
Title VO2ナノ構造体創製によるナノ巨大物性発現とその電
気的制御

Author(s) 高見, 英史

Citation 大阪大学, 2014, 博士論文

Version Type VoR

URL https://doi.org/10.18910/50547

rights

Note

The University of Osaka Institutional Knowledge Archive : OUKA

https://ir.library.osaka-u.ac.jp/

The University of Osaka



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

VO2ナノ構造体創製による 

ナノ巨大物性発現とその電気的制御 

平成２６年６月 

髙見 英史 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

平成２６年６月 

髙見 英史 

博士（工学）論文提出先 

大阪大学大学院基礎工学研究科 

VO2ナノ構造体創製による 

ナノ巨大物性発現とその電気的制御 



i 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Abstract 
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3d transition metal oxides show huge phase transition phenomena originating from 

the strong electron-electron interaction. These non-linear phenomena have been 

extensively studied due to their high potential for functional materials and devices 

which are superior to that of conventional semiconductors. Vanadium dioxide (VO2) is 

the typical oxide materials because it shows huge metal-insulator transition (MIT) 

around room temperature. VO2 has spatially inhomogeneous electronic states consisting 

of metallic phase and insulating one in a nanoscale, so that it is expected that the 

unusually huge and steep MIT occurs when the size of the VO2 decreases to that of 

single electronic domain. Moreover, the novel interface function between nanoscale 

single electronic domains can be also expected in VO2 nanostructures.  

The purpose of this thesis is to realize huge phase transition phenomena originating 

from the physical properties of single electronic domain and electrical control of the 

non-linear phenomena towards the novel electronic devices by fabricating VO2 

nanostructures. 

 My achievements are as follows: 

(1) I developed oxide nanofabrication process by using nanoimprint lithography as a 

next generation nanofabrication technique and succeeded in mass production of VO2 

nanowires with 30 nm width at minimum in 3×3mm
2 

on the substrates, which 

facilitated the investigation into physical properties with wide range of size from 

micro to nano-scale and application to nanodevices. 

(2) I observed multi-step MIT with resistivity change around 10
5
 %/K by realizing 

one-dimensional alignment of electronic domain in VO2 nanostructures. Moreover, I 

clarified that the large resistivity change originates from the MIT of single electronic 

domain by performing numerical simulation and demonstrated superiority of 

nanodevices to thin-film-based devices in energy consumption. 

(3)  In the one-dimensionally aligned electronic domain as mentioned above, I noticed 

Peltier cooling effect at the interface of electronic domain can be utilized. And 

actually, I realized electric switch from high temperature metallic phase to low 

temperature insulating one, which have seen as an impossible function for two 

terminal devices and demonstrated write-and-erase operation as a non-volatile 

memory devices in two-terminal devices for the first time.    
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CHAPTER 1 

General introduction 
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1.1   Scope of this study 

 

3d transition metal oxides with strongly correlated electron system exhibit rich 

varieties of functionalities, such as superconductivity in cuprates [1], giant magneto 

resistance in manganites [2], or metal-insulator transition in vanadates [3]. These 

non-liner phenomena originating from the strong electron-electron or electron-phonon 

coupling will offer major breakthrough in materials science and engineering. For 

example, in conventional semiconductors, the device performance has been enhanced 

by decreasing the device size, but this enhancement encounters the limitation due to the 

leakage current which decreases the On/Off ratio[4]. However oxide materials as 

mentioned above have a full potential to realize the high On/Off ratio due to the above 

mentioned non-linear phenomena.  

With the development of scanning probe microscopy technique, it was revealed that 

the strongly correlated oxide materials show spatially inhomogeneous electronic phase 

in the vicinity of their phase transition points.[5-7] The phase separation makes it 

difficult to utilize the full potential of the materials because the changes of their physical 

properties are averaged over the materials, which is a major obstacle to control their 

physical properties and to understand the mechanism of the phase transition itself.  

The phase separations were observed not only in the thin film but also in the single 

crystal, thus the origin of the phase separation is not simply explained by the structural 

imperfection or the fluctuation of chemical composition, which indicate the important 

role of strong electron correlation in the transition metal oxides[8]. To investigate and 

control the physical properties of the phase-separated oxide materials, many researchers 

have been trying to accessing the single domain by fabricating the oxide nanostructures. 

Because the individual domain’s behavior can be electrically manipulated and captured 

as multistep change of physical properties when the total number of domain in the 

nanostructure decreases.[9, 10]  

Vanadium dioxide is one of the typical materials which shows a spatially 

inhomogeneous electronic states which consist of metallic and insulating domain at 

around its metal-insulator transition (MIT) temperature, 340 K.[7, 11] The drastic 

change of the physical properties at around room temperature makes the material very 



3 

 

attracting for technological application such as Mott FETs [12], memristors [13], and 

racetrack memories [14]. After Park et al. succeeded to synthesize VO2 single crystal 

micro- or nano-beams using the vapor transport method,[15] investigation of single 

domain’s behavior of VO2 have been extensively reported.[16] However, the bottom-up 

method utilized to fabricate the VO2 nanostructure have disadvantage for the application 

to next generation nanodevices, because the size, shape, position and growth direction 

of the nanobeams are difficult to control.[15] On the other hand, thin-film-based 

top-down methods such as photolithography, electron beam lithography, nanoimprint 

lithography are promising for device application and systematic investigation for 

size-effect of single domain’s behavior. Among the lithography techniques, nanoimprint 

lithography has advantage in the controllability of the size and shape in a large area, 

which is suitable for systematic study and mass production of the nanodevices.[17] 

The purpose of this thesis is to realize huge MIT by detecting single domain’s 

behavior in confined nanospace and electrically control the huge MIT. To clarify the 

single domain’s behavior, I fabricated VO2 nanostructures by using nanoimprint 

lithography. The contents of the thesis are as follows. Chapter 2 briefly described 

experimental method employed in my work including pulsed laser deposition technique 

and nanoimprit technique. Chapter 3 describes the detailed fabrication condition and 

process for VO2 nanostructures and investigation into relationship between domain 

geometry and transport properties by performing optical observation and electric 

measurement at same time. Chapter 4 discusses multistep metal-insulator transition 

observed in VO2 nanostructure on Al2O3 (0001) single crystal substrates. Nearly two 

orders of magnitude change of resistivity was realized by extracting the MIT of a 

nano-scaled single domain. To confirm the origin of the observed large transition and 

the relationship between domain configuration and resistivity as a function of 

temperature, I performed numerical calculation based on a random resistor network 

model. Chapter 5 introduces my theoretical model to control the single domain’s MIT 

by using local thermoelectric effect at metal and insulator domain boundary. This idea is 

experimenttaly realized as an electrical control of non-volatile and reversible MIT in 

VO2 nanowires on Al2O3 (0001) substrates. The electrical control of reversible 

metal-to-insulator transition in VO2 two-terminal devices was demonstrated for the first 
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time, which was achieved by using the Peltier effect at a domain’s interface. Finally, 

Chapter 6 summarized these investigation from the view point of the electric control of 

MIT by manipulating the single domain’s behavior in the VO2 nanostructure.  
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1.2   Fundamental physical properties of vanadium dioxide 

 

VO2 undergoes first-order metal-insulator transition (MIT) at 340 K in atmospheric 

pressure [3]. Above the MIT temperature (TMI), VO2 takes metallic state with rutile 

crystal structure (R phase) while below the TMI, it takes insulating state with monoclinic 

crystal structure (M1 phase) as shown in Fig. 1.1. During the transition, the drastic 

change in electrical [18], optical [19], mechanical [20], magnetic [21] and thermal [22] 

properties occur. In particular, the difference of electrical resistivity between metallic 

(RM) and insulating (RI) phase is reported to be RI / RM = 10
5
 for single crystal [23] and 

RI / RM =10
3
-10

4
 for typical thin films [24], where ΔR is the difference of the resistivity 

between the one in a metal region and the one in an insulator region. From the 

technological point of view, the drastic change of physical properties are attractive for 

possible application to electronic switching and data storage devices. 

At low temperature in the M1 state, two V
4+ 

ions forms a dimer and tilt along the 

c-axis of rutile phase with energy gap around 0.6 eV near the Fermi level.[25] Pouget et 

al. reported insulating M2 phase in which half of the vanadium ions are not dimerized 

but equally spaced along the c-axis of rutile phase.[21] From the view point of the 

single particle band theory, the M2 phase should be metal, then the existence of 

insulating M2 phase suggests the importance of electron-electron interaction.[7, 26]  

  

Fig 1.1  Crystal structures and corresponding energy level of VO2 in the metallic 

(left) and insulating (right) phases. V-V dimers in the insulating phase are expressed 

by orange chains between vanadium ions.[27]  
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In 1967, Mitsuishi et al. revealed that VO2 single crystals show mixed electronic 

phases consisting of metallic and insulating domain in the vicinity of the TMI by using 

optical microscope.[28] Typical size of the domain was several or several tens of 

micrometers and the shape was triangle, square or parallegram with the interface 

inclined with respect to the crystal axis.[29] In the electric transport properties of VO2 

with the domain structure, discrete resistivity jump was observed, which suggest the 

important role of the domain’s behavior in the electrical properties.[30, 31] However, 

systematic investigation into the role of domain was difficult because domain’s shape, 

size and distribution are random and uncontrollable. To investigate the single domain’s 

behavior Wu et al. synthesized single-crystal nanobeams using vapor transport method 

with a rectangular cross section originating from the preferential growth of VO2 along 

c-axis of rutile phase.[15] Small size and a well-defined morphology of the nanobeams 

leads to uniaxial strain along the nanobeams, which form periodical structure consisting 

of metal and insulator domains with one-dimensional configuration. These nanoscale 

samples made it possible to explore the single domain’s behavior in the electric 

transport properties.[16]  

With the development of scanning probe microscopy technique, smaller electric 

domain was revealed in the VO2 thin film samples fabricated on the oxide single crystal 

substrate by using sputtering [11], sol-gel [31], or pulsed laser deposition technique [7]. 

Kim et al. captured the nanoscale image of VO2 surface during the MIT by using 

conductive atomic force microsopy technique, and found the domain has strong 

correlation with the location of the structural grain.[11] On the other hand, Qazilbash et 

al. combined structural and electronic nanoscale imaging of VO2 by using near-field 

infrared microscopy and scanning x-ray nanoscale diffraction, and found the difference 

between the two image at same condition, which imply the origin of the domain cannot 

be fully attributed to the structural grain or defect. In the electric transport properties, 

multi-resistive states were observed when the sample size is reduced to micrometer 

scale, which was entirely different from the smooth transport curves measured in the 

bulk sample. Sharoni et al. reported thermally induced multistep MIT and these discrete 

transition behavior were captured as a percolation model. These multi-resistive states 

were also obtained by voltage or current sweep in the hysteresis region [33], which is 
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applicable to multitistates momory devices like memristors.[33] However, the resistivity 

change is still small considering the original resistivity change of VO2 itself, thus 

fabricating narrower nanostructures are necessary to obtain larger On/Off ratio and high 

controllability of single domain’s MIT. 
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2.1  Pulsed laser deposition technique 

 

In this study, the pulsed laser deposition (PLD) technique has been utilized to make 

transition metal oxide thin films. The PLD technique is one of the most effective 

techniques to fabricate materials as oxides which include several elements. Smith and 

Turner [1] first applied the technique to film formation in 1965 and the crystal growth 

techniques using PLD have been developed since the success of high-temperature 

superconductor film growth. Figure 2.1 shows the schematic illustration of laser 

ablation phenomena. The pulsed laser beam is focused on the target surface and an 

ablation is induced. The ablated atoms and ions are deposited on the substrate and 

crystallized on the substrate epitaxially, resulting in growth of single crystal thin film. 

PLD technique is the excellent film formation method for the selectivity in ambient 

atmospheres such as oxygen, nitrogen and so on. In addition, it is possible to make even 

films including several elements and high melting points in exact stoichiometry. The 

excess energy of ablated atoms and ions are also effective to make high quality films. 

In my experiment, the base pressure of the chamber was maintaining to 10
-4

-10
-3

 Pa. 

