Chapter 1

Introduction

1.1 Overview

Vanadium dioxide (VOy) is a transition — oxide with unique physical properties, making
it a subject of intense research for several decades. Here's a brief history of VO research
till 2023:

1957: VO was first discovered to undergo a semiconductor — metal transition (SMT),
where it changes from a semiconducting material to a metallic material, upon heating.
1959: The first observation of the SMT in VO, was made by Morin at Bell Telephone
Laboratories.

1960s-70s: The SMT in VO was extensively studied, revealing its unique electronic and
optical properties.

1980s-90s: The discovery of high temperature superconductivity in ceramics sparked
renewed interest in VO, as a model system for studying electron-phonon (e-p)
interactions.

2000s-2010s: Advances in thin-film deposition and nanoscale fabrication techniques
allowed for the synthesis of VO»-based devices with improved performance, leading to
increased interest in potential applications in thermos electrics, memory devices, and
optoelectronics.

2015: A team of researchers demonstrated the use of VO as a switchable infrared (IR)

reflector, opening up new possibilities for energy-efficient building materials.




Recent years (2017-2023): Continued research has focused on exploring the properties
of VO and its potential applications in various fields, including photonics, electronics,
and energy conversion. The discovery of new materials with similar properties to VO3,
such as VOz-based hetero-structures and vanadium oxides (VOs) with mixed valence
states, has also expanded the scope of research in this area.

2021 and Beyond: The recent breakthroughs in the field of VO research have paved the
way for its potential use in a diverse array of applications, such as high-speed electronic
devices, flexible electronics, and smart windows. Researchers are exploring new
approaches to synthesizing high-quality VO thin films with controlled crystal structure,
in order to further optimize its properties and performance. The development of advanced
fabrication and characterization techniques is also expected to fulfil a crucial role in
ongoing efforts to unlock the full potential of VO and its derivatives. Additionally,
research is also being conducted on the integration of VO with other materials, such as
graphene and 2D (D: dimension)) materials, to create VO2-based hetero-structures with
improved properties and functionality. These hetero-structures have the potential to be
used in a diverse array of applications, including high-speed data storage and processing,
thermos electrics, and photonics.

Overall, the history of VO research highlights the ongoing efforts to understand and
harness the unique properties of this material, with the goal of advancing various fields
of science and technology. The future of VO research looks promising, with many
opportunities for further discovery and innovation. With continued investment in this
area, it is expected that VO will fulfil an increasingly significant contribution in
development of new technologies and materials, leading to breakthroughs in fields such

as electronics, energy, and materials science.




1.2 VO:2: A Complex Mott Type Semiconductor

VO, a semiconductor (SC) of correlated 3d! electrons (spin s = %) near room temperature
(RT). It is a transition metal oxide that is well-known as a "Mott type SC (insulator),”
named after the British physicist Sir Nevill Mott. Mott SCs are materials that exhibit an
SMT, meaning that they switch from being electrically semiconducting to conductive
(metallic) state, based on changes in temperature or external stimuli [1-4]. In VO, this
transition occurs at around 340 K, where it transforms from a semiconducting to metallic
state, making it an ideal material for use in thermal switching devices and smart windows.
In order to control the transition using external stimuli beyond temperature changes and
for various applications, it is crucial to comprehend the material's behavior throughout
the transition. Specifically, understanding the primary physical factor driving the
transition is essential. The two primary explanations for the SMT in VO that have been
put out by the community are the one that views monoclinic VO as a Peierls type SC and
the one that views it as a Mott type SC. In the first scenario, the gap would open as a
result of a structural alteration, namely pairing and the ensuing doubling of the cell [5, 6].
In the second scenario, the creation of the gap would be caused by the correlation of the
electrons that were trapped in the narrow dj| band after the shift of the = band [7]. In an
effort to figure out this enigma, several research have been concluded. New intermediate
phases and mixed behaviours have been added to the scenario as a consequence of
theoretical calculations and experimental findings. One of the conclusions drawn to date
is that categorizing VO: solely within one of the two scenarios is not feasible, as the
behavior appears to be significantly more intricate. This is evidenced by the fact that
neither the density functional theory (DFT) employing the local-density approximation

(LDA) nor theories incorporating electron correlation, such as LDA+U, could fully




capture the experimental observations concerning the various phases of the material

[8-10].

