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Chapter 1 Forward 

1.1 Introduction 

 For years, oxide materials such as indium gallium zinc oxide (IGZO)1, zinc oxide (ZnO)2, and nickel 

oxide (NiO)3 have been actively studied for applications in several fields such as smart glass, liquid 

crystal display drivers, and nickel-ion batteries.1–3 Recently, transition metal oxides (TMOs) have 

become central subject in both scientific and technological works for the next generation device 

materials. In last decade, TMOs such as titanium dioxide (TiO2)4, chromium dioxide (CrO2)5, 

manganese dioxide (MnO2)6, zirconium dioxide (ZrO2)7 and vanadium dioxide (VO2)8–23 has been 

widely being investigated for various industrial applications, including paints, varnish, magneto-

electronics, dry-cell battery, ceramics industry, as well as electronic devices.1–7,9,13,16,20–24  

Among TMOs, VO2 is the most promising material and has been continuously gathering attentions 

considering its interesting characteristics of insulator-metal transition (IMT). The IMT in VO2 was 

firstly reported by Morin in 1958.25 He reported that the metallic behavior of the lower oxide of 

titanium (Ti) and vanadium (V). He pointed out that polycrystalline titanium and vanadium trioxides 

(Ti2O3 and V2O3) exhibit IMT at Neel temperature. Then, a year later in 1959, Morin reported that 

VO2 exhibits a sharp IMT at low temperature of 68ºC, named as a Morin transition.8 

VO2 undergoes a sharp IMT and accompanied by a structural phase transition (SPT) from a low 

temperature monoclinic (P21/c) phase to a high temperature tetragonal (P42/mnm) phase at a relatively 

low temperature of 68ºC (341K). An abrupt change in resistivity for more than four orders of 

magnitude was occurred in this transition temperature.8,12,13,15–17,20,21,24,26–33 Other oxides such as 

samarium nickelate (SmNiO3), titanium pentoxide (Ti3O5) and lanthanum cobalt oxide (LaCoO3) also 

exhibit IMT at higher temperatures, such as 130ºC for SmNiO3, 127-327ºC for Ti3O5, and 227ºC for 

LaCoO3.34 Thus, it is desirable to use VO2 with low IMT temperature for the device applications. As 

for the IMT of VO2 at temperature of 68ºC, it could be easily triggered by external parameters such as 

electrical field,13,16,17,19,20,31,35 optical excitation,14,36 pressure,19 stress,37 Joule heating,38 and as well as 

temperature.8 VO2 is continuously gathering great interest in several fields application such as high 

speed electrical switching devices,13,19,20,22,31,39 optical switching devices,40 infrared detectors,41 smart 

windows,42 memory,43 sensors, non-volatile memories,44 thermochromic devices,45 memristors,46 

hybrid metamaterials,47 and data storages.48  
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1.2 Vanadium Dioxide (VO2) 

1.2.1 Crystalline Structure of VO2St 

Structural phase transitions refer the changes of the crystallography in materials. According to the 

SPTs, the macroscopic properties of a material are changed. So, the study of these change is important 

for various applications. As shortly briefed in last section, VO2 shows a structural phase transition 

(SPT) from a low-temperature monoclinic phase to a high-temperature tetragonal rutile phase at 

relatively low temperature of 68ºC. 

 

Rutile structure 

Rutile structure of VO2 is the most stable phase at higher temperature side, based on a simple 

tetragonal lattice with space group P42/mnm (𝐷4ℎ
14, 𝑁𝑜. 136).49 The Wyckoff positions of vanadium 

atoms are (2a): (0, 0, 0), (
1

2
,

1

2
,

1

2
) and oxygen atoms are (4f): ± (u, u, 0) and ± (

1

2
+ 𝑢,

1

2
− 𝑢,

1

2
); where 

the values are (0.301, 0.301, 0). Figure 1-1 shows the high temperature tetragonal rutile unit cell of 

VO2.  

 

 

 

 

 

 

 

 

 

 

 

 

Rutile structure is visualized as a body-centered tetragonal lattice, which composed of two equivalent 

vanadium (V) atoms at P (center) and Q (corner) per cell and each V atoms are surrounded by an 

oxygen octahedron, where two of the V-O bonds distance at 1.933 Å and four others are at 1.922 Å. 

Neighboring octahedra share edges, resulting interlinked octahedral chains via the corner of metal V 

atoms and build chain along the c-axis. The lattice constant of VO2 rutile was firstly reported by 

Westman in 1961.50 Then, in 1972, McWhan et al. reported the lattice constant for VO2 rutile phase, 

including the internal oxygen parameter, which is close to the values are given by Marezio for 

𝑉0.976 𝐶𝑟0.024𝑂2 (𝑢 = 0.3004), reported in 1972.51,52 McWhan et al. reported the values for the lattice 

constant and the internal oxygen parameter for VO2 rutile phase as 𝑎𝑅 = 4.556 Å, 𝑐𝑅 =

2.851 Å 𝑎𝑛𝑑 𝑢 = 0.300. These values have been widely used in calculation.51  
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𝑎1,2 𝑅 = 4.55 Å 

     𝑐𝑅       = 2.85 Å   

  

Fig. 1-1 High temperature tetragonal rutile unit cell of VO2 (R). 
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The Monoclinic (M1) structure 

The low temperature monoclinic (Hereafter referred as M1) structure of VO2 belongs to a simple 

monoclinic lattice with space group of P21/c (𝐶2ℎ
5 , No. 14).49 Figure 1-2 represents the low temperature 

monoclinic unit cell of VO2. In the M1 structure, octahedra is aligned in two perpendicular directions, 

although the octahedra are not so long. One short distance in V–O (0.176 nm) is corresponding to a 

double link. The V atoms have shifted from the center of the octahedra to form chains, which is not 

parallel to the 𝑐𝑅-axis. There is now two different distances between V atoms with 2.615Å and 3.162 

Å instead of 2.851 Å for the rutile structure, leading to a doubling of the cell along the 𝑐𝑅 axis of the 

rutile structure. The Wyckoff position of V and two different O is 4e: 𝑥, 𝑦, 𝑧; 𝑥̅, 𝑦̅, 𝑧̅;  𝑥̅,
1

2
+ 𝑦,

1

2
−

𝑧;  𝑥,
1

2
− 𝑦,

1

2
+ 𝑧  with four sets of two-fold point positions corresponding to the symmetry centers of 

the cell. The lattice constants and angle between b- and c- axis were firstly reported by Andersson in 

1956.53,54 The reported values are 𝑎𝑀1 = 5.743 Å, 𝑏𝑀1 = 4.517 Å, 𝑐𝑀1 = 5.375 Å, and 𝛽 = 122.61°. 

Then, in 1970, Longo and Kierkegaard reported different lattice constant and angel and the values 

are 𝑎𝑀1 = 5.751 Å, 𝑏𝑀1 = 4.537 Å, 𝑐𝑀1 = 5.382 Å, and 𝛽 = 122.646° , respectively. These lattice 

constant described are the commonly used values considering the VO2 crystalline structure. 29,55 The 

crystalline structure of VO2 are listed in Table 1-1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1-2 Low temperature monoclinic unit cell of VO2 (M1). 
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Table 1-1 Summary of the crystalline structure of VO2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Structure Monoclinic (M1) 

(Low-temperature phase) 

Rutile (R) (Tetragonal) 

(High- temperature phase) 

Wyckoff Position V and O (4e): ±(x, y, z), ±(x,
1

2
−

𝑦,
1

2
+ 𝑧) 

V (2a): (0,0,0), (
1

2
,

1

2
,

1

2
) 

O (4f): ±(u, u, 0), ±(
1

2
+ 𝑢,

1

2
− 𝑢,

1

2
) 

Space Group 𝐶2ℎ
5 (𝑁𝑜. 14) − 𝑃21/𝑐 𝐷4ℎ

14(𝑁𝑜. 136) − 𝑃42/𝑚𝑛𝑚 

 

Lattice 

Parameter 

𝑎𝑀1 = 5.753 Å 𝑎1,2 𝑅 = 4.555 Å 

𝑏𝑀1 = 4.526 Å 𝑐 𝑅 = 2.853 Å 

𝑐𝑀1 = 5.383 Å - 

β = 122.6° - 

Unit Cell Volume 118.08 Å3 59.20 Å3 

Thermal 

Expansion 

Coefficient 

𝛼‖ = 4.9 × 10−6 (°𝐶−1) 

𝛼⊥ = 26 × 10−6 (°𝐶−1) 

𝛼‖ = 26 × 10−6 (°𝐶−1) 

𝛼⊥ = 4.9 × 10−6 (°𝐶−1) 
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1.2.2 Band Structure of VO2 

As known, VO2 demonstrates a sharp IMT at a relatively low-temperature of 68ºC accompanying 

by a structural change from low-temperature semiconducting M1 phase to high-temperature metallic 

R phase. However, mechanism of the IMT in VO2 is not clear yet. Earlier, Goodenough explained the 

IMT of VO2 based on simple band structure.10 Goodenough focused on 3d1 orbitals because d-orbitals 

play an important role in IMT transition. The 3d electronic levels of the V ion are split into the lower 

energy states of triply generated t2g (x
2-y2, yz and zx) and doubly high energy states generated eg (or 

σ*or 𝑒g
σ; where σ represents the symmetry of the V–O bonds and labeled as 3z2-r2 and xy . The t2g 

state further splits into 𝑑ǁ (x2-y2 ) and π* (yz, zx), which can be understood from the point group theory. 

The 𝑑ǁband is weakly hybridized by O 2p band, while π* band is hybridized with O 2p π band, resulting 

in a higher energy than 𝑑ǁband and being push upward. Cosequently, 𝑑ǁ band has a lowest energy in 

the V 3d band. On the other hand, the doubly generated eg levels are hybridized by O 2p σ orbitals 

with a rather large bandwith. The energy levels of V 3d orbitals in VO2 are given in Fig. 1-3.  

 

 

 

 

 

 

 

 

 

 

 

 

 

The schematic band structure of VO2 is illustrated in Fig. 1-4. Across the IMT, two significant 

changes in the band structure were observed in the insulating state (Fig. 1-4); a raising of the π* band 

above the Fermi level (EF), and separation of the 𝑑ǁ orbitals to 𝑑ǁ-bonding and 𝑑‖
∗-anti-bonding. As 

described by Goodenough, the raising of π* above the EF level might be resposible for destabilizing π* 

orbitals or stabilizing the bottom part of 𝑑ǁ or both.10 Crystallographic deformation results in the 

destabilization of the π* orbitals. Stabilization of 𝑑ǁ would be induced by the distortion of cR/aR ratio 

and bottom half of the 𝑑ǁ bands would be stabilized by the cR-axis doubling, since the doubiling of 

cR-axis induce a split in 𝑑ǁorbital as also reported by Goodenough in 1960.56 As results, in the 

insulating state, V atoms along the cR axis displaced and form a V–V pair into a bonding and anti 

bonding combination of 𝑑ǁ orbitals. This displacement of V atoms from the center of the octahedral 
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Fig. 1-3 Energy levels of V 3d orbitals in VO2. 
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symmetry, causes the formation of shorter V–O pairs. According to the change in the V–O 

hybridization, the energy of the more hibridized π*splits and moves upward. Finally, π* band and anti-

bonding 𝑑ǁ (𝑑‖
∗) become empty and bonding 𝑑ǁ band become filled. The band gap with the value of 

0.65 eV has been reported by Shin et al. was measured by ultraviolet photoelectron spectroscopy 

(UPS).57 However, the mechanism of IMT is still on debate considering two view points; 1) Peierls 

mechanism that suggests the dimerization of the V atoms along the cR-axis, resulting in the opening 

of the gap in the insulating state10,29,58,59, and 2) Mott mechanism, in which the gap opened due to the 

Coulomb repulsion between the localized 3d orbitals of V.60–66  
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Fig. 1-4 Schematic band structure of VO2. 
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1.2.3 Synthesis of VO2 

The stabilization of pure VO2 films is remarkably sensitive to the deposition conditions. Basically, 

when vanadium is synthesized in the small amount of O2, vanadium forms a lower oxidation phases, 

including VO, V2O3, V3O5, V4O7, V5O9, and V6O11 known as Magneli phase (𝑉𝑛𝑂2𝑛−1).67–69 On the 

other hand, Wadsely phase ( 𝑉𝑛𝑂2𝑛+1) , including V2O5, V3O7, V4O9, V5O11 and V6O13 will be 

preferably grow when the vanadium is synthesized in rather large amount of O2 environment.67–70 At 

room temperature, with slight changes in the stoichiometry, VO2 also understood to grown in some 

different phases such as – VO2 (M1), 8,9,12,13,15,16,21,27,28,31 VO2 (M2), 52,71–74 VO2 (A)75,76, and VO2 

(B)77,78. Considering those background, it is very difficult to produce a pure stoichiometric VO2 films. 

VO2 has been synthesized in different forms, such as bulk single crystal,79 polycrystalline thin 

films,80,81 and epitaxial thin films.82,83 VO2 was also reported to grow in form of nanostructure, 

including nanowires,66,84,85 nanobeams, 86,87 nanoparticles,86,88 and nanobelts.89 

The main content of the stoichiometric VO2 films synthesis mostly depends on the deposition 

temperature, background pressure, deposition pressure, and deposition technique. Numbers of 

deposition techniques have been investigated for growing the VO2 film, including sputtering,24,90 

inductively coupled plasma-assisted sputtering (ICPS),91,92 pulsed laser deposition (PLD),15,93 

chemical vapor deposition (CVD),94 sol-gel technique,95 atomic layer deposition,96,97 oxide molecular 

beam epitaxy,98 laser ablation,99 hydro-thermal process100, high power impulse magnetron sputtering 

(HiPIMS),101 and substrate biasing method.102  

Another important factor in VO2 synthesis is substrate materials. Substrate materials play a vital role 

in controlling IMT and transition temperature, TIMT. An enormous number of substrates was being 

investigated with the aim of achieving a good crystalline VO2 films such as the different cut of 

Al2O3,20,103,104 Si,83,91,105 SiO2,106 TiO2,15,107 TiN,22 Ge,26 glass,96,108 MgO,109 NiO,110 ZnO,111 and ITO92. 

Other than that, the substrate temperature is another important content to achieve good crystalline 

property. It was reported that VO2 exhibits an excellent crystallinity as the deposition is performed 

above 400°C.93,94 However, such high-temperature deposition technique is not applicable for the 

layered type devices as metal layer diffusion could occur at the interfaces of the devices. 
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1.3 Voltage Triggered Resistance Switching (VTRS) of VO2: A Review 

Oxide materials that exhibit a resistive switching phenomenon have been studied intensively. 

Hysteretic current–voltage (I–V) characteristics in metal-insulator-metal (MIM) structures of 

Al/Al2O3/Al was firstly reported by Hickmott in 1962.112 These results suggested that resistive 

switching occurs as a result of voltage applied. Later, in the 1960s to 1980s, resistive switching has 

been reported in variety binary metal oxides such as SiO and NiO.113–115 As for the driving mechanism 

of resistive switching, two models were proposed; a charge trap model and a conductive filament 

model. Then, several groups observed a voltage triggered induced resistance switching (VTRS) in 

Pr1−xCaxMnO3 (PCMO) with a certain Ca content x (0.3≤x≤0.75).116–118  

VO2 exhibits a voltage triggered resistance switching (VTRS) in room temperature as was firstly 

discovered in the 1960s.119,120 It was reported that during the transition in the current-voltage (I-V) 

characteristics of a VO2 bulk sample, it showed gradual changes of the resistance.121,122While 

extremely steep and discontinuous jump in resistance at the transition was reported in the case of VO2 

thin film.120,123–125 It should be noted that these I-V characteristics are symmetric, and this phenomenon 

is different from view point for the resistance random access memory. Then, Berglund and Duchence 

et al. reported on the current switching properties in VO2-based two-terminal planar type devices, in 

which due to the filamentary conduction path in the VO2 layer.123,125 Since then, VTRS in VO2 has 

been frequently reported.13,16,17,19,20,126 In VTRS, it has been reported that current-induced Joule 

heating could be responsible for the switching, owing to the occurrence of structural phase transition 

(SPT) in VO2.127 Lee et al. suggested that the current flows into a narrow filament in VO2 film, 

generating the Joule heat, and inducing the IMT.128 Then, in 2000, Stefanovich et al. reported VTRS 

in VO2-based two-terminal planar type devices.13 After a report by Stefanovich et al., VO2-based two-

terminal planar type devices has been actively studied. Using some microfabrication techniques such 

as photolithography, reactive ion etching, and lift-off method, facing electrodes with 3–50 μm gap 

length on VO2 film also reported to exhibit the VTRS phenomena.16,17,19,20,129 Sakai and Kurisu 

reported the effect of hydrostatic pressure on VTRS of VO2- based two-terminal planar type devices.19 

Okimura et al. reported that the VTRS was triggered at voltage, current of 2 V, 600 μA for a planar 

device with both electrode gap length and width of 5 and 1500 μm.20,129 They also discovered a 

multistep negative differential resistance (NDR) region in the switching properties. They reported a 

switching speed of about 200 ns. However, such a planar device has a restriction in switching threshold 

voltage and current, which results in a high power consumption. According to the planar type 

configuration, a shorter electrodes distance (L) should bring a smaller switching voltage (Vth). To 

investigate the intrinsic properties of VTRS, it is highly desirable to achieve a layered structure of VO2 

film on a conductive layer, so-called out-of-plane device or layered type device or sandwich type 

device. In the out-of-plane configuration, in which VO2 film is fabricated on a bottom electrode (BE), 

the switching voltage is expected to be significantly reduced because the responsible L is equal to the 
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film thickness of the VO2 layer. Also, this layered type configuration will be essential for the integrated 

device application. Ramanathan et al. fabricated VO2 film on a heavily doped Si wafer with a 

resistivity of (2–5) ×10-4 Ω cm, and showed VTRS in the out-of-plane metal-oxide-semiconductor 

geometry.26,130,131 They proposed that the VTRS is resulted from a field effect or carrier injection, 

rather than current-induced Joule heating effect.130 Son et al. reported the performance of a selector 

using VO2 film on a Pt/TiN/SiO2/Si substrates.90 They obtained VO2 film by thermal annealing for 

metal vanadium film at 500°C. However, details of the IMT was not reported. Sakai et al. reported the 

growth of VO2 films on Pt (111)/TiO2/SiO2/Si (001) substrates by pulsed laser deposition method at a 

substrate temperature of 500°C.132 To date, layered growth of VO2 film on a metal layer, which 

exhibits IMT with several orders of change in resistance has not been reported. 
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1.4 VO2-Based Two-Terminal Planar Type Devices 

 The voltage triggered resistance switching (VTRS) phenomenon was firstly reported by Berglund in 

1969.123 Studies on the nonlinear resistive switching in VO2 have been reported in the 1970s.125 Later, 

various types of switching devices were being investigated on the basis of nonlinear I-V characteristics. 

However, this nonlinear I-V characteristics might not be involved in the electric field induced IMT. 

The firstly reported IMT switching was introduced by the Joule heating effect.8 Then, in 2000, 

Stefanovich et al. reported on the electric field induced resistance switching in VO2.13 After this report, 

wide scale studies have been performed on the VTRS of VO2 with the aim of VO2 applications 

sufficiently in electrical switch, resistive memories etc.16,19,20,126,129,133–135 This switching phenomenon 

is accompanied by a structural change from the insulator monoclinic phase to metallic rutile phase; 

same as being reported in the thermally induced resistance switching. As shortly described in forward, 

VO2 is actively being investigated for the purpose of application in several fields. Among them, 

research on VO2-based two-terminal planar type switching devices is the most highly 

progressed.13,16,19,20,129,133,135,136 Planar type device referred to VO2 films grown on Si or c-Al2O3 

substrates with facing electrodes with gap of 3–50 μm length. The electrodes are deposited onto the 

VO2 films by using microfabrication techniques such as photolithography, reactive ion etching, and 

lift-off method. In this type of devices, all measurements were performed in an in-plane direction. The 

reported switching voltage (Vth) for this type devices as larger than several Volts. The lowest Vth and 

switching current, Ith of about 2 V, 6 mA were reported by Okimura et al. with electrode gap of 5 μm. 

