ABSTRACT

Vanadium dioxide (VO>) - a non-stoichiometric oxide semiconductor (SC) offers exotic
properties at a self-confined structure of correlated 3d*-electrons (spins) useful for non-
volatile memory devices, smart switches, and human brain-inspired neuromorphic
devices due to correlated phase/charge orders of SC to metallic states. Poor chemical
stability and fragile nature limit its technologies of thin films. In view of resolving some
of these issues, we developed polymer stabilized VO films (thickness t <100 nm), using
VO3 nanocolloids in poly(vinylpyrrolidone) (PVP) (as a VO: dispersoid, a molecular
template, and a film former) in water, at a (100) Si(p*™*) substrate. Using a nano
SiO./TiO; gate (t <10 nm), VOzis grown (011) preferentially in a confined shape of
nanoplates (nanocrystals) along the films, mostly of 15 to 40 nm widths at 20-30 nm
crystallite size. The results are described with X-ray diffraction (XRD), surface
topologies, lattice images, and X-ray photoelectron spectroscopy (XPS) of films in the
variable charges order at the itinerant metallic states. A significant V°*-3d°, < 33 at%, is
shown in the XPS bands, which induces metallic states at conducting
“V# — V" + ¢~ channels. So, a charge-regulated SC — metal transition incurs via an
induced M1 — R-VO2 metallic state near room temperature.

Employing temperature-controlled Raman spectroscopy, we demonstrate V-V dimers
softening in nanostructured VO- thin films. Temperature-dependent Raman band shifts
and their spectral width (FWHM) suggest an intriguing phonon characteristic that evolves
across the semiconductor — metal transition (SMT) during the heating/cooling thermal
cycles. The V-V dimers start to collapse above a critical temperature (T¢ > TwmiT) and
restoring their initial phase during the cooling process below Tmir. Raman bands suggest

an abrupt reversible switching in the optical behaviour at a temperature (T, = 332 K).
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Temperature-dependent sheet resistance variations indicate a smooth reversible resistive
switching relatively at a lower temperature (Te = 340 K). The difference in transition
temperatures has been discussed in the framework of light scattering cross-section from
the metallic domains that become more extensive at the critical length scale required
for percolation conduction in resistive switching. 2D-mean-field approximation
associated with Mie scattering are modelled to explain the percolation process during
phase transition and to estimate the metallic domain length scale evolved in the
semiconducting matrix across the SMT. Our experimental findings explain the
occurrence of optical and electrical transitions at the distinct temperature range,
suggesting a weak coupling between lattice and optical switching.

A memristor VO @TiO2/Si renders a wide current-voltage (I-V) loop at room
temperature, with a leakage current that is well controlled at a high-k TiO> gate. It exhibits
a reversible switching at a duly small threshold field, V¢ < 0.2 V. This is the smallest
V' tuned reported so far, which is beneficial for the low field, < 1.0 V, devices. The charge
models corroborate the effect of field-induced charge order at the interfaces of
‘conducting through channels’, regulating a reversible I-V hysteresis in an ON/OFF
cycle. Thin VO films of unified (011) nanocrystals (NCs) readily metallize at surface
charge order on the vibrant NCs (as mini capacitors) in a pool. At the NCs, a nanoscale
phase VO- can order in a confined domain of temperature (or other stimulus) in a first-
order surface phase order, without a phase separation. At a critical charge density, 3d*-
V#* electrons (e) decouple from the phonons (p) and order in delocalized VO states.
Accordingly, it is shown that as the frequency (stimuli) is raised 10% to 10° Hz, the
impendence resistance in thin films VO,@SiO./Si is declined (up to 10° times at the room
temperature), leading to successive M1 — M2/R1/R2/R-VO; phase orders over the M-

VO, resistive states. The frequency induces, regulates, and monitors exotic charges of
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drive the phase order. A metallic R-VO, phase thus orders even at 303 K (at 10° Hz) that
gradually shifts at higher frequencies (up to 10° Hz) upon heating to 343 K, i.e. the T
point at zero frequency. The distinct VO, phases are well mapped in the s-SNOM
(scattering-type scanning near-field optical microscopy) images at mid-infrared (MIR)
bands. A density functional theory is applied to model the phase order at successively
decoupled ‘e-p’ states. The results insight the mechanisms of 3d*-V** electrons decouple

and order leading to the metallic VO states.
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PREFACE

The swift progression of modern technology necessitates a constant enhancement of
electronic device performance. Achieving this improvement requires a comprehensive
understanding of the fundamental behavior of materials used in technology. In the post-
Moore era, newly introduced materials defy classical solid-state physics theories,
displaying unconventional properties that can be harnessed for the development of
advanced electronic devices. Transition metal oxides are captivating due to their diverse
range of properties, exhibiting both metallic and semiconducting behaviours, along with
superconductivity featuring remarkably high critical temperatures. The intricate physical
behavior of these compounds arises primarily from the distinctive environment housing
electric charges. The chemical bonds between the d-orbitals of multivalent transition
metals and the p-orbitals of highly electronegative oxygen anions give rise to energy
bands characterized by narrow widths and strong directionality. Consequently, there is a
robust coupling between charge, spin, and orbital degrees of freedom. These compounds
showcase various electronic configurations, significant electron-electron and electron-
phonon interactions, as well as confined electronic systems. The development of thin
films of transition metal oxides on a single crystal substrate provides the opportunity to
customize material properties by specifying factors such as crystal structure, direction,
uniaxial strain, chemical composition, and film thickness. The sol-gel technique proves
to be a fitting method for producing crystalline oxide thin films in this context.

