
attractive material properties in addition to MIT, namely, high Curie temperature of 850
K and high spin polarization at Fermi level [6.5]. Therefore, growth of Fe3O4 thin films
for electronics and spintronics devices have been actively studied [6.6—6.10]. Thus far, in
order to obtain high-quality thin films of Fes;Oa, stiff single-crystal MgO substrates have
been commonly utilized because single-crystal epitaxial Fe3O4 thin films can be obtained
on MgO, whose lattice constant is 4.21 A [6.11-6.13]. As a flexible substrate, mica has
been reported to be used to grow Fe3O4 thin films [6.14, 6.15]. However, mica is reported
to be negatively charged and relatively fragile [6.16]. In addition, especially for flexible
device application in spintronics devices, Fe3O4 nanoparticles have been grown on two-
dimensional layered materials, such as MoS, and graphene [6.17-6.20]. However, the
clear resistance/magnetization changes owing to Verwey transition has yet to be

demonstrated.
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NdNiOs is a perovskite transition metal oxide material with lattice structures of
orthorhombic in bulk crystals and pseudocubic in thin films exhibiting MIT around 190
K in a bulk single crystal [6.21-6.23]. With the use of MIT in NdNiO3 thin films,
application to electrical switching devices [6.24] and memory devices using proton
doping [6.25-6.27] has been reported for realization of low-energy electrical switching.
Single-crystal NdNiOs thin films have been prepared mainly on the single-crystal oxide
substrates with perovskite lattice structures, such as LaAlOs, SrTiO3;, NdGaOs, KTiO3
and so forth [6.28-6.31] since the interfacial lattice matching is important. Therefore,
these two materials are expected to be the suitable to demonstrate the universality of hBN
as a growth substrate with flexibility and transferability. In this chapter, the growth of
Fe3;04 and NdNiOs3 thin films were grown on hBN and the properties of the thin films

were characterized, similarly to VO; thin films grown on hBN.

6.2 Growth and characterization of Fe3Q4 thin films on hBN

Figure 6.2.1 shows the schematic of the device fabrication flow of Fe;O4/hBN
microwires with electrodes. HBN single crystal flakes were prepared by exfoliation of
bulk single crystals of hBN using Scotch tapes. The flakes were transferred onto
MgO(001) substrates. The Fe3O4 thin films were grown by PLD under the partial oxygen
pressure of 1.0 x 10 Pa and the substrate temperature of 633 K. The thicknesses of the
Fes304 thin films was controlled by the deposition time since they had a proportional
relationship. The growth of Fe3O4 thin films was confirmed and the lattice structure was
characterized using laser Raman spectroscopy, AFM, and TEM. Next, Fe3O04/hBN
microwires were fabricated using photolithography and Ar-ion milling. Since a clear

resistance change owing to the Verwey transition was observed in Fe3O4 nanowires
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fabricated by the moderate Ar-ion etching [6.32], no vital damage was introduced into the
Fe304 thin films on hBN by the etching process. For electric transport measurements to
characterize the MIT property, two-terminal electrodes composed of Pt (65 nm) and Cr

(5 nm) were deposited using photolithography and sputtering deposition.

Thin film growth

Photolithography

Photoresist PtCr

= (Electrode) ™4 '!
 Mgo

it o |
Pattern . Etch Photo-

& - |Etching |} S lithography
LI-,_, Sputtering

i AW deposition

Fig. 6.2.1 Schematlc of the device fabrication process flow, including exfoliation of hBN

flakes, PLD, etching, and electrode deposition.

Figure 6.2.2(a) shows the optical microscopy image of the Fe304/hBN stacks on the
MgO substrate. It was confirmed that the thin film was formed homogeneously. Figure
6.2.2(b) shows the Raman spectrum of the Fe3O4 thin film on hBN at room temperature.
Clear Raman peaks observed at 307 cm’!, 537 cm™!, and 665 cm™ were attributable to
Raman active A1g, T2¢(2), and T2g(3) modes of Fe3O4 [6.33, 6.34] in addition to the peak
at 1367 cm™! of hBN [6.35], confirming the successful formation of the Fe;O4 thin films

on hBN.
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Figure 6.2.2 (a) Optical microscopy image of Fe3O4/hBN stacks on MgO substrate. (b)