Figure 1-5 shows a schematic of VO2-based two-terminal planar type devices.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1-5 Schematic of VO2-based two-terminal planar type devices.  
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1.5 Importance of Layered Type Device  

 In the previous section, VO2-based two-terminal planar type devices were explained. However, there 

are some disadvantages of the planar type devices. Firstly, the mechanism of the current flow is not 

clear. It is either the current flow through the VO2 films or between the two electrodes. Secondly, 

higher switching voltage (Vth) and current (Ith) in the threshold switching, which is responsible for high 

power consumption. In the planar type devices, the Vth depends on the distance between the two 

electrodes gap. Consequently, such VO2-based two-terminal planar type devices has a limit for 

restriction of the threshold voltage and current for switching.13,16,19,20,128,129,137 So, it is highly required 

to achieve a layered type device (out-of-plane or sandwich type device), in which VO2 films is 

deposited onto a conductive layer with the aim of application as a low consumption power selector 

switch. The switching voltage and current are expected to be significantly reduced in an out-of-plane 

configuration, since the film thickness of the VO2 layer corresponds to the electrode distance in the 

planar-type devices. Additionally, this type of structure is highly necessary for the integrated device 

applications. Lee et al. proposed Pt/VO2/Pt layered structure as a selector switch for the low-voltage 

and high-speed non–volatile memory. 44Then, Ramanathan group fabricated VO2 films on a heavily 

doped Si wafer with a resistivity of (2–5) ×10-4 Ωcm, also with the aim of achieving the out-of-plane 

device structure for the reduce the switching voltage.26,130,131,138,139 Son et al. reported the growth of 

VO2 film by thermal annealing for metal vanadium film on a Pt/TiN/SiO2/Si substrates at 500°C.90 

However, IMT in out-of-plane direction for VO2 itself was not reported. Also, with the purpose of 

realizing a high-speed VTRS in the out-of-plane configuration, the deposition of VO2 films on Ti 

metallic plate140 and Nb-doped SrTiO3 were introduced as conductive substrates.141 Recently, Sakai et 

al. reported the growth of VO2 films on Pt (111)/TiO2/SiO2/Si (001) substrates by the pulsed laser 

deposition method at a substrate temperature of 500°C with the aim of realized a low voltage and 

power consumption switching devices.132 Among all report for the VO2-based layered type device, 

only a few studies was succeeded to reduce switching voltage around 1 V, however, they could not 

succeed to reduce switching current in several tens μA orders, which is most essential for realizing a 

low power consumption switching devices. Additionally, the crystal morphology, the interface states 

between the VO2 film and the bottom electrode, and the out-of-plane IMT with more than 2 orders of 

magnitude change in resistance has not yet been reported. 
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1.6 Research Objective  

This dissertation focuses on the crystal growth of VO2 films on conductive layers with the aim of 

achieving a layered structure to realize a low voltage and low power consumption switching devices. 

Figure 1-6 presents the schematic of VO2-based layered type device as proposed in this study. The 

out-of-plane IMT characteristics will be investigated together with crystalline structure, crystalline 

morphology and the interface between the VO2 film and the metal layer. In VTRS, reductions of 

switching voltage and current, hence power consumption at the switching, are mandatory issues to be 

addressed. Switching voltage less than 1 V is a targeted value in the present proposed layered type 

device. The achieved low voltage and current in the proposed layered type device are advantageous 

for the application to low power consumption switching elements. In order to apply VO2 as a selector 

switch for next-generation random resistive memory, such requirement is a central subject to be 

achieved based on the reduced operation voltage and current in the latest electronics devices. To 

achieve above objective, the deposition of VO2 films on conductive layers were performed by using 

inductively coupled plasma-assisted sputtering (ICPS) method.  
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Fig. 1-6 Schematic of VO2-based layered type device. 
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1.7 Organization of Dissertation 

 This dissertation is organized by 5 chapter. A short brief of this thesis is given in below. 

 

Chapter 1 

 In this chapter, the background of this study was firstly introduced. A brief description on VO2 was 

given, which is consisting of crystalline structure, energy band structure, and the synthesis of VO2. A 

review of voltage triggered resistance switching (VTRS) was given. VO2-based two-terminal planar 

type devices, together with the problem statement was described. The importance of layered type 

devices with the motivation of this work was also provided in this chapter. 

 

Chapter 2 

 In this chapter, firstly given an explanation on experimental procedure. Then, details of the deposition 

processes of VO2/Ti/Si layered structure were discussed. Crystal growth of VO2 films was observed 

at a low substrate temperature of 250ºC in ICPS which revealed more than 2 orders of magnitude 

change in resistance in the out-of-plane direction, while the growth of VO2 films was not observed at 

the same temperature in CS. Plasma diagnosis of ICPS and CS, including ion energy distributions, 

plasma space potential, and optical emission intensity of oxygen radicals (O*) were presented in this 

chapter with the aim of clarification of the low-temperature crystallization of VO2. High substrate 

incident ion energy, space potential and the optical emission intensity of O* was achieved in ICPS, 

which assisted low-temperature crystal growth in ICPS. Morphology of VO2 films was examined by 

surface SEM. The interface between the VO2 film and the Ti layer was investigated by X-ray 

photoelectron spectroscopy (XPS). Voltage triggered resistance switching (VTRS) was performed by 

the Current –voltage (I-V) characteristics measurement. Low switching voltage, current and power 

consumption was achieved in proposed layered device structure. 

 

Chapter 3 

In this chapter, DC-magnetron sputtered titanium nitride (TiN) was introduced as a bottom electrode 

which also can act as a diffusion barrier layer between the VO2 film and Ti layers. Deposition processes 

of TiN and VO2 films were given. Crystallinity, layered structure, interfaces between the VO2 film and 

the TiN layer were investigated by XRD, R-T characteristics, cross-sectional SEM, and XPS, 

respectively, for all samples were prepared. A superior crystal growth was observed at a low 

temperature of 250ºC and even at a higher temperature of 400ºC in the VO2/TiN/Ti/Si structure, in 

contrast with the film on Ti/Si. Sharp out-of-plane IMT with more than 2.3 orders of magnitude change 

in resistance and an abrupt interface between the VO2 film and the TiN layer was obtained at 400ºC, 

demonstrating the advantage of the use of TiN layer. I-V characteristics with low power consumption 

of several tens µW was achieved in the present device, promoting the application of this device as a 
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low power consumption switching elements. 

Chapter 4 

In this chapter, the oscillation phenomenon of VO2-based layered type device was explored with the 

aim of investigation the switching speed and stability. A simple series circuit was used in the 

experimental processes. Self-oscillation with frequencies of MHz order was realized in the present 

device. An equivalent circuit was introduced for analytical study and comparison with experimental 

results. Then, the dependence of oscillation frequency on geometric parameters, including the film 

thickness and contact probe diameter was examined together with the dependence on circuit 

parameters of source voltage and series resistance. A model for high-frequency oscillation mechanism 

was constructed. The achieved results with MHz band oscillation in the proposed layered structure 

device has a great potential for industrial application such as radio frequency generator and micro-

inverter. The threshold switching speed of about several tens ns was obtained in present devices, which 

is significantly lower than the planar type devices. 

  

Chapter 5 

 In this chapter, the conclusions of this work were presented. The recommendation of future works 

was also delivered in this chapter.  
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Chapter 2 Growth of VO2 Films on Ti/Si Substrates by Inductively 

Coupled Plasma-Assisted Sputtering Method 

 

2.1 Introduction 

 

As described in chapter 1, VO2 exhibits an abrupt insulator-metal transition (IMT) at a relatively low 

temperature of 68ºC.1 It has been reported that the IMT of VO2 can be triggered by the electric field, 

which cause VO2 to be the most promising material for the electrical switching devices. Voltage 

triggered resistance switching (VTRS) in VO2-based two-terminal planar type devices was being 

widely investigated.2–4 However, there has been a restriction in both switching voltage and current, 

while in this type the threshold switching voltage and current depend on the gap between 

electrodes.2,3,5–9 Therefore, in order to investigate the intrinsic properties of VTRS, it is highly required 

to achieve a layered type device, in which VO2 film is deposited on the conductive layer (bottom 

electrode, BE) as was shown in Fig. 1-4 in chapter 1.10 Some research groups tried to achieve the out-

of-plane configuration with the VO2 films deposited on heavily doped Si wafers,10–13 Nb-doped SrTiO3 

substrates,14 and Pt layers.15–17 However, the out-of-plane IMT, the crystal morphology, and the 

interface between the VO2 film and the BE were not investigated. Many research groups have 

performed higher temperature depositions by the PLD18 method for the sample fabrication, in order to 

achieve a stoichiometric VO2 films with a good crystallinity. Among those deposition techniques, 

reactive magnetron sputtering is advantageous for growing thin films on various substrates such as 

Al2O3, Si, and glass, at relatively low temperatures of around 400~500ºC.19–21 However, in layered 

type device, substrate temperature of more than 400ºC might cause the interface diffusion between the 

VO2 film and the BE. So, it is highly desirable to introduce a low-temperature deposition technique to 

realize this layered type configuration. It has been reported that an assistance of the plasma in 

sputtering method is effective to improve crystallization at a relatively low temperature. In this study, 

inductively coupled plasma-assisted sputtering (ICPS) was introduced, which is rather advantageous 

for crystallization at a low temperature.22,23 In VO2-based two-terminal planar type devices, different 

types of electrode such as Au,24 Au/Ti,2,3 Au/Cr,7 Au/Ni,25 and Pd10 were investigated. However, the 

work functions of Au and Pd materials are rather higher than that of the VO2 films. So, it remains to 

be questioned if either an Ohmic contact is achieved between the VO2 film and the electrode during 

the I-V measurements, since VO2 is reported to behave as a n-type semiconductor26,27 with a work 

function of about 4.9 eV.28  

In this section, Ti was selected as a bottom electrode because of its high melting temperature and 

low cost for fabrication. Furthermore, the low work function of Ti (4.14 eV) can be able to make an 

Ohmic contact with VO2 film.The growth of VO2 film on Ti/Si substrates with the aim of achieving a 

layered type configuration was investigated by using the ICP-assisted sputtering method. Figure2-1 
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presents the schematic of VO2/Ti/Si layered structure. 

This chapter is organized as follows. Firstly, a minute description on conventional sputtering (CS), 

ICP –assisted sputtering (ICPS) and R-T measurement method were given. Then, characterization of 

the deposited Ti films on p-Si (100) substrates by the ICP-assisted sputtering method was performed 

in order to confirm its ability to work as a bottom electrode. After that, the deposition conditions and 

the crystalline properties of VO2 films on the Ti films by the ICP-assisted sputtering method was 

described. Characterization of films with XRD patterns and out-of-plane R-T characteristics were 

given. Then a comparison of ICPS with CS was delivered. Plasma diagnosis with including ion energy 

distributions, plasma space potential, and optical emissions of O radical (O*) was presented with the 

aim of clarifying the low-temperature crystallization of VO2 in ICPS. It is well-known that the 

energetic ion irradiation promotes the densification of films in various materials, including metals and 

compounds like TiN and TiO2.
29–31 On the other hand, as for the materials in which the good 

crystallinity is required to emerge their intrinsic properties, the effect of ion irradiation should be 

discussed in details as a factor that dominates the crystalline formation.32,33 Subsequently, surface and 

cross-sectional field effect scanning electron microscopic (FE-SEM) images, XPS depth profiles were 

presented. Finally, current-voltage (I-V) characteristics were presented for the fabricated samples.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2-1 Schematic of VO2/Ti/Si layered structure. 
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2.2. Experimental Procedure 

 

2.2.1 Conventional Sputtering (CS) 

 

Reactive sputtering is one kind of sputtering, in which the films are formed by chemical reaction 

between the target materials and gases. In most cases for oxide formation O2 gas is introduced as a 

reactive gas. In conventional sputtering (CS) method, electrons trapped in the magnetic field due to 

the establishment of the magnet on the back side of the target contribute to a dense plasma, which 

leads to high-speed film depositions. CS method is applicable deposition for oxide and nitride films. 

At present, CS sputtering is widely used for industrial coating technology, also in advanced research 

fields.  

 In this work, CS method was applied for sample fabrication. Figure 2-2 shows the schematic of CS 

method used in this study.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The cathode (target), earthed electrode (105 mm φ), quartz heater, and thermocouple were placed 

inside the chamber. In this study, vanadium metal (100 mm φ, 3N) with purity of 99.9% was used 

as a target material. Radio frequency (rf) power of 13.56 MHz was supplied to the target through  

a π type matching circuit. The distance between the target and the heater were maintained at 55 mm. 

Two rotary pumps and three turbo-molecular pumps (TMP) were used for pumping the chamber. The 
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Fig. 2-2 Schematic of rf magnetron sputtering apparatus.  
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degree of vacuum was monitored by an ionized vacuum gauge apparatus. The substrate was placed on 

the heater, in which the heating current was supplied by a Slidax. Substrate temperature was monitored 

by a K-type thermocouple. The processes chamber and the target were cooled by water. Flow rates of 

Ar and O2 gases were controlled by mass flow controllers. 
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2.2.2 Inductively Coupled Plasma-Assisted Sputtering (ICPS) Method 

 

 As described in chapter 1, several deposition techniques such as sputtering, PLD, and CVD has been 

examined for depositing VO2 films.18,34,35 In PLD technique, VO2 films revealed a good crystallinity 

at deposition temperature of more than 500ºC.18,21,36–41 In sputtering method, VO2 films show a better 

crystallinity above 400ºC.19,42,43 However, it is difficult to produce a stoichiometric VO2 films with a 

sharp IMT below 400ºC in sputtering and PLD techniques. The crystallinity and IMT of VO2 films 

strongly depend on the substrate temperature, where lower substrate temperature generally deteriorates 

the crystallinity of VO2. However, higher substrate temperature tends to cause diffusion in the 

interface.44 Due to this matter, it is highly required to introduce another deposition technique to 

produce VO2 films with a good crystallinity at a low temperature of around 200ºC. In this work, the 

ICP-assisted sputtering (ICPS) method was introduced as a deposition method which enables low-

temperature deposition. Figure 2-3 shows a schematic of ICP-assisted sputtering apparatus used in this 

study. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ICPS is a method, in which a two-turn coil was inserted between the target and the substrate in the 

conventional rf magnetron sputtering apparatus as shown in Fig. 2-3. The ICP-coil was made from a 

SUS 304 tubing (1/8 in.) and the diameter of the coil was 85 mm. The coil was cooled by water. The 

radio frequency of 13.56 MHz was supplied to the coil via a matching circuit in order to produce the 

inductively coupled plasma. The other configuration of the system is the same as the RF magnetron 

sputtering apparatus. In ICP-assisted sputtering the plasma density increases and the target self-bias is 

rather low compared to the conventional RF magnetron sputtering. 

Fig. 2-3 Schematic of ICP-assisted sputtering apparatus. 
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2.2.3 Resistance-Temperature (R-T) Measurement Set-up and Evolution of R-T 

Characteristics  

 

(a) R-T Measurement Set-up 

 

R-T characteristics is referred to as resistance change against temperature. As previously described, 

VO2 is an oxide that shows an insulator-metal transition (IMT) near 68°C, where several orders of 

magnitude change in resistance is occurred. After the fabrication of the sample, the growth of 

crystalline VO2 film can be confirmed by performing R-T characteristic measurement.  

In this study, the R-T characteristics were measured by using two-probe method. Figure 2-4 shows 

the schematic measurement method of the R-T characteristics. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Generally, R-T characteristic measurement was performed by contacting both probes onto the VO2 

film deposited on Si substrates, which is known as a planar direction measurement. In this work, one 

probe contacted onto the VO2 film, while another one contacted on the bottom electrode. This method 

is called as an out-of-plane direction measurement. During the measurements, the sample was placed 

on the heater, where, the heating current was controlled carefully, since the transition temperature 

(TIMT) of VO2 strongly depends on the heating speed.  
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Fig. 2-4 Schematic of R-T characteristics measurement method. 



26 

 

(b) Evolution of R-T Characteristics 

 

Figure 2-5 shows the R-T characteristics for the sample prepared on c-Al2O3 substrate by ICP-assisted 

sputtering method at a substrate temperature of 300°C. More than three orders of magnitude change 

in resistance was observed. IMT properties were characterized by the initial resistance (or resistance 

at room temperature), RRT, resistance at 100ºC, R100, transition temperature TIMT (TIMT-H for heating 

and TIMT-C for cooling), magnitude of resistance change, ΔR, and hysteresis width ΔH. TIMT is derived 

from the peak of the derivative (d (log10R)/dT) curve (inset figure). The ΔR was calculated using 

resistance values before and after the transition at both edges of the derivative curve and ΔH was 

defined by the difference between TIMT-H and TIMT-C. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2-5 R-T characteristics evolution.  
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2.3 Results and Discussion 

 

2.3.1 Fabrications of Ti Electrodes and Its Characterizations 

 

2.3.1-1 Deposition Conditions and Electrical Properties 

 

In this work, before the deposition of VO2 films, Ti films were deposited on p-Si (100) substrates 

(Ti/Si) by ICP-assisted sputtering method using a Ti target with a purity of 99.99%. Before the 

substrates were placed in the chamber, they were cleaned ultrasonically using acetone to remove the 

organic matters and other impurity ions adhered to the surface, and then rinsed using pure water. 

During the deposition, the substrate temperature and Ar pressure were kept constant at 200°C and 1.2 

Pa, respectively. The deposition was performed for 10 min, producing films with a thickness of about 

300 nm. The target-rf power and ICP-rf power were 200 W and 150 W, respectively. The resistivity of 

the fabricated Ti film was 1 − 2 × 10−4 Ωcm. The resistivity was measured by four-probe method. 

Although the measured resistivity is one order higher than that of the bulk Ti (4.27 × 10−5 Ωcm), yet 

it is possible to be used as an electrode. The deposition conditions were summarized in Table 2-1.  

 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Target Ti (99.99%) 

Substrate p-Si (100) 

Substrate Temperature (°C) 200  

Ar Pressure (Pa) 1.2  

Ar gas flow (sccm) 70  

Target-rf Power (W) 200 

ICP-rf Power (W) 150 

Deposition Time (min) 10 

Film Thickness (nm) 300 

Resistivity (Ωcm) 1-2×10-4 

Table 2-1 Deposition conditions and electrical resistivity of deposited Ti films. 
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2.3.1-2 XRD Pattern of Ti/Si Substrates 

 

 Crystallization of Ti films was analyzed by X-ray diffraction, XRD (PANalytical X’pert MRD) by 

using Cukα radiation (λ=1.5418Ǻ). Figure 2-6 shows the XRD patterns of the deposited film. The 

horizontal axis denotes diffraction angle and vertical axis indicates the peak intensity. Peaks at 2θ = 

32.75° and 69.10° are corresponding to Si (200) and (400) planes. Peaks at 2θ = 35.05°, 38.05°, 39.95°, 

52.29º, 62.86º, 74.85º, and 77.25º, are corresponding to Ti (100), (002), and (101), (102), (110), (200), 

and (112) planes, respectively. These results suggest that Ti films grow on Si substrates (Ti/Si) in a 

polycrystalline manner.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2-6 XRD pattern for the Ti film deposited on Si substrates. 
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2.3.2 Deposition of VO2 Films on Ti/Si Substrates by ICPS  

 

2.3.2-1 Deposition Conditions of VO2 Films in ICPS 

 

 After confirming the crystallization of Ti films on p-Si (100) substrates, VO2 films were deposited 

on Ti/Si substrates by using the ICPS. In order to obtain a stoichiometric VO2 film, it is important to 

choose the deposition conditions. As previously described, the crystallization of VO2 film strongly 

depends on the substrate materials, substrate temperature (Ts), and deposition technique. In this work, 

the deposition was first performed at Ts of 400°C. The target-rf power, ICP-rf power, O2 flow rate, 

Ar+O2 total pressure, and deposition time were kept constant at 200 W, 200 W, 1.0 sccm, 0.5 Pa, and 

20 min, respectively. The film thickness of VO2 films was measured to be about 200 nm. The layered 

structure of the device was investigated by the cross-section SEM measurement. Crystalline evaluation 

of VO2 films was carried out by XRD measurement. The out-of-plane R-T characteristics were 

measured by the two-probe method. Field emission scanning electron microscopy (FE-SEM) 

observations (HITACHI S-4800) were conducted for structural analysis, and x-ray photoelectron 

spectroscopy (XPS) was performed (Quantum 2000; ULVAC-PHI, Inc.) for analyzing the chemical 

states and the atomic composition along the out-of-plane direction. Finally, the current-voltage (I–V) 

characteristics were investigated using a curve tracer (SCT-2FR; Kokusai Denki Co. Ltd.). The 

deposition conditions for the VO2 films were summarized in Table 2-2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Target V (99.9%) 

Substrate Ti/Si 

Substrate Temperature (°C) 100 to 400  

(Ar+O2) Pressure (Pa) 0.5  

Ar gas flow (sccm) 50  

O2 flow (sccm) 1.0 

Target-rf Power (W) 250 

ICP-rf Power (W) 200 

Deposition Time (min) 20 

Table 2-2 Deposition conditions of VO2 films in ICPS. 
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2.3.2-2 R-T Characteristics and XRD Pattern of VO2 Film Deposited on Ti/Si 

Substrates at 400°C 

 

 As described in the previous section, VO2 films were firstly deposited at 400°C by the ICP-assisted 

sputtering method. Figure 2-7 (a) shows the out-of-plane R-T characteristics of the sample prepared at 

400ºC on Ti/Si substrates. The low initial resistance of about 3.3 kΩ was observed and no transition 

behavior was observed; only a semiconducting-like decrease in resistance was observed with 

increasing temperature. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-7 (b) displays the XRD 2θ scan pattern of the prepared sample. Peaks at 2θ = 35.02º, 38.15º, 

and 40.01º corresponded to hcp-Ti (100), (002), and (101) planes, respectively. A weak diffraction 

from the monoclinic VO2 (011) plane was observed at 27.85º. Interestingly, partial peeling of Ti films 

was also observed in the fabricated sample. In addition, as the substrate temperature increased to 450ºC, 

Ti films was totally peeled off. Due to that, R-T characteristics and XRD pattern could not be measured. 