The distinctive characteristics of VO position it as one of the most captivating transition
metal oxides. VO is a correlated material that undergoes a SMT in the vicinity of room

RT. This transition is influenced by the robust correlation among electrons in the d-orbital
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of vanadium and is concomitant with a significant structural modification that
substantially alters the energy band diagram of the material.

The intricate examination of this transition has been a focal point for numerous
researchers over the past fifty years, and it continues to be an unresolved inquiry. The
SMT has also been triggered through the application of an electric field in a transistor like
device, employing either an oxide layer or an electrolyte as a gate. One explanation for
the electric-field-induced transition posits that a Mott transition occurs at the surface of
the thin film of VO», extending throughout the entire film thickness. This implies that the
behavior is highly contingent on the substrate on which the VO thin film is grown, as the
film properties and its response to an applied electric field vary based on the substrate's
crystal structure and orientation. Clarifying the specific phenomena accountable for the
electric-field-induced transition is crucial for a comprehensive understanding.
Simultaneously, we examined the characteristics of VO thin films cultivated on three
distinct substrates: Si (100), SiO2 (100), and anatase TiO,. These thin films were
employed in the creation of memristor devices designed to operate at RT. A comparison
of the performance of these devices with those fabricated on various substrates provides
valuable insights into the behavior of VO2 during the SMT.

The thesis is structured into several chapters, each of which is outlined below.

Chapter 1, deals with an introduction to the thesis, delving into the motivation and
rationale for selecting vanadium dioxide as a Mott type SC. The chapter explores the
theoretical background that underlies the investigation of SMT, emphasizing the unique
properties of VO in this context. Additionally, this chapter outlines the potential
applications of VO in next-generation memory devices, shedding light on the relevance

and significance of studying its behavior during SMT. This comprehensive overview sets
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the stage for the subsequent chapters, providing a clear foundation for understanding the
research objectives and contributions presented in the thesis.

Chapter 2, presents an intricate exploration of the synthesis methodology (growth
processes of VO thin films and SiO2/TiO2 nanogate) focusing on the sol-gel based spin
coating technique and the subsequent fabrication of devices. The chapter not only outlines
the step-by-step process involved in these procedures but also elucidates the underlying
working principles. Furthermore, a comprehensive overview is provided for the
experimental setup for various characterization methods employed in the present thesis
including XRD, TEM, FESEM, AFM, XPS, Raman Spectroscopy, four-probe
measurements, semiconductor device analyzer, Impedance Spectroscopy, and s-SNOM.
Chapter 3, offers an in-depth examination is conducted on the temperature-induced
phase transition within a nanostructured VO3 thin film. The chapter provides into the
intricacies of the optical phase transition, leveraging insights derived from Raman
spectroscopy data.

A key focus is the exploration of variable sizes for charge puddles within the VO
samples, providing a comprehensive understanding of their distribution between different
phases. This investigation sheds light on the universality of charge puddles in VO
samples during the phase transition, offering valuable insights into the nuanced behavior
of the material under varying temperature conditions. The detailed analysis and findings
presented in this chapter contribute significantly to unravelling the complexities of the
temperature-induced phase transition in nanostructured VO3 thin film.

Chapter 4, presents a comprehensive analysis is provided on the development of
prototype low-field memristor devices, constructed from VO. films. The chapter delves

into the intricacies of the role played by a nanogate composed of SiO2/TiO: in facilitating
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charge transfer within the VO.@(100) Si(p**) films. Specifically, the investigation
focuses on the impact of a low-field 0 <> 5 V swipe on the device's performance.

The experimental results reveal noteworthy outcomes, notably achieving a remarkably
small threshold voltage of Vi = 0.12 V during the low-field operation. These finding
underscores the effectiveness and significance of the SiO./TiO; nanogate structures in
modulating charge transfer within the VO, thin films, particularly in the context of low-
field applications.

Chapter 5, systematically investigates a series of M1 — Ma/R1/R2/R-VO; phases in
detail. The s-SNOM images of VO films effectively map all five VO, phases in the mid-
infrared (MIR) field. These findings suggest a kinetic response of the critical temperature
(T¢) point influenced by the decoupled 3d* electrons (orbitals). Consequently, the T. point
consistently shifts from 343 K under terahertz (THz) (5-10 meV) conditions to 353 K
under MIR (125 meV) fields employed in the s-SNOM imaging at the nanoscale.
Chapter 6, provides a comprehensive summary of the ultimate experimental findings,
results, and conclusions presented in the current thesis. Furthermore, it extends its
purview to encompass an insightful exploration of the future trajectory of this work,

addressing prospective areas of interest and potential avenues for continued research.
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