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The Graduate School
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Vanadium dioxide (VO2) nanowire was synthesized by hydrothermal process
which was followed by thermal annealing in order to fabricate the devices and
investigate the applicability of the devices which are based on metal-to-insulator
transition.
First, the hydrothermal process was performed with various conditions in order to
investigate the effect of process time and temperature on the structure of the VO2
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nanowire. The VO2 hydrate nanowires were formed after hydrating–exfoliating–
splitting steps through the hydrothermal process, and each step was confirmed by
the field emission scanning electron microscope (FESEM). As the process
temperature increased, the nanowire became thinner. As the process time increased,
the nanowire became thinner, but the limit of a convergent of the diameter was
about 60nm. In order to dehydrate the nanowires, thermal annealing at 400°C in N2
atmosphere for 4 hours was carried out. XRD and DSC results showed that the
nanowires were VO2(M) without any hydrate phases and that the MIT occurred at
~68°C in a heating cycle. These results suggest that the new method to synthesize
the pure VO2(M) nanowires.
Second, in order to investigate the memristive properties of the VO2 nanowire, the
VO2 nanowire was connected electrically by using silver contact. The MIT of a
single VO2 nanowire can be successfully controlled by self-Joule heating without
additional heating source. Non-volatile resistive memory can be stabilized by bias
voltage to read the resistance. Various resistance states can be achieved due to the
controlled formation and growth of metallic clusters on micrometric regions by
efficient Joule heating that accompany with voltage pulse. The process of writing
with voltage pulse and erasing with thermal cooling shows very high
reproducibility in resistance. The VO2 nanowire can be non-volatile resistive
memory can be stabilized by bias voltage to read the resistance. Various resistance
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states can be achieved due to the controlled formation and growth of metallic
clusters on micrometric regions by efficient Joule heating that accompany with
voltage pulse.
Third, the effect of pressure on memritive properties of the single VO2 nanowire
was investigated for gas sensor application. The MIT of a single VO2 nanowire can
be successfully controlled by self-Joule heating without additional heating source.
Non-volatile resistive memory can be stabilized by bias voltage which can be
determined from the transition voltage in I-V curve. When same voltage pulse
applied to the nanowire, as the pressure decreased, the resistances of nanowire
change more lower value in mixed state.
Finally, in order to investigate the thermochromic properties of the VO2 nanowire,
VO2 and polymer composites were deposited on fused silica substrate by the spin
coating method. Colloidal VO2 nanowires are fundamental materials of
thermochromic coatings. After (3-methacryloxypropyl)trimethoxysilane(MPTMS)
treatment, VO2 nanowires were dispersed in 2-butanone, forming a visually
transparent colloid. VO2 nanowire-SiO2 core-shell nanostructure was fabricated by
the silanization via hydrolysis of TEOS for antireflection coating. The micro and
nano-structure of VO2 nanowire-SiO2 core-shell was investigated by the
microscope, the FESEM and the TEM. As result of XRD and EDS, SiO2 coating
layer which has the thickness from 100nm to 100um was the amorphous silicon
iii

oxide. Colloid VO2 nanowire and VO2-SiO2 core-shell nanowires were dispersed in
polyurethane and were deposited on fused silica substrate by the spin coating
method. The thermochromic property was improved after MPTMS treatment and
the transmittance in visible light was improved after SiO2 antireflection coating.
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Chapter 1. General Introduction

Vanadium dioxide(VO2) has been one of the most extensively studied material
that shows a metallic-to-insulating phase transition since the first report in 1959 by
F.J. Morin[1]. It is well-known that VO2 shows first-order phase transition at a
certain critical temperature(Tc)[2]. At temperature higher than the critical
temperature Tc which is 340K, VO2 is tetragonal-rutile structure(VO2(R)) with high
electrical conductivity, while below Tc, VO2 is monoclinic structure (VO2(M)) with
electrical

insulating

property.

Through

this

reversible

metal-to-insulator

transition(MIT) near room temperature, VO2 shows abrupt change in conductivity
over three orders of magnitude.
VO2 also undergoes an ultrafast (~ 102 femtoseconds) transition when excited by
a laser, and it shows metallic behavior under application of high electric-field (~106
V/cm).[3,4,5] This first-order MIT of VO2 near room temperature has been widely
studied over the last fifty years, yet the physics behind this intriguing phenomenon
is not fully understood. The characteristics associated with MIT in VO2 are
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fascinating scientifically, letting VO2 to have immense technological importance
for potential applications in thermochromic windows, sensor and memory type
applications. [6,7,8,9]
Nanoscale materials often exhibit physical and chemical properties that differ
from their bulk properties, and have attracted much attention because of their
structural, electronic, and optical properties and their potential applications. [10,11,12]
One-dimensional (1D) nanostructures include nanotubes, nanorods, nanowires,
nanofibers, nanobelts, and nanoribbons. The 1D structural VO2 materials lead to a
wide variety of potential applications including lithium batteries temperaturesensing

devices,

optical

switching

devices,

and

thermochromic

smart

window.[13,14,15,16,17,18,19,20]
Various deposition methods such as magnetron sputtering[21,22], pulsed laser
deposition[23,24],

electron

beam

evaporation[25,26],

and

chemical

vapor

deposition[27,28], have been reported to be used to fabricate VO2 film. In order to
control the stochoimetry of the film, high vacuum and high temperature which can
lead high cost are needed. However, if VO2 is to be used in application in real
devices, the cost is very critical issue. For this reason, hydrothermal process and
solution-based process are one of the best methods to produce the VO2 nanodevices
in view of various advantages; Easy and relatively cheap process.[29] In this study,
VO2 (M) nanowires were synthesized by hydrothermal process. And various
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nanodevices based on MIT of VO2 nanowire were fabricated and characterized.

Figure 1-1 showed the flow chart of this thesis

Rest of the thesis is organized into the following chapters:
Chapter 2: Background knowledge pertinent to this dissertation is presented.
Chapter 3: Experimental techniques and characterization methods used to synthesis
the VO2 nanowires are introduced.
Chapter 4: The memristive properties of a single VO2 nanowire with switching
controlled by self- heating are presented.
Chapter 5: Effects of gas and pressure on memristive properties of a single VO2
nanowire are presented.
Chapter 6: Thermochromic properties of VO2 and polymer composite for smart
window application are presented.
Chapter 7: A brief summary of the present work is provided. Scope for future work
is discussed.
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Figure 1-1 The flow chart of the rest chapter of this thesis
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Chapter 2. General background

2.1 Vanadium dioxide(VO2)

Metal-to-insulator(MIT) transition in oxides is a topic of long-standing interest in
condensed matter materials sciences. A number of reviews on MIT mechanisms
and materials in the past 40 years indicate the consistent interest in this subject.
Vanadium dioxide(VO2) is well-known for its MIT transition at a certain critical
temperature(Tc), as shown in Figure 2-1.[1] The MIT of VO2 is based on first-order
phase transition. Above the transition temperature (Tc = 67 °C), VO2 is metallic and
adopts the tetragonal rutile (P42/mnm) structure with chains of edge-shared VO6
octahedral along the c-axis (the V–V distances along the chain are 2.880 Å). Below
Tc, in the semiconducting monoclinic (P21/c) crystal structure, the vanadium atoms
dimerized and have alternate V–V distances of 2.662 and 3.132 Å.[1,2,3] The
behavior causes large reversible changes of optical and magnetic properties, as well