1.3 Significance of Resistive Switching

1.3.1 Hysteresis Width and Contrast

Both the width and contrast of the phase transition hysteresis are essential parameters
to understanding the mechanics of the phase transition and designing effective devices. If
the temperature at which a SC changes into a metal is denoted as point A in Figure 1.1
and the temperature at which a metal changes into a SC is denoted as point B, then the
hysteresis width is equal to the difference in temperature shown by Tsut — TmsT. Figure
1.1 shows that the optical contrast, the alteration in transmission or reflection, denoted by

the letter C, is defined.
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Figure 1.1 Schematic parameters associated during heating cooling thermal cycles.




The contrast is influenced by both the thickness (t) of the film and its composition. For a
thin layer with uniformly spaced grains, each grain will have identical Tsmt and Twsr,
and the resultant hysteresis will be narrow and resemble that of a single crystal. Taking
into account a film that is formed of grains of two distinct sizes, we can say that each
grain size will have its own Tswt and Twmst. This film will have a hysteresis that is
marginally broader than that of the film with the same grains but a different composition.
One way to think about the hysteresis width is as a measurement of the grain homogeneity
that exists across a film. Films that have a grain distribution that is narrow will have a
hysteresis that is narrow, while films that have a grain distribution that is broad will have

a hysteresis that is wide.

1.4 Literature Review

1.4.1 Magneli Phases of Vanadium Oxides

Vanadium has been demonstrated to exhibits multiple valence states, ranging from V2*
— V°* to form vanadium oxygen complexes with multivalent oxides such as VO, V20s,
VO, and V205 [11, 12]. There are two forms of non-stoichiometric VOs that exhibit a
phase transition response: one has a generic formula of V,O2n+1 and exists between V205
to VO, and the second kind is referred to as the Magnéli type and has the general formula
VnOz2n-1 [13, 14]. In contrast to the Magnéli family, VaO2n+1 exhibits a reduced number
of elements, such as V307 with a critical temperature (T¢) of 5.2 K and V6O13 with an
antiferromagnetic Néel temperature (Tn) of 155 K [15, 16]. However, VhO-1 (3 <n <
10), which is based on the rutile VO2 (R) structures of the Magnéli family, displays
diverse T¢ values as shown in Figure 1.2 [14, 17]. Examples include VgOss (70 K), V509

(135 K), V011 (170 K), V4O (250 K) and metallic V7013 [17].
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Figure 1.2 SMT and Néel temperatures in Magneli families [14].

1.4.2 Vanadium Dioxide

Multiple crystallographic phases exist for VO2. These include the monoclinic or distorted
rutile structure known as VO2 (M), as well as the rutile (tetragonal) structure known as
VO> (R). In addition, the physical parameter of VO shows in Table 1.1. VO- has been
identified in at least five metastable phases, which consist of the high temperature
tetragonal phase VO2 (A) (14/m), the low temperature tetragonal phase VO3 (A) (P4/ncc),
the monoclinic phase VO2 (B) (C2/m), the layer-structured VO2 (C), and the recently
characterized VO2 (D) [18-20]. These polymorphs all have oxygen bcc lattices for their
crystal structures, where the oxygen octahedra exhibit regularity, and the vanadium ions
occupy the octahedral positions [20]. The phases most frequently observed in recent
reports are shown in Figure 1.3, together with conditions that enable their transformation

from one to another.
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Figure 1.3 VO phases and their conditions of transformation [21].