Raman spectrum of the Fe3O4 thin film on hBN at room temperature.
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Figure 6.2.3(a) shows the surface morphology of the 200-nm thick Fe3Og4 thin film
on hBN obtained by AFM. It was discovered that the surface of the Fe3O4 thin film is
composed of grain structures. The grain size distribution is shown in Fig. 6.2.3(b). The

grain size was estimated to be 33 + 7 nm by fitting a logarithmic-normal function.
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Figure 6.2.3 (a) AFM image of Fe3O4 thin films on hBN. (b) The grain size distribution
(black plots) and the logarithmic-normal fitting function (red curve).
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The cross-sectional TEM image of the Fe3O4/hBN stack is shown in Fig. 6.2.4(a).
Atomic-scale hBN and Fe3O4 lattices were clearly observed at the bottom and the top of
the image, respectively. Figure 6.2.4(b) shows the FFT image of the Fe3O4 region
surrounded by the red square. It was revealed that the certain periodicities of the Fe3;O4
lattice correspond to reflections of 111 FesOu4, 211 Fe304, and so on. These reflections
indicate that the crystal relationship between Fe3Os4 and hBN satisfies FesOs(111) //
hBN(001). Generally, Fe3O4 grows epitaxially on MgO(001) with the Fe304(001) [100] ||
MgO(001) [100] orientation relation, which reflects the lattice parameters of Fe3O4 (a =
8.397 A) and MgO (a = 4.212 A).

Generally, the growth orientation is strongly influenced by the lattice mismatch and
the connection force at the interface when the thin film is grown on single-crystal oxide
substrates because of the strong ionic/covalent connection force. Using the same
estimation of lattice mismatch as that in Chapter 3.4, the total lattice mismatch between
Fe304(111) and hBN(001) 1s 5%. It is interesting that the growth of Fe3O4 thin films was
realized despite the existence of large lattice mismatch. It is notable that the shape of
Fe304(111) 1s equilateral triangle, which has a high symmetry with hexagonal lattice
structure of hBN. This implies the geometrical restriction on growth of thin films on hBN,

while the lattice match at the interface is ignorable.
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Interface

Figure 6.2.4 (a) Cross-sectional TEM image of the interface, indicated by the orange
arrows, between the Fe3Oy4 thin film and the hBN flake. (b) The FFT image of Fe3O4 in

the red square area in Fig. (a).

The structural transition accompanies Verwey transition. The temperature
dependence of the Raman peak shift in the Ajg mode was examined since the Ajg mode
is more sensitive to the cubic-orthorhombic structural transition in Fe3O4 than T2, modes.
The Raman shift in the peak position of the A, mode (approximately —4 cm ') has been
reported to be larger than that of T, modes (approximately —2 cm™!) in single crystals of
Fe304 at approximately 110 K in the heating process [6.34]. Figure 6.2.5(a) shows the
temperature-dependent normalized Raman peaks of the Aj; mode with increasing
temperature from 90 to 140 K. It was observed that the peak position shifted toward
smaller values in the heating process.

As shown in Figure 6.2.5(b), the peak position was observed to shift by —5 cm!
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from 90 to 140 K. In the measurement range, the peak position shifted by —1.4 cm™! at

maximum from 105 to 110 K. This shift in the peak position is larger by one order than

that owing to thermal expansion of Fe3O4 (thermal expansion coefficient of Az mode:

0.023 cm!/K) [6.36], implying that the Fe;O4 thin film on hBN underwent Verwey

transition.
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Figure 6.2.5 Temperature dependence of normalized Raman spectra of A1z mode in the

Fe;04 thin film grown on hBN within the temperature range of 90 to 140 K in the heating

process. (b) Temperature dependence of the peak position of Ajg mode.
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The temperature-dependent electric transport properties (R—7 curves) of Fe3O4/hBN
microwires are shown in Fig. 6.2.6(a). The thicknesses of the Fe304 microwires were 35,
100, and 170 nm. These three samples exhibited Verwey transition at around 110-120 K.
The transition temperature was defined as the point of inflection in the first derivative of
logp (€2 cm) as a function of temperature. The transition temperature of the samples with
the thicknesses of Fe3Os4 of 100 nm and 170 nm was ~115 K, whereas the transition
temperature of the 35-nm-thick sample was 111 K.