9

as a change of resistivity by several orders of magnitude(Figure 2-2). Such
property change made VO2 to be considered as a material having high potentials
for various applications, such as electronic switches, thermal sensors, and
thermochromic smart windows.[4,5,6,7,8,9,10,11,12,13]
VO2 also shows an ultrafast (~ 102 femtoseconds) transition when excited by a
laser and exhibits metallic behavior under application of high electric-field (~106
V/cm).[14,15,16] This first-order MIT near room temperature has been widely studied
over the last fifty years, yet the physics behind this intriguing phenomenon is not
fully understood. The characteristics associated with MIT in VO2 are fascinating
scientifically, which let VO2 have immense technological importance for potential
applications in sensor- and memory-type applications.[17]
The metal-to-insluator transition in VO2 is characterized by abrupt orders of
magnitude change in resistivity and increased reflectivity for infra-red light
wavelengths (0.8-2.2 μm). Being a transition-metal oxide with narrow d-electron
bands, MIT in VO2 is extremely sensitive to small changes in extrinsic parameters
such as pressure or doping.[18,19, 20] In bulk single crystals, the change in resistivity
can be ~103-105, with a hysteresis width of ~1oC. On the other hand, hysteresis
widths in thin films and in nanostructures are within the range of 3-10oC and 3035oC, respectively.
Thin films and nanoparticles tend to better withstand the repeated thermal cycling,
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and also the transition temperature can be lowered to room temperature by doping.
Recent advances in thin film growth techniques and device fabrication methods
have triggered numerous recommendations for technological applications of VO2,
such as, thermally activated optical switching and limiting[21,22], thermal relays and
energy management devices[23,24], sensors and actuators[25], micro-bolometers[26,27],
electrochromic and photochromic memory and optical devices[28,29]. Two and three
terminal devices utilizing the electric field induced switching of VO2 is also an
active area of research.[30,31] A recent study[32] has found that, materials synthesis,
especially the VO2/gate dielectric interface, plays an immensely important role in
the response to the gate voltage, and thus controls the functioning of such
electrically controlled devices.
Figure 2-3 shows the phase diagram for the vanadium-oxygen system.[33] It can be
seen that there are as many as 15 to 20 other stable vanadium oxide phases, such as,
V6O9, V6O13, V7O13 and others that exhibit no semiconductor-to-metal transitions.
The existence of these stable competing oxides presents a particular challenge to
the growth of VO2 in both bulk and thin film form. Therefore, to achieve optimum
thermochromic properties, an elaborate synthesis procedure is required to ensure
the formation of VO2 and to avoid other undesirable vanadium oxide phases. Thin
films of VO2 have been deposited using several techniques, such as, reactive
evaporation[34,35],

sputtering[36,37],

metal-organic
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chemical

vapor

deposition

(MOCVD)[38,39], pulsed–laser deposition (PLD)[40,41], and sol-gel deposition[42,43].
But these techniques require the vacuum and high temperature process which can
generate the high cost.
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2.2 Vanadium dioxide nanodevice
In correlated oxides a frequently employed approach to induce MIT is thermal
triggering, i.e., changing the temperature by heating or cooling. As shown in Figure
2-4 (part i), with a temperature increase from 341 to 344 K, the resistance of the
VO2 thin film decreases by nearly four orders. Other approaches to trigger the
phase transition include electrical, optical, magnetic, and strain excitations.
Table 2-1 shows the principle and the application of VO2. Not only heat
(temperature) but also some other factor like stress, electric field, kindness or
pressure of gas, photon can affect the phase transition properties such as transition
temperature, transition voltage and resistivity.[32,33] From the change of the
transition properties of VO2, sensor such as stress sensor, gas sensor, temperature
sensor and optical sensor can measure or calculate a physical quantity. And some
devices like oscillator, memristor and switch device can convert or save the electric
signal by controlling the MIT properties.
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2.3 Thermochromic Window based on VO2
The world’s available energy resources have been diminishing, and saving energy
is one of the most effective ways to solve this energy shortage problem. It is
estimated that buildings are responsible for more than 40% of energy use, primarily
for space heating and cooling for indoor comfort. Smart window for energy saving
are considered to be the first step for reducing heat transfer between the indoor and
outside environments. Smart windows have already been developed, such as the
Low-E window that possesses a low emissivity to achieve high thermal reflectivity
of infrared light. Although the Low-E window has been widely used in the building
industry, one of its disadvantages is that it cannot change its optical properties in
response to temperature changes or different human needs. Based on the metal-toinsulator phase transition (MIT), vanadium dioxide (VO2) smart windows can
exhibit automatic change of the infrared transmittance in response to environmental
temperatures without the use of any external nenrgy, in comparison with other
chromogenic windows, such as electrochromic or gasochromic, and it has recently
attracted considerable attention. VO2 undergoes a reversible MIT at ~68°C, that is
accompanied by a structural phase transition from monoclinic (P21/c, M1 phase) to
tetragonal (P42/mnm, R phase) symmetry with an abrupt change in optical
properties from transmitting to highly reflecting particularly in the infrared spectral
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region.
For a thermochromic smart window, the thermochromic material would be coated
on the glass surface, and then it works due to the thermochromism of the coating
layer. The change of optical properties with temperature is usually related to a
structural phase change on passing through a critical temperature, Tc. At
temperature below Tc, the material is relatively transparent in visible light and
infrared range. This allows most of the solar radiation to pass through the window
maximizing the heating effect of the sunlight and blockbody radiation within the
building, keeping the interior warm. At temperatures above Tc, the thermochromic
coating becomes infrared reflective, preventing thermal radiation from excessively
heating the building interior while remaining visually transparent, enabling the
optimum use of natural light.
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2.4 Vanadium dioxide nanowire
Nanoscale materials often exhibit different physical and chemical properties
compared with their bulk properties, and have attracted much attention because of
their structural, electronic, and optical properties and their potential applications.
One-dimensional (1D) nanostructure materials include nanotubes, nanorods,
nanowires, nanofibers, nanobelts, and nanoribbons. The 1D structural VO2
materials lead to a wide variety of potential applications including lithium batteries
temperature-sensing devices, optical switching devices, and thermochromic

smart window.
High quality single crystal VO2 nanowire can show superior phase transition
properties which can be represented as the sharp and abrupt change due to its
crystalline perfectness. The various nanodevices which are based on polycrystalline
VO2 films were hampered by transition broadening and hysteresis effects due to
strain or crystalline imperfectness. For these reasons, the single crystal VO2
material with various nanostructures has been studied actively, due to the improved
performance of the various nanodevices which are based on single crystalliene VO2.
Several methods have been reported to synthesize VO2 nanowire. VO2(B)
nanobelts using ammonium metavanadate as a reagent was reported.[44] VO2(M)
nanorods and nanowires were commonly synthesized at high temperature in an
argon atmosphere using VO2(M) powder as a starting material.[45,46] Using
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hydrothermal process, rutile VO2 nanorods were obtained by the chemical reaction
of KOH, V2O5, and N2H4·H2O. Needle-like VO2·H2O was prepared using NH4VO3
and N2H4·H2O as reagents.[47,48] For all of these systems, additional reagents were
introduced into the reaction system. As such, the synthetic process is complicated,
and might bring about an increase of impurity concentration in the final product.
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Figure 2-1 Conductivity as a function of reciprocal temperature for the lower
oxides of titanium and vanadium.[1]
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Figure 2-2. Schematic illustration of lattice of the two structural phases of VO2[2,3]
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Figure 2-3. Phase diagram for the vanadium-oxygen system[40]
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Figure 2-4. MIT-triggering approaches in correlated oxides. (i) Temperaturetriggered MIT in VO2. (ii) Electrically triggered MIT in Pr0.7Ca0.3MnO3.
(iii) Optically triggered MIT in Pr0.7Ca0.3MnO3. (iv) Magnetically triggered MIT
in Pr0.7Ca0.3MnO3. (v) Strain/stress effects on MIT in VO2.[17]
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Table 2-1 VO2 nano-devices
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Chapter 3. Synthesis of VO2 nanowire