Based on these results, it can be concluded that the growth of VO2 films on the Ti/Si substrates might 

be difficult to be performed at substrate temperatures higher than 400ºC. 

 

 

 

 

 

Fig. 2-7 (a) Out-of-plane R-T characteristics and (b) XRD pattern for the sample fabricated at 

400ºC.   
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2.3.2-3 XRD Patterns of VO2 Films Deposited on Ti/Si Substrates by the ICPS at 

Different Substrate Temperatures 

 

 As described in the section 2.3.2-2, it is difficult to grow crystalline VO2 films in the substrate 

temperatures of 400ºC and 450ºC. In this section, the crystal growth of VO2 films on Ti/Si substrates 

at comparatively lower substrate temperatures was delivered. The substrate temperatures, Ts was 

varied from 100ºC to 350ºC. Other deposition conditions were kept constant during deposition. The 

crystal growth of VO2 films was evaluated by the XRD 2θ scan method with a low X-ray incident 

angle of 2°.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-8 shows the XRD 2θ scan patterns of the samples prepared at different substrate 

temperatures. In Fig. 2-8, diffractions from hcp-Ti (100), (002), (101), (102), (110), (200), and (112) 

planes were detected at 2θ = 25.05°, 38.05°, 39.95°, 52.29°, 62.86°, 74.85°, and 77.25°, respectively. 

As described in section 2.3.1-2, the growth of Ti films on Si substrates in a polycrystalline manner 

was confirmed.  

Diffraction from the monoclinic VO2 (011) plane was observed at 2θ = 27.85° for the samples 

prepared from 200 to 400°C, suggesting the crystalline growth of VO2 film on Ti/Si substrates. The 

peak intensity increased with decreasing Ts until 250°C. On the other hand, the peak intensity 

decreased with decreasing Ts from 230ºC to 200ºC. New peaks were observed at 2θ = 14.39° and 
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Fig. 2-8 XRD 2θ scan patterns of the samples prepared at different substrate temperatures.  
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29.07° corresponding to the (001) and (002) planes of VO2 (B). VO2 (B) is a polymorph of VO2, which 

is reported to be usually formed by the chemical solution method at relatively low temperatures.45–49 

VO2 (B) reveal a layered-type structure and has been collecting much attentions for a cathode electrode 

in secondary Li-ion battery. A single VO2 (B) phase was obtained at 150°C in Fig. 2-8. At 100°C, no 

peak was observed, indicating the crystalline growth was no longer achievable. The degradation of 

VO2 crystalline at high temperatures was due to the diffusion of O atoms and the oxidation of Ti atoms 

as shown later. In contrast, the temperatures lower than 250°C are insufficient to achieve the crystalline 

growth of VO2 films. Based on these results, it was understood that 250°C is the most suitable substrate 

temperature for depositing VO2 films on the Ti/Si substrates by using the ICP assisted sputtering 

method from the standpoint of crystallinity.  
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2.3.2-4 R-T Characteristics of VO2 Films Deposited on Ti/Si Substrates by the ICPS 

at Different Substrate Temperatures 

In this section, the IMT properties of the samples deposited at different substrate temperatures were 

delivered. Herein, R-T characteristics were shown only for the samples prepared from 200 to 400ºC, 

since crystal growth of VO2 was not observed at 100ºC and 150ºC. Figures 2-9 (a) and (b) represent 

the out-of-plane R-T characteristics of the films fabricated at a higher temperature range (300 - 400ºC) 

and a lower temperature range (200 - 250ºC), respectively.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The sample deposited at 350ºC showed a weak insulator-metal transition (IMT) with near one order 

of resistance change, while no transition was observed for the sample of 400ºC. In this sample, RRT 

increased to 5.1 kΩ compared to the 3.3 kΩ of 400ºC. The increase of initial resistance is important to 

achieve a large resistance change. A sharp IMT with more than 1.5 orders of magnitude change in 

resistance was achieved in the sample of 300ºC. These results are corresponding to the XRD patterns, 

wherein higher peak intensity was observed for the sample deposited at 300ºC in comparison to 

samples of 350ºC and 400ºC. The TIMT-H and TIMT-C of 66ºC and 62ºC with ΔH of 4ºC and ΔR of 1.85 

were observed. The RRT was increased to 13.2 kΩ compared to 5.1 kΩ at 350ºC. These results suggest 

that the IMT is improved in lower substrate temperature than that in higher substrate temperature. 

Figure 2-9 (b) shows the R-T characteristics when the substrate temperature further decreased from 

300ºC to 200ºC. In Fig. 2-9 (b), a sharp IMT with more than 2.5 orders of magnitude change in 

resistance was observed for the sample deposited at 250ºC, with TIMT-H and TIMT-C at 71ºC and 67ºC 

with a ΔH of 4ºC and ΔR of 2.6 with the highest RRT of 83.26 kΩ. The ΔR of 2.6 orders was the highest 
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Fig. 2-9 Out-of-plane R-T characteristics of the samples prepared at different substrate 

temperatures, (a) for 300 - 400ºC and (b) for 200 - 250ºC, respectively. 
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value achieved for the layered type device, while another research groups failed to realize the IMT 

due to the low initial resistance of films. For the film deposited at 230ºC, IMT with TIMT-H and TIMT-C 

at 72ºC and 65ºC, with a wider ΔH of 7ºC (compared to the samples of 250 and 300ºC) was observed. 

ΔR of 1.9 orders magnitude was observed in the sample of 230ºC though rather lower RRT was found 

compared to the 250 and 300ºC. A weak transition was realized in the sample prepared at TS of 200ºC, 

in which small diffraction peaks in XRD from both monoclinic VO2 and metastable VO2 (B) phases 

were observed. In summary, 250ºC is the most suitable temperature for the VO2 deposition on the Ti 

layer, in which 2.6 orders of magnitude change in resistance was obtained. The cause of deterioration 

of IMT at higher substrate temperature will be explained in XPS section. The summarizing results of 

out-of-plane R-T characteristics were listed in Table 2-3.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Heating Cooling 

Sub. Temp. 

( ºC) 

RRT-H 

(kΩ) 

R100-H 

(Ω) 

RRT-C 

(kΩ) 

R100-C 

(Ω) 

TIMT-H 

( ºC) 

TIMT-C 

( ºC) 

ΔH 

( ºC) 

ΔR 

200  3.1 86 3.1 90 65 63 2 1.1 

230  50.2 380 50.2 380 72 65 7 1.9 

250  83.2 244 83.2 247 71 67 4 2.6 

300  13.2 131 13.2 131 66 62 4 1.9 

350  5.1 240 5.1 240 66 61 5 0.9 

400  3.3 805 3.1 805 0 0 0 0 

Table 2-3 IMT properties of VO2 films on Ti/Si substrates deposited at different Ts. 
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2.3.2-5 Reproducibility of R-T Characteristics in Point Contact Measurement 

Method  

 

In this section reproducibility of R-T characteristics in present point contact measurements is 

discussed. The sample prepared at 250ºC was presented for this purpose. The R-T characteristics were 

measured in different places on different dates with the aim of investigating the reproducibility of R-

T characteristics. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-10 (a) shows the R-T characteristics measured in different places on different dates. The 

results are only for heating runs. The initial resistance was almost the same in every measurements. 

Reproducibility of the resistance change with temperature was shown in this figure, though slight 

variation depending on the place was present as shown by error bars in Fig. 2-10 (b). 
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Fig. 2-10 (a) Reproducibility of R-T characteristics in point contact measurements for 

the sample prepared at 250ºC in different places and (b) R-T with error bars. 
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2.3.2-6 Resistivity-Temperature (ρ-T) Characteristics and Mechanism of Large Out-

of-Plane IMT in Layered Type Device   

 

In section 2.3.2-4, the results were presented as resistance versus temperature, R-T characteristics. In 

this section the resistivity, ρ was calculated by the equation of 𝜌 = 𝑅
𝑆

𝑙
, where R is resistance of the 

sample, s is cross-sectional area of the contact probe, and l is film thickness of the VO2. The schematic 

of resistivity calculation is given in Fig. 2-11 (a).  
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Fig. 2-11 (a) Schematic of resistivity calculation, (b) ρ-T characteristics for the sample 

prepared at 250ºC, and (c) Relationship between RRT of the VO2/Ti/Si structure and the 

electrode area, S, of Ti electrode. Fig. (c) is “Reproduced with permission from [Md. 

Suruz Mian and K. Okimura, J. Vac. Sci. Technol. A 32, 041502 (2014)]. Copyright 

[2014], American Vacuum Society.”  
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Fig. 2-11 (b) shows the ρ-T characteristics of the sample prepared at 250ºC. In monoclinic phase, ρ 

was calculated to be 8.13×104 Ω cm. This value is about three orders higher than the reported value 

of 10 Ω cm for the pure VO2 thin film. 50 In the present proposed device, higher initial resistance was 

observed realizing a large resistance drops in the out-of-plane direction. However, other research 

groups could not succeed in realizing the out-of-plane IMT of VO2 films grown on Pt layers, because 

of their low initial resistance16,17. So, it needs to clarify the causes of high initial resistance and the 

mechanism of out-of-plane IMT in this layered structure. To clarify the mechanisms of high out-of-

plane initial resistance and realization of abrupt IMT in this layered structure device, Ti electrodes 

with different sizes of 0.5 ~ 7.0 mm2 were fabricated on VO2/Ti/Si structure (250°C) by a vacuum 

evaporation method. Figure 2-11 (c) shows the relationship between the RRT and the electrode area, S. 

It can be seen that the RRT was inversely proportional to S as illustrated by theoretical curve of 𝑅𝑅𝑇 ∝
 1

S
. This results indicate that the current path increased as electrode area increased. Based on the 

polycrystalline feature, it was elucidated that the current path is formed within such crystalline grains 

covered by the upper electrode (probe) (Fig. 2-11(a)). Furthermore, the presence of grain boundaries 

in the presents polycrystalline VO2 film is considered to be also responsible for such high initial 

resistance between the top and bottom electrodes. In contrast, the VO2 film on the Pt layer is 

considered to be a laterally grown oriented crystals in which grain boundary contribution is suppressed 

and the current flows through entire the film; resulting in low initial resistance. Thus, the high RRT in 

the present layered type device has potential advantages in realizing intrinsic IMT of VO2 films on 

metal layers without additional VO2 etching to enhance its resistance. 
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2.3.2-7 Arrhenius Plots (σ-1/T) Characteristics of the Sample Prepared at 250ºC 

 

VO2 shows insulator-like property at room temperature, and it turns to show metallic after SPT. 

Values of conductivity σ against 1/T in unit of K-1 were calculated for the sample prepared at 250ºC. 

Figure 2-12 shows the σ-1/T characteristics, Arrhenius plots for the heating case of the sample of 

250ºC. When conductivity σ obeys activation process with temperature, σ is proportional to 𝑒−
∆𝐸𝑎

𝑘𝑇 , 

where ΔEa presents the activation energy, and k signifies the Boltzmann’s constant. Then, ΔEa can be 

derived from straight-line fitting for the Arrhenius plots. The values of ΔEa were calculated for both 

the low-temperature insulator phase (IP) and the high-temperature metallic phase (MP) from the slopes 

of fitting lines, as presented in Fig. 2-12. The achieved values of ΔEa were 0.22 eV for IP and 0.09 

eV for MP, respectively. The ΔEa of 0.22 eV in IP is as almost the same compared to reported value 

of VO2 film.34,51,52 
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Fig. 2-12 Arrhenius plots of conductivity, σ, against 1/T for the sample deposited at 250ºC. 
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2.3.3 Comparison of Deposition Performance of Conventional Sputtering (CS) with 

ICPS 

 

2.3.3-1 Deposition Conditions of VO2 films in CS 

 

 In the previous section, a stoichiometric crystal growth of VO2 films on Ti/Si substrates was realized 

at a substrate temperature of 250ºC by ICP-assisted sputtering method. In this section, crystalline 

growth of VO2 films on Ti/Si substrates by the conventional rf-magnetron sputtering (CS) method was 

performed. The rf magnetron sputtering method is a general sputtering technique and reported to be 

able to deposit crystalline VO2 films. Two samples were fabricated; one was at 250ºC and another one 

was at 400ºC. The other deposition conditions were same as the deposition conditions during the ICP-

assisted sputtering. The deposition conditions in CS were given in Table 2-4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Target V (99.9%) 

Substrate Ti/Si 

Substrate Temperature (°C) 250 and 400 

Target –rf power (W) 200 

ICP-rf power (W) Non 

Ar gas flow (sccm) 50  

O2 flow (sccm) 1.0 

(Ar+O2) Pressure (Pa) 0.5  

Deposition Time (min) 20 

Table 2-4 Deposition conditions of VO2 films in CS. 
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2.3.3-2 XRD Patterns of VO2 Films Deposited on Ti/Si Substrates by the CS 

 

 In this section, the crystal growth of VO2 films on Ti/Si substrates by conventional sputtering (CS) 

method was investigated. Figure 2-13 shows the XRD 2θ scans for the deposited VO2 films. XRD 

patterns for Ts of 250 and 400ºC deposited by the ICP-assisted sputtering method were reused in this 

figure. In this section, 2θ scan with a low X-ray incident angle of 2° was carried out.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-13 shows the XRD patterns of VO2 films deposited on Ti/Si substrates by the CS at 250 and 

400ºC. In Fig. 2-13, no diffraction from VO2 was observed for the sample prepared at 250ºC by the 

CS method. This result suggested the growth of amorphous VO2 film on Ti/Si substrates at a low 

substrate temperature in CS methods. On the other hand, crystal growth with a weak peak from VO2 

(011) plane was observed at 2θ = 27.85° for the sample prepared at 400ºC in CS method. However, in 

the case of ICP-assisted sputtering method, strong diffraction from VO2 (011) plane at 2θ = 27.85° 

was observed in both samples prepared at 250 and 400ºC as shown in Fig. 2-8.  
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Fig. 2-13 XRD patterns of VO2 films deposited at 250 and 400ºC. The 

results of ICP-assisted sputtering method is reused from Fig. 2-8.62 

“Copyright (2014) The Japan Society of Applied Physics” 
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2.3.3-3 R-T Characteristics of VO2 Films Deposited on Ti/Si Substrates by the CS 

 

In this section, out-of-plane R-T characteristics of VO2 films deposited by the CS method were 

discussed. Figure 2-14 (a) presents the out-of-plane R-T characteristics for the fabricated samples. R-

T characteristics of the films deposited at 250 and 400ºC for ICP-assisted sputtering method shown in 

Fig. 2-14 (b) were reused from Fig. 2-9 (a) and (b).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In Fig 2-14 (a), no IMT was observed in the film prepared by the CS method at 250°C, while a sharp 

IMT with more than two orders of magnitude change was realized in the films deposited by ICP-

assisted sputtering. In contrast, a weak transition with nearly one order of magnitude in resistance was 

observed in the sample of 400°C in the case of CS. These results were consistent with the XRD results. 

So, it is essential to clarify the reason behind the preferable crystalline growth of VO2 film at a low 

substrate temperature of 250°C deposited by the ICP-assisted sputtering method. To elucidate this 

matter, the characterization of both deposition apparatus were investigated and given in next section.  
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Fig. 2-14 Resistance-temperature (R-T) characteristics of VO2 films prepared by 

(a) CS method and (b) ICP-assisted sputtering method at substrate temperatures 

of 250 and 400°C.62 
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2.3.4 Characterization of ICPS and CS 

 2.3.4-1 Experimental Procedure 

 In the previous section, the low-temperature crystalline growth of VO2 films on Ti/Si substrates 

was achieved in the ICP-assisted sputtering method, while the crystallization of VO2 film was not 

observed in CS sputtering method at the same low substrate temperature of 250°C. In this section, 

characterization of both deposition techniques was performed to clarify the low-temperature 

crystalline growth of VO2.  
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sputtering apparatus, (b) ion energy analyzer consisting of three mesh grids, (c) an 

example of collected current, Ic, against retarding potential, Vr. The first derivative of Ic 

with respect to Vr, - (dIc/dVr) represents ion energy distribution.62 

 

M.C. 

Earthed Electrode 

Ar 

O2 
V Target (99.9%) 

Target  
RF 
13.56  
MHz 

  
ICP Coil 

ICP 

RF 
13.56 
MHz 

N 
S 

S 
N 

N 
S 

S 
N 

M.C 

Processes Chamber 

Window 

Mass Spectrometer 

  Detector 

Orifice 
(ϕ 0.2 mm) 

G1 
G2 
G3 

Vacuum Pump 

Differential Pumping  

Blocking Capacitor 

Matching Circuit 

Glass Tube 

(a) 



43 

 

The ion energy distributions (IEDs) of Ar ions to the substrate in both sputtering methods were 

measured by means of an electrostatic energy analyzer coupled with quadrupole mass analyzer.  

The dependence of IEDs on ICP-power was characterized. Values of plasma space potential (Vs), as 

one of the plasma parameter were measured by Langmuir probe method. Emission intensities from 

the plasma were measured by the optical emission spectroscopy. Figure 2-15 (a) shows the schematic 

of ICP-assisted sputtering apparatus with a mass spectrometer. A small orifice with the diameter of 0.2 

mm was placed under the grounded electrode. This orifice enables ions and neutrals to pass through 

to the lower chamber, where a mass spectrometer was set. The particles reach the mass spectrometer 

without colliding with ambient gas molecules. The ionization filament was switched off in order to 

measure the Ar+ ions. The IEDs were measured by using electrostatic energy analyzer, which is 

constructed in three grids as shown in Fig 2-15 (b). Each grid consisted of a 0.25 mm tungsten mesh 

(100 mesh/inch) with the area of the mesh was 100 mm2. The retarding potential was applied to analyze 

the energy of incident ions. The retarding potential (Vr) was served at the second grid as shown in Fig 

2-15 (b). The first and third grids were biased with a negative voltage of -30 V, for repelling electrons 

and focusing the ions towards the first grid and extracting the ions towards the detector at the third 

grid.  

The current Ic against ion velocity, v, is given by following equation (1) 

 

𝐼𝐶 = 𝑒𝑛𝐴 ∫ 𝑣𝑓(𝑣)𝑑𝑣
∞

𝑣𝑚𝑖𝑛
  …………………………………… (1) 

 

where e is elementary charge, n is ion density, A is effective collector area, and f(v) is velocity 

distribution function. The minimum velocity of incident ion, vmin, is given by Vr as follows.  
1

2
𝑚𝑣𝑚𝑖𝑛

2 = 𝑒𝑉𝑟      ………………………………………….. (2) 

 

By translating velocity distribution function to energy distribution function F(ε), the relation between 

Ic and F(ε) is given as follows. 

𝐼𝐶 = 𝑒𝑛𝐴 ∫ √
2𝜀

𝑚
𝐹(𝜀)𝑑𝜀

∞

𝑒𝑉
   ………………………………….… (3) 

 

By differentiating the collector current, Ic, with retarding voltage, Vr, we obtain following relation (4). 

𝑑𝐼𝑐

𝑑𝑉𝑟
= −𝑒2𝑛𝐴√

2𝑒𝑉𝑟

𝑚
𝐹(𝑒𝑉𝑟)    ………………………………… (4) 

 

Thus, ion energy distribution (IED), F(eVr), is given as follows. 

𝐹(e𝑉𝑟) = −
1

𝑒2𝑛𝐴
√

𝑚

2𝑒𝑉𝑟

𝑑𝐼𝑐

𝑑𝑉𝑟
  …………………………………… (5) 
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Based on this relation, we obtained IED by measuring the collector current with respect to the retarding 

bias voltage, and numerically differentiating the Ic against Vr. Numerical differentiation was performed 

by four-points differentiation for smoothing data set. Figure 2-15 (c) shows change in Ic against Vr in 

the case of total pressure of 2.7 Pa and rf power of 200 W in the conventional sputtering. The ion 

energy is given by first derivative of Ic with respect to Vr, dIc/dVr, as also plotted in Fig. 2-15 (c). 
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2.3.4-2 Ion Energy Distributions (IEDs), Plasma Parameters, and Optical Emission  

 

 As described in the previous section, IEDs of Ar+ ions subjected to the substrate in ICP-assisted 

sputtering and conventional sputtering were measured by an electrostatic energy analyzer coupled with 

quadrupole mass analyzer. Figure 2-16 shows the IEDs of Ar+ ions for both CS and ICPS. During the 

measurement, pressure was constant at 0.5 Pa, which is the same as during the VO2 film deposition. 