Oxygen gas is introduced into the PLD chamber during film growth. The pulsed laser 

(ArF eximer laser: wave length λ = 193 nm) was focused on target material through the 

quarts window with pulse frequency of 2 Hz. Thin film formation was carried out under 

the following conditions. The substrate is Al2O3 (0001) or TiO2 (001) single crystal, 

substrate temperature (TS), from 360℃ to 450℃; deposition rate, ( 1.6～16 Å/min), 

oxygen pressure (PO2) is 1 Pa; film thickness, about 100 nm. Thickness and surface 

morphology were measured by atomic force microscopy (AFM) and scanning electron 

microscopy (SEM). Targets were pellets of single-phase V2O5 which were placed at the 

center of a vacuum chamber. The V2O5 targets were prepared by grounding V2O3 

powder, followed by pressing at 80 kg/cm
2
 and sintering at 410 °C. After the film 

formation, samples were cooled in oxygen atmosphere at 1 Pa. 
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2.2  Nanoimprint Lithography 

 

To fabricate the VO2 nanostructures, two kinds of approach have been employed. 

One is a top-down approach like photolithography [2], and the other is a bottom-up 

approach like vapor transport method [3]. In the former case, minimum size achieved by 

the standard photolithography technique is around several micrometers which is much 

higher than the size of the single electronic phase expected from the image captured by 

using the scanning probe microscopy technique (<100nm). In the latter case, minimum 

(b) 

(a) 

Fig 2.1  (a) Schematic illustration during the film formation using PLD technique. 

(b) Schematic illustration of PLD chamber and fabrication method. 
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size achieved by the vapor transport method is several tens or hundreds of nanometers, 

but the size, shape and position is uncontrollable, which is a major obstacle for 

systematic investigation in size and device application. 

Nanoimprint lithography(NIL) is a nonconventional lithographic method which is 

able to fabricate the nanostructures with a high controllability of size, shape an position 

in a large area. The achievable size ranges from macroscale to nanosclae, which enables 

systematic investigation into the role of electronic phase of VO2 in various structural 

size.    The NIL is categorized into three types, microcontact printing (or soft 

lithograpy), thermal-NIL, and ultraviolet (UV)-NIL. G. M. Whitesides et al. first 

reported microcontact printing technique in 1993,[4] and thermal-NIL was developed by 

S. Y. Chou et al. in 1995.[5] UV-NIL, which was used in my research, was developed 

by J. Haisma et al. in 1996.[6] UV-NIL is the most excellent technique among the three 

techniques in terms of resolution, throughput, and alignment. Figure 2.2 shows 

schematic illustration of the process for UV-UIL.  

 

In the UV-NIL , high liquidity UV curable polymer resist is spin-coated on substrate. 

And then, the mold which has nanoscale patterns on the surface is put on UV curable 

resist, and pressed at low pressure (under 0.1 MPa) with exposure of UV light. Finally, 

Fig. 2.2  Schematic illustration for UV Nanoimprint lithography 
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the mold is removed (demolding) and polymer nanostructures are patterned on the 

substrate. The first stage of the NIL process is the molding of thin polymer film which is 

compressed between the mold and substrate, and the viscous polymer is forced to flow 

into the cavities of the mold. So polymer rheology issues should be taken into account 

when optimizing the pressing process. To achieve a reasonable process time and yield, 

molding materials with low viscosities are used. For high aspect ratio structures, 

demolding becomes a critical step in the replication process. In this process, adhesions 

or imperfections of the walls tend to occur due to the high friction between mold and 

polymer during the demolding. To reduce friction forces, anti-adhesion layers especially 

self-assembled monolayer on the mold is employed. After the molding process, to 

transfer the patterns of the organic resist to under layer materials (VO2 in this study), 

Reactive ion etching (RIE) is utilized. To exactly transfer the nanopatterns, the residual 

height of polymer after the pressing process has to be reduced to an extent that RIE does 

not change significantly the shape of initial structures.  

 

2.3  Characterization techniques 

 

2.3.1  X-ray diffraction measurements 

 

  In this experiment, the Cu-Kα line (λ = 1.54056 Å) was used for the measurement 

of 2θ-θ scan. An X-ray diffraction apparatus (RINT-2000, Rigaku, Japan) was used to 

confirm the crystal structure of vanadium oxide thin films.  

 

2.3.2  Electrical transport measurement with optical observation 

 

I used source measure unit (2635A, Keithley, USA) and 

variable-temperature-controlled stage with a peltier element (LTS120, Linkam, UK) 

combined with optical microscope image (VH-Z500R, KEYENCE, Japan) to measure 

temperature dependence of electrical and optical properties at the same time. Figure 

2.3(a) shows the whole experimental system. Sample was mounted on a glass 

substrate and heated up and cooled down on a peltier-controlled stage as shown in Fig. 
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2.3(b). Temperature was swept from 7 to 97 °C with the stability and accuracy of 0.1 

K. The chamber was covered not to be affected by the temperature fluctuation in the 

atmosphere as shown in Fig. 2.3(c). I also used Physical Properties Measurement 

System (PPMS, Quantum Design, USA) to measure temperature dependence of 

resistivity at small temperature steps around 10 mK by use of a four probe method. 

The lead line is ultrasonically bonded onto the electrode pad of the sample. 

  

Fig. 2.3  Experimental system to measure the electrical transport properties and 

optical observation at the same time (a) Whole measurement system (b) Sample 

installation onto the Peltier stage (c) Covered chamber during the measurement  

(a) (b) 

(c) 



16 

 

2.4  References 

 

[1] H. M. Smith, A. F. Turner, Appl. Opt. 4 (1965) 147 

[2] A. Sharoni, J. G. Ramirez, I. K. Schuller, Phys. Rev. Lett. 101 (2008) 026404 

[3] J. Wu et al., Nano Lett. 6 (2006) 2313 

[4] A. Kumar, G. M. Whitesides, Appl. Phys. Lett. 63 (1993) 2002 

[5] S. Y. Chou, P. R. Krauss, P. J. Renstrom, J. Vac. Sci. Technol. B 14 (1996) 4129 

[6] J. Haisma, M. Verheijen, K. vandenHeuvel, J. vandenBerg, J. Vac. Sci. Technol. 

B 14 (1996) 4124 

 



17 

 

  

CHAPTER 3 

Tuning metal-insulator transition by one 

dimensional alignment of giant electronic 

domains in artificially size-controlled epitaxial 

VO2 wires 
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I achieved to control spatial dimensionality of disordered configurations of giant 

electronic domains in systematically size-changed VO2 wires on TiO2 (001) substrates. 

One-dimensional alignment of the domains appears in wires narrower than 15 μm width, 

while two-dimensional configurations were observed for larger ones. The rearrangement 

of domains from two to one dimension causes modification of electronic properties. 

 

3.1  Introduction 

 

VO2 has attractive electronic properties, showing orders-of-magnitude changes in 

resistivity at its MIT at around 340 K.[1] These changes are accompanied by 

structural deformation between the low-temperature monoclinic insulating phase and 

the high-temperature rutile metallic phase.[2] When focusing on the nano-spatial area 

near the MIT, the VO2 system exhibits mixed electronic phases consisting of metallic 

and insulating states.[3] Electronic inhomogeneity plays an important role in the 

conductive properties of such materials. In fact, in confined spaces with comparable 

size to the domains, individual domain behavior is observed as first-order resistive 

jumps due to electronic avalanches.[4] This nano-spatial conduction character yields 

aspects different from those observed in typical film samples and results in important 

electronic properties to realization of application such as phase-change memories [5] 

and Mott field-effect transistors [6]. Most reports have investigated nano- to 

mesoscopic domain structures in VO2 beams in the presence of elastic interactions [7] 

and have dealt with quasi-one-dimensional (1D) domains forming longitudinal 

metal/insulator phase alignment, which are highly sensitive to bending [8] and 

uniaxial stress.[9] Recently, giant metallic domains on the microscale were discovered 

in VO2 thin films on TiO2 (001) substrates, and their multiple avalanches resulted in 

extremely large MIT even in films several tens of micrometers in size.[10] Transition 

efficiency, dR/dT, was reported to be enhanced to up to a hundred times larger than 

that of conventional VO2 film on Al2O3 (006) substrate, and its behavior was revealed 

to be dominated by a random 2D percolative conduction mechanism. Visible 

electronic avalanches on the microscale are expected to support the breakthrough of a 

physical relation between domain configuration and electronic properties.  
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In this chapter, I demonstrate artificial and systematic dimensional control of 

metal-insulator domain alignment from 2D to 1D and elucidate the correlation 

between dimensionality and electronic properties using thin-film-based VO2 wires on 

TiO2 (001) substrate. Typically, a vapor transport method [11] is used to prepare VO2 

wires. Although this is a convenient method for the synthesis of nano-wires as small 

as around 10 nm in width,[12] there are some problematic issues concerning 

systematic and artificial control of their positioning and ordering within large areas. A 

nanoimprint-based top-down process, however, overcomes this problem because it 

can produce a large number of artificially designed structures from several 

nanometers to micrometers scale with good fidelity of size and shape.[13] I applied a 

nanoimprint lithography technique to fabricate nano- to micro-sized VO2 wires and 

obtained high controllability of size, shape, and position over a large area.[14] The 

VO2 wires prepared in this study allowed systematic investigation into the 

dependence of spatial dimensionality on wire width for disordered configurations of 

giant metal and insulator domains in VO2 films on TiO2 (001) substrates, and were 

forced to align one dimensionally. 

 

3.2  Experimental 

 

Figure 3.1 shows a schematic illustration of the fabrication process in VO2 

nanostructures. As a first step, 60 nm-thick VO2 thin films were prepared on Al2O3 

(006) and TiO2 (001) substrates with 10 mm × 10 mm in size by a pulsed laser 

deposition technique (ArF excimer laser: λ = 193 nm) under oxygen pressure at 1 Pa 

and a substrate temperature of 360 °C. Concerning the ultraviolet nanoimprint 

lithography (UV-NIL) process, two types of resists were coated on the prepared thin 

films. Initially, a bottom layer (NXR3032, Nanonex, USA) was spin-coated at 3000 

rpm for 20 seconds and then baked at 110 °C for 10 min. A top layer (NXR2030, 

Nanonex, USA) was then spin-coated at 3000 rpm for 7 seconds on the bottom resist. 

The thicknesses of the bottom and top resists were 600 nm and 200 nm, respectively 

(see Step 2 in Fig. 3.1). Nano-wire patterns with various line widths ranging from 60 

nm to 10 μm and a quartz mold depth of 200 nm were printed to the top resist on the 
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sample at 50 bar of pressure and exposure to UV light for 3 minutes at room 

temperature using a nanoimprinter (Eitre 3, Obducat Technology AB, Sweden) (Step 

3). The same geometry of the mold was copied to the top resist. After demolding, the 

residual top resist was removed by reactive ion etching (RIE) using a CF4 gas source 

at a working pressure of 2 Pa and RF power of 50 W for 2 min. The bottom layer was 

easily removed using an O2 plasma with RIE under the same conditions while the top 

layer resisted the O2 plasma. The etching rate for the NXR2030 resist (the top layer) 

was approximately 50 nm/min in a CF4 plasma and 15 nm/min in an O2 plasma in a 

longitudinal direction, while that for the NRX3032 resist (the bottom layer) was 

approximately 200 nm/min in an O2 plasma, which is over 10 times faster than the 

etching rate for the NXR2030 resist. The different etching rate in a longitudinal 

direction affects the side etching rate and produces mushroom-like structures (Step 4), 

which enabled us to make narrower mask patterns compared with the original mold 

patterns [15]. These narrow patterns of the bottom layer were transferred to the VO2 

layer using CF4 plasma (Step 5). To effect removal of the residual resists, samples 

were immersed into 1-methylpyrrolidone at 90 ºC for 1 hour (Step 6). After being 

subjected to ultrasonic vibration for 1 min in acetone to remove the 

1-methylpyrrolidone and completely remove the residual resist (Step 6), I obtained 

VO2 nanostructures which were smaller than the original patterns. Figure 3.2 shows a 

field emission scanning electron microscopy (FESEM) image of the VO2 epitaxial 

nano-wires on Al2O3 (006) single crystal substrates. One can see the nanowires with 

three types of width, which are 450 nm, 700 nm and 1200 nm, respectively, over a 

large area in the order of 100 μm × 100 μm, and clear-edged shapes of VO2 

nano-wires in the inset figure of the rectangular SEM image. The height of the VO2 

wires was 60 nm, which was the same height as the initial VO2 thin films prepared 

(see inset of Fig. 3.2 showing an AFM image).  