Only VO2 (M/R), owing to changes in its crystallographic structure and electrical
structure at 341 K and shows a completely first-order reversible SMT [22]. Every
vanadium ion (V#") is situated at the center of an octahedron formed by six oxygen ions
(0%) located at the vertices of the structure [23]. However, the phase transition is
significantly influenced by factors such as crystallinity, divergence, and the size of VOo..
Morin discovered the existence of a reversible SMT in monoclinic VO2 in 1959 [24]. VO2
(M) belongs to the VnO2n-1 (n = infinite) family and has been explored as a model material
for clarifying ‘e-e’ interactions [25]. Upon elevating the temperature of VO. (M/R)

beyond 341 K, a change in structure occurs, transitioning from the monoclinic SC (VO




(M)) phase (P21/c, M1 phase, the most stable phase at RT) to the conducting rutile phase
(VO2 (R)) (P42/mnm, R phase). There is a dramatic shift in the optical characteristics of
VO, (M/R) from IR and ultraviolet (UV) transmittance below SMT to IR and UV
reflectance above SMT due to this phenomenon, which is called thermochromism [26,
27]. These optical alterations are connected with a change in resistivity that is about four
to five orders of magnitude larger, yet the material nevertheless maintains its ability to
transmit visible light [28, 29]. Figure 1.4 depicts how the infinite linear chains of VO
(R) transform into the zigzag chains of VO, (M) that occur during the metal —
semiconductor transition (MST) [30, 31]. Whether or not the outer 3d electrons of VOs
are confined is determined by the intensities of the ‘e-e’ correlation for the cation-cation
(V3 -3 and V#*-V* ions) interactions. According to Goodenough's findings, one may
deduce from semi-empirical equations for critical separation value (R¢) for the 3d electron
coupling interaction for vanadium ions is =~ 2.93 [32]. Consequently, 3d electrons are
mobile when the separation value (R) is less than the R¢, and localised when R is more
than R¢. As an example, the VO (M) zigzag chains create dimers of vanadium atoms at
V-V distances of 0.316 nm (> R¢) and 0.262 nm (< R¢) along the cr-axis, leading to SC
behaviour and a resistance on the order of 0.1 Q m (Figure 1.4) [33]. As the vanadium
ions in VO3 (R) form infinite chains with a V-V spacing of 0.288 nm (< R¢) along the cr-
axis, the d electrons are shared by all the ions in the same direction, resulting in a low
resistivity of around 10 Q m [34, 35].

Moreover, the phase transition can be induced by physical stress, electromagnetic wave,
or electric field [36]. Due to its potential applications in sensors, energy-efficient
thermochromic smart windows, switches, 4D imaging, energy storage devices, field-
effect transitions, and more [37], VO2 (M) has captured the attention of researchers.

Factors such as size effect, interfacial strain, external strain, defects, stoichiometry,




doping, and others collectively contribute significantly to the solid-state SMT in VO

(M).
Table 1.1 Physical parameter of VO, at monoclinic and rutile crystal structure.
Property Below T¢ Value Above Tc Value Change Reference
Monoclinic (My) Rutile (R)
Crystal Structure P21/c P42/mnm [38, 39]
Density 4.57 glcm3 4.65 g/cm3 0.08 g/lcm®  [40]
Thermal Conductivity 3.5 W/(mK) 6.0 W/(mK) 25W/(mK) [41]
Heat Capacity 0.656 J/(gK) 0.78 J/(gK) 0.13J/(gK) [42]
Thermal Expansion i i 4.87 x [43]
Coefficient 10°5/K
Latent Heat - - 51.8 J/g [44]
Entropy - - (3.0+0.3)ks [45]
Young’s Modulus 140 GPa 140 GPa - [46]
Fracture Stress 5.20 GPa 5.2 GPa - [46]
Work Function 5.15eV 5.30 eV 0.15eV [47]

VO, (M) is commonly produced by transforming VO (B) and VO. (A) at elevated
temperatures (823 K or higher) into VO2 (M/R) [48-52]. However, achieving a pure phase
of VO2 (M) in a single step is notably challenging. As the VO> (R) phase convert into the
stable VO2 (M) phase upon cooling, both VO (B) and VO (A) can serve as precursors
to generate VO. (R) through thermal treatment, albeit irreversibly. A hydrothermal
process involving variations in pressure, temperature, and time can convert VO2 (B) into
VO2 (A), with VO (A) often identified as the intermediate phase during the transition
from the metastable VO2 (B) to the more stable VO, (R) phase [53, 54]. It has been a
topic of discussion for quite some time as to what motivates the SMT. The Mott model
proposes that the strong ‘e-e’ interaction is the driving force behind the limitation of

electrons, which results in the formation of a Mott-Hubbard SC. However, according to