The horizontal axis represents the ion energy and the vertical axis means normalized intensity. The 

intensities of IEDs were normalized such that the integral value of the area of each IED converges to 

unity as a probability function.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 In Fig. 2-16, it can be observed that the ion energies are ranging from 13 eV to 44 eV in the case of 

rf power at 200 W in CS. The highest peak intensity was observed at 26 eV. This peak was almost 

coincident with the plasma space potential that was measured using a single Langmuir probe 

consisting of a 2-mm long cylindrical tungsten (W) tip with the diameter of 0.3 mm. Langmuir probe 

was inserted at the center of the chamber with a distance from the surface of the ground electrode to 

be 15 mm. So, it can be considered that the IED is strongly dominated by the plasma potential at this 

0

0.05

0.1

0.15

0.2

0.25

0 20 40 60 80 100 120 140 160

CS  Target-rf 250 W 

CS  Target-rf 200 W 

ICPS  ICP-rf 150 W 

ICPS  ICP-rf 200 W 

ICPS  ICP-rf 250 W 

N
o

r
m

a
li

ze
d

 I
n

te
n

si
ty

 (
a

rb
. 

u
n

it
) 

Ion Energy (eV) 

Ar
+

 

Fig. 2-16 IEDs of substrate-incident Ar+ for both CS and ICPS. Intensities of IEDs against ion 

energy were normalized such that the integral value of the area of each IED converges to unity as 

a probability function.62 “Copyright (2014) The Japan Society of Applied Physics” 
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lower total pressure of 0.5 Pa in which mean free path of Ar+ is estimated half of the distance between 

the target and the substrate. The lower energy component with energies less than 13 eV was considered 

to be present dispersion through various inelastic collisions. Such kind of lower energy could not be 

detected in the present set-up because of the lower sensitivity for the IED measurements. When the 

applied RF power was increased to 250 W in CS, the peak of IED shifted towards higher ion energy 

of 29 eV. In contrast, in the case of ICP-assisted sputtering apparatus with RF power of 150 W, three 

components of energy regions were observed at-40-50, 90-100, and 140-150 eV, respectively. In this 

case, the energy with the highest intensity was observed at about 142 eV. The IED tends to show higher 

shift with increasing ICP power. At ICP-rf power of 200 W, space potential was measured to be about 

156 V, which is almost corresponding to that highest component in IED.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-17 shows the Langmuir probe characteristics which shows electron current flowing into the 

probe against the probe voltage for the ICP-rf and CS. The calculated space potential was designated 

on the figure and was observed to be about 156 V. It was reported that the IED is dominated by space 

potential oscillations with several tens V interval.53,54 Thus it was clarified that the observed high 

energy components in IEDs in ICPS are responsible for quite high plasma space potential. It was also 

reported that the electrons run away from the metal coil, at a positively biased period resulting in a 

high electron temperature and high space potential in ICPS.55,56 Explicitly, large losses of electrons 

result in high energy ions incident to the substrate by the acceleration potential between the substrate 

and the plasma. The obtained plasma density of ICPS at ICP-rf power of 200 W is estimated to be on 
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Fig. 2-17 Characteristics of electron current, Ie, against probe voltage, Vp, for ICP-rf and 

target-rf power of 200 W in the case of 0.5 Pa. Space potential, Vs = 156 V was given by 

the intersection of two straight lines. 
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the order of 1010 cm-3, which is not so high compared to CS. However, high space potential (Vs) 

together with high electron temperature (Tc) are characteristic in ICPS. Here, mean energy (Emean) was 

provided by statistical calculation using IED. Emean of ICPS at ICP-rf power of 150 W was 47 eV, and 

increased to 54 eV when ICP-rf power increased to 200 W. These values are quite higher than those 

in CS. Further, optical emission intensities for O* (777 nm) atom during the deposition was measured 

using S2000 fiber optic spectroscopy. Figure 2-18 presents the optical emission intensity for the O* 

(777 nm) atoms for the (a) ICPS and (b) CS. In Fig. 2-18 (a), the emission intensity was significantly 

increased with increasing ICP-rf power. In contrast, no change in emission intensity was observed for 

CS shown in Fig. 2-18 (b).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Thus, it can be concluded that ICPS has a great advantage to generate high energy ions ranging from 

several tens eV to over 100 eV. Such high energy ions strongly assist low-temperature crystalline 

growth in oxide deposition. The summarization of IED’s was listed in Table 2-5.  

 

 

 

 

 

 

 

 

 

Fig. 2-18 Optical emission intensities for O* (777 nm) atoms for (a) ICPS and (b) CS. 
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Method Target-rf 

(W) 

ICP-rf 

(W) 

Emean 

(eV) 

Epeak 

(eV) 

Vs 

(V) 

Tc 

(eV) 

Ne 

(cm-3) 

CS 200 non 17 26 25 4.4 1.7×1010 

CS 250 non 19 29 30 5.1 1.7×1010 

ICPS 200 150 47 142 150 - - 

ICPS 200 200 54 147 156 10 7.8×1010 

Table 2-5 Mean energy of IED, Emean, energy at peak, Epeak, plasma space potential, Vs, 

electron temperature, Te, and electron density, Ne. Emean and Epeak were obtained from the 

measured IED’s. Vs, Te, and Ne were measured by Langmuir probe measurements. 

62“Copyright (2014) The Japan Society of Applied Physics”  
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2.3.5 Characterization of the Samples Prepared by ICPS at Different Substrate 

Temperatures (Ts) 

 

2.3.5-1 FE-SEM Images for the Samples Prepared at Ts from 250 to 400ºC 

 

 In this section, crystalline morphology was investigated evolution by FE-SEM images for the 

samples. Figures 2-19 (a) – (d) present the SEM images of films surface for samples prepared at 250 

to 400ºC. In Fig. 2-19 (a), crystalline grains with diameters from 100 to 200 nm were observed for the 

sample deposited at 250ºC. Furthermore, grain boundaries are noticeably surrounding the crystalline 

grains. Such grain boundaries affect the out-of-plane IMT. The current path for the out-of-plane 

direction was restricted by isolated grains and expected to have a potential in achieving out-of-plane 

IMT with large resistance change. Oxygen vacancies at grain boundaries are responsible for nucleating 

the phase transition, resulting in early onset of IMT.27,57  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In contrast, densely filled larger crystalline grains with sizes from 100 nm to 300 nm were obtained 

for the sample prepared at 400ºC as shown in Fig. 2-19 (d), indicating significant effects of substrate 

temperature on the growth of VO2 film.  

 

 

Fig. 2-19 Surface SEM images for the samples prepared at (a) 250ºC, (b) 300ºC, 

(c) 350ºC, and (d) 400ºC, respectively. 
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2.3.5-2 Cross-sectional SEM Images for the Samples Prepared at Ts from 250 to 

400ºC 

 

 Observation of the cross-sectional SEM is important for confirming the layered structure aspect, 

which is also important to characterize the interfacial states of the device. SEM images were taken for 

all samples prepared from 250 to 400ºC. The cross-sectional SEM images were shown in Fig. 2-20 for 

films of (a) 250ºC, (b) 300ºC, (c) 350ºC, and (d) 400ºC, respectively. In Fig. 2-20 (a) and (b), two 

layers L1 (VO2 film) and L2 (Ti film) on Si substrates are clearly appeared without any interfacial 

mixing aspect. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

However, mixed layer started to be observed in Fig. 2-20 (c) for the film deposited at 350C, while 

maintaining the three layers structure. Such a mixed layer in the vicinity of the interface is considered 

due to the diffusion of Ti atoms. This mixed layer became thicker with the increasing of substrate 

temperature, and a clear mixed layer between the VO2 film and the Ti layer was observed in the sample 

of 400°C in Fig.2-20 (d), and the sandwich structures were no longer recognized in contrast to that at 

250°C. Diffusion of Ti atoms into the interface might be responsible for the low RRT and disappearance 

of out-of-plane R-T in the 400°C sample as presented in Fig. 2-20 (a). Further discussion will be given 

in the XPS measurement section.   
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Fig. 2-20 Cross-sectional SEM images for the samples prepared at (a) 250ºC, (b) 

300ºC, (c) 350ºC, and (d) 400ºC, respectively. 
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2.3.5-3 XPS Depth Profiles for the Samples Prepared at Ts from 250 to 400ºC 

 

 XPS depth measurements were performed for the samples prepared from 250 to 400ºC for discussing 

the chemical composition and interfacial condition for present layered structure device. Figure 2-21 

shows the XPS depth profiles for the samples fabricated at (a) 250ºC, (b) 300ºC, (c) 350ºC, and (d) 

400ºC, respectively. XPS spectra were taken for C 1s, O1s, Si 2p, V2p, and Ti 2p after every 2-min 

sputtering by Ar ion with an acceleration energy of 2 kV. The diameter of X-ray beam is 50 μm and 

the detector is located at 45º with respect to the surface of the sample. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2-21 XPS depth profiles for the samples prepared at (a) 250ºC, (b) 300ºC, (c) 

350ºC, and (d) 400ºC, respectively. 
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In Fig. 2-21, the horizontal axis represents the total Ar-ion sputtering time and the vertical axis refers 

to the atomic concentrations. Atomic concentrations were derived from the area of each atomic 

spectrum. In Fig. 2-21 (a), two layers labeled as L1 (VO2), L2 (Ti) with sharp interfaces were observed 

on the sample of 250ºC, which corresponds to the aspect as was observed in the cross-sectional SEM 

images (Fig. 2-20 (a)). The VO2 film was almost stoichiometric in this sample. V and O disappeared 

in the interface region labeled “I1” as Ti are visible and later vanished near the interface between Ti 

and Si labeled as “I2”. A clear interface without any interface diffusion was obtained between the VO2 

film and the Ti layer in this temperature of 250°C. Consequently, in this VO2/Ti/Si prepared at 250°C, 

the Ti layer acts as a metal electrode. As the diffusion did not occur at the interface, sharp IMT was 

realized in the out-of-plane direction. As the film thickness of VO2 film was 200 nm, as presented in 

Fig. 2-21 (a), the etching rate by Ar-ion was estimated as 9.8 nm/min until the interface shown in Fig. 

2-21 (a). In Fig. 2-21 (b), wider interface (labeled I1) between the VO2 film and the Ti film was 

observed than the sample of 250°C (Fig.2-21 (a)) with a little oxidized Ti layer in the interface. A 

mixed layer with V, Ti, and O was observed for the sample of 350°C as presented in Fig. 2-21 (c), 

where oxidation of Ti layer was also observed in this sample, which responsible for the deterioration 

of IMT at 350°C as shown in Fig. 2-9 (a). Furthermore, in Fig. 2-21 (d) for the sample deposited at 

400°C, the top layer mixed with Ti up to the surface. Additionally, oxidation of Ti layer was also seen 

at this temperature. The disappearance of IMT in Fig. 2-9 (a) of 400°C was responsible for such a 

mixed layer formation. Therefore, it is recognized that elevated temperature of 400°C invites a crucial 

problem in the interface.58  
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2.3.5-4 Current-Voltage (I-V) Characteristics of the Samples Prepared at Ts from 

230 to 300ºC 

 

In this section, I-V characteristics were measured for the samples prepared at Ts from 230 to 300ºC, 

in which a good crystallinity was observed. The I-V characteristics were measured by KEITHLEY 

6487 Picoammeter/Voltage Source. Figure 2-22 (a) shows the I-V characteristics of the samples 

prepared at Ts from 230 to 300ºC. Horizontal axis presents the switching voltage, Vth and vertical axis 

presents the switching current, Ith.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In Fig. 2-22 (a), switching was observed at voltage of 0.6 V with a current value of 150 μA for the 

sample prepared at Ts of 230ºC. This Vth value is much lower than the reported value for the two-

terminal planar type configuration, which was 2 V. These results suggested that the bottom electrode 

worked as a concrete electrode without interfacial oxidation. In this case, the calculated electric field, 

Eth was 3.0×106 V/m. This electric field was in the same order to those previously reported for the 

Fig. 2-22 (a) I-V characteristics of the samples prepared from 230 to 300ºC, (b) ln (I/V) vs. √𝑉 

measured from (a), and (c) – (e) present the each graph for the all samples taken from (b).    

-9

-8.5

-8

-7.5

-7

-6.5

-6

-5.5

-5

0.2 0.4 0.6 0.8 1 1.2

L
n

 (
I/

V
 (

A
/V

))

Sqrt V (V)

(c) Ts 230ºC 

Ohmic 

Metallic 

(d) Ts 250ºC 

-9

-8

-7

-6

-5

0.2 0.4 0.6 0.8 1 1.2

L
n

 (
I/

V
 (

A
/V

))

Sqrt V (V)

Ohmic 

P-F 

Metallic 

-10

-9

-8

-7

-6

0.2 0.4 0.6 0.8 1 1.2 1.4

L
n

 (
I/

V
 (

A
/V

))

Sqrt V (V)

(e) Ts 300ºC 

Ohmic 

P-F 

Metallic 

0

500

1000

1500

2000

2500

3000

0 0.5 1 1.5 2

C
u

rr
en

t 
(μ

A
)

Voltage (V)

230ºC 300ºC 250ºC 

(a) 

-10

-9

-8

-7

-6

-5

-4

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

L
n

 (
I/

V
(A

/V
))

Sqrt V (V)

230ºC 
300ºC 250ºC 

(b) Metallic Regime 

P-F Regime 

Ohmic Regime 

P-F: Poole- Frenkel 



54 

 

VO2 nanocontact59 and nanogap11, but one order of magnitude larger than the VO2 planar type 

configuration.2 The switching power consumption, P was estimated to be about 90 μW, which is lower 

than previously reported value in the planar type device. On the other hand, as for the samples 

deposited at Ts of 250ºC and 300ºC, values of Vth were measured to be 0.8 V and 1.6 V, respectively. 

Vth and Ith increased with the increase of Ts. This should be due to the existence of the interfacial 

oxidation between the VO2 film and the Ti layer, as was shown in the XPS results. To investigate the 

I-V mechanism, ln (I/V) and √𝑉 was calculated from the Fig. 2-22 (a) and was shown in Fig. 2-22 

(b). Figure 2-22 (c) – (e) present the single graph for films deposited at all Ts. In Fig. 2-22 (c), in the 

insulating state (region of before switching), the current was increased with an Ohmic manner. In 

contrast, two regimes contributing to Ohmic and Poole-Frenkel (P-F) were observed in Fig. 2-22 (d) 

and (e) in the insulating state, right before the switching occurred. The reason of the co-existence of 

these two regimes of different conductivities in the insulating state might be due to the contribution of 

the nonstoichiometric defects of the oxygen vacancy type.60,61 I-V properties were summarized in 

Table 2-6.  

 

 

 

 

 

 

Ts Vth Ith P Eth 

(ºC) (V) (μA) (W) (V/m) 

230 0.6 150 9.0×10-5 3.0×106 

250 0.8 350 2.8×10-4 4.0×106 

300 1.6 880 1.4×10-3 8.0×106 

 

 

 

 

 

 

 

 

 

 

 

Table 2-6 I-V properties of the samples prepared at Ts from 230 to 300ºC.  
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2.3.6 Growth of VO2 Films on Ti/Si Substrates with Different Film Thicknesses by 

the ICPS 

 

In layered type device, film thickness of VO2 film plays an important role for the control of the out-

of-plane characteristics, since VO2 film thickness corresponds to the electrode gap in the layered type 

device. Thus in this section, the dependence of VO2 film thicknesses was investigated. As already 

described in section 2.3.2-3 and 2.3.2-4, good crystallinity with a sharp out-of-plane IMT was achieved 

at Ts of 250ºC. Based on these results, VO2 films with different film thicknesses were prepared by the 

ICP-assisted sputtering method at 250ºC. Other deposition conditions are as same as described in 

section 2.3.2-1. In this case, with the aim to prepare samples with different film thicknesses, deposition 

times were varied from 20 to 80 min. The film thicknesses were later determined by the cross-section 

SEM images as shown in Fig. 2-23. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In Fig. 2-23, The film thicknesses were observed to be about 200 nm for the sample prepared at 20 

min, 400 nm for 40 min, 600 nm for 60 min, and 800 nm for 80 min. 

 

 

 

0.2 μm 

(a) 20 min 

0.4 μm 

(b) 40 min 

0.6 μm 

1 μm 

(c) 60 min 

0.8 μm 

(d) 80 min 

Fig. 2-23 Cross-sectional SEM images of VO2 films deposited for (a) 20 min, 

(b) 40 min, (c) 60 min, and (d) 80 min, respectively.  
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(a) XRD Patterns of the Samples Prepared with Different Film Thicknesses  

Figure 2-24 shows the XRD 2θ scan patterns for the samples with different film thicknesses. 

Diffractions from hcp-Ti (002), (101), (102), (110), (200), and (112) planes were detected at 2θ = 

38.05°, 39.95°, 52.29°, 62.86°, 74.85°, and 77.25°, respectively.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Diffractions from VO2 (011) and (1̅02) planes were observed at 2θ = 27.8° and 33.3°,where the peaks 

intensity increased with the increase of the film thicknesses. These results suggested the 

polycrystalline growth of VO2 films (as was previously described in Ts dependence). A new peak from 

V6O13 (003) plane was appeared at 2θ = 26.8° for the films from 0.4 to 0.8 µm. Furthermore, another 

new peak from V6O13 (204) plane was observed at 2θ = 42.2° for the film of 0.8 µm. According to 

these results, it could be expected that the substrate temperature increased with the increase of 

deposition time, stabilizing the growth of high oxidation state, V6O13.  
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Fig. 2-24 XRD patterns of the samples prepared with different film thicknesses. 
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(b) R-T Characteristics of the Samples Prepared with Different Film Thicknesses 

 

 Figure 2-25 presents the out-of-plane R-T characteristics of the samples with different film 

thicknesses. In Fig. 2-25, 1.3 order of magnitude change in resistance was observed in the sample of 

0.2 μm, with TIMT-H at about 72°C and TIMT-C at 67°C, and ΔH of 5°C. In the samples of 0.4 and 0.6 

μm, IMT with near two orders of magnitude change in resistance were obtained. The TIMT-H was 

observed to be at 67°C and TIMT-C was at 63°C for 0.4 μm. This TIMT of 67°C was rather lower than 

the sample of 0.2 μm. However, The TIMT-H was observed at 74°C, which is higher than that of the 0.2 

μm. On the other hand, ΔR became smaller in the case of 0.8 μm, and the TIMT shifted to the lower 

temperature. In this case, TIMT-H was observed at 60°C, and TIMT-C at 58°C than the others sample. The 

shift of the TIMT to lower temperature might be due to the compressive stress in the sample. One can 

observe, that initial resistance, RRT increased with the increase of the film thickness until 0.6 μm, then 

decreased at 0.8 μm. The presence of V6O13, which is reported to be metallic like at room temperature, 

might be responsible for the decrease of the RRT in 0.8 μm as shown in shown in Fig. 2-25. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2-25 R-T characteristics of the samples prepared with different film thicknesses. 
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(c) I-V Characteristics of the Samples Prepared with Different Film Thicknesses  

 

Figure 2-26 (a) shows the I-V characteristics of the samples prepared at different film thicknesses. 

In the sample of 200 nm, switching was observed at the applied voltage of 0.45 V with a switching 

current of 222 μA. The switching voltage, Vth, and current, Ith, gradually increased with increasing 

film thickness. The switching voltage of 0.45 V is the lowest switching voltage in VO2-based devices, 

including bulk, two-terminal planar type devices, and layered type device. Figure 2-26 (b) shows the 

ln (I/V) vs. √V characteristics for all samples. The data were taken from Fig. 2-26 (a). In Fig. 2-26 

(b), two regimes were observed in the insulating state. Ohmic regime was observed in a relatively low 

voltage area, and P-F regime was observed just before the switching occurred. Vth and Ith against the 

film thickness was illustrated in Fig. 2-26 (c). 
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Fig. 2-26 (a) I-V characteristics of the samples prepared with different film thicknesses,  

(b) P-F plots [ln (I/V) vs. √V] constructed from I-V curves shown in (a), and  

(c) values of Vth and Ith against film thicknesses.  
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(d) Switching Electric Field and Power Consumption of the Samples Prepared with 

Different Film Thicknesses. 