Figure 6.2.6(b) shows the Fe3O4 thin film thickness dependence of the transition
temperature and the maximum absolute value of the resistivity change ratio, which
corresponds to the steepness of the R—T curves from 35 to 240 nm. Interestingly, the
transition temperature was independent of the Fe3O4 thickness on hBN although it is very
sensitive to film thickness for epitaxial Fe;O4 films grown on MgO(001) [6.3, 6.4]. The
steady Verwey transition properties regardless of the Fe;O4 thickness on hBN mean that
the Verwey transition property of the Fe3;Os thin film is homogeneous in the depth
direction, i.e., [111] direction because of the week interaction between Fe3O4 film and
hBN at the interface. Namely, van der Waals interactions lead to the thickness
independence of the Verwey transition property. Therefore, Fe;O4 thin films on hBN

exhibited Verwey transition regardless of the Fe3O4 thickness.
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Figure 6.2.6 (a) Electric transport property of Fe3Os/hBN microwires in different
thicknesses of Fe3O4 thin films. The inset indicates the first derivative of the resistivity

change as a function of temperature. (b) Thickness dependence of Fe3O4 of the resistance
change ratio and the transition temperature

104



The transfer of the Fe304/hBN stack from one substrate to another was demonstrated
for application to transferable devices following the transfer method indicated in Chapter
2.3. Figure 6.2.7(a) shows the optical microscopy image of the Fe3;Os+/hBN stack
transferred from a MgO substrate onto a SiO»/Si substrate after the deposition of Pt/Cr
electrodes. The electric transport property of the FesO4/hBN stack is shown in Fig.
6.2.7(b). The transferred Fe;O4 film exhibited clear Verwey transition. The transition
temperature of the FesO4/hBN stack was 115 K, which is same as that of as-grown
Fe304/hBN microwires. The steepness of the R—7 curves was maintained through the
transfer process. Moreover, no serious damage such as formation of cracks or wrinkles
on the surface of the transferred FesO4/hBN stack found from the optical microscopy
image. The maintained Verwey transition property indicates the utility of the transferable

Fe;04/hBN stack.
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Figure 6.2.7 (a) Optical microscopy image of the Fe3Os/hBN stack transferred onto
Si0,/Si substrate with a pair of electrodes. (b) Electric transport property of the
transferred Fe;O4/hBN stack. The inset indicates the first derivative of the resistivity

change as a function of temperature.
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6.3 Growth and characterization of NdNiQO3 thin films on hBN

The hBN flakes were mechanically exfoliated with the Scotch tape and transferred
onto SrTiO3 substrates. The hBN flakes were annealed in an air ambient at 773 K to
remove adhesice residue. NdNiOs3 thin films were deposited using PLD method under the
partial oxygen pressure of 30 Pa and the substrate temperature of 884 K using the sintered
target with the chemical composition. The target was a buk crystal of NdNi; 503 [6.37,
6.38]. The laser frequency was 3 Hz. The thickness of the NdNiO3 thin film was 100 nm.
The confirmation of the growth of NdNiO; thin films on hBN was conducted using
Raman spectroscopy at room temperature with the grating size of 1200 lines/mm and the
laser power of 1 mW. AFM and TEM measurements were utilized to identify the surface
structure of NdNiO3 and the growth direction. The MIT property was measured after
transfer of a NdNiO3/hBN stack onto a Si0,/Si substrate and electrode deposition.

Figure 6.3.1(a) shows the optical microscopy image of the hBN flakes on
SrTiO3(001) substrate after the growth of NdNiOs3 thin films. It was confirmed that the
thin film was deposited homogeneously in the entire area. Figure 6.3.2(b) shows the
Raman spectrum of the NdNiOs thin film on hBN. The observed Raman peaks are
attributable to the Raman active oscillation modes of NdNiOs lattices, such as 250 (A1y),
302 (Big), 347 (Big), and 427 (Bze) cm! [6.39, 6.40] in addition to the Raman peak of
hBN at 1368 cm™ [6.35]. This means successful formation of the NdNiOs thin film on

hBN.
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Figure 6.3.1 (a) Optical microscopy image of the hBN flakes on the SrTiOs substrate after
the growth of NdNiOs3 thin film. (b) Raman spectrum of the NdNiOj thin film on hBN at
room temperature.
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After confirmation of the growth of NdNiOs; thin films on hBN, the surface and
cross-sectional structures were characterized using AFM and TEM. Figure 6.3.2(a) shows
the AFM image of the NdNiOs; thin film on hBN. The formation of grain structures with
the size of tens of nanometers was clearly observed.