10

Peierl's model, the creation of a semiconducting phase is caused by lattice instability or

structural distortions created by ‘e-p’ interactions [55, 56].
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Figure 1.4 Crystal representations of (a) VO2 (M) and (b) VO: (R). Perspectives along the cg-
axis of monoclinic (twisted V-V dimers) (c) and tetragonal (d) structures, respectively [30].

1.4.3 Peierls Structural Transition

Understanding the mechanism behind the phase shift by observing how the atoms
rearrange themselves in VO2 has been a topic of interest. The two main theories under
examination are the Peierls and Mott-Hubbard models. According to the Peierls model,
the instability of a 1-D chain of metal atoms (along the rutile c-axis) is what causes the

structural transition since it has the potential to form dimers in a configuration with lower
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energy. The Mott-Hubbard model relies on the contradiction arising from Coulomb
repulsion and electronic correlation of the mobile electrons (hopping integral). Despite
the fact that there are four phases known to exist (M1, T, M2, and R), most work only

covers two (Mg and R).

Figure 1.5 Atomic structure of VO, M1, M; and R phase [57].

The atomic structure of the three most researched phases is shown in Figure 1.5. During
the R phase, the locations of the metal and oxygen atoms are interchangeable with one
another. In the My phase, fifty percent of the vanadium atom chains exhibit dimerization
along the c-axis (illustrated by purple atoms), while the remaining fifty is inclined along
the c-axis (depicted by orange atoms), although they are still equally spaced apart. This
results in three distinct habitats for the oxygen atoms to form bonds with one another. At
the low-temperature final state, every vanadium atom has undergone dimerization and
aligns along the c-axis. Additionally, there are distinct locations for the oxygen atoms,

with lavender O: and blue O indicating separate habitats.
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1.4.4 Mott Electronic Transition

One explanation for the changes in band structure that occur at the Fermi energy as a
consequence of the phase transition, as shown in Figure 1.6, was initially provided by
Goodenough [58] and is still generally accepted today. In the illustration shown here,
Figure 1.6 (a), the octahedral crystal field created by the oxygen atoms separates the tog
states into a dj; state that is aligned along the rutile c-axis and the n* states. When the
vanadium atom is in the monoclinic form, the dimerization process separates the d;| band
into the bonding and antibonding states. In addition, the n* band shifts to a higher energy

state as a consequence of the dimerization, which causes a band gap of about ~ 0.7 eV.
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Figure 1.6 Band structure of VO; as described by Goodenough [57].

1.4.5 Triggering the Phase Transition

Heating is the easiest and most popular way to induce the phase change; in pure VO2
films, the transformation takes place at 341 K. While Mott-Hubbard and Peierls processes
both explain certain aspects of the transition, the Mott-Hubbard explanation seems to be
more plausible in light of subsequent research [59, 60]. By establishing the metallic phase

to far below ambient temperature, dopants like tungsten and molybdenum lower the phase
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transition temperature. Nevertheless, this happens at the price of the electrical and optical
contrast between the phases. The phase change may also be initiated by strain, which is
most often done in single crystals [45, 61]. Cao et al. [61] first investigated the mechanics
of strain in single crystals and drew a phase diagram, which subsequently improved by
Park et al. [45]. Controlled strain has also been used to lower the phase transition
temperature of VO in thin films [62].

Multiple previous reports have long sought to induce the phase transition using an electric
field [63—-66]; nevertheless, there is still a lack of conclusive evidence for electric field
switching. It might be challenging to differentiate if the applied field or Joule heating
brought on by electric current is main causes the switching. Mostly, the electric field
necessary to cause the phase change is approximately equal to the breakdown voltage.
The electric field-induced phase transition seems to be significantly influenced by the
Poole Frenkel (PF) effect, whereby an applied electric field enhances electron mobility
[65, 66].