 

 Figure 2-27 shows the switching electric field, Eth and the power consumption of samples prepared 

with different film thicknesses. Eth increased with decreasing film thicknesses according to the 

equation of Eth = Vth/L, in which Vth is switching voltage, and L is film thickness. The present Eth is in 

the same order as was previously reported in nanogap,59 nanocontact,11 and layered type device.17 

However, this value is one order higher than the planar type configuration.2 Sakai et al. surveyed a 

relationship between transition voltage and film thickness in various type of devices, including VO2 

single crystal, VO2-based two-terminal planar type devices and VO2-based layered type device. They 

reported that Eth was disproportional to L, but rather proportional to L1/2.17  

 On the other hand, power consumption, P (P = VI) decreased with decreasing film thicknesses. The 

lowest P of 9× 10-5 W was obtained in the sample with film thickness of 200 nm. The present P is of 

about two orders lower than previously reported in VO2-based two-terminal planar type devices and 

as well as layered type devices.2–4,6,17 These results suggested that P might be further decreased with 

the decreasing film thicknesses to several tens nm, indicating the potential of this layered type device. 
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Fig. 2-27 Switching electric field and power consumption of the samples prepared with 

different film thicknesses. 
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2.4 Conclusions 

In this chapter, VO2 films were deposited on Ti/Si substrates by using inductively coupled plasma-

assisted sputtering (ICPS) method. First, Ti films with a thickness of 300 nm were deposited on p-Si 

(100) substrates by ICPS method. The resistivities of the Ti films was evaluated to be 1 – 2 × 10-4 

Ωcm. In the deposition of VO2 films on the Ti/Si substrates, deposition temperatures were varied from 

150 to 450°C for fixed deposition conditions. As the results, diffraction from VO2 (011) plane was 

observed on samples prepared at 200 - 400°C, indicating that the VO2 film grown on Ti/Si has 

polycrystalline manner. The highest peak intensity was observed at 250°C, while the peak intensity 

decreased gradually with increasing temperature. In the resistance –temperature (R-T) characteristics, 

the largest out-of-plane IMT with resistance change of 2.6 orders was realized in the sample prepared 

at 250°C. The disappearance of IMT in the sample prepared at 400°C suggested that low-temperature 

deposition is required for achievement of large IMT of VO2 film on the metal template.  

In XPS results, a sharp interface between the VO2 film and the Ti layer was clearly observed in the 

sample prepared at the substrate temperature of 250°C, while formation of mixing layer with V, O and 

Ti was found in the samples prepared at temperatures higher than 350°C. Thus, it is vitally important 

to produce a sharp interface between VO2 and the bottom electrode in order to achieve a superior IMT 

properties in the out-of-plane direction. In the sample of 250°C, Ti films acted as an electrode, and a 

sharp out-of-plane IMT was accomplished. On the other hand, the diffusion of O atoms and the 

oxidation of Ti films were occurred in the sample fabricated at the higher substrate temperature of 

400°C, and were responsible for the degradation of the out-of-plane IMT. Accordingly, it became clear 

that the 250°C is the suitable substrate temperature for the crystal growth of VO2 films on the Ti/Si 

substrates. 

The obtained large out-of-plane IMT in VO2 on Ti/Si substrates is responsible for high resistance 

value at room temperature. In the present study, presence of grain boundaries in the polycrystalline 

VO2 film is considered to be responsible for such high initial resistance between top electrode and 

bottom electrode. Low-temperature deposition of VO2 films on metal templates by the ICPS method 

enabled such large out-of-plane IMT avoiding the diffusion and oxidation of Ti layer . 

In order to clarify the advantage of the ICPS method compared to conventional sputtering (CS), 

comparisons of deposition performances and plasma diagnostics were done between ICPS and CS. As 

the results, crystalline VO2 films could not be obtained by the CS at temperature lower than 250°C in 

contrast to ICPS. Diagnostics results of ion energy distributions (IEDs) for substrate-incident ions 

showed that the presence of high energy ion components with energies around 80 and 150 eV enhance 

the low-temperature crystalline growth. In addition, enhancement of oxygen radical (O*) production 

is also considered to be responsible for the growth of stoichiometric VO2 films at the low temperature.  

In I-V characteristics, the threshold switching was observed at the applied voltage of 0.6 V with a 

current value of 150 μA (power consumption: 90 μW) for the sample of 230°C. This Vth value is much 
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lower than the reported value for the two-terminal planar type configuration, which was several volt. 

Threshold switching was observed at 0.8 V and 1.6 V for the samples of 250 and 300°C, respectively. 

The results that the Vth and Ith increased with Ts should be due to the interfacial mixing layer. The 

achieved low voltage and power consumption have great potential for the application as a low voltage 

selective switch for the non-volatile memory.  
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Chapter 3 Growth of VO2 Films on TiN/Ti/Si Substrates by Inductively 

Coupled Plasma-Assisted Sputtering Method 

 

3.1 Introduction 

 In chapter 2, the low-temperature crystal growth of VO2 films on Ti/Si substrates was achieved by 

ICP-assisted sputtering method. A good crystallinity was obtained in a low substrate temperature, 

while crystallinity degradation was observed in the sample prepared at a high substrate temperature of 

400ºC. In R-T characteristic, more than two orders of magnitude change in resistance was realized in 

the out-of-plane direction for this layered-type structure. The diffusion of O atoms and the oxidation 

of Ti layer were observed in the case of higher substrate temperature deposition, which is responsible 

for the degradation of out-of-plane IMT. 

 So, it is highly required to achieve a stoichiometric VO2 films at higher substrate temperature on 

conductive layers suppressing the interfacial diffusion and oxidation, since VO2 is generally known to 

reveal a good crystallinity at substrate temperatures higher than 400ºC.1–3 

In this chapter, TiN, a well-known diffusion barrier was introduced as a conductive layer. TiN is 

widely used in contact metallization for silicon integrated circuits because of its low diffusivity and 

thermal stability.4–9 TiN also acts as a concrete electrode because of its low resistivity          

(bulk: 1–3×10--5Ω cm). In this study, TiN was used as a bottom electrode with diffusion barrier 

function for suppressing the diffusion of O atoms and the oxidation of Ti layer. Figure 3.1 shows the 

schematic out-of-plane device proposed in this chapter. 

 

 The deposited films were characterized by XRD and resistivity measurements. The crystallinity of 

the prepared sample was confirmed by the XRD measurements. The resistivity was measured by the 

four-point method. The device structure and the atomic composition were evaluated by the cross-

sectional SEM images and XPS depth profiles. 

 

 

 

 

 

 

 

 

 

 

 

Si 

Ti 

TiN VO2 

Fig.3-1 Schematic of VO2/TiN/Ti/Si layered structure devices. 
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3.2 Experimental Procedure 

 

3.2.1 Deposition Conditions of TiN Films 

 

 Before the VO2 film deposition, Ti and TiN films were deposited by ICP-assisted sputtering and DC 

magnetron sputtering methods. The Ti films were deposited on the p-Si (100) substrate by the ICP-

assisted sputtering method using a Ti metal target, with purity of 99.99%. The deposition condition of 

Ti films was as same as described in chapter 2. Then, the TiN films were deposited by a DC magnetron 

sputtering method with a TiN target. The atomic composition of TiN target is Ti: N = 1:1. During the 

deposition, the substrate temperature and rf power were kept constant respectively at 350°C and 150 

W. The Ar gas flow and the base pressure were also constant at 30 sccm and 2 × 10-4 Pa, respectively. 

The deposition time was maintained at 14 min, producing a film thickness of around 200 nm. Electrical 

conductivities of Ti and TiN films were measured by using a four-point probe method. The electrical 

conductivities were estimated to be 1–2 × 10-4 Ωcm for both the Ti and TiN films. The deposition 

conditions for both layers were given in Table 3-1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Target Ti (99.99%) TiN (Ti:N=1:1) 

Substrate p-Si (100) Ti/Si 

Substrate Temperature (°C) 200  350 

Ar Pressure (Pa) 1.2  0.6  

Ar gas flow (sccm) 70  30 

Apparatus ICP-assisted DC magnetron 

Target-rf Power (W) 200 - 

ICP-rf power (W) 150 - 

DC power - 150 

Deposition Time (min) 10 14 

Film Thickness (nm) 300 200 

Resistivity (Ωcm) 1–2×10-4 1–2×10-4 

Table 3-1 Deposition conditions and electrical resistivity of deposited Ti and TiN films. 
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3.2.2 Deposition Conditions of VO2 Films 

After the deposition of the bottom electrode (TiN) on Ti/Si substrates, the deposition of VO2 films 

was accomplished by the ICP-assisted sputtering method. Generally, VO2 reveals a good crystalline 

above 400°C in conventional magnetron sputtering10–12, and in comparatively higher deposition 

temperatures in methods such as PLD1,2,13,3,14 and CVD.15,16 In this chapter, the deposition was 

executed only by the ICP-assisted sputtering method. ICP-assisted sputtering apparatus has a great 

potential in the low-temperature deposition because of the effect of high energy ion incidence onto the 

substrate during the deposition as was investigated in the previous chapter.17–19 The substrate 

temperatures were varied from 150 to 400°C and were compared to the VO2/Ti/Si results. 

 During the deposition of VO2 films, the target rf-power and the ICP-rf power were both set at 200 

W. The total gas pressure was 0.5 Pa with an oxygen flow of 1.0 sccm (sccm: standard cubic 

centimeter). The deposition time was 20 min, producing the film thickness of around 200 nm. The 

prepared samples were characterized by the XRD measurements, out-of-plane R-T characteristics, FE-

SEM, cross-sectional SEM, XPS depth profiles, and out-of-plane I-V measurements.  

The deposition conditions were given in Table 3-2.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Target V (99.9%) 

Substrate TiN/Ti/Si 

Substrate Temperature (°C) 100-400  

(Ar+O2) Pressure (Pa) 0.5  

Ar gas flow (sccm) 50  

O2 gas flow (sccm) 1.0 

Target-rf Power (W) 200 

ICP-rf Power (W) 200 

Deposition Time (min) 20 

Table 3-2 Deposition conditions of VO2 films. 
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3.3 Results and Discussion 

 

3.3.1 XRD Patterns of TiN Films Deposited on Ti/Si Substrates 

  

Figure 3-2 shows the XRD 2θ scan patterns for the prepared samples. Peaks from the initial Ti layer 

were found at 35.05°, 38.05°, 39.95°, 52.29º, 62.86º, 74.85º, and 77.25º, corresponding to Ti (100), 

(002), (101), (102), (110) (200), and (201) planes, respectively. These results suggested that Ti films 

were grown on Si substrates with a polycrystalline manner. Diffractions from the TiN films were 

observed at 2θ=36.69°, 42.63°, 61.86°, 74.17°, and 77.96°, which are corresponding to cubic (Fm3m, 

a: 4.241 Å) TiN (111), (200), (220), (311), and (222) planes, respectively. The results showed the 

polycrystalline growth of TiN on Ti/Si substrates.  
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Fig. 3-2 XRD Patterns of TiN films deposited on Ti/Si substrates.  
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3.3.2 XRD 2θ scan Patterns of VO2 Films Deposited at Different Substrate 

Temperatures 

  

 The crystallinity of the samples fabricated at different substrate temperatures was discussed by the 

XRD 2θ scan measurement. 2θ scan, which is suitable for the analysis of polycrystalline thin films, 

was presented. The incident angle of X-rays was kept at 2º. Figure 3-3 shows the XRD 2θ scan patterns 

for all samples prepared. X-axis represents diffraction angle, and Y-axis presents the peak intensity. In 

Fig. 3-3, diffractions from hcp-Ti (100), (002), (101), (102), (110), (200), and (201) planes were 

observed at 2θ=25.05°, 38.05°, 39.95°, 52.29°, 62.86°, 74.85° and 77.25°, respectively. As already 

described in section 2.3.1-2, the growth of Ti films on Si substrates in a polycrystalline manner was 

confirmed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Diffractions at 2θ=36.69°, 42.63°, 61.86°, 74.17°, and 77.96° corresponded to cubic (Fm3m, a: 4.241 

Å) TiN (111), (200), (220), (311), and (222) planes, respectively. These results suggest that the TiN 

film crystallized on Ti/Si substrates with maintaining a polycrystalline manner. Diffraction from 

Fig. 3-3 XRD 2θ scan patterns of the samples prepared at different substrate 

temperatures.  
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crystalline VOX was not observed in the sample deposited at 100ºC, while peaks from VO2 (B) (001) 

and (002) planes were observed at 2θ=14.39° and 29.07°, respectively. When the substrate temperature 

increased to 200ºC, a single peak from the VO2 (B) (110) plane was observed at 25.0. However, 

diffraction from monoclinic VO2 (011) plane was not detected. Later, as the substrate temperature was 

increased to 250ºC, the peak from VO2 (B) phase disappeared, and diffraction from the monoclinic 

VO2 (M) (011) plane was observed at 27.85º together with a peak from the V6O13 phase. Besides, as 

the substrate temperature increased from 250 to 400ºC, only single peak of VO2 (M) (011) plane was 

detected. The peak intensity increased with increasing of substrate temperature. On the other hand, 

VO2 (M) peak intensity decreased when the substrate temperature increased to a value higher than 

250ºC in the VO2/Ti/Si structure, suggesting a significant improvement in the growth of VO2 (011) at 

higher substrate temperatures in VO2/TiN/Ti/Si devices. VO2 (011) peak intensity evolution with 

increasing Ts was illustrated in Fig. 3-4.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3-4 Changes of peak intensity for VO2 (011) plane observed in XRD 

patterns for both VO2/Ti/Si and VO2/TiN/Ti/Si structures. 
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3.3.3 R-T Characteristics of VO2 Films Deposited at Different Substrate 

Temperatures 

 

 In chapter 2, out-of-plane R-T characteristic with more than two orders of magnitude change in 

resistance was observed in the sample prepared at 250ºC for the VO2/Ti/Si structure. However, the 

IMT was degraded with increasing substrate temperature. Diffusion of Ti atoms and the oxidation of 

Ti layers were responsible for such deterioration of IMT in the out-of-plane direction as was confirmed 

by the XPS results. Figure 3-5 shows the out-of-plane IMT characteristics for the samples prepared at 

different substrate temperatures. The inset shows the schematic of out-of-plane R-T measurement 

method. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In this case, the TiN film was used as a bottom electrode and the probe was tungsten carbide (WC) 

with a diameter of 50 μm. In Fig. 3-5, all samples prepared at different temperatures from 200 to 400°C 

revealed the out-of-plane IMT. However, in the case of the VO2/Ti/Si structure, IMT was realized only 

for the sample prepared at low substrate temperatures from 200 to 300°C, while IMT was not observed 

at high substrate temperatures from 350 to 400°C, due to the interfacial diffusion of O atoms and the 

oxidation of Ti layer. In contrast, a superior and the larger out-of-plane IMT with more than 2.3 orders 

of magnitude change in resistance with highest initial resistance of 163 kΩ was realized in the 
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Fig. 3-5 R-T characteristics of VO2 films deposited on TiN/Ti/Si substrates 

at different substrate temperatures. 
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VO2/TiN/Ti/Si structure prepared at 400°C. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Significant improvement was observed in the sample prepared at 400ºC on TiN/Ti/Si substrates 

compared to Ti/Si substrates. These result suggested that the TiN film worked as an electrode and 

suppressed the diffusion of O atoms. The details will be described in the XPS section. A weak 

transition was observed for the sample prepared at 200ºC, in which the VO2 (B) phase was dominantly 

grown, as was observed in XRD pattern of Fig. 3-3. The IMT was not obtained at temperatures lower 

than 200ºC ( not shown here). A comparison of the R-T characteristics for the layers grown at Ts = 

400°C for both structures is given in Fig. 3-6. 
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Fig. 3-6 A comparison of the R-T characteristics for the samples 

prepared at Ts = 400°C for both structures. 

Fig. 3-7 Changes of RRT with substrate temperatures for both structures.  
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The initial resistance increased with increasing substrate temperature and the highest initial resistance, 

RRT of 163 kΩ, was obtained in the sample of 400°C, while the RRT decreased with increasing substrate 

temperature in the case of VO2/Ti/Si structure. Changes of RRT with substrate temperature for the both 

structures are given in Fig. 3-7.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The monotonic increase of RRT with increasing temperature in VO2/TiN/Ti/Si structures proposed a 

significant improvement of VO2 crystallinity on the TiN buffer layer. Figure 3-8 displays the changes 

of TIMT for samples prepared at different TS for the both device structures of VO2/Ti/Si and 

VO2/TiN/Ti/Si. In the VO2/Ti/Si structure, TIMT was observed at 72°C for the sample prepared at TS of 

230°C and TIMT decreased below 68°C, with the increase of TS. In contrast, in the case of the 

VO2/TiN/Ti/Si structure, TIMT was at 63°C for the sample fabricated at 230°C and increased with TS. 

TIMT was found at 68°C for the samples prepared at 300 - 400°C. The TIMT at 68°C is identical to the 

IMT temperature for bulk VO2 crystal.20 

 

 

 

 

 

 

 

Fig. 3-8 Transition temperatures of VO2 films fabricated on Ti/Si 

and TiN/Ti/Si substrates at different substrate temperatures.  
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The IMT properties of VO2 films deposited on TiN/Ti/Si substrates at the different substrate 

temperatures from 230 to 400°C are summarized in Table 3-3.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sub. Temp RRT 

( kΩ) 

R100 

( kΩ) 

TIMT-H 

(°C ) 

TIMT-C 

(°C ) 

ΔH 

(°C ) 

ΔR 

200°C 9.9 0.63 71 68 3 0.9 

230°C  35.0 1.30 63 60 3 1.2 

250°C 82.3 0.49 65 62 3 1.9 

300°C 123 1.60 68 63 5 1.5 

400°C 163 0.44 68 61 7 2.3 

Table 3-3 IMT properties of VO2 films fabricated on TiN/Ti/Si substrates at different Ts.   
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3.3.4 Surface SEM Images of VO2 Films Deposited at Substrate Temperatures of 250 

and 400ºC 

 

Figure 3-9 shows surface SEM images for VO2 films on TiN/Ti/Si substrates prepared at (a) 250°C 

and (b) 400°C, respectively. Herein, only low (250°C) and high (400°C) substrate temperatures were 

focused. In Fig. 3-9 (a), larger crystal grains with sizes of 100 - 500 nm were observed for the sample 

prepared at 250°C. On the other hand, smaller crystal grains with sizes of 100–300 nm were obtained 

for the sample of 400°C as shown in Fig. 3-9 (b). In this case, the crystal grains are not densely filled 

and grain boundaries were also observed. Such grain boundaries are responsible for the increase of the 

initial resistance and are forming an another current path in the out-of-plane direction, and are also 

responsible for the realization of large IMT.21,22  
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Fig. 3-9 Surface SEM images of VO2 films fabricated on TiN/Ti/Si substrates at low 

(250°C) substrate temperature (a) and high (400ºC) substrate temperature (b).  
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3.3.5 Cross-sectional SEM Images of VO2 Films Deposited at Substrate 

Temperatures of 250 and 400ºC 

 

Figure 3-10 (a) and (c) shows cross-sectional SEM images of the samples fabricated at 250°C and 

400°C on TiN/Ti/Si substrates. Fig 3-10 (b) and (d) represent the cross-sectional SEM images for the 

samples prepared at 250°C and 400°C on the Ti/Si layer as already shown in Fig. 2-20 in chapter 2. In 

Fig. 3-10 (a), three layers consisting of VO2, TiN and Ti were clearly observed on Si substrates with 

sharp interfaces at the lower temperature of 250°C. In the case of VO2/Ti/Si structure, VO2, Ti and Si 

were clearly observed at a lower temperature of 250ºC as shown in Fig. 3-10 (b).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Three layers with consisting of VO2, TiN, and Ti were also clearly apparent on Si substrates in the 

sample prepared at a higher temperature of 400°C in the VO2/TiN/Ti/Si structure without any mixing 

layer between the VO2 film and the TiN layer. Sharp interfaces between the VO2 film and theTiN 

layers and between the TiN and the Ti layers were also observed. These results suggested that the TiN 

film acted as a diffusion barrier and suppressed the diffusion of O atoms into the Ti layer, which led 

to realize a sharp interface in sample deposited at a higher substrate temperature. Such sharp interface 

is essential to achieve a superior out-of-plane IMT.21,23 However, in VO2/Ti/Si structures, mixing layer 

between the VO2 film and the Ti layer was observed in the sample prepared at 400°C shown in Fig. 

3-10 (d).  
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Fig. 3-10 Cross-sectional SEM images of VO2 films fabricated on TiN/Ti/Si substrates at 

low (250°C) substrate temperature (a) and high (400ºC) substrate temperature (c). (b) and 

(d) present for the VO2/Ti/Si structure deposited at the same temperatures. Fig. 3-10 is 

“Reproduced with permission from [Md. Suruz Mian and K. Okimura, J. Vac. Sci. 

Technol. A 32, 041502 (2014)]. Copyright [2014], American Vacuum Society.”  
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3.3.6 XPS Depth Profiles of VO2 Films Deposited at Substrate Temperatures of 250 

and 400ºC 

 

In this section, XPS depth profiles were examined in order to investigate the atomic composition and 

interface condition between the VO2 film and the bottom electrode. Figure 3-11 (a) shows the XPS 

depth profiles for the sample prepared at 250ºC on the TiN/Ti/Si substrates and Fig. 3-11 (b) shows 

the XPS depth profiles of VO2/Ti/Si structure deposited at the same temperature .  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

XPS spectra were taken for C 1s, N 1s, O1s, Si 2p, V2p, and Ti 2p after every 2 min sputtering by 
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Fig. 3-11 XPS depth profiles of VO2 films fabricated on TiN/Ti/Si substrates at (a) 250ºC and (c)  

400ºC. Images of (b) and (d) present the XPS depth profiles of VO2/Ti/Si structures, where (b) for 

250ºC and (d) for 400ºC, respectively.  This Figure is “Reproduced with permission from [Md. 