VO2 epitaxial nano-wires whose widths are systematically controlled from 30 nm 

to 30 μm were obtained. My original technique enabled fabrication of 30 nm-width 

wires by precisely controlling the process conditions (See Fig. 3.3, for the detailed 

method and XRD result).  
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3.3  Results and Discussion 

 

Figure 3.3(a) shows SEM images of each process in the selective ion etching of 

the bi-layer resists. Selective etching of the bi-layer resists using different etching rates 

overcomes the size limitations of nanoimprint molds, especially for narrow widths of 

less than roughly 100 nm. This effect is known as undercutting.[15] The selective 

etching produces a mushroom-like configuration, as shown in the cross-sectional SEM 

image of a bi-layer resist in the center panel of Figure 3.3(a). The width of the bottom 

resist lines (wBR) is dependent on the initial line width of the mold (wM), the side etching 

rate of the bottom resist (γ), and the etching time (t). That is, wBR can be roughly 

represented as wBR = wM – 2γt until the bottom resist disappears. Eventually, the widths 

of the VO2 nano-wires are determined by the widths of the bottom resist lines. In this 

experiment, I used mold lines of 60 nm in width (wM = 60 nm), performed the selective 

side etching for 3 min, and finally obtained VO2 lines that were 30 nm wide, as shown 

in the right panel of Figure 3.3(a). The obtained side etching rate γ was 5 nm/min.  

Figure 3.3(b) shows XRD patterns of VO2 on Al2O3 (006) substrates before (gray 

Fig. 3.1  Schematic illustration of the VO2 nanostructure fabrication process 
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line) and after (orange line) the nanoimprint process. Due to the large patterning area (2 

× 3 mm) of the VO2 lines, XRD (X-ray diffraction: Rigaku RINT2000) results were 

acquired using the same manner as for bulk materials. The peak at 2θ = 41.7° indicates 

reflection from a (006) sapphire substrate and the peak at 2θ = 40.0° corresponds to 

reflection from the (020) peak of VO2. Only (020) and (040) peaks were observed, 

indicating that the VO2 lines were well oriented in the b-axis direction, with the absence 

of other orientations even after the nanoimprint process. This technique is advantageous 

in the range of achievable size as well as the minimum size of the nanostructures as 

shown in Fig. 3.4. The wmax (wmin) is the maximum (minimum) size of the structure 

reported in the each literature.   

  

FIG. 3.2  Top-down SEM image of VO2 nanowires fabricated by using the 

nanoimprint lithography process in a wide area. Upper inset shows a 50 °C-tilted 

and magnified SEM image of a nanowire showing a rectangular beam structure. 

Lower inset shows an AFM image.    
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Fig. 3.3  (a) SEM images of each process in the selective ion etching of the bi-layer 

resists.(b) XRD patterns of VO2 on Al2O3 (006) substrates before (gray line) and 

after (orange line) the nanoimprint process.  
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In terms of dimensional control of domain configuration as a function of sample 

size, micro-sized domains are advantageous for an initial experiment because their 

domain configurations can be easily observed using an optical microscope. It is possible 

to recognize metallic and insulating domains by examining differences in reflectance in 

the optical region.[28] Thus, I observed individual domain behavior as a function of 

temperature in VO2 wires of various widths prepared on TiO2 (001) substrates using the 

present nano-fabrication technique. Metal-insulator domain configurations across the 

metal-insulator transition temperature were investigated as a function of wire width. 

Dimensionality of the metal-insulator domain configuration and its borderline were also 

investigated as a function of wire width. I estimated the spatial fraction of metal domain 

phase (P values) of the VO2 wires by direct observation using an optical microscope.  

As a typical example, metal-insulator domain configurations in wires with widths 

Fig. 3.4  Scattering plot as a function of range of achievable size (vertical axis) and 

minimum width (horizontal axis) for typical nanofabrication techniques used to 

fabricate VO2 nanostructures. 
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of 30 and 1 μm are shown in Fig. 3.5. Figure 3.5(a) shows a schematic illustration of a 

30-μm-wide film and Fig. 3.5(b) shows the corresponding optical microscope images at 

temperatres ranging from 17 to 40 °C in a 30 × 30 μm region. Initially, the VO2 domains 

were in completely insulating states at 17 °C, which corresponds to P = 0. With 

increasing temperature to around 28 °C, dark metallic domains appeared randomly in a 

2D plane from the insulating states (P = 0.50). At 29 °C, I visually identified a metallic 

path connected between both ends indicated by the virtual electrodes shown in Fig. 

3.5(b) (P = 0.59). This critical P is defined as PC (critical occupation probability [29]). 

The PC values estimated in visual from optical images fall within the range of about 0.5 

to 0.65 in my research as shown in the error bar of the PC values in the 30-μm-wide 

wires in Fig. 3.6. The PC is a good index for an evaluation of the dimensionality and is 

approximately 0.59 in the universal 2D site-percolation models.[29] The P value 

observed at 29 °C in this study is in good agreement with this value. Finally, a metallic 

phase covered the whole area at 40 °C (P = 1.0). In contrast, 1D alignment of domains 

was clearly observed for the 1-μm-wide VO2 wires (Fig. 3.5(c)). Figure 3.5(d) shows 

optical microscope images of the 1-μm-wide wires at temperatures from 17 to 50 °C in 

an 8 × 8 μm region. Obviously, Pc is 1 in the 1D configuration. It was apparent that 

each domain was forced to be confined by the wire width and thus one-dimensionally 

aligned. Therefore, the connection of a metallic path between electrodes was limited 

only when P = 1.0, as observable in the image taken at 50 °C in Fig. 3.5(d).  

To accurately discuss the dimensionality of the metal-insulator domain 

configuration and its borderline, I estimated the PC values of VO2 wires with various 

widths by direct observation using an optical microscope. Figure 3.6 shows the 

dependence of PC value on VO2 wire width. The averaged PC values of wires over 15 

μm in width, evaluated from 10 different areas, were 0.55 to 0.6, approximately 

corresponding to the 2D percolation system. Domain configuration approached 1D with 

decreasing width, and the borderline between 1D and 2D appeared clearly at around 15 

μm. This width is almost comparable with metallic domain sizes reported for VO2 thin 

films on TiO2 (001) substrates.[10] Additionally, the error bar of the standard deviation, 

estimated from 10 different areas, decreased with width. Eventually, the metal-insulator 

domain configuration became perfectly 1D without any dependence on area. 
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Fig. 3.5  (a) Schematic illustration of a 30-μm-wide VO2 wire on TiO2 (001) 

substrate. (b) Optical microscope images of a 30 × 30 μm region showing a 

30-μm-wide wire at temperatures from 17 to 40 °C. Two virtual electrodes are 

shown at the left and right edges of the images. (c) Schematic illustration of 

1-μm-wide wires. (d) Optical microscope images of a 8 × 8 μm region showing a 

1-μm-wide wire at temperatures from 17 to 50 °C. Two virtual electrodes are shown 

at the left and right edges of the center wire of the images. 
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In their electronic properties, Wires having 1D domain alignment exhibited a much 

higher and clearer discrete drop in resistivity than the 2D thin film, as shown in Fig. 

3.7(a). Moreover, the transition temperature of the 1D wires apparently shifted to a 

higher temperature. Thus, their electronic properties were tunable by variation of 

dimensionality. The conductivity observed in the 2D thin film followed the percolation 

model, expressed as:
 
[27] 

            
                        (3.1) 

where P and 1–P are the occupation probability of the metallic and the insulating 

domains at a certain temperature, respectively, and t is the critical exponent. In the case 

of the 2D site percolation model, PC and t are known to be approximately 0.59 [31] and 

1.4 [30], respectively. In addition, the value of σ0 can be estimated from the metallic 

state in the high temperature region, that is, by substituting P = 1 and σ2D = 100 ohm
–1

 

cm
–1

 for the experimental value at 370 K, which is 348 ohm
–1

 cm
–1

. Fig. 3.7(b) shows 

experimental and theoretically estimated conductivities vs metallic fraction P for both 

2D film and 1D wires. In the case of 2D film, the blue solid line calculated using Eq. 

3.1 and the above-mentioned values fit well to the plotted blue dots derived from the 

Fig. 3.6  Pc value vs width for the VO2 wires. The value of Pc was about 0.59 in 

the case of wires 28 μm in width, indicating that the system is two-dimensional, 

whereas the value of 1 in the case of wires 1 μm in width indicates that the system is 

one-dimensional. 
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experimental conductivity and P estimated from the optical images of the 50 × 50 μm
2
 

thin film taken at varied temperatures (See Fig. 3.8 for the temperature dependence of 

resistivity and optical microscope images). Thus, the conductive behavior observed in 

the present VO2 thin films is in good agreement with the calculations based on the 2D 

percolation model. The conductive behavior of the 1D wires, on the other hand, satisfies 

the 1D serial resistance model expressed as follows: 

                               
 

   
 

 

  
 

   

  
                       (3.2) 

where σM and σI are the conductivity of metallic and insulator states estimated from the 

experimental data in the Fig. 3.7(a), 65.8 and 0.171 ohm
–1

 cm
–1

, respectively. The 

plotted red dots which relate σ with P fit well to the curve calculated using Eq. 3.2.  

Thus, variation of domain configuration from 2D to 1D strongly affects conductive 

behavior, also changing from 2D to 1D. This control of electronic behavior through the 

rearrangement of domains offers the potential for development of oxide electronics with 

strongly correlated electrons.  
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FIG. 3.7 (a) Temperature dependence of resistivity for both 1D (red square) and 2D 

(blue circle) domain configurations. (b) Conductivity vs ratio of metal phase for 1D 

(red square) and 2D (blue circle) domain configurations. Red lines show expected 

results calculated from a 1D serial resistance model, while the blue one shows 

expected results calculated from a 2D percolation model. 
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Fig. 3.8  Temperature dependence of resistivity and corresponding optical 

microscope images at several temperatures for (a) one-dimensional and (b) 

two-dimensional domain configurations. The ratios of metal domains, P, were 

estimated from the optical microscope images and are shown above the respective 

images. It was clearly observed that digitized insulator-metal transitions occurred for 

both types of samples and resistivity jumps corresponded to the generation of a new 

metallic domain. In the 1D sample, the largest insulator-metal transition occurred at 

the final transition, as expected from serial resistance model, which was not realized 

in the 2D sample. 
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3.4  Conclusion 

 

I fabricated VO2 nano-to-micro wires with well-positioned alignment over a wide 

area by a nanoimprint lithography (NIL) technique, and investigated the dependence of 

spatial dimensionality on wire width for disordered configurations of metal and 

insulator domains in VO2 wires on TiO2 (001) substrates. Domains with 1D alignment 

were realized in wires with narrower width than the threshold width of 15 μm, which 

was the average size of the domains. Moreover, variation of dimensionality in the 

domain configuration caused modification of the electronic properties. The concept of 

dimensional control of domain configuration through precise size control of thin films 

will provide new strategies for creation of unique electronic functionalities in materials 

with coexisting different electronic phases. 
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CHAPTER 4 

Multistep metal-insulator transition in VO2 

nanowires on Al2O3 (0001) substrates by 

controlling nanoscale electronic domain 
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I observed temperature- and voltage-induced multistep MIT in VO2 nanowires 

fabricated on Al2O3 (0001) substrates. The nanowires with 200 nm width shows 

multistep MIT which include nearly two-order of resistivty change at 0.5 K temperature 

step. These multstep resistivity jumps can be understood as a transition of single 

electronic domain whose size is estimated to be around 70 - 100nm from numerical 

calculation. I found the temperature-induced isotropic cunductive behavior becomes 

similar to the voltage-induced anisotropic one with decreasing the width of nanowires. 

  

4.1  Introduction 

 

VO2, a typical material for strongly correlated transition metal oxides, shows first 

order MIT at 340K accompanied by a resistivity change over 5 orders of magnitude.[1, 

2] From the nanoscopic point of view, VO2 shows mixed electronic phases consisting of 

metallic and insulating states around the MIT temperature.[3]
 
Because the electronic 

inhomogeneity plays an important role in the underlying physics of such materials, 

many researchers are trying to understand the role of these electronic domains in the 

MIT.[3, 4] With reducing the geometry of the materials down to comparable size to the 

domains, individual domain behavior is observed as multistep resistive jumps.[4, 5] So 

it is very important to realize and investigate the multistep MIT from the view point of 

fundamental physics of spatially inhomogeneous domain system and technological 

application such as memristive [6, 7] or switching devices [8, 9].  