On other side, the mechanism involved in optical excitation by femtosecond pulses is
quite different from the physics involved in thermal excitation. Optical excitation may
start the phase change. According to Van Veenendaal et al. [67], the transition is Kicked
off by a photoinduced orbital imbalance between the d;; and d. bands, which then forces
coherent motion of the vanadium dimers into the rutile phase. This is how the rutile phase
is formed. According to Wall et al. [68], the coherent motion of the V-V dimers acts as
an indication for the structural transition and is a significant driving factor in the phase
change. This was discovered by observing the phase transition. Fluences of 7-10 mJ/cm?
at 800 nm are often necessary to complete the phase change. Nevertheless, an increase in
temperature may be employed to minimise the needed fluence, as shown by Pashkin et

al. [69] and Cocker et al. [70]. The vast majority of ultrafast tests have been carried out
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using light of 800 nm, which is more than twice as large as the optical band gap of 0.67

eVv.

1.4.6 Phase Stability

Research on single crystals just recently revealed the precise parameters for the stability
of the four VO, phases [45]. They plotted out the phase diagram (Figure 1.7) and
observed a solid-state triple point where the My, M2 and R phases coexisted by making
electrical and optical measurements while meticulously regulating the strain and
temperature of single crystal wires. Point T. = 338 K, is where the triple point is

discovered to exist. M1, M2 and R are three phases that may coexist.
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Figure 1.7 Phase diagram illustrating the impact of temperature stress on single crystals of VO,
[45].
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1.4.7 Semiconductor — Metal Transition Mechanism in VO3

Understanding the nature of the SMT in VO is a contemporary research concern [55, 56,
71]. Still, there is ongoing debate over the mechanics underlying phenomena. The SMT
in VO is thought to be caused by the interplay of spin, orbital dynamics, charge, and
atomic structure. The Mott transition (strong ‘e-e’ interaction), the Peierls transition (‘e-
p’ interaction), or both may be responsible for the phase change [31, 72-74]. Strong
Coulombic repulsion between electrons is responsible for the SC phase, as shown by
Warwick et al. [75] and Wentzcovitch et al. [55].

There has been a lot of research done on the band structure of VO close to the Fermi
level (E), and it has been shown that it is dominated by hybridization between the 3d?-
V4 and 2p*-O?- orbitals [76—78]. There are five possible 3d*-V** states that may be
hybridised together: dxy, dxz, dyz, dx?-y? and d,2 Two of these orbitals, designated dxy and
dz2 point in a straight direction towards oxygen atoms that are making higher energy o
bonds. As shown in Figure 1.8, in the metallic phase, the d levels of vanadium ions
undergo splitting into higher-energy eq states (empty) and lower-energy toq states [79].
Extensive examination has been conducted on the band structure of VO in the vicinity of
the Er, primarily governed by the hybridization of the 3d*-V** and 2p*-O?- orbitals [80—
82]. Among the five available 3d-V** states for hybridization (dxy, Oxz, dyz, dx2-?), two
orbitals (dxy, d-?) directly point towards oxygen atoms, forming higher-energy ¢ bonds.
Another pair of orbitals, denoted as dx. and dy., are positioned between the oxygen atoms,
resulting in lower-energy m bonds. The hybridization between the 3d*-V** orbitals and
2p*-0% orbitals lead to the splitting of both ¢ and m bonds into filled bonding states

associated with 2p*-O?- and anti-bonding states, 6* and m*, correlated with the 3d*-V**
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orbital. Notably, the n* band is partially filled, while the higher-energy c* band lies

entirely above the Er.

Figure 1.8 The octahedral arrangement of the V cation in various VxOy, phases, and the effect
of coupling between the competing spin, charge, and orbital degrees of freedom on the optical
and electronic properties in VOs [79].
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Figure 1.9 Diagram illustrating the schematic energy band structure of VO, [74].