Next, Figure 6.3.2(b) shows the cross-sectional TEM image of the NdNiOs/hBN
stack including the interface. The parallel arrangement of NdNiO3 and hBN lattices were
clear observed at the bottom and the top of the image, respectively. Figure 6.3.2(d) shows
the fast Fourier transformation (FFT) image of the NdNiOj3 region surrounded by the red
square. The FFT spots were assigned using orthorhombic-NdNiO; for simplicity. It was
revealed that the certain periodicities of the orthohombic-NdNiOs3 lattice corresponding
to reflections 111, 101, and so forth. These reflections indicate that the crystal relationship
between NdNiO3 and hBN satisfies orthorhombic-NdNiO3(111) // hBN(001). Generally,
NdNiO; grows epitaxially on SrTiO3(001) and LaAlO3(001) with pseudocubic-
NdNiO3(001) [010] || SrTiO3(001) [010] and pseudocubic-NdNiO3(001) [010] ||
LaAlOs3(001) [010] orientation relations, reflecting the lattice parameters of NdNiO; and
StTiO3 or LaAlO; [6.28, 6.30]. Considering the out-of-plane lattice constant in NdNiOs,
the growth plane of NdNiOsz on hBN is estimated to correspond to pseudocubic-
NdNiO3(120) plane. Using the same estimation of lattice mismatch as that in Chapters
3.4 and 6.2, the total lattice mismatch between pseudocubic-NdNiO3(120) and hBN(001)
is estimated to be 7%. Despite the existence of such a large lattice mismatch, successful

growth of NdNiOs3 thin films attest to weak van der Waals interactions.
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Figure 6.3.2 (a) AFM image of the NdNiOs3 thin film on hBN. (b) Cross-sectional TEM
image of NdNiO3 and hBN with the interface. The red square area is the NdNiOj3 region.
(c) FFT image of the NdNiOs region.

Figure 6.3.3(a) shows the optical microscopy image of the transferred NdNiOs/hBN
stack on SiO» substrate after the electrode deposition. Figure 6.3.3(b) shows the R—T
curve of the NdNiO3/hBN stack in Fig. 6.3.3(a). In the measurement temperature region
from 10 to 300 K, a resistance change of two orders of magnitude was observed with
hysteresis property. This indicates that NdNiO3 on hBN exhibited a resistance change
owing to MIT. The transition temperature of NdNiO3 was defined as the point of

inflection defined as log|dR/d7]. The first derivative of resistance as a function of
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temperature is shown in the inset of Fig. 6.3.3(b). The transition temperature of
NdNiO3/hBN was determined to be 189 K. Since the transition temperature of bulk
crystals of NdNiOs3 is 192 K [6.22], it was indicated that the NdNiOs film received few

strain from at the interface of the NdNiOs thin film and the hBN, similarly to VO» and

Fe304 thin films on hBN.
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Figure 6.3.3 (a) Optical microscopy image of the transferred NdNiO3/hBN stack on SiO>

substrate with a pair of electrodes.
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6.4 Summary of growth of transition metal oxide thin films on hBN

At last, the characteristics of thin films of VO, Fe304, and NdNi1O3 grown on hBN
is summarized (Table 6.4.1). These transition metal oxide thin films have different lattice
structures and lattice constants from those of hBN. The discrepancy would result in the
big mismatch between transition metal oxides films and hBN.

It is notable that growth of VO, Fe304, and NdNiOs thin films was realized on hBN
despite the bad matching of the lattice structures with the lattice mismatch of 13% (VO»),
5% (Fe304), and 7% (NdNiO3). Although growth of the triangle-shaped lattice planes on
hexagonal lattices in Fe3Os/hBN implies geometric restrictions, the growth of the
rectangle-shaped lattice planes on hexagonal lattices in VO2/hBN and NdNiOs/hBN is the
significant characteristics of the growth of transition metal oxide thin films regardless of
the lattice matching of thin films and substrates, which corresponds to the universality of
hBN as a growth substrate.