3.1 Hydrate VO2 nanowire synthesis
In order to apply VO2 in various nanodevice application based on metal-toinsulator transition(MIT), the VO2 nanowire would be a good candidate material
due to its low dimension.[1,2,3,4,5] Therefore, it is necessary to achieve pure VO2
nanowire with excellent MIT properties by using low cost process. There were
some reports about the synthesis of VO2 nanowire; the vapor-liquid-solid method[6],
the thermal vapor transport method[7,8,9], the hydrothermal reduction method[10,11,12].
The vapor-liquid-solid method and the thermal vapor transport method are
inefficiency process because these methods need the single crystal substrate, high
temperature and vacuum pressure. The hydrothermal reduction method is also
inefficiency method because some metastable phase of VO2 which is produced in
process.
Wei et al. reported the synthesis method of the hydrate VO2 nanowire for
application in battery.[5] In this paper, hydrate VO2 nanowire can be successively
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synthesized from VO2 powder which is starting materials, and any metastable
phase is came out through the hydrothermal process. The producing principles is
already reported as a hydrating–exfoliating–splitting model of V2O4·0.25H2O
nanowire formation from raw VO2 particles. In a typical synthesis, 0.15 g of
commercial VO2 was dispersed into 15 mL of H2O, and was then transferred into a
20 mL autoclave and kept in an oven at 150-230 °C for 1–7 days. The product was
then filtered off and dried in air. Because VO2 is a metastable phase, the
V2O4·0.25H2O with a layered structure is formed under hydrothermal conditions.
The V2O4·0.25H2O has the nanosheets crystal structure. In order to release the
strong stress and lower the total energy, the nanosheets are split, which results in
the formation of nanowires..
The morphology and size of the resulting product after hydrothermal and
annealing process are shown in Figrure 3-1. Figrure 3-1 contains the schematic of
the hydrating–exfoliating–splitting model[5] and the field emission scanning
electron microscope(FESEM) images to inform the change of the nanostructure
and morphology with increasing reaction time. In first, VO2 powder is hydrated
and its morphology change to layered structure (Figrure 3-1 (a)). As reaction time
increasing, the layered structure hydrated VO2 powder is expolating and splitting to
the nanosheet and the nanowire (Figrure 3-1 (b)). After 3 days in hydrothermal
process, all VO2 powder change to the nanowire and the diameter of nanowire is
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getting uniform (Figrure 3-1 (c)). The hydrothermal process was performed for
various times from 8 hours to 7 days at 220 °C. As the process time increased, the
splitting and hydration of VO2 hydrate nanowire more occurred and the nanowire
became thinner. But after 7 days, the limit of a convergent of the diameter was
about 60nm. This is because the thinner nanowire than the nanowire with the
diameter about 60nm could have higher the total energy due to the large surface-tovolume fraction.
Figure 3-2 show FESEM images of nanowires which were carried out
hydrothermal process for various temperature from 180 to 220 °C. As the process
temperature increased, the nanowire became thinner. The higher temperature
provided the abundant heat energy which could make more frequent hydration and
splitting. But the polyurethane bottle couldn’t sustain at higher temperature over
220 °C.
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Figure 3-1 Schematic of the hydrating–exfoliating–splitting model
and FESEM images
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Figure 3-2 FESEM images of nanowires which were carried out hydrothermal
process for various temperature from 180 to 220 °C for 3 days
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3.2 Dehydrating process : post annealing
In order to investigate the properties of the single VO2 nanowire, hydrate VO2
nanowire should be dehydrated by post annealing process. Figure 3-3 showed the
XRD and TGA results. In XRD result which is colored black, the peak from
hydrate phase was observed (2theta ≈ 10 degree). In TGA result which is colored
black, the weight of VO2 hydrate decreased over 100°C in N2 atmosphere.
Especially over 300°C, the weight of hydrate nanowire decreased rapidly. This
mass reduction came from the dehydrating of VO2 hydrate. The annealing process
for 4 hours at 400 °C in N2 atmosphere is very optimized condition for dehydrating
of VO2 hydrate. The results which were colored red in Figure 3-3 were XRD and
TGA result of VO2 nanowire after annealing process. The peak from hydrate phase
(2theta ≈ 10 degree) was not observed, and the peaks were corresponded to the
VO2(M) phase[JCPDS 44-0252]. No peaks of any other phases or impurities were
observed, suggesting the conversion to pure VO2(M) nanowire is complete. In TGA
result, no mass reduction observed over 400°C. In conclusion, pure VO2(M)
nanowire without any hydrate phase were obtained by hydrothermal process which
was followed by annealing.
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Figure 3-3 XRD (a) and TGA (b) result of VO2 hydrate nanowire and VO2
nanowire after annealing process
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3.3 Metal-to-insulating transition properties of VO2 nanowire
In order to investigate MIT properties of annealed VO2 nanowires, the differential
scanning calorimetry (DSC) analysis (Figure 3-4) and TGA analysis were carried
out. During the heating and cooling cycles, the endothermic and exothermic peaks
are observed at ~68°C and ~59°C, respectively in DSC analysis. But there was no
mass change at ~68°C and ~59°C in TGA analysis. This result showed that the
endothermic and exothermic peaks were came from the phase transitions from M
 R and R  M. The observed transition temperature was same as reported values
of VO2 bulk.[13] The hysteresis clearly shows that the VO2 nanowires can exhibit
the characteristic of the phase transition like the VO2 bulk.
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Figure 3-4 Differential scanning colorimetry (DSC) results of annealed VO2
nanowires
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Chapter 4. The memristive properties of a single VO2
nanowire with switching controlled by self-heating

4.1 Introduction
Development of low-power and high-density memory device has attracted
considerable interest with integrated circuit technology because of the physical
limits of scalability in traditional memory device like DRAM. Rationally designed
materials and technologies have been the subjects of active research for the next
generation of universal memories. The memory device should exhibit not only high
capacity and low-power consumption but also high-speed operation and long
retention based on simple structures.[1] Recently, a memristor capable of behaving
as the two-terminal non-volatile and switchable resistive memory was
demonstrated, which is well known as the fourth fundamental circuit element
theoretically predicted by L. Chua in 1971.[2] Since the memristor can achieve both
high integration density and low switching power consumption due to the high
scalability down to only a few nanometers, it has been one of the most attractive
devices for the next-generation memory technology.[3] Various materials with
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switchable and retainable resistance have been used to realize the memristor
memory, which include protein,[4,5] TiO2,[6] polyaniline,[7] Si,[8] MgO,[9,10] and
vanadium dioxide (VO2).[11,12,13,14] VO2 is one of the most notable materials due to
fast response time and large range of accessible resistance values through a metalto-insulator transition (MIT). The MIT, which is based on the structural phase
transition between metallic tetragonal-rutile (VO2(R)) and insulating monoclinic
structure (VO2(M)), can lead to change in electrical resistance of about four orders
of magnitude and pinched hysteresis loops in I-V curve.[15,16,17,18,19] The temperature
at which this MIT occurs can be changed by doping, lattice mismatch, external
strain and controlling grain size.[20,21,22,23,24,25,26] Over the years, memristors based
on thin-film VO2 have been demonstrated as the memory device with switchable
and retainable resistances. The change of resistance was obtained by providing
pulse-type energy sources such as voltage, light, and current, which played the role
of trigger for the MIT.[12,13,14] The resistance could be retained by keeping the
temperature near the transition temperature (Tc) of about 68°C using an additional
heating source. However, although the switched resistance can be maintained well
near the Tc, it can only provide small range of accessible resistance of less than two
orders of magnitude at fixed temperature because only a part of the hysteresis is
used.

[12,13,14]

Furthermore, using additional heating source for maintaining the

resistance can make it difficult to achieve low power consumption and high density
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integration. Thus, it is necessary to develop innovative strategy toward achieving
low-power, high-density and two-terminal memristor for practical application in
non-volatile memory device. In this chapter, we investigated the memristive
behavior of the single VO2 nanowire by observing the changeable and retainable
resistances which can be controlled by pulses and low bias voltage. This is a key
step towards the development of new low-power and two-terminal memory devices
for next-generation non-volatile memories.
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4.2 Experiment procedure
In this work, we report, for the first time, a two-terminal memristor memory
based on a single VO2 nanowire which can not only provide switchable resistances
in a large range of about four orders of magnitude but also maintain the resistances
by a low bias voltage. The VO2 nanowires were synthesized by hydrothermal
method,[27] followed by thermal annealing process to form monoclinic VO2 phase.
In order to investigate the electrical properties and memrsitive properties of a
single VO2 nanowire, the nanowire was connected to the silver electrodes by using
silver paste. The memristive behavior of the single VO2 nanowire was confirmed
by observing the switching and non-volatile properties of resistances when voltage
pulses and low bias voltage were applied, respectively. Furthermore, multiple
retainable resistances in a large range of about four orders of magnitude can be
utilized by controlling the number and the amount of voltage pulses under the low
bias voltage. For the low-power, high-density, and non-volatile memristor memory,
it is important to make it a two-terminal device without using any additional
heating source. Thus, we focused our research on designing single VO2 nanowirebased memristor with pinched hysteresis loop through self-Joule heating generated
by a low bias voltage.
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4.3 Results and discussion
Figure 4-1(a) showed field emission scanning electron microscopy (FE-SEM)
images of the nanowires and silver contact. A single nanowire with length and
thickness of =30μm and =160 nm, respectively, was connected to the silver
electrodes. The VO2 nanowire was synthesized by hydrothermal process for 3 days
at 220 °C, followed by annealing for 4 hours at 400 °C in N2 atmosphere. After 3
days of hydrothermal process, all the VO2 powder was changed into the nanowires
with 80 to 160 nm diameters. In order to investigate the potential of the device for
a heat-source-free memristor based on a single VO2 nanowire, voltage-resistance
curves of the single VO2 nanowire were measured at room temperature and 100 °C,
and the results are shown in Figure 4-1(b). While the resistance of the assynthesized nanowire without the annealing process was not changed with the bias
voltage at room temperature, that of the annealed VO2 nanowire was reduced by ~4
orders of magnitude upon MR transition.[28,29] It is probably due to the presence
of hydrate phases in the as-synthesized nanowires that cannot drive the MIT. On
the other hand, since the annealed nanowire is VO2(M) without any hydrate phases,
the MIT can be driven by the bias voltage, which can generate self-Joule heating.
The resistance value of the annealed nanowire after the MIT with the bias voltage
over ~0.34V at room temperature was similar to that obtained at 100°C. This
means that the MIT of the single VO2 nanowire can be driven by the bias voltage as