The remaining 3d!-V** state is also a V-O & bond but is oriented along the asymmetric
[001]R cr-axis in the direction of the V-V chains. The asymmetry causes a decrease in
the V-O hybridization, but an increase in V-V orbital overlap. This is a conducting band
that is just half filled. When the V-V chain is distorted to the monoclinic lattice, it is
broken into V-V dimers, that divide the d|| band into full and empty states.

The 3d!-V4*-2p*-0? orbital overlap is also enhanced, which increases the separation of
bonding and antibonding states. The enhanced band splitting raises the ©* state over the
Er. The overall result is a band gap of around 0.65 eV [80-82]. Figure 1.9 depicts the
band diagrams for the rutile and monoclinic phases. The SMT or the structural change,
respectively, are the cause and the outcome of the phase transition. Whether VO is a
Peierls or Mott type SC has been hotly contested for many years [80, 83—86]. In the case
of the Peierls type SC, the structural transition causes the band splitting and the MST is
the result. Hence, VO2 would become a typical band SC. The band gap in a Mott type SC

is brought on by ‘e-e” correlations (Coulomb repulsion). VO is generally accepted to be
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a Mott type SC. The SMT occurs first, followed by the structural phase transition,
according to femtosecond pump-probe observations in situ using temperature dependent

x-ray diffraction (XRD) [76, 87].
1.4.8 Element Doping Effect in VO:

The optical characteristics, SMT, and associated electrical transitions of VO, must be
adjusted by stress, defects, grain size, or dopants in order for it to be employed for a
variety of applications, including optical devices, sensors, and smart window coatings
[77, 78, 88—90]. The elemental doping technique is one of them that is thought to be a
successful method for regulating optical characteristics and lowering T, of VO2 [91].
Elemental doping may reduce VO2's phase transition temperature to ambient temperature
(298 K) for practical use in smart windows [92, 93]. Doping VO with high-valent cations
like Nb®, Mo, Ta’ and W°®" decreases the T. point, whereas doping with large
concentrations of low-valent cations like AI**, Cr®*, Ti*4, Ga®* and Fe?" raises the T, point
of VO [28, 94, 95]. T. may be shifted downward [96] with the use of low-valent cation
doping at low concentrations. The SC phase instability and loss of V**-V** couples
generated by Mo doping allowed Mai et al. [97] to reduce the SMT of VO from 337 K
to 315 K. A silicon-doped VO- film was employed by Zhang et al. [98] to reach a T. of
326 K. T¢ of 291 K was obtained by Zhang et al. [99] using N-doped samples like
VO187No.13 and VO1.9No.1. The T of an Al-doped VO2 sample may be decreased to 323
K and 313 K, respectively, as shown by Gentle et al. [100] and Chen et al. [101]. Using
N-doped VO, Wan et al. [102] successfully lowered the T, from 353 K to 336 K. Mg
(0.3 at. %)-doped VO, was employed by Gagaoudakis et al. [103] to attain a typical low
SMT at 322 K. For Ti (4 %)-doped VO, Chen et al. [104] attained a T of 324 K. For the