Most importantly, the MIT properties accompanied with bulk like transition
temperature were observed in all of VO, Fe304, and NdNiOs3 thin films on hBN, which
is comparable to those grown on common single-crystal oxide substrates. Since the
transition temperature is sensitive to the lattice strain in case of NdNiOj3 thin films, this
results also support the relaxation of the lattice strain, which is consistent with the STEM
images. The prominent MIT properties guarantee the formation of well-crystallized thin
films, and I can declare that hBN has a high utility as a universal growth substrate for

various transition metal oxide thin films showing clear MIT property.
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Table 6.4.1 Summary of growth of transition metal oxide thin films on hBN

VO,/hBN Fe;O4/hBN NdNiOs/hBN
LEiED S Hexagonal Hexagonal Hexagonal
of substrate 9 9 9
Lattice constant a=hb=2502A a=hb=2502A a=b=2502A
of substrate c=3.331A c=3.331A c=3.331A
Lattice structure Tetragonal Cubic Orthorhombic
of thin films (Rutile) (Spinel) (Perovskite)
i - = a=5.379A,
aiee constant a=bassiA. a=b=c=8387TA b=5385A,
’ ¢ =7.600A
Growth planes on hBN | VO,(110)/hBN(001) | Fe,0,(111)/hBN(001) O
(Structural matching) | (Rectangle/Hexagonal) | (Triangle/Hexagonal) L O I BIELSE )
(Triangle/Hexagonal)
Surfacg structure Grain structures Grain structures Grain structures
of thin films
Expected 13% 5% 7%
lattice mismatch
MIT property 3 orders of magnitude, | 1 order of magnitude, 3 orders of magnitude,
(Log R/Ru, Tim) 340 K 116 K 189 K

6.5 Conclusion

In this chapter, the applicability of hBN as a universal growth substrate was
investigated through growth of cubic-Fe;O4 and orthohombic-NdNiOs3 thin films on hBN
and characterization of the crystal structures and MIT properties. Both of Fe;O4 and
NdNiOs3 thin films were successfully grown on hBN. It was revealed that each of cubic-
Fe3;04(111) and orthohombic-NdNiO3(111) planes were observed to grow on hBN(001)
planes through the cross-sectional STEM images. The shape of cubic-Fe;O4(111) plane
satisfies the geometric symmetry of triangle and hexagonal structures. In the NdNiOs3 thin
film on hBN, the pseudocubic-NdNiO3(120) plane corresponding to orthohombic-
NdNiO3(111) plane is rectangle and has bad geometric matching with hBN. Despite the
existence of the lattice mismatch of 5% (Fe3O4) and 7% (NdNiO3) on hBN, the growth

of Fe3s04 and NdNiOs3 thin films on hBN are the additional cases for the universal growth
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of transition metal oxide thin films. Moreover, the prominent MIT properties of Fe3O4
and NdNiOs thin films on hBN were observed at the transition temperature of 116 K and
189 K, respectively. These transition temperatures are comparable to those of bulk
crystals of FesO4 and NdNiOs, respectively. Furthermore, the transfer of Fe;Os/hBN
stacks without causing serious damage to the stacks was successfully demonstrated.
Judging from these results, the function of hBN as a universal growth substrate for
transition metal oxide thin films was indicated. These results open a way for growth of
various transition metal oxide thin films using hBN with the negligible interfacial lattice

mismatch.
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Chapter 7

General conclusion
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In this dissertation, the functionality of hBN as a universal growth substrate for
various transition metal oxide thin films and identification of the size of metallic domains,
which are the spatial elements to determine the MIT property, and electrical switching
application of VO2/hBN microstructures were studied.

In Chapter 3, growth of VO, thin films on hBN was attempted and the lattice
structure was characterized using Raman spectroscopy, AFM, and STEM. It was revealed
that and the rutile-VO2(110) planes, whose surface energy is theoretically favorable, were
observed to grow on hBN(001) planes despite the expected existence of interfacial lattice
mismatch of 13%. Moreover, the VO2 thin films on hBN have grain structures on the
surface with the size of ~300 nm on average in length, which is one order of magnitude
larger than that of VO thin films on Al,03(0001). The MIT properties of VO thin films
were investigated through electric transport measurements. A resistance change of three
orders of magnitude was observed in the VO thin films on hBN, which guarantees the
prominent MIT property.

In Chapter 4, the size of metallic domains, which are the spatial elements to
determine the MIT property, were investigated using temperature-dependent Raman
spectroscopy and optical microscopy. The size of the metallic domains was determined
to be ~500 nm on average in length, which is one order of magnitude larger than that of
VO thin films on Al,O3 substrates. Owing to the large-sized metallic domains, it was
discovered that the confinement effect of the metallic domains occurs even in the
micrometer scale and a single-resistance jump changing by one or two orders of
magnitude was observed with the device size of ~2 pm in length.

In Chapter 5, micro-structured VO2/hBN was fabricated with the size of ~2 um in

length for electrical switching using confined metallic domains. It was discovered that
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step electric current increase was observed owing to the emergence of the metallic
domains confined in the micrometer scale. The emergence of the metallic domains was
also confirmed by the simultaneous operando observation. These results open a way for
application in domain engineering.