Recently, the relationship between domain configuration and conductive properties 

are unveiled by optical observation of micro-sized large domains in VO2 on TiO2 (001) 

substrates,[5, 10] and these results shows that the multistep MIT can be structurally or 

electrically controlled through domain arrangement.[11, 12] To apply the multistep MIT 

for nanodevice and to investigate the fundamental physics of nanoelectronic domains 

observed by Qazilbash et al.,[3] realization of multistep MIT in VO2 on Al2O3 substrates 

are very attracting. Sharoni et al.[4] reported the temperature-induced multistep MIT in 

VO2 microstructures on Al2O3 substrates by reducing the electrode gap to several 

hundreds of nanometers. Judging from the small resistance change observed in their 

report, single domain size seems to be less than 100 nm. So it is very important to 
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reduce the samples size down to the comparable size of single domain of VO2 on Al2O3 

(0001) substrates to investigate single domain behavior.   

In this chapter, I measured the resistivity of VO2 nanowires on Al2O3 (0001) 

substrates as a function of temperature and voltage, and observed multistep 

metal-insulator transition (MIT) for both cases. I discuss about the multistep MIT from 

a view point of single domain’s transition in the nanowires 

 

4.2  Experimental 

 

  VO2 epitaxial nanowires were fabricated on Al2O3 (0001) single crystal substrates 

by using nanoimprint lithography. Detailed process for device preparation is 

described in the chapter 3. Figure 4.1(a) shows a typical false-colored SEM images of 

the VO2 nanowire (green) with Ti/Au (yellow) electrodes fabricated on Al2O3 (0001) 

substrates. Width of the wire is 200 nm and electrode gap is 400 nm, which are 

measured from the SEM image and the thickness is 50 nm measured by using atomic 

force microscope. I used source measure unit (2635A, Keithley, USA) and a 

temperature-controlled stage (LTS120, Linkam, UK) to measure temperature 

dependence of electric resistance. 

  

FIG. 4.1 (a) False color SEM picture of VO2 nanowires (green) with Ti/Au (yellow) 

electrodes fabricated on Al2O3 (0001) substrate by using nanoimprint lithography. 

Width of the wire is 200 nm and electrode gap is 400 nm and the thickness is 50 nm. 
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4.3  Result and Discussion 

 

Figure 4.2 shows a temperature dependence of resistivity (RT) for VO2 nanowire 

(red square with line) comparing with the result of conventional thin film (gray circle 

with line). The nanowire exhibited multistep MIT with discrete change of resistivity 

near the MIT temperature while the thin film sample shows continuous change of 

resistivity at all measured temperature. Nearly two orders of resistivity change at single 

temperature step (0.5 K) was much higher than the value previously reported by Sharoni 

et al.[4] In order to investigate the origin of the observed large transition and 

relationship between domain configuration and resistivity as a function of temperature, I 

performed numerical simulation based on random resistor network model.[13] Here, I 

supposed a n×m matrix (n = 1 - 20, m = 2 - 30) where each one of elements represent 

metal or insulator domain. I gave each domain the transition temperature (Tc) which is 

randomly set with a probability (f) following Gaussian distribution,[14, 15] 

      
 

     
      

         

                            (4.1) 

 ,where σ is a standard deviation and Tc
0
 is a mean value of the distribution and 

these value were set to reproduce the thin film’s RT data. When the set temperature 

exceeds the domain’s Tc, the domain turned to metal from insulator, and then, I 

calculated the total resistance of the random resistor network system using the 

Kirchhoff’s law [16] at each temperature and resistivity of each domain. To reproduce 

the resistivity behavior at low temperature, I assumed the Arrhenius type temperature 

dependence of resistivity for insulator domain.[17] Figure 4.3 shows the comparison 

between experimentally obtained RT and calculated ones. RT of the thin film is well 

reproduced at 30 × 30 domain matrix. By applying the same parameters used in the 

calculation, I reproduced RT for the nanowires, and one of the obtained results for 2 × 4 

domain matrix is shown in Fig. 4.3. The multistep behavior is well reproduced in the 

calculation and the largest change of resistivity corresponds to the case where the 

metallic conduction path was formed between electrodes. Figure 4.4 shows a Perason’s 

correlation coefficient [18] between RT for the nanowire and calculated results at each 

domain matrix. With decreasing the size of the matrix, the correlation coefficient 

becomes scattered even in the same domain configuration because each domain’s state 
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which differs in different calculation run becomes more critical in smaller matrix. Even 

when the outline of the RT shape is well reproduced by the calculation, correlation 

coefficient is not always high because high correlation coefficient needs the best match 

of position and degree of resistance change at same time. But total number of resistivity 

change and degree of the most prominent transition originating from the formation of 

conductive path between electrodes does not change so much even in the different 

calculation run. And the highest correlation coefficient obtained at same domain matrix 

becomes higher with decreasing the size of the matrix, which gives the information 

about the probable number of domain included in the device. I compared the 

experimentally obtained RT curve and calculated ones which show the highest 

correlation coefficient at the given domain matrix as shown in Fig. 4.5. Considering that 

over one order of resistivity change can be observed at n = 1 - 3 and the number of steps 

is over 2, 2 × 4 or 3 × 6 domain matrix is probable to well describe the experimental 

behavior. The device geometry is 200 nm in width and 400 nm in length, so the single 

domain size is estimated to be around 70 – 100 nm which is comparable with the 

reported value using nanoimaging techiniques.[3, 19]  
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Fig. 4.2  Temperature dependence of resistivity for the VO2 nanowire (red square 

with line) and a thin film (gray circle with line) 

Fig. 4.3  Comparison between experimentally obtained RT and calculated ones 

using the random resistor network calculation. Experimental data are shown by squre 

(nanowire) and circle (thin film) and calculated data is shown by red dashed (2 × 4 

domain geometry) and blue dashed (30 × 30 domain geometry) line. 
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Fig. 4.4  Perason’s correlation coefficient between RT for nanowire and calculated 

result at each domain matrix. 

Fig. 4.5  Comparison between experimentally obtained RT for nanowire (black 

square with line) and simulated RT which shows the highest correlation value at each 

domain matrix. (colored lines). 
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Electrical control of multistep MIT is interesting for device application in addition 

to temperature control. Figure 4.6 shows voltage-induced MIT for the nanowire and thin 

film sample measured at almost middle temperature point of the hysteresis in RT curve. 

The nanowire exhibited multistep MIT while the thin film sample shows continuous 

change of resistivity as observed in temperature-induced case. It is reported that 

voltage-induced MIT of VO2 thin films shows 1D-like anisotropic conductive behavior 

while temperature-induce one is consistent with 2D isotropic percolation model.[11] To 

investigate the nano-confinement effects to the conductive behavior in nanowires, I 

compared the resistivity change induced by voltage and temperature for the two devices 

with different wire width. Figure 4.7(a) shows a temperature dependence of resistivity 

for the nanowires with a width of 200 nm (device A, left) and 700 nm (device B, right). 

The values of Tc
0 

defined by Eq. 4.1 were set to reproduce the RT curves.
 
Figure 4.7(b) 

shows resistivity as a function of temperature rise ΔT (blue, top axis) and applied 

electric power per unit volume p (red, bottom axis) for device A (left) and device B 

(right) at each stage temperature normalized by the Tc
0
. I show the resistivity change in 

a same range of ΔT and p for the same device based on the results that the local 

temperature linearly increases with increasing Joule heating in VO2-based devices.[20] I 

compared the two curves in the region before the electric breakdown [21] to focus on 

the resistivity change induced by the single domain MIT. It is observed that the two 

curves matches well at low temperature insulator region (T / Tc < 0.93) and high 

temperature metallic region (T / Tc > 1.03). Now, I pay attention to the temperature 

region from T / Tc = 0.99 - 1.03 where the both phases coexist. In the device B, the 

resistivity changes more drastically in voltage-induced case than in temperature induced 

one due to the different conductive behavior as mentioned above. On the other hand, in 

the device A, the difference between the two curves is suppressed. This seems to be 

caused by the nano-confinement effect of the nanowire whose conductive behavior 

becomes 1D-like even in the temperature induced case [10] as shown in Fig. 4.7(c). My 

results indicate that the dimensionality of domain configuration plays an important role 

in the electrical control of the multistep MIT of nanowires. To compare the performance 

of my device with other VO2 two-terminal devices, Fig. 4.8(a) and (b) shows the on/off 

ratio per temperature change and electric-power change, respectively.. 
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Fig. 4.6  Voltage-induced MIT for VO2 nanowire (red square with line) and thin 

film (gray circle with line). Multistep resistivity change can be observed only in the 

nanowire. 
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Fig. 4.7  (a) Temperature dependence of resistivity for the nanowire with a width of 

200 nm (left, device A) and 700 nm (right, device B). (b) Electrical resistivity as a 

function of temperature (blue, top axis) and applied electric power per unit volume 

(red, bottom axis) at each stage temperature for the device A (left) and B (right). (c) 

Schematic illustration of different conductive behavior between temperature-induced 

case (up) and voltage-induced case (down) for device A (left) and device B (right) 
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Fig. 4.8  Degree of the resistance change (On/Off ratio) triggered by (a) 

temperature and (b) electric power for VO2 two-terminal devices. Among the 

thin-film-based nanowires, my device shows the highest On/Off ratio with low 

energy consumption. In addition, my device has an advantage in high controllability 

of size, shape and position in large area compared with nanowires which are 

synthesized by using bottom up method like vapor transport method.  
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4.4  Conclusion 

 

In conclusion, I observed temperature- and voltage-induced multistep MIT in VO2 

nanowires fabricated on Al2O3 (0001) substrates by using nanoimprint lithography. The 

nanowires with 200 nm width shows temperature-induced multistep MIT which include 

nearly two orders of resistivty change at 0.5 K temperature step. These multstep 

resistivity jumps can be understood as a single domain’s transition in the confined 

nanostructure, and single domain size is estimated to be 70 – 100 nm. I found the 

temperature-induced isotropic cunductive behavior becomes similar to the 

voltage-induced anisotropic one in the nanowire. 
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CHAPTER 5 

Thermoelectric control of reversible 

metal-insulator transition of single electronic 

domain in VO2 nanowires. 
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Phase separation in strongly correlated electron materials naturally forms electronic 

phase boundary contacting with different type of physical characteristics such as 

metallic and insulating phases. This unique interface provides a new route to manipulate 

the correlated electron phases. Here I demonstrate electric bias-control of MIT using 

thermoelectric effects at the interface of metal and insulator domains in VO2 

nanowire-based two terminal devices on Al2O3 (0001) substrates. This operation shows 

entirely reversible and memristive switching between metallic and insulating states of a 

domain. The single domain’s MIT event is enough observable in the VO2 nanowire with 

120 nm in width. Furthermore, one dimensional domain configuration in the VO2 

nanowire enable to control the thermoelectric cooling and heating to induce the MIT.  

 

5.1  Introduction 

 

Electronic phase transition in strongly correlated electron systems has been 

attracting much attention due to its drastic change of physical properties by external 

stimuli such as electrical, optical, structural, chemical, magnetic and thermal effects 

[1-6]. In the vicinity of the phase transition point, some of these materials show mixed 

electronic phases [2, 7-10]. The electronic phases spatially separate with puddle or 

stripe shapes, spontaneously forming electronic interface at the boundary of different 

type of phases in a material. This unique interface should provide new opportunity for 

development of fascinating functionalities, which is entirely different from the 

conventional rigid hetro-junction composed of two different materials [5, 11-13].  

VO2 is one of the typical example which shows a first order phase transition 

between high temperature metallic state and low temperature insulating one with drastic 

change of resistance at 340 K.[14, 15] In the vicinity of the MIT temperature, VO2 

shows mixed electronic phases consisting of metal and insulator domains whose size 

ranges from several micro- to nanometers.[7, 16] When the sample size is reduced to the 

single domain’s one, the first order phase transition of individual domains can be 

observed as multistep change of resistivity.[17] Thus, VO2 micro- or nanostructure have 

full potential to control the single domain’s MIT.[18-20] Against easy control of the 

insulator-to-metal (I-to-M) transition by the self-Joule heating due to an electric 
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bias,[21] the control of metal-to-insulator (M-to-I) transition remains a challenging and 

longstanding issue. To induce the M-to-I transition, it is necessary to cool down 

temperature or to control a number of carriers [22] in VO2. Recently, reversible 

transition between M-to-I and I-to-M was demonstrated by using three terminal devices 

in VO2 thin films with an ionic liquid gate by accumulating a large number of carriers 

[23, 24] and/or inducing oxygen atom migration [25]. However, complex chemical 

phenomena [25] and low speed operation [23] of the ionic liquid-based devices hamper 

its application to the next generation solid-state-devices. Here I demonstrate more 

speedy and handy reversible control of the MIT by an electric bias using simple 

two-terminal nano-wire devices. Thermoelectric effect including Peltier effect is one of 

the promising candidates to reversibly control the MIT. The Peltier effect has fully 

potential to exert cooling and heating action through the electronic interface in contact 

with two electronic phases which have different Seebeck coefficient [26]. The Seebeck 

coefficient of metallic and insulating phase in VO2 is widely different [27, 28], thus 

large Peltier effect that can induce the MIT is expected at the interface.  