Mg (7%)-doped VO3, T was lowered by Mlyuka et al. [105] and Zhou et al. [106] from
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337 Kto 318 Kand 341 K to 327 K, respectively. DFT studies by Wan et al. [107] showed
that the Eq for C-doped VO was the smallest (0.434 eV) compared to Mg, N, B and Al-
doped VO2 samples, suggesting that the Tc may be decreased more efficiently by doping
with carbon. However, tungsten (W) has been identified experimentally as the most useful
dopant for lowering the SMT of VO»-based films to RT. Consequently, Mo, F and W are
used to decrease T by 15 K, 20 K and 28 K at. %, respectively, and T. may be dropped
by 288 K, 292 K and 296 K per 1 at. % for Mo, F and W doping, respectively [107-112].
High-valent cation dopants like W®* function as electron donors into the 3d*-V** valent
band, which explains why W reduces the SMT of VO,, and the loss of a homopolar V4*-
V#* pair causes instability in the semiconducting structure of VO,. T decreases as a
consequence of these electron donation effects [113]. Doping also has an impact on the
optical and thermochromic characteristics of VO.. For instance, employing a magnetron
sputtering method, VO based films exhibit good switching when doped with Si [98]. By
doping with Sn additions, Zhang et al. [114] also enhanced the thermochromic and optical
properties of VO2. The inclusion of dopants also affects the temperature-dependent
parameters such as grain size, hysteresis width (the difference in T of the heating and
cooling phase transition), and transmittance. For instance, Li et al. [115] were able to
lower the hysteresis breadth of VO from 291 K to 284 K in addition to improving the
visual transmittance. By antimony doping, Gao and Yanfeng et al. [20] were able to
regulate the shape, size, and polymorphology of VO, nanoparticles. Moreover, Liu et al.
[116] showed that lanthanide doping allows for fine-tuning of the shape, size, and phase
of NaGdFs; nanocrystals (NCs). Doping VO: films, however, have not yet been

thoroughly explored.
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1.4.9 Application of VO_

The thermochromic coating designed for what are commonly referred to as "smart
windows” is one of the most fascinating applications that makes use of the SMT in VO..
These later windows are coated with a substance that alters its optical characteristics
based on temperature in order to decrease the amount of energy that is lost through the
windows. Particularly, VO2 changes from a phase that exhibits notable transparency in
the visible spectrum and elevated reflectivity in the near-IR range at relatively high
temperatures to a phase that has high transmittance in a large range that includes the
visible and near-IR ranges when the temperature is low. This transition occurs when the
temperature is relatively high. This would hinder the temperature in a room from
decreasing too much during the winter and increasing too much during the summer,
conserving energy [117, 118].

In addition, it is possible to create energy by directing the IR light that has been conveyed
to lateral solar panels [119]. As a recording medium for holographic double-exposure
interferometry in the femtosecond time domain [120], optical switches and fibres [121],
scan lasers [122], bolometers [123, 124], nano-mechanical resonators [125], and micro
actuators [126], VO has also been employed. In addition to applications that are able to
benefit from the sudden changes that take place in the optical and mechanical properties
as a result of the transition, it is essential for the purpose of this thesis to briefly discuss
the potential applications in electronics that can take advantage of the changes that take
place in the transport characteristics of VO during the phase shift.

Oxide electronics are promising possibilities for the succeeding era of products that get

beyond Si-based electronics inherent limitations. Finding materials that combine the
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benefits of volatile and non-volatile memories, such as static random-access memory and

flash memories, is the electronics industry's key focus in particular.
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Figure 1.10 Depiction of VO utilization in various field.

A class of inexpensive materials with simple scaling, quick programming, non-volatility,
and low power consumption must be created for this purpose. Due to their ability to be
manufactured at very low temperatures and then constructed in 3D stack structures,
oxide-based devices may overcome conventional density restrictions. They can also be
utilised to create quick, non-volatile, and energy-efficient electronics because to the
fascinating physics behind the many phases they may acquire. For non-ohmic devices,
threshold switching oxide devices, for instance, exhibit extremely close to perfect
behaviour, essentially turning off completely for biases below the threshold voltage (Vi)
and exhibiting minimal resistance for biases exceeding V. In these devices, NiO is

employed as non-volatile memory and VO is used as a selector, enabling quick
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programming speed of tens of nanoseconds [127]. The advantages of utilizing VO for
electronic applications stem from its metallic "On state,” which permits higher drive
currents compared to SCs. Noteworthy features include its rapid transition, relatively low
latent energy, full volume transition indicative of good scalability and reliability, and a
potential metallic/semiconducting resistance ratio that can reach up to five orders of
magnitude. The exception being nanoscale selectors [128]. Memristors [129] and two and
three terminal field-effect transistor channels have both been constructed using VO». For
devices with two terminals, a local Joule heating phenomenon is the main factor
controlling the ON/OFF transition [130-132]. If the VO channel current is relatively
modest, the impact for three terminal devices should be solely electrostatic [133]. Several
mechanisms, such as atomic ionization-induced charge doping or chemical reactions

accompanied by a Mott transition, may be at play in this situation.