In Chapter 6, the applicability of hBN as a universal growth substrate was studied
through growth of Fe304 and NdNiOj thin films on hBN. The structural characterization
revealed that these thin films have grain structures on the surfaces and cubic-Fe304(111)
and orthohombic-NdNiO3(111) planes were grown on hBN(001), respectively. Similarly
to VO thin films on hBN, Fe304 and NdNiOs3 thin films exhibited clear MIT properties
at the transition temperature of 116 K and 189 K, respectively accompanied with a
resistance change of one order of magnitude. The transition temperatures were
comparable to those of bulk crystals.

In summary, these results indicate the negligible interfacial lattice strain and the
functionality of hBN as a growth substrate regardless of lattice structures and lattice
constants of transition metal oxide thin films. In addition, the device application of
VO2/hBN structures was demonstrated with the confinement effect of the metallic

domains.
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Al. Bubble-free transfer method

As reported in Chapter 2, thin film/hBN stacks can be transferred using transparent
polymer exposed to water vapor. This transfer method is very easy to utilize since the
polymer can be easily attached onto and removed from the target substrates, similarly to
the Scotch tape method. However, the transfer of thin film/hBN stacks onto a certain area,
for example on an electrode, TMDC materials and so forth with high accuracy in the
position alignment is still challenging just using polymer. In addition, the efficiency in
the pickup of the thin film/hBN stacks is still low due to the low adhesive force at the
interface of the thin film and polymer. Thus, to broaden fabrication of various
heterostructures using two-dimensional layered materials, the establishment of a new
method to transfer these materials should be established. In 2020, Iwasaki et al. have
reported a unique transfer method called “Bubble-free transfer method” [A1]. In this
method, various kinds of polymers are spin-coated layer by layer on a transparent polymer
to make transfer stamps. The bubble-free transfer method utilizes the difference in the
stiffness of the polymer by changing the temperature of the stamp.

Figure Al(a) shows the overview of the transfer machine composed of optical
microscopy, stamp manipulator, rubber heater, and temperature controller for bubble-free
transfer method. Figure A1(b) shows the schematic of the fabrication of transfer stamps.
First, 3 mm square transparent polymer was attached onto a slide glass. Then, PDMS
polymer (Silicon potting gel) was spin-coated on the polymer. The stamp was baked on a
hot plate at 343 K overnight. Next, O> plasma was irradiated to the stamp using RIE
method. Finally, a solution with the anisole propylene carbonate (PPC) was spin-coated
on the stamp and baked at 383 K for 5 minutes. Figure A1(c) shows the schematic of the

transfer process. First, the stamp was attached to the target sample at room temperature.
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Next, the temperature was raised up to 328 K to soften the polymer on the stamp. Next,
the temperature of the sample stage was decreased to 313 K to make the polymer stiff.
Confirming the stabilization of the temperature of the sample stage, the stamp was
brought up to pick up the thin film/hBN stacks. After that, the stacks of thin film/hBN

were transferred onto another substrate with the stage temperature of 383 K.

Manipulator
for stamps

P\.

(b) Slide glass Gel-Pak film PDMS, PPC
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Figure A1 (a) Overview of the transfer machine for the bubble-free transfer method. (b)

Schematic of fabrication of transfer stamps. (¢) Schematic of the transfer process using
transfer stamps.
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Figure A2 shows the optical microscopy images of a VO2/hBN stack before and after
the bubble-free transfer method. The VO2/hBN stack was transferred from a SiO:
substrate onto Au/Cr electrodes on another SiO> substrate. It is notable that the VO2/hBN
stack was transferred with high accuracy in the position alignment. Moreover, other
VO2/hBN stacks around the target VO2/hBN stack were simultaneously transferred
because of the high efficiency in the transfer of the VO2/hBN stacks. These results
indicate the usage of the bubble-free transfer method for fabrication of heterostructures

using two-dimensional layered materials.