45

well as the direct heating. Furthermore, since the MIT of the single VO2 nanowire
took place with the low bias voltage of about 0.34 V in V-R curve due to its
extremely small volume, which is much lower than those previously reported,
devices based on a single VO2 nanowire can have the advantage of low-power
consumption.[30,31,32]
Figure 4-2 shows the schematic of the single VO2 nanowire-based memristor of
which the two ends were electrically connected to copper wires with silver paste.
The MIT was induced by the Joule heating, and the hysteresis behavior was
observed (the transition voltage for the M to R transition was larger than that for
the R to M transition). This hysteresis behavior leads to the non-linear I–V
characteristic and eventually enables the switched resistance to be maintained. It
was reported that the switchable resistance can be obtained by realizing the mixed
state of metallic and insulating phases in the VO2.[12,13,14 ] If energy, such as heat or
light, is large enough to drive MIT is applied to VO 2 , all of the insulating phase (I
in Figure 4-2) can be transformed into metallic phase (IV). But when the applied
energy is not large enough for the complete phase transition, the metallic phase can
be partially formed in the insulating phase (II and III) owing to the percolative
nature of the MIT in VO2.[14,33,34] In other words, the mixed states of metallic and
insulating phase can be obtained during the MIT of a single VO2 nanowire, and the
relative amount of each phase (metallic/insulating phase ratio) of the mixed state
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can be controlled by the amount of applied energy, which can lead to various
resistance values.
In order to realizelow power consumption, the memsitive system which can be
controlled by self-Joule heating was designed. In the memsitive system which can
be controlled by self-Joule heating, two kinds of voltage sources should be were
supplied; one is the bias voltage for measuring resistance, and the other is the
voltage pulse for triggering MIT in the VO2 nanowire. Figure 2-3 shows the
schematic of these two kinds of voltage and explanations of role. The bias voltage
for reading the resistance could also perform to generate the Joule-heating which
can replace of additional heating stage. The voltage pulse could trigger the partial
MIT in VO2 nanowire.

Prior to demonstrating the retainable and switchable characteristic of a single
VO2 nanowire, it is needed to determine the amount of bias voltage which can
maintain the switched resistance through self-Joule heating. In previous results,
[12,13,14]

the specific temperature, which can maintain the switched resistance, was

determined between the two transition temperatures in heating and cooling cycle of
the hysteresis in R-T curve because the resistance can be changed only in the
hysteresis loop[12,13,14]. Likewise, since the temperature of the nanowire can be
controlled by self-Joule heating through the application of specific bias voltage[35],
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in order to find out the amount of the specific bias voltage, we investigated the
resistance change of the nanowire when different amounts of bias voltages were
applied inside the hysteresis loop (Figure 2-2). When the bias voltage was over 0.3
V, the MIT took place over time because the temperature of the nanowire was
increased over M  R transition temperature by Joule heating. When the bias
voltage was below 0.3 V, the mixed state returned to the initial state (i.e. insulating
state) over time because the nanowire was cooled below the R  M transition
temperature. On the other hand, when the bias voltage of 0.3 V was applied in the
nanowire, the M  R transition (I, II, III, and IV in Figure 4-2) did not occur by
the self-Joule heating, and the resistance of the mixed state did not return to that of
the initial state through R  M transition (II, III, IV  I). Using this specific bias
voltage of 0.3 V, the retainable and switchable characteristics were realized by
applying various voltage pulses for 0.25 second under the bias voltage. As shown
in Figure 4-4, the resistance rapidly dropped to lower values depending on the
amount of the voltage pulse, and then they were maintained for over 5 minutes. In
other words, when the 0.3 V bias voltage is applied at room temperature, the
nanowire can be in the thermally stable state; in which the amount of the heat
absorption in the nanowire by the self-Joule heating would be almost the same as
that of heat desorption into the surrounding ambient. In the thermally stable state,
the nanowire does not undergo M  R transition from insulating state or R  M
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transition from mixed state. Of course, the amount of the specific bias voltage,
which can retain the switched resistance, may change depending on the dimension
of nanowires and the ambient temperature, but this result clearly shows that the
retainable and switchable characteristics in a single VO2 nanowire can be realized
by the application of voltages without using any additional heating source.
For practical device application, well-defined controllability of resistance based
on the retainable and switchable characteristics is one of the most important
requirements. For switching device application of VO2, the MIT induced by
external strain have been reported.[25,26] Under the same applied voltage, the low
resistance status of VO2 single domain can be switched to a high resistance status
by stretching the substrate. The VO2 device of these previous works shows only
two resistance states, however, the resistance of memristor can be changed into
various values by voltage pulse. The change of resistance was measured with the
amount (1, 3, 5, and 10 V) and the number (up to 10 times) of voltage pulses of a
single VO2 nanowire, as shown in Figure 4-5. Before applying the voltage pulses,
the VO2 nanowire was in the insulating state which has a resistance of ~1011Ω.
When the voltage pulse was applied to the single nanowire, the resistance dropped
to lower value due to the partial formation of the metallic phase in the insulating
phase. This resistance drop can be obtained by low voltage pulse of 1 V, and as the
amount of voltage pulse increases to 3, 5, and 10V, the resistance can be decreased
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to values which are much lower than that of insulating state. And also, the
resistance decreases in a step-by-step mode corresponding to the application of
repeated voltage pulses. The change of resistance is largest when the first voltage
pulse is applied and decreases as more pulses are applied, and the resistance is
saturated to the value of ~107 Ω, which is the same as that of the metallic phase (IV
in Figure 4-2). As shown in the insets of Figure 4-5, the resistance shows switching
property with changes of less than one order of magnitude near ~107 Ω. These
results suggest that the amount of change in resistance can be controlled even
within less than one order of magnitude by the amount and the number of voltage
pulses. The total range of accessible resistance is approximately 4 orders of
magnitude which is similar to the change of resistance in MIT (that between I and
IV in Figure 4-2) of a single nanowire. In previous reports, [12,13,14 ] the resistance
was controlled by heating stage, and the ranges of accessible resistance at fixed
temperature was less than two orders of magnitude because they could use only a
part of the hysteresis loop. However, when self-Joule heating is used instead of the
direct heating with additional heat source, the nanowire can have a range of
temperature, and any resistance value in-between those of metallic and insulating
states can be accessed.
The single VO2 nanowire can be utilized in an information storage device due to
its switchable and retainable resistance that can be easily controlled by applying
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voltage. In order to investigate the applicability of the single VO2 nanowire in the
information storage device, we measured the change of resistance which is the
results of the voltage pulse for writing and the zero voltage for erasing/resetting.
The changes of the resistance of a single VO2 nanowire when two different voltage
pulses are applied repeatedly are shown in Figure 4-6. The initial state (at room
temperature without voltage pulse) of the VO2 single nanowire is insulating state
(~1011Ω), and two different values of resistance are obtained by applying voltage
pulse of 3 and 5V for 0.25 second under the bias voltage of 0.3 V. The 3V and 5V
voltage pulses decrease the resistance by over 1 and 2 orders of magnitude,
respectively. And the resistances can be retained for over 25 seconds by bias
voltage. Considering the resistance change with less than 1 order of magnitude in
the previous report, [12,13,14 ]