1.5 Memristor and It’s Characteristics

In passive circuit theory, the three basic circuit elements are resistance, capacitance, and
inductance. A basic circuit that links flux and charge was first presented in 1971 by
University of California, Berkeley professor Leon O. Chua. This circuit is referred to as
the absent fourth memristor element. In the end, a group at HP Labs under the direction
of Stanley Williams found this elusive component in 2008 [134, 135]. According to
research, a memristor is a non-linear, two-terminal passive electrical component whose
conductance may be changed by adjusting the terminal voltages amplitude, direction, or
duration. Memristors exhibit noteworthy properties, including strong compatibility with
complementary metal-oxide SC technology, a compact device area conducive to high-
density on-chip integration, non-volatility, rapid operation, low power dissipation, and

significant scalability [136, 137]. Even though memristors were first developed as a
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purely theoretical idea and then put into practice over a number of years, they are now
widely used in fields including non-volatile random-access memory, machine learning,
and neuromorphic computing [138, 139]. Moreover, owing to its robust computing and
storage capabilities, the memristor stands out as a promising device for handling vast
amounts of data and enhancing the efficiency of data processing in neural networks for
artificial intelligence applications [140]. The correlation between key physical quantities
(charge (q), voltage (v), flux (¢), and current (i)) and fundamental circuit elements
(resistor (R), capacitor (C), inductor (L), and memristor (M)) is shown in Figure 1.11 (A)
[134]. Specifically, capacitance (C) is characterized by a linear association between
voltage and electric charge (C = dg/dv), inductance (L) involves a relationship between
magnetic flux and current (L = d¢/di), and resistance (R) entails a relationship between
voltage and current (R = dv/di). The memristor serves as the missing link between electric
charge and flux, with its differential equation expressed as M = dg/dq or equivalently G
= dg/de. Figure 1.11 (B) shows the current-voltage characteristics of the memristor are
distinguished by its fundamental identifier, the pinched hysteresis loop [141]. Unlike the
I-V curves of basic elements such as R, C, and L, the memristor's 1-V curve cannot be
derived using these components. The shape of the pinched hysteresis loop allows for a
rough classification into two types: digital memristors and analog memristors. In digital
memristors, the resistance experiences a sudden change at higher resistance ratios, with
both high-resistance and low-resistance states exhibiting a prolonged retention period,
making them well-suited for memory and logic operations. On the other hand, analog
memristors demonstrate a gradual change in resistance, making them more suitable for
applications in analog circuits and hardware-based multi-state neuromorphic systems.
The foundational pillars of system applications lie in the realm of memristor device

technology and modelling research. At the apex of memristor's system applications,
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including brain-machine interfaces, facial or image recognition, autonomous driving,
edge computing for the Internet of Things, big data analytics, and cloud computing, is the
theoretical circuitry illustrated in Figure 1.11 (A). This diagram includes (A) the
fundamental theoretical circuit components and (B) the characteristic pinched hysteresis
I-V loop of memristor modelling and technology. Combining memristor-based digital,
analogue, and memory circuits is essential to closing the gap between the applications of
these device materials in complex systems and their actual use. Digital logic circuits,
binary switches, and binary memory are the main applications for bistable memristors.
Multi-state memristors, on the other hand, are useful for a variety of tasks. They can be
used as essential parts of neuromorphic circuits, multi-bit memory, and reconfigurable

analogue circuits.

A ; B
Resistor
Voltage -=- Current
V/ R=dv/di k‘

_I I_ C=dq/dv L=de /di [ZSZRS]

Capacitor Inductor

Rﬂ\emidq)/dq
Chargel= — simsamrema e ws oo Flux
Y i v \
Memristor

Figure 1.11 (A) Fundamental theoretical circuit components, and (B) pinched hysteresis 1-V
loop of the memristor [142].
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