‘é‘ ‘-',“’_:-" _:...‘ ' < - > Al’»
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Transfer

Fig. A2 Optical microscopy images of a VO2/hBN stacks before transfer and after transfer
onto Au/Cr electrode.
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A2. Growth of VO thin films on chemical vapor deposition-grown hBN sheets
High-quality hBN flakes have been obtained from bulk hBN crystals. As indicated

in Chapters 3 and 6, hBN has a possibility of a universal substrate for growing various
transition metal oxide thin films regardless of the interfacial lattice matching. However,
there exists some difficulty in handling hBN flakes. For example, transfer of hBN flakes
with high accuracy in position alignments and avoiding cracks or wrinkles during transfer
process hinders the smooth fabrication of devices. In addition, the size of the hBN flakes
are up to approximately 100 pm. Thus, fabrication and integration of numerous devices
using transition metal oxide thin films on hBN is still challenging.

Recently, Professor Ago Group in Kyushu University reported growth of hBN sheets
using chemical vapor deposition (CVD) method [A2—-A4]. Impressively, the size of the
CVD-hBN sheets is up to centimeter scale [A2—A4]. Their CVD-hBN sheets have been
studied for flexible devices, such as transistors combined with graphene and other two-
dimensional layered materials [AS5]. Such a large-scaled hBN sheets are attractive for
integration of devices and fabrication of flexible devices using transition metal oxide thin
films. Moreover, crystallinity of transition metal oxide thin films on hBN could be studied
various methods, such as X-ray diffraction (XRD), X-ray photoelectron spectroscopy, and
so forth. Therefore, use of CVD-hBN sheets could contribute to fabrication of novel
devices and investigation on the material properties of transition metal oxide thin films
on hBN.

Figure A3(a) shows schematic of the synthesis process of hBN sheets through the
CVD method. First, Ni and Fe catalysts are prepared on single-crystal substrates, such as
ADOs3 substrates. Then, in the annealing process of the sample with hydrogen, the Ni and

Fe catalysts become chemical compounds of Ni and Fe. With supply of borazine, boron

128



and nitrogen atoms are dissolved on the surface of the catalysts. With decreasing
temperature of the sample slowly, the hBN sheets can be obtained on the catalysts. Figure
A3(b) shows the SEM image of the synthesized hBN sheets on Ni-Fe catalysts. Clear
layer-by-layer structure of hBN was observed with the distance between each plane of
0.35 nm. This distance is almost same as that of single-crystal bulk crystals of hBN and
the formation of hBN sheets is guaranteed. Finally, the hBN sheets on the catalysts are
transferred onto arbitrary substrates, such as SiO2/Si substrates.

In my experiments, VO thin films were grown on CVD-hBN sheets on SiO»/Si
substrates. VO; thin films were formed using PLD with ArF excimer laser (A = 193 nm)
and the partial oxygen pressure of 0.95 Pa and the substrate temperature of 723 K. The
laser frequency was 2 Hz. Formation of VO, thin films on hBN was confirmed using out-
of-plane X-ray diffraction (XRD, Ultima4, Rigaku) with the Cu Ko line (1 = 1.5405 A).
The beam spot size was 2 mm. For investigation on the MIT property of VO, thin films
on CVD-hBN sheets, electrodes composed of Pt (40 nm) and Cr (5 nm) were deposited
using sputtering deposition. The size of the electrodes is 200 pm in length and width. For
investigation on the size-dependent MIT property, the electrodes were arranged with
constant distances in the entire region of VO thin film. The MIT property was
investigated though electric transport measurements with the ramping rate of 6 K/min and

0.2 K step.
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(B, N dissolution) (B, N segregation)

(a ) H; annealing

Fig. A3 (a) Schematic of the synthesis process of CVD-hBN sheets using Fe-Ni catalysts
[A2]. (b) Cross-sectional SEM image of CVD-hBN sheet on Ni-Fe catalyst [A2].

Figure A4(a) shows an optical microscopy image of VO3 thin films grown on the
CVD-hBN sheet. It was confirmed that the VO, thin films were formed homogeneously
in the entire sample of the CVD-hBN sheet. Figure A4(b) shows out-of-plane XRD
spectrum of the VO, thin film on the CVD-hBN sheet prepared on a Si0»/Si substrate. In
addition to the strong peaks of (002) and (004) planes of Si at 20 = 31.00° and 67.19°,
respectively [A6], the peaks attributable to hBN (002) and (004) planes were observed at
20 =26.00° and 55.00°, respectively [A7]. This guarantees the existence of hBN sheets
oriented along [001] direction on SiO2/Si substrate. Importantly, the peaks attributable to
(110), (020), (220) and (040) planes of rutile-phase VO, were observed at 26 = 27.00°,
40.00°, 57.00°, 86.00°, respectively [A8—A12]. The result of the growth of (110) planes
of rutile-phase VO on hBN(001) is consistent with that discovered with STEM images