Suruz Mian and K. Okimura, J. Vac. Sci. Technol. A 32, 041502 (2014)]. Copyright [2014], 

American Vacuum Society.”  
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Ar ions with an acceleration energy of 2 kV. In Fig. 3-11, the horizontal axis shows the total Ar-ion 

sputtering time. The vertical axis represents the atomic concentration. The atomic concentrations were 

derived from the area of each atomic spectrum. In Fig. 3-11 (a), three layers (L1, L2, and L3) were 

designated on Si substrates as the same as observed in the cross-sectional SEM image in Fig. 3-10 (a). 

In this case, the VO2 film was almost stoichiometry. In the TiN buffer layer, the N atom concentration 

was slightly smaller than stoichiometry. This fact probably indicated the initial TiN film quality. A 

sharp interface was observed between the VO2 film and the TiN layer, suggesting that the TiN layer 

acts as an electrode for the sample prepared at 250ºC. Consequently, superior IMT was realized for 

the low substrate temperature of 250ºC as illustrated in Fig. 3-5. These results were the same as the 

case of the VO2/Ti/Si structure are shown in Fig. 3-11 (b). 

Figure 3-11 (c) shows the XPS depth profiles of the VO2/TiN/Ti/Si structure with the VO2 film 

deposited at 400ºC. As shown in Fig. 3-11 (c), a significant improvement was observed despite the 

high deposition temperature of 400°C. A sharp interface between the VO2 film and the TiN layer was 

obtained at this high temperature similar to that of the sample of 250°C. Although a very small amount 

of Ti atoms in the VO2 region and the O atoms in the TiN region were also observed at this temperature. 

On the other hand, significant diffusion of O atoms and oxidation of Ti layer were observed in the 

sample fabricated at TS of 400ºC in the VO2/Ti/Si structure. A metallic Ti layer (L3) was also 

maintained in this case. These results clarified that the diffusion of O atoms and the oxidation of Ti 

layer were suppressed by the TiN buffer layer in the VO2/TiN/Ti/Si structure, even at the VO2 

deposition temperature of 400°C. The realization for both stoichiometric crystalline VO2 films and the 

sharp interface enabled to fabricate a layered device with the intrinsic IMT of the VO2 film. Figure 3-

11 (d) shows the XPS depth profile of the VO2/Ti/Si structure with the VO2 film deposited at 400ºC 

(This figure is reused for the comparison with the VO2/TiN/Ti/Si structure). In this case, the top layer 

was observed to mix with the Ti atoms. Additionally, oxidation of the Ti layer also caused the 

formation of a TiOx layer on Si substrates. Such the diffusion of O atoms and the oxidation of the 

bottom Ti layer resulted in the disappearance of IMT in the sample prepared at 400°C for the VO2/Ti/Si 

structure. 
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3.3.7 I-V Characteristics of VO2 Films Deposited at Substrate Temperatures of 250 

and 400ºC 

  

Current–voltage characteristics (I-V) in the out-of-plane direction of the VO2/TiN/Ti/Si structure 

using the TiN layer as a bottom electrode were investigated for the low (250°C) and high (400°C) 

substrate temperatures by using a curve tracer. A 50 Hz sinusoidal voltage was applied through 100 Ω 

series resistance by contacting probe. Figure 3-12 presents the I–V curves for the samples deposited at 

250 and 400°C. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In Fig. 3-12 (a), threshold switching was observed at the applied voltage of 0.55 V. The threshold 

switching current was estimated to be about 22 μA, labeled as “A”. This switching current obtained 

in this sample is the lowest value ever reported for the VO2-based devices. Then the I–V curve followed 

A → B → C cycle, and reached to the initial trace at point of “C”. In the negative bias, similar threshold 

switching was appeared at point of “D”, with -0.55 V, -22 μA, and I–V repeated the loop labeled D → 

E → F. This symmetric I–V characteristic against applied sinusoidal voltage was the same as that of 

typical VTRS inVO2-based two-terminal planar type devices. The symmetry characteristic represented 

that metal electrode behave as an Ohmic contact, not as a Schottky barrier. The threshold electric field 

Eth that triggered the VTRS was estimated to be 2.8 × 106 V/m from the 0.55 V onset voltage and 200 

nm film thickness. The power consumption of 12.1 μW achieved in this device has a great potential 

for the application of VO2-based devices. 

In the case of 400ºC, the threshold switching was realized at the applied voltage of 0.60 V and the Ith 
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Fig. 3-12 I-V characteristics of VO2 films fabricated on TiN/Ti/Si substrates at (a) 250ºC 

and (b) 400ºC. Figure 3-12 is “Reproduced with permission from [Md. Suruz Mian and K. 

Okimura, J. Vac. Sci. Technol. A 32, 041502 (2014)]. Copyright [2014], American Vacuum 

Society.”  
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was observed to be about 55 μA, which were rather higher compared to the case of 250ºC. The I-V 

curve followed the A → B → C cycle, and it reached to the initial trace as labeled as C. The same loop 

was obtained for the negative voltages. The diffusion of O atoms and the oxidation of TiN layer in the 

vicinity of the interface, which were recognized at the I1 in Fig. 3-11 (c), may be responsible for the 

increasing of Vth and Ith at 400ºC .The power consumption was estimated to be about 33.0 μW. The 

calculated Eth was about 3.0 × 106 V/m. These values of Eth are the same order as that reported for 

nanogap and nanocontact VO2 junctions. 24,25 For this discrepancy, we speculate that the presence of 

lower oxidized states in the interface shown in the XPS depth profile, which affect the onset field to 

shift towards a lower value. Yang et al. suggested that the power consumption is suppressed by 

introducing a layered structure for future advancement.26 The present layered type device with low 

power consumption has a great potential for realizing VO2-based switching device.  
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3.4 Conclusions 

 In the previous chapter, the out-of-plane IMT with more than 2.6 orders of magnitude change in 

resistance was achieved for the sample deposited on Ti/Si substrates at low substrate temperature. 

However, such IMT was observed to disappear in the sample prepared at a high substrate temperature 

of 400ºC due to the diffusion of O atoms and the oxidation of Ti layer. In this chapter, TiN was 

introduced as a diffusion barrier with the aim of accomplishing a good crystallinity of VO2 films even 

at a high substrate temperature of 400ºC. TiN was deposited on Ti/Si substrate by DC magnetron 

sputtering method. The deposited TiN films showed polycrystalline feature and low resistivity on the 

order of 10-4 Ω cm, as confirmed by the XRD and resistivity measurements. Then, VO2 films was 

fabricated on TiN/Ti/Si substrates by the ICP-assisted sputtering method. The substrate temperature 

was varied from 100 to 400ºC. The crystallinity was evaluated by the XRD 2θ scan measurements.  

In XRD results, diffraction from the (011) plane was observed on all samples prepared at 250 - 400ºC. 

A significant improvement was found in the VO2/TiN/Ti/Si structure; the peak intensity was increased 

with increasing substrate temperature, and the highest peak intensity was achieved in the sample of 

400ºC. These results implied that a good crystallinity of VO2 films was achieved at a high substrate 

temperature of 400ºC, while the degradation of crystallinity was obtained in the VO2/Ti/Si structure 

fabricated at 400ºC. Peaks from VO2 (B) metastable phase were observed on the samples deposited at 

150 and 200ºC, while any peak from VOx was not observed at 100ºC.  

In R-T characteristics, the RRT was increased with increasing substrate temperature, and two orders 

of magnitude changes in resistance were realized at the lower substrate temperature of 250-350ºC. 

Rather larger resistance drop with more than 2.3 orders of magnitude was observed at 400ºC. These 

results correspond to the XRD results in which highest peak intensity was obtained at 400ºC. The TIMT 

was found to be 68ºC in the sample of 400ºC, which is identical to the generally recognized IMT 

temperature for bulk VO2 crystal.  

In XPS, a sharp interface was observed in the sample prepared at a lower substrate temperature of 

250ºC, which is same as VO2/Ti/Si structure. Furthermore, an abrupt interface was also obtained for 

the sample prepared at 400ºC in VO2/TiN/Ti/Si structures, though a very small amount of Ti atoms in 

the VO2 region and the O atoms in the TiN region were also observed. On the other hand, significant 

diffusion of O atoms and the oxidation of Ti layer were observed in the sample fabricated at TS of 

400ºC in the VO2/Ti/Si structure. These results indicate a drastic improvement in VO2/TiN/Ti/Si 

structures, in which TiN layer suppressed the oxidation of Ti layer. Furthermore, three layers with 

clear interface were also confirmed in the cross-sectional SEM images, which is vitally important to 

realize a sharp interface between the VO2 film and the metal laye6r, and led to the abrupt IMT in the 

out-of-plane direction.  

In out-of-plane I-V characteristics, switching was observed at the applied voltage of 0.55 V, and the 

switching current was 22 µA for the sample prepared at a substrate temperature of 250ºC. On the other 
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hand, Vth and Ith were designated at 0.60 V and 55 µA for the sample prepared at 400ºC, respectively.  

Rather higher values of Vth and Ith at 400ºC were considered to be responsible for observed small 

diffusion of O atoms at the interface between the VO2 film and TiN layer.The switching electric field 

was estimated to be 2.8 × 106 V/m and 3.0 × 106 V/m for both substrate temperatures of 250 and 400ºC. 

The estimated electric field was in the same order as previously reported value for VO2 nanocontact 

and nanogap junction. The calculated power consumption at 250 ºC was 12.1 µW, which is the lowest 

value ever reported in VO2-based two-terminal planar type devices and as well as layered type device. 

The present layered type device with low switching voltage and low power consumption offers a great 

potential for the application as a low voltage and low power consumption selective switch which is 

highly required for the next generation high-speed non-volatile memory device.  
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Chapter 4 Self-sustaining Oscillation of VO2-Based Layered Type 

Device 

 

4.1 Introduction 

As described before, VO2 has attracted much attention due to its sharp first-order insulator-metal 

transition (IMT) near to room temperature of 68°C.1–4 It was reported that this IMT of VO2 can be 

triggered by the different external parameters, such as thermal, electrical and optical excitation, and 

as well as strain, making VO2 to be as a most promising material. However, physics of the transition 

in VO2 are still under debate. While some studies suggest that the transition is a Peierls transition,5–7 

some other studies favor that it is a Mott transition.8–11 Voltage triggered resistance switching (VTRS) 

of VO2 was first reported in the1960s.12,13 Since then, the VTRS of VO2 has actively been studied by 

others.9,10,14–16 VTRS that occurred due to the occurrence of IMT in VO2 thin films has been a central 

subject in attempt to realize an electrical switching devices,2,9,10,14,17,18 though there are remaining 

discussions regarding the contribution of local temperature rise by current induced Joule heating effect. 

17,19,20  

Generally, It is known that self-sustaining oscillation phenomenon can be triggered in such a device 

which shows a negative differential resistance (NDR) region in its I-V characteristics. VO2 also 

exhibits a NDR region in I-V characteristics. Self-sustaining oscillation in VO2 has been investigated 

from the 1970s. Oscillation in VO2 bulk crystal was firstly reported by Taketa et al. with frequency of 

0.9 kHz at room temperature in 1975.21 Then, in 1978, rather high oscillation frequency of 5 kHz for 

VO2 needles was reported by Fisher.22 After that, there was no report on oscillation in VO2 until Sakai 

reported it in 2008, in which the oscillation was observed in VO2-based two-terminal planar type 

devices with the frequency of 556 kHz.23 Sakai suggested that the oscillation occurred only under a 

certain combination of the source voltage and load resistance. Then, the electrical oscillation of VO2-

based two-terminal planar type devices was reported by Kim’s group in late 2008.24,25 Therefore, at 

present self-sustaining oscillations of VO2 films were actively studied and were frequently reported.25–

31 This oscillation in VO2 is triggered by the threshold switching characteristics, which is accompanied 

by the negative differential resistance (NDR). Sakai and Kim's groups suggested that the restoring 

force in the series resistance occurred in the metallic state of VO2, then getting back to the insulating 

state, and resulting in self-sustaining oscillation of the voltage across VO2.23,25,32 Time constant (τ), 

which is determined by series resistance and capacitance in the circuit, is considered to be a decisive 

factor in deciding the oscillation frequency (fosc).27 To date, the values of fosc were reported to range in 

order of several hundred kHz for VO2-based two-terminal planar type devices, with the τ in the order 

of several μs. In the VO2-based two-terminal planar type devices, electrode areas and spacing are 

designed to be in μm-order scale, resulted in a low oscillation frequencies. Recently, Beaumont et al. 

reported oscillation in VO2-based out-of-plane configuration, in which VO2 film was sandwiched by 
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crossbar electrodes, realizing a narrower electrodes spacing.29 They reported rather lower threshold 

current (~ 0.6 mA) and voltage (~ 0.8 V) in I-V characteristics and fosc up to 300 kHz by the current 

injection. Out-of-plane configuration has a great potential for lowering both threshold voltage and 

current in switching, and also controlling the fosc. This is due to the defined electrode spacing, which 

is corresponding to the films thickness in the out-of-plane configuration. Furthermore, high-frequency 

self-sustaining oscillation with a frequency of MHz order and parametric dependence of the oscillation 

frequency in both configurations have not yet been reported. This parametric study is important in 

order to clarify the mechanism of self-sustaining oscillation in VO2-based devices. In addition, self-

sustaining oscillation measurement is effective to investigate the stability and the speed of resistance 

switching. 

In this chapter, the performance of self-sustaining oscillation in the VO2-based layered type devices 

was investigated. As layered type devices, VO2/Ti/Si and VO2/TiN/Si structures were used. In the 

VO2/Ti/Si structure, the sample fabricated at a low temperature of 250C described in chapter 2 was 

introduced. While, the VO2/TiN/Si structure is newly prepared in this chapter. The dependence of the 

oscillation frequency on source voltage, Vs, and series resistance, RE, was studied in the VO2/TiN/Si 

structure. Parametric dependence of the oscillation frequency was investigated in the VO2/Ti/Si 

structure. Before the oscillation measurements were performed, VO2 films were deposited on TiN 

conductive layers at a low substrate temperature of 230°C by using the ICP-assisted sputtering method. 

In chapters 2 and 3, it was found that low deposition temperature of around 230C was effective for 

suppressing interfacial diffusion and oxidation.33,34 Then, the deposited films were characterized by 

XRD, out-of-plane R-T, SEM, and XPS measurements. The oscillation measurements of VO2-based 

layered type device were performed. During the measurements, the dependence of oscillation 

frequency on geometric parameters, including the film thickness and probe diameter was examined 

together with the dependence on circuit parameters of source voltage and series resistance. Higher 

self-oscillation frequency up to 9 MHz by adjusting those parameters offers new vistas for the 

application of this phenomenon in the engineering fields, such as radio frequency generators and dc-

rf micro inverters. Figure 4-1shows the schematic of VO2/TiN/Si layered structure devices for this 

chapter. 
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Fig. 4-1 Schematic of VO2/TiN/Si layered structure devices. 



86 

 

4.2 Experimental Procedure 

 

In chapters 2 and 3, good crystallinity with more than two orders of magnitude change in resistance 

in both VO2/Ti/Si and VO2/TiN/Ti/Si structures at Ts of 250°C was obtained. However, the diffusion 

of the O atoms and the oxidation of Ti layer were observed in VO2/Ti/Si structures at Ts of 400°C. In 

chapter 3, TiN was introduced as a bottom electrode with diffusion barrier function, resulting 

successful suppression of the oxidation of Ti layers and realized 2.3 orders of magnitude change in 

resistance at Ts of 400°C in VO2/TiN/Ti/Si structures in which sharp interfaces were formed without 

diffusion of Ti.34 Significant improvement of abruptness in the interface between VO2 film and the 

conductive layer was realized in the VO2/TiN/Ti/Si structure at 400°C, while a small amount of 

diffusion of the O atoms into TiN layer was recognized at this temperature. As the result, it can be 

concluded that low-temperature deposition is suitable for the fabrication of VO2 films on the 

conductive layer. Based on this background, in this chapter, a single TiN layer (without Ti) was used 

as a bottom electrode to form an out-of-plane configuration. Crystallinity, R-T characteristics, and the 

interface between the VO2 film and the TiN layer were investigated. Based on out-of-plane I-V 

characteristics, the performance of self-sustaining oscillation in layered type device was also 

investigated. 

Before the VO2 deposition, conductive TiN layer was deposited on Si substrates (TiN/Si structures) 

by the DC magnetron sputtering method. In the TiN deposition, TiN with composition ratio of Ti: N 

= 1:1 was used as a target material. A minute description of deposition processes of TiN films is the 

same as given in chapter 3.34 The conductivity of fabricated TiN films was about 2 × 10-4 Ωcm, suitable 

to be used as bottom electrodes for the switching and oscillation experiments. In the deposition of VO2 

films, V metal with a purity of 99.9% was used as a target material. The total pressure of Ar and O2 

gasses was 0.5 Pa, and flow rates of Ar and O2 were 55 sccm and 1.0 sccm, respectively. Target-rf 

power and ICP-rf powers were 200 W, and the deposition rate of under these conditions was 10 

nm/min. The deposition time was 20 min; VO2 film with thickness of 200 nm was produced. All 

measurements were performed at room temperature. The deposition conditions of VO2/Ti/Si structures 

were given in chapter 2. 

The crystallinity of VO2 films was measured by the X-ray diffraction (XRD) using CuKα radiation. 

Layered device structure was confirmed by the cross-sectional FE-SEM. X-ray photoelectron 

spectroscopy (XPS) depth profiles was performed to investigate the chemical composition along the 

film thickness. All electrical characterizations were performed in an out-of-plane direction by two-

probe method, in which tungsten carbide (WC) tips with a diameter of 50 μm were used as the probes. 

I-V analysis and oscillation observation were performed by instantly switching from one measurement 

circuit to another, in order to study the relationship between I-V and oscillation properties in the same 

junction. 
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4.3 Results and Discussion 

 

4.3.1 XRD Pattern of VO2 Film Deposited on TiN/Si Substrates 

 

Figure 4-2 shows the XRD 2θ scan pattern of the VO2 film deposited on TiN/Si substrates. 

Diffractions at 2θ = 36.69°, 42.63°, 61.86°, corresponding to cubic (Fm3m, a: 4.241 Å) of TiN (111), 

(200), and (220) planes were observed, respectively. These results suggest that the TiN film on Si 

substrates was crystallized while maintaining the polycrystalline manner. The preferential peak of VO2 

(M) (011) plane was detected at 2θ = 27.85º, suggesting the crystalline growth of VO2 films on TiN/Si 

layer. A weak peak from the metastable VO2 (B) (110) plane was observed at 2θ = 25.25º. VO2 (B) is 

a polymorph of VO2, which usually grows at a relatively low substrate temperature, and is metallic at 

room temperature.35,36 

Cross-sectional SEM image shown in Fig. 4-2 (b) confirmed the layered structure of the fabricated 

VO2/TiN/Si device. In Fig. 4-2 (b), two layers (L1 and L2) with a sharp interface between the VO2 

film and the TiN layer were clearly observed, while the oxidation and diffusion were not observed in 

the vicinity of the interface. 

 Figure 4-2 (c) shows the surface SEM image of the produced sample. The observed grain sizes were 

around 50 to 200 nm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4-2 (a) XRD 2θ scan pattern of VO2 film deposited on TiN/Si substrates, and (b) cross-

sectional SEM image and (c) surface SEM image of the produced VO2/TiN/Si structures.  
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4.3.2 R-T Characteristics of VO2 Film Deposited on TiN/Si Substrates 

 

 Figure 4-3 presents the out-of-plane R-T characteristics of VO2 film fabricated on TiN/Si substrates. 