First I suggest the theoretical model for electric current-induced M-to-I as well as 

I-to-M transition by using the thermoelectric effect at the interface between metallic and 

insulating phases in VO2. Figure 5.1(a) shows a schematic model for the thermoelectric 

effect at the metal-insulator domain boundary. In the equilibrium state, the heat balance 

can be described as follows [29]; 

      
    

    
      

       ,                   (5.1) 

                  
    ,                        (5.2) 

  
 

    

 
      

     , j = I or M,                   (5.3) 

  
 
         , j = I or M,                          (5.4) 

    .                                           (5.5) 

   is the heating value absorbed by the endothermic Peltier effect.   
  and   

  

are the heating values diffusing into metal and insulator domain, respectively, which is 

generated by the difference between an ambient temperature and the temperature altered 

by the Peltier effect at the interface (     
  ).   

  and    
  is the heating value 

generated by the Joule effect at insulator and metal domains, respectively.   is the 
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heating value diffusing into the air and substrates.     is the Peltier coefficient at 

metal-insulator domain boundary. i is the current density and A represents the cross 

section area of the interface. SI and SM are the Seebeck coefficients of insulating and 

metallic states in VO2, whose values used in this calculation are 400 μV/K and 18 μV/K, 

respectively [27]. TS is the ambient temperature measured by a thermocouple mounted 

in a sample stage.   and    are the heat conductivity for insulating and metallic states, 

respectively. L is the length of the domains.   and    are the resistivity for insulating 

and metallic states, respectively. q is the heating value absorbed from the ambience per 

unit cross section. Using the Eqs. 5.1 - 5.5 and the experimentally identified condition, 

that is, S = SI >>SM,      >>   ,        , I can obtain the temperature 

difference,   
     , at the interface between insulating and metallic domains as shown 

in Fig. 5.1(b) as a function of current density as a following simplified form;  

  
      

 

   
  

 

        
  

 
   .                   (5.6) 

The second term of Eq. 5.6 represents the Peltier effect-induced temperature 

change whose positive or negative sign depends on the current direction, while the third 

term represents the Joule heat-induced temperature increase whose sign is constantly 

positive. Owing to the Peltier cooling in the second term, the temperature at the 

interface can decrease down to the M-to-I transition temperature in a domain. This is the 

basic concept of thermoelectric control of M-to-I transition. In the case of the interface 

at insulator-insulator domains as shown in right illustration of Fig. 5.1(b), on the other 

hand, Peltier effect disappears and the difference between the TS and the temperature of 

the insulator-insulator interface (  
      ) can be described as follow; 

  
      

 

  
        .                     (5.7) 

Thus, I can establish reversible metal-insulator switching using Eq. 5.6 and 

5.7. Figure 5.1(c) shows illustration of first order MIT in a single domain. The 

scenario for the reversible MIT control is simple, that is, whether the interface 

temperature changes by the thermoelectric effect can approach down to the M-to-I 

transition temperature (TL) and up to the I-to-M one (TH) from the TS. Figure 5.1(d) 

shows theoretical curves of temperature modulation when applying current bias i in 

the case of the insulator-metal interface (red curve) in Eq. 5.6 and the 
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insulator-insulator interface (blue curve) in Eq. 5.7, assuming the adiabatic process 

(q = 0) which gives the most effective temperature-drop by the Peltier cooling 

effect. Given TS is set to be within a temperature hysteresis in a single domain as 

shown in Fig. 5.1(c). In Fig. 5.1(d), the initial state of the domain is metal (Point

①),   
      decreases along the red curve down to the ②, reaching the TL, with 

increasing i crossing the interface from insulating to metallic phases. Then, M-to-I 

transition is invoked and the theoretical curve that I focus on moves to the ③ on 

the blue curve. Even when i returns to zero at the ④, insulator states is maintained. 

When i increases to the direction from right to left in Fig. 5.1(b),   
       

increases up to the ⑤ at the TH, invoking I-to-M transition. Then the curve that I 

focus on moves to the red curve again and the state returns to the initial ① at zero 

current. A series of this process by controlling current density and the direction 

leads to the reversible and memristive resistive switching as shown in Fig. 5.1(e). 

Experimentally to obtain this controllability of the MIT in a single domain by the 

current bias, one dimensional domain-configuration should be required. 

 

5.2  Experimental 

 

As it was revealed in chapter 4, the single domain’s size of VO2 on Al2O3 (0001) 

substrate was estimated to be 70 – 100 nm [17], thus, VO2 nano-wires having a width of 

approximately the comparable size of domains would be necessary to observe the single 

domain’s behavior. The fabrication procedure and measurement method in the 

nano-wires has been well described in chapter 3 and 4.  
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Fig. 5.1  Theoretical model for the current control of metal-to-insulator and 

insulator-to-metal transition by using thermoelectric effect at an interface 

between metallic and insulating domain of VO2. (a) Schematic model of 

thermoelectric effect at an interface between metallic and insulating phases. (b) 

The two states switched by Peltier cooling effect from I-M to I-I domain 

configuration and reversely changed by Joule heating effect. (c) Temperature 

dependence of resistivity of the single domain. (d) Current density dependence of 

a temperature change of the interface for I-M (red) and I-I (blue) states. (e) 

Current density dependence of resistivity for the switched domain. 

(a) 

(b) 

(c) 

(d) 

(e) 
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5.3  Results and Discussion 

 

Figure 5.2 shows a temperature dependence of resistivity in a VO2 nano-wire 

having 120 nm in width (red square) and thin film (blue circle). The inset shows a 

scanning electron microscope image of the nanowire. First order MIT of each individual 

domain can be observed in the nanowire.[17] Figure 5.3 shows a resistive behavior 

when applying a current bias in the lower resistive side within the hysteresis in the 

cooling process in three nanowire devices (D1 – D3) (colored dots with lines) and in a 

thin film (black line), respectively. Discrete and large resistance increases are 

observable by applying current bias in VO2 nano-wires within the temperature 

hysteresis region. This notable behavior cannot be explained by the conventional Joule 

heat [21] or electric breakdown model [30], and not observed in the thin film and out of 

the hysteresis region (See Fig. 5.4). Thus, this resistance increase can be attributed to 

the Peltier-cooling-induced M-to-I transition of a single domain. 

  

Fig. 5.2  Temperature dependence of resistivity for a nanowire (red square) and a thin 

film (blue circle). Inset shows a SEM image of the measured nanowire. Scale bar is 

200 nm  
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Fig. 5.4  Current density dependence of normalized resistance at 300 K (a), 339 K 

(b) and 370 K (c). Multistep MIT can be observed only in the hysteresis region in Fig. 

5.2. 

Fig. 5.3  Current density dependence of normalized resistivity for nanowires (colored 

dot with lines) thin film (black line) within the hysteresis in the cooling process. 

Device geometries of device 1, device 2, device 3 (D1, D2, D3) is 400, 150, 720 nm in 

width, 2.5, 2.7, 1.6 μm in length, 70, 70, 80 nm in thickness, respectively. 

(a) (b) (c) 
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Figure 5.5(a) shows a current density dependence of resistance for a nanowire. 

Initially, the resistive state starts from a lower metallic state at the ①. When i increases, 

the resistance discretely jumps from the ② to the ③ at i = 1.8×10
9
 A/m

2
. This 

resistance state is kept even at the zero bias at the ④. This process corresponds to the 

theoretical points from ① to ④ in Fig. 5.1(c), (d), and (e). Resistance decrease below 

i = 1×10
9
 A/m

2
 is extrinsic behavior which may be due to the thermoelectric voltage 

induced by the local temperature difference in the nanowire. Inset shows the result for 

the backward current scan after the forward current scan as shown in the main graph. At 

i = -5.2×10
9
 A/m

2
, discrete resistivity drop was observed as theoretically predicted in 

Fig. 5.1(e). This resistivity state was kept at zero bias although the resistivity behaves 

out of the theory on the way from the ⑥ to ①, which seems to be caused by an 

uncontrollable thermoelectric effect originating from the complex shape and 

configuration of domains, which may give unpredictable current distribution in the 

nanowire [7, 16]. Figure 5.5(b) shows the time dependence of resistance state derived 

from the result of the inset in Fig. 5.5(a). It can be clearly seen that the non-volatile and 

reversible MIT was achieved only by tuning the current. To quantitatively justify my 

theoretical model, Fig. 5.5(c) shows the graph derived from Eq. 5.6 and 5.7 by 

substituting the parameters obtained from my experiment and previously reported data. 

The used value of the parameters are ρ = 0.1 Ωcm, L = 50 nm, λ = 3.5 W/mK [31], S = 

400 μV/K [27], TS = 340 K. [32]. iM→I and iI→M is set to be the same value observed in 

the inset of Fig. 5.5(a). According to the Fig. 5.5(c), the local temperature at the 

interface of metal-insulator domains decreases by -1.3 K at ② and increased by 9.4 K 

at ⑤, meaning the temperature hysteresis window of the switched domain is about 10 

K, which is approximately a comparable value considering the hysteretic character of 

VO2 [33]. The reproducibility of the thermoelectric control was guaranteed by other 

measurements (See Fig. 5.6).  
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Fig. 5.5  Non-volatile metal-to-insulator transition driven by the current sweep. (a) 

Current density dependence of resistance for a 120 nm-wide nanowire. Inset shows the 

result for forward (also shown in main graph) and backward scan of current. (b) Time 

dependence of resistance derived from the result of the inset of Fig. 5.5(a). Shaded 

areas corresponds to the low voltage region which seems to be strongly affected by the 

thermoelectric voltage. (c) Quantitative estimation of the boundary temperature as a 

function of current density. iM→I is set to be the current at ② and iI→M is set to be the 

current at ⑤ in the inset of Fig. 5.5(a). 

(b) 

(a) 

(c) 
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Fig. 5.6  Demonstration for the M-to-I and I-to-M transition by tuning the current 

flowing in the same direction. (a) Temperature dependence of resistivity for the 

controlled single domain. (b) Current density dependence of interface temperature. 

Each number corresponds to the same number’s state as shown in Fig. 5.6(a). (c, d) 

Theoretically estimated current density dependence of resistivity for the single 

domain in first (c) and second (d) current sweep with same sweep direction. (e, f) 

Experimentally obtained current density dependence of resistance for a VO2 

nanowire in first (e) and second (f) current sweep. The device has 150 nm in width, 

2.7 μm in length and 70 nm in thickness. Theoretically predicted resistance behavior 

was experimentally demonstrated except for the resistance fluctuation on the way 

from ⑧ to ⑨ in Fig. 5.6(f). 

(a) 

(b) 

(c) (d) 

(e) (f) 
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In my scenario, another two kinds of resistance behavior can be predicted, the one 

is oscillation mode as shown in the case 1 of Fig. 5.7(a) and the other is no-transition 

mode as shown in the case 2 of Fig. 5.7(a). In the former case, TS is set as ① to locate 

② (minimum point of red curve) in the insulating states and ③ in the metallic states, 

respectively. When the M-to-I transition occurs at ②, Joule heating starts to occur 

resulting in the temperature increase above the TH. Then, I-to-M transition occurs at ③ 

and it returns to M state at ② where the M-to-I transition occurs again. These process 

should be repeated and can be seen experimentally as the resistance oscillation. In the 

latter case, when Ts is set as ① to locate ② within the temperature hysteresis, the 

M-to-I transition does not occur. To experimentally prove this scenario, I appropriately 

set the TS. Figure 5.7(b) shows the resistance behavior when applying current bias at the 

TS in the two cases. Theoretically predicted resistance oscillation was clearly observed 

at Ts = 339 K (blue) and 340 K (green), and these oscillation disappeared at Ts = 341 K 

(orange). The resistance oscillation is observable only when inducing the Peltier cooling 

effect by a current direction crossing metal-to-insulating domains. The reverse direction 

current cannot induce the oscillation mode (see Fig. 5.8). Thus the thermoelectric effect 

significantly acts on a single domain MIT in VO2 nanodevices. This result will lead the 

new way to control of electronic phases in correlated electron materials. 
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Fig. 5.7  Temperature influence for the resistance oscillation (a) Current density 

dependence of the interface temperature for oscillation mode (case 1) and 

no-transition mode (case 2). (b) Current density dependence of resistance for TS is 

339 K (blue) and 340 K (green) and 341 K (orange). 

(a) 

(b) 
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Fig. 5.8  Current density dependence of resistance for different current sweep 

direction. In the forward current sweep, resistance shows the unstable and discrete 

fluctuation which disappears in the backward current sweep. 
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5.4 Conclusion 

 

In conclusion, I electrically controlled metal-to-insulator transition of a nano-scale 

domain by using Peltier cooling effects at an interface between metallic and insulating 

electronic phases in the coexistence states in VO2 nano-wire-based two-terminal devices. 