indicated in Chapter 3.4. However, the growth of (020) and (040) planes of rutile-phase
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VO on hBN(001) was discovered for the first time. It should be noted that the sample
region in the STEM measurement and XRD measurement is considerably different. The
STEM measurement was conducted for atomically local cross-sectional regions of VO»
lattices, while the XRD measurement was conducted for the 5 mm square-sized VO
sample. Therefore, it may be natural that VO thin films have two growth direction along
[110] and [020] axis on hBN(001) in the macro-scale entire region of the sample.
Although the rutile-VO2(110) planes are the most energetically favorable among
VO, lattice planes, rutile-VO2(110) planes have a lattice mismatch of 13% with hBN(001)
planes. In contrast, the rutile-VO>(020) plane has the small lattice mismatch of 9% with
hBN(001) planes, although rutile-VO>(020) plane is not energetically favorable [A13].
These results imply the existence of the epitaxial relationship between VO, lattices and
hBN(001) in some area. Still, the growth of the energetically favorable planes on hBN is
partially true even in CVD-hBN sheets, considering the thin film growth without the
effect of lattice mismatch, which is the characteristic of growth of transition metal oxide
thin films contributed by weak van der Waals interactions. Further experiments, such as
in-plane XRD and in-plane STEM observations, are needed for uncovering the epitaxial

relationship between VO, and hBN.
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Fig. A4 (a) Optical microscopy image of VO thin film grown on CVD-hBN sheet on
Si0; substrate with the size of 5 mm square. (b) Out-of-plane XRD spectrum of VO, thin
film on CVD-hBN sheet. The peaks with * marks are attributable to characteristic X-ray.
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Next, Pt/Cr electrodes were deposited on the VO thin film on CVD-hBN sheet for
electrical transport measurements. Figure A5(a) shows the optical microscopy image of
the VO, thin film on CVD-hBN sheet with Pt/Cr electrodes. The electrode gap distances
were from 5 to 500 um. Figure A5(b) shows the R—T curves of VO; thin film on CVD-
hBN sheet with different electrode gap distances. Clear resistance changes of three orders
of magnitude at approximately 340 K were observed regardless of the electrode gap
distance. Importantly, the MIT property of the VO: thin film on CVD-hBN sheet is
maintained for the 500 nm-sized electrode gap distance. It is notable that the MIT property
of the VO/CVD-hBN sheet was observed for the first time even in hundreds of
nanometer scale since the sizes of single-crystal hBN flakes are up to ~100 pm. These
results indicate the utility of the large-sized CVD-hBN sheets.

These results indicate the applicability of CVD-hBN sheet as a large-scaled universal
growth substrate for transition metal oxide thin films and an intriguing platform for
integration of devices using transition metal oxide thin films. Further research would
contribute to the exploration of growth of transition metal oxide thin films showing novel

material properties and their device application.
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Fig. A5 (a) Optical microscopy image of VO3 thin film grown on CVD-hBN sheet on
Si0; substrate after Pt/Cr electrode deposition. (b) R—T curves of VO3 thin film on CVD-
hBN sheet with different electrode gap distances.
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A3. Conclusion of Appendix

In Appendix, a new transfer technique of “bubble-free transfer method” was
demonstrated for VO2/hBN stacks onto other materials with high efficiency and high
position alignment. A VO2/hBN stack was successfully transferred onto Au/Cr electrodes
without causing serious damage, such as formation of cracks or wrinkles using the
transfer stamps composed of spin-coated polymer. Compared with the conventional
transfer technique using PDMS sheet, this bubble-free transfer method is promising for
fabrication of cross-sectional heterostructures by accumulating the stacks of thin
films/hBN and two-dimensional layered materials.

Next, using the large-sized hBN sheets synthesized by CVD method, growth of VO2
thin films was attempted on CVD-hBN sheets. The out-of-plane XRD spectrum of VO,
was observed in addition to the peak of Si and hBN. Although the growth plane of rutile-
VO»(110) is consistent with the result of the STEM measurement in Fig. 3.4.2, another
growth plane of rutile-VO2(020) was observed, which means that VO, thin films are
polycrystalline on hBN. However, it is notable that MIT property was homogeneously
observed in the VO, areas with the electrode gap distance ranging from 5 to 500 pm.
These results open a way for growth of various transition metal oxide thin films in a large

scale and contributes to the fabrication of large-sized flexible/transferable devices.
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