this large change of resistance can help obtain reliable

switching performance in the information storage application. As it is already
explained in Figure 3, the change of resistance is largest when the first voltage
pulse is applied, and as the state is approaching to the metallic state, larger energy
is required to achieve new lower resistance states. Therefore, the reliable switching
property with large resistance change by low voltage pulse can be successfully
achieved by setting the state of VO2 nanowire near the insulating state. The voltage
pulse under bias voltage, however, can drive only one-way transformation (M  R
transition). In order to reset VO2 into the initial state, different operations like zero
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bias voltage is needed. Applying zero voltage bias to the VO2 nanowire for 2
seconds can reset nanowire to the initial state. After resetting, the resistances can be
switched reproducibly by applying voltage pulse under the bias voltage. This
shows that the VO2 nanowire, when the change of resistance is controlled by the
self-Joule heating, has the advantage of having access to wide range of resistances
and obtaining reliable resistance switch, which can lead to high-performance nonvolatile memory switch device with improved stability and operating speed.
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Figure 4-1 FESEM image of a single VO2 nanowire and silver contact. Resistance
with bias voltage of annealed VO2 nanowires at room temperature (triangle), at
100 °C (circle), and an as-synthesized nanowire at room temperature (square).
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Figure 4-2 The resistance–voltage ( R–V ) hysteresis curve. Insets show the
crystal structures of VO2 (M) and VO2 (R). Schematics showing the gradual change
of phases inside the nanowire at different points marked in the R–V curve. Black
and white parts denote the metallic and insulating phase of nanowire, respectively,
and the mixed state shows the presence of multiple resistance of VO2 nanowire.
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Figure 4-3 Schematic of these two kinds of voltage and explanations about the
roles of each voltage; the bias voltage used for monitoring the resistance could be a
roll as heating stage, the voltage pulse could trigger the MIT and switch the
resistance.
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Figure 4-4

Resistance of annealed VO2 nanowires at room temperature with

0.3 V voltage bias. The 30 V (diamond), 20 V (triangle), and 10 V voltage pulses
(circle) are applied for 0.25 seconds. Inset graph shows the change of resistance for
5 minutes with 0.3 V voltage bias and 20 V voltage pulse
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Figure 4-5 The change of resistance measured with the amount (1, 3, 5, and 10 V)
and the number (up to 10 times) of voltage pulses of a single VO2 nanowire. The
well-defined multiple resistance values s with large range can be obtained by
controlling the amount and the number of voltage pulse.
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Figure 4-6 Demonstration of the information storage that shows reliable and nonvolatile switching property of VO2 single nanowire. The 0.3 V voltage bias is
applied for reading, and the 3 and 5 V voltage pulses are applied for writing. The
zero voltage is used for erasing and resetting to initial resistance.
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4.4 Summary
In summary, in order to demonstrate a two-terminal memristor for next-generation
non-volatile memory, the non-volatile switchable resistance of a single VO2
nanowire, which was synthesized by hydrothermal process and thermal annealing,
was investigated. The retainable and switchable resistance characteristics with wide
range of accessible resistance can be successfully controlled with low voltage. This
characteristic is connected with the percolative nature of the MIT; the mixed state
of metallic and insulating phases in VO2 material. The low voltage bias can
maintain the resistances in the entire temperature range where MIT occurs due to
the self-Joule heating. The self-Joule heating can bring accessible resistance within
a range of four orders and reliable switching characteristic over 1 order of
magnitude of resistance change. By applying zero bias voltage, the resistance can
be reset to the initial insulating state. The resistivity changes for writing with
voltage pulse and erasing with zero bias voltage show very high reproducibility.
This is the first report of the memristor based on a single VO2 nanowire. And also it
is the first report of a simple two-terminal memristor which can be operated by
voltage source without using any additional heating source; voltage pulse, bias
voltage, zero bias voltage for writing, reading, and erasing, respectively, with
retainable resistance. The development of a switch memory device based on VO2
nanowire which can be operated by voltage source can open perspectives for low
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power consumption, low cost fabrication process, high density and high
performance with reliable and non-volatile switching characteristics in the
memristor applications.
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Chapter 5. The memristive gas sensor based on a single
VO2 nanowire

5.1 Introduction
The sensor using semiconducting nanowire was based on the charge transfer
mechanism between a nanowire surface and an analyte molecule followed by
formation

of

charge-induced

depletion/accumulation

layer

at

nanowire

surface[1,2,3,4,5,6,7]. Since for thin enough nanowires, the radius and the width of the
depleted layer are comparable, the adsorption/desorption of gas molecules
effectively modulates the cross section of the nanowire which can act as the
conducting channel.[8,9]
A superconducting transition-edge sensor (TES), also called a superconducting
phase-transition thermometer, consists of a superconducting film operated in the
narrow temperature region between the normal and superconducting state, where
the electrical resistance varies between zero and its normal value.[10] A TES can be
used in ultra-sensitive gas sensor. In these resistive type devices, the active sensing
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element is made of superconducting material whose operating temperature is set to
an extremely narrow region (transition edge) between superconductive and normal
states. Thus, tiny variations of the sensor’s temperature due to change of gas
conditions like pressure, concentration and kinds of molecules will result in a
drastic change of the resistance. This ultra-sensitivity of a TES makes it possible in
principle transition to develop thermal detectors with faster response, larger heat
capacity, and smaller detectable energy input than thermal detectors made using
conventional semiconductor sensor.[8,11]
However, the usage of superconducting sensing elements is experimentally
demanding and expensive since it requires cryogenic temperatures. On the other
hand, VO2 is an actively studied strongly correlated oxide that exhibits a
temperature driven metal-to-insulator transition (MIT) at ~ 68 °C in the bulk form
where conductivity of the sample increases several orders of magnitude. The
transition is accompanied by a crystalline structure change from monoclinic at low
temperature insulating phase to a tetragonal one in a metal state. This sharp change
in conductivity of VO2 has been proposed as a working principle for uncooled TES
microbolometers and critical temperature sensors. Table 5-1 showed the gas sensor
performance of some 1-D oxide gas sensor.[12,13,14,15,16]
The VO2 gas sensors measured the transition voltage which can be different with
the kind of gas or the pressure of gas around VO2 materials.[8,9] But in this case, the
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one-off operation is one of critical disadvantage to deploy on a commercial scale.
The one-off operation means that cooling time is necessary to return to the
insulating initial state after transition voltage measurement. In previous results, the
response time of VO2 takes over 5 min because of this cooling time.[9] This long
response time is critical problem to realize the gas sensor with the real time
measurement solved.
The memristive gas sensor is one of innovative solution for the long response
time problem. The VO2 gas sensors is operated by measurement of transition
voltage which is triggering from insulting phase to metallic phase, while the
memristive gas sensor can be operated by using a part of transition between the
mixed states. In chapter 4, many mixed state that has various resistance state can be
generated by controlling the voltage pulse. Because the cooling time is not needed
to trigger another transition, the response time can be shorted. And the selectivity
and sensitivity can be improved due to the repeated analysis is provided. Figure 5-1
shows the difference between the VO2 gas sensor and the memristive gas sensor. In
this chapter, in order to confirm the possibility of a memristive gas sensor, the
effect of the gas pressure on the non-volatile switchable resistance of a single VO2
nanowire is investigated
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Materials

Sensor
type

Sensitivity

Concentration

Response
time

Reference

SnO2 nanobelt

FET

0.17

0.2%

N/A

12

SnO2 nanowire
+ Pd nanodot

FET

4

1ppm

~50s

13

ZnO
nanorod

Resistor

0.04

200ppm

30-40s

14

VO2 nanowire +
Resistor
Pd nanodot

1000

100%

~5min

15

22

1000ppm

40s

16

WO2.72
nanowire

Resistor

The target gas was hydrogen gas, and sensitivity is the change of resistance over
the resistance (S=Δresistance/resistance)
Table 5-1 Gas sensor performance of some 1-D oxide gas sensor[12,13,14,15,16]