The electronic phase interface is natually formed in the coexistence state in strongly 

correlated electron materials. I theoritically and experimentally found that this unique 

interface provides a new route to manipurate reversible metal-insulator transition.   
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CHAPTER 6 

General conclusion 
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I realized and electrically controlled huge MIT originating from the MIT of the 

spatially confined single electronic phase by fabricating VO2 nanostructures.  

 

In chapter 3, I have developed NIL combined with PLD to realize VO2 nanowires. 

Systematically size-controlled nanowires were fabricated in large area around 3 × 3 

mm
2
 on single crystal Al2O3 (0001) and TiO2 (001) substrates. By optimizing the 

fabrication condition, I achieved to fabricate 30 nm-width wire. Furthermore, I 

investigated size-effect of dimensionality of the VO2 system from the view point of 

domain geometry and electric properties of VO2 microwires on TiO2 (001) substrates 

which shows giant electronic domain whose size is around several or several tens of 

micrometers. With reducing the width of the microwires, I found the dimensionality of 

domain configuration changed from 2D to 1D at threshold width of 15μm which 

corresponds to the domain size. By combing optical observation and electric 

measurement, I clarify the strong relationship between domain geometry and electric 

properties. I found the conduction properties of the VO2 on TiO2 (001) microwires also 

changed from 2D pecolation to 1D serial resistor model, which shows an important role 

of the domain in transport characteristic of VO2. In chapter 4, I observed multistep MIT 

with discrete change of resistivity as a function of temperature and voltage in VO2 

nanostructure on Al2O3 (0001) single crystal substrate. Especially for the nanowire with 

200 nm in width and 400 nm in length, nearly two orders of magnitude change of 

resistivity originating from single domain’s MIT was observed. I performed two 

dimensional random resistor network calculation to elucidate the origin of the sharp and 

huge transition. Simulation results showed that the degree of resistance change at each 

temperature step of 0.5 K rapidly increase with decreasing the width of the nanowires. 

These results indicate that multistep MIT observed in VO2 nanowires is attributed to the 

transition of single electronic domain. By comparing the experimental data and 

calculating one, I estimated a single domain size to be around 70 - 100 nm which is 

comparable with previously estimated size observed by using nanoimaging technique. 

In addition, I demonstrated the voltage-induced multistep MIT as well as 

temperature-induced one, and temperature-induced isotropic cunductive behavior 

becomes similar to the voltage-induced anisotropic one with decreasing the width of 

nanowires. Then, I found these giant multistep MIT originated from spatially confined 

nanoelectronic domain by fabricating VO2 nanostructures. In chapter 5, I demonstrated 

thermoelectric control of single domain’s M-to-I for the first time as well as I-to-M 

transition in VO2 nanowire. By tuning the flowing current passing through the 

metal-insulator domain boundary, I was able to control the M-to-I and I-to-M transition 
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as well as the oscillation between the two states. These results pave the way to the 

artificial control of single domain’s MIT with large change of physical properties 

toward the non-volatile memory application. 

 

Through a series of experiments in this thesis, I demonstrated the importance of 

fabricating oxide nanostructures to enhance and electrically control the non-linear 

physical properties with spatially inhomogeneous electronic phase. This work will bring 

about the breakthrough in oxide nanoelectronics toward artificial control of single 

electronic phase with fruitful functionalities. 
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CHAPTER 7 

Appendix 
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7.1  High temperature-coefficient of resistance at room temperature 

in W-doped VO2 thin films on Al2O3 substrate and their thickness 

dependence 

 

The temperature coefficient of resistance (TCR) in V1-xWxO2 (VWO) with 

various W-doping levels and thicknesses were investigated on Al2O3 (0001) single 

crystal substrates. The VWO thin films with an appropriate doping level (x = 0.015) 

showed high TCR over 10 %/K just at room temperature (300 K), which was larger than 

that in other reported high TCR materials. Moreover, no significant change of the TCR 

property was found based on their thickness dependence, meaning effective 

enhancement of the sensing performance for bolometric application. 

 

7.1.1  Introduction 

 

Vanadium dioxide (VO2) has electronically attractive property, and shows 

orders-of-magnitude changes in resistivity at around 340 K. These changes are 

accompanied by a structural deformation between the monoclinic insulating phase at 

low temperature and the rutile metallic phase at high temperature [1]. From a practical 

point of view, the abrupt change of resistivity in this material is applicable to uncooled 

bolometers [2-4]. As one of the performance indexes, the temperature coefficient of 

resistance (TCR), defined as (1/ρ)(dρ/dT), is applied [5]. The TCR value of VO2 is 

usually over 70 %/K. However, the maximum value of TCR is obtained only in a high 

temperature region around 340 K. Moreover, the first-order phase transition makes it 

inconvenient for application in practical devices because of the narrow temperature 

range of the high TCR. In order to obtain practical bolometric applications working at a 

wide range around room temperature (RT), VOx with oxygen vacancy is usually 

employed. However, the decrease of TMI due to the vacancies is accompanied by a 

serious decrease of TCR [6].Therefore, it is strongly desired to effectively decrease the 

metal-insulator transition temperature (TMI) to make the transition occur at RT while 

suppressing the dramatic decrease of TCR. Dopant-control into mother VO2 materials is 

one of the promising methods. It is known that TMI is reduced by doping 

transition-metal elements such as W, Mo and Nb [7-10].
 
Among the various kinds of 

dopants, W would be a most effective dopant to reduce TMI on a per atomic percent base. 
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It is expected that a high TCR would remain at around RT because the origin of the 

stability of metallic states is due to an increase of carriers with minimal structural 

damage [11], suppressing electron scattering, and a crystal inhomogeneity in 

comparison with VOx.  

In this session, I investigate the TCR properties of (V,W)O2 thin films with various 

W-doping levels and report that the maximum TCR was obtained at RT. In addition, we 

report that high TCR properties are not affected by the film thickness on Al2O3 (0001) 

substrates, which is contrary to usual cases of thin film properties. 

 

7.1.2  Experimental  

 

  The V1-xWxO2 (hereafter denoted as VWO) thin films were deposited on Al2O3 

(0001) single crystal substrates using a pulsed laser deposition (PLD) technique (ArF 

excimer: λ=193 nm). The target employed was a sintered VWO pellet prepared by a 

conventional solid reaction process. V2O3 and WO3 powders were mixed and calcined 

in air at 410 °C for 11 hours. The samples were then reground and sintered at 410 °C for 

20 hours. The fabrication condition of VWO films was at a substrate temperature of 

360 °C in an O2 gas pressure of 1.0 Pa. The film thickness was varied from 43 to 320 

nm, measured by nanoscale hybrid AFM (VN-8000, KEYENCE, Japan). The 

crystallinity was examined by X-ray diffraction measurements (RINT2000, Rigaku, 

Japan), and the electronic properties were measured using a four-probe method with a 

Physical Property Measurement System (PPMS, Quantum Design, Japan). 

 

7.1.3  Results and discussion 

 

  Figure 7.1.1 shows XRD patterns of VWO films with various doping levels. A peak 

at 2θ = 41.7° indicates reflection from a (0001) sapphire substrate and a peak at 2θ = 

40.0° corresponds to the reflection from the (020) peak of VWO. Only (020) peaks were 

observed, indicating that the VWO thin films were largely b-axis oriented without other 

directions. There was no discernible change in the XRD spectra among undoped and 

W-doped (x = 0.01, 0.015, 0.02) VO2 thin films.  
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Figure 7.1.2(a) shows the temperature dependence of resistivity for the VWO thin 

films. TMI was effectively shifted from 340 K for the VO2 thin film to 322 K, 309 K, and 

300 K for the VWO thin films with x = 0.01, 0.015, and 0.02, respectively. Resistivity in 

the insulating state in the low temperature region was one-order reduced by the doping 

at per 1 at%, while resistivity in the metallic state in the high temperature region did not 

change significantly, suppressing resistive increase due to electron scattering by defects 

in comparison with oxygen vacant VOx. We defined Tmax as an average value of 

inflection points of the RT curve during the phase transition accompanied by the 

hysteresis. The reduction rate of Tmax against W-content x (dTmax/dx) was about 23 K/% 

as shown in Fig. 7.1.2(b), which is consistent with other reports [12, 13].  
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Fig. 7.1.1  XRD spectra of VWO thin films on (0001) sapphire substrates deposited 

at 360 °C and 1.0 Pa. Doping concentrations are x = 0, 0.01, 0.015, and 0.02, 

respectively. 
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We can appropriately decrease the Tmax to room temperature in the sample for x = 

0.015. Figure 7.1.3 shows the temperature dependence of |TCR| for VWO films in Fig. 

7.1.2(a). The TCRmax, defined as the average of two TCR curves with the hysteresis, 

were -74.8 %/K at Tmax = 337 K, -24.1 %/K at 315 K, -12.0 %/K at 298 K, and -7.8 %/K 

at 284 K for the films of x = 0, 0.01, 0.015, and 0.02, respectively.  

  

Fig. 7.1.3 Temperature dependence of |TCR| in VWO films with a doping 

concentration of 0 at% (circle), 1 at% (triangle), 1.5 at% (square) and 2 at% 

(diamond). 
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These TCR values are larger than those in the other materials [6, 8, 14-19], as shown 

in Fig. 7.1.4(a). Notably, the x = 0.015 film exhibited high |TCRmax| values over 10 %/K 

near room temperature. It is considered that the stability of resistivity in the metallic 

state as shown in Fig. 7.1.2(a), caused by suppressing ionic defects in crystal structure 

due to W-dopant, would contribute to the production of the high TCR. 

Furthermore, film thickness is an important parameter for bolometers. The 

performance index for bolometers can be defined as                       , 

where n is the carrier density and γ is the Hooge parameter [20]. This index is roughly 

proportional to the signal-to-noise ratio of the bolometer when the sizes of the sensor 

area are equivalent. It is known that VO2 on TiO2 [21, 22] and (La,Ba)MnO3 on SrTiO3 

[18] are bolometric oxide materials working at RT. Their Tmax are controllable by strain 

effect using lattice mismatch between the film and the substrate. The strain effect is 

available only for extremely thin films. Thus it is difficult to obtain high sensor 

performance in thinner films. On the other hand, in the VWO with x = 0.015 thin films, 

almost no significant change of the Tmax and TCRmax was found based on their thickness 

dependence from 70 nm to 270 nm as shown in Fig. 7.1.4(b) and the high TCR survives 

even in thicker films, which is better for the bolometric performance.  
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Fig. 7.1.4 (a) |TCRmax| as a function of Tmax for VWO films and other various oxide 

materials showing high TCR from reference literature (see Refs. [6, 8, 14-19]). Thick 

circles (x = 0), triangles (x = 0.01), squares (x = 0.015), and diamonds (x = 0.02) 

represent |TCRmax| values determined in this study. The dashed line is provided as a 

visual aid. (b) Thickness dependence of |TCRmax| and Tmax for x = 0.015 samples. 
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7.1. 4  Conclusions 

 

  I investigated TCR properties of VWO thin films with various W-doping levels and 

thicknesses. The decrease of TMI was controlled with the high rate of dTMI/dx ~ 25 K/% 

by doping W into VO2. Especially in the case of VWO for appropriate doping level (x = 

0.015) thin films, Tmax is controlled to RT and showed high TCR over 10 %/K near 

room temperature. Furthermore, there is no change in TCR in connection with thickness 

dependence in the wide range from 70 nm to 270 nm, which has full potential for the 

realization of higher bolometric performance. 
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7.2  Electronic structure of W-doped VO2 thin films with giant 

metal-insulator transition investigated by hard X-ray core-level 

photoemission spectroscopy 

 

I use bulk-sensitive hard X-ray core-level photoemission spectroscopy to investigate 

the electronic structure of W-doped VO2 (VWO) thin films exhibiting a high 

temperature coefficient of resistance, above −10 %/K at room temperature. According to 

the W 4d core-level spectra, the chemical state of doped W takes only a 6+ valence state, 

which suggests the introduction of V
3+

. The satellite structure of the V 2p3/2 main peak, 

which corresponds to the metallic-coherent screened states, was enhanced for VWO 

compared with VO2 indicating that electron doping plays an important role in the 

control of metal-insulator transition. 