Inset shows the out-of-plane R-T measurement method. The deposited film revealed an out-of-plane 

IMT with resistance change of more than two orders of magnitude. This result suggested that the 

bottom layer acts as an electrode properly. Further discussion will be provided in the next section. The 

TIMT was observed at 62ºC for the heating and 58ºC for the cooling, with hysteresis width of 4ºC. The 

RRT was 167 kΩ and R100 was 318 Ω. Obtained transition temperature was rather lower than the 

reported value of 68ºC for VO2 bulk crystal, which should be due to the presence of another vanadium 

oxide such as VO2 (B) phase. However, the magnitude of resistance change, ΔR is the almost same as 

was observed for the VO2/Ti/Si and VO2/TiN/Ti/Si structures, which were deposited at 250ºC.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

20 40 60 80 100

106 

105 

104 

103 

Heating Cooling 

R
es

is
ta

n
ce

 (
Ω

) 

Temperature (°C) 

102 

p-Si 

TiN 

VO2 

Out-of-plane R-T 

measurement method 

Fig. 4-3 R-T characteristics of the VO2 film deposited on TiN/Si substrates. Fig. 4-

3 is “Reproduced with permission from [Md. Suruz Mian, K. Okimura, and J. Sakai, 

J. Appl. Phys. 117, 215305 (2015)]. Copyright [2015], AIP Publishing LLC.” 
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4.3.3 XPS Depth Profiles of VO2 Film Deposited on TiN/Si Substrates 

  

 In this section, XPS analysis was carried out to investigate the atomic composition and the interface 

condition between the VO2 film and the TiN layer. Fig. 4-4 shows the XPS depth profiles of VO2 film 

deposited on TiN/Si substrates.  

XPS spectra were taken for C 1s, N 1s, O1s, Si 2p, V2p, and Ti 2p after every 2 min sputtering by 

Ar ion with an acceleration energy of 2 kV; same as described in XPS section of chapter 2 and 3. In 

Fig. 4-4, the horizontal axis shows the total Ar-ion sputtering time, while the vertical axis represents 

the atomic concentration.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In Fig. 4-4, two layers (L1 (VO2) and L2 (TiN) were designated on Si substrates, same as observed 

in the cross-sectional SEM image in Fig. 4-2 (b). In the TiN buffer layer, the concentration of N atom 

was slightly smaller than stoichiometry. This fact probably reflected the initial TiN film quality. A 

sharp interface was observed between the VO2 film and the TiN layer, confirming that the TiN layer 

acts as an electrode for the sample prepared at 230ºC. Consequently, an abrupt out-of-plane IMT was 

realized for the lower substrate temperature of 230ºC as illustrated in Fig. 4-3. 
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Fig. 4-4 XPS depth profiles of VO2 film deposited on TiN/Si substrates.  
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4.3.4 I-V Characteristics of VO2 Film Deposited on TiN/Si Substrates 

 

 Before performing the oscillation measurement, it is essential to achieve a threshold switching. 

Figure 4-5 (a) shows the out-plane I-V measurement method, in which one probe contacted onto the 

VO2 film and another one onto the TiN layer. The I-V characteristics were measured by using a curve 

tracer (Kokuyo Electric, SCT-2FR), where 50 Hz sinusoidal wave voltage was applied to VO2.  

 

Typical I-V curve as shown in Fig. 4-5 (b) was observed, in which the threshold switching 

phenomenon occurred at applied voltage of 1.8 V and threshold current of 80 μA (labeled as “A”). 

Calculated electric field in this device was 9 × 106 V/m, which is rather higher than those observed in 

VO2/Ti/Si and VO2/TiN/Ti/Si structures. Estimated consumption power was 144 μW. Before the 

threshold switching occurred, (at point “A”) the resistance was 22.5 kΩ (insulating state or high 

resistance state (HRS)). After the switching occurred, the resistance decreased to about 2.1 kΩ 

(metallic state or low resistance state (LRS)); marked as “B”.  
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Fig. 4-5 (a) Out-of-plane I-V measurement method and (b) I-V characteristics of 

VO2 film deposited on TiN/Si substrates. Fig. 4-5 (b) is “Reproduced with 

permission from [Md. Suruz Mian, K. Okimura, and J. Sakai, J. Appl. Phys. 117, 

215305 (2015)]. Copyright [2015], AIP Publishing LLC.” 
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4.3.5 Oscillation Measurement of VO2 Film Deposited on TiN/Si Substrates 

 

4.3.5-1 Fundamental of Oscillation Measurement Method  

 

In previous section, resistance switching at an applied voltage of 1.8 V, with switching current of 

80 μA in out-of-plane I-V characteristic was observed. By using this device, oscillation phenomenon 

based on out-of-plane switching characteristic at room temperature was measured. A simple series 

circuit was used for the oscillation measurement, which consists of a DC voltage source Vs, a series 

resistance RE and the VO2 sample.23,25,27,30 Figure 4-6 shows a schematic of experimental circuit for 

the self-oscillation measurement. As shown in Fig. 4-6, the contact probe on the VO2 layer was 

positively biased, and voltage drop in the VO2 device (VD) was monitored by a digital oscilloscope 

(Tektronix, TDS2022B). Advantest R6144 was used for dc power supply of constant voltage source. 

Previous reports on self-oscillation suggested that the self-oscillation phenomenon was triggered when 

VS reached a certain threshold value that depends on the value of RE. 
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Fig. 4-6 A schematic of oscillation measurement circuit.37 
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4.3.5-2 Dependence of Oscillation Frequency on Vs and RE 

 

As described in section 4.1, it has been reported that the oscillation can only appear at a certain value 

of Vs and RE. Self-oscillation phenomenon in present layered type device was also successfully 

observed by adjusting VS and RE. Figure 4-7 (a) shows the oscillation waveform with various VS, with 

a fixed RE of 36 kΩ. The oscillation was started at VS = 5.3 V with the period of the waveforms of 0.9 

μs, and still continued until VS = 9.0 V with the period of the waveform of about 0.4 μs. When Vs 

increased to 10 V, the oscillation vanished, suggesting that the irreversible transition to metallic state 

occurred. The estimated oscillation frequency, fosc, was 1.1 MHz for the Vs = 5.3 V and the highest fosc 

of about 2.5 MHz was recorded at Vs = 9.0 V. The oscillation was stable for more than 10 minutes 

after being triggered. It can be observed that the period of each oscillation waveform strongly depends 

on the rising time (τ1) of VD, which corresponds to the recovery time of the metal-insulator transition 

(MIT). On the other hand, time needed for insulator-metal transition, τ2 which is a jump from “A” to 

“B” in Fig. 4-5 (b), was almost same for all the waveforms. The IMT (threshold switching) took ~ 120 

ns, which is higher than the electrical response time reported for a VO2-based two-terminal planar-

type VO2 devices.14  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 4-7 (b) shows the dependence fosc on Vs, as was calculated from Fig. 4-7 (a) in which fosc was 

increased with the increasing of Vs, because the MIT time (τ1) was decreased with the rising of Vs as 

shown in Fig. 4-7 (a). On the other hand, fosc gradually decreased with the increasing of RE as shown 

in Fig. 4-7 (c), similar to the other reported fosc in the planar-type devices.23 
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Fig. 4-7 (a) Oscillation waveforms for different Vs, (b) dependence of fosc on Vs, and (c) dependence 

of fosc on RE. Minimum value of fosc, observed firstly with increasing VS, is plotted for each RE. 
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4.3.5-3 Analytical Study of Oscillation Phenomena 

 

In the previous section, dependency of fosc on VS and RE was described. In this section, self-oscillation 

phenomenon was described by an equivalent circuit. Previously, it was reported that the recovering 

curve of the voltage across VO2 device is well fitted by a charging curve based on a simple RC circuit, 

in which the resistance depends on the resistance of VO2 device, RD, and the series resistance, RE, and 

the capacitance depends on the dielectric component of VO2 device, CD, and the floating capacitive 

component in the circuit.25,27,30 As for the self-oscillation mechanism, restoring force of RE is 

considered to make charging of capacitance in the VO2 device. In other words, just after the IMT 

occurs in VO2, restoring force of RE makes charging up the capacitance in the VO2 device up to the 

point “A” in Fig. 4-5 (b). Figure 4-8 (a) shows the equivalent circuit for the self-oscillation 

phenomenon of VO2 device.25,27,37  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4-8 (a) Equivalent circuit for the self-oscillation. (b) Comparison between an analytic and 

experimental waveforms. (c) Dependence of oscillation frequency, fosc, on series resistance, RE. 

Dotted line shows analysis based on equation (10). Minimum value of fosc, observed firstly with 

increasing VS, is plotted for each RE.37 
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From Fig. 4-8 (a) the initial equations are given as below. 

The current flowing through the device is given by Eq. (1).   

 

 

Here, 𝑞𝐷 is the electric charge of VO2 and 𝑞𝐷 = 𝐶𝐷𝑉𝐷; 𝐶𝐷is the capacitance of VO2 device and 

parallel to the RD, VD is the voltage of VO2 device.  

Total current of the circuit,𝑖𝐸 is given by Eq. (2), which is flowing through the RE. 

 

 

Here, 𝑖𝐶  is the current flowing through the CD and 𝑖𝑅 is the current flowing through the RD. 

Now, 𝑖𝑅 =
𝑉𝐷

𝑅𝐷
 ………………………. (3) 

 

Here, VE is the voltage of RE. 

From Eqs. (1) - (4), the governing differential equation is given by Eq. (5). 

 

 

 

 

 

 

 

 

 

Thus, general solution is given by 

 

 

 

 

 

 

 

From Eq. (9), time constant τ for VD (t) is given by 

 

 

 

𝑖𝐶 =
𝑑𝑞𝐷

𝑑𝑡
= 𝐶𝐷

𝑑𝑉𝐷

𝑑𝑡
 ………………….. (1) 

  

𝑖E = 𝑖𝐶 + 𝑖𝑅 …………………………. (2) 

Source voltage, 𝑉𝑆 = 𝑉𝐸 + 𝑉𝐷 ……………………….. (4) 

𝐶𝐷𝑅𝐸
𝑑𝑉𝐷

𝑑𝑡
+ (1 +

𝑅𝐸

𝑅𝐷
)𝑉𝐷 = 𝑉𝑆 …………… (5) 

  

𝑉𝐷−𝑠𝑡 =
𝑅𝐷

𝑅𝐷+𝑅𝐸
𝑉𝑆 ……………………… (6) 

  

𝑉𝐷−𝑡𝑟𝑎𝑛𝑠 = 𝐴𝑒
− 

𝑅𝐷+𝑅𝐸  

𝐶𝐷𝑅𝐷𝑅𝐸
 𝑡

 ………………… (7) 

  

𝑉𝐷−𝑔𝑒𝑛𝑒𝑟𝑎𝑙 = 𝑉𝐷−𝑠𝑡 + 𝑉𝐷−𝑡𝑟𝑎𝑛𝑠 =
𝑅𝐷

𝑅𝐷+𝑅𝐸
𝑉𝑆 + 𝐴𝑒

− 
𝑅𝐷+𝑅𝐸  

𝐶𝐷𝑅𝐷𝑅𝐸
 𝑡

 ……………….. (8) 

  

Solution of Eq. (5) is given by the sum of steady state and transient solutions. 

Steady state solution is given by eq. (6). 

Transient solution 

 Constant A is decided by initial condition of capacitor CD. 

If 𝑞𝐶𝐷
|𝑡=0=0, analytical solution of time-dependent voltage across the VO2 device, VD (t), is 

given as follows: 

And transient solution is given by Eq. (7). 

𝑉𝐷 𝑡 =
𝑅𝐷

𝑅𝐷+𝑅𝐸
𝑉𝑆 (1 − 𝑒

− 
𝑅𝐷+𝑅𝐸  

𝐶𝐷𝑅𝐷𝑅𝐸
 𝑡
) ……………….. (9) 

  

𝜏 =
𝐶𝐷𝑅𝐷𝑅𝐸

𝑅𝐷+𝑅𝐸
  ……………………………………….. (10) 

  



95 

 

where RD is the resistance of VO2 and CD is the capacitance parallel to the RD. Using eq. (9), the 

experimental curve (Fig. 4-8 (b) upper) was simulated as shown in Fig. 4-8 (b) (lower). It can be seen 

that the experimental curve is well reconstructed. In this analysis (lower), time constant τ1 for rising 

case (MIT) was calculated based on Eq. (10). On the other hand, τ2 for IMT was shorter than MIT, 

corresponding to a discharge process in which much smaller resistance of metallic VO2 determines 

the time constant together with CD.  

Figure 4-8 (c) shows the minimum oscillation fosc observed for each RE. Due to the fact that fosc 

increases with VS under a fixed RE, as illustrated in Fig. 4-7 (b), minimum fosc corresponds to the 

frequency at the threshold VS. An analytical dependence of fosc on RE as a dotted line, together with 

the experimental results were shown in Fig. 4-8 (c). In the analysis, the value of RD was constant at 20 

kΩ, based on the experimentally measured resistance value of the VO2 point contact. On the other 

hand, the value of CD was set constant at 7.8 × 10-11 F based on the measured fosc corresponding to the 

observed time constant. The analytical curve reproduced the dependence of fosc on RE, supporting the 

validity of the equivalent circuit model. However, as previously reported, there exists a lower limit of 

RE for the occurrence of oscillation.23,30 In the present case, the lower limit of RE was 20 k. 
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4.3.5-4 Parametric Dependence of the Self-Oscillation Phenomenon in VO2/Ti/Si 

Structures 

 

(a) Film thickness and probe diameter 

In planar type devices, the dependence of fosc was reported only on circuit parameters of Vs and RE. 

However, the dependence of fosc on geometrical parameters such as film thicknesses of VO2 film and 

contact probe diameter has not yet been investigated. In this section, the dependence of fosc was 

parametrically investigated. The VO2/Ti/Si layered device structure fabricated at 250ºC was used in 

the parametric investigation of fosc. In this parametric study, the dependence of fosc on VO2 film 

thicknesses and contact probe diameter was investigated. Those are important parameters in the 

layered type point contact device. In addition, the dependence of fosc on hysteresis width of I-V 

characteristics was also explored.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-9 (a) shows the waveforms for different film thicknesses. As can be seen, charging time (τ1) 

in rising period increases with increasing film thickness, while discharge time (τ2) in falling period is 
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Fig. 4-9 (a) Oscillation waveforms and (b) fosc for different film thicknesses.37 (c) Oscillation 

waveforms and (d) fosc for different probe diameters. 

0

4

8

12

16

20

0.2 μm 

0.4 μm 

0.6 μm 

0.8 μm (a) 

V
o

lt
a

g
e 

o
f 

V
O

2
, 

V
D
 (

V
) 

IMT 

MIT 

τ1 τ2 

0 0.4 1.6 0.8 2.0 

Time (μs) 

1.2 

0

3

6

9

12
5μm 20μm

50μm
(c) 

IMT 

MI

τ1 τ2 

V
o

lt
a

g
e 

o
f 

V
O

2
, 

V
D
 (

V
) 

0 0.4 1.6 0.8 2.0 

Time (μs) 

1.2 

0

1

2

3

4
(b) 

F
re

q
u

en
cy

, 
f o

sc
 (

M
H

z)
 

0 0.2 0.8 0.4 1.0 

Film thickness 

0.6 



97 

 

almost constant. Consequently, fosc tends to decrease with the increase of film thickness as shown in 

Fig. 4-9 (b). In Fig. 4-9 (b), the average value of five measurements for each thickness were shown in 

a square symbol. Error bars show the variation of all measurements. Based on the geometrical 

considerations, out-of-plane resistance of VO2 should increase with film thickness. As shown in Fig. 

2-14 (Chapter 2), the values of resistance between two probes gradually increase with the thickness 

(until 0.6 μm). The increase of RD is responsible for longer rising time as reflected in the measured 

waveforms. The results evidenced that the higher frequency over MHz range in the present out-of-

plane device is due to the film thickness of the VO2 layer which corresponds to the electrode distance 

in the planar-type device. Accordingly, in VO2-based two-terminal planar type devices, oscillation 

frequency was restricted by the rather wide spacing between electrodes.23,25,27,30,32 The present results 

proposed that the achievement of an out-of-plane configuration develops such fast oscillating devices 

based on out-of-plane threshold switching.  

Fig. 4-9 (c) presents the oscillation waveforms of different contact probe diameters. The probe 

diameters were varied from 5 μm–50 μm. In Fig. 4-9 (c), it was found that the oscillation frequency 

decreased with increase of the probe diameter and the highest fosc of 2.8 MHz was achieved for the 

smallest probe diameter of 5 μm. However, in this case the oscillation was a little unstable. 

 

(b) Hysteresis width 

 Next, the dependence of fosc on hysteresis width of the I-V characteristics was investigated. In the I-

V characteristics, the different hysteresis width was found by adjusting the pressure of the contact 

probe. Basically, the small hysteresis was obtained when the contact probe pressure was relatively 

small. However, the contact probe pressure could not be measured in quantitatively for the 

experimental set-up limitation.  

 

 

 

 

 

 

 

 

 

 

 

 

 Fig. 4-10 (a) I-V characteristics with different hysteresis width and (b) fosc for different 

hysteresis width. 
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In this case the top contact probe with a diameter of 50 μm was used for all measurements. Figure 4-

10 (a) shows the I-V characteristics with different hysteresis width, measured by the Keithley 6487 

Picoammeter/Voltage Source. In Fig. 4-10 (a), representative I-V characteristics which have wide and 

small hysteresis width were illustrated. Red cycles corresponds to the wide hysteresis, and light blue 

cycles corresponds to the small hysteresis. The solid lines represents the increasing case of current 

across the applied voltage and the broken lines indicates the decreasing case of the current. The 

hysteresis width was determined by the difference between the switching voltage, pointed at “X”, and 

the voltage where the current looped back to the initial trace, pointed at “Y” for the wide hysteresis. 

The other hysteresis width was also calculated by the same method. Causes of large hysteresis width 

in switching characteristics consideration as follows; high contact probe pressure results in the 

increasing of the contact area and the decreasing of the resistance. Due to this matter, during the 

occurrence of the IMT, rather large amount of current flows, thus stabilizes the metallic state. This is 

expected to cause a delay in MIT, which is responsible for the large hysteresis width in the switching 

characteristics. In contrast, as the contact probe pressure decreases, small current flow results in small 

hysteresis width in the switching characteristics. 

Figure 4-10 (b) shows the dependence of fosc on the different hysteresis width. In Fig. 4- 10 (b), it can 

be seen that fosc increased with the decrease of hysteresis width. In wider hysteresis width, it takes 

longer time to back the initial trace (A→ B) after the switching, resulting MIT time constant τ1 (as 

shown in Fig. 4-9 (a) or (c)) becomes larger and fosc turn to lower value. On the other hand, in smaller 

hysteresis width, after the switching occur, it does not take so much time (C→ D) to back to the initial 

trace, resulting the MIT time constant τ1 (as shown in Fig. 4-9 (a) or (c)) becomes smaller and fosc turn 

to higher value. Highest fosc with more than 3.12 MHz was obtained for the lowest hysteresis width. 
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4.3.5-5 Multi-step Resistance Switching and the Self-Oscillation Phenomenon  

 

In the I-V measurements, a different I-V curve was observed when the contact probe pressure was 

relatively lower than the Fig. 4-10 (a). In this case, a multi-step I-V characteristics with a very small 

hysteresis was observed. The multi-step switching was observed at three times as labeled as “A”, “B”, 

and “C”. Such multi-step I-V characteristics with a little wider hysteresis were previously reported for 

VO2-based two-terminal planar type devices. 14 However, multi-step I-V characteristics without 

hysteresis has not yet been reported. After achieving this kind of switching, the oscillation was 

measured.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4-11 (b) shows fosc for different Vs. The fosc increased with Vs and higher fosc was recorded to be 

about 4.12 MHz. This value is the highest fosc than the ever reported for VO2-based two-terminal planar 

type devices and layered type device. In the previous section, it was observed that fosc increased with 

the decrease of hysteresis width. Thus, based on the results shown in this and previous sections, it can 

be understood that the I-V with small hysteresis and multi-step is rather advantageous to achieve a 

high-frequency self-oscillation.   
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4.3.5-6 High-frequency Self-Oscillation in VO2/TiN/Si Structures 

 

 In the previous section, high-frequency self-oscillation with fosc of 4.12 MHz was achieved in the 

case of multi-step switching with smaller hysteresis width in VO2/TiN/Si structures. In this section, 

the same type of I-V characteristics was realized when the contact pressure of the probe on the VO2 

film in VO2/TiN/Si structures was weakened. Figure 4-12 (a) shows an I-V characteristic curve 

obtained when the probe contacting pressure was lower than in the case of Fig. 4-7 (a), where smaller 

hysteresis (between IMT and MIT) was appeared on the same device. In this case, the switching 

voltage and current were almost same as in Fig. 4-5 (b), while rather high oscillation frequency was 

observed in this case.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-12 (b) presents the oscillation waveforms for different Vs. The MIT time constant τ1 

decreased with increase of Vs. At Vs = 8 V, τ1 was found to be about 139 μs, which is further decreased 

to about 85 μs at Vs= 13 V, while τ2 was constant at around 48 μs. Figure 4-12 (c) shows the fosc for 

different Vs, calculated from Fig. 4-12 (b). The highest fosc = 9.09 MHz was obtained for the Vs= 13 

V. This value is the highest value for VO2 based all type devices. These results suggest the impact and 

potential of the present proposed layered type device. Such a high-frequency self-oscillation in VO2 

based layered type device makes it more promising for applications such as oscillators and micro-

converters.  
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Fig. 4-12 (a) I-V characteristics with multi-step switching for high frequency oscillation mode, (b) 

oscillation waveforms for different Vs, and (c) dependence of fosc on Vs. Series resistance, RE, was 

kept constant at 30 kΩ.37 Fig. 4-12 (a) is “Reproduced with permission from [Md. Suruz Mian, K. 