69

Figure 5-1 The different operation systems between the VO2 gas sensor and the
memristive gas sensor.
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5.2 Experimental procedure
In order to investigate the memristive properties, a single nanowire with length
and thickness of ~30 μm and ~160 nm, respectively, was connected to the silver
electrodes on slide glass. For the memristive properties of single VO2 nanowire,
switchable and retainable resistance is needed.[17] First, in order to confirm the
potential of the retainable resistance, the I-V curve of the single nanowire in
various pressures was obtained by measuring the change of resistance with the bias
voltage. The memristive behavior of the single VO2 nanowire was confirmed by
observing the switching and non-volatile properties of resistances when voltage
pulses and low bias voltage were applied, respectively. Furthermore, multiple
retainable resistances can be utilized by controlling the number and the amount of
voltage pulses under the low bias voltage. In order to confirm the possibility of a
memristive gas sensor, the effect of the gas pressure on the non-volatile switchable
resistance of a single VO2 nanowire is investigated. The resistance change in mixed
state is measured at various pressures.
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5.3 Results & discussion
The effect of pressure on memritive properties of the single VO2 nanowire was
investigated for gas sensor application. Non-volatile resistance can be stabilized by
bias voltage which can be determined from the transition voltage in I-V curve. To
determine the bias voltage, I-V curves was measured in various pressures. Figure
5-2 showed the I-V curve of single VO2 nanowire in 760Torr, 1Torr and 40mTorr.
As the applied voltage increased, the Joule heating which was generated in VO2
nanowire also increased. The temperature of nanowire raised and reach to the
transition temperature, and the insulating VO2(M) transited to the metallic VO2(R).
The Joule heat, released in the nanowire was used to trigger MIT directly. The
resistance of the VO2 nanowire was reduced with the bias voltage at room
temperature by ~4 orders of magnitude upon the transition. Under applied voltage,
the nanowire acts as a preheated thermistor whose temperature (and thus resistance)
depends on the delicate balance between the incoming Joule heat and outgoing heat
fluxes.[18,19] The former is manipulated through the DC bias ramps, whereas the
latter ones are determined mainly by the type of the ambient gas, its temperature,
pressure, and heat dissipation into the metal contacts. Thus, any variations in the
thermal conductivity of the ambient gas will be recorded as shifts in the transition
voltage for MIT. When the pressure decreased, the heat desorption from the
nanowire to the ambient gas molecules also decreased. So the transition voltage is
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lower as decreasing the ambient gas pressure.
In order to investigate the effect of pressure on memritive properties, the change
of resistance was measured with the number of voltage pulses of a single VO2
nanowire. Figure 5-3 showed the change of resistance with voltage pulses in
760Torr and 1mTorr. Before applying the voltage pulses, the VO2 nanowire was in
the insulating state which has a resistance of ~1012Ω. When the voltage pulse was
applied to the single nanowire, the resistance dropped to lower value due to the
partial formation of the metallic phase in the insulating phase. The resistance
decreases in a step-by-step mode corresponding to the application of repeated
voltage pulses and the resistance is saturated to the value of ~107 Ω, which is the
same as that of the metallic phase. When same voltage pulse applied to the
nanowire, as the pressure decreased, the resistance of nanowire changed more
lower value in mixed state from same resistance. If the resistance was same, the
generated heat in the nanowire was also same. But due to the different pressure, the
heat desorption from the nanowire to the ambient gas molecules was changed. The
heat desorption in 1mTorr is smaller than that in 760Torr, the resistance drop was
larger in 1mTorr. This show the possibility of a memristive gas sensor which ca
detect the gas pressure by using the resistance change in mixed state.
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Figure 5-2 Resistance with bias voltage of annealed VO2 nanowires in 760Torr
(square), in 1Torr (circle), and in 40mTorr (triangle).
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Figure 5-3 The change of resistance measured with 2V voltage pulses of a single
VO2 nanowire in 760Torr and 1Torr.
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5.4 Summary
The memristive gas sensor is one of innovative solution for the long response
time problem of the gas sensor based on MIT of VO2. The VO2 gas sensors is
operated by measurement of transition voltage which is triggering from insulting
phase to metallic phase. While the memristive gas sensor can be operated by using
a part of transition between the mixed states. It provided fast response, repeatable
measurement, improved sensitivity. In order to confirm the possibility of a
memristive gas sensor, the effect of the gas pressure on the non-volatile switchable
resistance of a single VO2 nanowire is investigated. The VO2 nanowire was
connected electrically by using silver contact. The MIT of a single VO2 nanowire
can be successfully controlled by self-Joule heating without additional heating
source. Non-volatile resistive memory can be stabilized by bias voltage which can
be determined from the transition voltage in I-V curve. Due to the different
pressure, the heat desorption from the nanowire to the ambient gas molecules was
changed. As the pressure decreased, the transition voltage decreased, and the
resistance of nanowire changed lower value in mixed state.
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Chapter 6. Thermochromic properties of VO2 and polymer
composite for smart window application

6.1 Introduction
The further development of smart window is thermochromism smart window,
which can automatically change only its infrared optical transmittance with
temperature without consuming other extra energy.[1,2,3,4] The term ‘thermochromic’
is generally used for referring both thermotropic and thermochromic. However, for
convenience, thermochromic windows based on hydrogels and polymer blends will
be called as thermotropic, whereas those based on oxide thin film will be called as
thermochromic in this dissertation.
For a thermochromic smart window, the thermochromic material would be coated
on the glass surface, and then it works due to the thermochromism of the coating
layer. The change of optical properties with temperature is usually related to a
structural phase change on passing through a critical temperature, Tc. At
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temperature below Tc, the material is relatively transparent in visible light and
infrared range. This allows most of the solar radiation to pass through the window
maximizing the heating effect of the sunlight and blockbody radiation within the
building, keeping the interior warm. At temperatures above Tc, the thermochromic
coating becomes infrared reflective, preventing thermal radiation from excessively
heating the building interior while remaining visually transparent, enabling the
optimum use of natural light. Minimizing the use of internal lighting also reduces
building maintenance costs.[5]
Many materials have such switching properties, and some of them are
summarized in Table 6-1.[6,7] By far, Vanadium dioxide(VO2) has been the most
widely studied, since the early demonstration of resistivity switching in bulk by
Morin.[6] The near proximity of the transition temperature to room temperature, at
68℃, is the most important reason.
Various deposition methods such as magnetron sputtering, pulsed laser deposition,
electron beam evaporation, and chemical vapor deposition, have been reported to
be used to fabricate VO2 film. In order to control the stochoimetry of the film, high
vacuum and high temperature is needed which lead high cost. However, if VO2 is
to be used in application like structural glass and automobile glass, the cost is very
critical issue. For this reason, hydrothermal process and solution-based process are
one of the best methods to produce the VO2 thermochromic window in view of
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various advantages; Easy and relatively cheap process.
Wei et al. reported the synthesis method of the hydrate VO2 nanowire for
application in battery.[8] The method to synthesize the hydrate VO2 is using the VO2
powder; the synthetic process was not complicated, and made no impurity phase in
the final product. High quality single crystal VO2 nanowire can show superior
phase transition properties which can be represented as the sharp and abrupt change
due to its crystalline perfectness. The thermochromic properties based on superior
phase transition of VO2 nanowire can be improved. In this chapter, to develop the
thermochromic window using hydrothermal process and solution-based process the
thermochromic properties of the VO2 nanowire was investigated.
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Figure 6-1. ThermoSEE thermotropic glazing. The off-state is shown on the left
and the heated on-state is shown on the right. (Credit: F. Millett, Pleotint, USA.)[8]
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Figure 6-2

Schematic illustration of thermochromic smart window
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Table 6-1. Comparison of various smart windows.
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Electro-chromic
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Changes
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-

Manual

-
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Thermal Insulation

High IR
Transmittance
@High Temp.

Remarks

-

Requires
Additional Energy

-
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6.2 Experimental procedure
In order for VO2 nanowires to be used in practical smart window applications, the
thermochromic property of VO2 nanowires and polymer composite was
investigated. Colloidal VO2 nanowires are fundamental materials of fast optical
shutters for optical modulation and modulators in data storage and thermochromic
coatings[9]. The VO2 nanowire does not form stable dispersions in organic solvents
such as polyurethane. A second step is necessary that replaces surfacebound
hexanoic acid with a surface-bonded, solvent-compatible, polymerizable material,
(3-methacryloxypropyl)trimethoxysilane(MPTMS).[10] Figure 6-3 showed the
process of MPTMS treatment which was used in this thesis. After MPTMS
treatment, VO2 nanowires were dispersed in 2-butanone, forming a visually
transparent colloid. For window application, the transmittance in visible light range
should be improved. The antireflection coating is one of candidated method to
improve the transmittance of the visible light, and by coating the VO2 nanowire
with SiO2 layer as antireflection coating, cleared view can be achieved.[11,12] VO2
nanowire-SiO2 core-shell nanostructure was fabricated by the silanization via
hydrolysis of TEOS. VO2 nanowires were first soaked into 0.5 M citric acid for 10
min to clean surface contaminations and modify the surface with citric groups.
After rinsing with DI water and blow-drying with N2, the nanowires were
immerged into a homogeneous mixture composed of 30mL of EtOH, 4 mL of H2O,
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and 500 μL of TEOS for 20 min under stirring. Once 500 μL of ammonium
hydroxide was added into the mixture, the reaction was initiated. The shell
thickness was controlled by the hydrolysis time of TEOS after the accession of
ammonium hydroxide. After reaction time, diluted water was added and the
reaction was terminated. Figure 6-4 showed the process of TEOS treatment which
was used in this thesis. The nanowire were removed from the reaction solution
after a series of determined reaction time t, t = 3, 5, 10, 30 and 60min, followed by
centrifugation, water rinsing and N2 drying. All samples were stored in a vacuum
chamber for further characterization. Colloid VO2 nanowire and VO2 -SiO2 coreshell nanowires were dispersed in polyurethane and were deposited on fused silica
substrate by the spin coating method. The thermochromic property was measured
by FT-IR spectrophotometer in the wave number range 400–6000cm-1 with a
programmable heating attachment. The spectra were collected at 20 and 80 °C, and
at the fixed wavelength of 2000nm against temperature with a UV–vis
spectrometer.