 

7.2.1  Introduction 

 

Vanadium dioxide (VO2) has electronically attractive properties, showing orders of 

magnitude changes in resistivity at metal-insulator transition temperature (TMI), around 

340 K. This change is caused by a structural deformation between the monoclinic 

insulating phase at low temperature and the rutile metallic phase at high temperature [1]. 

A Mott–Hubbard or Peierls transition mechanism has been discussed in relation to these 

phenomena [2, 3]. From a practical viewpoint, the abrupt change of resistivity in this 

material is applicable to uncooled bolometers [4-6]. The temperature coefficient of 

resistance (TCR), defined as (1/ρ)(dρ/dT), has been applied as a performance index [7]. 

The TCR value of VO2 is usually over 70 %/K, however, the maximum value of TCR 

(TCRmax) is obtained only at a fixed and narrow high temperature of around 340 K. This 

makes it inconvenient for the application in practical devices working at room 

temperature. Dopant control of mother VO2 materials is a promising method for 

obtaining a high TCR, with a wide range, around room temperature. It is known that TMI 

is reduced by doping transition metal elements such as W, Mo, and Nb [8]. Among these 

various dopants, W is most effective for reducing TMI [8]. Recently, I realized a TCR 

above −10 %/K at room temperature in W-doped VO2 (VWO) thin film. Information on 

the electronic structures and chemical states of W-doped VO2 are important for 
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understanding the origin of its excellent functionality, but only a few controversial 

results have been reported [9-11]. In this study, I report the electronic structure and 

chemical states of VWO thin films investigated by hard X-ray core-level photoemission 

spectroscopy (HX-PES), and compare it with VO2 film. HX-PES reveals the true bulk 

electronic structure up to a depth of about 10 nm [12],
 
although conventional PES is 

surface sensitive, and sometimes yields contradictory results concerning the bulk 

physical properties. 

 

7.2.2  Experimental 

 

VWO thin films were deposited on Al2O3 (0001) single-crystal substrates using a 

pulsed laser deposition technique (ArF excimer: λ = 193 nm). The targets were a 

sintered vanadium oxide pellet (V2O5), for VO2, and a tungsten-mixed vanadium oxide 

pellet for VWO, prepared by a conventional solid-state reaction process. To make the 

V2O5 pellet, high-purity V2O3 powder was calcined in air at 410 C for 11 h. The 

powder was then reground and sintered at 410C for 20 h. To make the VWO pellet, 

high-purity V2O3 and WO3 powders were first thoroughly ground together in the 

appropriate stoichiometric amounts, and then the same process was applied to the mixed 

powder. The fabrication of the films was performed at a substrate temperature of 360C 

in O2 at a gas pressure of 1.0 Pa. The film thicknesses were from 110 to 182 nm, as 

measured by nanoscale hybrid atomic force microscope (VN-8000, KEYENCE, Japan). 

The film structures were examined using X-ray diffraction measurements (RINT2000, 

Rigaku, Japan). The electrical properties were measured using a four-probe method with 

a physical property measurement system (PPMS, Quantum Design, Japan). The 

HX-PES experiments were performed at BL15XU of SPring-8, and the HX-PES spectra 

were taken at hν = 5.95 keV. The valence band spectra were measured in the metal 

phase at 360 K. The total energy resolution was 223 meV, which was evaluated from the 

Fermi cutoff of an evaporated Au thin film. The binding energy (EB) was calibrated 

from the Fermi cutoff of the Au film. 
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7.2.3  Results and discussion 

 

  I systematically modulate TMI by changing a W concentration for VWO thin films as 

shown in Fig. 7.2.1. Reduction rate of TMI is 19.5 K/at.% which has good agreement 

with the value previously reported [13]. 

 

 

 

 

  

Fig. 7.2.1  Temperature dependence of resistivity for VO2 and VWO films. Inset 

shows the x dependence of the metal-insulator transition temperature (TMI). 
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Figure 7.2.2(a) shows W 4d core level spectrum in VWO film, including a fitting curve 

of two Lorentzians, L(x) convoluted with a Gaussian, G(x) as a resolution function of 

the experiment after subtracting the integral type background.  
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  The single fitting curve of equation (7.2.1) well agrees with experimental spectrum 

with x0 = 246.9 eV, HWHM (Γ) = 2.1 eV for the peak of 2p3/2, and x0 = 229.7 eV, 

HWHM (Γ) = 2.0 eV for the peak of 2p1/2. The HWHM ( '2ln2  ) of the Gaussian 

function is 112 meV. The binding energy at the peak of 4d5/2 is 246.9 eV, reflecting that 

the valence of doped W is 6
+
. Namely, the chemical state of doped W in VO2 takes 6

+
 

valence state [11]. It indicates that V
4+

 ions neighboring doped W
6+

 change to be V
3+

 to 

keep the charge neutrality as shown in Fig. 7.2.2(b) [10]. Namely, 

 [V
4+

]1-2x[V
3+

]2x[W
6+

]xO2                     (7.2.2) 
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Fig. 7.2.2  (a) W 4d core-level spectrum at 360 K at hν = 5.95 keV. (b) 

The schematic illustration of the W-doping effect on VO2 system. 

W-doping results in the electron doping by changing the valence state of 

some V ions from 4+ to 3+. 
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To clarify this experimentally, Fig. 7.2.3 shows the V 2p core-level spectra of the 

VO2  and VWO films normalized to the integrated intensity after subtracting the 

integral-type background. A satellite shoulder structure was observed at EB of 514 eV on 

the lower binding energy of the V 2p3/2 main peak for every sample, which was 

explained by well-screened states due to electrons in the vicinity of EF, as observed only 

in the metallic vanadates [14, 15] and manganites [12, 16], and only through the use of 

HX-PES. This shoulder intensity, Is, is related to the density of state of the cohered 

metallic band around EF, D(EF) [12], as expressed by         .  

 

  

Fig. 7.2.3  V 2p core-level spectrum at 360 K at hν = 5.95 keV for various doping 

concentration. The shoulder structures which are called the well-screened feature are 

magnified in the inset. 
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For the VWO film, Is is enhanced notably compared with the VO2 film, indicating the 

enhancement of the carrier density and suggesting the presence of V
3+

 (3d
2
) ions, 

though the detection of V
3+

 in core-level spectra is difficult because the chemical shift 

of V 2p3/2 between V
4+

 and V
3+

 is only 0.15 eV [17]. This effect breaks the half-filled 

insulating state (V
4+

-V
4+

 (3d
1
 –3d

1
)) electron configuration.  

  Figure 7.2.4 shows a schematic illustration of energy levels of VO2. 

 

  To analyze the x dependence of the well-screened feature, we performed a cluster 

model calculation, and extract the intensity of the hybridization (V*) between a 

coherent state at Fermi level and a V 3d as performed by Eguchi et al. [3]. The 

well-screened feature cannot be reproduced without introducing the hybridization 

parameter V* in the Hamiltonian [18], 

  

Fig. 7.2.4  Schematic illustration of energy levels for VO2 in metallic phase. 
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  The first term H1 of the total Hamiltonian, H represents the standard cluster model 

[19]. In addition to the usual cluster model (H1 term), C states that are responsible for a 

screening effect described by the H2 term in Eq. (7.2.3). These states represent the 

doping-induced states which develop into a metallic band at EF.       ,    ,      , 

and       represent the energies of the V 3d, V 2p, and O 2p ligand states and the 

doping-induced states at EF, respectively. The indices m and σ are the orbital and spin 

states. V(Γ), Udd, and –Udc(2p) are the hybridizations between the V 3d and O 2p ligand 

states, on-site repulsive Coulomb interaction between the V 3d states and the attractive 

2p core-hole potential, respectively. The spin-orbit interactions for V 2p and 3d states 

are also included in the Hmultiplet. An effective coupling parameter for describing the 

interaction strength between the central V 3d orbital and the coherent band, V
*
(Γ) is 

introduced analogous to the hybridization V(Γ). 

  In my real experiment, a simplified cluster calculation is applied to reproduce the 

photoemission spectra, and extract the V
*
 which reproduce the relative intensity of the 

well-screened feature of the photoemission spectra for x = 0-0.05 as shown in the inset 

of Fig. 7.2.4. Thus, we obtain a x dependence of (V
*
)
2
, and find that (V

*
)
2 

almost linearly 

increases with increasing W-doping concentration.  
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  On the other hand, the chemical pressure effect, caused by the difference in the ionic 

radii between W
6+

 and V
4+

, can affect TMI, if the hydrostatic pressure effect on VO2 is 

considered [20]. In this case, the hydrostatic pressure could be converted to a change of 

lattice parameters using the following equations [21]:  
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  where ΔP represents the hydrostatic pressure, and     and     are the 

compressibility coefficients along the a- and c-axis, respectively. In the case of W 

doping experiments, the lattice parameters a(x) and c(x) depend on the doping 

concentration of W, giving the following equations for the tetragonal form [21];  

( ) 2 [1 sin ]
2

V Oa x d

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
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  where x is the doping ratio, dV-O is the metal-oxygen distance, and   is the O-V-O 

Fig. 7.2.4  The relationship between intensities of square of hybridization V* and 

W-doping concentration x. The inset shows a relationship between relative intensity 

of the spectra and the parameter (V
*
)
2
 used in the simplified cluster calculation. 
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angle ( = 90°) in the (110) plane. The dV-O within x < 0.33 can be accurately evaluated 

by:  

 634 2)31(
WVVOV dxdxdxd   ,                  (7.2.9) 

  where 4V
d , 3V

d , and 6W
d are the distances from O to V

4+
, V

3+
, and W

6+
, 

respectively. According to the table of effective ionic radii by Shannon [22], the ion 

radii are 0.58 and 0.60 Å for V
4+

 and W
6+

, respectively. By applying Eqs. (7.2.5) - 

(7.2.9), and using the parameters shown in the reference [21], to our sample (x = 0.01), 

we could estimate the ΔP of 0.3 GPa in tension. This ΔP corresponds to a TMI change of 

only 0.24 K by chemical pressure, based on following experimental relationship [20]:  

PTMI  8.0  (K)                        (7.2.10) 

  This ΔTMI by chemical pressure is negligibly small compared with our experimental 

one (ΔTMI ~ 20K) shown in Fig. 7.2.1. 

  As a result, the increase in carrier from W-doping into VO2 is a dominant effect for 

changing TMI, rather than chemical pressure caused by different radii between W and V 

ions.     

 

7.2.4  Conclusions 

 

  In summary, I used HX-PES to examine the electronic structure and chemical state of 

VWO thin film exhibiting a high TCR, over −10 %/K at room temperature. We found 

that the valence of doped W becomes 6+, suggesting the existence of V
3+

. I also 

experimentally detected enhancement of the metallic well-screened feature in the V 

2p3/2 core-level spectrum for VWO and found that the intensities of hybridization 

between coherent state at Fermi level and V 3d are enhanced by W-doing concentration, 

indicating that electron doping is an effective mechanism for controlling the 

metal-insulator transition in the (V1−xWx)O2 system. 
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7.3  Filling-controlled Mott transition in W-doped VO2 

 

  I use bulk-sensitive hard X-ray photoemission spectroscopy to investigate the 

modulation mechanism of the metal-insulator transition temperature (TMI) for 

W-doped VO2 thin films. Judging from the valence band spectra, the electron carrier 

is doped and spectral weight of the incoherent part is transferred to the coherent part 

by doping W. It indicates that the electron doping decreases the effective 

electron-electron correlation energy and stabilizes the metal phase of VO2, so we 

drastically modulated the TMI to room temperature. It is the direct evidence of 

filling-control of VO2 and shows that the W-doped VO2 is the third material which 

shows the giant physical properties near room temperature following the cuprates of 

high-Tc superconductivity and manganites of giant magneto resistance at room 

temperature. 