Okimura, and J. Sakai, J. Appl. Phys. 117, 215305 (2015)]. Copyright [2015], AIP Publishing LLC.” 
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4.3.5-7 Mechanism of High-frequency Self-Oscillation 

 

In the previous section, high-frequency self-oscillation with 9.09 MHz was observed in VO2/TiN/Si 

device. In this section, the mechanism of the occurrence of self-oscillation with different frequency 

was discussed. In Fig. 4-13, three types of voltage triggered resistance switching, VTRS with negative 

differential resistance, NDR (dVD/dID < 0) regions after the onset of IMT were illustrated. Fig. 4-13 

(i) presents a non-hysteretic behavior between paths of IMT and MIT. In this case, faster transition 

occurs due to spontaneous recovering from metallic state (“b1”) to insulating state (“a1”). Fig. 4-13 (ii) 

shows that the hysteretic (b2↔c2) behavior between IMT and MIT. In this case, recovering time (τ2) 

becomes longer than the case of 4-13 (i) because of the presence of the metallic state from “b2” to “c2”, 

resulting the oscillation frequency to be lower than the case of Fig. 4-13 (i). In the present study, such 

kind of VTRS with the certain metallic period was observed, as shown in Fig. 4-5 (b) and 4-10 (a). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-13 (iii) presents the multiple NDR regions with smaller hysteresis. In the previous section, 

high-frequency oscillation was obtained while low hysteresis width with multi-step I-V characteristics 

as shown in Fig. 4-11 and 4-12 was observed. Such multistep behavior in the NDR region of VO2 

based switching device was frequently reported.14,38–40 In the present study, the inhomogeneous 

polycrystalline film with a granular surface was observed in the cross-sectional SEM image in Fig. 4-

2 (b), which has possibly caused multiple contacting routes with the probe surface when the probe 

contacting pressure was rather low. Then, multiple current paths were formed between the probe and 

the film due to localized VTRS. In this case, the smaller hysteresis width, which might be due to the 

single crystalline VO2 in each grain, causes recovering time shorter than the case in Fig. 4-13 (ii), 

resulting high-frequency oscillations. Present results with MHz band open new vistas for realizing 

simple layered structure devices for radio frequency generators and micro-inverters.  

Fig. 4-13 Illustrations for voltage triggered switching with NDR (dVD/dID < 0) region after the 

onset of IMT for cases without hysteretic behavior between paths of IMT and MIT (i), with 

hysteretic behavior (ii), and multiple NDR regions with smaller hysteresis (iii).37 
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4.4 Conclusions 

 In this chapter, the performance of self-sustaining oscillation in the VO2 layered type device was 

investigated. Self-sustaining oscillation phenomenon in the VO2 is responsible for self-sustaining 

repetition of voltage triggered resistance switching.  

For this experiment, the VO2/Ti/Si structure deposited at 250ºC (as shown in chapter 2) and the 

VO2/TiN/Si structure were introduced in this chapter. In the VO2/TiN/Si structure, VO2 films were 

deposited at a low substrate temperature of 230ºC by using the ICP-assisted sputtering method. The 

fabricated VO2/TiN/Si showed clear interface between VO2 and TiN layers and out-of-plane IMT with 

more than two orders of magnitude change in resistance. In I-V characteristics, the threshold switching 

was observed at the applied voltage of 1.8 V with switching current of 80 μA. By using this device, 

oscillation phenomena based on voltage triggered switching characteristic was measured at room 

temperature.  

By adjusting Vs and RE, self-oscillation in out-of-plane configuration was successfully achieved. The 

oscillation was observed at Vs= 5.3 V with a constant RE of 36 kΩ. The duration of oscillation 

waveforms was 0.9 µs, and resulted in the fosc of 1.1 MHz. The oscillation was stable for more than 

10 minutes after being triggered. An equivalent circuit for the analytical study was proposed, and the 

experimental curve was observed to be well-reconstructed. In the analysis, the value of RD was 

constant at 20 kΩ, based on the experimentally measured resistance value. The value of CD was set 

constant at 7.8× 10-11 F based on the measured fosc. 

 In addition, the dependence of fosc on VO2 film thickness and probe diameter was investigated. 

Dependence of fosc on hysteresis width was also studied. The frequency was decreased with the 

increasing of VO2 film thickness, indicated that the resistance of VO2 film determined the time 

constant for the recovery path. The fosc was increased as the probe diameter decreased. Also, as the 

hysteresis width decreased, the fosc observed to be gradually increased, because if the hysteresis width 

is large the recovering time of MIT (τ1) become large, and resulting the large fosc. A multi-step 

switching with a small hysteresis width was observed, when the contacting probe pressure was 

relatively smaller than the initial I-V measurement. In this case, high frequency of 4.12 MHz was 

realized, which was the highest fosc ever observed for the VO2-based all types device. These results 

suggested that smaller hysteresis width in I-V characteristics is an important key to achieve a high-

frequency oscillation. Based on this result, further I-V characteristics were measured for the 

VO2/TiN/Si device, by lowering the contacting probe pressure. A multi-step I-V characteristics was 

observed, with a very small hysteresis width. In this case, a very high fosc of 9.09 MHz was recorded.  

Finally, the mechanism of high-frequency oscillation was discussed. Based on these results, faster 

transition occurs was clarified due to the spontaneous recovering from metallic state to insulating state 

in a non-hysteretic behavior between paths of IMT and MIT in I-V characteristics. If the hysteretic 

behavior between IMT and MIT is appeared in I-V, longer recovering time was observed due to the 
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presence of the metallic state, resulting in the rather lower oscillation frequency compared to the non-

hysteretic I-V is expected. Multi-step I-V in NDR with small hysteresis is the main issue to achieve a 

high-frequency oscillation. In the present study, the inhomogeneous polycrystalline film with a 

granular surface, as was shown in the cross-sectional SEM image, has a possibility to make multiple 

contacting routes when the probe contacting pressure was low. Then, multiple current paths were 

formed in between the probe and the film due to the localized voltage triggered switching. In this case, 

smaller hysteresis, which might be due to the single crystalline VO2 in each grain, makes recovering 

time shorter.  

The achieved low voltage switching with high speed in layered type device, open new vistas for the 

applications of VO2 films in low voltage switching devices. Furthermore, High-frequency self -

sustaining oscillation was obtained in the present proposed layered type device based on the fast 

resistance switching, which is expected to the application in micro-inverters.  
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Chapter 5 Summary and Future Works  

 

5.1 Summary 

 

Transition metal oxide offers great opportunities for the next generation device applications due to 

its variety in structures and properties. Vanadium dioxide (VO2) is also one of the material that has 

been continuously collecting attentions since the first discovery of its large insulator-to-metal 

transition (IMT) phenomenon in 1959. The IMT of VO2 can be triggered by external parameters such 

as temperature, optical excitation, strain, and as well as the voltage addition. Voltage triggered 

resistance switching (VTRS) of VO2 was first investigated in the VO2-based two-terminal planar type 

devices. However, there has been a restriction in switching voltage and current, because the threshold 

switching voltage and current depend on the gap between both electrodes in this type configuration. 

Therefore, in order to investigate the intrinsic properties of VTRS, it is highly required to achieve a 

layered type device, in which VO2 films is deposited on the conductive layer. Some research groups 

reported the layered type devices, including VO2 films deposited on metallic plates such as Ti or Al, 

heavily doped Si wafers, Nb-doped SrTiO3 substrates, and metallic films such as Pt or Au. However, 

the out-of-plane IMT, the crystalline morphology, and the interface between the VO2 film and the 

bottom electrode were not minutely investigated. 

 This dissertation mainly focuses on the crystalline growth of VO2 films on the conductive layer with 

the aim of achieving a VO2-based layered type device. In this work, out-of-plane IMT, crystalline 

morphology, the interface between the VO2 film and the bottom electrode, and the out-of-plane 

switching characteristics were investigated. The self-sustaining oscillation performance of the layered 

devices was also investigated. 

 

In chapter 1, the background of this study was introduced. Crystalline structure, band structure, and 

the synthesis method of VO2 films were described. A review of VTRS in VO2 and VO2-based two-

terminal planar type devices with problem statement was delivered in this chapter. Finally, the 

importance of VO2-based layered type device with the motivation of this work was presented. 

 

In chapter 2, the crystalline growth of VO2 films on Ti/Si substrates was investigated by an 

inductively coupled plasma-assisted sputtering (ICPS) and conventional RF sputtering method.  

Diffraction from VO2 (011) plane was observed on samples prepared at 200 - 400°C, indicating that 

the VO2 film grown on Ti/Si substrates has polycrystalline manner. The highest peak intensity was 

observed at 250°C, while the peak intensity decreased gradually with increasing temperature. In the 

resistance –temperature (R-T) characteristics, the largest out-of-plane IMT with resistance change of 

2.6 orders of magnitude was realized in the sample prepared at 250°C. The disappearance of IMT in 
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the sample prepared at 400°C suggested that low-temperature deposition is required for achievement 

of large IMT of VO2 film on the metal template.  

In XPS results, a sharp interface between the VO2 film and the Ti layer was clearly observed in the 

sample prepared at the substrate temperature of 250°C, while the formation of mixing layer with V, O 

and Ti was found in the samples prepared at temperatures higher than 350°C. Thus, it is vitally 

important to produce a sharp interface between the VO2 film and the bottom electrode in order to 

achieve a superior IMT properties in the out-of-plane direction. In the sample of 250°C, Ti films acted 

as an electrode, and a sharp out-of-plane IMT was accomplished. On the other hand, the diffusion of 

O atoms and the oxidation of Ti layers were observed in the sample fabricated at the higher substrate 

temperature of 400°C, and responsible for the degradation of the out-of-plane IMT. Accordingly, it 

became clear that the 250°C is the suitable substrate temperature for the crystalline growth of VO2 

films on the Ti/Si substrates. 

The obtained large out-of-plane IMT in VO2 film on Ti/Si substrates is responsible for high resistance 

value at room temperature. In the present study, the presence of grain boundaries in the polycrystalline 

VO2 film is considered to be responsible for such high initial resistance between the top electrode and 

the bottom electrode. Low-temperature deposition of VO2 films on metal template by ICPS method 

enabled such large out-of-plane IMT. 

In order to clarify the advantage of ICPS method compared to conventional sputtering (CS), 

comparisons of deposition performances and plasma diagnostics were done between ICPS and CS. As 

the results, crystalline VO2 films could not obtained by CS at a temperature lower than 250°C in 

contrast to ICPS. Diagnostics results of ion energy distributions (IEDs) for substrate-incident ions 

showed that the presence of high energy ion components with energies around 80 and 150 eV enhance 

the low-temperature crystalline growth. In addition, enhancement of oxygen radical (O*) production 

is also considered to be responsible for the growth of stoichiometric VO2 films.  

In I-V characteristics, the threshold switching was observed at an applied voltage of 0.6 V with a 

current value of 150 μA (consumption power: 90 μW) for the sample of 230°C. This Vth value is much 

lower than the reported value for the VO2-based two-terminal planar type devices, which was 2 V. 

Threshold switching was observed at 0.8 V and 1.6 V for the samples of 250°C and 300°C, respectively. 

The Vth and Ith were increased with Ts. This should be due to the interfacial mixing layer. The achieved 

low voltage and power consumption have great potential for the application as a low voltage selective 

switch for the nonvolatile memory.  

 

In chapter 2, the out-of-plane IMT with more than 2.6 orders of magnitude change in resistance was 

achieved for the sample deposited on Ti/Si substrates at low substrate temperature. However, such 

IMT was observed to disappear in the sample prepared at a high substrate temperature of 400ºC due 

to the diffusion of O atoms and the oxidation of Ti layer.  
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In chapter 3, TiN was introduced as a diffusion barrier with the aim of accomplishing a good 

crystalline VO2 films even at a high substrate temperature of 400ºC. TiN films was deposited on Ti/Si 

substrates by DC magnetron sputtering method. The deposited TiN films showed polycrystalline 

feature and low resistivity on the order of 10-4 Ω cm, confirmed by the XRD and resistivity 

measurements. Then, VO2 films were fabricated on TiN/Ti/Si substrates by the ICP-assisted sputtering 

method. The substrate temperature was varied from 100 to 400ºC. The crystallinity was evaluated by 

the XRD 2θ scan measurements.  

In XRD results, diffraction from the VO2 (011) plane was observed on all samples prepared at 250–

400ºC. A significant improvement was found in the VO2/TiN/Ti/Si structure; the peak intensity was 

increased with increasing substrate temperature, and the highest peak intensity was achieved in the 

sample of 400ºC. These results implied that a good crystallinity of VO2 films was achieved at a high 

substrate temperature of 400ºC, while the degradation of crystallinity was obtained in the VO2/Ti/Si 

structure fabricated at 400ºC. Peaks from VO2 (B) metastable phase were observed on the samples 

deposited at 150 and 200ºC, while any peak from VOx was not observed at 100ºC.  

In R-T characteristics, the RRT increased with increasing substrate temperature, and two orders of 

magnitude changes in resistance were realized at the lower substrate temperature of 250-350ºC. Rather 

larger resistance drop with more than 2.3 orders of magnitude was observed at 400ºC. These results 

correspond to the XRD results in which highest peak intensity was obtained at 400ºC. The TIMT was 

found to be 68ºC in the sample of 400ºC, which is identical to the generally recognized IMT 

temperature for bulk VO2 crystal.  

In XPS results, a sharp interface between the VO2 film and the TiN layer was observed in the sample 

prepared at a low substrate temperature of 250ºC in the VO2/TiN/Ti/Si structure. Significant 

improvement of abruptness in the interface between the VO2 film and the TiN layer was realized in 

the VO2/TiN/Ti/Si structure at 400°C, though a small amount of Ti atoms in the VO2 region and O 

atoms in the TiN region were observed at this temperature. On the other hand, significant diffusion of 

O atoms and oxidation of Ti layer were observed in the sample fabricated at TS of 400ºC in the 

VO2/Ti/Si structure. Furthermore, three layers with including the VO2 film, TiN layers, and Ti layers 

on Si substrates with clear interfaces were also confirmed in the cross-sectional SEM images, which 

are vitally important to realize a sharp interface between the VO2 film and the metal layer, and led to 

the abrupt IMT in the out-of-plane direction.  

In out-of-plane I-V characteristics, switching was observed at the applied voltage of 0.55 V and the 

switching current of 22 µA for the sample prepared at a substrate temperature of 250ºC. On the other 

hand, Vth and Ith were designated at 0.60 V and 55 µA for the sample prepared at 400 ºC, respectively. 

Rather higher values of Vth and Ith at 400ºC were considered to be responsible for observed small 

diffusion of O atoms at the interface between the VO2 film and the TiN layer. The switching electric 

field was estimated to be 2.8 × 106 V/m and 3.0 × 106 V/m for both substrate temperatures of 250 and 
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400ºC. The estimated electric field was in the same order as previously reported value for VO2 

nanocontact and nanogap junction. The calculated power consumption at 250ºC was 12.1 µW, which 

is the lowest value ever reported in VO2-based two-terminal planar type devices and as well as layered 

type device. The present layered type device with low switching voltage and low power consumption 

offers a great potential for the application as a low voltage and low power consumption switching 

elements.  

 

In chapter 4, the performance of self-sustaining oscillation in VO2-based layered type device was 

investigated. Self-sustaining oscillation phenomenon in the VO2 film is responsible for self-sustaining 

repetition of voltage triggered resistance switching.  

For this experiment, the VO2/Ti/Si structure deposited at 250ºC (as shown in chapter 2) and the 

VO2/TiN/Si structure were introduced in this chapter. In the VO2/TiN/Si structure, the VO2 film was 

deposited at a low substrate temperature of 230ºC by using the ICP-assisted sputtering method. The 

fabricated VO2/TiN/Si showed clear interface between the VO2 film and the TiN layers and out-of-

plane IMT with more than two orders of magnitude change in resistance. In I-V characteristics, the 

threshold switching was observed at the applied voltage of 1.8 V with switching current of 80 μA. By 

using this device, oscillation phenomena based on voltage triggered switching characteristic was 

measured at room temperature.  

By adjusting Vs and RE, self-oscillation in out-of-plane configuration was successfully achieved. The 

oscillation was observed at Vs= 5.3 V with a constant RE of 36 kΩ. The duration of oscillation 

waveforms was 0.9 µs, and resulted in the fosc of 1.1 MHz. An equivalent circuit for the analytical 

study was proposed, and the experimental curve was observed to be well-reconstructed. In the analysis, 

the value of RD was constant at 20 kΩ, based on the experimentally measured resistance value of VO2 

point contact device. The value of CD was set constant at 7.8 × 10-11 F based on the measured fosc. 

 In addition, the dependence of fosc on VO2 film thicknesses and contact probe diameter was 

investigated. Dependence of fosc on hysteresis width was also studied. The frequency was decreased 

with increasing of VO2 film thicknesses, indicated that the resistance of VO2 film determined the time 

constant for the recovery path. The fosc was increased as the probe diameter decreased. Also, as the 

hysteresis width decreased, the fosc observed to be gradually increased, because if the hysteresis width 

is large the recovering time of MIT (τ1) become large, and resulting the large fosc. A multi-step 

switching with a small hysteresis width was observed, when the contacting probe pressure was 

relatively smaller than the initial I-V measurement. In this case, high frequency of 4.12 MHz was 

realized, which was the highest fosc ever observed for the VO2-based all types device. These results 

suggested that smaller hysteresis width in I-V characteristics is an important key to achieve a high-

frequency oscillation. Based on this result, further I-V characteristics were measured for the 

VO2/TiN/Si device, by lowering the contacting probe pressure. A multi-step I-V characteristics were 



110 

 

observed with a very small hysteresis width. In this case, a very high fosc of 9.09 MHz was recorded.  

Finally, the mechanism of high-frequency oscillation was discussed. Based on these results, faster 

transition occurs was clarified due to the spontaneous recovering from metallic state to insulating state 

in a non-hysteretic behavior between paths of IMT and MIT in I-V characteristics. If the hysteretic 

behavior between IMT and MIT is appeared in I-V, longer recovering time was observed due to the 

presence of the metallic state, resulting in the rather lower oscillation frequency compared to the non-

hysteretic I-V is expected. Multi-step I-V in NDR with small hysteresis is the main issue to achieve a 

high-frequency oscillation. In the present study, the inhomogeneous polycrystalline film with a 

granular surface, as was shown in the cross-sectional SEM image, has a possibility to make multiple 

contacting routes when the probe contacting pressure was low. Then, multiple current paths were 

formed in between the probe and the film due to the localized voltage triggered switching. In this case, 

smaller hysteresis, which might be due to the single crystalline VO2 in each grain, makes recovering 

time shorter.  

From the above findings, VO2-based layered device structure expected to open new vistas for 

realizing simple layered structure devices for radio frequency generators and micro-inverters. 

 

 In summary for this dissertation, the growth of VO2 film on the conductive layers were realized at a 

low substrate temperature of 250ºC by using inductively coupled plasma-assisted sputtering (ICPS) 

method. High energy ion components of ICPS enhance the low-temperature crystalline growth. The 

VO2 films grown on the Ti layer at 250ºC achieved large out-of-plane IMT with more than 2.6 orders 

of magnitude change in resistance, while that deposited at 400ºC IMT was disappeared due to the 

diffusion of O atoms and the oxidation of Ti layer. The diffusion of O atoms at high (400ºC) substrate 

temperature were successfully resolved by introducing TiN layers. Low voltage (0.55 V) and power 

consumption (12 μW) VTRS were realized at the low temperature (250ºC) deposited VO2 films on 

TiN/Ti/Si substrates, indicating great potential for the application of VO2 films in low voltage 

switching devices. High-frequency self-sustaining oscillation was obtained in the present proposed 

layered type device based on the fast resistance switching, which is expected to the application in 

micro-inverters. 
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5.2 Future Works 

 

In this dissertation, the growth of VO2 films on conductive layers deposited by the ICP-assisted 

sputtering method was investigated. IMT with more than 2 orders of magnitude was achieved in the 

out-of-plane direction. From the I-V characteristics measured for VO2 with different film thicknesses, 

it was understood that the switching voltage decreases with decreasing of films thicknesses. In order 

to realize further lowering of switching voltage in layered type device structure, further decrease of 

the film thickness to several tens nm is required. For this purpose, reconsiderations on the target rf-

power and ICP-rf power are needed to avoid the intrinsic interface problems in sputtering processes. 

 

In order to allow deposition at a higher substrate temperature (300-350ºC), further improvement in 

the interface condition is required, where rather high-quality TiN layer is needed, further investigation 

regarding the deposition conditions of TiN layer is necessary. 
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