87

Figure 6-3 The step-by-step process of MPTMS treatment for dispersion
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Figure 6-4 The step-by-step process of TEOS treatment to synthesize the VO2SiO2 core-shell nanowire [13,14]
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6.3 Results & discussion
The X-ray diffraction measurement was performed for phase identification of the
nanowire. XRD pattern of the VO2-SiO2 core-shell nanowire (reaction time t=
5min) is depicted in Figure 6-5. XRD pattern shows intense Bragg diffraction
peaks only from VO2(M) phase which is agreement with the reported
pattern(JCPDS 19-1398). No peaks of other phases or impurity was not observed.
XRD pattern of the VO2-SiO2 core-shell nanowire (reaction time t= 30min) is
depicted in Figure 6-6. It is notable that a broad peaks near 2Θ≈20~40° from
amorphous SiO2 and very small intense Bragg diffraction peaks from VO2(M)
phase. Except amorphous peak, no peaks of other phases or impurity was not
observed. In VO2-SiO2 core-shell nanowire (reaction time t= 30min), the thickness
of SiO2 layer is about 100um, so very small amount of X-ray can reach to the
VO2(M) phase.
Figure 6-7 shows DSC of the pure VO2 nanowire and VO2-SiO2 core-shell
nanowire. In heating cycle, the maximum peak position of VO2 nanowire’s
exothermal peak is 58.11°C, and the half partial area position is 58.60°C. In
cooling cycle, the maximum peak position of VO2 nanowire’s endothermal peak is
71.13°C, and the half partial area position is 71.85°C. The transition temperature of
VO2-SiO2 core-shell nanowire is also similar with that of the pure VO2 nanowire. It
is notable that a VO2-SiO2 core-shell nanowire’s transition is broader peak. It may
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due to stress which can be created between VO2 and SiO2 during the structural
change (VO2(M)VO2(R) or VO2(R) VO2(M)).
In order to investigate the reaction time on SiO2 thickness, the size of VO2-SiO2
core-shell nanowires was measured by the optical microscope. Figure 6-8 shows
the microscope images of VO2-SiO2 core-shell nanowires which are followed the
reaction; t = 5min and 30min. Figure 6-9 shows the graph and table which can
show relationship between the reaction time and the thickness. As the TEOS
process time increased, the thickness of SiO2 layer also increased.
The actual nano-sturcuture of VO2-SiO2 core-shell nanowire was confirmed by
TEM analysis, as shown in Figure 6-10. VO2-SiO2 core-shell nanowire (t=5min).
The VO2-SiO2 core-shell nanowire deposited on Si substrate and was cut by FIB.
The sample size is 20um x 10um x 100nm. From high resolution TEM image
(Figure 6-10(b)) and selected area electron diffraction pattern (Figure 6-10(c)), the
nanowire was single crystal without any grain boundary. The VO2 nanowire was
coated uniformly by SiO2, and the thickness of SiO2 was ~100nm. There is no
intense peak in electron diffraction pattern ((Figure 6-10(d)), SiO2 was amorphous
phase.
Figure 6-11 and 6-12 showed EDS mapping result. EDS showed the core
nanowire is pure VO2 and the capping layer is pure SiO2. This showed the VO2SiO2 core-shell nanowire successively synthesized.
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Figure 6-13 showed the spectral transmittance of VO2 nanowire + polyurethane
composite deposited on fused silica. The concentration of the VO2 nanowire +
polyurethane composite was 20wt% (= 5volume% VO2 nanowire / polyurethane).
The spin coating was carried out for 20 times in (a) and (b), for 30 times in (c). The
composite based on pure nanowire which was not treated any dispersion or coating
showed very poor thermochromic properties (Figure 6-13(a)). When VO2 nanowire
was treated by MPTMS, the Infrared(IR) transmittance change(@λ=2500nm) was
improved about 7%. The IR transmittance changes of the composited based on
VO2-SiO2 core-shell nanowire, were larger than 20%. It was notable that the
transmittance in visible light was higher when VO2-SiO2 core-shell nanowire used.

.
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Figure 6-5 XRD diffraction pattern of VO2-SiO2 core-shell nanowire (t=5min)
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Figure 6-6 XRD diffraction pattern of VO2-SiO2 core-shell nanowire (t=30min)
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Figure 6-7 DSC results of the pure VO2 nanowire and VO2-SiO2 core-shell
nanowire.
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Figure 6-8 The microscope images of VO2-SiO2 core-shell nanowires which are
followed the reaction; t = 5min and 30min.
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Figure 6-9 The graph and table which can show relationship between the reaction
time and the thickness
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Figure 6-10 The actual nano-sturcuture of VO2-SiO2 core-shell nanowire was
confirmed by TEM analysis
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Figure 6-11 EDS mapping result of the VO2-SiO2 core-shell nanowire successively
synthesized.
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Figure 6-12 EDS mapping result of the VO2-SiO2 core-shell nanowire
successively synthesized
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(a) (b)

(c)
Figure 6-13 The spectral transmittance of VO2 nanowire + polyurethane composite
deposited on fused silica
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6.4 Summary
In order to investigate the thermochromic properties of the VO2 nanowire, VO2
and polymer composites were deposited on fused silica substrate by the spin
coating method. By using MPTMS treatment which could replace surfacebound
hexanoic acid with a surface-bonded, the colloidal VO2 nanowires were
synthesized successfully. The VO2 nanowire formed stable dispersions in organic
solvents with a visually transparent colloid such as polyurethane. In order to
improve the thermochromic property, the VO2 nanowire was coated by SiO2 layer
as antireflection coating. VO2-SiO2 core-shell nanowire was fabricated by the
silanization via hydrolysis of TEOS. The micro and nano structure of VO2
nanowire-SiO2 core-shell was investigated by the microscope, the FESEM and the
TEM. As result of XRD and EDS, SiO2 coating layer which has the thickness from
100nm to 100um was the amorphous silicon oxide. Colloid VO2 nanowire and
VO2-SiO2 core-shell nanowires were dispersed in polyurethane and were deposited
on fused silica substrate by the spin coating method. The thermochromic property
was measured by FT-IR spectrophotometer in the wave number range 400–
6000cm-1 with a programmable heating attachment. The thermochromic property
was improved after MPTMS treatment and the transmittance in visible light was
improved after SiO2 antireflection coating. The IR transmittance changes of the
composited based on VO2-SiO2 core-shell nanowire, are larger than 20%. It was
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notable that the transmittance in visible light was higher when VO2-SiO2 core-shell
nanowire used.
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Chapter 7. Summary and suggestions for future work