 

7.3.1  Introduction 

 

  3d transition metal oxides with strongly correlated electron system show giant 

physical properties, such as high-Tc superconductivity in cuprates [1-6] or giant 

magneto resistance in manganites [7-11]. These properties are originated from 

electronic dynamics near metal-insulator transition with strongly correlated electrons, 

and can be modulated by controlling a band filling by carrier doping which is so called 

the filling-control [7]. Vanadium dioxide (VO2) shows a giant metal-insulator transition 

at 340 K, and the metal-insulator transition temperature (TMI) can be modulated by 

doping transition metal oxides [12-15]. Especially, W doping into VO2 is the most 

effective way to modulate the TMI, and the key effect of the TMI modulation is the 

electron doping [14, 16-19]. And VO2 has the potential to realize the filling-control by 

electron doping because VO2 is also said to be the strongly correlated electron system 

[20-23]. However, few studies were carried out to approach an origin of the drastic 

change of the TMI (21 - 28 K/at. %) because of the lack of information of the intrinsic 

bulk electronic structure of W-doped VO2. So we performed bulk-sensitive hard-X-ray 

photoemission spectroscopy (HX-PES) to investigate the electronic structures of 

W-doped VO2 thin films with systematically controlled doping concentration, and found 
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the direct evidence of the filling control by doped electron, which leads to the change of 

the effective electron-electron correlation energy (Ueff). So I found the VO2 is the third 

oxide material with strongly correlated electron system which shows the giant physical 

property changes by filling-control as well as cuprates and manganites.  

 

7.3.2  Experimental 

 

  VWO thin films were deposited on Al2O3 (0001) single-crystal substrates using a 

pulsed laser deposition technique (ArF excimer: λ = 193 nm). The targets were a 

sintered vanadium oxide pellet (V2O5), for VO2, and a tungsten-mixed vanadium oxide 

pellet for VWO, prepared by a conventional solid-state reaction process. To make the 

V2O5 pellet, high-purity V2O3 powder was calcined in air at 410C for 11 h. The powder 

was then reground and sintered at 410C for 20 h. To make the VWO pellet, high-purity 

V2O3 and WO3 powders were first thoroughly ground together in the appropriate 

stoichiometric amounts, and then the same process was applied to the mixed powder. 

The fabrication of the films was performed at a substrate temperature of 360C in O2 at 

a gas pressure of 1.0 Pa. The film thicknesses were from 110 to 182 nm, as measured by 

nanoscale hybrid atomic force microscope (VN-8000, Keyence, Japan). The film 

structures were examined using X-ray diffraction measurements (RINT2000, Rigaku, 

Japan). The electrical properties were measured using a four-probe method with a 

physical property measurement system (PPMS, Quantum Design, Japan). The HX-PES 

experiments were performed at BL15XU of SPring-8, and the HX-PES spectra were 

taken at hν = 5.95 keV in the metal phase at 360 K. The total energy resolution was 223 

meV, which was evaluated from the Fermi cutoff of an evaporated Au thin film. The 

binding energy (EB) was calibrated from the Fermi cutoff of the Au film. 
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7.3.3  Results and discussion 

 

   I systematically modulate TMI by changing a W concentration for VWO thin films as 

shown in Fig. 7.3.1. Reduction rate of TMI is 19.5 K/at.% which has good agreement 

with the value previously reported [24].  

 

Figure 7.3.2(a) shows valence band spectra normalized by the integrated intensity of V 

2p spectra and chemical composition of V after subtracting integral-type background. 

Figure 7.3.2(b) shows the x dependence of the photoelectron intensity at Fermi level 

(I(EF)) which is related to DOS(EF). So it is found that the electron carriers were doped 

by doping W, and are systematically increased by increasing a doping concentration.  

 

 

Figure 7.3.1  Temperature dependence of resistivity for VO2 and VWO films. Inset 

shows the x dependence of the metal-insulator transition temperature (TMI). 
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(b) 

Figure 7.3.2  (a) Valence band spectra of VWO with various doping concentration 

taken at 360 K at hν = 5.95 keV. (b) The relationship between the doping 

concentration x and the photoelectron intensity at Fermi level (I(EF)). 

(a) 
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  As already discussed, VO2 has the potential to realize the filling-control by electron 

doping because the electron-electron correlation is effective even in the metal region 

[20]. To investigate the effects of the electron carrier to electron-electron correlation and 

band filing of VO2, I analyzed the evolution of the spectral weight of the coherent part 

and the incoherent part as shown in Fig. 7.3.3. The d-derived photoemission spectra 

have been decomposed into the coherent (quasiparticle) and incoherent (Hubbard band) 

parts for the d
1
 system [25-27]. The relative spectral weight of the coherent part to the 

incoherent part is given by z : 1-z, where                                 is 

called the renormalization factor. Here,        is the momentum- and 

energy-dependent self-energy correction to the uncorrelated band structure. 

  In the case of electron-electron interaction, Green’s function of the system is 

described using the self energy, 

        
 

              
 ,                      (7.3.1) 

where       is the single-particle electron energy with no electron interaction. 

Equation (7.3.1) is called the Dyson’s equation [28]. 

  With (7.3.1), this yields the single particle spectral function, 

        
 

 

   

                         
 ,              (7.3.2) 

  If the self-energy is small, it is convenient to decompose the Green’s function 

       into a pole part (which yields         for vanishing Σ ) and a term that 

contains the “rest” (Gincoherent of Ginc) [29]  

        
  

                     
            ,        (7.3.3) 

or  

        
 

 

            

                           
            ,      (7.3.4) 

where Zk is a normalization constant, E
1
 is the electron energy with electron interaction.  

  Equation (7.3.4) can be used to justify the quasi-particle picture of the electrons in an 

interacting electron system. The pole part of G yields a spectrum of the electron 

excitations with a renormalized energy (mass) and a finite width, in just the same way 

as G
0
 yields a spectrum with the single-electron energy       (free electron mass) and 
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infinite lifetime. The electrons in the interacting system are “dressed” by virtual 

excitations that move with them coherently. These “particles”, made up of the electrons 

with their cloud of excitations, are called the quasi-particle. The pole part of the Green’s 

function is often called its coherent part. The remaining part cannot be defined 

rigorously (this applies to the experimental level; mathematically one can distinguish 

the coherent and the incoherent part rigorously) because the coherent part already 

contains low-energy excitations (e.g., electron-hole pairs). This distinguishes Eq. 7.3.4 

from the case in which only discrete excitations were possible. In that former case a 

separation into the main line (~coherent part of the spectrum) and satellite lines 

(~incoherent part of the spectrum) can (in principle) be performed rigorously.  

   The coherent state is a main peak observed at EB =0.25 eV [30-32]. The incoherent 

state corresponds to the rather flat region expanding in the range of EB = 0.9- 2.2 eV and 

it is also said to be the lower Hubbard band [30-32]. Judging from the non-bonding 

character of the shallow EB part of ‘O2p’ band, we subtract the O 2p component from 

the valence band spectra as done by the Ref. [30]. And then, I fit the experimental 

spectra with various doping concentration (dotted line) by using two Voigt functions 

multiplied by the Fermi-Dirac distribution obtained at 360 K considering the 

asymmetric parameter and experimental resolution. The long dashed short dashed red 

line corresponds to the coherent part, and the long dashed double-short dashed blue line 

corresponds to the incoherent one. Figure 7.3.3(a) shows the x dependence of integrated 

intensities of the coherent part (red line) and incoherent one (blue line). It is found that 

the coherent part increases and the incoherent part decreases by increasing doping 

concentration. In the Mott-Hubbard systems with d
1
 configuration, such as ReO3, VO2, 

LaTiO3, spectral weight is transferred from the incoherent part to the coherent part with 

decreasing the effective electron-electron correlation energy Ueff against band width W 

[25, 33]. Figure 7.3.4 shows the scenario of the filling-control of VO2 by doping W. 

When the electron carriers are doped into VO2, they break the half-filled d
1
-d

1
 

configuration of VO2 and Ueff decreased, which results in the stabilization of metal 

phase and TMI is controlled to room temperature.  
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Fig. 7.3.3  (a) Decomposition of the valence band spectra into the coherent part 

(long dashed short dashed red line) and the incoherent part (long dashed 

double-short dashed blue line). (b) The relationship between the doping 

concentration x and the integrated photoelectron intensity of the coherent part (red) 

and the incoherent one (blue). 
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7.3.4  Conclusions 

 

  In summary, I use bulk-sensitive hard X-ray photoemission spectroscopy to 

investigate the modulation mechanism of TMI for W-doped VO2 thin films. Judging from 

the valence band spectra, the electron carrier is doped and spectral weight of the 

incoherent part is transferred to the coherent part by doping W. It indicates that the 

electron doping decreases the Ueff and stabilizes the metal phase of VO2, so the TMI can 

be drastically controlled to room temperature. It is the direct evidence of filling-control 

of VO2 and shows that the W-doped VO2 is the third material which shows the giant 

physical properties near room temperature following the cuprates of high-Tc 

superconductivity and manganites of giant magneto resistance at room temperature. 

 

 

 

 

 

 

 

Fig. 7.3.4  A scenario of the filling-control of VO2 by doping W. The 

electron introduced by the doped W breaks a half-filling d
1
-d

1
 configuration 

of VO2, which drastically change the electronic states. 
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7.4  Mold treatment 

 

To successfully transfer nanopaterns of a mold into organic resists, the 

anti-sticking treatment of the mold is important. Without the treatment, organic resists 

stick to the mold after the pressing process in the NIL, resulting in the destruction of the 

organic resist pattern. Ideally, the optimal anti-sticking treatment should be selected for 

every kinds of organic resists by considering the chemical interaction between 

anti-sticking agent covering over the mold surface and organic resists. Figure 7.4.1 

shows the optical microscope image of the mold surface stuffed with the organic resist. 

Bright-colored material indicated by the yellow circle is organic resists. The used 

chemical solution for anti-sticking treatment is Optool HD1100TH (DAIKIN, Japan). 

And the used UV-cured organic resist is TPIR-217 T-3 NL (Tokyo Ohka Kogyo, Japan). 

Figure 7.4.2 shows the detailed process for mold treatment.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7.4.1  Optical microscope image of the mold surface after the nanoimprinting 

for (a) line –patterned region and (b) box-patterned region. The organic resists stick 

to the mold surface  

(a) (b) 

Fig. 7.4.2  The detailed process for anti-stick treatment of the mold used in Fig. 

7.4.1. (a) Keeping the mold on the heater at 75 °C with a beaker filled with water 

covered by a big beaker for 2 hours. The cloth (BEMCOT, AsahiKASEI, Japn) was 

sticked on the top of the beaker by adhesive tape not for the condensed water drop to 

fall down to the mold. (b) Dipping in HD1100TH solution for 1 min. (c) Keeping in 

the same condition as (a) for 1 hour. (d) Rinse in HD-TH solution. 
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The anti-sticking process as shown in Fig. 7.4.2. is basic one proposed by the 

product company, DAIKIN. However, the process is not effective with the UV-cured 

resist used in my experiment as shown in Fig. 7.4.1. To obtain the well-defined 

nanostructure without destruction of organic resist pattern with smooth release process 

in the NIL, I optimized the anti-sticking process by using another anti-sticking agent, 

FAS-13 ((Tridecafuluoro-1,1,2,2,-tetrahydrooctyl) Trichlorosilane, Gelest, USA) as 

shown in Fig. 7.4.3. Figure 7.4.4 shows the chemical structure of FAS-13. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7.4.3  The optimized process for anti-stick treatment of the mold used for the 

NIL with NXR-2030 resist. (a) Preparing the Piranha solution by mixing 30 ml of 

H2SO4 and 10 ml of H2O2. (b) Dipping the mold in the Piranha solution heated up to 

90 °C for over 1 hours. (c) Rinse in the pure water for 5 min. This process should be 

repeated by 3 times. (d) Keeping in high temperature and humidity condition as 

done in Fig. A.1(a) and (c). (e) Dropping the undiluted FAS-13 onto the patterned 

mold surface using syringe. (f) Keeping the mold suface soaked in the droplet for 2 

min. BEMCOT is useful to remove the droplet from the surface. (g) Keeping in high 

temperature and humidity condition for 1 hour. (d) Rinse in HD-TH solution. 
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By using the mold covered by the FAS-13 layer, I was able to obtained the 

nanopattern imprinted to organic resist with low destruction rate and smooth release 

process. Figure 7.4.5 shows the obtained pattern captured in different length scale. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7.4.4  Chemical structure of FAS-13. Left part is for ani-sticking function and 

right part is for bonding with oxide substrates.  

Fig. 7.4.5  Successfully nano-patterened organic resist by using the mold covered 

by FAS-13 layer. (a) and (b) Optical microscope image (c) – (f) SEM image.   

(a) (b) (c) 

(d) (e) (f) 
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