Vanadium dioxide (VO2) nanowire was synthesized by hydrothermal process
which was followed by thermal annealing in order to fabricate the devices and
investigate the applicability of the devices which are based on metal-to-insulator
transition. Figure 7-1 showed the strategy of this thesis to fabricate the nanodevices
based on VO2 nanowire. VO2 provided the room temperature operation, high speed,
and high performance due to the large and abrupt optical/electrical change. The
nanowire could promise the self-Joule heating operation with low power
consumption, the high device density(small size) and improved performance due to
high surface/volume ratio. The hydrothermal process had advantage to high purity
VO2 with various nanostructure in fast and low cost process. This study could be a
one of key to realize the practical application of VO2
First, the hydrothermal process was performed with various conditions in order to
investigate the effect of process time and temperature on the structure of the VO2
nanowire. The VO2 hydrate nanowires were formed after hydrating–exfoliating–
splitting steps through the hydrothermal process, and each step was confirmed by
the field emission scanning electron microscope (FESEM). As the process
temperature increased, the nanowire became thinner. As the process time increased,
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the nanowire became thinner, but the limit of a convergent of the diameter was
about 60nm. In order to dehydrate the nanowires, thermal annealing at 400°C in N2
atmosphere for 4 hours was carried out. XRD and DSC results showed that the
nanowires were VO2(M) without any hydrate phases and that the MIT occurred at
~68°C in a heating cycle. These results suggest that the new method to synthesize
the pure VO2(M) nanowires.
Second, in order to investigate the memristive properties of the VO2 nanowire, the
VO2 nanowire was connected electrically by using silver contact. The MIT of a
single VO2 nanowire can be successfully controlled by self-Joule heating without
additional heating source. Non-volatile resistive memory could be stabilized by
bias voltage to read the resistance. Various resistance states could be achieved by
efficient Joule heating that accompany with voltage pulse. The single VO2
nanowire showed ~104 accessible resistance range which was similar range
between fully metallic and insulting state. And the resistance could change abruptly
with voltage pulse. By thermal cooling with zero voltage, the nanowire could be
reset to fully insulating state. The process of writing with voltage pulse and erasing
with thermal cooling showed very high reproducibility in resistance. The VO2
nanowire could be Non-volatile resistive memory could be stabilized by bias
voltage to read the resistance. This is first report that the memritive system
controlled by self Joule heating and the memritive properties of single VO2
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nanowire.
Third, the effect of pressure on memritive properties of the single VO2 nanowire
was investigated for gas sensor application. The MIT of a single VO2 nanowire
could be successfully controlled by self-Joule heating without additional heating
source. Non-volatile resistive memory could be stabilized by bias voltage which
can be determined from the transition voltage in I-V curve. When same voltage
pulse applied to the nanowire, as the pressure decreased, the resistance of nanowire
changed lower resistance value in mixed state. This is the first report of the
memristive gas sensor.
Finally, in order for VO2 nanowires to be used in practical smart window
applications, the thermochromic property of VO2 nanowires and polymer
composite was investigated. By using MPTMS treatment which could replace
surfacebound hexanoic acid with a surface-bonded, the colloidal VO2 nanowires
were synthesized successfully. The VO2 nanowire formed stable dispersions in
organic solvents with a visually transparent colloid such as polyurethane. In order
to improve the thermochromic property, the VO2 nanowire was coated by SiO2
layer as antireflection coating. VO2-SiO2 core-shell nanowire was fabricated by the
silanization via hydrolysis of TEOS. The micro and nano structure of VO2
nanowire-SiO2 core-shell was investigated by the microscope, the FESEM and the
TEM. As result of XRD and EDS, SiO2 coating layer which has the thickness from
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100nm to 100um was the amorphous silicon oxide. Colloid VO2 nanowire and
VO2-SiO2 core-shell nanowires were dispersed in polyurethane and were deposited
on fused silica substrate by the spin coating method. The thermochromic property
was improved after MPTMS treatment and the transmittance in visible light was
improved after SiO2 antireflection coating. The IR transmittance changes of the
composited based on VO2-SiO2 core-shell nanowire, are larger than 20%. It was
notable that the transmittance in visible light was higher when VO2-SiO2 core-shell
nanowire used.
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Figure 7-1 The strategy of this thesis to fabricate the nanodevices based on VO2
nanowire
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국문 초록
이산화바나듐(VO2)는 68도 부근에서 금속-절연체 상전이(MIT) 특성
을 보이는 재료로, 상전이 시 급격한 저항 및 광학적 특성의 변화를 보
이고, 그 전이 속도가 매우 빠르며, 상온 부근에서 전이온도를 가지는
특성을 보인다. 이러한 이산화바나듐의 전이특성을 이용하여 메모리소자,
스위치소자, 가스센서, 온도가변형 적외선 차단 소자, 광학 소자에 응용
하려는 연구가 진행되고 있다.

이산화바나듐을 이용한 기존의 나노소자의 경우 박막구조의 이산화바나
듐을 진공공정을 통하여 제작해 왔다 하지만 CVD, PVD와 같은 진공공
정의 경우 높은 진공도와 온도를 요구한다는 점에서 공정비용이 증가하
고, 기판에 선택에 있어 자유롭지 못한 단점을 가진다. 박막 형태의 이
산화바나듐 소자의 경우 전이온도까지 소자온도를 올려줄 수 있는 발열
체가 추가로 존재해야 하며, 높은 결정성을 얻기 위해서는 단결정 기판
을 요구한다는 점도 실제 소자 응용에 있어 한계가 있다. 본 연구에서는
수열합성법으로 이산화바나듐 나노와이어를 제작하고 이를 응용하여 단
순한 구조를 가지면서 저비용으로 소자제작이 가능한 나노소자를 제작하
는 연구를 진행하였다.
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수열합성법은 저비용으로 순수한 나노구조를 가지는 이산화바나듐을 제
조할 수 있는 합성법으로 기존에 보고된 이산화바나듐 수화물 나노와이
어를 제조하는 공정을 이용하여 순수한 이산화바나듐을 합성하였다. 수
열합성법으로 제조된 이산화바나듐 수화물 나노와이어를 후열처리를 통
하여 순수한 이산화바나듐을 합성하였으며, 기존에 보고된 이산화바나듐
재료와 마찬가지로 약 68도 부근에서 상전이를 일으키는 것을 확인하였
다.

이를 제작된 이산화바나듐 나노와이어를 이용하여 저항의 변화가 가능
하면서 비휘발성의 특성을 가지는 멤리스터를 제조하였다. 나노와이어의
경우 그 작은 부피로 인해 추가적인 발열체 없이 줄(Joule)열을 이용하
여 비휘발성을 확보할 수 있었다. 기존의 보고된 이산화바나듐 박막을
이용한 멤리스터와 달리 가변하는 저항의 범위가 증가하였으며, 저항의
차이도 증가하였다. 이를 통하여 이산화바나듐 나노와이어를 이용한 멤
리스터는 비휘발 메모리로 응용이 가능하며, 저전력의 향상된 성능을 가
질 수 있다는 것을 증명하였다.

또한 저항의 변화가 가능하면서 비휘발 특성을 가지는 멤리스터를 응용
한 가스센서가 개발가능한 지를 확인하는 연구를 수행하였다. 기존 이산
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화바나듐을 이용한 가스센서의 경우, 전이전압을 측정하는 방식을 사용
하기 때문에 한번의 측정만이 가능하였으나, 멤리스터를 응용한 가스센
서는 저항의 변화를 이용하기 때문에 반복적인 측정이 가능하다는 장점
을 가진다. 주위의 가스 압력이 감소함에 따라 저항의 감소가 더 커지는
것을 확인하였으며, 변화한 저항이 유지되는 것을 확인하였다. 이를 통
하여 멤리스터를 응용한 이산화바나듐 가스센서의 응용가능성을 확인하
였다.

마지막으로 이산화바나듐 나노와이어와 폴리머 복합체 형태의 온도가변
형 적외선 차단 필름을 제조하였다. MPTMS 처리를 통하여 유기물에 나
노와이어가 안정적으로 분산할 수 있도록 하였으며, TEOS를 이용하여
나노와이어 표면을 이산화실리콘으로 감싸줌으로써 광학적 투과도를 높
일 수 있었다.

본 연구에서는 순수한 이산화바나듐 나노와이어를 합성하는 공정을 개
발하고, 멤리스터, 가스센서, 적외선 차단 소재로서의 응용가능성을 확인
하였다. 이산화바나듐 나노와이어를 이용한 멤리스터는 첫번째 보고이며,
자가 발열을 통한 멤리스터 소자 구동 역시 첫번째 보고이다. 기존에 가
스센서의 단점을 극복할 수 있는 새로운 형태의 가스센서를 제안하고,
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그 가능성을 확인하였다. 또한 제조된 이산화바나듐 나노와이어에 표면
처리를 통하여 그 특성을 향상시킴으로써 실제 이산화바나듐 나노와이어
를 이용한 소자 개발에 중요 문제들을 해결 할 수 있는 방법을 제시하였
다. 이를 통해 이산화바나듐 나노와이어를 이용한 나노소자 개발에 있어
중요한 기여를 했다고 생각한다.

주요어 : 이산화바나듐, 나노와이어, 나노구조, 수열합성법, 멤리스터, 가
스센서, 온도가변형 적외선 차단소재, 자가발열, 비휘발메모리.
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